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Renal cell carcinoma (RCC) ranks in the top-ten list of malignancies both in males and females [1],
and its frequency is increasing as a consequence of the increase in aging and obesity in Western
societies [2]. Clear cell renal cell carcinoma (CCRCC) is by far the most common histological variant [3].
CCRCC has received much attention in recent years due to some new therapeutic approaches that are
improving the life expectancy of many of these patients. In this way, a tumor traditionally resistant
to chemo- and radiotherapy, in which only surgery and early detection had a significant prognostic
impact, is becoming ultimately treatable with evident success with antiangiogenic drugs and immune
checkpoint blockade, either alone or in combination [4]. However, the problem is far from being solved
in many cases, due in part to intra- and inter-tumor heterogeneity [4,5].

Roughly 30% of RCCs are other than CCRCC. The list of non-CCRCC tumors grows steadily, and
includes classically recognized entities and new ones which are sometimes not yet fully characterized [6].
The maze is particularly complex in the field of RCC with papillary architecture. The classical papillary
renal cell carcinoma (PRCC) included types 1 and 2, but today this classification seems insufficient and
is no longer recommended [7]. A recent study has identified a new subtype (type 3) with a distinct
molecular signature and morphologic overlapping with types 1 and 2 [8]. As a result of this complexity,
the diagnosis of PRCC is increasingly becoming a descriptive term among practical pathologists.

To make matters worse, some oncocytic/eosinophilic RCCs (other than ChRCC/oncocytoma) may
display papillary, tubule-papillary or solid-papillary architectures. These cases represent a challenge
even for experienced pathologists, who used to shelter their diagnoses under the descriptive term
“oncocytic papillary renal cell carcinoma”. This descriptive diagnosis, although not very informative, is
still valid for the patient since it includes critical data such as tumor grade, necrosis, staging. However,
the impression is that the term is too broad for use in daily practice.

Probably more than in any other human neoplasm, CCRCC and PRCC are hostages of the
terminology’s restrictions. Strictly speaking, CCRCC was the classical name given to RCC composed
of clear cells and PRCC the one for RCCs architecturally arranged in the papillae, but experience
has shown that some CCRCC are not composed of clear cells and some PRCC do not show papillae.
Moreover, CCRCC may display a predominantly papillary architecture [9] and PRCC a prominent
cytoplasmic clearance [10]. Even worse, some RCC includes different overlapping cell types and
architectures, intermingled altogether in different proportions [11]. Currently, we include these cases in
the “unclassified” category. The broad spectrum of morphological appearances may be quite confusing,
as has been shown in a recent study [12].

Renal oncocytoma (RO) and ChRCC are the best-characterized eosinophilic renal tumors under
the microscope [13]. However, a papillary architecture has been very recently described in ChRCC [14],
thus favoring diagnostic confusion. The use of the term “oncocytic”, applied to cells with large and
deeply granular eosinophilic cytoplasm, is a mistake because, although all oncocytes are eosinophilic,
not all eosinophilic cells are oncocytes. As a consequence, the terms eosinophilic and oncocytic are
exchanged erroneously with some frequency. The elusive word “hybrid” is applied to those cases that

Cancers 2020, 12, 521; doi:10.3390/cancers12020521 www.mdpi.com/journal/cancers1



Cancers 2020, 12, 521

seem to fall in between RO and ChRCC with very unprecise limits [13]. Some of them likely represent
genomic RO [15]. Such hybrid oncocytic tumors are also observed in the so-called renal oncocytosis, a
condition characterized by multifocal and bilateral oncocytic tumors [16].

Regarding molecular analyses, the issue remains incomplete when considering VHL gene
malfunctions as the hallmark of CCRCC, and the trisomy of chromosomes 7 and 17 as the signature for
PRCC. We know that a subset of CCRCC is VHL wild-type [17] and that PRCC may display a wide
spectrum of molecular alterations [18]. Therefore, the classification of most RCCs based on molecular
signatures is also imperfect and still under construction. Is there any molecular signature specifically
linked to the papillary phenotype regardless of the RCC subtype? We do not know the answer to date,
but we could hypothesize and, in such a case, the papillary architecture will not be a tumor-specific
mark anymore, but a mere trait.

A reductionist prejudice when identifying the varied morphological subtypes of RCC is to link
tumor morphology with a precise site of origin along the nephron. As far as we know, a reliable
analysis linking CCRCC and PRCC to the proximal convoluted tubule is lacking, and there are no
scientific reasons to deny that other elements of the nephron cannot be a potential site of origin for
kidney tumors. How might the proximal convoluted tubule be the origin of two different tumors if
only one cell type has been histologically described there? This question also remains unanswered, but
Gu et al. [19], based on a modeling study on renal cell carcinoma in mice, have proposed that CCRCC
may originate in Bowman’s capsule.

The list of new renal cell neoplasms, either recognized as true entities or pending recognition, is
still growing, as it has been recently reviewed [6]. Many of them may show some morphologic overlap,
so strategic approaches based on immunohistochemistry have been developed trying to overcome this
question [20]. The problem at this point is their correct identification in routine practice, since many of
them are histologically indistinguishable and are defined only by molecular analyses [21] that are not
always performed. This situation leads to the question of how many of these newly described cases are
buried in pathology labs under irrecoverable descriptive diagnoses. As several of these diagnoses carry
out prognostic and eventually therapeutic implications, the reversal of this situation seems an urgent
task for pathologists now that personalized oncology is being increasingly implemented worldwide.

This Special Issue of Cancers regards the RCC labyrinth from very different perspectives, including
the intimate basic mechanisms governing this disease and the clinical practice principles of their
diagnoses and treatments. Thus, the interested reader will have the opportunity to discover some
of the most recent findings in renal carcinogenesis and be updated with excellent reviews on new
therapeutic approaches and the genetic bases of the disease.

Original articles in this issue show interesting findings with potential clinical application. Examples
of the science and research presented in this Special Issue include: the influence of VHL deletion in the
expression of an unfavorable genetic pattern in CCRCC [22]; how a low dose of curcumin inhibits RCC’s
metastatic behavior [23]; the predictive value of the overexpression of EVI1 in CCRCC [24]; the poor
outcome of ChRCC patients who lose CDKN1A mRNA and protein expression [25]; the identification of
distinct signatures of CCRCC progression through in-depth mapping of urinary N-glycoproteome [26];
how a preclinical evaluation method may evaluate the response to targeted therapies in patients with
RCC [27]; the RNA sequencing results obtained in two examples of collecting duct renal cell carcinoma,
an aggressive rare variant of RCC [28]; how GSTO1*CC genotype predicts shorter survival in CCRCC
male patients [29]; the importance of MTA2 as a biomarker of metastatic progression in RCC [30];
the metabolic reprograming in RCC [31]; the prognostic implications of pAMPK immunostaining and
its association with SMAD protein expression in CCRCC [32]; the different amount of chromosomal
losses in classic ChRCC compared with the eosinophilic subtype of this neoplasm [33]; the potential
influence of circular RNAs in CCRCC prognosis [34]; the association of interleukins 4Rα and 13Rα1
with the progression of RCC [35]; the glutathione metabolism in PRCC [36]; how the profiling of
primary and metastatic samples of CCRCC reveals a high homology of metastases with a specific
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subregion of the primary tumor [37]; the interrelationship between serum uric acid levels and RCC
survival [38]; and the importance of ghrelin promoting RCC invasion [39].

A total of nine reviews have also been published. Predominantly clinical reviews deal with the
emerging new therapeutic landscape of metastatic renal cancer [40–43], the genetic approach to this
complex disease [44–47], and the histopathological diagnostic criteria of newly appearing entities [48].

A brief report shows how hypertonicity-affected genes are differentially expressed in CCRCC
correlating with cancer survival [49]. Finally, a short commentary focuses on the therapeutic possibilities
of sarcomatoid RCC [50].

Funding: This research received no external funding.
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Abstract: Chromophobe renal cell carcinoma (chRCC) patients have good prognosis. Only 5%–10%
patients die of metastatic disease after tumorectomy, but tumor progression cannot be predicted
by histopathological parameters alone. chRCC are characterized by losses of many chromosomes,
whereas gene mutations are rare. In this study, we aim at identifying genes indicating chRCC
progression. A bioinformatic approach was used to correlate chromosomal loss and mRNA expression
from 15287 genes from The Cancer Genome Atlas (TCGA) database. All genes in TCGA chromophobe
renal cancer dataset (KICH) for which a significant correlation between chromosomal loss and
mRNA expression was shown, were identified and their associations with outcome was assessed.
Genome-wide DNA copy-number alterations were analyzed by Affymetrix OncoScan® CNV FFPE
Microarrays in a second cohort of Swiss chRCC. In both cohorts, tumors with loss of chromosomes
2, 6, 10, 13, 17 and 21 had signs of tumor progression. There were 4654 genes located on these
chromosomes, and 13 of these genes had reduced mRNA levels, which was associated with poor
outcome in chRCC. Decreased CDKN1A expression at mRNA (p = 0.02) and protein levels (p = 0.02)
were associated with short overall survival and were independent predictors of prognosis (p < 0.01
and <0.05 respectively). CDKN1A expression status is a prognostic biomarker independent of tumor
stage. CDKN1A immunohistochemistry may be used to identify chRCC patients at greater risk of
disease progression.

Keywords: chromophobe renal cell carcinoma; copy number loss; CDKN1A expression; patient
survival; prognosis

1. Introduction

Chromophobe renal cell carcinoma (chRCC) is the third most common histological subtype of RCC
and accounts for approximately 5–7% of RCC [1–3]. Although chRCC patients have better prognoses
than patients with clear cell RCC (ccRCC) or papillary RCC (pRCC) [1–5], about 5–7% of patients
die of metastatic disease [4,6,7]. Therefore, it is of utmost importance to identify prognostic factors,
which can better predict the small patient group with clinical progression after surgical resection.

The current 2016 World Health Organization (WHO)/International Society of Urological Pathology
(ISUP) grading system and the older Fuhrman grading are not recommended for chRCC [1,8],
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although several studies have challenged to develop a histopathological grading system for
chRCC [4,6,7,9–13]. Therefore, chRCCs are currently not graded. Interestingly, only recently, it was
reported that classic chRCC harbors a larger number of chromosomal losses than in the eosinophilic
subtype [14], which is often accompanied by reduced expression of “CYCLOPS” (Copy-number
alterations Yielding Cancer Liabilities Owing to Partial losS)” genes [15].

Recent comprehensive genomic analyses of two chRCC cohorts demonstrated a low exonic somatic
mutation rate in these tumours and identified TP53 (20–32%) and PTEN (6–9%) as the most frequently
mutated genes [16,17]. Casuscelli et al. [7] found increased mutation rates in TP53 (58%) and PTEN
(24%) as well as imbalanced chromosome duplication (≥ 3 chromosomes, 25%) in chRCC patients with
metastatic disease. As the prognostic relevance of these genomic alterations was analyzed separately,
the combinatorial impact of these parameters remained unclear.

In this study, we aimed to identify molecular alterations associated with survival in chRCC.
We analyzed the The Cancer Genome Atlas (TCGA) Kidney Chromophobe (KICH) database [16] and
a Swiss chRCC cohort for chromosomal copy number variation (CNV). Next, we focused on genes,
whose mRNA expression correlated with copy number (CN) loss of chromosomes 2, 6, 10, 13, 17 and 21.
Reduced CDKN1A mRNA and protein expression levels were associated with poor outcome in chRCC.

2. Results

2.1. Chromosomal Loss and Patient Outcome

The loss of one copy of chromosomes 1, 2, 6, 10, 13, 17, 21 and Y occurs in the majority of chRCC
cases. Since losses of chromosomes 1 and Y have been reported in benign oncocytoma [5,16,18,19],
we speculated that only loss of chromosomes 2, 6, 10, 13, 17 and 21 may be associated with outcome in
chRCC patients. The frequencies of loss of these chromosomes were similar in both the TCGA-KICH
and the Swiss cohort. The data are summarized in Table S1. As recently described by our group [14],
CN loss of chromosome 2, 6, 10, 13, 17, and 21 in single analysis is not associated with worse survival
(Figure S1). In contrast, tumors without loss of chromosomes 2, 6, 10, 13, 17 and 21 had 100% survival
in both, the TCGA and Swiss cohort (Figure 1).

Figure 1. Combined survival analysis of chRCCs categorized by loss or no loss of chromosomes 2, 6,
10, 13, 17 and 21 (TCGA-KICH: No loss n = 12; Loss n = 52; Swiss cohort: No loss n = 3; Loss n = 27).

2.2. Identification of Genes Associated with Chromosomal Loss, Decreased Expression and Patient Survival

In search of molecular prognostic markers, we hypothesized that the expression of several
genes located on chromosomes 2, 6, 10, 13, 17 and 21 is influenced by allele loss, which may affect
prognosis of chRCC. The strategy to identify such genes is presented in Figure 2 and described in
detail in the Materials and Methods section. The 13 candidate genes associated with chromosomal loss,
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decreased expression and patient survival in chRCC according to combination of UALCAN [20,21]
and the Human Protein Atlas [22,23] websites are listed in Table 1 and Table S2. Scatter plots
showing the correlation between CNV and mRNA expression levels of the 13 genes according to the
analyzed result acquired from the Broad Institute FIREHOSE [24] website are presented in Figure S2.
mRNA expression levels of the 13 genes in normal tissue and tumors with CN loss and no loss
are illustrated in Figure S3. We performed also Protein–Protein Interaction Networks Functional
Enrichment Analysis using the STRING database to find interactions and pathways shared between
the 13 genes/proteins. The interaction network of the 13 genes is illustrated in Figure S4. We observed
strong interactions between FBXW4 (F-Box and WD Repeat Domain Containing 4), FBXL15 (F-Box
and Leucine Rich Repeat Protein 15) and SOCS3 (Suppressor of cytokine signaling 3) and a weaker
interaction between KLF6 (Krueppel-like factor 6) and CDKN1A. According to the Reactome Pathway
Database FBXW4, FBXL15 and SOCS3 are involved in ubiquitination. Interestingly, KLF6 activates
CDKN1A transcription independent from TP53 and is frequently downregulated in human tumors [25].

Figure 2. Strategy for identification of prognostic markers.

Table 1. Genes with a highly significant correlation between CNV and mRNA expression level, cellular
localization of their proteins and their function.

Gene Name
Chromosomal

Locus 1

CNV vs mRNA
Pearson’s Correlation

Coefficient 2

Protein
Expression 3

Protein Function
(GeneCards 4)

CDKN1A 6p21.2 R = 0.4434, p = 0.0002 nucleus Cell cycle regulation
KLF6 10p15.2 R = 0.5474, p < 0.0001 nucleus Transcriptional activator

FAM160B1 10q25.3 R = 0.7632, p < 0.0001 cytoplasm unknown
PAOX 10q26.3 R = 0.6088, p < 0.0001 cytoplasm Polyamine oxidase

PWWP2B 10q26.3 R = 0.52, p < 0.0001 cytoplasm unknown
FBXW4 10q24.32 R = 0.4296, p = 0.0003 golgi Ubiquitination
FBXL15 10q24.32 R = 0.4048, p = 0.0007 cytoplasm Ubiquitination

CASKIN2 17q25.1 R = 0.4364, p = 0.0002 cytoplasm unknown
RTN4RL1 17p13.3 R = 0.4013, p = 0.0008 secreted Brain development
FMNL1 17q21.31 R = 0.3974. p = 0.001 cytoplasm Regulation of cell morphology
RAB37 17q25.1 R = 0.369, p = 0.002 cytoplasm GTPase
SOCS3 17q25.3 R = 0.3611, p = 0.003 cytoplasm Cytokine signaling suppression

C21orf2 21q22.3 R = 0.5435, p < 0.0001 mitochondria Regulation of cell morphology,
DNA damage repair

1 Gene, National Center for Biotechnology Information [26], 2 Data from the FIREHOSE, Broad Institute [24], 3 Data
from The Human Protein Atlas [23], 4 GeneCards, The Human Gene Database [27].
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2.3. CDKN1A mRNA and Protein Expression

Among these 13 genes, we focused on CDKN1A whose gene product acts as a cell cycle regulator
being involved in genomic stability [28] for the following reasons: (i) according to the Human
Protein Atlas database for several proteins (PAOX, FBXL15, RAB37, C21orf2) antibodies suitable
for immunohistochemical staining are not available or unspecific; (ii) all proteins but CDKN1A are
either not or only weakly expressed in renal cell carcinoma, which significantly hampers reliable TMA
expression analysis.

In the TCGA-KICH cohort, tumors with high CDKN1A mRNA expression separated by both the
best separation cutoff (p = 0.02, log rank test, Figure 3A and Table S2) and median expression (p = 0.026,
Table S2) had a significantly better prognosis than tumors with low CDKN1A mRNA expression.

 

(A) (B) 

Figure 3. Survival analysis of CDKN1A expression in chRCC. (A) CDKN1A mRNA expression
and overall survival of 64 chRCC patients in the TCGA-KICH dataset from the Human Protein
Atlas [23]—best cut offwas according to FPKM values (Fragments per kilo base per million mapped
reads); (B) CDKN1A protein expression and overall survival of 57 chRCC patients from the Swiss
cohort dataset.

In parallel, we examined CDKN1A protein expression in 57 Swiss chRCCs by immunohistochemistry
(IHC). All normal renal cells including glomeruli, renal tubules, endothelial cells, fibroblasts,
inflammatory cells were CDKN1A negative (n = 46), with the exception of a few tubules with
very weak nuclear CDKN1A staining (Figure 4A). CDKN1A-positive clear cell RCC from a previous
study served as positive controls (Figure 4B) [29]. A representative image of CDKN1A-positive chRCC
is shown in Figure 4C and Figure S5. An amount of 30 chRCCs (52.6%) were CDKN1A negative,
27 tumors (47.4%) were CDKN1A positive (cut off ≥ 2% tumor cells). There was a significant correlation
between CDKN1A negativity and shorter overall survival (Figure 3B).

Nuclear staining was weak in 19 (70.4%) tumors and 8 (29.6%) showed moderate to strong nuclear
staining. The mean (range) of the H-score (described in Materials and Methods) among CDKN1A
positive tumors was 16.6 (2–110) (Figure S6). Neither staining intensity nor H-score (>20) improved
overall survival rate. Nuclear staining with any intensity and a cutoff of ≥2% positive tumor cells
proved to be the best criteria to differentiate between CDKN1A expression status and patient outcome.
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(A) 

 

(B) 

 

(C) 

Figure 4. Immunohistochemistry of CDKN1A in the Swiss cohort. (A) Weak nuclear CDKN1A
expression in some tubular cells in normal kidney; (B) strong nuclear CDKN1A expression in clear cell
RCC; (C) strong nuclear CDKN1A expression in chRCC. Black bars: 100 μm; blue bars: 10 μm.

2.4. CDKN1A Expression, Tumor Stage, Grade and Outcome

Analysis of the TCGA and the Swiss cohort revealed no correlation between CDKN1A expression
(RNA and protein) and tumor stage. Univariate Cox regression analysis showed that both T stage
(p = 0.004) and low CDKN1A mRNA expression (p = 0.001) were significant prognostic factors in the
TCGA-KICH cohort (Table 2). In the Swiss dataset, only the absence of CDKN1A protein expression by
IHC was significantly associated with poor outcome (p < 0.05), whereas advanced pT stage did not
correlate with survival by univariate Cox regression analysis. A recently published two-tiered grading
system was available for the TCGA-KICH cohort [30] and included in our calculations. Univariate Cox
regression analysis demonstrated strong prognostic relevance of this grading system (p < 0.001)
(Table 2).

Table 2. Tumor stage, histological grading according to necrosis and/or sarcomatoid differentiation,
CDKN1A expression separated by the best separation cutoff from FIREHOSE [24] mRNA data and
overall survival in chromophobe renal cell carcinoma.

Cohort TCGA-KICH Swiss Patients

Variables
Univariate Multivariate2 Univariate Multivariate

HR (95%CI) p-value HR (95%CI) p-value HR (95%CI) p-value HR (95%CI) p-value

Tumor stage
(3–4 vs 1–2) 1

10.22
(2.12–49.29) 0.004 6.442

(1.488–37.214) 0.012 1.447
(0.398–5.264) n.s. 1.266

(0.343–4.678) n.s.

Grade
(High vs Low)

18.03
(4.448–73.05) <0.001 6.087

(1.374–32.266) 0.017 - - - -

CDKN1A
expression

(Low vs High) 2, 3

22.528
(2.862–2904.443) <0.001 12.527

(1.289–1675.059) 0.026 4.812
(1.07–21.64) <0.05 4.741

(1.051–21.390) <0.05

HR, hazard ratio; CI, confidence interval; n.s.: not significant; 1 TCGA-KICH: T stage, Swiss patients: pT stage;
2 Firth correction was used because of quasi-complete separation; there was no event in one of the subgroups;
3 CDKN1A mRNA expression in TCGA-KICH cohort and CDKN1A protein expression in Swiss cohort.
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Multivariate analysis using Cox proportional hazard model revealed T stage (p = 0.012),
grade (p = 0.017) and low CDKN1A mRNA expression (p = 0.026) as significant independent predictors
of poor outcome in the TCGA cohort. In the Swiss dataset, only loss of CDKN1A expression (p < 0.05)
was confirmed as a significant independent predictor of poor outcome (Table 2).

3. Discussion

In this study, we attempted to identify molecular biomarkers with prognostic value in
chRCC. For this purpose, we screened TCGA-KICH data to extract genes located on frequently
deleted chromosomes whose expression is associated with patient outcome. Tumor suppressor
Cyclin-dependent kinase inhibitor 1A (CDKN1A) was among 13 genes which fulfilled these criteria.
We demonstrated that decreased CDKN1A expression at the mRNA and protein levels is an independent
predictor of outcome in two independent chRCC cohorts.

The tumor suppressive role of CDKN1A, also known as p21/Waf1/Cip1, has been widely accepted.
Cellular stressors, such as DNA damage or UV-light, activate tumor suppressor p53, which leads to the
transient expression of CDKN1A. CDKN1A inhibits cyclin-CDK1, -CDK2, and CDK4/6, which regulates
cell cycle progression of G1 and S phases and mediates senescence or apoptosis [28]. Previous studies
emphasize CDKN1A’s important tumor suppressive role by showing that its depletion in cell line
models leads to DNA damage and chromosomal instability [28,31] but also permits carcinogenesis
from chronically damaged kidney epithelial cells [32].

CDKN1A, which resides in 6p21.2, is affected by the frequent loss of one chromosome 6 allele in
chRCC. Analysis of TCGA-KICH data demonstrated that the loss of one CDKN1A allele was closely
linked to lower CDKN1A mRNA expression levels compared to tumors that retained both CDKN1A
alleles. Notably, the overall mRNA expression level in normal renal tissue was higher than in chRCC
with CDKN1A loss and lower than in tumors without CDKN1A loss. This is consistent with the
immunohistochemical CDKN1A protein expression analysis of the Swiss cohort. chRCC cells were
either CDKN1A negative or strongly positive. Nuclei of glomeruli, endothelial cells, and fibroblasts
were negative in the normal kidney. Only some tubular cells had weak CDKN1A expression.

Like CDKN1A on chromosome 6—which is absent in 80% of chRCC—the tumor suppressor genes
PTEN and TP53 are located on chromosomes (chromosome 10 and 17) that are also frequently lost in
chRCC. Whereas PTEN and TP53 are mutated in up to 9% and 32% of chRCC [16,17], respectively,
CDKN1A gene mutations are rare [16,33]. Although immunohistochemical analysis showed no
correlation between CDKN1A, TP53 and PTEN expression in chRCC (TP53 and PTEN positivity was
rare in our chRCC cohort; data not shown), the loss of function of the latter two tumor suppressors
may have significant impact on CDKN1A regulation. One important downstream target of TP53 is
CDKN1A [34]. The downregulation of CDKN1A may thus be caused through loss of functional TP53
in those chRCC in which TP53 is inactivated by two hits, chromosomal loss and mutation. In addition,
it was shown that interaction between PTEN and TP53 stimulates TP53-mediated transcription and
stabilizes TP53 [35–37]. In a minor fraction of chRCC loss of PTEN function may therefore exert similar
negative effects on CDKN1A expression. It is tempting to speculate that a combination of loss of
chromosomes 6, 10, and 17 and molecular two-hit disruption of PTEN and TP53 are the main drivers
for the loss of CDKN1A expression and worse patient outcomes in chRCC.

Importantly, our survival analysis revealed a clear association between reduced CDKN1A mRNA
expression levels and CDKN1A immuno-negativity with worse outcome. Data on the prognostic
relevance of CDKN1A expression are controversial in the literature and seem to be dependent on
cancer type. Increased CDKN1A levels are associated with poor outcome in esophageal, ovarian,
prostate cancers as well as in gliomas [38–43], while loss of CDKN1A expression is associated with
decreased survival in breast, cervical, gastric, and ovarian cancers [44–47]. In some cancers, the loss
of CDKN1A expression upregulates genes that repress CDKN1A transcription, such as MYC [25,48].
Ubiquitin-dependent and -independent proteosomal degradation of CDKN1A may also contribute
to tumorigenesis [25,49]. CDKN1A can also exhibit oncogenic activities in some cancers, which may
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explain the strong correlation of its overexpression with tumor grade, rapid progression, poor prognosis,
and drug resistance [25,28,43,50]. This two-faced nature of CDKN1A seems to be dependent on its
cellular location. Several IHC studies imply that nuclear expression of CDKN1A indicates its
tumor-suppressive role, while its presence in the cytoplasm favors an oncogenic role [25,51–54].
We have observed a significant correlation between CN loss, decreased CDKN1A expression and poor
prognosis, suggesting a tumor suppressive role of CDKN1A in chRCC. This is supported by the strong
CDKN1A positivity seen in tumor cell nuclei of almost half of the analyzed chRCC.

Our proposed data mining strategy demonstrated its usefulness to identify expression patterns of
13 candidate genes with prognostic impact in chRCC. However, the validation of gene expression data
using additional and independent patient cohorts and different technological platforms is of utmost
importance to confirm the robustness of the data. Due to the lack of suitable antibodies and only low
protein expression levels in RCC, we decided to forego an immunohistochemical in situ analysis of 12
of 13 candidates. In contrast to genes and proteins that are highly differentially expressed in cancer,
the validation of low abundance genes as diagnostic and prognostic tools in tumor pathology is a big
challenge. Branched probe-based or enzymatic amplification RNA-ISH methods for the detection and
quantification of transcripts in FFPE tissues [55] may be ideally suited to evaluate cancer biomarker
candidates on the mRNA level. Given the huge amount of survival-related gene expression data in the
TCGA database, systematic and comprehensive gene expression profiling of such candidate genes are
necessary to better understand the complex regulatory network along tumor progression, which may
lead to new therapeutic strategies to treat aggressive chRCC.

From a clinical viewpoint time to progression or tumor-specific rather than overall survival after
tumorectomy are the most important parameter for chRCC [30]. Biomarkers, which predict time to
progression are therefore highly desirable to identify approximately 5%–10% of chRCC at risk for
progression. Additional chRCC cohorts are needed to validate whether the loss of CDKN1A expression
is a reliable molecular marker to detect chRCC patients with at greater risk of disease progression.

4. Materials and Methods

4.1. Data Acquisition and Processing Using the Cancer Genome Atlas Data Portal

Digital whole slide images of TCGA-KICH cases were reviewed using the Cancer Digital Slide
Archive [56]. The corresponding clinical information of TCGA-KICH was obtained from the TCGA Data
Portal [57]. Publically available Level 3 TCGA datasets comprising 66 primary chRCCs (TCGA-KICH)
were downloaded from the Broad Institute TCGA Genome Data Analysis Center via FIREHOSE [24]
including GISTIC copy number (CN) data, Next Generation Sequencing (NGS)-based whole genome
sequencing data and RNA-sequencing data as previously described [14–16,58]. Two patients with
missing or too short follow-up (less than 30 days) were excluded from the Cox regression analysis.
TCGA CNV analysis was performed with Affimetrix SNP 6.0 with cutoff value −0.1 for copy number
loss according to the Broad Institute FIREHOSE website description [24]. Gene expression values were
log2-transformed to plot CDKN1A mRNA expression profiles of normal kidney and tumors with and
without CN loss.

In the TCGA-KICH cohort, the median age at diagnosis was 49.5 years (range 17–86 years).
The median follow-up of the entire cohort was 80.5 months. Nine patients (14.1%) died during
follow-up. Forty-five chRCC were early stage (T1 and T2) and 19 late stage tumors (T3 and T4).

4.2. Strategy for Gene Candidate Selection

In a first step we used the Broad institute FIREHOSE website (“Correlate CopyNumber ys
mRNAseq”) [24] to download all 15,287 available human genes of the whole genome and extracted
4654 with significant positive correlation between gene copy number and mRNA expression (Pearson’s
correlation coefficient R > 0 and p < 0.005).
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1631 of the 4654 genes were located on chromosomes 2, 6, 10, 13, 17 and 21. Since Figure 1
demonstrated chromosomal loss in 84% (79 of 94) chRCC, we hypothesized that by using a two-tiered
separation based on presence or absence of chromosomal losses, the expression patterns of several
genes on chromosomes 2, 6, 10, 13, 17 and 21 would fulfill the UALCAN [20,21] survival curve
separation criteria: patients with high gene expression values > 3rd quartile versus patients with low
gene expression (<3rd quartile). Obtaining survival curves separated by mRNA expression level in
UALCAN [20,21] requires only minimal steps among three websites, UALCAN [20,21], the Human
Protein Atlas [22,23] and FIREHOSE [24]. We entered all 1631 gene symbols in input fields of the
UALCAN [20,21] and extracted the genes of > 3rd quartile high gene expression group with more than
80% overall survival rate. Next, we selected genes, of which the low gene expression was significantly
correlated with poor prognosis (p < 0.05) and high mRNA expression group showed >80% overall
survival rate using the Human Protein Atlas [22,23] (Table S1). Finally, 13 candidate genes were
identified (Table 1).

4.3. Swiss Chromophobe Renal Cell Carcinomas

A total of 57 chRCCs were retrieved from the archives of the Department of Pathology and
Molecular Pathology of the University Hospital Zurich (Zurich, Switzerland). Overall survival data
were obtained from the Zurich Cancer Registry. The study was approved by the Cantonal Ethics
Committee of Zurich (BASEC-No_2019-01959) in accordance with the Swiss Human Research Act and
with the Declaration of Helsinki. All tumors were reviewed by two pathologists (Riuko Ohashi and
Holger Moch) blinded to clinico-pathological information. The tumors were histologically classified
according to the WHO classification [1]. In the Swiss cohort, the median age at diagnosis was 62 years
(range 18–87 years). The median follow-up was 51.0 months and 14 patients (24.6%) died during
follow-up. Tumors were staged according to the TNM staging system [59]. A total of 48 chRCC were
early stage (T1 and T2) and 9 late stage tumors (T3 and T4).

4.4. OncoScan Assay

DNA from formalin-fixed, paraffin-embedded (FFPE) tumor tissue samples was obtained by
punching 4 to 6 tissue cylinders (diameter 0.6 mm) from each sample. Punches were taken from
tumor areas displaying >90% cancer cells which were marked previously on Hematoxylin and
Eosin stained slides. DNA extraction from FFPE tissue was done as previously described [14,15,60].
The double-strand DNA (dsDNA) was quantified by the fluorescence-based Qubit dsDNA HS Assay
Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to manufacturer’s instructions.
Thirty chRCCs had sufficient DNA quality for copy number analysis. Genome-wide DNA copy-number
alterations were analyzed by Affymetrix OncoScan® CNV FFPE Microarrays (Affymetrix, Santa Clara,
CA, USA) as previously described [14,15,61]. The samples were processed by IMGM Laboratories
GmbH (Martinsried, Germany). The data were analyzed by the OncoScan Console (Affymetrix) and
Nexus Express for OncoScan 3 (BioDiscovery, Inc. El Segundo, CA, USA) software using the Affymetrix
TuScan algorithm. The CNV cutoff value was -0.3 for copy number loss in Nexus Express for OncoScan
3 Software (BioDiscovery) default setting.

4.5. Immunohistochemistry

A tissue microarray (TMA) with 57 chRCC was constructed as described [29,62]. TMA sections
(2.5μm) were transferred to glass slides and subjected to immunohistochemistry using Ventana
Benchmark XT automated system (Roche Diagnostics, Rotkreuz, Switzerland). CDKN1A was
immunostained using polyclonal anti-rabbit sc-397 (dilution 1:50; Santa Cruz Biotechnology, Inc.;
Dallas, TX, USA). Immunostained slides were scanned using the NanoZoomer Digital Slide Scanner
(Hamamatsu Photonics K.K., Shizuoka, Japan). Immunohistochemical evaluation was conducted
by two pathologists (R.O. and H.M.) blinded to the clinical data. The criteria for protein expression
analysis were as described in previous TMA studies [15,29]. A tumor was considered CDKN1A positive
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if ≥ 2% of the tumor cells showed unequivocal nuclear expression. A semi-quantitative approach
(H-score) was also performed. The staining percentages (range 0–100%) and the intensity of nuclear
expression of CDKN1A (range 0–3: 0, negative; 1, weak; 2, moderate; and 3, strong) in tumor cells
were evaluated and the H-score was calculated using the formula 1 × (% of 1+ cells) + 2 × (% of 2+
cells) + 3 × (% of 3+ cells) (giving a score that ranged from 0 to 300) [63]

4.6. Statistical Analysis

All statistical analyses were conducted using R, 3.4.1 (R Foundation for Statistical Computing,
Vienna, Austria) and EZR, Version 1.37 (Saitama Medical Center, Jichi Medical University, Saitama,
Japan) [64]. The Fisher’s exact test was used to assess association between two categorical variables.
Overall survival rates were determined according to the Kaplan–Meier method and analyzed for
statistical differences using a log rank test. Univariate and multivariate analyses were performed by
using the Cox-proportional hazard model with Firth’s penalized likelihood [65,66]. Cox regression
analysis was performed using FIREHOSE mRNA expression data [24]. p-values < 0.05 were regarded
as statistically significant.

5. Conclusions

In conclusion, chRCC without loss of chromosomes 2, 6, 10, 13, 17 and 21 have a favorable
prognosis. CDKN1A mRNA and protein expression levels were of prognostic relevance independent
from tumor stage. CDKN1A IHC is easily applicable in routine pathology and will help to stratify
chRCC patients that have a significantly greater risk of disease progression.
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Abstract: Loss of von Hippel–Lindau (VHL) protein function can be found in more than 90% of
patients with clear cell renal carcinoma (ccRCC). Mice lacking Vhl function in the kidneys have urine
concentration defects due to postulated reduction of the hyperosmotic gradient. Hyperosmolality
is a kidney-specific microenvironment and induces a unique gene expression pattern. This gene
expression pattern is inversely regulated in patients with ccRCC with consequences for cancer-specific
survival. Within this study, we tested the hypothesis if Vhl function influences the hyperosmolality
induced changes in gene expression. We made use of the Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/Cas9 technology to inhibit functional Vhl expression in murine
collecting duct cell line. Loss of Vhl function induced morphological changes within the cells similar
to epithelial to mesenchymal transition like phenotype. Vhl-deficient cells migrated faster and
proliferated slower compared to control cells. Gene expression profiling showed significant changes
in gene expression patterns in Vhl-deficient cells compared to control cells. Several genes with
unfavorable outcomes showed induced and genes with favorable outcomes for patients with renal
cancer reduced gene expression level. Under hyperosmotic condition, the expression of several
hyperosmolality induced genes, with favorable prognostic value, was downregulated in cells that do
not express functional Vhl. Taken together, this study shows that Vhl interferes with hyperosmotic
signaling pathway and hyperosmolality affected pathways might represent new promising targets.

Keywords: von Hippel–Lindau; EMT like; hyperosmolality

1. Introduction

Renal cell carcinomas (RCC) are a heterogeneous group of cancers and are among the top 10
cancers worldwide. RCC arises from renal tubular epithelial cells and more than 80% of all renal
neoplasms belong to RCC [1]. The major RCC subtypes are clear cell RCC (ccRCC) with a frequency
of around 70–80%, papillary RCC with a frequency of around 10%–15%, and chromophobe RCC
with a frequency of around 3–5% [2]. RCC incidence increases with age and is higher for men than
women. Risk factors for RCC are, for example, obesity, hypertension, cigarette smoking, chronic kidney
disease, hemodialysis, renal transplantation, or acquired kidney cystic disease [3]. Moreover, genetic
risk factors are involved in the pathogenesis of RCC including the von Hippel–Lindau (VHL) gene,
the protein polybromo-1 gene (PBRM-1), and the SET Domain Containing 2 (SETD2) gene [4,5].

VHL is a tumor suppressor that plays a pivotal role in the development of ccRCC and gene
alterations can be found in up to 90% of ccRCC cases [6]. VHL can be altered and transmitted rarely
in an autosomal dominant fashion, which is associated with the VHL disease, or in most cases to a
sporadic manner [6].
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Several studies have been performed to generate ccRCC in mouse kidneys by inactivating
Vhl. The first study used the phosphoenolpyruvate carboxykinase (Pepck)-Cre to generate proximal
tubule-specific knock out (KO) mice. These mice developed a modest phenotype and after 12 months
25% of the mice had renal microcysts [7]. Using Ksp1.3-Cre, as deleter Cre, led to generation of distal
tubule and collecting duct (CD) specific deletion of Vhl. These mice developed hydronephrosis but
no further abnormalities [8]. However, the combined KO of Vhl together with the phosphatase and
tensin homolog (Pten) resulted in hyperproliferation and kidneys with multiple epithelial tubule cysts
in the cortex and medulla. A further study on mouse showed that deletion of Vhl caused increased
medullary vascularization and, as a physiological consequence, developed a diabetes insipidus like
phenotype by excretion of highly diluted urine. The authors hypothesized that the increased medullary
vasculature alters salt uptake from the renal interstitium, resulting in a disruption of the osmotic
gradient and impaired urinary concentration [9]. The rate-limiting factor in the urine concentration is
the expression of the aquaporin-2 (Aqp2) water channel. Aqp2 is expressed in the principal cells of
the collecting duct, and the binding of the antidiuretic hormone vasopressin (AVP) to the vasopressin
type 2 receptor induces the translocation of Aqp2 bearing vesicles to the apical plasma membrane [10].
The expression of Aqp2 in the mentioned mouse model was decreased [9]. The expression of Aqp2 on
the mRNA level is regulated by the cAMP-responsive element-binding protein [11] and by the action
of the nuclear factor of activated T cells 5 (Nfat5) [12]. Nfat5 is activated by hyperosmotic environment
of the kidney [13]. It has been recently shown that in renal cancer Nfat5 expression is targeted by
microRNAs that led to reduced expression of Nfat5 target genes [14].

The cells of the renal inner medulla are challenged with a hyperosmotic environment, the driving
force for water retention. We have shown that this environment is also important to regulate a specific
gene expression pattern of several kidney-specific genes [15]. Further, we have recently shown that
the expression of osmolality affected genes is inversely regulated in the ccRCC samples compared
to normal tissue, and we were able to generate an Osm-score that allows the prediction of patients’
survival [16]. We were also able to induce the expression of the E74-like factor 5 (ELF5), a tumor
suppressor in RCC [17], in the 786-0, VHL deficient, RCC cell line under hyperosmotic cell culture
conditions. Interestingly, the expression level was higher in 786-0 that ectopically expressed wild type
VHL [16], suggesting that VHL somehow interferes with hyperosmolality associated gene expression.

Based on these data we hypothesized that Vhl also plays an important role in the expression of
hyperosmolality induced genes and that loss of Vhl function induces a ccRCC like phenotype in a
normal murine collecting duct cell line. Indeed, the results of this study showed massive functional,
morphological abnormalities and changes in gene expression that are Vhl and osmolality dependent.

2. Results

2.1. Generation of VHL-Deficient Cells

We have used the murine mpkCCD cells to analyze the role of Vhl in the collecting duct. This cell
line has been intensively used to analyze the regulation of Aqp2 and the role of Nfat5 on hyperosmotic
adaptation and they are capable of genetic manipulation [18,19]. We decided to use the CRISPR/Cas9
method to efficiently knock out functional Vhl protein expression. We used 3 different guide RNA
sequences (Supplemental Table S1) and a non-targeting (Scr) sequence. Single cells were isolated
and mutations within the Vhl locus were analyzed by Sanger sequencing using specific primer pairs
(Supplemental Table S1 and Supplemental Figure S1). The type of mutation was analyzed by the online
tool Tracking of InDels by Decomposition (TIDE) [20]. Based on this analysis, we selected single clones
that showed InDels leading to a frameshift (Supplemental Figure S2).

Based on these results, the functional expression of Vhl should be lost in these clones. To validate
this on protein level, Western blot experiments were performed. Since the loss of Vhl stabilizes the
expression of Hif1a, we have also tested if this is the case in our model. As a control, we used Scr
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gRNA expressing cells and 5 Vhl-targeted single-cell clones. Vhl protein expression was lost in clones
H6 and G10 (Figure 1). This was associated, as expected, with Hif1a expression.

Figure 1. Loss of von Hippel–Lindau (VHL) protein induces nuclear Hif1A expression. (A) Cell lysates
from control cells (Scr) and 5 VHL clones were prepared and the expression of VHL and Hif1a was
analyzed by Western blot. An antibody directed against Gapdh served as control. The numbers
indicate ratios in signal intensity compared to Scr. (B) Cells were cultivated on glass coverslips. After
fixation, the cells were incubated with a specific Hif1a antibody. A secondary Alexa-568 labeled
antibody was used to visualize the signals. The staining of the nuclei was done by incubation with
4′,6-diamidino-2-phenylindole (DAPI) (scale bar = 40 μm).

Hif1a was only detectable when Vhl protein expression was completely lost. For example, in clone
D8 and C5, the expression of Vhl is weak compared to Scr. However, no stabilization of Hif1a was
observed for these clones. This data shows that our cell model shows similar changes as described
by other groups. In a second approach, we have analyzed the intracellular localization of Hif1a.
Hif1a acts as a transcription factor and should be localized within the nucleus. We have, therefore,
performed immunofluorescence analysis with Scr -cells and clone G10 using a specific Hif1a antibody.
As expected, no Hif1a signal was detectable in the nucleus of Scr cells (Figure 1).

Since we were able to validate the loss of Vhl expression in these cells, we will name them as
Vhl-KO hereafter.

2.2. Vhl Deletion Induces Loss of Epithelial Structures

Loss of Vhl is associated with an epithelial to mesenchymal transition (EMT) like phenotype [21].
We have, therefore, analyzed if this is also the case in the cell model that we used. We have performed
immunofluorescence analysis using specific antibodies for markers of tight (Zona occludens 1, Zo1)
and adherence junctions (β-catenin). While the control cells showed localization of ß-catenin at the
cell–cell contacts, this was not the case in Vhl-KO cells (Figure 2).
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Figure 2. Loss of von Hippel–Lindau (Vhl) protein induces morphological changes. Cells were
cultivated on glass coverslips. After fixation, the cells were incubated with specific antibodies directed
against Zo1 and β-catenin. A secondary Alexa-488 labeled antibody was used to visualize the signals.
For actin filament staining, after fixation, the cells were incubated with an Alexa-568 labeled phalloidin
(scale bar = 20 μm).

Similar to β-catenin, loss of Vhl function disturbs proper tight junction assembly (Figure 2).
The staining for Zo1 showed interruption of the tight junction band. This indicates that in Vhl-KO
cells the epithelial cell to cell assembly is disturbed. This is also further supported by staining for the
actin filaments (Figure 2). Scr cells showed actin enrichment predominantly at the cell–cell contacts,
indicating an intact epithelial structure and polarity, which is not the case in the Vhl-KO cells. The cells
develop a fibroblast-like phenotype with intracellular actin stress fibers and hardly any enrichment at
the cell–cell contacts.

Since the changes in morphology are related to an EMT-like phenotype, we have also analyzed
the mRNA expression of EMT marker genes like fibronectin, alpha smooth muscle actin, N-cadherin,
and vimentin (Supplemental Figure S3). We observed significant differences in expression for fibronectin
and alpha smooth muscle actin. However, the expression of N-cadherin and vimentin were not affected,
which could implicate an incomplete EMT.

2.3. Vhl Deletion is Associated with Changes in Proliferation and Migration Behavior

In the next step, we analyzed if Vhl deletion is associated with functional changes. Given that the
morphological and molecular changes might represent an incomplete EMT like phenotype, we set
out to determine whether these changes are associated with other phenotypic changes. We have
first tested if there are differences in the proliferation rate between Scr and Vhl-KO cells using the
IncuCyte S3 live-cell analysis system. We have done this by calculation of the mean doubling time of
the cells. The results showed that Vhl-KO cells had significant longer doubling time, resulting in a
lower proliferation rate, compared to Scr cells (Figure 3).
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Figure 3. von Hippel–Lindau (Vhl) deletion is associated with longer doubling time. Cells were
cultivated in 96-well plates and the proliferation was measured by live-cell imaging using IncuCyte
S3 system taking an image every 4 h. The relative cell density was plotted and the doubling time
was calculated by nonlinear exponential growth equation using GraphPad Prism (A). The doubling
times were normalized to the Scr cells (B). One Way ANOVA was performed to identify statistically
significant differences compared to Scr cell and are marked by * (p value < 0.05; n > 5).

Since we wanted to test if Vhl function is involved in hyperosmolality affected pathways, we tested
the proliferation rate of Scr and Vhl-KO cells also under hyperosmotic conditions. Hyperosmolality
alone reduced the proliferation of Scr cells (Supplemental Figure S4). This was also the case for the
Vhl-KO cells. Under hyperosmotic conditions, however, the differences between Scr and Vhl-KO
cells were still detectable. To test if the phenotype of Vhl deficient mpkCCD correlates with that of
classical RCC cell lines, we tested the proliferation rate using the RCC cell line 786-0. We tested cells
that do not express VHL and 786-0 cells that ectopically express human VHL (786-0-VHL). In contrast
to the collecting duct cells, there were no differences between the 786-0 and 786-0-VHL expressing cells
(Supplemental Figure S5).

Besides cell proliferation, we have analyzed the migration behavior of Scr and Vhl-KO as well
as that of the 786-0 and 786-0-VHL RCC cells by scratch wound healing assay using the IncuCyte S3
live-cell imaging system. The results showed that Vhl-KO cells migrate at a significantly faster speed
(~25% faster) compared to Scr cells (Figure 4A and Supplemental Figure S6). Similar to the results
obtained for cell proliferation, VHL expression in 786-0 cells has a different effect on cell migration
compared to the mpkCCD cells. The ectopic expression of VHL induced a significantly higher cell
migration speed (Supplemental Figure S7).

So far the data showed that functional deletion of Vhl in mpkCCD cells is associated with massive
changes in cell morphology, proliferation, and migration. These differences are cell context-specific
since 786-0 RCC cell lines showed different effects. All these experiments were performed with
cells cultivated under normal (isoosmotic) cell culture conditions. Since we postulate that Vhl has
an osmolality dependent function, we have repeated the analysis under hyperosmotic conditions.
In contrast to proliferation, the Vhl-KO cells behaved differently in the cell migration analysis under
hyperosmotic conditions. While the Vhl-KO cells migrated faster under isotonic conditions, this was
reversed under hyperosmotic conditions (Figure 4B).
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Figure 4. Loss of von Hippel–Lindau (Vhl) expression induces cell migration capacity. Cells were
cultivated in 96-well plates until confluency and a wound to the cell monolayer was applied using the
AutoScratch wound making tool. Cell migration was observed by live-cell imaging using the IncuCyte
S3 system. (A) Representative plot of the wound density over time. (B) Cells were cultivated in 96-well
plates until confluency either at 300 or 600 mosmol/kg. The relative wound density after 12 h was
calculated by linear regression analysis using GraphPad Prism. The migration speed was normalized
to Scr cells cultivated at 300 mosmol/kg. One Way ANOVA was performed to identify statistically
significant differences and are marked by *** (p value < 0.001; n > 3).

2.4. Vhl Deletion Affects Expression of Hyperosmolality Regulated Genes

These results showed that Vhl deletion has a cell and osmolality specific effect on cellular behavior.
We next asked if this is also associated with changes in the gene expression level. The expression
level of Aqp2 served as a marker gene. The water channel Aqp2 expression in mpkCCD cells is either
induced by vasopressin stimulation or by hyperosmotic cultivation conditions. Studies have shown
that the expression of Aqp2 was decreased in Vhl deficient mice. Therefore, we cultivated the Scr and
Vhl-KO cells under hyperosmotic conditions and analyzed Aqp2 gene expression by real-time PCR.
The expression of Aqp2 is nearly lost in Vhl-deficient cells (Supplemental Figure S8). This indicates
that Vhl deletion has a direct effect on AQP2 expression and probably interferes with hyperosmotic
pathways. To identify additional genes that are differentially expressed in Vhl-KO cells, we cultivated
Scr and Vhl-KO cells at 300 or 600 mosmol/kg, isolated total RNA, and performed gene expression
profiling by RNA-Seq. In Scr cells, more than 2700 genes were differentially expressed between cells
cultivated at 300 vs 600 mosmol/kg (Supplemental Figure S9). For example, Ranbp3l, Prss35, or Slc6a12
are within the top upregulated genes (Supplemental Excel File S1). These genes were also identified in
primary cultured inner medullary collecting duct (IMCD) cells [15], which indicates that the mpkCCD
cell line behaves similarly to primary cultured IMCD cells. We next compared Scr cells with Vhl-KO
cells cultivated at 300 or 600 mosmol/kg. The deletion of Vhl was always associated with massive
changes in gene expression. The total number of differentially expressed genes was over 4700 for the
300 and more than 4200 genes for the 600 mosmol/kg comparison (Figure 5).
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Figure 5. VHL (von Hippel–Lindau) deletion induces massive changes in gene expression. Scr- and
Vhl-KO cells were cultivated at 300 or 600 mosmol/kg. Total RNA was isolated and gene expression
was analyzed using Next-Generation Sequencing technology and differentially expressed genes were
identified (p < 0.05, n = 3). The volcano plots show the number of genes, the p-values, and log2 fold
changes for cells cultivated at 300 (left) or 600 (right) mosmol/kg.

Functional analysis identified enrichment of genes in specific Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways. Within the top 20 enriched KEGG pathways using the list of genes that
were differentially expressed in the 300 mosmol/kg comparison only one cancer-associated pathway
(“proteoglycans in cancer”) was detected. The top enriched KEGG pathway was “metabolic pathways”
(Supplemental Figure S10 and Supplemental Excel File S2). Similar analyses were performed with the
differentially expressed genes in cells cultivated at 600 mosmol/kg. Again, the top enriched pathway
was “metabolic pathways”. In contrast to the 300 mosmol/kg comparison, more cancer-associated
pathways were enriched namely “pathways in cancer”, “viral carcinogenesis”, “proteoglycans in
cancer”, and “central carbon metabolism in cancer”. Two of the high-ranking pathways are “focal
adhesion” and “regulation of actin cytoskeleton”, revealing higher gene expression for f-actin proteins
but also actin-binding factors like vinkulin or α-actinin. Furthermore, high ranking is the “PI3K-Akt
pathway” that is strongly associated with ccRCC tumors [22]. Interestingly, these data support the
observed morphological and functional changes in Vhl-KO cells since these pathways are associated
with cell morphology and migration.

The screening of the gene expression data for classical EMT marker genes showed that the
expression of desmin is significantly induced in Vhl-KO cells. The expressions of other markers like
Snail1, Snail2, Zeb1, or Axl [23] were not affected (Supplemental Excel File S1). Again, this might be
explained by an incomplete EMT like phenotype.

2.5. Loss of Vhl Function Leads to an Unfavorable Gene Expression Pattern

The data of TCGA and the Human Pathology Atlas [24] allowed the identification of prognostic
genes that are associated with favorable or unfavorable clinical outcome. We have, therefore, analyzed
if the loss of Vhl function has an impact on expression of genes that are prognostic for patients with renal
cancer. However, the Human Pathology Atlas does not discriminate between the renal cancer entities.

We have used genes that showed at least 2/−2 log2 fold changes in gene expression and that are
prognostic on clinical outcome of the patients. About 151 genes fitted to the scheme. 91 genes were
associated with unfavorable and 60 with a favorable clinical outcome (Figure 6).
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Figure 6. Deletion of VHL (von Hippel–Lindau) induces an unfavorable gene expression pattern.
The list of genes with a log2 fold of 2 or higher and −2 or lower was compared with genes that have a
prognostic impact on patient’s outcome with renal cell carcinomas (RCC). The left panel shows genes
with unfavorable and the right with favorable prognostic outcome. The expression level after Vhl
deletion is plotted as log2 fold change.

When we compare the changes in expression, we observed that Vhl-KO cells showed reduced
expression of 33 unfavorable and induced expression of 22 favorable genes. But the upregulated
expression of more unfavorable genes (56) and predominantly reduced expression of favorable genes
(38) indicates that, in summary, the loss of functional Vhl in the mpkCCD cells induces an unfavorable
gene expression pattern.

We have shown that the expression of hyperosmolality induced genes is reduced in RCC samples
and that a gene signature of osmolality affected genes can be used for the prediction of patient’s clinical
outcome [16]. We have, therefore, analyzed if this is also the case in the present study. We have
generated a list of genes that are upregulated by hyperosmolality and have a favorable prognostic
outcome for patients with RCC. This list was compared with the list of genes that were differentially
expressed (and a log2 fold change of at least 1/−1) in Vhl-KO cells under hyperosmotic conditions.
We identified 51 genes that met the criteria (Figure 7). Only 5 genes were higher expressed compared
to Scr in Vhl-KO cells under hyperosmotic conditions. The majority, 46 genes, were downregulated in
expression. This again demonstrates that loss of Vhl induces an unfavorable gene expression pattern.
These data also show that Vhl has an influence on the expression of hyperosmolality affected genes.

Figure 7. Deletion of von Hippel–Lindau (Vhl) reduces expression of hyperosmolality induced genes
with favorable prognostic value. The list of genes that are (1) induced by hyperosmolality, (2) favorable
for patients outcome, and (3) differentially expressed in Vhl-KO cell with a log2 fold change of 1 or
higher and −1 or are plotted here.
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Vhl-KO reduces, for example, the expression of Fxyd2, Fxyd4, Rnf183, and Ranbp3l, which
are prognostically favorable in patients with ccRCC [16]. Since the Human Pathology Atlas does
not discriminate between the RCC entities, we have used selected genes and queried the KIRC
TCGA database if they could serve as prognostic markers for patients with ccRCC. In all cases,
high expression of these genes was associated with a significant overall survival of the patients
(Supplemental Figure S11).

Vice versa, we have also analyzed if the Vhl-KO leads to induced expression of unfavorable genes,
which are downregulated by hyperosmolality. Moreover, 20 genes showed upregulation in expression
and only 3 downregulated expression in Vhl-KO cells (Supplemental Figure S12).

3. Discussion

The CRISPR/Cas9 technology has been used in a study before to delete VHL in the RENCA renal
cancer cell line [25] where the authors described an EMT like phenotype due to a Vhl knock out.
To our knowledge, this study is the first one that used a healthy renal epithelial cell line to introduce
CRISPR/Cas9-mediated Vhl deletion and characterizes the phenotype of the cells. The limitations
of the study might be: 1. that we used renal collecting duct cells, although the ccRCC is originated
from proximal tubulus and 2. The use of a murine cell line. However, we are convinced that this was
the right strategy to test the hypothesis that Vhl function interferes with hyperosmolality affected
gene expression.

We successfully introduced mutation into the Vhl locus, leading to a frameshift and expression of
nonfunctional Vhl protein. Loss of Vhl function induced stabilization of Hif1a. The deletion of Vhl
was associated with loss of epithelial structure that is similar to the phenotype observed in RENCA
cells [25]. Similar to RENCA cells, loss of Vhl induces a more metastatic phenotype in mpkCCD cells as
they migrate faster. However, the 786-0 RCC cell line showed different behavior. Ectopic expression of
VHL was associated with an increased cell migration speed. In contrast to the cell migration analysis,
Vhl-KO cells showed a slower doubling time. There were no differences observed between 786-0 and
786-0-VHL cells. This indicates that Vhl deletion has a cell type-specific effect on cellular function.
However, the knockdown of Vhl in lung cancer cell lines showed similar effects to what we observed
in the mpkCCD cells, higher migration and lower proliferation capacity [26]. These data show that the
mpkCCD cell line is a suitable model to study the role of Vhl in renal cells. Traditionally it has been
thought that ccRCC originates from cells of the proximal tubulus [1]. However, there is also evidence
that subsets can also originate from distal tubulus or even collecting duct [27–30]. Therefore, these
studies indicate that the use of the mpkCCD cells as a collecting duct cell line might not represent a
major limitation. A mouse model using Hoxb7-Cre as driver to delete Vhl expression in the collecting
duct developed epithelial disruption, fibrosis, and hyperplasia [31]. However, Vhl deletion alone
is not sufficient and only in combination with deletion of other genetic factors it was possible to
induce ccRCC. The combined loss of Vhl, Tp53, and Rb1 induced, for example, ccRCC [32]. The same
group showed that renal Vhl deletion is associated with disturbed urine concentration capability [9].
More than 14 different cell types are involved in the urine concentration and water retention in the
kidneys representing a specific transcriptome [33]. Most of the water retention is mediated by the action
of aquaporin water channel family [10]. The driving force for water transport is a cortico-medullary
osmotic gradient. The cells of the renal medulla are faced with a hyperosmotic environment. We have
also shown that the hyperosmotic environment induces a kidney and even cell-specific gene expression
pattern [15]. In a recent study, we have shown that the hyperosmotic gene expression pattern is lost
in ccRCC samples and that this has also consequences for patients’ outcome [16]. In the mentioned
study, the initial gene list was generated in rat primary collecting duct cells [15,16] and we were able to
develop a translational comparison from healthy rat cell to human renal cancer and survival prediction,
showing the translational potential of the data [16].

In the collecting duct, the rate-limiting factor in water retention is the water channel Aqp2.
The expression of Aqp2 is downregulated in Vhl-deficient mice [9,32]. Downregulation of Aqp2 has
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been also shown in patient-derived ccRCC samples [34,35]. The expression of Aqp2 is regulated by the
action of Nfat5 transcription factor. Nfat5 is activated by the hyperosmotic environment [13]. The group
of Schönenberger et al. postulated that Vhl deletion induces reduction of the osmotic gradient by the
increased angiogenesis that could lead to decreased Aqp2 expression [9]. Loss of Aqp2 is also evident
in a mice model that developed renal cancer [32]. We have shown that hyperosmolality regulates the
expression of several hundred genes (including Aqp2), that this expression pattern inversely correlates
with ccRCC tumor samples, and that this can be used for prediction of cancer-specific survival [15,16].
Within this study, we have shown that Vhl deletion has a direct negative effect on Aqp2 expression.
Besides the massive morphological changes, loss of Vhl induced changes in gene expression. More than
4700 genes were differentially expressed compared to control cells under isosmotic conditions. Loss
of Vhl function was associated with more than 8500 differentially expressed genes in the RENCA
RCC cell line after CRIPSR/Cas9 deletion of Vhl [25]. Unfortunately, the total list of genes and the
used significance level is not published to compare the list of genes. However, in both cases, loss of
Vhl function alone induces massive changes in gene expression in either cancer or normal cell lines.
KEGG Pathway analysis showed that loss of Vhl affects, for example, “PI3K-Akt signaling pathway”
or “Regulation of actin cytoskeleton” pathway. Dysregulation of these pathways could explain the
observed EMT like phenotype. Since we were able to detect increased expression of selected markers
genes for EMT like fibronectin and smooth muscle actinin, no changes were observed for vimentin,
E-cadherin, or Snail1. Therefore, the observed changes might represent an incomplete EMT. Since the
expression of fibronectin is induced, the observed changes might be due to pro-fibrotic changes. Besides
Col1a1 no other classical markers like Mmp9, Timp1, or Col3a1 were induced on gene expression level.
As explained for EMT, this might indicate a partial or mild pro-fibrotic change. However, further
studies are needed to specifically analyze if the observed changes might represent incomplete EMT,
pro-fibrotic changes, or a mixture of both.

The KEGG pathway analysis might be used for the identification of novel therapeutic targets.
For example, targeting PI3K-Akt pathways has been in focus in treatment of different cancer types
including RCC [22,36]. These data show that Vhl deletion in mpkCCD cells induces a gene expression
associated with a cancer-related phenotype and this is also supported by the enrichment of genes
that are involved in “Pathways in cancer”. This is also supported by the comparison of our data
with the data from the Human Pathology Atlas [24]. Vhl deletion induced the expression of more
genes that are unfavorable and predominantly reduced expression of genes that are associated with a
favorable outcome of patients with RCC. Nonetheless, the data from the Human Pathology Atlas does
not discriminate between the RCC entities. However, the query of the TCGA KIRC cohort for selected
genes showed that they could serve as prognostic markers for patients with ccRCC.

Since the cells in the inner medulla of the kidneys are faced with a hyperosmotic environment,
we also compared the gene expression pattern in Vhl-KO and Scr cells under hyperosmotic conditions.
Several genes are regulated by changes in hyperosmolality and their expression is inversely regulated
in ccRCC samples compared to normal tissue [15,16]. For example, the expression of the E74 like ETS
transcription factor 5 is not detectable in ccRCC samples and ectopic ELF5 expression reduced tumor
development in mice [17]. This indicates that ELF5 can act as a tumor suppressor in ccRCC. We have
shown that Elf5 expression is highly induced by hyperosmotic environment [15]. The expression of
ELF5 was also inducible in the 786-0 ccRCC cell line when the cells were cultivated under hyperosmotic
conditions. However, the level of induction was even more striking in 786-0-VHL cells [16]. When we
compare the influence of Vhl on hyperosmolality affected gene expression again several thousand
genes are affected. KEGG pathway analysis showed that 4 cancer-associated pathways are within
the top 20 enriched pathways compared to one in the isosmotic comparison. There are also several
genes within the significantly downregulated genes that are known to be induced in expression by
hyper osmolality. For example, the expression of gamma subunit of Na K-ATPase (Fxyd2) and the
FXYD domain containing ion transport regulator 4 (Fxyd4) are upregulated by hyperosmolality [15,37].
The expressions of both genes are downregulated in human ccRCC and a mouse ccRCC model [32,35].

30



Cancers 2020, 12, 420

Other prominent genes are the ran-binding protein 3 like (RanBP3L) or the ring finger 183 (Rnf183).
The expression of both genes is induced by hyperosmolality [15,38,39]. However, in Vhl-KO cells,
the expression of both genes is significantly downregulated. FXYD2, RanBP3L, and Rnf183 expression
level is associated with clinical outcome of patients with ccRCC [16]. This is also the case in the Vhl-KO
cells. About 51 genes that are induced by hyperosmolality and have a favorable outcome for patients
with RCC are differentially expressed in Vhl-KO vs. Scr cells under hyperosmotic conditions and
46 of them are downregulated in expression when Vhl function is missing. We have shown that the
expression of hyperosmolality affected genes are inversely regulated in ccRCC samples and that high
expression of genes in patients, which are downregulated by hyperosmolality, have an unfavorable
outcome [16]. These data show that Vhl-KO cells under hyperosmotic conditions express a gene
expression pattern that is described to be unfavorable for patients with ccRCC. These data also support
our hypothesis that loss of Vhl function is associated with disturbed hyperosmotic adaptation capacity,
as it is shown by differences in proliferation and migration capacity. Of course, we have to be aware
of the fact that up to 30% of patients with ccRCC have functional VHL protein or at least no genetic
alterations that would affect the functional expression of VHL.

The main transcription factor that is activated under hyperosmotic condition is Nfat5 [40], inducing
the expression of osmoprotective genes [41]. As an example, NFAT5 induces the expression of the solute
carrier SLC6a12 [41] and the expression of Slc6a12 is massively downregulated in Vhl-KO cells (log2

fold change of−3.3). This implicates that probably loss of Vhl function has an influence on Nfat5 activity.
Nfat5 has also a function in the immune system for the macrophage and T lymphocyte function [42],
and haploinsufficiency is associated with immunodeficiency [43]. However, the role of Nfat5 in cancer
is controversial. Nfat5 deficiency promoted hepatocellular carcinogenesis and metastasis [44] in one
study. Another study showed that Nfat5 promoted apoptosis and inhibited invasion in hepatocellular
carcinoma cell lines [45]. A further study reports that S100a4 protein promoted proliferation and
migration of ccRCC cell line through NFAT5 [46]. A recent study showed that NFAT5 is a target of
metabolically active micro RNAs (miRNA) [14]. The gene expression of NFAT5 is downregulated in
ccRCC samples compared to normal tumor samples [14] as well as expression of NFAT5 target genes.
The authors postulate that the miR-106b-5p and miR-122-5p are involved in the downregulation of
NFAT5 and also downstream of NFAT5 target genes [14]. However, VHL-dependent regulation of
NFAT5 remained unclear. Our data indicates at least an interaction of VHL and NFAT5 functions and
further analysis are needed to identify the molecular mechanisms in more detail. Since Vhl deletion
alone did not induce renal cancer in mice model, it might be interesting to test if a Vhl/Nfat5 double
KO develops renal cancer.

Taken together, we have shown that Vhl deletion in collecting duct cells induces an EMT like
phenotype, an unfavorable gene expression pattern, and that loss of Vhl function significantly regulates
the expression of hyperosmolality expressed genes that are favorable prognostic markers for patients
with ccRCC.

4. Material and Methods

4.1. Cell Culture

HEK293T cells were obtained from the DSMZ-German Collection of Microorganisms and Cell
Cultures and cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10% serum (fetal calf serum (FCS)) and 1% penicillin/streptavidin. The 786-0 and ectopic VHL
expressing 786-0-VHL cells were a kind gift of Prof. Barbara Seliger [47]. These cells were
maintained in DMEM supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, 1 mM
pyruvate, and 1% penicillin/streptomycin. The mpkCCD cell line was a kind gift of Prof. Mark
Knepper [48]. These cells were cultivated in DMEM Ham F-12 medium supplemented with 10%
FCS and 1% penicillin/streptavidin. All cell lines were cultured at 37 ◦C and 5% CO2. The medium
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osmolality was adjusted to 600 mosmol/kg by the addition of 100 mM NaCl and 100 mM urea to the
corresponding medium.

4.2. Oligos and Primers

The selection of the sequences for the guide RNAs (gRNA) targeting Vhl was performed according
to the DNA 2.0 online tool [49] Three different sequences were selected (Supplemental Table S1).
Real-time PCR primers and the PCR primers for amplification of the targeted Vhl locus were designed by
NCBI Primer BLAST [50]. All oligos were purchased from Biolegio B.V. (Nijmegen, The Netherlands).

4.3. Cloning of gRNAs and Vector Production in Escherichia coli

Three different gRNAs targeting murine Vhl locus and random scrambled (Scr) gRNA were cloned
into lentiCRISPRv2. The lentiCRISPR v2 was a gift from Feng Zhang (Addgene plasmid # 52,961;
Addgene, Watertown, MA, USA). The cloning was performed as described [49]. Plasmid isolation was
performed using GeneJET Miniprep Kit (Thermo Scientific, Waltham, MA, USA). Isolated plasmids
were analyzed by Sanger sequencing (Eurofins Genomics, Ebersberg, Germany) using human U6
primer. Positive plasmids were used for further experiments.

4.4. Vectors

The lentiviral particles were produced in HEK293T cells. For the production, the pLP1, pLP2,
and pLP/VSVG vectors were used from ViraPower™ Lentiviral Packaging Mix (Thermo Fisher,
Waltham, MA, USA). The HEK293T cells were cultivated to 70% confluency. Cell culture medium was
reduced to starve cells and then lentiviral vectors pLP1 (7.2 μg), pLP2 (2.4 μg), pLP/VSVG (4.0 μg),
and ligated lentiCRISPRv2 vector (10.4 μg) were added to the medium together with transfection
reagent Turbofect™ (Thermo Fisher). Cells were incubated for 24 h. After exchange, medium cells
were incubated for another 48 h. The conditioned virus-containing medium was removed, sterile
filtrated, and kept at −20 ◦C.

4.5. Viral Transfection of mpkCCD Cells and Sequencing of Vhl Locus

The mpkCCD cell line was seeded into 6-well cell culture dishes and cultivated to 40–50%
confluency. Medium was removed and conditioned medium containing the virus particles and fresh
medium in a 1:1 ratio was added. After 48 h, medium containing 2 μg/mL puromycin for selection of
transduced cells was added. Genomic DNA was isolated and targeted genomic regions were amplified
by PCR using specific primers. The PCR products were purified using GenElute™ PCR Clean-up Kit
(Sigma Aldrich, St. Louis, MO, USA) and analyzed by Sanger sequencing using the sequencing service
of Eurofins Genomics GmbH (Eberberg, Germany).

4.6. Isolation of Single-Cell Clones and Tracking of Indels (TIDE)

Single-cell clones were isolated in 96-well cell culture plates by serial dilution. Total DNA
was isolated and the targeting region was amplified by PCR and analyzed by Sanger sequencing.
The sequences were analyzed by TIDE for the identification of specific mutations of Vhl gene [20]. Single
clones harboring frameshift mutations on both alleles were finally selected and used for further analysis.

4.7. Western Blot

Total protein was isolated from cells using Pierce® RIPA lysis and extraction buffer with protease
inhibitor mix (40 μL/mL, Thermo Fisher Scientific, Waltham, MA, USA). Protein lysates were separated
by SDS-PAGE with 4–12% Novex™ Bis-Tris gradient gel (Thermo Fisher Scientific). Separated protein
bands were then blotted onto 0.45 μm nitrocellulose membrane by Western blotting. Successful blotting
was confirmed by Ponceau S staining. All washing steps of the membrane were performed with
phosphate buffered saline + 0.1% Tween 20 (PBST). Unspecific binding sites were blocked with 5% BSA
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or milk solution. First and horse reddish peroxidase coupled secondary antibody were applied in milk
or BSA solution and incubated for 1h at room temperature. Afterward, the membrane was incubated
with ECL Western Blotting Substrate (Thermo Scientific) and signals were detected on the ChemiDoc
Imager detecting system (BioRad, Hercules, CA, USA). The antibody directed against Vhl (sc-55506)
was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Against Hif1a (36169S) and
Gapdh (2118S) from Cell Signaling Technology, Inc.( Danvers, MA, USA).

4.8. Immunofluorescence

Immunofluorescence was performed as described before [15]. Cells were seeded in 24-well cell
culture plates on glass cover slips and cultured to desired confluency. Medium was then removed
and cells were fixed in 4% formalin. Unspecific binding sites were blocked by incubation with
fishskin-gelatine (0.3% in PBS). First antibody was applied in gelatine solution and incubated at 37 ◦C
for 1 h. Three wash steps (15 min) were performed with PBS and the cells were incubated for 1 h with
the secondary Alexa-labeled antibody solution in PBS. The cells were washed three times with PBS
(15 min) and mounted on glass slides. Images were taken on a Keyence BZ-8100E microscope (Keyence
Corporation, Osaka, Japan).

4.9. Proliferation and Migration

For proliferation and migration assays, cells were cultivated either at 300 or 600 mosmol/kg in
96-well cell culture dishes. For migration assays, the wells were grown to 100% confluency. Data were
collected with IncuCyte® Live-Cell Analysis System (Essen BioScience, Inc., Ann Arbor, MI, USA)
for 24 h. For migration analysis, a wound to the cell layer was created with WoundMaker™ (Essen
BioScience) Migration capacity was evaluated by relative wound density (RWD) (Essen BioScience).
Cell proliferation was also measured by live-cell imaging using the IncuCyte® Live-Cell Analysis
System. In a 96-well plate 1000–2000 cells were cultivated either at 300 or 600 mosmol/kg and
monitored for 48 h. The doubling time was calculated by using nonlinear regression analysis and
exponential growth quotation with GraphPad Prism version 5.0 (GraphPad Software Company, San
Diego, CA, USA).

4.10. Real-Time PCR (RT-PCR)

Real-time PCR was performed as described before [15]. The expression of Aqp2 was acquired by
real-time PCR using a specific primer pair (forward: 5′CAC CGG CTG CTC CAT GAA TCC3′, reverse:
5′TCC GCC TCC AGG CCC TTG AGC3′). As reference gene, Gapdh was used (forward: 5′TGG CCT
TCC GTG TTC CTA CC3′, reverse: 5′GGT CCT CAG TGT AGC CCA AGA TG3′). Data acquisition
was done with Bio-Rad CFX Manager 3.1 Software and quantified by 2−ΔΔCT method as described [51].

4.11. Preparation of Samples for Next-Generation Sequencing

For gene expression analysis using Next-Generation Sequencing RNA-Seq, the cells were cultivated
for 5 days to 70–85% confluency at 300 and 600 mosmol/kg. Total RNA was isolated and reverse
transcribed. Within these samples, the single clone specific Vhl mutations were confirmed via
TIDE as described above. RNA samples from 3 independent separate isolations were used for
analysis by RNA-Seq by Novogene Co, Ltd. (Cambridge, UK). The quality control, sequencing, and
bioinformatics were performed by Novogene as service. The detailed description can be found in
Supplemental Methods.

4.12. Favorable and Unfavorable Gene Expression in Kidney Cancer

A total of 2755 favorable and 3213 unfavorable genes for kidney cancer from the Human Protein
Atlas Database were used. These two groups of genes were compared separately to differential
expressed genes with a log2 fold change ≥2.0/<−2.0 between Vhl-KO and Scr cells at 300 mosmol/kg.
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Overlapping genes between the groups were selected and the changes in expression are displayed in
waterfall plots.

4.13. Induced Gene Expression by Osmolality in Kidney Cancer

All induced genes with a log2 fold change ≥1.0 from the comparison of Scr 600 mosmol/kg (600) vs.
300 mosmol/kg (300) were compared to identify favorable genes from Human Protein Atlas database.
The expression of these genes was compared with the list of differentially expressed genes (with a log2

fold change ≥1.0/<−1.0) between Vhl-KO vs. Scr cultivated at 600 mosmol/kg. The overlapping genes
with level of expression changes are displayed as a waterfall plot.

4.14. Statistics

Results are expressed as the mean ± standard error of mean (SEM). Statistical evaluation was
performed using GraphPad Prism 5.0 software. Comparisons were analyzed using one-way analysis
of variance (ANOVA) or by two-tailed Student’s t test. The data were considered significant if
p-values ≤ 0.05.

5. Conclusions

Our study demonstrates that loss of Vhl function alone induces massive morphological and
functional changes in a healthy renal cell line. It induces an unfavorable gene expression pattern
under isosmotic cell culture conditions. Vhl deletion massively interferes with the hyperosmotic gene
expression program. It induces predominantly downregulation of hyperosmolality induced genes,
which are predicted with favorable clinical outcome of patients with ccRCC.

Thus, targeting osmolality represents a novel promising therapeutic option for ccRCC therapy.
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Figure 1.

Author Contributions: A.G. performed research, analyzed data, and wrote the paper; L.G. performed research
and wrote the paper; D.C. performed research and wrote the paper; N.B. performed research; B.E. designed
research, performed research, analyzed data and wrote the paper. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)
ED 181/9-1.

Acknowledgments: We would like to thank Barbara Seliger for providing the 786-0 cell line. The results shown
here are in part based upon data generated by the TCGA Research Network. We would like to thank The Cancer
Genome Atlas initiative, all tissue donors, and investigators who contributed to the acquisition and analyses of
the samples used in this study. Information about TCGA and the investigators and institutions that constitute the
TCGA research network can be found at http://cancergenome.nih.gov/.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Hsieh, J.J.; Purdue, M.P.; Signoretti, S.; Swanton, C.; Albiges, L.; Schmidinger, M.; Heng, D.Y.; Larkin, J.;
Ficarra, V. Renal cell carcinoma. Nat. Rev. Dis. Primers 2017, 3, 17009. [CrossRef] [PubMed]

2. Rini, B.I.; Campbell, S.C.; Escudier, B. Renal cell carcinoma. Lancet 2009, 373, 1119–1132. [CrossRef]
3. McLaughlin, J.; Lipworth, L.; Tarone, R.; Blot, W. Cancer Epidemiology and Prevention; Oxford University Press:

Oxford, UK, 2006; pp. 1087–1100.

34



Cancers 2020, 12, 420

4. Hakimi, A.A.; Chen, Y.B.; Wren, J.; Gonen, M.; Abdel-Wahab, O.; Heguy, A.; Liu, H.; Takeda, S.; Tickoo, S.K.;
Reuter, V.E.; et al. Clinical and pathologic impact of select chromatin-modulating tumor suppressors in clear
cell renal cell carcinoma. Eur. Urol. 2013, 63, 848–854. [CrossRef] [PubMed]

5. Gnarra, J.R.; Tory, K.; Weng, Y.; Schmidt, L.; Wei, M.H.; Li, H.; Latif, F.; Liu, S.; Chen, F.; Duh, F.M.; et al.
Mutations of the VHL tumour suppressor gene in renal carcinoma. Nat. Genet. 1994, 7, 85–90. [CrossRef]

6. Nickerson, M.L.; Jaeger, E.; Shi, Y.; Durocher, J.A.; Mahurkar, S.; Zaridze, D.; Matveev, V.; Janout, V.;
Kollarova, H.; Bencko, V.; et al. Improved identification of von Hippel-Lindau gene alterations in clear cell
renal tumors. Clin. Cancer Res. 2008, 14, 4726–4734. [CrossRef]

7. Rankin, E.B.; Tomaszewski, J.E.; Haase, V.H. Renal cyst development in mice with conditional inactivation of
the von Hippel-Lindau tumor suppressor. Cancer Res. 2006, 66, 2576–2583. [CrossRef]

8. Frew, I.J.; Thoma, C.R.; Georgiev, S.; Minola, A.; Hitz, M.; Montani, M.; Moch, H.; Krek, W. pVHL and PTEN
tumour suppressor proteins cooperatively suppress kidney cyst formation. EMBO J. 2008, 27, 1747–1757.
[CrossRef]

9. Schönenberger, D.; Rajski, M.; Harlander, S.; Frew, I.J. Vhl deletion in renal epithelia causes HIF-1α-dependent,
HIF-2α-independent angiogenesis and constitutive diuresis. Oncotarget 2016, 7, 60971–60985. [CrossRef]

10. Edemir, B.; Pavenstadt, H.; Schlatter, E.; Weide, T. Mechanisms of cell polarity and aquaporin sorting in the
nephron. Pflug. Arch. 2011, 461, 607–621. [CrossRef]

11. Nielsen, S.; Frøkiær, J.; Marples, D.; Kwon, T.H.; Agre, P.; Knepper, M.A. Aquaporins in the kidney: From
molecules to medicine. Physiol. Rev. 2002, 82, 205–244. [CrossRef]

12. Hasler, U.; Jeon, U.S.; Kim, J.A.; Mordasini, D.; Kwon, H.M.; Feraille, E.; Martin, P.Y. Tonicity-responsive
enhancer binding protein is an essential regulator of aquaporin-2 expression in renal collecting duct principal
cells. J. Am. Soc. Nephrol. 2006, 17, 1521–1531. [CrossRef] [PubMed]

13. Miyakawa, H.; Woo, S.K.; Dahl, S.C.; Handler, J.S.; Kwon, H.M. Tonicity-responsive enhancer binding protein,
a rel-like protein that stimulates transcription in response to hypertonicity. Proc. Natl. Acad. Sci. USA 1999,
96, 2538–2542. [CrossRef] [PubMed]

14. Bogusławska, J.; Popławski, P.; Alseekh, S.; Koblowska, M.; Iwanicka-Nowicka, R.; Rybicka, B.; Kędzierska, H.;
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Abstract: Recent documentation shows that a curcumin-induced growth arrest of renal cell carcinoma
(RCC) cells can be amplified by visible light. This study was designed to investigate whether
this strategy may also contribute to blocking metastatic progression of RCC. Low dosed curcumin
(0.2 μg/mL; 0.54 μM) was applied to A498, Caki1, or KTCTL-26 cells for 1 h, followed by exposure
to visible light for 5 min (400–550 nm, 5500 lx). Adhesion to human vascular endothelial cells or
immobilized collagen was then evaluated. The influence of curcumin on chemotaxis and migration
was also investigated, as well as curcumin induced alterations of α and β integrin expression.
Curcumin without light exposure or light exposure without curcumin induced no alterations, whereas
curcumin plus light significantly inhibited RCC adhesion, migration, and chemotaxis. This was
associated with a distinct reduction of α3, α5, β1, and β3 integrins in all cell lines. Separate blocking of
each of these integrin subtypes led to significant modification of tumor cell adhesion and chemotactic
behavior. Combining low dosed curcumin with light considerably suppressed RCC binding activity
and chemotactic movement and was associated with lowered integrin α and β subtypes. Therefore,
curcumin combined with visible light holds promise for inhibiting metastatic processes in RCC.

Keywords: curcumin; renal cell cancer; tumor adhesion; tumor migration; integrins

1. Introduction

An estimated 18.1 million new patients worldwide were diagnosed with cancer in 2018, and of
these, 9.6 million people died [1]. Characteristics of cancer are the loss of normal cell communication,
unlimited cell growth, increased mobility, and the suppression of apoptosis [2]. Migration and motile
spread are critical steps in tumor dissemination and progress. As with most tumors, metastasis plays
an important role in renal cell carcinoma (RCC) and is the main cause of mortality [3]. Metastases
infiltrate bones, lungs, lymph nodes, and less often brain and liver. At first diagnosis, one third of
patients already suffer from lymph node and/or organ metastases [4] with another 20 to 30% developing
metastases during therapy [5]. Without treatment, the probability of survival one year after diagnosis
of metastasis is only about 50% [6], and the chances of recovery are poor. More than 5000 people
died in Germany due to renal cell carcinoma in 2011 [7] and in a disseminated stage only palliative
therapy can be provided. The incidence has been increasing in recent decades and has reached a
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constant level since the 1990s. The mortality is about 8/100,000 for men and 3/100,000 for women [8].
Targeted therapies have been introduced to improve the survival rate, but the prognosis for survival
has hardly changed. Aspiring to active involvement, dissatisfaction with conventional medicine, and
the hope to reduce unwanted side effects has made patients turn to complementary and alternative
medicine (CAM). These approaches range from yoga to mind stimulating music to application of
phytopharmacological agents. Up to 50% of cancer patients in Europe use CAM in addition to, or in
place of, conventional medicine [9,10].

The natural compound curcumin (Figure 1) is a component of turmeric, a yellow-orange pigment
harvested from the rhizomes of the plant Curcuma longa. Aside from its use as a spice in curry powder,
anti-inflammatory, anti-oxidative, and anti-tumorigenic qualities have been demonstrated in vitro
and in vivo [11–13], making it interesting for clinical application. Diverse biochemical processes and
pathways associated with carcinogenesis are affected and modulated by curcumin [14]. In prostate, lung,
breast, and colorectal cancers it has been shown [15] that curcumin affects growth and proliferation by
inhibiting cell cycle progression, angiogenesis, and the expression of anti-apoptotic proteins [14,16,17].

 

Figure 1. Chemical structure of curcumin (C21H20O6), (A) shows keto and (B) enol form [18].

However, due to poor water solubility, low absorption, rapid metabolism and elimination,
curcumin has low bioavailability, hampering its clinical use [19,20]. To improve bioavailability several
approaches have been employed, such as wrapping lipophilic curcumin in liposomes, micelles, solid
lipid nanoparticles, or polymer conjugates [21–23]. Likewise a range of analogues play a role in
enhancing the bioavailability of curcumin [24]. Although some approaches have been successful,
further improvement in bioavailability would be beneficial [22,25].

The present study continues a previous investigation on an RCC cell model demonstrating that
exposing curcumin treated cells to visible light considerably enhances curcumin’s potential to suppress
tumor growth and proliferation [26]. Since metastasis, rather than that the growth of the primary tumor
is the main cause of mortality, a therapeutic strategy blocking metastatic progression was investigated
here. For this purpose, the influence of low dosed curcumin combined with visible light on adhesion
and chemotaxis, as well as on intra- and extracellular integrin expression and signaling, was evaluated
using a panel of three RCC cell lines.

2. Results

2.1. Curcumin Uptake

Curcumin uptake studies were carried out using 4 μg/mL curcumin instead of 0.2 μg/mL. This was
necessary, since the fluorescence intensity of 0.2 μg/mL curcumin was too low to provide high quality
images for confocal microscopy and optimum fluorescence detection by FACS analysis. Using 4 μg/mL,
curcumin was rapidly incorporated into the cells following administration. In A498 cells, maximum
fluorescence intensity was noted after 50 min, whereas a plateau phase was reached after 40 min in
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Caki1 and already after 20 min in KTCTL-26 cells (Figure 2A). Confocal microscopy demonstrated
homogenous cytoplasmic distribution of curcumin in all three cell lines with accumulation along
the nuclear membrane (Figure 2B, solid arrows). Curcumin was also visualized within the nucleus
(Figure 2B, dashed arrows).

Figure 2. (A) Curcumin uptake in A498, Caki1, KTCTL-26 cells. Each value is the mean ± SD (standard
deviation) of three independent experiments. (B) Intracellular distribution of curcumin (4 μg/mL)
in A498 cells (representative for all three cell lines). Fluorescence shown by confocal laser-scanning
microscopy after 60 min. Solid arrows: accumulation of curcumin along the nuclear membrane, dashed
arrows: accumulation of curcumin within the nucleus. MFU = mean fluorescence units, DAPI =
4′,6-Diamidine-2′-phenylindole dihydrochloride.

2.2. Tumor Cell Adhesion and Binding Behavior

Adhesion of all three cell lines to HUVECs was blocked by combining 0.2 μg/mL curcumin with
visible light (Figure 3A). The number of cells attached after 2 h (mean adhesion/mm2, controls versus
curcuminLight) was: 62.8 ± 5.3 versus 20.6 ± 4.1 for A498; 40.6 ± 7.0 versus 9.2 ± 2.0 for Caki1; 40.6 ± 6.7
versus 14.4 ± 3.4 for KTCTL-26. Light exposure alone or curcumin alone had no more effect on adhesion
than the addition of cell medium as a control. A similar response was seen in the binding behavior to
immobilized collagen. Neither curcumin nor light exposure alone led to significant alterations of A498,
Caki1, or KTCTL-26 cell binding, compared to the untreated controls. Combined use of curcumin
and light was associated with a distinct attenuation in the tumor cell attachment rate, with maximum
effects exerted on Caki1 cells (17.8 ± 6.0%, compared to the 100% control; Figure 3B).
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Figure 3. Influence of curcumin (0.2 μg/mL), light, or curcuminLight on adhesion of RCC cells to
HUVECs (A) and (B) collagen. Five separate fields of 0.25 mm2 were counted at 200× magnification
(means ± SD, n = 6). Control was added cell medium and is indicated by the line at 100% in (B).
* indicates significant difference to controls (p = 0.00512).

2.3. Chemotaxis and Migration

Figure 4A shows that neither treatment with light nor cultivation of the tumor cells with curcumin
influenced chemotactic movement towards a serum gradient. A distinct down-regulation of chemotaxis
was induced when the tumor cells were exposed to low-dosed curcumin with light. This response
became evident in all three cell culture systems with the order KTCTL-26 (12.7 ± 3.6%) > Caki1
(20.9 ± 5.0%) > A498 (47.6 ± 9.6%), each compared to the 100% control; Figure 4A.

Figure 4. Influence of curcumin (0.2 μg/mL), light, or curcuminLight on chemotaxis towards a serum
gradient (A) and migration through a collagen matrix (B). Endpoints after 24 h. Untreated control cells
were set to 100%, indicated by a line drawn at 100%. 5 separate fields of 0.25 mm2 were counted at
200× magnification (means ± SD, n = 6). * indicates significant difference to controls (p = 0.00512).

Tumor cell migration through a collagen matrix towards a serum gradient was also evaluated.
Curcumin or light alone did not alter the trans-migration rate, whereas curcuminLight did (Figure 4B).
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Migration was nearly completely abrogated in KTCTL-26 cells (3.4 ± 4.2%, compared to the
100% control).

2.4. FACS Analysis of Iintegrin Surface Expression

Different integrin expression patterns were apparent for the different tumor cell lines. In A498
cells, the integrin subtypes α3, β1, and β3 were expressed to the highest extent at the cell surface.
Distinct fluorescence intensity was also recorded for α1 and α5. The subtypes α2, α4, and α6 were
detected moderately, whereas β4 was not expressed at all (Figure 5).

 

Figure 5. Surface expression of α and β integrins on A498, Caki1, and KTCTL-26 cells. Measured
by Figure 1. PE, IgG2a-PE and IgG2b-PE (dashed line). The abscissa shows the relative logarithmic
distribution of the relative fluorescence intensity of α1-α6 and β1, β3, and β4. The ordinate shows cell
number. 10,000 cells were counted. Figure is representative for n = 6.

Caki1 cells were characterized by a very strong expression of α3 and β1, and a strong expression
of α5 and β3. α2 and α6, as well as β4, were also present at the surface membrane. α1 and α4 were
only marginally detectable (Figure 5).

Similar to Caki1, α3 and β1 were also expressed to the highest extent on KTCTL-26 cells. α5 and β3
were distinctly detectable. α1, α2, α6, and β4 were also detectable (Figure 5). α4 was barely detectable.

The integrin expression level was not modulated by curcumin or light, when applied separately,
but significant alterations were evoked by curcuminLight. The surface expression of α3, α5, β1, and β3
was diminished in all three tumor cell lines (A498: α3: −14.0± 1.3%, α5: −57.1± 3.7%, β1: −23.8 ± 1.5%,
β3: −56.7 ± 4.4%; Caki1: α3: −15.9 ± 0.8%, α5: −18.0 ± 1.2%, β1: −37.3 ± 2.7%, β3: −20.4 ± 1.5%;
KTCTL-26: α3: −41.1 ± 3.7%, α5: −40.2 ± 2.0%, β1: −45.8 ± 4.0%, β3: −25.6 ± 3.2%; each compared to
the 100% control), while α1 was suppressed in A498 (−48.7 ± 2.4%) and KTCTL-26 cells (−37.0 ± 2.2%).
α2 (−22.1 ± 1.8%) and α6 (−29.1 ± 1.8%) were exclusively down-regulated on KTCTL-26 (Figure 6). The
influence of curcumin and/or light on α4 and β4 was not evaluated, since α4 was not expressed on all
cell lines and β4 was not expressed on A498 and only slightly expressed on Caki1 and KTCTL-26 cells.
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Figure 6. Influence of curcumin (0.2 μg/mL), light, or curcuminLight on the integrin expression profile
of A498, Caki1, and KTCTL-26 cells. The untreated control is set to 0% (line drawn at 0%). Values
are means ± SD, n = 6. * indicates significant difference to controls (p = 0.00512). n.d. = not or
hardly detectable.

2.5. Western Blot Analysis

Figure 7 illustrates changes in the integrin protein content including ILK, FAK, and pFAK after
exposure to curcumin, light, or curcuminLight (whole blots are shown in Figure S1). Figure 8 shows the
respective pixel density data (pixel density and p-values are shown in Figure S2). Exposing the tumor
cells to visible light did not lead to distinct protein modifications, excepting α2 and β1, both of which
were up-regulated in KTCTL-26 cells, and pFAK which was diminished in KTCTL-26 and elevated in
A498 cells, compared to the untreated controls. Curcumin alone also had no specific effect on protein
expression, excepting β3, which was up-regulated in Caki1 cells, and α5, which was enhanced in
KTCTL-26 cells. In contrast, a strong response became evident when the tumor cell lines were treated
with curcuminLight. Here, compared to the controls, exposure to light alone or treatment with curcumin
alone, the following proteins were reduced: A498-α1, -β1, -β3; Caki1-α5, -β1; KTCTL-26-α1, -α2, -β1,
-β3. ILK, FAK, and pFAK were suppressed in all cell lines when exposed to curcuminLight.

 

Figure 7. Western blot of α and β integrins, ILK and pFAK depending on the influence of curcumin
(0.2 μg/mL), light, and curcuminLight on A498, Caki1, and KTCTL-26 cells. Protein levels were measured
24 h after respective treatments. All bands are representative of n = 3. β-actin served as loading control
and is representatively shown once. 50 μg were used per sample. n.d. = not detectable.
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Figure 8. Pixel density of Western blot of α and β integrins, ILK and pFAK, depending on the influence
of curcumin (0.2 μg/mL), light, or curcuminLight on A498, Caki1, and KTCTL-26 cells. Values are means
± SD, n = 3. * indicates significant difference to the untreated control (line drawn at 0%) and # indicates
significant difference to light alone or curcumin alone. n.d. = not detectable.

2.6. Integrin Blockage

The FACS analysis demonstrated that curcuminLight induces the loss of α3, α5, β1, and β3 in
all tumor cell lines. Therefore, the surface expression of α3, α5, β1, and β3 was blocked to evaluate
the physiological and pathological relevance of these integrin subtypes on adhesion (Figure 9A) and
chemotaxis (Figure 9B).

 

Figure 9. Adhesion to collagen (A) and chemotaxis (B) of A498, Caki1, and KTCTL-26 cells after
blockade of integrins α3, α5, β1, or β3. The untreated control is set to 0% (line drawn at 0%). 5 separate
fields of 0.25 mm2 were counted at 200× magnification (means ± SD, n = 6). * indicates significant
difference to controls (p = 0.00512).

Blocking integrin α3 was associated with reduced A498 and Caki1 adhesion (A498: −20.9 ± 1.9%;
Caki1: −21.2 ± 2.0%) and diminished A498 and KTCTL-26 chemotaxis (A498: −17.5 ± 2.3%; KTCTL-26:
−78.3 ± 8.6%). Blocking α5 down-regulated A498 and KTCTL-26 adhesion (A498: −16.0 ± 1.3%;
KTCTL-26: −57.6 ± 7.3%) and chemotaxis (A498: −26.4 ± 2.4%; KTCTL-26: −27.0 ± 5.0%), whereas
chemotaxis of Caki1 was enhanced (+33.7 ± 4.1%). Surface blocking of β1 suppressed adhesion of
all cell lines in the order Caki1 (−89.7 ± 6.7%) > A498 (−57.1 ± 1.0%) > KTCTL-26 (−21.3 ± 3.6%),
and diminished Caki1 chemotaxis (−19.7 ± 3.3%). β3 blockade down-regulated KTCTL-26 adhesion
(−12.3 ± 1.0%) and A498 chemotaxis (−23.5 ± 1.9%).

3. Discussion

Exposing RCC cells to visible light significantly enhanced curcumin’s potential to block adhesion
and migration. While low dosed curcumin alone induced no alterations in tumor-endothelial or
tumor-matrix interaction, the combination of curcumin plus light did. Photodynamic properties of
curcumin are well documented, though the mechanistic background is not fully understood. In general,
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irradiation of a photodynamic molecule with a particular wavelength shifts electrons to higher energy
orbitals. This singlet state is unstable, and the electrons return to their ground state by emitting light
or heat. However, changes in electron spin can also shift a photodynamic molecule to the triplet
state, which then triggers two reactions. The Type 1 reaction produces free radicals and, due to an
interaction with oxygen, reactive oxygen species (ROS). The Type 2 reaction results in singlet oxygen
that can interact with specific intracellular molecules [27]. Whether this mechanism also holds true
for curcumin is not yet clear. Laubach et al. assumed a shift in the cellular redox balance by boosting
H2O2 generation [28]. Bruzell et al. speculated that curcumin may photo-generate reduced forms of
molecular oxygen [29]. In our own pilot experiments, treating curcumin with light prior to application
did not enhance the anti-tumor effect of curcumin, compared to the application of curcumin without
light. In line with this, intra-peritoneal injections of curcumin with or without light induced the same
effect on nerve injury repair in a mouse model [30]. The phenomenon could be attributed to the
unstable excitation state of irradiated curcumin with a very short half-life, although other mechanisms
cannot be excluded. Bernd has suggested that a light-dependent energy transfer via curcumin may
enhance the influence of this compound on tumor relevant protein functions [18]. Niu et al. assumed
photo-activation to be an essential amplification factor when taking advantage of curcumin at low
concentrations [31].

Low-dosed curcumin (0.2 μg/mL) combined with light profoundly blocked RCC cell adhesion to
HUVEC, while even 5 μM of free curcumin without light could not alter the binding of prostate cancer
cells to HUVEC [32]. In the present study, since the number of attached RCC cells was maximally
reduced after 30 min, with no further diminishment at 1 or 2 h, curcuminLight seems to exert its effect
in the initial attachment phase. A strong benefit of adding light to a low curcumin concentration
(0.2 μg/mL) was also evident in the tumor cell-matrix attachment, where curcuminLight (but not
curcumin alone) down-regulated the binding of all cell lines to immobilized collagen. Herman et al.
have demonstrated adhesion blocking effects of curcumin on prostate cancer cells [33] and others have
demonstrated that curcumin suppresses binding of esophageal [34], skin [35], or breast cancer [36] to
extracellular matrix proteins. In all cases, high concentrations of 5−50 μM curcumin were necessary to
exert therapeutic efficacy. Until now, the relevance of curcumin to RCC adhesive processes had not
been documented.

The benefit of visual light on curcumin’s bioavailability was also seen in regard to chemotaxis
and migration. 0.2 μg/mL curcuminLight, but not 0.2 μg/mL curcumin alone, profoundly reduced
motile crawling of all three RCC cell lines. The invasion blocking effect of curcumin is important, since
once metastasized, cancer is difficult to treat, and the extent of metastasis rather than the primary
cancer determines survival. Therefore, application of curcuminLight might be an innovative concept to
accompany established RCC treatment protocols. The relevance of curcumin alone to act on tumor cell
invasion has already been shown on other tumor entities, whereby curcumin concentrations of 10 μM,
15 μM, 50 μM, or higher have been applied to stop invasion of gastric [37], breast [38], prostate [39],
or hepatic cancer cells [40]. Ongoing experiments should, therefore, deal with the question of whether
the beneficial effects of light exposure on curcumin may also hold true for these tumor types.

When interpreting the influence of curcuminLight on adhesion and chemotaxis, it is notable that
curcuminLight considerably blocked adhesion of Caki1, whereas KTCTL-26 adhesion was only slightly
suppressed. In contrast, migration properties of KTCTL-26 were suppressed to a maximum, migration
of Caki1 was suppressed moderately. Due to these differences, lowered migration does not seem to
exclusively be just a consequence of a reduced attachment rate. Rather, curcuminLight is involved
in both the regulation of the mechanical tumor cell-matrix contact and modulation of cytoskeletal
structures. Indeed, curcumin has been shown in tumor cell models to disorganize the architecture
of actin microfilaments, leading to destabilization and a decrease in F-actin polymerization [41,42].
Dhar et al. assumed an allosteric effect in which curcumin binding at the "barbed end" of actin is
transmitted to the "pointed end," where conformational changes disrupt interactions with the adjacent
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actin monomer to interrupt filament formation [43]. There is also evidence that curcumin stops the
physical interaction of cortactin with p120 catenin, which then may inhibit migration [44].

Beyond intracellular components, membrane proteins expressed on the cell surface are also
relevant for controlling cell movement. Alterations of the integrin α- and β-expression pattern have
been closely associated with altered metastatic activity [45]. Therefore, integrins are considered to be
highly relevant treatment targets [46]. The data presented here point to distinct changes of particular
integrin subtypes in the presence of curcuminLight, but not in the presence of curcumin alone. Of all
integrin members evaluated, surface expression of four subtypes were modified in the same manner
in all cell lines; α3, α5, β1, β3 were all down-regulated by curcuminLight. Since the intracellular α3
protein content was neither reduced in Caki1, nor in KTCTL-26 and A498 cells, α3 might be shed from
the surface without intracellular alteration. Shedding may also be relevant for α5 (KTCTL-26) and
β1 (KTCTL-26). It is hypothesized that the β3 protein increase in Caki1 is caused by curcuminLight

inducing a translocation from the cell surface to the cytoplasm.
The relevance of integrins in tumor progression is not completely understood. Integrin α3 is

thought to be closely associated with the capacity of RCC for local and distant spread [47]. The same
attribute has been linked to integrin β3 [48], and based on clinical specimens from tumor patients, α3
as well as β3 have been proposed as potential prognostic markers [49,50]. Evidence indicates that the
integrin subtype α5 correlates with poor survival [51]. In fact, α5 is the most highly expressed integrin
in RCC tissue, compared with adjacent normal renal tissue, and knocking down α5 has been shown to
significantly reduce cell migration [52].

Integrin β1 also plays an important role in the development of RCC tumors and advanced RCC
with metastasis [53], the observation of which has led to the development of volociximab, an anti-α5β1
integrin monoclonal antibody [54]. The suppressive effect of low dosed curcumin plus light on the
integrins α3, α5, β1, and β3 on RCC adhesion, chemotaxis, and migration could (at least in part) be
attributed to inhibition of these integrins, which when blocked were shown to inhibit RCC binding and
spreading. The inhibition of adhesion or chemotaxis depended on the cell line. β1, which was strongly
reduced on Caki1 cells by curcuminLight, was also prominently involved in regulating adhesion in this
cell line. The integrin α5 subtype, the major regulator of KTCTL-26 adhesion, was also considerably
suppressed by curcuminLight in KTCTL-26 cells. α3 integrin served as a dominant element in reducing
KTCTL-26 chemotaxis. The same integrin was also considerably suppressed by curcuminLight. These
data could indicate that metastatic tumor progression is controlled by different integrin members,
depending on the tumor differentiation status, and that these specific integrins act as main targets
for curcuminLight. This is, however, speculative. A498 chemotaxis depended equally well on α3, α5,
and β3. It must also be considered that quantitative alteration of the integrin surface expression, but
not activity, was evaluated. Whether integrin loss is associated with a similar loss of activity cannot
be judged.

Suppressed integrin α3 was associated with inhibited adhesion in A498 and Caki1 cells but not in
KTCTL-26 cells. Chemotaxis was inhibited in A498 and KTCTL-26, but not in Caki1 cells. Suppression
of β3 exclusively prevented A498 adhesion and KTCTL-26 chemotaxis. Blockade of α5 coupled to an
increased chemotaxis rate of Caki1 is paradoxic and difficult to explain, since curcuminLight evoked
α5 inhibition would be expected to contribute to increased motile behavior, which was not the case.
Rather, chemotaxis of Caki1 was considerably blocked by curcuminLight. The extent to which α5
was diminished in Caki1 by curcuminLight was only −20%, compared to an α5 reduction in A498
(−60%) and KTCTL-26 cells (−40%). Speculatively, the moderate alteration of Caki1’s α5 surface level
by curcuminLight is of minor relevance for adhesion and migration. Counter regulation should be
considered, and this α5 behavior in Caki1 may point to resistance induction.

Aside from the paradoxical role of α5 in Caki1 cells, curcuminLight is shown here to act on a
set of integrin receptors which, in combination, profoundly blocks metastatic progression in vitro.
This indicates that the complex process of metastasis is not controlled by only one particular integrin
subtype. Rather, several integrins seem to be regulatory elements driving the invasion cascade forward.
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Consequently, blocking a set of relevant integrin members, as curcuminLight did, might be more
effective than blocking just a single integrin.

The therapeutic potential of curcumin is also reflected by its deactivation of FAK. FAK serves as a
prominent linker molecule, connecting integrin related signaling with pro-mitogenic and pro-migratory
pathways including the Ras-ERK and PI3K/AKT pathway [55]. Performing a mass spectrometry-based
system-wide survey of tyrosine phosphorylation in clear cell and papillary RCC human tumors, distinct
FAK phosphorylation has been found in all tumors [56]. FAK may also mediate resistance towards the
tyrosine kinase inhibitor sorafenib in RCC patients [57]. This opens the possibility that light exposure to
curcumin treated RCC cells might not only be an innovative strategy to fight metastatic progression but
also to enhance or prolong the response towards a tyrosine kinase inhibitor-based regimen. Curcumin
combined with sorafenib or sunitinib has already been demonstrated to synergistically inhibit cancer
growth and metastasis in vitro and in vivo [58,59].

The technical aspect of curcumin–light application has been addressed. Introducing an
optical fiber into RCC tumors in mice with subsequent laser illumination of the vascular-acting
photosensitizer WST11 at 750 nm or multispectrally at 700–800 nm has been shown to induce
significant necrosis in RCC tissue [60]. Kroeze et al. have suggested using the photosensitizer
mTHPC (meso-tetra(hydroxyphenyl)chlorin), which targets both vasculature and tissue and, therefore,
may produce a strong combined effect [61]. Exposing the tumor bed to light after tumor
resection and curcumin administration has also been discussed in regard to eliminating invisible
micro-metastases [62].

4. Materials and Methods

4.1. Cell Culture

Renal carcinoma Caki1 and KTCTL-26 cell lines, both derived from a clear cell renal cell
carcinoma and von Hippel-Lindau (VHL) positive, were purchased from LGC Promochem (Wesel,
Germany). A498 cells with disrupted VHL function were derived from Cell Lines Service (Heidelberg,
Germany). The tumor cells were grown and subcultured in RPMI 1640 medium supplemented with
10% fetal calf serum (FCS), 1% Glutamax (all Gibco/Invitrogen, Karlsruhe, Germany), 2% HEPES
(2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethansulfonsäure) buffer and 1% penicillin/streptomycin (both
Sigma-Aldrich, München, Germany), at 37 ◦C in a humidified 5% CO2 incubator. Subcultures from
passages 5–30 were selected for experimental use.

Human umbilical vein endothelial cells (HUVEC), isolated from human umbilical veins, were
grown in Medium 199 (M199; Biozol, Munich, Germany), 10% FCS, 10% pooled human serum, 20μg/mL
endothelial cell growth factor (Boehringer, Mannheim, Germany), 0.1% heparin, 100 ng/mL gentamycin
and 20 mM HEPES-buffer. Subcultures from passages 2 to 6 were selected for experimental use.

4.2. Drug Dosage and Light Exposure

Curcumin (Biomol, Hamburg, Germany) was stored at −20 ◦C and diluted prior to use in cell
culture medium to a final concentration of 0.2 μg/mL (0.54 μM). 4 μg/mL curcumin was used to provide
high quality images for confocal microscopy and optimum fluorescence detection by FACS analysis.
Cells were treated with curcumin for 1 h and then exposed to visible light for 5 min with 5500 lx
(curcuminLight; 10 × 40 W lamps, distance 45 cm, emission spectrum: 400–550 nm) using a Waldmann
UV 801AL system (Waldmann, Villingen-Schwenningen, Germany) [18]. To prevent bias effects by the
phenol red containing RPMI 1640 based cell culture medium, tumor cells were transferred to phenol
red free PBS (phosphate-buffered saline) (Sigma-Aldrich) during light exposure. Thereafter, PBS was
replaced by RPMI 1640 and supplements. Control cell cultures received PBS for 5 min without light
exposure. To evaluate the effects of low dosed curcumin and light alone, two respective additional
controls were employed; tumor cells exposed to light but not to curcumin, and tumor cells exposed to
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curcumin but no light. Following light exposure (including all controls), tumor cells were allowed to
recover in complete cell culture medium for 24 h before starting adhesion and migration experiments.

4.3. Cellular Curcumin Uptake

5 × 104 RCC cells were plated on 6-well multiplates (Sarstedt, Nümbrecht, Germany) and, when
grown to sub-confluency, incubated with 4 μg/mL curcumin for different time periods ranging from
10 to 60 min at 37 ◦C. Thereafter, the tumor cells were detached, washed three times with PBS (Ca2+

and Mg2+) and subsequently added to FACS-buffer (PBS + 0.5% bovine serum albumin, BSA) at
0.5 × 105 cells/mL. Fluorescence intensity (mean fluorescence units, MFU) of curcumin exposed versus
non-exposed cells was then measured by a FACS Canto (BD Biosciences, Heidelberg, Germany) at an
absorption of 485 nm and emission of 514 nm.

4.4. Intracellular Distribution of Curcumin

To evaluate intracellular localization of curcumin, tumor cells were incubated with 4 μg/mL
curcumin for 60 min, washed with PBS, fixed in cold (−20 ◦C) methanol/acetone (50/50 v/v) and then
washed with blocking buffer (0.5% BSA in PBS). To prevent photobleaching of curcumin, tumor cells
were embedded in Vectashield mounting medium including DAPI (Biozol, Munich, Germany), and
viewed using a confocal laser scanning microscope (Zeiss, Oberkochen, Germany, equipped with Zen
imaging software) with a plan-neofluar × 63/1.3 oil immersion objective.

4.5. Tumor Cell Endothelial Cell Interaction

To evaluate tumor cell adhesion, HUVEC were transferred to 6-well multiplates in complete
HUVEC medium. Once the cells had reached confluence, A498, Caki-1, or KTCTL-26 cells were
detached from the culture flasks by accutase treatment (PAA Laboratories, Cölbe, Germany), and
0.5 × 106 cells were added to the HUVEC monolayer. After 0.5, 1, or 2 h, non-adherent tumor cells
were washed off using warmed (37 ◦C) PBS+ (Ca2+ and Mg2+). The remaining cells were fixed with
1% glutaraldehyde. Adherent tumor cells were then counted in five different observation fields of a
defined size (5 × 0.25 mm2) using a phase contrast microscope and the mean cellular adhesion rate
was calculated.

4.6. Attachment to Immobilized Collagen

Six-well plates were coated with collagen G (extracted from calfskin, consisting of 90% collagen
type I and 10% collagen type III; Biochrom, Berlin, Germany; diluted to 400 μg/mL in PBS) overnight at
4 ◦C. Plastic dishes served as background control. Subsequently, plates were incubated for one h with
1% BSA in PBS to block nonspecific cell adhesion. 0.5 × 106 tumor cells were then added to each well
and allowed to attach for 60 min at 37 ◦C. Subsequently, non-adherent tumor cells were washed off, the
remaining adherent cells were fixed with 1% glutaraldehyde and counted microscopically. The mean
cellular adhesion rate, defined by adherent cellscoated well - adherent cellsbackground, was calculated from
five different observation fields (5 × 0.25 mm2).

4.7. Chemotaxis and Migration

Serum induced chemotactic movement was examined using 6-well Transwell chambers (Greiner,
Frickenhausen, Germany) with 8 μm pores. 0.5 × 106 A498, Caki1, or KTCTL-26 cells/mL were placed
in the upper chamber in serum-free medium. The lower chamber contained 10% serum. To evaluate
cell migration, Transwell chambers were pre-coated with collagen (400 μg/mL) and tumor cells then
added. After 24 h incubation, the upper surface of the Transwell membrane was gently wiped with a
cotton swab to remove cells that had not migrated. Cells that had moved to the lower surface of the
membrane were stained using hematoxylin and counted microscopically. The mean chemotaxis and
migration rate were then calculated from five different observation fields (5 × 0.25 mm2).
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4.8. Integrin Surface Expression

Tumor cells were washed in blocking solution (PBS, 0.5% BSA) and then incubated for 60 min at
4 ◦C with phycoerythrin (PE)-conjugated monoclonal antibodies directed against the following integrin
subtypes: anti-α1 (mouse IgG1; clone SR84; #559596), anti-α2 (mouse IgG2a; clone 12F1-H6; #555669),
anti-α3 (mouse IgG1; clone C3II.1; #556025), anti-α4 (mouse IgG1; clone 9F10; #555503), anti-α5 (mouse
IgG1; clone IIA1; #555617), anti-α6 (mouse IgG2a; clone GoH3; #555736), anti-β1 (mouse IgG1; clone
MAR4; #555443), anti-β3 (mouse IgG1; clone VI-PL2; #555754) or anti-β4 (rat IgG2b; clone 439-9B;
#555720) (all from BD Pharmingen, Heidelberg, Germany). Integrin expression of tumor cells was then
measured using a FACScan (BD Biosciences; FL-2H (log) channel histogram analysis; 1 × 104 cells/scan)
and expressed as mean fluorescence units (MFU). Mouse IgG1-PE (MOPC-21; #555749), IgG2a-PE
(G155-178; #555574), and rat IgG2b-PE (R35-38; #555848; all from BD Biosciences) were used as
isotype controls.

4.9. Western Blotting

To investigate integrin content, tumor cell lysates were applied to a 7–12% polyacrylamide gel
(depending on the protein size) and electrophoresed for about 90 min at 100 V. The protein was then
transferred to nitrocellulose membranes. After blocking with non-fat dry milk for 1 h, the membranes
were incubated overnight with the following antibodies: integrin α1 (rabbit, polyclonal, 1:1,000;
#AB1934; Chemicon/Millipore GmbH, Schwalbach, Germany), integrin α2 (mouse IgG1, 1:250, clone 2;
#611017; BD Biosciences), integrin α3 (rabbit, polyclonal, 1:1000; #AB1920; Chemicon/Millipore GmbH),
integrin α4 (mouse, 1:200, clone: C-20; #sc-6589; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), integrin α5 (mouse IgG2a, 1:5000, clone 1; #610634; BD Biosciences), integrin α6 (rabbit, 1:200,
clone H-87; #sc-10730; Santa Cruz Biotechnology, Inc.,), and integrin β1 (mouse IgG1, 1:2500, clone
18; #610468), integrin β3 (mouse IgG1, 1:2500, clone 1; #611141) and integrin β4 (mouse IgG1, 1:250,
clone 7; #611233) (all from BD Biosciences). HRP-conjugated goat anti-mouse IgG and HRP-conjugated
goat anti-rabbit IgG (both 1:5000; Upstate Biotechnology, Lake Placid, NY, USA) served as secondary
antibodies. Additionally, integrin-related signaling was explored by anti-integrin-linked kinase (ILK)
(clone 3, dilution 1:1000; #611803), anti-focal adhesion kinase (FAK) (clone 77, dilution 1:1000; #610088),
and anti-p-specific FAK (pY397; clone 18, dilution 1:1000; #611807) antibodies (all from BD Biosciences).
HRP-conjugated goat-anti-mouse IgG (dilution 1:5000; Upstate Biotechnology) served as the secondary
antibody. The membranes were briefly incubated with ECL detection reagent (ECL™; Amersham,
GE Healthcare, München, Germany) to visualize the proteins and then analyzed with the Fusion FX7
system (Peqlab, Erlangen, Germany). β-actin (1:1000; Sigma-Aldrich) served as the internal control.

Gimp 2.8 software was used to perform pixel density analysis of the protein bands. The ratio of
protein intensity/β-actin intensity was calculated and expressed as percentage difference, related to
controls set to 100%.

4.10. Blocking Experiments

To determine whether the integrins α3, α5, β1, and β3 impact metastatic spread, A498, Caki-1, or
KTCTL-26 cells were incubated for 60 min with 10 μg/mL function-blocking anti-integrin α3 (clone
P1B5), anti-integrin α5 (clone P1D6), anti-integrin β1 (clone 6S6), or anti-integrin β3 (clone B3A) mouse
mAb (all from Millipore). Controls were incubated with cell culture medium alone. Subsequently,
tumor cell adhesion to immobilized collagen, as well as chemotaxis, was evaluated as described above.

4.11. Statistics

Curcumin uptake, adhesion, chemotaxis, and migration experiments were performed six times,
and statistical significance was determined with the Wilcoxon–Mann-Whitney-U-test. Western bloting
was done three times and statistics evaluated by t-test. Values are means ± SD. Differences were
considered statistically significant at a p-value less than 0.05.
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5. Conclusions

Since it is technically feasible to apply visible light during tumor resection, combining curcumin
application with visible light could enhance the RCC treatment protocol, and compensate for the
low bioavailability and rapid degradation of curcumin. The data presented here indicate a curcumin
uptake within 1 h. This time window should be considered during surgery, e.g., by infusing curcumin
1 h prior to light application in future RCC in vivo models.
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Abstract: The transcription factor EVI1 plays an oncogenic role in several types of neoplasms by
promoting aggressive cancer features. EVI1 contributes to epigenetic regulation and transcriptional
control, and its overexpression has been associated with enhanced PI3K-AKT-mTOR signaling in
some settings. These observations raise the possibility that EVI1 influences the prognosis and
everolimus-based therapy outcome of clear cell renal cell carcinoma (ccRCC). Here, gene expression
and protein immunohistochemical studies of ccRCC show that EVI1 overexpression is associated
with advanced disease features and with poorer outcome—particularly in the CC-e.3 subtype defined
by The Cancer Genome Atlas. Overexpression of an oncogenic EVI1 isoform in RCC cell lines confers
substantial resistance to everolimus. The EVI1 rs1344555 genetic variant is associated with poorer
survival and greater progression of metastatic ccRCC patients treated with everolimus. This study
leads us to propose that evaluation of EVI1 protein or gene expression, and of EVI1 genetic variants
may help improve estimates of prognosis and the benefit of everolimus-based therapy in ccRCC.

Keywords: everolimus; EVI1; genetic association; mTOR; clear cell renal cell carcinoma

1. Introduction

The ecotropic viral integration site 1 gene (Evi1) locus was initially highlighted in mouse studies
as a common retroviral integration genomic location causing myeloid tumors [1]. It encodes a
dual-domain zinc-finger transcription factor with a fundamental role in regulating hematopoietic
stem cell renewal and myeloid progenitor cell differentiation [2]. Abnormal overexpression of EVI1
and, therefore, activation of its underlying transcriptional program, are involved in up to a quarter
of pediatric acute myeloid leukemia (AML), and influence prognosis and response to chemotherapy
in this setting [3,4]. More recently, an oncogenic role for EVI1 has been broadened to include several
epithelial cancers, similarly associated with aggressive features [5–13]. Analyses of genomic alterations
across cancers have shown that chromosome 3q26.2, which harbors EVI1, is amplified in a variety of
epithelial cancer types [14]. The specific locus is also known as the MDS1 and EVI1 complex locus
(MECOM), and different isoforms may emerge with apparently opposite roles in tumorigenesis [5,15].
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The oncogenic function of EVI1 is mediated by its established role on epigenetic regulation and
transcriptional control [16–18]. EVI1 interacts with Polycomb-group (PcG) proteins to repress the
expression of the tumor suppressor gene PTEN [19]. In parallel, it interacts with DNA methyltransferases
causing a hypermethylation genomic signature [20]. In addition, EVI1 promotes specific gene silencing
though interactions with histone methyltransferases [21–23]. As consequence of these functional
associations, several key signaling pathways are altered promoting cancer. EVI1 negatively regulates
TGF-β signaling through repression of SMAD3 [24,25]. Furthermore, oncogenic EVI1 frequently
enhances PI3K-AKT-mTOR signaling, as by repression of PTEN in leukemogenesis [19]. In intestinal
epithelial cells, oncogenic EVI1 overactivates PI3K-AKT signaling in response to TGFβ-mediated
and taxol-mediated apoptosis [6]. In breast cancer, overexpression of EVI1 is associated with poor
prognosis [8], stem cell-like and lung-metastatic features, and resistance to allosteric mTOR inhibition [7].
Cancer stem cell-like and metastatic cells rely on enhanced mTOR activity, and EVI1 maintains this
signaling by transcriptional upregulation of key pathway components and metastatic mediators [7].

The depicted associations between oncogenic EVI1 and abnormally enhanced mTOR activity
raise the possibility that EVI1 influences cancer prognosis and therapeutic response in a clinical setting
where this kinase plays a central role, that of ccRCC. This is the most frequent type of kidney cancer
in adults, which is commonly caused by genetic alterations that hamper proper cellular response
to hypoxia and, in turn, demand enhanced mTOR signaling [26,27]. Thus, everolimus, an allosteric
mTOR inhibitor has been approved for the treatment of advanced ccRCC [28]. On the basis of these
observations, we evaluated genetic variants and expression features of EVI1/EVI1 for their associations
with ccRCC prognosis and therapeutic response. Our findings have the potential to improve estimates
of ccRCC prognosis and the clinical benefit from everolimus.

2. Results

2.1. EVI1 Overexpression Is Associated with Progression Features and Poor Prognosis of ccRCC

In addition to myeloid leukemia, overexpression of EVI1 has been associated with aggressive
phenotypes of breast cancer, colorectal, lung, ovarian, pancreatic, and prostate cancer [5–13].
To determine whether there is a similar link with ccRCC, EVI1-targeted immunohistochemistry
assays were performed that included cases with tumor extension to the venous system (i.e., formation
of venous tumor thrombus), since this is a feature of locally advanced disease [29]. Of 39 cases studied
(Supplementary Table S1), 8 (20%) tumors and 18 (46%) venous tumor thrombi were found to be
positive for EVI1 expression (Figure 1A). EVI1 was also found to be expressed in tumor-invasive areas
of fat tissue (Figure 1A).

Analyses of histopathological data revealed a positive association between EVI1 expression and
the presence of cancer-affected lymph nodes: odds ratio (OR) = 15.46, 95% confidence interval (CI) =
1.02-936.43, Fisher’s exact test p = 0.028 (Figure 1B). Combined analysis of the immunohistochemistry
results from the tumors and venous tumor thrombi showed a significant association between EVI1
positivity and poorer patient outcome: multivariate Cox regression (including age and gender) overall
survival (OS) EVI1 positivity hazard ratio (HR) = 2.94, 95% CI = 1.13–7.63, p = 0.027 (Figure 1C).
These data suggest that EVI1 overexpression also contributes to the aggressiveness of ccRCC.
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Figure 1. EVI1 expression in ccRCC tumors and venous tumor thrombi are associated with features of
disease progression and poorer patient outcome. (A) Representative images of immunohistochemical
detection of EVI1 in primary tumors (left panels) and venous tumor thrombi (right panels) from the
cohort of 39 ccRCC cases (Supplementary Table S1). The top panel insets include magnified images
showing nuclear positivity in cancer cells; weaker staining in the cytoplasm is also appreciated in
some cases, which is consistent with observations in other cancer types [8,13]. (B) Grid showing
the proportions of EVI1 IHC positivity in tumors relative to lymph node status in the same cohort.
The odds ratio (OR) and corresponding p-value (Fisher’s exact test) for the association between EVI1
positivity and cancer-affected lymph node are shown. (C) Kaplan–Meier curves showing the association
between EVI1 positivity and poorer survival in the same cohort. The multivariate (including age and
gender) Cox regression overall survival (OS) hazard ratio (HR) estimate, 95% CI, and p-value are shown.
The estimations for age and gender (male as reference) in this model were, respectively: HR = 1.05, 95%
CI = 0.99–1.10, p = 0.07; and HR = 0.20, 95% CI = 0.07–0.54, p = 0.002.

2.2. EVI1 Overexpression Confers ccRCC Cell Resistance to Everolimus

Somatic gain of the 3q26 genomic region including EVI1 was noted in the original study of ccRCC
of The Cancer Genome Atlas (TCGA KIRC) [30]. Analysis of TCGA data identified the CC-e.3 as the
ccRCC subtype with the greater proportion of tumors showing EVI1 locus gain (Figure 2A). A high
level of expression of EVI1 in this subtype—but not in the other KIRC subtypes (CC-e.1-2) and complete
cohort—was found to be significantly associated with poorer outcome, as measured by a multivariate
(including age, gender, and tumor stage) Cox regression analysis of progression-free interval (PFI;
Figure 2B). The CC-e.3 subtype was identified by TCGA as the subgroup with a higher relative level
of expression of markers of the epithelial–mesenchymal transition [30], which is consistent with the
functional associations of EVI1 described in some cancer settings [6,7,15]. Indeed, EVI1 expression
in CC-e.3 tumors was found to be positively co-expressed with several metastasis-, invasion- and
integrin-related curated gene sets (Supplementary Table S2). We previously identified the mTOR
pathway components RHEB and RPTOR as being positively regulated by EVI1 in metastatic breast
cancer with stem cell-like features [7]. Next, PFI analyses that took into account the expression of
EVI1 and either of these mTOR pathway components showed that outcome was significantly poorer
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when both genes were overexpressed (Figure 2C). Therefore, over-expression of EVI1 may contribute
to progression of certain ccRCC tumors.

 

Figure 2. Frequent chromosome 3q26 EVI1/MECOM gain in the CC-e.3 KIRC/ccRCC subtype, gene
expression association with poorer outcome in this subtype, and with RHEB and RPTOR influencing
progression. (A) Graph showing the proportions of EVI1/MECOM genomic alterations (as depicted in
the inset) in TCGA KIRC primary tumor subtypes (CC-e.1-3). The percentage of tumors with genomic
gain in each subtype is shown. (B) Kaplan–Meier curves showing the association between EVI1
overexpression and poorer PFI in the TCGA KIRC CC-e.3 cohort. This set was divided in two groups
using the average expression value of EVI1 as threshold (low or high EVI1 tumor expression, being
normally distributed). The multivariate (including age, gender, and tumor stage (I-II and III-IV) Cox
regression HR estimate, 95% CI, and log-rank p-value are shown. (C) Kaplan–Meier curves showing the
association between overexpression of EVI1 and RHEB (left panel) or RPTOR (right panel) with poorer
PFI in the TCGA KIRC CC-e.3 cohort. This set was divided in four groups using the average expression
value of EVI1 and RHEB or RPTOR as thresholds (low or high EVI1 and low or high RHEB/RPTOR
tumor expression). The log-rank p-values are shown.

Following on from the above observations, the responses of three RCC cell lines (ccRCC: 786-O
and A498; and papillary RCC: ACHN) to everolimus upon ectopic overexpression of full-length
EVI1 or EVI1Del190–515—two isoforms identified as oncogenic in ovarian cancer [15]—were assessed.
The ACHN cell line was included because advanced papillary RCC may also be treated with
everolimus [31]. While the full-length isoform did not show any significant effects, all three cell lines
were considerably less sensitive to everolimus when GFP-EVI1Del190–515 was overexpressed relative
to GFP alone, with >25-fold differences in the half-maximal inhibitory concentration (IC50) observed
(Figure 3A). Rapalogs are primarily cytostatic instead of cytotoxic [32] and, at the highest everolimus
concentration (100 μM) tested for 72 hours, the percentages of cell viability were for the GFP alone and
GFP-EVI1Del190–515 conditions, respectively: 786-O, 26% and 21%; A498, 24% and 52%; and ACHN,
26% and 60%.

Molecular analyses showed that overexpression of GFP-EVI1Del190–515 causes a robust increase
of basal phospho-Ser235/236-ribosomal S6 protein (pS6) in two of the cell lines (786-O and ACHN;
Figure 3B, left panels). In addition, an increase of total S6 was noted in ACHN cells (Figure 3B,
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left panels); however, no consistent changes were observed in the A498 assays (Figure 3B, right panels).
Therefore, oncogenic EVI1 may be linked to enhanced mTOR signaling in some RCC cell models,
which in turn might influence sensitivity to everolimus.

 

Figure 3. Ectopic oncogenic EVI1 overexpression confers resistance to everolimus. (A) Graphs showing
viability of RCC cells (Y-axis) transiently transfected and selected with GFP or GFP-EVI1Del190–515

expression constructs, and exposed to different concentrations of everolimus for 72 hours (X-axis).
The two cell line conditions (GFP and GFP-EVI1Del190–515) are indicated in the insets and the estimated
IC50 values are shown in the graphs. Each measure shows the mean and standard deviation of
quintuplicate values. The curve fitting regression was computed using the log value versus normalized
response. (B) Western blot results from the three RCC cell lines and two conditions, treated with
DMSO or everolimus (20 nM), and analyzed for the levels of total S6 and pS6, total AKT1 and pAKT1,
and loading control (tubulin, TUBA; or vinculin, VCL). The solid arrows (top left panel) indicate
increased levels of pS6 in GFP-EVI1Del190–515 over-expressing 786-O and ACHN cells. The dashed arrows
indicate increased levels of total S6 in GFP-EVI1Del190–515 over-expressing ACHN cells. Molecular
weight markers are shown on the left side and expressed in kiloDalton (kDa).

2.3. Common Genetic Variants in EVI1 Are Associated with Response to Everolimus of Metastatic ccRCC

The EVI1 locus may be pleiotropic since at least 56 human traits have been linked to the
corresponding genomic region (±50 kilobases of the EVI1/MECOM locus) in the results from diverse
genome-wide association studies (Genome Browser GWAS catalog data, version GRCh37/hg19).
Some of the identified traits might in turn be linked to known EVI1 functions. Variant forms at this
locus have been associated with lung [33] and kidney function [34,35], and cancer risk, including
breast and lung cancer susceptibility [36]. Therefore, we analyzed leading variants from these studies
(rs1344555, rs16853722, and rs75316749, respectively) to establish their association with progression of
metastatic ccRCC treated with everolimus (Supplementary Table S3).
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The rs1344555 variant was significantly associated with progression-free survival (PFS) and OS of
everolimus-treated metastatic ccRCC: CC versus CT/TT genotypes PFS, hazard ratio (HR) = 1.96, 95%
CI = 1.01–3.81, p = 0.047; and OS HR = 2.09, 95% CI = 1.08–4.08, p = 0.029 (Figure 4A). In this setting,
the T allele was associated with a higher probability of disease progression and patient death and,
in the original lung study, was associated with inferior organ function [33]. A significant association
between the genotypes of rs1344555 and the percentage of AKT1-positive metastatic ccRCC cells was
revealed (Kruskal–Wallis test p = 0.018; Figure 4B). Notably, a TCGA-genotyped variant correlated with
rs1344555, rs11718241 (r2 = 0.94 in European populations), proved to be an expression quantitative
locus (eQTL) for EVI1 in the total KIRC cohort and in the CC-e.3 subtype (Figure 4C). Based on 1000
Genome Project data, the minor alleles of both variants (T) were correlated, and therefore one increased
the risk of progression (rs1344555-T, Figure 4A) while the other was associated with a relatively higher
level of expression of EVI1 (rs11718241-T, Figure 4C).

 

Figure 4. Common EVI1 genetic variation is associated with response to everolimus of metastatic
ccRCC. (A) Kaplan–Meier curves of OS based on rs1344555 C/C (n = 35) against C/T (n = 16) plus T/T
(n = 1) genotypes. The univariate Cox regression HR estimate, 95% CI, and log-rank p are shown.
(B) Graph showing the association between rs1344555 genotypes and AKT1 expression in metastatic
RCC. The Kruskal–Wallis test p-value is shown. (C) Box plots showing the EVI1 eQTL at rs11718241 in
primary tumors from complete TCGA KIRC cohort (top panel) and from the CC-e.3 cohort (bottom
panel). The Wilcoxon test p-values are shown. (D) Kaplan–Meier curves of OS of metastatic ccRCC
based on rs75316749 A/G (n = 5) against A/A (n = 45) genotypes.

The rs16853722 variant did not show significant associations, while analyses of rs75316749 raised
the possibility of associations with metastatic ccRCC OS, although the number of informative cases was
too small for them to be statistically significant. Five rs75316749 heterozygous (AG) individuals were
identified in the metastatic ccRCC cohort, with an estimated HR of 0.30 (log-rank p = 0.039; Figure 4C).
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In this setting, the minor allele G, which has previously been linked to increased lung and breast cancer
risk [36], may be associated with a lower probability of death.

3. Discussion

This study proposes that evaluation of EVI1 protein or gene expression, and of specific EVI1
genetic variants, may help improve estimates of prognosis and of benefit from everolimus-based
therapy in ccRCC. The connection with cancer progression is supported by immunohistochemical
studies of tumors with advanced disease features, and by analyses of gene expression profiles in
primary tumors from TCGA. The results are coherent with, and expand on, the proposed oncogenic
role of EVI1 in other solid cancers [5–13]. However, its impact in ccRCC may be limited to tumors
corresponding to the CC-e.3 subtype.

The influence of common genetic variation on everolimus-based therapy is based on the results
of variants previously associated with lung function [34,35] and with pleiotropy, including cancer
susceptibility [36]. Thus, the depicted genetic variants could also be relevant for predicting progression
and/or therapeutic response in other cancer settings. Consistent with the observed genetic associations
in metastatic ccRCC, ectopic overexpression of oncogenic EVI1Del190–515 confers resistance to everolimus
of RCC cell lines. In addition, the resistant phenotype is associated with enhanced pS6 in two models,
which builds on previous AKT-mTOR signaling observations in breast and colorectal cancer cells [6,7],
and with leukemia [19].

The oncogenic transcriptional program mediated by EVI1 in ccRCC and the potential differential
role of EVI1 isoforms remain to be determined. We may speculate that oncogenic EVI1 in ccRCC is linked
to the acquisition of stem cell-like and/or EMT features, as described in other cancer types [5–10]. It is of
particular note that EMT has also been associated with resistance to allosteric mTOR inhibition [37,38].
The precise causal variants linked to the observed genetic associations are also unknown. Based on
data from other cancer models and from eQTL observations, associated risk alleles might increase EVI1
expression and thereby enhance its function and activate the corresponding oncogenic transcriptional
program [7,8,15]. Collectively, the prognostic and therapeutic predictive associations indicate that
targeting EVI1 could improve the cure of advanced ccRCC. This may be accomplished by targeting
known interactors of EVI1 involved in epigenetic and transcriptional regulation [17], or by targeting
metabolic dependences centered on the creatine kinase pathway [39] and L-asparaginase function [40].
These strategies could be combined with allosteric mTOR inhibition; however, while rapalogs do not
benefit all patients and do not always produce durable responses, immunotherapy with checkpoint
inhibitors is becoming a major choice for the treatment of ccRCC [41]. Interestingly, simultaneously
targeting TGF-β and checkpoint inhibitors confers marked inhibition of tumorigenesis in preclinical
models [42–44]. Given that oncogenic EVI1 modulates TGF-β signaling [24,25], ccRCC cases with
EVI1 over-expression might show differential benefit from immunotherapy, and further studies may
warranted to assess the potential benefit of targeting EVI1.

4. Materials and Methods

4.1. Patients

A cohort of 39 ccRCC cases (Supplementary Table S1) collected at the Cruces University Hospital
(Barakaldo, Spain) were analyzed for EVI1 expression by immunohistochemical assays. The cohort
comprised 9 women and 30 men, who had a median age at diagnosis of 66 years. Their pathological data
included tumor grade, diameter, stage, necrosis, sarcomatoid features, lymph nodes affected (yes/no),
existence of metastases (yes/no), months of follow-up, and dead or alive status. The institutional
ethics committee approved the study and all patients provided informed consent for the study
(CEIC-PI2016096).

The cohort of patients genotyped for selected genetic variants corresponded to a prospective,
single-arm phase II study of metastatic RCC (93.1% ccRCC) treated with everolimus [45] (Supplementary
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Table S3). All enrolled patients received no more than two anti-angiogenic therapies before receiving
everolimus. There were 19 women and 39 men, who had a median age at diagnosis of 60 years.
Immunohistochemical results of AKT1 positivity were based on the H-score method. The ethics
committee of the Military Institute of Medicine (Warsaw, Poland) approved the study and all patients
provided informed consent for the study of genetic variants.

4.2. Immunohistochemistry Assays

The assays were performed on serial paraffin sections of a tissue microarray, applying a protocol
including heat-induced epitope retrieval (35 min in a pressure cooker), citrate buffer, 1:50 dilution
of anti-EVI1 delta 190–515 antibody (Novus Biologicals, Centennial, CO, USA), and Dako liquid
DAB (diaminobenzidine) plus substrate chromogen system (Agilent, Santa Clara, CA, USA). In all
experiments, analogous samples were processed without incubation with the primary antibody;
no immunostaining was observed in any of these assays. Results were scored blind with respect
to clinical information. Molecular analyses were carried out as part of the ProCURE research
program, at the Catalan Institute of Oncology, IDIBELL (Barcelona, Spain), and followed the reporting
recommendations for tumor marker prognostic studies [46].

4.3. Genetic Analyses

DNA was extracted from primary tumors. Samples were lysed using the PrepFiler™ buffer,
and substrate was removed using LySep columns. The lysates were loaded onto an AutoMate Express
instrument for DNA extraction. Quantitative and qualitative assays of the resulting DNA were carried
out using Quantifiler Duo on the Applied Biosystems Real-Time PCR 7500 system. Genotyping was
performed using TaqMan assays (Applied Biosystems, Foster City, CA, USA) in ABgene’s Universal
Master Mix (Thermo Scientific, Waltham, MA, USA). Replicate samples were assayed, with a template
(buffer only) used as negative control. Duplicates consisting of DNA extracted from the same material,
but at different times, were analyzed to assess the concordance and quality of the genotyping.

4.4. Statistical Analyses

Logistic regressions including age and gender as covariates, and 2 × 2 contingency Fisher’s exact
test were used to evaluate immunohistochemical results from tumor and thrombi. The association
with survival was assessed by univariate and multivariate (including age, gender, and tumor stage)
Cox regression analyses using the survival package in R software. For the genetic studies, the primary
end point was PFS, defined as the time elapsed between the date of entry into the study and the date of
disease progression or of the most recent follow-up. Secondary end points were OS, the probability
of PFS for at least six months, objective response rate, and toxicity, determined by adverse events
and laboratory measures. Statistical analyses were performed using STATA (10.0 STATA Corp.) and
R software.

4.5. TCGA Data Analyses

Gene expression, genomic copy number, genotype, and clinical data were obtained from TCGA
(data access #11689) and from the corresponding publications [30,47]. The genotype data corresponded
to TCGA results using the Affymetrix Genome-Wide Human SNP Array 6.0 (SNP6). The GSEA tool
was used with default parameters in the v4.0.3 Java desktop application [48], and the pre-ranked input
corresponded to the Pearson’s correlation coefficients computed between EVI1 and any other gene
analyzed by RNAseq (FPKM log2 scaled).

4.6. Cellular Assays

The 786-O, A498 and ACHN cell lines were cultured under standard conditions and confirmed to
be free of Mycoplasma contamination. EVI1 full-length and Del190–515 were ectopically overexpressed
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using a pEGFP-C1 construct [15]. Cells were transfected with GFP or GFP-EVI1-encoding vectors,
sorted for GFP positivity at 24 hours and then plated for viability assays. The viability studies were
based on colorimetric assays using a tetrazolium compound (MTT) and included exposure to different
concentrations of everolimus (Selleck Chemicals, Houston, TX, USA).

4.7. Western Blot and Antibodies

To analyze extracts, cells were lysed in RIPA buffer, lysates were clarified twice by centrifugation,
and protein concentrations were measured using the Bradford method (Bio-Rad, Hercules, CA,
USA). Lysates were resolved in SDS-PAGE electrophoresis gels and transferred to Immobilon-P
(Merck Millipore, Burlington, MA, USA) or PVDF membranes (Sigma-Aldrich, St. Luis, MO, USA).
Target proteins were identified by detection of horseradish peroxidase-labeled antibody complexes
with chemiluminescence using the ECL Western Blotting Detection Kit (GE Healthcare, Chicago, IL,
USA). The antibodies were anti-total and anti-phospho-Ser473 AKT1 (#9272 and #9271, respectively,
Cell Signaling Technology, Danvers, MA, USA), anti-total and anti-phospho-Ser235/236-ribosomal S6
protein (#SC-74459, Santa Cruz Biotechnology, Dallas, TX, USA; and #4858, Cell Signaling Technology,
respectively), and anti-VCL (V9131, Sigma-Aldrich).

5. Conclusions

High levels of expression of EVI1 in ccRCC are associated with features of cancer progression and
invasion, and with poor patient outcome in the CC-e.3 subtype. Common genetic variants in EVI1
are associated with the response to everolimus of metastatic ccRCC. Determination of EVI1 protein
or gene expression, and of defined EVI1 genetic variants could improve estimates of ccRCC patient
outcome and benefit from everolimus in the clinical scenario.
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Abstract: Protein N-glycosylation is one of the most important post-translational modifications
and is involved in many biological processes, with aberrant changes in protein N-glycosylation
patterns being closely associated with several diseases, including the progression and spreading
of tumours. In light of this, identifying these aberrant protein glycoforms in tumours could be
useful for understanding the molecular mechanism of this multifactorial disease, developing specific
biomarkers and finding novel therapeutic targets. We investigated the urinary N-glycoproteome
of clear cell renal cell carcinoma (ccRCC) patients at different stages (n = 15 at pT1 and n = 15 at
pT3), and of non-ccRCC subjects (n = 15), using an N-glyco-FASP-based method. Using label-free
nLC-ESI MS/MS, we identified and quantified several N-glycoproteins with altered expression and
abnormal changes affecting the occupancy of the glycosylation site in the urine of RCC patients
compared to control. In particular, nine of them had a specific trend that was directly related to the
stage progression: CD97, COCH and P3IP1 were up-expressed whilst APOB, FINC, CERU, CFAH,
HPT and PLTP were down-expressed in ccRCC patients. Overall, these results expand our knowledge
related to the role of this post-translational modification in ccRCC and translation of this information
into pre-clinical studies could have a significant impact on the discovery of novel biomarkers and
therapeutic target in kidney cancer.

Keywords: clear cell Renal Cell Carcinoma; urine; glycoproteomics; N-glycomapping; label-free;
glycomarkers

1. Introduction

Malignant transformation is a complex of heterogeneous cellular events that regulates the
growth and survival cycle of affected cells. Among cancer-associated alterations, changes in protein
N-glycosylation have recently received attention as one of the key events that are able to influence the
onset of neoplasia and its consequent spreading [1].

N-glycosylation represents one of the most prominent protein post-translational modification
(PTMs) and play a role in determining several protein properties, defining its correct tertiary structure,
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specific function as well as its cellular localisation [2]. Under physiological conditions, N-glycosylated
proteins have various biological functions, including folding and quality control, cell adhesion and
motility, molecular trafficking, cell signalling, immune recognition and clearance [3].

Moreover, the fundamental role of this PTM in oncogenesis has been widely documented over
seven decades [4,5]. In fact, high levels of altered N-glycosylated proteins are demonstrated to promote
tumour invasiveness as well as being correlated with a high frequency of tumour recurrence and
metastasis. Furthermore, aberrant changes to N-glycosylated protein patterns frequently accompany
the transformation of normal tissue towards neoplasia [6,7] and these abnormal changes essentially
affect the occupancy of the glycosylation sites (glycan macro-heterogeneity) and/or the attached
N-glycan structures (glycan micro-heterogeneity) [8,9].

Given their evident role in cancer development, a consistent group of glycoproteins have recently
passed the discovery and validation phases and are regularly used in clinical practice as cancer
biomarkers, successfully completing the research bench to the patient bedside program. Most of the
approved cancer glycoprotein-based biomarkers (glycomarkers) are proteins derived from diverse
bodily fluids. Prostate-specific antigen (PSA), for example, which is largely present in seminal fluids
and plasma, has been used to screen and monitor prostate cancer patients for 20 years [10,11]. Cancer
antigen 15-3 and cancer antigen 125, both detected in serum [12], are useful biomarkers for breast [12]
and ovarian [13,14] tumours, respectively, and are particularly used for monitoring affected patients
and evaluating the possibility of disease recurrence. Finally, N-glycosylated protein markers also
include the carcinoembryonic antigen (CEA), detectable principally in blood [15,16], which has been
correlated with colorectal, bladder, breast, pancreatic and lung cancers [17,18].

In this context, an easily accessible biological sample, such as urine, is a valuable source of
glycomarkers for kidney cancer-related diseases. Urine can be collected non-invasively and in large
quantities, with its molecular composition being less complex than other bodily fluids, and it is for
these reasons that the use of the urinary proteomics has expanded exponentially in recent years [19,20].
Owing to the rapid development of MS-based technologies and their application in clinical research,
the urinary proteome was extensively explored and numerous urinary glycoproteins were brought to
light and characterised in healthy subjects [21]. Concerning, the typical proteome of healthy human
urine counts almost 2500 proteins [22] and about 300 of these are reported to be N-glycosylated [23].

Whilst the urine proteome was widely investigated in clear cell renal cell carcinoma (ccRCC), the
most aggressive RCC morphotype [24], limited information describing the urinary N-glycoproteome is
available. Furthermore, despite ccRCC being commonly diagnosed at the early stages, its aggressiveness
and clinical outcomes remain heterogeneous within each staging group, making the research for novel
diagnostic and prognostic predictors an urgent priority.

Since cancer transformation causes alterations in the synthesis and expression of specific
glycosylated proteins, evaluating the urinary glycoprotein content of ccRCC-affected patients represents
a valid strategy to expand our knowledge regarding the role of this modification in the onset of cancer.
In this context, we applied a glycoproteomic approach to study urine of ccRCC patients at early (pT1)
and advanced (pT3) stages compared to urine of unaffected ccRCC subjects (controls, CTRL). Our final
goal was to identify potential biologically relevant indicators of the development and progression of
ccRCC in order to provide support for stage-related classification and defining the course of treatment.

2. Results

2.1. Clinical Data and Study Design

To identify potential protein N-glycoforms of interest, urine of 15 controls and 30 ccRCC patients
were collected. Three urine pools were prepared, one representative of the CTRL and other two of
ccRCC, one of pT1 and one of pT3 (15 subjects for each pool) (Table 1). Then, each pool was analysed
by nUHPLC-MS/MS.
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Table 1. Clinicopathological data regarding the patients enrolled in the study.

Group # of Patients Gender (Male-Female) Age Mean (Range) Tumour Dimension (cm)

CTRL 15 10–5 57.9 (39–77) /
pT1 15 8–7 67.8 (42–82) 4
pT3 15 12–3 68.9 (45–81) 12

2.2. Mapping of the N-Glycosylation Sites

Urinary N-glycoproteins were extracted by an N-Glyco-FASP method [25]. Tryptic peptides
(~100 μg) were incubated in the presence of a triad of lectins that are able to bind to different types of
carbohydrates. By using filter units, the N-glycosylated peptides were then isolated and underwent
enzymatic hydrolysis by PNGase F. This enzymatic reaction caused the release of the deglycosylated
peptides from lectins and were then analysed by nanoLC-ESI-MS/MS. Those peptides that were present
in the whole proteome and not deamidated as a result of the PNGase F treatment were removed from
the list of the N-glycopeptides.

First, we investigated the whole N-glycopeptidome of the three groups of patients in order to
uncover possible differences in terms of N-glycan macro-heterogeneity. More than 760 N-glycopeptides
were comprehensively identified: 479 in CTRL, 484 in pT1 and 513 in pT3, respectively (Table S1).
Among these, 35.1% were observed to be present in all the groups, 24% were exclusively present in
two of the three groups (CTRL and pT1 3%; CTRL and pT3 10.7%, pT1 and pT3 10.3%), whilst the
14.2%, 15.3% and 11.4% were specifically related to CTRL, pT1 and pT3, respectively.

In order to determine the recurrence frequency of the consensus and non-consensus regions in
the identified peptides, we subsequently evaluated the sites distribution of the N-glycosylation in the
urinary proteome. Considering that the canonical N-glycosylation motif of proteins is N-x-S/T (where
x are all the amino acids, with the exception of proline), we observed a variation of the glycosylated
sites between the CTRL and ccRCC patients (Table 2a).

Initially, we compared the CTRL and the ccRCC subjects, without considering the pT feature
as variable. We observed that the ratio between the number of asparagine modified (N) present in
the glycopeptides-enriched fraction and the total number of asparagine, modified and unmodified
(N) in the corresponding proteome was constant in the two groups. For both samples, threonine
(T) and serine (S) were significantly overrepresented, meaning that most of the identified urinary
N-glycosites were typical sites. Moreover, N-glycosites that matched with N-x-T (88% CTRL, 82%
ccRCC) occurred more frequently than those that matched with N-x-S (71% CTRL, 69% ccRCC)
(Table 2a). The differences between controls and affected subjects emerged by considering the sequence
motif around the N-glycosites. For the ccRCC samples, we observed a general decrease in the frequency
of the N within the consensus regions and a corresponding increase of the frequency within the
non-consensus regions (Table 2a).

Subsequently, we investigated the ccRCC samples cohort according to the pT feature, considering
the two sub-groups pT1 and pT3, separately. The N-glycosites mapping analysis showed a global
decrease in the N-glycosylation level for the pT1 compared to CTRL group (Table 2b, Figure S1a). In fact,
we observed a reduction of 8% when considering the consensus sequence N-x-T, but an increment of
the N in the non-consensus sequences (14%) (Table 2b, Figure S1a).

The N as a part of non-consensus motifs was observed to increase even further in the pT3
glycoproteome (29%), suggesting a correlation between an altered glycosylation of non-consensus
sequences and ccRCC. We also detected a decrease of glycosylation frequency for the motif N-x-T
(-7%) in pT3, despite an overall increment of the total modified asparagine on all the sequences (9%)
(Table 2b, Figure S1a).

Considering the distribution of the N-glycosylation sites of the peptides present in of the three
groups, it is worth noting that the percentages were very similar (Table 2c, Figure S1b); this indicates
that the differences observed for all the identified glycosylated peptides are not due to differences in the
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quantities of the peptides tested. These data support the presence of alterations to the N-glycosylation
pattern in ccRCC patients compared to healthy subjects.

Table 2. The N-glycomapping of the urinary peptidome of CTRL and clear cell renal cell carcinoma
(ccRCC) patients.

(a) Comparison of the N-glycosylation distribution (%) between the CTRL and ccRCC patients cohorts.

N-glycosylated Asparagine
Distribution

%

CTRL ccRCC

N/N tot 21 21
N in ncSeq/N ncSeq tot 5.6 6.8

N in cSeq/N cSeq tot 81 77
N-x-T/N-x-T tot 88 82
N-x-S/N-x-S tot 71 69

(b) Comparison of the N-glycosylation distribution (%) between CTRL and pT1 and CTRL and pT3 patients
cohorts, measured by considering all the identified peptides, shared and not shared in the three groups.

% %

CTRL pT1 Variation CTRL pT3 Variation

21 19 −10 N/N tot 21 23 9
5.6 6.4 14 N in ncSeq/N ncSeq tot 5.6 7.2 29
81 75 −7 N in cSeq/N cSeq tot 81 79 −2
88 81 −8 N-x-T/N-x-T tot 88 82 −7
71 66 7 N-x-S/N-x-S tot 71 73 3

(c) Comparison of the N-glycosylation distribution (%) between CTRL and pT1 and CTRL and pT3
patients cohorts, determined by taking into account the identified peptides common to all three groups.

% %

CTRL pT1 Variation CTRL pT3 Variation

66 66 0 N/N tot 66 66 0
31 37 19 N in ncSeq/N ncSeq tot 31 37 19
91 88 −3 N in cSeq/N cSeq tot 91 88 −3
92 88 −4 N-x-T/N-x-T tot 92 88 −4
89 88 −1 N-x-S/N-x-S tot 89 89 0

ncSeq: non-consensus sequence; cSeq: consensus sequence; N: asparagine glycomodified; N: asparagine
glycomodified and non glycomodified.

In order to better characterise the N-glycosylated peptides, we determined the amino acid
composition of the N-glycosylation motif. Then, we estimated the frequency of single amino acidic
residues present at the +3 position in the modified triplet N-x-x (Figure 1).

Results clearly showed that the consensus sequences N-x-T/S were most frequently modified in
both early and advanced cancer conditions (Figure 1).

However, some remarks can also be formulated regarding the frequency of any non-canonical
motif. In the pT1 group, for example, a preference for the other amino acids at the +3 position was
detectable. Specifically, we recorded an increased frequency of glutamic acid (E), glycine (G), histidine
(H), leucine (L), isoleucine (I), methionine (M), asparagine (N) and valine (V). At the same time, we
also highlighted a mild inflection for the non-consensus sequence containing cysteine (C), aspartic acid
(D), lysine (K) and glutamine (Q) (Figure 1).

In the pT3 group, the non-canonical triplets contained an increased amount of the amino acids
D, glutamine (Q) and arginine (R), in addition to those already detected in the pT1 group (Figure 1).
Conversely, a consistent decrease in residue V was observed and comparable to both the CTRL and
pT1 groups, whilst the amino acids G and L showed a similar level to that of control subjects (Figure 1).
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Figure 1. The frequencies of each amino acid in the +3 position in the triplet N-x-x presented in the
urinary N-glycoproteome calculated for the CTRL, pT1 and pT3 groups. These frequencies were
measured considering the identified peptides in all of the three cohorts.

2.3. Characterisation of the Urinary N-Glycoproteins: Identification

After characterising the number and distribution of the N-glycomodified sites, we evaluated
the tryptic peptides identified by nUHPLC-MS/MS in term of proteins identification: 299 different
N-glycoprotein species were identified with FDR peptide-spectrum matches of 1% and at least one
unique peptide (Table S2).

Comparing lists of the identified proteins showed that half were shared among the three groups
(50.2%). Moreover, we noticed three clusters of proteins that were specific for each group: 11% related
to pT1, 8% to pT3 and 10.7% to CTRL (Figure 2).

Figure 2. Distribution of the urine N-glycoproteins identified by shotgun LC-MS illustrated by a
Venn diagram.

2.4. Characterisation of the Urinary N-Glycoproteins: Functional Analysis

To obtain an overview of the primary subcellular compartments, molecular functions and biological
process in which the identified N-linked glycoproteins were implicated, we used Cytoscape tool (https:
//cytoscape.org/last access March 2019) to perform Gene Ontology (GO) function enrichment analysis.

Overall, the most represented subcellular compartments were the extracellular space, lysosomes,
membranes, endocytic and extracellular vesicles, which are generally involved in the processes of
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N-glycoprotein synthesis and transport blood components and plasma lipoprotein particles were also
significantly enriched (Figure S2a).

Furthermore, many molecular functions that are known to be performed by N-glycoproteins were
enriched. As shown in Figure S2, the principle clusters affected were binding activity (carbohydrate,
chaperone, immune component), extracellular matrix remodelling and receptor activity (Figure S2b).

Finally, the major biological processes that were overrepresented included regulation of vesicle
transport, tissue homeostasis, extracellular structure organisation and remodelling, aminoglycan and
oligosaccharide metabolisms, endocytosis and blood vessel morphogenesis (Figure S2c).

The principal clusters that emerged for each GO class differed in terms of number of enriched
proteins in the controls compared to ccRCC groups. In particular, a substantial increment of those
N-glycoproteins that compromise a component of immunoglobulin complexes was observed for both
early and advanced ccRCC stages whilst an overrepresentation of N-glycoproteins related to cellular
membrane and immune secretory vesicles could be seen depending upon the pT1 status. For the
process of vesiculation, the pT1 stage seemed decrease in terms of endocytic activity and increase in the
corresponding secretory activity. This evidence was confirmed either by GO terms, cellular component
or biological process (Figure S2a,c).

2.5. Characterisation of the Urinary N-Glycoproteins: Quantitative Analysis

A label-free quantitation approach was used to evaluate the relative glycoproteins content present
in ccRCC and control urine. Differentially expressed proteins were selected based upon their fold
change among the CTRL, pT1 and pT3 groups. We selected those marker-proteins that were detected
in two analytical replicates with ≥2 or ≤−2-fold changes (adjusted p-value ≤ 0.05).

The majority of potential candidate markers were upregulated in the disease N-glycoproteome
(Figure 3). These included proteins implicated in lipid transport and metabolic processes (e.g., FOLR1,
LRP2, PLTP, CATD), immune system processes (e.g., CD97, HPT, A1AT, CD63, PTGDS, CD276) as well
as control and maintenance of the cellular shape (e.g., COCH, FINC).

Considering the abundance levels of the significantly dysregulated proteins, we observed a panel
of glycoproteins whose specific trend in abundance was related to the stage progression. This panel
includes nine proteins of interest, six of which were also identified and quantified in the whole urinary
proteome. These nine proteins were differently expressed in the comparisons pT1 vs. CTRL and
pT3 vs. CTRL; three of them showed an increasing pattern (CD97, COCH and P3IP1), whilst six
presented a decreasing trend (APOB, FINC, CERU, HPT, CFAH and PLTP). It is noteworthy that all the
down-regulated glycoproteins showed a considerable decrease in pT1 whilst their levels increased in
the pT3 group (Figure 4).
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Figure 3. Lists of N-glycoproteins significantly varied in the comparisons: pT1 vs. CTRL (a), pT3 vs.
CTRL (b), pT3 vs. Pt1 (c). The number of N-glycosylated proteins that significantly varied in each
group represented by Venn diagram (d).
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Figure 4. Panel of urinary N-glycosylated proteins with the relative abundance trend of each one in the
three different sub-cohorts (CTRL, pT1, pT3).

3. Discussion

In this study, we detected alterations in the N-glycosylation pattern of proteins in ccRCC patient
urine relative to healthy subjects. In fact, we observed an increased frequency of glycosylation in
non-consensus regions in ccRCC, showing a specific distribution of glycosites related to patients at
early (pT1) and advanced (pT3) stages.

Over the years, the N-glycan distribution on proteins has been extensively investigated. In fact,
many efforts were spent in order to set up the most proficient MS-analytical strategy for mapping
the N-glycoproteome, enabling the glycoprotein content of different kinds of samples, including cell
lines, plants, tissue and bodily fluids to be analysed [25–30]. Currently, studies that aim to evaluate
the occurrence of N-glycosylation within non-consensus sequences in disease conditions are rapidly
increasing in number, but the process is still not completely understood. Notwithstanding, acquisition
of unconventional N-glycosylation sites was described for diverse pathologies, such as follicular and
Burkitt’s lymphomas, pancreatic, ovarian, prostatic and gastric cancers [11,31–35].

Some amino acids, such as N, G, C and V were described as part of the N-glycosylation motif
in several studies [36–38] and it was demonstrated that such atypical sites, when glycomodified,
play a significant role in biological processes, as well as the canonical counterpart motif T/S [39,40].
As a whole, this suggests that the involvement of glycan macro-heterogeneity may also alter the
pathogenesis and progression of ccRCC.

These findings were supported by the isolated N-glycoproteins that were identified and quantified
in this study. We noted the presence of a group of glycoproteins common to healthy subjects and ccRCC
patients at different stages, suggesting the existence of a glycoproteic core of the urinary proteome. In
fact, considering the specific role and/or subcellular localisation that the N-glycosylation confers to
the proteins, it is not surprising that the biological feature of the glycan macro-heterogeneity remains
constant, even within a tumour environment [25]. At the same time, each group of samples contained
specific proteins and these represented a disease-stage specific signature.

According to their localization, the identified glycoproteins belong to the subcellular compartments,
sites of the N-glycoprotein formation process. In addition, blood components and plasma lipoprotein
particles were significantly enriched since the proteins related to these classes are usually the most
abundant ones isolated from the urine [41,42], especially in case of kidney impairment and pathological
conditions. Regarding GO classification, as expected, the proteins involved in the immunological
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pattern were largely enriched, supporting the well-known role of immune response in the onset and
progression of ccRCC [43].

In addition, we identified nine N-glycoproteins that could be characteristic of the early stage
of tumourigenesis, and potentially a glycosignature of the tumour condition. Since ccRCC is a
heterogeneous disease, it seems unlikely that only one biomarker will be uniformly elevated. Therefore,
a panel of biomarkers may provide more accurate diagnosis than any given single marker.

It is remarkable that PLPT, CD97 and COCH were detected and quantified only after the
glycopeptide enrichment, indicating further potential for this approach.

Haptoglobin (HPT), fibronectin (FINC), ceruplasmin (CERU), apolipoprotein-B (APOB),
phospholipid transfer protein (PLTP) and complement factor H (CFAH) were down-expressed in urine
of RCC patients (Figure 3a,b and Figure 4). Among them, HPT is one of the proteins that is most
reported to be affected by oligosaccharide modifications in human malignancies, including ovarian,
liver, colon and pancreatic cancers, and its N-glycosylation status is different from one type of cancer
to another [44–48]. However, all those studies were particularly focused on the N-glycan portion of
HPT present in serum or plasma samples. To the best of our knowledge, no data that focuses on the
N-glycosylated isoform of HPT in the ccRCC tumour is currently available. Our result seems to be
in contrast with another proteomic study that highlighted an over-secretion of HPT in the urine of
ccRCC patients [49]. However, the data are not directly comparable with those of Sadim et al.’s work,
where the patients were grouped according with the Fuhrman grade, mixing pT1, 2 and 3, and were of
different age compared to our cohort.

Moreover, our data are supported by the findings reported by Bruneel et al. that showed decreased
levels of glycosylated HPT in the serum of patients affected by congenital disorders of glycosylation,
rare inherited diseases, suggesting that it can be valid as a biomarker with diagnostic relevance for this
pathology [50].

A similar consideration can be done for FINC, an extracellular matrix glycoprotein that plays
important roles in cellular adhesion and mediation of cell migration and metastasis formation [51,52].
These functions are exploited through N-glycosylation modifications, in synergy with integrin-mediated
signals [53]. Several studies performed on tissue samples proposed that the overexpression of FINC is
an unfavourable prognostic indicator for diverse cancer types, such as breast and pancreatic cancer,
nasopharyngeal and neck squamous cell carcinomas [54–56]. Regarding RCC, this protein seems to
promote cell growth and migration [57]. Moreover, Kondisette et al. investigated the relationship of
FINC with the clinical stage of tumour, pinpointed the increase of FINC expression levels in RCC tissue
compared to controls, as particularly significant for the early stage condition [58]. In our analysis, we
observed a different correlation between the urinary abundance levels of FINC and the cancer stage. In
fact, we noted a strong decrease of the N-glycosylated FINC levels in the pT1 group (Figures 3a and 4),
both for the total protein and the glycosylated form. In light of this, it is arguable that FINC could
be retained by cancer cells, and not secreted in urine. On the other hand, a sort of balance between
the N-glycosylated and the non-glycosylated isoform of FINC could exist and may occur in order to
decrease the expression of N-glycosylated FINC, in favour of the non-glycosylated form, and may
represent a fundamental equilibrium in the early process of ccRCC tumorigenesis [59].

The glycoprotein CERU is normally synthesised in the liver and is involved in different cellular
processes [60]. Several studies have demonstrated that CERU expression is required for the growth and
survival of tumours. In fact, CERU protein levels were increased in various forms of human tumours,
including breast (saliva and plasma), bile duct (tissue microarray), oral and gastrointestinal tract cancers
(blood) [61–64]. On the contrary, CERU abundance was decreased in urine of the HER2-enriched
subtype of breast cancer with respect to healthy controls [65]. Concerning ccRCC, it is reported
that the expression of the CERU gene can distinguish a subset of RCC patients with poor outcome,
independently from the known genetic aberrations [66]. In addition, a quantitative proteomic study
associated the high serum levels of CERU with the histopathological classification of stage and/or
grade of RCC [67]. Moreover, high levels of CERU were found in ccRCC patients at the level of urinary
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exosomes, a specific compartment of urine [68]. However, no previous studies that focused specifically
on the role of the N-glycosylation of this protein in ccRCC are present in the literature.

Known as the primary apolipoprotein, APOB plays a key role in lipid transport, lipoprotein
metabolism and the recognition of lipoprotein receptors. It is the major constituent of the atherogenic
particles and its plasma concentration represents a useful marker for cardiovascular risk. Moreover,
increasing evidence shows that high concentrations of plasma APOB are also associated with poor
prognosis in patients with hepatocellular carcinoma [69] and breast cancer [70]. High levels of APOB in
urine were proposed as a potential marker and a prognostic factor for bladder cancer [71]. The analysis
of tissue microarrays highlighted the cytoplasmic expression of APOB in ccRCC, indicating the storage
of lipoproteins rather than lipids [72]. Very recently, the APOB/A1 ratio in preoperative blood sample
was proposed as an independent prognostic factor in metastatic renal cell carcinoma [73]. Here, we
detected APOB in urine, focusing on its glycosylated isoform (Figure 3a,b and Figure 4). It is of
particular relevance considering that there is a specific influence of N-linked glycosylation on LDL
pathways and lipid metabolism [74].

Interestingly, among the candidate glycomarkers, there is another protein involved in lipoprotein
metabolism. PLTP is a non-specific lipid transfer protein [75]. Remarkably, this is the first report of
PLTP being present in urine and of its association with RCC. It seems to play a role in lipoprotein
assembly, which also involves APOB, although there is no evidence of any direct interaction [76].
In this regard, since that both the proteins are part of the lipoprotein metabolism, the simultaneous
reduction of PLTP and APOB in the urine of ccRCC patients could make sense (Figure 3a,b and
Figure 4). Moreover, the differential expression of PLTP is documented in multiple types of tumours,
including prostate, ovarian, breast, lung carcinoma and glioma. In particular, the study performed
on brain tissue of glioma patients showed a correlation between PLTP expression and the tumour
grade [77].

The plasma glycoprotein CFAH is the main regulator of the alternative complement pathway,
inhibiting the activation of the complement system and thus protecting host cells [78]. Given its role,
CFAH alterations can have serious implications and cause various diseases, including several cancers,
such as non-small cell lung cancer, ovarian cancer, and colon cancer [79–81]. In particular, in human
lung cancer tissues, CFAH over-expression was associated with a shorter survival time [82]. There are
no relevant data regarding the expression of CFAH in relation with RCC, nor in tissue, nor in biological
fluid studies. As hypothesised for FINC, cancer cells could modulate the secretion of CFAH in order to
maintain high levels in the tumour microenvironment as a mechanism of protection.

Among the over-expressed proteins, PIK3IP1 is a cell-surface glycoprotein reported as a negative
regulator of the PI3K pathway [83]. The transcriptional regulation and expression of PIK3IP1 directly
affects the PI3K signalling in tumorigenesis. In fact, the downregulation of this inhibitor contributes to
increased tumour growth [84], whilst its over-expression in mouse hepatocytes leads to the suppression
of hepatocyte carcinoma development [85]. In this context, it is noteworthy that this protein was
over-represented in the urine of ccRCC patients (Figure 3a,b and Figure 4). In this case, the assumption
made for FINC, APOB and PLTP would be the opposite: cancer cells eliminate more PIK3IP1 protein
in the urine, as a mechanism to down-regulate its expression, in order to survive.

Finally, we found CD97 and COCH over-expression in RCC patient urine (Figure 3a,b and Figure 4).
There is currently no evidence of an association with RCC. CD97 is an adhesion G protein-coupled
receptor (GPCR) that is expressed on multiple hematopoietic cell types. Favouring the migration and
invasive properties of cancer cells, it is involved in various non-hematopoietic malignancies including
breast, thyroid, gastric, and prostate carcinoma, as well as glioblastoma. Furthermore, the role of
CD97 was explored in acute myeloid leukaemia and was also related to the PI3K/Akt pathway [86].
COCH is a protein of the extracellular matrix (ECM) that is expressed prevalently at the cochlea level
and is associated mainly with hearing defects [87]. Its function is not completely understood, and
it is presented in numerous heterogeneous isoforms because of N-glycosylation modification and
proteolytic cleavage.
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To conclude, we also investigated the gene expression of our putative glycomarkers in comparison
with the Human Protein Atlas database (www.proteinatlas.org). We considered the mRNA expression
in the cell-enriched group in order to verify the renal tissue specificity of the urinary dysregulated
proteins identified in our study. Different mRNA expression levels of CD97, CERU, CFAH, COCH,
FINC, HPT, PLTP and P3 IP1 were detected and confirmed in diverse cell lines related to the urinary
tract, including normal human embryonic renal cell line (HEK 293), human embryonal carcinoma
cell line (NTERA-2), normal human renal proximal tubule epithelial cell line (RPTEC/TERT1), human
hypertriploid renal carcinoma cells (786-O cells), human renal cell line (Caki-1), human bladder cancer
cell line (RT4) and human prostate cancer cell line (PC-3). To our knowledge, no data concerning the
gene expression of APOB in other cell line models suitable for the in vitro study of ccRCC are available.

4. Materials and Methods

4.1. Urine Collection and Processing

Forty-five patients, 30 ccRCC and 15 non-RCC, were enrolled between 2011 and 2016 at San
Gerardo hospital (Monza, Italy). All participants gave their informed consent prior to sample collection.
Study protocols and procedures were approved by the local ethic committee (Comitato Etico Azienda
Ospedaliera San Gerardo, Monza, Italy, BPCR 24-02-2011) and analysis were carried out in agreement
with the Declaration of Helsinki. Second morning midstream urine before total or partial nephrectomy
(for ccRCC patients) was collected in sterile urine tubes. The collected samples were cleared by
centrifuging at 4 ◦C at 1000× g for 10 min to remove cells and debris and stored at −80 ◦C until the day
of the analysis.

4.2. Sample Population

Three urine pools were prepared (15 subjects each), one for the CTRL, one for ccRCC at pT1
and one for ccRCC at pT3. The stage stratification was confirmed by radiological evaluation and
pathological assessment of the surgical specimens. Each patient contributed to the pool sample with
an equal amount of proteins (70 μg).

4.3. Urinary Proteins Digestion

Two milliliter of each of the urine samples was defrosted and urinary proteins were precipitated
by nine volumes of cold 90% ethanol and pelleted at 3500× g for 30 min [88]. After drying, proteins
were dissolved in bidistilled water, and protein concentration was assessed by BCA assay (Microplate
BCA™ protein Assay Kit, Thermo Scientific, Waltham, MA, USA), using BSA as standard.

Approximately 400 μg of pooled proteins were digested following the FASP protocol, as already
described [89]. Briefly, proteins were first reduced by incubation with 50 mM DL-dithiothreitol
(Sigma Aldrich, Switzerland) and alkylated for 30 min with iodoacetamide 100 mM (Sigma Aldrich,
Switzerland). Then, they were digested overnight on 30 kDa filters (Amicon Ultra-500 30 kDa,
Millipore, New York, NY, USA) adding trypsin from porcine pancreas (Proteomics Grade, BioReagent,
Dimethylated) in a ratio 1:100 to the initial protein concentration. After repeated washing of the
filter, the eluted peptides were collected and lyophilised. The resulting peptides were resuspended in
steril-filtered water (Sigma Aldrich, Buchs, Switzerland) and their concentration was determined by
nanodrop spectrophotometer (Thermo ScientificTM).

4.4. Urinary N-Glycopeptides Enrichment and Deglycosylation

After the whole urinary proteome digestion, the N-glycopeptides were enriched by the
lectins-capture strategy, using a FASP-based method (so-called N-Glyco-FASP) that was first described
by Zielinska et al. [25]. Briefly, a solution containing a pool of three different types of lectins, concavalin
A (ConcA), wheat germ agglutinin (WGA) and agglutinin RCA120 (Sigma Aldrich) was mixed with
approximately 100 μg of digested peptides with a mass proportion of 1:3. The mixture was loaded on a
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new 30 kDa filter unit (Amicon Ultra-500, 30 kDa, Millipore) and the lectins-glycopeptides incubation
was performed at 4 ◦C for 2 h. Then, the unbound peptides were eluted by four steps of centrifugations
at 14,000× g, each one for 10 min. The captured peptides underwent overnight deglycosylation with
PNGase F (Roche, New York, NY, USA) at 37 ◦C. The deglycosylated peptides were eluted with
another centrifugation series (14,000× g, 10 min), lyophilised and stored at -20 ◦C, until the following
MS analysis.

4.5. Mass Spectrometric Analysis

Two microgram of N-glycopeptides was injected into nanoHPLC and separation was performed
using 50 cm nanocolumn (Dionex, ID 75 μm, Acclaim PepMap100, C18, 2 μm, Sunnyvale, CA, USA).
The separation was performed at 40 ◦C and at a flow rate of 300 nL/min, using a multistep 4-h gradients
that increased the percentage of B from 4 to 66% in 204 min (mobile phase A, used for nano-pump
H2O w/0,1% formic acid and whilst mobile phase B was composed of 80:20 ACN: H2O w/0.08% FA).
An Impact HD™Ultra High Resolution-QqTOF (Bruker Daltonics, Bremen, Germany), equipped with a
nanoBoosterCaptiveSpray™ESI source (Bruker Daltonics) was used in the Data-Dependent-Acquisition
mode. The MS/MS data were acquired by targeting precursor ions (m/z 300–2000 range) with a charge
state between +2 and +5. The fragmentation was performed by collision-induced dissociation (CID).
Both the MS scans and MS/MS data were recorded as line spectra based on centroided data.

Internal calibration, using a lock mass of m/z 1221.9906, and a calibration segment based on
a 10 mM sodium formiate cluster solution (15 min before each run) were used to correct the raw
MS and MS/MS data Compass DataAnalysis v4.1 software (Bruker Daltonics) was used to calibrate,
deconvolute and convert the acquired raw data prior to protein identification and quantification.

4.6. Data Processing

4.6.1. Protein Identification

Mascot (v 2.4.1, Matrix Science, London, UK) was used for protein identification. Trypsin was
chosen as the enzyme and the number of missed cleavages was set to 1. The peptide charge was set to 2+
and 3+, and the peptide tolerance and MS/MS tolerance were 20 ppm and 0.05 Da, respectively. Cysteine
carbamidomethylation was set as fixed modification, whilst methionine oxidation and asparagine
deamidation were used as variable modifications. Swiss-prot was used as database (accessed May
2017, 555.594 total entries). The maximum false discovery rate (FDR) for peptide spectral match was
set to 1%, using percolator algorithm and a minimum of one sequence-unique peptides was required
for identification. Proteins of interest were analysed for cellular component, molecular functions and
biological processes with ClueGO v2.5, Clupedia v1.5 and the Cytoscape tools [90].

4.6.2. Bioinformatics and Statistical Analysis

Progenesis QI for proteomics v.2.0.5387.52102 (Nonlinear Dynamics, Newcastle, UK) was used
for the label-free protein quantification [91]. Data were imported as centroided data and automatic
alignment with additional manual adjustment were performed to maximise the overlay between runs.
Peak picking was achieved with a default sensitivity, a minimum peak width of 0.2 min and maximum
charge of 8. Normalisation was applied using Progenesis software and calculated over all peptide ions
by a global scaling factor between the samples based on selected reference.

Peptides were identified using an in-house Mascot search engine as described previously. Only
non-conflicting peptides were used for the relative quantification. Protein abundance was calculated
using the sum of all unique normalised peptide ion abundances for each specific protein in each single
analysis. Statistical analyses for quantitative evaluation were performed using the open-source R
software v.3.5.0. For the comparison between the different sample cohorts in terms of N-glycoprotein
abundance the Anova test was used and a post-hoc Tukey test, with Benjamini and Hochberg adjustment,
was applied for pairwise comparisons. For each test, the level of significance was set equal to 0.05.
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Proteins with at least two-fold changes were considered differentially regulated. For N-glycomapping
characterisation of the glycopeptides, all the potential N-glycosylation sites were investigated in
order to recognise and count all the deamidated asparagine present in sequences obtained from
Uniprot database (http://www.uniprot.org.), using R language. Peptides that were found to be already
deamidated in the whole proteome were excluded from the further analysis.

5. Conclusions

Despite recent developments in our understanding of glycosylation processes, an in-depth
comprehension of the N-glycoproteome in ccRCC is still lacking. N-glycoproteins are involved in
numerous fundamental processes that occur during cancer, such as tumour cell invasion, cell-matrix
interactions, tumour angiogenesis, immunomodulation and metastasis genesis and propagation. It is
well-known that unusual glycosylation of the protein causes severe defects in protein localisation,
trafficking, cellular adhesion and transduction pathways in disease conditions, which may lead to
valuable diagnostic markers.

To the best of our knowledge, our study is the first that thoroughly investigates the urinary
N-glycoproteome in patients with early and advanced ccRCC conditions and compares this with
non-ccRCC subjects. We evaluated the urinary glycoprotein content both qualitatively (N-glycosites
distribution) and quantitatively (N-glycoprotein expression) and highlight a specific distribution of
glycosites that is related to patients at early (pT1) and advanced (pT3) stages. These alterations suggest
that the N-glycosylation of motifs different from the most relevant N-x-T/S may have role in cancer
status, as already shown in other studies. In fact, it is well known that some of the unconventional
glycosylations are carried out by unique classes of glycosyltransferase enzymes. Therefore, it could
be highly interesting to verify the existence of these special enzymes in a future study and explore the
mechanisms that they adopt to recognise both consensus and non-consensus motifs, performing a
targeted study in ccRCC cells lines or tissue biopsies.

Additionally, our investigation highlights the presence of a group of nine urinary N-glycoproteins
with a specific abundance trend that could constitute a specific disease-related glycosignature and may
be able to underlined the transition from early to the advanced stage. These dysregulated proteins may
have important implications in the pathogenesis of this renal malignancy, potentially playing a role that
is different from their corresponding non-glycosylated isoform in the process of tumourigenesis and
may be useful for future diagnostic applications. Finally, our data encourage further investigations that
target the in-depth characterisation of the N-glycans attached to the deregulated proteins identified in
order to determine the precise role of this important PTM in the onset and development of ccRCC.
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Abstract: Clear cell renal cell carcinoma (ccRCC) is the third type of urologic cancer. At time of
diagnosis, 30% of cases are metastatic with no effect of chemotherapy or radiotherapy. Current targeted
therapies lead to a high rate of relapse and resistance after a short-term response. Thus, a major hurdle
in the development and use of new treatments for ccRCC is the lack of good pre-clinical models
that can accurately predict the efficacy of new drugs and allow the stratification of patients into the
correct treatment regime. Here, we describe different 3D cultures models of ccRCC, emphasizing
the feasibility and the advantage of ex-vivo treatment of fresh, surgically resected human tumor
slice cultures of ccRCC as a robust preclinical model for identifying patient response to specific
therapeutics. Moreover, this model based on precision-cut tissue slices enables histopathology
measurements as tumor architecture is retained, including the spatial relationship between the
tumor and tumor-infiltrating lymphocytes and the stromal components. Our data suggest that acute
treatment of tumor tissue slices could represent a benchmark of further exploration as a companion
diagnostic tool in ccRCC treatment and a model to develop new therapeutic drugs.

Keywords: drug sensitivity; immune infiltration; renal cancer; targeted therapy; tumor slice culture

1. Introduction

Clear cell renal cell carcinoma (ccRCC) is the most frequent subtype of kidney cancer representing
above 3% of all cancers. At the time of diagnosis, 30% of cases are metastatic and are associated
with a poor prognosis and without long-lasting effects of traditional oncologic treatment such
as chemotherapy or radiotherapy [1]. With the advance of targeted therapies for RCC, several
agents targeting angiogenesis and signal transduction pathways such as sunitinib, temsirolimus,
and pazopanib have appeared and showed improved clinical benefit and survival in randomized
prospective clinical trials. Yet, improvements are still required, as many of these current therapies are
limited by acquired resistance mostly through activation of alternative pathways [2]. The tumor immune
microenvironment of ccRCC is known to be highly immunosuppressive and immune infiltration of
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tumors is closely associated with clinical outcome. Recently, immune checkpoint inhibitors have
demonstrated significant anti-tumor activity in the first-line treatment of intermediate to poor risk
RCC patients, but these therapies are only effective for a small fraction of patients, and are associated
with problems, such as side effects and high costs [3–6]. Thus, new treatment strategies are needed to
improve efficacy in a broader patient population. In the last decade, efforts have primarily focused
on establishing a framework for predictions of anticancer drug responses using in vitro tumor cell
line models [7–14]. These techniques are limited by the cell dissociation that selects the more robust
cells and the ones that can attach to the cell culture substratum [15–17]. Moreover, in these conditions,
inadequate representation of the tumor heterogeneity and microenvironment interactions during a
preclinical screen can result in inaccurate predictions of drug candidate effects.

Organoids derived from patient tumors have recently gained much interest as promising tools
for several translational applications, such as high-throughput drug screens and personalized
medicine [18–20]. Tumor organoids grown with undefined natural (e.g., Matrigel®) or synthetic
extracellular matrix gels show improved resemblance to the original tumor compared to 2D cultured
cancer cell lines. However, they do not model tumor–stromal interactions (cancer cells, immune,
and endothelial cells) and the growth selection pressures applied during their generation have the
potential to introduce bias [13,21]. Consequently, the prediction of treatment outcome extrapolated
from organoids may not recapitulate each cancer patient tumor. Moreover, it is not clear whether the
timescales are quick enough to affect patient care [22].

Another approach often considered more representative is the use of patient-derived xenograft
(PDX) systems. However, the generation of PDX models exhibits a low engraftment rate, and the
timescales and costs involved in this process are very significant [23]. Furthermore, the PDX deviates
from the original tumor over time [24], and difference in pathophysiology between animal models and
humans contributes to high failure rates of current small-molecule inhibitors in preclinical trials [25–27].
Thus, predicting successful anticancer therapy remains extremely challenging, largely due to extensive
inter- and intratumor heterogeneity [28] and there remains a need for alternative, innovative models
that allow the precise balance between manipulability and biological complexity.

To address these challenges, ex-vivo culture of intact tumor slices is potentially an extremely
attractive system that has been already validated in various types of cancers [29–38].

This method has several advantages: (1) it can be rapidly established using only small samples
of fresh tissue with a limited cost, (2) it preserves the tumor architecture and the spatial interaction
between tumor and stroma, (3) testing of drug susceptibility can be combined with gene sequencing
and immunohistochemistry analysis. To the best of our knowledge, tumor slice culture has never been
validated in renal carcinoma.

In this study, we developed different biological cell-based systems like 3D tumor spheroids,
mice orthotopic tumor xenografts, and patient-derived tumor slice cultures (PDTSC) for ex-vivo
assessment of drug effects in renal carcinoma. As we recently showed, a combination of two
inhibitors targeting both the PI3K and Src kinases impedes cell viability of renal carcinoma cells [39],
we compared the efficacy of this combination to standard-of-care-drugs for RCC like sunitinib,
pazopanib, and temsirolimus using 3D tumor spheroids and PDTSC methods. We show that PDTSC
has the potential to be exploited for cancer cell sensitivity assessment to novel molecularly targeted
therapies among patients with ccRCC, and to identify suitable candidates for drug combinations in a
cost-effective and patient-friendly manner. We also demonstrate that PDTSC faithfully preserves the
molecular landscape of the original renal carcinoma, retaining histopathology, including the stromal
components and the immune cells that innately infiltrate the patient’s malignant epithelial cells,
features that can be potentially useful to evaluate predictive biomarkers of treatment response and for
patient stratification in prospective trials with immune checkpoint inhibitors.
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2. Results

2.1. Evaluation of Drug Sensitivity on 786-0 Cell-Derived Spheroids

We first compared the induction of cell mortality in 786-O spheroids after their treatment with
either a combination of GDC-0941 and saracatinib (GDC/SRC), two small-molecule inhibitors that target
the PI3K and Src kinases respectively [39], or the currently clinically used inhibitors sunitinib, pazopanib,
or temsirolimus at the indicated concentrations. Treated spheroids were recorded for 48 h using an
Essen IncuCyte Zoom live-cell microscopy instrument (Figure 1A). Cell death induced by the different
treatments at 6, 12, 24, and 48 h, was quantified through propidium iodide (PI) incorporation normalized
by the surface of the spheroid. The results show that the drug effects on 786-O spheroids could be easily
quantified using the Incucyte microscopy instrument (Figure 1B). Moreover, monitoring the size of the
spheroids after 36 h of treatment showed that the GDC/SRC combination induces a significant reduction
of the spheroid size (35%) while the effects of the other drugs were weaker compared to DMSO for
which spheroid area declined by 15%, probably due to the maturation of the organoids that were under
culture condition for five days (Figure 1C). During the last 12 h of treatment, cells in the spheroid
center that was hypoxic, might have begun to die. Next, immunohistochemistry was performed on
paraffin-embedded spheroids to visualize both the cellular architecture and the cell proliferation inside
the 3D-spheroids. As shown in Figure 1D–F, both the integrity of the spheroids and the cell proliferation
detected by PCNA labeling were affected by the GDC/SRC combination or Temsirolimus treatments
confirming their effects on spheroids viability. Moreover, spheroid area measurements (Figure 1E) were
consistent with the analysis of PI incorporation determined with the Incucyte microscope (Figure 1A).
However, although promising, these data obtained with a 3D cancer cell line model suffered from
inherent limitations due to inadequate representation of the heterogeneous architecture of human tumor
and tumor–stromal interactions, which renders the interpretation on efficacy testing challenging. This is
attested by the observation that among all the new molecules discovered for their action on cancer cell
line models, only very few reached the FDA agreement. Therefore, implementation of physiologically
relevant in- vitro models closer to patient-derived tumors is required.

Figure 1. Cont.
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Figure 1. Treatment of 786-O spheroids. 786-O-WT (VHL-) cells were grown as spheroids and treated
with 10μM of either GDC-0941+ saracatinib (10μM each, GDC/SRC,�), pazopanib (PAZO, �), sunitinib
(SUN, � ), temsirolimus (TEM, �), or vehicle (DMSO, �) in the presence of propidium iodide. Cell death
was monitored on spheroids using either an Essen IncuCyte Zoom live-cell microscopy incubator or by
immunohistochemistry. (A) Bright field and fluorescent overlaid images show 786-O-treated spheroids
at indicated times (0, 6, 12, 24, and 48 h). Bar scale 300 μm. (B) Images taken automatically every
6 h over 48 h of culture were analyzed for PI fluorescent area quantification. Cell death values (PI
labeling area) was divided by the corresponding spheroid area and multiplied by 100. This percentage
of cell death was divided by the one at T0, for all the others time points and was expressed as mean ±
SEM. The statistical analysis of dead cells was performed with 2 way ANOVA test for each time point
compared to DMSO treatment. (C) The same images were analyzed for spheroid area quantification.
Significant difference was observed between GDC/SRC (**** p ≤ 0.001), SUN (**** p ≤ 0.01), TEM (****
p ≤ 0.01) versus DMSO after 36 h of treatment using a Kruskal-Wallis test. (D) PCNA staining to
visualize proliferation of fixed paraffin-embedded (scale bar, 20 μm). (E) Spheroid area quantification
by surface calculation of (D), (n ≥ 8). Significant difference was observed between GDC/SRC (*** p ≤
0.001), TEM (** p ≤ 0.01) versus DMSO in a Kruskal-Wallis test. (F) The number of PCNA positive cells
was quantified in each spheroid and divided by the corresponding spheroid surface. Histogram plot
represents mean of PCNA-stained cells pooled from 4 to 6 spheroids (biological replicated/condition)
with error bar (±SEM).

2.2. Tissue Slice Cultures of Renal Tumors

We set out to determine whether an ex-vivo treatment protocol could be used as a means of
determining ccRCC sensitivity to various cytotoxic agents. The PDTSC methodology has been
previously used to evaluate the drug sensitivity of normal and tumor tissues [29–38]. Therefore, we set
up an adaptation of this method outlined in Figure 2A, as an ex-vivo protocol to examine responses of
ccRCC to different therapeutic agents. Cultures of slices, obtained either from 786-O-derived tumors
generated in mouse xenografts or from human ccRCC surgical resection specimens, were prepared as
detailed in the Methods section, and then subjected to a variety of tests. First, we noticed that over
96 h of culture, luminescence measurement of 786-O-luc cells in the tumor slice remained constant,
attesting their viability during this time schedule (Figure 2B).
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Figure 2. The procedure flowchart for renal tumor slice culture. (A) 786-O-derived tumors generated
in mouse xenografts or human ccRCC surgical resection specimens are cut into 300 μm slices in buffer
solution using a Vibratome®. The slices are transferred to culture medium and then carefully placed
on membrane insert in 6-well plates to create an air-liquid interface. After 48 h of drug treatments,
slices are analyzed for cell viability and biomarker immuno-detection. Correlation between drug
sensitivity and biomarker expression is visualized with the graphical display of a correlation matrix
(Corrplot, R package). (B) Tumor slices maintain cell survival over four days of culture. Slices from
786-O-luc-derived tumors were cultured for up to four days, with fresh media changes performed
every two days. Each day, luminescence was recorded from slices after luciferin addition using IVIS
imaging (upper panel). Plotted normalized photon quantification showed minimal changes over the
culture periods.

2.3. The Cytotoxic Effects of Drug Treatments Can Be Evaluated in Tissue-Slice Cultures

In order to evaluate the PDTSC approach, we first used the renal carcinoma mouse xenograft
model. The tumors were extracted from the mice, directly processed into 300 μm slices, and treated for
48 h as described in Materials and Methods and indicated in Figure 2A. Cell viability evaluated by
ethidium homodimer staining of treated tumor-slice cultures are illustrated in Figure 3A. Mortality
quantified on five to seven images using ImageJ, was reported as “Cell death/DMSO” that represents
the percentage of dead cells in the different groups divided by the percentage of dead cells in the
DMSO-treated slices. The mortality rate showed a significant difference between DMSO and drugs
alone or the GDC/SRC combination (p < 0.05) (Figure 3A,B). Immuno-histochemistry (IHC) analysis
was used to determine whether a differential proliferative (PCNA) response to drug treatment could be
detected. For this, paraffin-embedded sections were stained with a PCNA antibody and counter-colored
with hematoxylin. We found that the GDC/SRC combination caused a significant decrease in PCNA
staining, while temsirolimus, sunitinib, and pazopanib were less efficient (Figure 3C). Taken together,
these results demonstrate that PDTSC allows for the rapid investigation of ccCRCC sensitivity to
targeted therapies.
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Figure 3. Treatment of slice cultures from 786-O tumor xenografts. 786-O cells were injected under the
renal capsula of Balb/c nude mice. One month later, mice were euthanized, tumors were harvested
and processed for tissue slice cultures. (A) Tissue slice cultures were treated with 10 μM of either
GDC-0941 + saracatinib (10 μM each, GDC/SRC), pazopanib (PAZO), sunitinib (SUN), temsirolimus
(TEM), or vehicle (DMSO 0.2%) for 48 h. Nuclei were stained with Hoechst 33342 and dead cells were
visualized by Ethidium homodimer staining. Images were taken with an Apotome-equipped Zeiss
microscope. Bar scale 50 μm. (B) The intensity of Ethidium homodimer positive cells was measured
in each nucleus on five independent areas of the tumor slices as described in Material and Methods.
The y-axis represents the ratio of the percentage of dead cells in the different groups divided by the
corresponding value in the DMSO-treated-slices. Significant differences in cell death were observed
between DMSO versus the GDC/SRC combination (*** p ≤ 0.001) or each drug alone (** p ≤ 0.05) using
a Mann–Whitney test. (C) Tumor slices were treated as described in A, then fixed and embedded
in paraffin. Fixed tissue slices were stained with Hematoxylin-Eosin (HE). Representative pictures
of treated slices are shown at two magnifications (lower magnifications, upper images and higher
magnifications, middle images). Tumor slices were also stained with the anti-PCNA antibody to
visualize cell proliferation (lower panel). Negative controls (no primary antibody) are shown in the
insets. Scale bars 20 μm.
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To further evaluate the potential of this approach, slices from surgical resections of human ccRCC
tumors were analyzed using the same optimized protocol. In this study, we focused on patient tumors
that were later on characterized as renal clear cell carcinoma by a board certified histo-pathologist at the
Urology Department—University Hospital Center of Grenoble-Alpes. We note that our protocol did
not interfere with the pathologist’s analysis. Warm ischemia was reduced to 15 min including tumor
dissection and extraction during the surgery. Cold ischemia between extraction and the beginning of
the culture was less than 2 h (including tumor sample dissection, transport and slicing). Two small
pieces from two distinct regions (A and B) of each tumor were taken and processed in slices using a
Vibratome®. Then, each tumor slice was cultured in the presence of the vehicle (0.2% DMSO) or the
indicated therapeutic agents and assayed for cell viability after 48 h of drug treatment. Figure 4A shows
that sample A disclosed high sensitivity to pazopanib or the GDC/SRC combination whereas sunitinib
and temsirolimus were almost without effect. In contrast, sunitinib significantly compromised cell
viability in sample B. Samples B-treated slices were further analyzed for their proliferation status after
fixation and paraffin inclusion to assess functional response and cell viability. PCNA staining was
detected in DMSO-treated slices (11.9%), whereas very few cells were stained in sunitinib-treated slices
(0.2%). Moreover, a strong staining of cleaved-caspase-3 that reflects apoptotic cell death was observed
in sunitinib-treated tumor slices (42.1%) but almost undetectable in DMSO-treated samples (4.2%)
(Figure 4B).

Figure 4. Cont.
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Figure 4. Treatment of slice cultures from human renal tumors. Tissue slice cultures from human
renal tumors were treated for 48 h with a panel of drugs (10 μM each) and cell viability assayed as
in Figure 3A. (A) Intra-tumor heterogeneity. Two fragments A and B of the same tumor (NM014)
were analyzed for their sensitivity to indicated drug treatments. Mean DMSO was normalized to 1 to
compare the two fragments of NM014. The y-axis represents the ratio of the percentage of dead cells
in the different groups divided by the corresponding value in the DMSO-treated-PDTSC. Cell death
measurement in fragment A (black bars) from NM014 shows significant differences between DMSO
versus the combination (GDC/SRC, * p < 0.5), pazopanib (PAZO, ** p < 0.01) and temsirolimus (TEM, *
p < 0.5) but not versus sunitinib (SUN). The same analysis of fragment B (white bars) from the same
NM014 tumor, shows similar profile except for sunitinib that in this case induced significant cell death
(SUN, **** p < 0.0005). (B) Apoptosis and proliferation assays. Representative pictures of tumor slices
from fragment B of NM014 treated for 48 h with DMSO (upper panels) or 10 μM sunitinib (SUN, lower

panels) and stained with Cleaved-Caspase-3 (left panel) or with anti-PCNA antibody (right panel).
The PCNA stain identifies cells that are proliferating while the Cleaved-Caspase-3 stain shows cells
undergoing apoptosis. The percentages of PCNA and Cleaved-Caspase 3 positive cells were plotted
below each set of pictures. Scale bars, 20 μm. Negative controls (no primary antibody) are shown in
insets. (C) Inter-tumor heterogeneity. Four different tumors were treated and analyzed as in Figure 3A
showing distinct drug sensitivity profiles. Each color represents one patient tumor (Yellow, NB029;
Blue, YL024; Green, NM014; Purple, MD034). (D) VHL and HIF expressions. Representative pictures
of two untreated tumor slices GD022 and NM014 stained with anti-VHL, anti-HIF1α or anti-HIF2α
antibodies. Scale bars, 50 μm. For each staining, images taken from five independent areas of a tumor
slice were quantified with ImageJ and plotted as percentage of specific staining relative to tumor area
(respective right panels).

These results highlight the intra-tumor heterogeneity of ccRCC, a property that has been well
documented by extensive multi-regional whole-genome and -exome sequencing [40]. Collectively,
these data demonstrated that PDTSC can be used to assess functional response and cell survival of
human renal carcinoma specimens to drug treatments, reinforcing its value as a companion diagnostic
tool in ccRCC treatment.
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2.4. Acute Ex-Vivo Drug Treatments Identify Renal Tumor Subsets with Distinct Therapeutic Profiles

We compared the cell death rate of four different patient tumors upon the same panel of drug
treatments (Figure 4C). Interestingly, this approach allowed for the identification of differential patient
responses revealing sensitive and resistant tumors. For example, pazopanib was completely inactive
on NB029, YL024 and MD034, whereas it was the most efficient on NM014. Temsirolimus was without
effect on YL024.

Inactivation of the Von Hippel–Lindau (VHL) tumor suppressor gene has been shown to play an
important role in the process of angiogenesis in RCC. As a component of an E3 ubiquitin ligase complex,
the VHL protein targets the hypoxia-inducible transcription factors (HIF1α and HIF2α) for degradation.
Loss of VHL function in ccRCC leads to the constitutive stabilization of these transcription factors,
leading to a highly angiogenic environment [41] and HIF2α has recently emerged as a therapeutic
target in ccRCC [42]. In line with this, we determined the protein expression level of VHL, HIF1α and
HIF2α in human renal tumor slices (Figure 4D, left panels). Immuno-staining quantification shows
that in slice NM014 where VHL expression was undetectable, HIF1α and mainly HIF2α were more
abundant than in slice GD022 where VHL was present (Figure 4D, right panels).

2.5. Predictive Biomarkers in Renal Tumor Slice Cultures

The trafficking of immune cells in human cancers affects their immunobiology but also could
have a major prognostic and predictive impact on the efficacy of the patient treatment. Indeed,
renal cell carcinoma is an immunogenic tumor that characteristically harbors abundant infiltrating
lymphocytes [43] and it has been shown that across renal tumors, there is a wide range of immune
infiltrates [44]. Therefore, we tracked immune cells and their interaction with cancer cells within
fixed slice cultures of different patient tumor samples (Figure 5). As an example, Figure 5A shows
representative images of two non-treated tumor slices ML025 and DP027 in which the microvessel
density labeled by CD34 staining was similar (Figure 5, right panel). Tumor slice DP027 was infiltrated
with fewer cytotoxic CD8+ T cells than the tumor slice ML025. Interestingly, it has been suggested that
in highly infiltrated ccRCC tumors, T-cell activation state is a key determinant of ccRCC prognosis and
likely of immunotherapy response. Given the variety of mechanisms triggered by molecularly targeted
agents in cancers and their late-stage clinical trials, the validation of drug sensitivity predictive models
may be critical to identify the right drug for the right patients and help to understand determinants of
responsiveness, wherein alternative treatments could potentially overcome resistance [45]. There is a
recently growing body of literature describing PDTSC from different normal and tumor tissues [34–38].
However, to our knowledge, the present study is the first to demonstrate the potential use of this
approach to evaluate renal cancer response to novel therapies while modeling the tumor immune
microenvironment. An important benefit of the PDTSC strategy is that it provides a rapid and easy
readout of the functional effects and drug responses that result from a complex array of molecular
alterations among patients with ccRCC. PDTSC delivers a much faster timeline than PDX animal
models, which require at least 6 to 7 weeks to become established versus 48 h for the PDTSC method.
There is an important limitation inherent to PDTSC: the frequent intra-tumor heterogeneity may not be
represented in individual slices from specific regions of a surgical resection specimen. However, this can
be taken into account by a careful geographical collection of replicated tumor slices. In agreement with
the key role played by the immune infiltrate in ccRCC, a phase 3 clinical trial (CheckMate214) showed
benefits in terms of overall survival and objective response rate using an immunotherapy combination
(ipilinumab plus nivolumab) versus sunitinib for intermediate and poor-risk patients with previously
untreated advanced renal cell carcinoma [46].
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Figure 5. Predictive biomarkers in renal tumor slice cultures. (A) Vascular, immune and stem cell
type characterization. Representative pictures of untreated tumor slices ML025 and DP027 stained
with the following antibodies: anti-CD34, anti-CD8, anti-CD45, anti-PDL1, anti-LIM1. Scale bars,
50 μm. For each staining, images taken from five independent areas of a tumor slice were quantified
with ImageJ and plotted (right panels). (B) Correlation plot between the percentage of positive cells
following various IHC staining and the normalized proportion of dying cells following application of
drug treatments. The Spearman rank correlation was used. The diagonal indicates the biomarker used
for the IHC staining (left part) or the drug treatment (right part). Below the diagonal is the pairwise
correlation value, and above the diagonal is the corresponding representation, with the color legend
that is the bar on the right side of the plot. Blue (resp. red) colors correspond to positive (resp. negative)
correlations. Boxes correspond to cases described in the text. For example, the two blue boxes on
the top-left side highlight a correlation of 0.5 of the percentage of positive cells between HIF2 and
PDL1 staining.
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In both tumor slices, we also detected a differential intra-tumor positive staining for the protein
tyrosine phosphatase receptor CD45, one of the key players in the initiation of T cell receptor
signaling [47]. CD45+ cells were abundant in DP027 tumor and localized in close proximity with
microvessels and red blood cells. These cells were more intricately distributed in the ML025 slice than
in DP027 reflecting a potential immune infiltration.

The tumor microenvironment deploys various immune escape mechanisms that neutralize CD8
T cell-mediated tumor rejection. One mechanism implies the aberrant expression of programmed
death-ligand 1 (PD-L1) that targets the neutralization of activated CD8 T cells. PD-L1 has been reported
in several human cancers including RCC [48]. This ligand is aberrantly expressed on the surface
of both primary and metastatic RCC tumor cells [49] and several studies have described a positive
correlation between PD-L1 expression, metastasis, and poor outcomes in ccRCC [50]. Consistent with
this, we found that PD-L1 was strongly expressed in the ML025 tumor slice while undetectable in the
DP027 tumor slice. Of note, ML025 slices were both positive for PD-L1 and cytotoxic CD8+ T cells.
Interestingly, it has been suggested that metastatic melanoma that are both expressing PD-L1 and CD8+

T cells will likely respond to immunotherapy [51].
The LIM1 transcription factor which is essential for the development of human kidney is

reactivated in nephroblastomas [52] and implicated in the metastatic spread of ccRCC [53]. While being
undetectable in the DP027 slice, a strong intratumor LIM1 expression was observed in the ML025 slice.
Altogether, these data support the contention that the PDTSC method allows for precise, short-term
modeling of the stromal/immune microenvironment of renal tumors.

2.6. Prediction of Potential Correlations between Drug Sensitivity Responses and Tumor Immune Infiltration

To investigate whether there are links between drug-sensitivity and specific biomarkers previously
analyzed in Figure 5A, we performed correlation analysis (Figure 5B). Eighteen human renal tumors
(26 tumor specimens) that have been challenged for both drug-sensitivity and IHC- specific labeling
were compared. Pairwise correlated variables were plotted in a graph of correlation matrix according
to correlation coefficients indicated either by colored circles or numbers. This analysis highlights
three subgroups/clusters of correlations between biomarkers only, drugs only and both drugs and
biomarkers. In the first cluster, we visualized a strong positive correlation between CD8 and CD45
expressions (correlation coefficient, 0.54) and between HIF2α and PD-L1 (correlation coefficient, 0.5).
These results are consistent with the literature as CD8 cytotoxic T cells are a subpopulation of CD45
positive leucocytes [54] and HIF2α as a transcription factor, binds to the PD-L1 promotor to induce its
expression [55]. Inside the “drug” cluster, correlation are high (correlation coefficients > 0.35 except
for the temsirolimus compared to the sunitinib situations). This result can be explained because the
four treatments tested have similar action mechanisms (all are kinase inhibitors), however, they are
not equal and more samples could help to find differences. Finally, the most informative cluster that
compares biomarkers and drug treatments highlights two positive correlations between CD45 and
temsirolimus (TEM) (correlation coefficient, 0.49) and PD-L1 and SUN (correlation coefficient, 0.22)
and a negative correlation between GDC/SRC and HIF1α (correlation coefficient, −0.28). TEM has
been demonstrated to have immune-modulating activity [56]. Obviously, the degree of correlation
should be established by increasing the amount of tumor tissue samples for IHC analysis but even
with this small cohort of tumor samples, potential valuable correlations dawned in this analysis and
warrants further investigations.

3. Discussion

Given the variety of mechanisms triggered by molecularly targeted agents in cancers and their
late-stage clinical trials, the validation of drug sensitivity predictive models may be critical to identify
the right drug for the right patients and help to understand determinants of responsiveness, wherein
alternative treatments could potentially overcome resistance [45]. There is a recently growing body
of literature describing PDTSC from different normal and tumor tissues [29–38]. However, to our
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knowledge, the present study is the first to demonstrate the potential use of this approach to evaluate
renal cancer response to novel therapies while modeling the tumor immune microenvironment.
An important benefit of the PDTSC strategy is that it provides a rapid and facile readout of the
functional effects and drug responses that result from a complex array of molecular alterations among
patients with ccRCC. PDTSC delivers a much faster timeline than PDX animal models, which require
at least 6 to 7 weeks to become established versus 48 h for the PDTSC method. There are several
limitations inherent to PDTSC: (1) the frequent intra-tumor heterogeneity may not be represented in
individual slices from specific regions of a surgical resection specimen. However, this can be taken into
account by a careful geographical collection of replicated tumor slices; (2) fresh primary tissue may
not be available when needed (in case of recurrent disease) and radical nephrectomy is not always
performed on metastasized patients, whereas screening of these patients would be highly beneficial
in the context of a predictive assay. The proof that the PDTSC can identify the best treatment need
further investigations. In particular, as 30% of ccRCC becomes metastatic, one third of the patients will
probably need specific treatments. In this context, the therapeutic profiling generated from the PDTSC
may be informative after a retrospective clinical follow-up from patients who will develop metastasis;
(3) PDTSC may be not relevant for some active drugs that are metabolites (e.g., for sunitinib).

4. Materials and Methods

4.1. Reagents, Drugs and Antibodies

Saracatinib (SRC) and GDC-0941(GDC) were obtained from LC Laboratories (Woburn, MA,
USA). temsirolimus (TEM), pazopanib (PAZO), and sunitinib (SUN) were purchased from Selleck
Chemicals (Houston, TX, USA), propidium iodide and Hoechst 33342 from Sigma-Aldrich (St Louis,
MO, USA), and Live & Dead kit from Life Technologies (Carlsbad, CA, USA). The antibodies against
the following targets were used: PCNA, CD8, CD34, PD-L1 (Ab29, Ab101500, Ab81289, Ab205921,
Abcam, Cambridge, UK), Cleaved-Caspase-3, CD45 (#9664, #13917, Cell Signaling, Danvers, MA, USA);
HIF1α, HIF2α (NB100-479, NB100-122, Novus Biologicals, Centennial, CO, USA), VHL (MA-1-12638,
Thermo Scientific, Waltham, MA, USA).

4.2. 3D-Spheroid Culture and Live Cell Tracking

786-O cells (ATCC-CRL-1932) are derived from a human primary clear cell adenocarcinoma.
This highly metastatic cell line is negative for VHL and is cultured in RPMI-1640 Medium supplemented
with 10% SVF and penicillin [100 U/mL], streptomycin [100 μg/mL].

Spheroids were prepared in 96-wells U-bottom with low evaporation lid (MicrotestTM,
Becton Dickinson Labware, San Jose, CA, USA) coated with 20 mg/mL poly-HEMA (Sigma-Aldrich). A
786-O cell suspension (1 × 103 cells) was seeded in each well and cells were allowed to form spheroids
within three days. Then, they were treated with indicated inhibitors for 48 h in the presence of
Propidium iodide (0.5 μg/mL) to visualize dead cells and video recorded every hour using an Incucyte
microscope, an automated live cell imager with high-throughput capabilities and built-in data analysis
(Essen Biosciences, Welwyn Garden City, UK). Experiments were conducted at 37 ◦C and 5% CO2.
Quantification of cell death was measured after 48 h as a percentage of confluence in the red channel
(PI%) using the software incorporated into the IncuCyte Zoom. To normalize the data, all values for
each time point was divided by the value at T0. Experimental data are shown as mean ± standard
error mean (SEM) except for Figure 1E for which whole the points are shown overlaid on boxplots and
whiskers. Classically, the box corresponds to the first and third quartiles, and the horizontal bar is the
median, whereas the whiskers demarcate here the extreme values.

4.3. Mice Orthotopic Tumor Xenograft Models

All animal studies were approved by the institutional guidelines and those formulated by the
European Community for the Use of Experimental Animals. Six week-old BALB/c female nude
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mice (Charles River Laboratories, Wilmington, MA, USA) with a mean body weight of 18–20 g were
used to establish orthotopic xenograft tumor models. The mice were housed and fed under specific
pathogen-free conditions. To produce tumors, renal cancer cells 786-O-luc (Roelants et al.) were
harvested from sub-confluent cultures by a brief exposure to 0.25% trypsin-EDTA. Trypsinization was
stopped with medium containing 10% FBS, and the cells were washed once in serum-free medium
and resuspended in 500 μL PBS. Renal orthotopic implantation was carried out by injection of 3 × 106

786-O luc cells into the left kidney of athymic nude mice. Mice were weighed once a week to monitor
their health and tumor growth was measured by imaging luminescence of 786-O-luc cells (IVIS).

4.4. Patients and Clinical Samples

All human renal carcinoma samples were obtained from patients, with their informed consent and
all procedures were approved by the ethic committee (Patient protection committee No 2017 A0070251).
All patients had serology to detect blood transmissible diseases before surgery and all samples were
anonymized. Fresh renal tumor tissues were obtained from patient undergoing a partial or a total
nephrectomy for cancer at the Urology Department—University Hospital Center of Grenoble-Alpes
(CHUGA). The minimal size of tumor samples for inclusion was 2 cm. After resection, tissue samples
were directly transported to the pathology department of the CHUGA in a cold saline solution (Sterile
0.9% NaCl). A macroscopic dissection was performed by a pathologist and as far as possible two
distinct tumor samples (A and B) were placed in a sterile conical tube containing a conservation
medium (ice-cold sterile balanced salt HBSS solution containing [100 U/mL] penicillin and [100 μg/mL]
streptomycin) on wet ice during transport from the pathology department to the INSERM research
laboratory (CEA).

4.5. Preparation of Tissue Slices and Organotypic Culture

Upon arrival, resections were manually minced using a sterile scalpel and samples were soaked
in ice-cold sterile HBSS, orientated, mounted in low-melting agarose (5%), and immobilized using
cyanoacrylate glue. Thick tissue slices (300 μm) were prepared from fresh tissue under sterile conditions
using a Vibratome VT1200 (Leica Microsystems, Wetzlar, Germany). Slicing speed was optimized
according to tissue density and type; in general, slower slicing speed was used on the softer tissues
and vice versa (0.2–0.7 mm/s). Vibration amplitude was set between 1.85 to 2.45 mm.

Tissue slices were then carefully placed on 0.4 μm pore size Teflon membrane culture inserts
(Millipore Corporation, Burlington, MA, USA) containing one slice per insert and cultured for up to 96
h. at 37 ◦C in a 5% CO2 humidified incubator using 2 mL of DMEM media supplemented with 20%
inactivated FBS (GIBCO), 100 U/mL penicillin (Invitrogen, Carlsbad, CA, USA). Inserts were placed in
a rotor agitator to allow gas and fluid exchanges with the medium. For each tumor, two slice samples
(A and B) were treated with the inhibitors at the indicated concentrations for 48 h.

4.6. Slice Viability Assay

At the end of treatment, lived slices were stained with the Live & Dead kit (Life Technologies)
as recommended and nuclei were labeled with Hoechst 33342. Images were taken with an
Apotome-equipped Zeiss Axio-Imager microscope with a 20× PlanApochromat objective (Numerical
Aperture 0.8). A minimum of three regions of interest (ROI) were taken, at three positions in z
with 7 μm intervals to avoid counting the same nuclei twice. Dead cells in the tissue slices were
quantified with scripts of ImageJ and further processed with R version 3.4.3 [57]. The histogram of red
fluorescence intensity shows a peak of low intensity corresponding to live cells, and high and widely
spread intensity values, corresponding to dying cells., called Mraw. A minimum of 1200 total cells
was analyzed for each group. Experimental data are shown as mean ± standard error mean (SEM).
As the percentage of dead cells varies significantly between different untreated tumor specimen due
to variation inherent to surgery, the percentage of dead cells in the different groups was divided by
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the corresponding value in the DMSO-treated-PDTSC. Thus, the y-axis untitled “Cell death/DMSO”
represents arbitrary units corresponding to this ratio.

For Figure 5B, mortality in a given condition is obtained by taking the median value among the
different z acquisition and ROI. Only conditions associated with a mortality below 55% were kept
for further analysis (four slices removed). As there is a correlation between cell mortality on a given
slide treated with the DMSO and the other drugs, we normalized cell mortality values using the
following formulae:

Mnorm = (Mraw −MDMSO)/ f (MDMSO)

where Mnorm is the normalized mortality for a given drug, typically between 0 and 1, Mraw is the raw
mortality of the given drug, between 0 and 100, MDMSO is the raw mortality of the DMSO for the
nearby slice, between 0 and 100, f (MDMSO) is the normalization function, depending on the DMSO,
which evaluates the maximum amplitude of the drug effect on a given slice. It is given by:

f (MDMSO) = a−MDMSO + (100 − a) ∗ (1 − exp(−MDMSO/b)),

where a = 15 and b = 10, chosen to fit with the maximal mortality.
The correlation analysis was performed using R version 3.4.3 [57], pairwise. The Spearman’s

rank correlation coefficient was used to perform a robust analysis. The figure was generated using the
corrplot package version 0.84.

4.7. Immunohistochemistry Analysis

Sections (5 μm thick) of formalin-fixed, paraffin embedded tumor tissue samples were dewaxed,
rehydrated through graded ethanol and subjected to heat-mediated antigen retrieval in citrate buffer
(Antigen Unmasking Solution, Vector Laboratories, Burlingame, CA, USA). Slides were incubated for
10 min in hydrogen peroxide H2O2 to block endogenous peroxidases and then 30 min in saturation
solution (Histostain, Invitrogen) to block nonspecific antibody binding. This was followed by overnight
incubation with indicated primary antibodies at 4 ◦C. After washing, sections were incubated with
a suitable biotinylated secondary antibody (Histostain, Invitrogen) for 10 min. Antigen-antibody
complexes were visualized by applying a streptavidin-biotin complex (Histostain, Invitrogen) for
10 min followed by NovaRED substrate (Vector Laboratories). Sections were counterstained with
hematoxylin to visualize nucleus. Control sections were incubated with pool secondary antibodies
without primary antibody.

4.8. Statistical and Correlation Analyses

Experimental data are shown as mean ± standard error mean (SEM). Statistical analyses were
performed using one-way analysis of variance (ANOVA) with multiple comparisons test (GraphPad
Prism 6). A p-value of less than 0.05 was considered statistically significant.

5. Conclusions

Because the PDTSC strategy maintains the landscape of the original tumor sample, including the
stromal and the immune tumor compartment, this approach is a relevant model for individualized
testing of drug susceptibility to improve clinical success rates [22,58]. In agreement with the key role
played by the immune infiltrate in ccRCC, a phase 3 clinical trial (CheckMate214) showed benefits in
term of overall survival and objective response rate using an immunotherapy combination (ipilinumab
plus nivolumab) versus sunitinib for intermediate and poor-risk patients with previously untreated
advanced renal cell carcinoma [46]. Therefore, PDTSC also warrants further investigations to confirm
potential correlations between drug sensitivity responses and the level of tumor vascularization and
tumor-infiltrating immune cell populations. Finally, a recent study [59] suggests that further work will
eventually make this technique useful for personalized clinical immunotherapy.

98



Cancers 2020, 12, 232

Author Contributions: Conceptualization, C.C. and O.F.; investigation and methodology, C.R., C.P., S.G., Q.F.,
N.P., C.S., and O.F.; validation, C.P., Q.F., C.S., L.G., C.C., and O.F.; formal analysis, C.R., Q.F., L.G., C.S., and O.F.;
software, L.G. and C.S.; resources, C.R., C.P., S.G., Q.F., N.P., A.F., C.S., O.F., G.F., J.-A.L., and J.-L.D.; data curation,
C.R., L.G., Q.F., C.S., and O.F.; visualization, C.R., C.S., L.G., and O.F.; writing—review and editing, Q.F., C.R., C.S.,
L.G., O.F., and C.C.; supervision, O.F., C.C., and J.-L.D.; project administration and funding acquisition, C.C.; O.F.,
and J.-L.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by recurrent institutional funding from INSERM, CEA, Ligue Nationale
contre le Cancer (accredited team 2010–2012) and Ligue Comité de l’Isère, University Grenoble Alpes, Centre
Hospitalier Universitaire de Grenoble-Alpes (CHUGA), Groupement des Entreprises Françaises dans la LUtte
contre le Cancer (GEFLUC), Grenoble Alliance for Integrated Structural & Cell Biology (GRAL) and Association
Française d’Urologie (AFU).

Acknowledgments: We thank the animal unit staff (Jeannin I., Bama S., Magallon C., Chaumontel N. and Pointu
H.) at Interdiciplinary Research Institute of Grenoble (IRIG) for animal husbandry.

Conflicts of Interest: The authors declare no financial or commercial conflict of interest.

References

1. Negrier, S.; Escudier, B.; Lasset, C.; Douillard, J.Y.; Savary, J.; Chevreau, C.; Ravaud, A.; Mercatello, A.;
Peny, J.; Mousseau, M.; et al. Recombinant human interleukin-2, recombinant human interferon alfa-2a, or
both in metastatic renal-cell carcinoma. Groupe Francais d’Immunotherapie. N. Engl. J. Med. 1998, 338,
1272–1278. [CrossRef]

2. Figlin, R.; Sternberg, C.; Wood, C.G. Novel agents and approaches for advanced renal cell carcinoma. J. Urol.
2012, 188, 707–715. [CrossRef]

3. Atkins, M.B.; Clark, J.I.; Quinn, D.I. Immune checkpoint inhibitors in advanced renal cell carcinoma:
Experience to date and future directions. Ann. Oncol. Off. J. Eur. Soc. Med Oncol. 2017, 28, 1484–1494.
[CrossRef]

4. Motzer, R.J.; Penkov, K.; Haanen, J.; Rini, B.; Albiges, L.; Campbell, M.T.; Venugopal, B.; Kollmannsberger, C.;
Negrier, S.; Uemura, M.; et al. Avelumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma.
N. Engl. J. Med. 2019, 380, 1103–1115. [CrossRef] [PubMed]

5. Rini, B.I.; Plimack, E.R.; Stus, V.; Gafanov, R.; Hawkins, R.; Nosov, D.; Pouliot, F.; Alekseev, B.; Soulieres, D.;
Melichar, B.; et al. Pembrolizumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma.
N. Engl. J. Med. 2019, 380, 1116–1127. [CrossRef] [PubMed]

6. Cella, D.; Grunwald, V.; Escudier, B.; Hammers, H.J.; George, S.; Nathan, P.; Grimm, M.O.; Rini, B.I.; Doan, J.;
Ivanescu, C.; et al. Patient-reported outcomes of patients with advanced renal cell carcinoma treated with
nivolumab plus ipilimumab versus sunitinib (CheckMate 214): A randomised, phase 3 trial. Lancet Oncol.
2019, 20, 297–310. [CrossRef]

7. Garnett, M.J.; Edelman, E.J.; Heidorn, S.J.; Greenman, C.D.; Dastur, A.; Lau, K.W.; Greninger, P.;
Thompson, I.R.; Luo, X.; Soares, J.; et al. Systematic identification of genomic markers of drug sensitivity in
cancer cells. Nature 2012, 483, 570–575. [CrossRef] [PubMed]

8. Barretina, J.; Caponigro, G.; Stransky, N.; Venkatesan, K.; Margolin, A.A.; Kim, S.; Wilson, C.J.; Lehar, J.;
Kryukov, G.V.; Sonkin, D.; et al. The Cancer Cell Line Encyclopedia enables predictive modelling of anticancer
drug sensitivity. Nature 2012, 483, 603–607. [CrossRef] [PubMed]

9. Shoemaker, R.H. The NCI60 human tumour cell line anticancer drug screen. Nat. Rev. Cancer 2006, 6,
813–823. [CrossRef]

10. Basu, A.; Bodycombe, N.E.; Cheah, J.H.; Price, E.V.; Liu, K.; Schaefer, G.I.; Ebright, R.Y.; Stewart, M.L.; Ito, D.;
Wang, S.; et al. An interactive resource to identify cancer genetic and lineage dependencies targeted by small
molecules. Cell 2013, 154, 1151–1161. [CrossRef]

11. Holbeck, S.L.; Collins, J.M.; Doroshow, J.H. Analysis of Food and Drug Administration-approved anticancer
agents in the NCI60 panel of human tumor cell lines. Mol. Cancer Ther. 2010, 9, 1451–1460. [CrossRef]
[PubMed]

12. Garnett, M.J.; McDermott, U. The evolving role of cancer cell line-based screens to define the impact of cancer
genomes on drug response. Curr. Opin. Genet. Dev. 2014, 24, 114–119. [CrossRef] [PubMed]

99



Cancers 2020, 12, 232

13. Van de Wetering, M.; Francies, H.E.; Francis, J.M.; Bounova, G.; Iorio, F.; Pronk, A.; van Houdt, W.; van Gorp, J.;
Taylor-Weiner, A.; Kester, L.; et al. Prospective derivation of a living organoid biobank of colorectal cancer
patients. Cell 2015, 161, 933–945. [CrossRef] [PubMed]

14. Iorio, F.; Knijnenburg, T.A.; Vis, D.J.; Bignell, G.R.; Menden, M.P.; Schubert, M.; Aben, N.; Goncalves, E.;
Barthorpe, S.; Lightfoot, H.; et al. A Landscape of Pharmacogenomic Interactions in Cancer. Cell 2016, 166,
740–754. [CrossRef] [PubMed]

15. Koerfer, J.; Kallendrusch, S.; Merz, F.; Wittekind, C.; Kubick, C.; Kassahun, W.T.; Schumacher, G.; Moebius, C.;
Gassler, N.; Schopow, N.; et al. Organotypic slice cultures of human gastric and esophagogastric junction
cancer. Cancer Med. 2016, 5, 1444–1453. [CrossRef]

16. Merz, F.; Gaunitz, F.; Dehghani, F.; Renner, C.; Meixensberger, J.; Gutenberg, A.; Giese, A.; Schopow, K.;
Hellwig, C.; Schafer, M.; et al. Organotypic slice cultures of human glioblastoma reveal different
susceptibilities to treatments. Neuro Oncol. 2013, 15, 670–681. [CrossRef]

17. Senkowski, W.; Zhang, X.; Olofsson, M.H.; Isacson, R.; Hoglund, U.; Gustafsson, M.; Nygren, P.; Linder, S.;
Larsson, R.; Fryknas, M. Three-Dimensional Cell Culture-Based Screening Identifies the Anthelmintic Drug
Nitazoxanide as a Candidate for Treatment of Colorectal Cancer. Mol. Cancer Ther. 2015, 14, 1504–1516.
[CrossRef]

18. Sachs, N.; Clevers, H. Organoid cultures for the analysis of cancer phenotypes. Curr. Opin. Genet. Dev. 2014,
24, 68–73. [CrossRef]

19. Weeber, F.; Ooft, S.N.; Dijkstra, K.K.; Voest, E.E. Tumor Organoids as a Pre-clinical Cancer Model for Drug
Discovery. Cell Chem. Biol. 2017, 24, 1092–1100. [CrossRef]

20. Bleijs, M.; van de Wetering, M.; Clevers, H.; Drost, J. Xenograft and organoid model systems in cancer
research. EMBO J. 2019, 38, e101654. [CrossRef]

21. Lancaster, M.A.; Renner, M.; Martin, C.A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, J.M.;
Jackson, A.P.; Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature
2013, 501, 373–379. [CrossRef] [PubMed]

22. Pauli, C.; Hopkins, B.D.; Prandi, D.; Shaw, R.; Fedrizzi, T.; Sboner, A.; Sailer, V.; Augello, M.; Puca, L.;
Rosati, R.; et al. Personalized In Vitro and In Vivo Cancer Models to Guide Precision Medicine. Cancer Discov.
2017, 7, 462–477. [CrossRef] [PubMed]

23. Lang, H.; Beraud, C.; Bethry, A.; Danilin, S.; Lindner, V.; Coquard, C.; Rothhut, S.; Massfelder, T. Establishment
of a large panel of patient-derived preclinical models of human renal cell carcinoma. Oncotarget 2016, 7,
59336–59359. [CrossRef] [PubMed]

24. Morgan, K.M.; Riedlinger, G.M.; Rosenfeld, J.; Ganesan, S.; Pine, S.R. Patient-Derived Xenograft Models of
Non-Small Cell Lung Cancer and Their Potential Utility in Personalized Medicine. Front. Oncol. 2017, 7, 2.
[CrossRef]

25. Maeda, H.; Khatami, M. Analyses of repeated failures in cancer therapy for solid tumors: Poor tumor-selective
drug delivery, low therapeutic efficacy and unsustainable costs. Clin. Transl. Med. 2018, 7, 11. [CrossRef]

26. Wong, C.C.; Cheng, K.W.; Rigas, B. Preclinical predictors of anticancer drug efficacy: Critical assessment with
emphasis on whether nanomolar potency should be required of candidate agents. J. Pharmacol. Exp. Ther.
2012, 341, 572–578. [CrossRef]

27. Ward, C.; Meehan, J.; Gray, M.; Kunkler, I.H.; Langdon, S.P.; Murray, A.; Argyle, D. Preclinical Organotypic
Models for the Assessment of Novel Cancer Therapeutics and Treatment. Curr. Top. Microbiol. Immunol. 2019.
[CrossRef]

28. Altman, R.B. Predicting cancer drug response: Advancing the DREAM. Cancer Discov. 2015, 5, 237–238.
[CrossRef]

29. Guyot, C.; Combe, C.; Clouzeau-Girard, H.; Moronvalle-Halley, V.; Desmouliere, A. Specific activation of the
different fibrogenic cells in rat cultured liver slices mimicking in vivo situations. Virchows Arch. 2007, 450,
503–512. [CrossRef]

30. Schmeichel, K.L.; Bissell, M.J. Modeling tissue-specific signaling and organ function in three dimensions.
J. Cell. Sci. 2003, 116, 2377–2388. [CrossRef]

31. Vaira, V.; Fedele, G.; Pyne, S.; Fasoli, E.; Zadra, G.; Bailey, D.; Snyder, E.; Faversani, A.; Coggi, G.; Flavin, R.;
et al. Preclinical model of organotypic culture for pharmacodynamic profiling of human tumors. Proc. Natl.
Acad. Sci. USA 2010, 107, 8352–8356. [CrossRef] [PubMed]

100



Cancers 2020, 12, 232

32. De Hoogt, R.; Estrada, M.F.; Vidic, S.; Davies, E.J.; Osswald, A.; Barbier, M.; Santo, V.E.; Gjerde, K.; van
Zoggel, H.; Blom, S.; et al. Protocols and characterization data for 2D, 3D, and slice-based tumor models
from the PREDECT project. Sci. Data 2017, 4, 170170. [CrossRef] [PubMed]

33. Misra, S.; Moro, C.F.; Del Chiaro, M.; Pouso, S.; Sebestyen, A.; Lohr, M.; Bjornstedt, M.; Verbeke, C.S. Ex vivo
organotypic culture system of precision-cut slices of human pancreatic ductal adenocarcinoma. Sci. Rep.
2019, 9, 2133. [CrossRef] [PubMed]

34. Gerlach, M.M.; Merz, F.; Wichmann, G.; Kubick, C.; Wittekind, C.; Lordick, F.; Dietz, A.; Bechmann, I. Slice
cultures from head and neck squamous cell carcinoma: A novel test system for drug susceptibility and
mechanisms of resistance. Br. J. Cancer 2014, 110, 479–488. [CrossRef] [PubMed]

35. Marciniak, A.; Cohrs, C.M.; Tsata, V.; Chouinard, J.A.; Selck, C.; Stertmann, J.; Reichelt, S.; Rose, T.; Ehehalt, F.;
Weitz, J.; et al. Using pancreas tissue slices for in situ studies of islet of Langerhans and acinar cell biology.
Nat. Protoc. 2014, 9, 2809–2822. [CrossRef]

36. Rebours, V.; Albuquerque, M.; Sauvanet, A.; Ruszniewski, P.; Levy, P.; Paradis, V.; Bedossa, P.; Couvelard, A.
Hypoxia pathways and cellular stress activate pancreatic stellate cells: Development of an organotypic
culture model of thick slices of normal human pancreas. PLoS ONE 2013, 8, e76229. [CrossRef]

37. Kang, C.; Qiao, Y.; Li, G.; Baechle, K.; Camelliti, P.; Rentschler, S.; Efimov, I.R. Human Organotypic Cultured
Cardiac Slices: New Platform For High Throughput Preclinical Human Trials. Sci. Rep. 2016, 6, 28798.
[CrossRef]

38. Jiang, T.; Zhou, C.; Ren, S. Role of IL-2 in cancer immunotherapy. Oncoimmunology 2016, 5, e1163462.
[CrossRef]

39. Roelants, C.; Giacosa, S.; Pillet, C.; Bussat, R.; Champelovier, P.; Bastien, O.; Guyon, L.; Arnoux, V.; Cochet, C.;
Filhol, O. Combined inhibition of PI3K and Src kinases demonstrates synergistic therapeutic efficacy in
clear-cell renal carcinoma. Oncotarget 2018, 9, 30066–30078. [CrossRef]

40. Ricketts, C.J.; Linehan, W.M. Multi-regional Sequencing Elucidates the Evolution of Clear Cell Renal Cell
Carcinoma. Cell 2018, 173, 540–542. [CrossRef]

41. Kaelin, W.G., Jr. The von Hippel-Lindau tumour suppressor protein: O2 sensing and cancer. Nat. Rev. Cancer
2008, 8, 865–873. [CrossRef] [PubMed]

42. Ricketts, C.J.; Crooks, D.R.; Linehan, W.M. Targeting HIF2alpha in Clear-Cell Renal Cell Carcinoma.
Cancer Cell 2016, 30, 515–517. [CrossRef] [PubMed]

43. Webster, W.S.; Lohse, C.M.; Thompson, R.H.; Dong, H.; Frigola, X.; Dicks, D.L.; Sengupta, S.; Frank, I.;
Leibovich, B.C.; Blute, M.L.; et al. Mononuclear cell infiltration in clear-cell renal cell carcinoma independently
predicts patient survival. Cancer 2006, 107, 46–53. [CrossRef] [PubMed]

44. Vuong, L.; Kotecha, R.R.; Voss, M.H.; Hakimi, A.A. Tumor Microenvironment Dynamics in Clear-Cell Renal
Cell Carcinoma. Cancer Discov. 2019, 9, 1349–1357. [CrossRef]

45. Kraus, V.B. Biomarkers as drug development tools: Discovery, validation, qualification and use. Nat. Rev.
Rheumatol. 2018, 14, 354–362. [CrossRef]

46. Motzer, R.J.; Tannir, N.M.; McDermott, D.F.; Aren Frontera, O.; Melichar, B.; Choueiri, T.K.; Plimack, E.R.;
Barthelemy, P.; Porta, C.; George, S.; et al. Nivolumab plus Ipilimumab versus Sunitinib in Advanced
Renal-Cell Carcinoma. N. Engl. J. Med. 2018, 378, 1277–1290. [CrossRef]

47. Rheinlander, A.; Schraven, B.; Bommhardt, U. CD45 in human physiology and clinical medicine. Immunol. Lett.
2018, 196, 22–32. [CrossRef]

48. Wu, P.; Wu, D.; Li, L.; Chai, Y.; Huang, J. PD-L1 and Survival in Solid Tumors: A Meta-Analysis. PLoS ONE
2015, 10, e0131403. [CrossRef]

49. Thompson, R.H.; Gillett, M.D.; Cheville, J.C.; Lohse, C.M.; Dong, H.; Webster, W.S.; Chen, L.; Zincke, H.;
Blute, M.L.; Leibovich, B.C.; et al. Costimulatory molecule B7-H1 in primary and metastatic clear cell renal
cell carcinoma. Cancer 2005, 104, 2084–2091. [CrossRef]

50. Thompson, R.H.; Dong, H.; Lohse, C.M.; Leibovich, B.C.; Blute, M.L.; Cheville, J.C.; Kwon, E.D. PD-1 is
expressed by tumor-infiltrating immune cells and is associated with poor outcome for patients with renal
cell carcinoma. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2007, 13, 1757–1761. [CrossRef]

51. Tumeh, P.C.; Harview, C.L.; Yearley, J.H.; Shintaku, I.P.; Taylor, E.J.; Robert, L.; Chmielowski, B.; Spasic, M.;
Henry, G.; Ciobanu, V.; et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance.
Nature 2014, 515, 568–571. [CrossRef] [PubMed]

101



Cancers 2020, 12, 232

52. Guertl, B.; Senanayake, U.; Nusshold, E.; Leuschner, I.; Mannweiler, S.; Ebner, B.; Hoefler, G. Lim1, an
embryonal transcription factor, is absent in multicystic renal dysplasia, but reactivated in nephroblastomas.
Pathobiology 2011, 78, 210–219. [CrossRef] [PubMed]

53. Hamaidi, I.; Coquard, C.; Danilin, S.; Dormoy, V.; Beraud, C.; Rothhut, S.; Barthelmebs, M.;
Benkirane-Jessel, N.; Lindner, V.; Lang, H.; et al. The Lim1 oncogene as a new therapeutic target for
metastatic human renal cell carcinoma. Oncogene 2019, 38, 60–72. [CrossRef] [PubMed]

54. Schnizlein-Bick, C.T.; Mandy, F.F.; O’Gorman, M.R.; Paxton, H.; Nicholson, J.K.; Hultin, L.E.; Gelman, R.S.;
Wilkening, C.L.; Livnat, D. Use of CD45 gating in three and four-color flow cytometric immunophenotyping:
Guideline from the National Institute of Allergy and Infectious Diseases, Division of AIDS. Cytometry 2002,
50, 46–52. [CrossRef]

55. Zerdes, I.; Matikas, A.; Bergh, J.; Rassidakis, G.Z.; Foukakis, T. Genetic, transcriptional and post-translational
regulation of the programmed death protein ligand 1 in cancer: Biology and clinical correlations. Oncogene
2018, 37, 4639–4661. [CrossRef]

56. Wang, Y.; Wang, X.Y.; Subjeck, J.R.; Shrikant, P.A.; Kim, H.L. Temsirolimus, an mTOR inhibitor, enhances
anti-tumour effects of heat shock protein cancer vaccines. Br. J. Cancer 2011, 104, 643–652. [CrossRef]

57. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria; Available online: https://www.R-project.org/ (accessed on 17 February 2018).

58. Dienstmann, R.; Tabernero, J. Cancer: A precision approach to tumour treatment. Nature 2017, 548, 40–41.
[CrossRef]

59. Jiang, X.; Seo, Y.D.; Chang, J.H.; Coveler, A.; Nigjeh, E.N.; Pan, S.; Jalikis, F.; Yeung, R.S.; Crispe, I.N.;
Pillarisetty, V.G. Long-lived pancreatic ductal adenocarcinoma slice cultures enable precise study of the
immune microenvironment. Oncoimmunology 2017, 6, e1333210. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

102



cancers

Article

RNA Sequencing of Collecting Duct Renal Cell
Carcinoma Suggests an Interaction between miRNA
and Target Genes and a Predominance of Deregulated
Solute Carrier Genes

Sven Wach 1,†, Helge Taubert 1,*,†, Katrin Weigelt 1, Nora Hase 2, Marcel Köhn 2, Danny Misiak 2,

Stefan Hüttelmaier 2, Christine G. Stöhr 3, Andreas Kahlmeyer 1, Florian Haller 3, Julio Vera 4,

Arndt Hartmann 3, Bernd Wullich 1 and Xin Lai 4,*

1 Department of Urology and Pediatric Urology, University Hospital Erlangen, Friedrich-Alexander
University Erlangen-Nürnberg, 91054 Erlangen, Germany; sven.wach@uk-erlangen.de (S.W.);
Katrin.Weigelt@uk-erlangen.de (K.W.); Andreas.Kahlmeyer@uk-erlangen.de (A.K.);
Bernd.Wullich@uk-erlangen.de (B.W.)

2 Institute of Molecular Medicine, Section for Molecular Cell Biology, Faculty of Medicine, Martin Luther
University Halle-Wittenberg, 06120 Halle, Germany; nora.hase@medizin.uni-halle.de (N.H.);
marcel.koehn@medizin.uni-halle.de (M.K.); danny.misiak@medizin.uni-halle.de (D.M.);
stefan.huettelmaier@medizin.uni-halle.de (S.H.)

3 Department of Pathology, University Hospital Erlangen, Friedrich-Alexander University
Erlangen-Nürnberg, 91054 Erlangen, Germany; Christine.Stoehr@uk-erlangen.de (C.G.S.);
Florian.Haller@uk-erlangen.de (F.H.); arndt.hartmann@uk-erlangen.de (A.H.)

4 Laboratory of Systems Tumor Immunology, Department of Dermatology, University Hospital Erlangen, FAU
Erlangen-Nürnberg, 91054 Erlangen, Germany; julio.Vera-Gonzalez@uk-erlangen.de

* Correspondence: helge.taubert@uk-erlangen.de (H.T.); xin.lai@uk-erlangen.de (X.L.);
Tel.: +49-9131-85-42658 (H.T.); +49-9131-85-45888 (X.L.); Fax: +49-9131-85-23374 (H.T.)

† These authors contributed equally to this work.

Received: 28 November 2019; Accepted: 22 December 2019; Published: 24 December 2019

Abstract: Collecting duct carcinoma (CDC) is a rare renal cell carcinoma subtype with a very poor
prognosis. There have been only a few studies on gene expression analysis in CDCs. We compared
the gene expression profiles of two CDC cases with those of eight normal tissues of renal cell
carcinoma patients. At a threshold of |log2fold-change| ≥1, 3349 genes were upregulated and 1947
genes were downregulated in CDCs compared to the normal samples. Pathway analysis of the
deregulated genes revealed that cancer pathways and cell cycle pathways were most prominent in
CDCs. The most upregulated gene was keratin 17, and the most downregulated gene was cubilin.
Among the most downregulated genes were four solute carrier genes (SLC3A1, SLC9A3, SLC26A7, and
SLC47A1). The strongest negative correlations between miRNAs and mRNAs were found between
the downregulated miR-374b-5p and its upregulated target genes HIST1H3B, HK2, and SLC7A11 and
between upregulated miR-26b-5p and its downregulated target genes PPARGC1A, ALDH6A1, and
MARC2. An upregulation of HK2 and a downregulation of PPARGC1A, ALDH6A1, and MARC2
were observed at the protein level. Survival analysis of the cancer genome atlas (TCGA) dataset
showed for the first time that low gene expression of MARC2, cubilin, and SLC47A1 and high gene
expression of KRT17 are associated with poor overall survival in clear cell renal cell carcinoma patients.
Altogether, we identified dysregulated protein-coding genes, potential miRNA-target interactions,
and prognostic markers that could be associated with CDC.

Keywords: collecting duct carcinoma; RNA sequencing; solute carrier proteins
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1. Introduction

Collecting duct renal cell carcinoma (CDC; also known as Bellini duct carcinoma, collecting
duct carcinoma of the kidney) is a very rare (approximately 1–2%) but also very aggressive renal cell
carcinoma with a median survival time of 11 months [1–3]. Tumors concerning the collecting duct
were first described independently by Mancilla-Jimenez et al. and by Cromie et al. [4,5]. The putative
cell of origin is in the distal convoluted tubules, a segment between the proximal tubules and the
distal part of the nephron [6]. There are several cytogenetic abnormalities known, i.e., mostly loss of
11, 6p, 8p, 9p, and 21q and the Y chromosome as reviewed in [3]). However, there have been only a
few reports about chromosomal aberrations, mutations in CDCs, and RNA expression changes [6–8].
Pal et al. identified clinically relevant genomic alterations mostly in genes NF2, SETD2, SMARCH1,
and CDKN2A (29% to 12%) but also in 6% of genes PIK3CA, PIK3R2, FBXW7, BAP1, DNMT3A, VHL,
and HRAS [7]. Furthermore, amplifications of ERBB2 and genomic alterations of SMARCB1 have been
described [7]. Malouf et al. performed the first transcriptomic analysis of CDC and compared it with
upper tract urothelial carcinomas (UTUCs) [6]. In addition to the finding that the CDC transcriptome
is unique and clustered with that of clear cell renal cell carcinoma (ccRCC) patients rather than UTUC
patients, the authors compared CDCs with UTUCs and identified CDH6 and POU3F3 as the top
upregulated genes and GATA3, TP63, KRT17, KRT7, KRT20, UPK2, UPK1A, and UPK3A as the top
downregulated genes in CDCs [6]. Based on the transcriptomic signature, they concluded that CDC is a
disease characterized by metabolic and immunogenic aberrations. Wang et al. reported in a combined
whole-exome sequencing and transcriptome sequencing study of CDC that many single nucleotide
variations in cancer census genes, but also deletions of CDKN2A. In addition, RNA expression changes
in members of the solute carrier (SLC) family, such as overexpression of SLC7A11 (cystine transporter,
xCT), have been reported [8].

Promising treatment schemes for metastasized renal cell carcinoma have been reported [9,10], but
they mostly concern ccRCC, and there is still no specific therapy for CDC. However, there are treatment
suggestions for metastatic CDC, i.e., first-line therapy with a combination of chemotherapy (gemcitabine)
plus cisplatin/carboplatin, and second-line therapy as a targeted therapy [2,3]. Suggestions to treat
CDC patients with drugs that target solute carriers, such as SLC7A11 or SLC6A7, have been made
previously [11]. However, further molecular characterization of CDC is needed to better understand
its tumor biology and to identify potential therapeutic targets.

In our study, we performed RNA transcriptome sequencing of two CDC cases and eight normal
tissues in an effort to better characterize this rare tumor entity. We investigated differences in gene
expression and sought to describe single nucleotide variation patterns and utilized pre-miRNA
expression data in an effort to identify potentially regulated target proteins. Based on the finding
of a predominance of gene expression changes in solute carriers in CDC, and our previous results
concerning miRNAs and their target gene expression as biomarkers in urologic cancers, we focused
our analysis on these two research fields. We found that several solute carrier genes are significantly
dysregulated in CDC. In addition, we showed that the low expression of SLC47A1 leads to poor
survival of clear cell renal cell carcinoma patients, suggesting it as a prognostic marker for CDC.

2. Results

2.1. RNA Sequencing Revealed Up- and Downregulated Genes

RNA transcriptome sequencing was performed for two CDC cases and eight histologically
normal tissue samples (Figure 1). Upon analyzing the read counts, a total of 7093 coding genes were
detected as being significantly deregulated between the CDC and normal tissue samples (p < 0.05).
After hierarchical clustering, it became evident that the two CDC samples formed a cluster that was
very distinct from the normal tissue samples (Figure 2). Interestingly, the normal tissue samples, which
were also derived from tumor-bearing kidneys of different entities, did not show any tendency to
cluster according to their corresponding tumor entity, which strongly suggests the absence of any field

104



Cancers 2020, 12, 64

effect. For filtering purposes, the differential expression measure was log2 transformed. Application
of a |log2fold change| ≥1 cutoff revealed that 1,947 genes were downregulated and 3,349 genes were
upregulated in CDCs vs. normal samples (Table S1). The clustering results were comparable to the
result without filtering.

Figure 1. Overview of RNA sequencing data. The circus plot shows statistics of the genes (n = 16,672)
that were selected for differential gene expression analysis. The plot contains four circles: Layer 1 is
log2fold-change of the genes; Layer 2 is read counts of the genes that were transformed to z-score;
Layer 3 is adjusted p-value of the genes that were transformed by–log10; and Layer 4 is the base mean
of the genes that were transformed by log2.

After applying a |log2fold change|≥3 cutoff, only 316 genes were detected as downregulated and
599 genes as upregulated in the CDC compared to the normal tissue samples (Table S1). The clustering
analysis still demonstrated a clear distinction between the two CDC samples on one side and the
normal samples on the other side. Among the 915 significantly deregulated genes with a |log2fold
change| ≥3 were 15 downregulated and 11 upregulated SLC genes, which comprised 2.8% of all genes.
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Figure 2. Hierarchical clustering of samples using differentially expressed protein-coding genes. We
used different-fold changes as a threshold to filter significantly differentially expressed protein-coding
genes (adjusted p-value ≤ 0.05). Read counts of the genes were used to cluster normal and tumor
samples based on their Euclidian distance. In addition, we annotated the selected genes with their
log2fold-change, adjusted p-value and base mean of their read counts. The thresholds used were (A)
|log2fold-change| ≥0, (B) |log2fold-change| ≥1, (C) |log2fold-change| ≥3, and (D) |log2fold change| ≥6.

With even more strict filtering criteria for differential expression, |log2fold change| ≥6 (which
corresponds to a 64-fold difference), we could still identify 57 deregulated genes, of which 22 genes
were downregulated and 37 genes were upregulated in CDC compared to normal samples (Table S1).
Again, the CDC samples formed a cluster distinct from the normal tissue samples, but subtle differences
in their gene expression patterns were more obvious. Again, the normal tissue clustered closer
together. Of note, among the upregulated genes were five histone 1 genes (HIST1H2BO, HIST1H3I,
HIST1H3F, HIST1H1B, and HIST1H2AI) and three collagen genes (COL1A1, COL11A1, and COL17A1).
Remarkably, among the |log2fold change| ≥6 deregulated genes, four solute carrier genes were found
to be downregulated (SLC3A1, SLC9A3, SLC26A7, and SLC47A1), and one solute carrier gene was
found to be upregulated (SLC7A11). The fact that a total of 8.8% of the genes with a |log2fold change|
≥6 belong either to histone 1 genes or to SLC genes is very remarkable. We will return to SLC7A11 and
SLC47A1 later in our study.
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On a global scale, the top downregulated gene in the CDC samples compared to the normal
tissue samples was cubilin (CUBN) (Table S1), which is highly expressed in normal renal proximal
tubules [12]. The top upregulated gene in the CDC samples was keratin 17 (KRT17; Table S1). KRT17
is an intermediate filament protein rapidly induced in wounded stratified epithelia. It regulates cell
growth and stimulates the Akt/mTOR pathway and glucose uptake [13–15].

2.2. Pathway Analyses

To gain a more comprehensive insight into the signaling pathways that are potentially affected
in CDC, we first applied a |log2fold change| ≥1 cutoff and then performed a gene set enrichment
analysis with pathways derived from three independent databases, KEGG, WikiPathway, and Reactome
(Table S2). After mapping against the KEGG database, the terms “pathways in cancer”, “cell cycle”,
and “small cell lung cancer” were found among the top 10 affected pathways. When mapping
against the WikiPathway database, the terms “retinoblastoma in cancer”, “integrated pancreatic
cancer pathway”, and “cell cycle” were found among the top 20 enriched pathways. Finally, the
Reactome database revealed that “collagen” and “mitotic cell cycle” were among the top 10 enriched
pathways. In summary, using different pathway databases, we were able to demonstrate that the genes
deregulated in CDC are enriched in distinct cancer-related signaling pathways and pathways affecting
cell cycle regulation.

2.3. Investigation of SNPs and Mutations

In an effort to identify a possible association between single nucleotide variants and the occurrence
of CDC, we screened the RNA transcriptome sequencing data for single nucleotide variations between
the CDC and the normal samples (Table S3). The identified variations were first mapped against the
NCBI SNP database to identify known variants with accession numbers. To define the potential clinical
relevance, every identified variant was queried against the NCBI ClinVar database to check whether
the variations were pathogenic, likely pathogenic, or confer sensitivity or drug response [16]. However,
none of the identified variations were indicated to have these features.

2.4. Correlations of miRNAs and Target mRNA Expression

Correlations between miRNAs and their corresponding target genes can reveal regulatory
mechanisms in tumor biology. From the RNA transcriptome sequencing data, we were able to extract
information about the expression of pre-miRNAs. Correlations between the mature miRNAs that could
be processed from the assessed pre-miRNAs and target mRNAs are shown in Table 1 and Table S4.
The strongest correlations between miRNAs and mRNA expression levels were found for miR-374b-5p
and miR-26b-5p and their respective target genes (Table 1 and Table S4). Whereas miR-374b-5p was
downregulated (1.65-fold; adjusted p-value = 0.155) in CDC samples, miR-26b-5p (1.55-fold; adjusted
p-value = 0.021) was upregulated in CDC samples compared to normal samples. Accordingly, the target
genes of miR-374b-5p were upregulated, and those of miR-26b-5p were downregulated in CDC samples.
The associations derived from transcriptome sequencing data were further validated in the original
RNA preparations by qRT-PCR. We could verify the upregulation of the target genes of miR-374b-5p,
i.e., HK2 and, in one CDC sample, SLC7A11, but not HIST1H3B (Figure 3A–C). Furthermore, the
downregulation of the target genes of miR-26b-5p, i.e., PPARGC1A, ALDH6A1, and MARC2, could
be validated (Figure 3D–F). Interestingly, SLC7A11 is a predicted target of both miRNAs, raising the
possibility of competitive binding of both miRNAs to their respective binding sites in the 3’UTR of
the SLC7A11 gene. There are four potential binding sites for miR-26b-5p and four potential binding
sites for miR-374b-5p in the 3’UTR of the SLC7A11 gene. However, the closest distance between any
binding sites of these two miRNAs is 55 nt (Table S5), which argues against a competition between
these two miRNAs for binding sites in the 3’UTR of the SLC7A11 gene.
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Table 1. Computational correlation analysis of miRNAs and their target genes.

miRNA Target Gene
Correlation
Coefficient

p-Value
log2fold Change
of Target Genes

qRT-PCR
of Target Genes

miR-374b-5p SLC7A11 −0.67 0.034 6.41 up
miR-374b-5p HIST1H3B −0.71 0.021 5.87 up
miR-374b-5p HK2 −0.74 0.013 5.72 up
miR-26b-5p PPARGC1A −0.70 0.020 −4.87 down
miR-26b-5p ALDH6A1 −0.66 0.039 −4.71 down
miR-26b-5p MARC2 −0.68 0.030 −4.08 down
miR-26b-5p SLC7A11 +0.82 0.004 6.41 up

Figure 3. Quantitative RT-PCR for deregulated genes in collecting duct renal cell carcinoma (CDC). Gene
expression of (A) HK2, (B) SLC7A11, (C) HIST1H3B, (D) PPARGC1A, (E) MARC2, and (F) ALDH6A1 in
the samples that were used for RNA sequencing.

2.5. Protein Expression of miRNA Target Genes

To further validate the expression of the potential miRNA target genes, we also assessed the
protein expression of the target genes by western blotting (Figure 4 and Figure S2). HK2 protein
expression was increased in at least one CDC sample compared to the normal samples. HIST1H3B was
not detectable in our samples and, unexpectedly, SLC7A11 protein expression was decreased in the
CDC samples compared to the normal samples. As expected, PPARGC1A, ALDH6A1, and MARC2
protein expression was downregulated in the CDC samples compared to most of the normal samples.
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Figure 4. Protein expression of selected genes with deregulated expression in CDCs. (A) Western
blot for HK2, PPARGC1A, ALDH6A1, MARC2, and HIST1H3B with GAPDH as the reference protein
and (B) for SLC7A11 with GAPDH as the reference protein. Tu-tumor tissue sample; No-normal
tissue sample.

2.6. Solute Carrier Genes

As previously described, many SLC genes in CDC are dysregulated in comparison to normal
tissue samples [8,11]. Therefore, we decided to investigate the expression of SLC genes in more detail.
After applying a |log2fold change| ≥3 cutoff, a total of 15 SLC genes (SLC3A1, SLC4A4, SLC6A12,
SLC9A3, SLC14A1, SLC22A13, SLC23A1, SLC23A3, SLC25A27, SLC26A1, SLC26A7, SLC27A2, SLC38A11,
SLC47A1, and SLCO4C1) were found to be significantly downregulated, and 11 SLC genes (SLC1A4,
SLC1A5, SLC2A1, SLC2A14, SLC5A6, SLC6A9, SLC7A5, SLC7A11, SLC11A1, SLC16A3, and SLC38A5)
were significantly upregulated in CDC samples compared to normal samples (Figure 5). With even
more stringent criteria of a |log2fold change| ≥6, four SLC genes (SLC3A1, SLC9A3, SLC26A7, and
SLC47A1) were still significantly downregulated.

109



Cancers 2020, 12, 64

Figure 5. Deregulated solute carrier genes at |log2fold change| ≥3 in CDC samples compared to
normal tissues.

2.7. Survival Analysis of Deregulated Genes

As we have described several distinct differences between CDC and normal tissue samples both
in gene expression and in miRNA target gene expression, we sought to investigate whether these
markers might provide any prognostic information. We used the TCGA dataset of renal cell carcinoma
patients [17] and generated Kaplan-Meier analyses for the two most deregulated transcripts (CUBN
and KRT17) as well as for the identified miRNA target genes. As the TCGA cohort did not contain
any specified CDC patients, we performed this analysis independently for the two main histological
subtypes of clear cell renal cell carcinoma patients (ccRCC; KIRC dataset) and for papillary renal cell
carcinoma patients (pRCC; KIRP dataset) (Figure 6). The gene expression values, if available in the
TCGA dataset, were separated at the median to generate a low-expression and a high-expression
subgroup, which were analyzed for differences in patient survival.
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Figure 6. Cont.
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Figure 6. Kaplan-Meier analyses. Association of deregulated gene expression in CDCs with overall
survival in clear cell renal cell carcinoma (ccRCC patients; KIRC dataset) and in papillary renal cell
carcinoma (pRCC patients; KIRP dataset). Expression of none of the genes was significantly associated
with overall survival in pRCC patients. However, the expression of all genes but HK2 was significantly
associated with overall survival, as shown for HK2 (nonsignificant), MARC2 (p = 0.001), CUBN (p ≤
0.0001), KRT17 (p = 0.0032), and SLC47A1 (p ≤ 0.0001).

Several of the genes identified by our approach were confirmed to be of prognostic relevance in
the ccRCC patient cohort (KIRC). Low MARC2 gene expression was significantly associated with poor
overall survival (p = 0.001). Moreover, low expression of CUBN (p < 0.0001) and SLC47A1 (p < 0.0001)
and high expression of the gene KRT17 (p = 0.0032) were significantly associated with poor overall
survival (Figure 6). However, none of the genes analyzed were associated with overall survival in the
pRCC (KIRP) patient cohort.

Survival analysis data of genes PPARGC1A, ALDH6A1, and SLC7A11 in the same TCGA KIRC
dataset have already been published by other authors and are therefore not repeated by us. Significant
associations of low PPARGC1A, low ALDH6A1, and high SLC7A11 gene expression with poor outcomes
in ccRCC patients have been reported [8,16,17].
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3. Discussion

CDC is a rare and highly aggressive variant of renal cell carcinoma, and is associated with a mean
survival of approximately 11 months. The molecular pathways responsible for the tumor biology of
CDCs are still mainly unresolved. As expected, after RNA transcriptome sequencing, we observed
several cancer pathways and cell cycle regulation pathways that might predominantly be affected in
CDCs compared to normal samples. Altogether, more genes were upregulated than downregulated in
CDCs, which is in line with previous findings [6,8].

In our study, the most pronounced downregulated gene in CDC was CUBN. This gene is normally
highly expressed in renal proximal tubules [12]. CUBN has not been previously described as deregulated
in CDCs. However, we found a significant association of low CUBN gene expression with poor overall
survival of ccRCC patients in the TCGA ccRCC dataset. In addition, this gene has already been
identified as an independent prognostic marker for renal cell carcinoma at the protein level [18].
Interestingly, CUBN has been suggested as a predictive marker for the treatment of renal cancer patients
with sunitinib and sorafenib [19]. So far, there are only case reports for CDCs treated with sunitinib or
sorafenib, but there have been some promising results concerning partial responses [3].

In our study, the most pronounced upregulated gene in CDC was KRT17. KRT17 is normally
expressed in the basal cells of complex epithelia, but not in stratified or simple epithelia. Furthermore,
it is an intermediate filament protein that is rapidly induced in wounded stratified epithelia and
regulates cell growth by binding to the adaptor protein 14-3-3-sigma [13]. This finding is relevant to
the consideration that “tumors are wounds that do not heal” [20]. KRT17 expression is known to be
associated with disease severity in oral submucosa fibrosis [14]. In line with this finding, keratin 17 is
induced in oral cancer and facilitates tumor growth [15]. Remarkably, Malouf and colleagues found in
their functional enrichment analysis of CDC that response to wounding was the predominant pathway;
however, when comparing CDCs with UTUCs, KRT17 was among the top downregulated genes in
CDC [6]. In our study, we observed a significant association between high KRT17 gene expression and
shorter overall survival in ccRCC patients in the KIRC dataset.

Solute carriers (SLCs) have been described as biomarkers for RCC patients [21,22]. Strikingly, SLC
gene expression is changed in CDCs [8]. Wang and colleagues found several members of the SLC family
among the top deregulated genes, either upregulated, i.e., SLC6A11, SLC6A15, SLC7A3, SLCO1B1,
and SLCO1B3 or downregulated, i.e., SLC5A12, SLC12A1, SLC22A12, SLC47A2, and SLC22A6 [8].
In our study, four SLC transporter genes were strongly (|log2fold change| ≥6) downregulated (SLC3A1,
SLC9A3, SLC26A7, and SLC47A1). SLC7A11 was detected to be among the most upregulated at the RNA
level in the study by Wang and colleagues [8]. We confirmed this gene as upregulated in one of two
CDC samples. However, at the protein level, SLC7A11 was detected as downregulated in both CDCs
compared to the normal samples. The observed discrepancy between the RNA and protein levels could
be explained by post-transcriptional regulation of SLC7A11, since alternative 3’UTRs for SLC7A11
have been described, but this has not been further studied [23]. In contrast to our findings, Wang et al.
detected a protein upregulation of SLC7A11 in 12 out of 15 CDC cases, and they stated that SLC7A11
upregulation at the RNA level was associated with poor survival in ccRCC [8]. Their suggestion
to target SLC7A11 as a therapy option has to be, in our opinion, based on testing SLC7A11 protein
expression on a case-by-case basis and needs further investigation. Wang et al. reported that two SLC
members, SLC47A2 and SLC47A1, were downregulated (|log2fold change| >6 and >5, respectively) in
CDCs [8]. In line with this observation, we found that SLC47A1 was also strongly downregulated at
the RNA level (|log2fold change| ≥6). SLC47A1 and SLC47A2 are transporters that excrete endogenous
and exogenous toxic electrolytes through urine and bile [24]. In addition, the SLC47A gene may
affect renal excretion of substrate drugs, such as metformin [25]. It is tempting to speculate that
treatment of tumors with a downregulated SLC47A gene, e.g., CDCs, with metformin could have toxic
effects; however, polymorphisms in the SLC47A gene may affect renal excretion of substrate drugs
such as metformin, resulting in inadequate pharmacotherapy or toxic effects [25]. Therefore, before
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considering the application of metformin in tumor patients, these somatic polymorphisms should be
tested. Notably, our two CDC patients did not possess single nucleotide variants in the SLC47A gene.

We utilized RNA sequencing information about pre-miRNAs or miRNA host genes as an
alternative approach to identify target genes or proteins deregulated in CDC. In this way, we identified
strong correlations between downregulated miR-374b-5p and its upregulated target genes HIST1H3B,
HK2, and SLC7A11, and also between upregulated miR-26b-5p and its downregulated target genes
PPARGC1A, ALDH6A1, and MARC2. Among the upregulated target genes, HIST1H3B has not yet been
described to play any role in renal cell carcinomas. HK2 is well known as an enzyme in glycolysis that
catalyzes the phosphorylation of glucose into glucose-6-phosphate [26]. HK2 has been described as a
target of the HIF1a protein in several cancers, including RCC [27,28]. Recently, Nam et al. showed that
HK2 plays a pivotal role in renal tumor progression to metastasis [29]. SLC7A11 (xCT) is an anionic
amino acid transporter that is highly specific for the amino acids cysteine and glutamate [30]. Increased
expression of SLC7A11 at the RNA and protein levels in CDCs has been shown previously [8,11].

In our set of downregulated genes, PPARGC1A (PGC-1α) is a central regulator of mitochondrial
energy metabolism and functions in renoprotection against ischemia [31]. LaGory and coworkers
found that ccRCC cells expressing PGC-1α showed impaired tumor growth and enhanced sensitivity to
cytotoxic therapies [32]. In line with this, RCC patients with low levels of PGC-1α expression displayed
a poor outcome in the TCGA ccRCC dataset [32]. ALDH6A1 catalyzes the oxidative decarboxylation
of malonate and methylmalonate semialdehydes to acetyl- and propionyl-CoA in the valine and
pyrimidine catabolic pathways [33]. Recently, Zhang et al. identified six genes, including ALDH6A1, as
biomarkers for ccRCC, and demonstrated that downregulation of the ALDH6A1 gene was associated
with shorter overall survival of ccRCC patients in the TCGA dataset [34]. MARC2 (MOSC2) has
been suggested to play a role in the mitochondrial nitric oxidase pathway and in the detoxification
of xenobiotics [35]. MARC2 associates with MARC1 in the mitochondrial amidoxime-reducing
component (mARC), i.e., mammalian molybdenum-containing enzymes [35]. Rixen and coworkers
recently showed that MARC2 KO mice had decreased levels of total cholesterol and increased glucose
levels, suggesting that MARC2 affects energy pathways [36]. However, Li et al. showed that reduced
MARC2 expression was associated with an increased sensitivity to paclitaxel-based neoadjuvant
therapy in human EGFR-2-negative breast cancer patients [37] but, to the best of our knowledge, there
have been no previous reports on a role of MARC2 in RCC.

In our survival analysis, we showed for the first time that low gene expression for MARC2,
CUBN, and SLC47A1 and high gene expression of KRT17 were associated with poor overall survival
of ccRCC patients. The limitations of our study were the small number of CDCs studied and the
lack of an available validation set. The strength of our study is that we considered miRNA-mRNA
correlations and could further confirm the role of SLC in CDCs. Based on the finding that among the
deregulated genes in CDCs were genes that regulate (i) the transport of amino acids or electrolytes
(SLC7A11, SLC47A1), (ii) mitochondrial pathways (MARC2, PPARGC1A), and (iii) catabolic pathways
(HK2, ALDH6A1), we can support the statement that CDC is a metabolic disease [6].

4. Material and Methods

4.1. Patients and Tumor Material

The snap-frozen tissue samples were obtained from the Comprehensive Cancer Center tissue
biobank of the University Hospital Erlangen. The tumor histology was reviewed by experienced
uropathologists (AH and FH). All procedures were performed in accordance with the ethical standards
established in the 1964 Declaration of Helsinki and its later amendments. All patients gave informed
consent. The study was based on the approval of the Ethics Commissions of the University Hospital
Erlangen (No. 4607). The CDC case Tu1 (pT3a, pN2, G3–G4) and CDC case Tu2 (pT3a, cN2, cM1, G3)
presented with liver metastases at diagnosis and had a survival time of 2 months. The normal tissue
samples originated in one case (No2) from CDC Tu2 adjacent tissue, in five cases from tumor-adjacent
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tissues from ccRCC patients (No3, No4, No7, No8, No9), in one case from tumor adjacent tissue from a
chromophobe renal cell carcinoma patient (No5), and in one case from tumor adjacent tissue from an
oncocytoma patient (No6) (Table S1).

4.2. RNA and Protein Isolation

Total RNA and protein were isolated using TRIzol (Invitrogen, Darmstadt, Germany) according
to the manufacturer’s instructions. Tissue samples were mechanically disrupted in TRIzol reagent
prior to RNA and protein isolation. RNA preparations were treated with recombinant DNase I (Sigma
Aldrich, Taufkirchen, Germany) before use. The RNA yield and purity were determined using a
microliter spectrophotometer (NanoDrop 1000, Thermo Fisher Scientific, Wilmington, DE, USA).

4.3. Quantitative Real-Time PCR

The mRNA transcripts were detected using TaqMan gene expression assays (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Briefly, 1 μg of RNA was reverse transcribed
using the Maxima cDNA synthesis kit (Thermo Fisher Scientific). The reactions were carried out using
the StepOne Plus Real-Time PCR System (Thermo Fisher Scientific) in triplicate in a final volume
of 10 μL with cDNA equivalent to 25 ng RNA, using TaqMan gene expression assays (SLC7A11,
Hs00921938_m1; HIST1H3B, Hs00605810_s1; HK2, Hs00606086_m1; PPARGC1A, Hs00173304_m1;
ALDH6A1, Hs00194421_m1; MARC2, Hs01550747_m1; SLC47A1, Hs00217320_m1) and PCR reagents
according to the manufacturer’s instructions. No template controls were included in the reaction plates.
Thermal cycling conditions were 95 ◦C for 20 s, followed by 40 cycles of 95 ◦C for 1 s and 60 ◦C for 20 s.
GAPDH (Hs99999905_m1, Thermo Fisher Scientific) served as the endogenous reference. Relative
mRNA expression levels were calculated according to the ΔΔCt method [38].

4.4. Western Blotting

Twenty-five μg of protein extract was separated by SDS-PAGE (8% gels) and transferred to
nitrocellulose membranes (GE Healthcare, Freiburg, Germany) by semidry electroblotting. The primary
antibodies used were against SLC7A11 (rabbit mAb, clone D2M7A, 1:1000, Cell Signaling, Frankfurt,
Germany), HIST1H3B (rabbit pAb, PA5-111876, 1:1000, Thermo Fisher Scientific), HK2 (rabbit mAb,
clone C64G5, 1:1000, Cell Signaling), PPARGC1A (mouse mAb, clone 1C1B2, 1:3000, Proteintech,
Manchester, UK), ALDH6A1 (rabbit pAb, 20452-1-AP, 1:6000, Proteintech), MARC2 (rabbit pAb,
24782-1-AP, 1:1000, Proteintech), SLC47A1 (rabbit mAb, clone D4C62, 1:500, Cell Signaling), and GAPDH
(rabbit mAb, clone 14C10, 1:10,000, Cell Signaling). Secondary horseradish peroxidase-conjugated
antibodies against rabbit or mouse were purchased from Jackson ImmunoResearch (Suffolk, UK) and
used at a concentration of 1:5000. Protein bands were detected by enhanced chemiluminescence in an
LAS-4000 chemiluminescence detection system (GE Healthcare, Munich, Germany).

4.5. RNA Sequencing Data Processing

Total RNA sequencing library preparation and sequencing was performed at Core Facility Genomik
(University of Münster, Münster, Germany). After rRNA depletion (NEBNext; New England Biolabs,
Ipswich, MA, USA), library preparation was performed according to the manufacturer’s protocols
(NEBNext Ultra II, New England Biolabs). RNA sequencing was performed using the Illumina NextSeq
500 platform. Processing of 75 bp single-end reads of mRNA sequence data was quality checked using
FastQC (v 0.11.8) [39]. Low-quality read ends and remaining sequencing adapters were clipped off
using Cutadapt (v1.14) (https://cutadapt.readthedocs.io/en/stable/). Trimmed reads were aligned to the
human genome (UCSC GRCh38) using HiSat2 (v2.1.0) (https://ccb.jhu.edu/software/hisat2/index.shtml).
Annotation and counting of the processed reads was performed using featureCounts (v 1.5.3) (http:
//subread.sourceforge.net/) and Ensembl annotations (90, GRCh38.p10). Mapping results can be
assessed in Table S6. Read counts of all genes can be found in Table S7.
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4.6. Differential Gene Expression Analysis

Differential gene expression analysis was performed in R using DESeq2 v1.16.1 [40]. We first
filtered genes by keeping those with at least five read counts in at least three normal tissues, and at least
five read counts in both tumor samples. As a result, 16,672 out of 58,395 genes were used for follow-up
analysis (Figure S1). Finally, we used an algorithm to estimate variance-mean dependence in read
counts and test for differential expression based on a model using a negative binomial distribution.
The Benjamini-Hochberg correction was used to correct for multiple comparisons. Genes with
an adjusted p-value ≤ 0.05 were regarded as significantly differentially expressed. Statistics of the
differential gene expression results including base mean, fold-change, and adjusted p-values of genes
were visualized in a circos plot using OmicCircos. Hierarchical clustering of samples was performed
and visualized using ComplexHeatmap [41].

4.7. Gene Enrichment Analyses

Significantly differentially expressed protein-coding genes with at least a 2-fold increase or
a half-fold change were used to perform gene enrichment analysis using Enrichr [42]. This tool
applies Fisher’s exact test to determine whether a given set of genes is significantly associated with
curated biological pathways from databases such as KEGG [43], WikiPathways [44], or Reactome [45].
The Benjamini-Hochberg correction was used to correct for multiple comparisons. The pathways with
adjusted p-values ≤ 0.05 were regarded as significant. The results can be found in Table S2.

4.8. Survival Analysis

We extracted RNA sequencing data from 522 clear cell renal cell carcinoma (KIRC) patients and
284 papillary cell renal cell carcinoma (KIPR) patients from the TCGA database [17]. Patients were
divided into two groups (high or low) based on their expression levels of the genes of interest (i.e., HK2,
MARC2, CUBN, KRT17, SLC47A1). Patients at the top 50% expression level of a gene were assigned to
the high group, and the other patients were assigned to the low group. Patient survival times were
calculated as the number of days from initial pathological diagnosis to death, or the number of days
from initial pathological diagnosis to the last time the patient was known to be alive. These times were
used to generate the Kaplan-Meier survival plots using RTCGA (https://rtcga.github.io/RTCGA).

4.9. miRNA Target Genes

To derive miRNA-gene interactions, we combined results from three databases. We first obtained
predictive miRNA-gene interactions from TargetScan v7.2 [46]. The data were further annotated with
StarBase v2.0 [47] and miRTarbase 2018 [48], which provide experimental evidence for the putative
miRNA-gene interactions. As a result, we obtained a list of miRNA-gene interactions that not only
contained putative miRNA binding sites in 3’ UTR of target genes, but also experimental evidence
validating such interactions. The list can be found in Table S4.

5. Conclusions

The RNA sequencing analysis of CDCs in comparison to normal tissues revealed a large number
of dysregulated protein-coding genes with a predominance of solute carrier transporters, potential
miRNA-target interactions and prognostic markers that could be associated with CDC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/1/64/s1,
Figure S1: Analysis of the expression of the selected 16,672 genes, Figure S2: Western blots and densitometry,
Table S1: Results of differential gene expression analysis. The table contains four sub-tables that are statistics of all
selected genes (n = 16,672), significantly (adjusted p-value ≤ 0.05) differentially expressed protein-coding genes
with |log2fold-change ≥1|, |log2fold-change ≥3| and |log2fold-change ≥6|, Table S2: Results of gene set enrichment
analysis, Table S3: RNA transcriptome sequencing data for single nucleotide variations, Table S4: miRNA-gene
interactions and correlation analysis, Table S5: Putative miRNA binding sites on 3’ UTR of SLC7A11, Table S6:
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Statistics of the read counts that were mapped and identified in the RNA sequencing data, Table S7: Read counts
of all identified genes (n = 58,396).
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Abstract: Omega class glutathione transferases, GSTO1-1 and GSTO2-2, exhibit different activities
involved in regulation of inflammation, apoptosis and redox homeostasis. We investigated the the
prognostic significance of GSTO1 (rs4925) and GSTO2 (rs156697 and rs2297235) polymorphisms in clear
cell renal cell carcinoma (ccRCC) patients. GSTO1-1 and GSTO2-2 expression and phosphorylation
status of phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/ /mammalian target of rapamycin
(mTOR) and Raf/MEK/extracellular signal-regulated kinase (ERK) signaling pathways in non-tumor
and tumor ccRCC tissue, as well as possible association of GSTO1-1 with signaling molecules were
also assessed. GSTO genotyping was performed by quantitative PCR in 228 ccRCC patients, while
expression and immunoprecipitation were analyzed by Western blot in 30 tissue specimens. Shorter
survival in male carriers of GSTO1*C/C wild-type genotype compared to the carriers of at least one
variant allele was demonstrated (p = 0.049). GSTO1*C/C genotype independently predicted higher
risk of overall mortality among male ccRCC patients (p = 0.037). Increased expression of GSTO1-1 and
GSTO2-2 was demonstrated in tumor compared to corresponding non-tumor tissue (p= 0.002, p= 0.007,
respectively), while GSTO1 expression was correlated with interleukin-1β (IL-1β)/pro-interleukin-1β
(pro-IL-1β) ratio (r = 0.260, p = 0.350). Interaction of GSTO1 with downstream effectors of investigated
pathways was shown in ccRCC tumor tissue. This study demonstrated significant prognostic role
of GSTO1 polymorphism in ccRCC. Up-regulated GSTO1-1 and GSTO2-2 in tumor tissue might
contribute to aberrant ccRCC redox homeostasis.

Keywords: glutathione transferase omega 1; glutathione transferase omega 2; polymorphism;
PI3K/Akt/mTOR; Raf/MEK/ERK; IL-1β; pro-IL-1β

1. Introduction

Being the most common and the most aggressive subtype among renal cancers, clear cell renal
cell carcinoma (ccRCC) accounts for most RCC fatal outcomes [1]. Such outcomes probably arise

Cancers 2019, 11, 2038; doi:10.3390/cancers11122038 www.mdpi.com/journal/cancers121
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from significant intra-tumor and inter-tumor genetic diversity of ccRCC, revealed in recent genomic
studies [1–3]. Indeed, among genetic factors that contribute to RCC risk, the most investigated is
mutation of VHL gene [1], underlying the abnormal accumulation of hypoxia-inducible factor α (HIFα)
proteins in normoxia [4]. Namely, downstream over-expression of HIF-targeted genes is involved in
the regulation of angiogenesis, proliferation, invasion and survival [4], as well as in the metabolism
of glucose, influencing the characteristic metabolic phenotype of the disease [5]. Among the most
investigated HIF-targeted genes is vascular endothelial growth factor (VEGF). It binds to specific tyrosine
kinase receptor, VEGF-R2, expressed on both endothelial and ccRCC cells [6], further resulting in
downstream signaling which mediates the activation of Ras/MEK/ extracellular signal-regulated kinase
(ERK) and phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin
(mTOR) pathway. In this way, tumor progression is promoted by additional HIFα production [5]
as a part of positive feedback loop which contributes to constitutive activation of the signaling
network [7]. In addition, multiple other mechanisms could contribute to constitutive activation of the
PI3K/Akt pathway in ccRCC [7], including epigenetic regulatory mechanisms, specifically microRNAs
(miRNAs) [7], as well as protein complex formation with phosphoinositide-dependent kinase-1 (PDK1)
and 78-kDa glucose-regulated protein [7]. Interestingly, it has been shown that deglutathionylation type
of modification mediated by glutaredoxin 1 was implicated in the activation of Akt, thus, protecting
the cells from oxidative stress–induced apoptosis [8].

The role of glutathione transferases (GST) in redox regulation has already been taken into
consideration as a contributing mechanism both in cancer development and progression [9,10].
Representing a set of cytosolic, mitochondrial and microsomal proteins with versatile catalytic and
noncatalytic functions [11], GSTs have been readily studied in the light of their bio-transformational
capacities towards potent xenobiotics, as well as endogenous reactive oxygen species [12]. This may
not come as a surprise, since most of the genes encoding for members of GST enzyme superfamily are
highly polymorphic, therefore, altering the individual susceptibility to environmental and oxidative
stress [9,13]. Additionally, their functional repertoire comprises the ability to form protein-protein
interactions, independently of their catalytic functions, thus negatively regulating certain protein
kinases involved in cell proliferation and apoptosis [9,13]. In the case of RCC, a growing body of
evidence suggests that cytosolic GSTs might be involved not exclusively in the development, but
also in the progression of RCC [12,14,15]. However, a couple of studies have tackled the problem of
GST polymorphisms with regard to RCC patients’ survival [15,16], proposing the aforementioned
protein-protein interactions as the underlying molecular mechanism in RCC progression.

Omega class members, GSTO1-1 and GSTO2-2 isoenzymes, are unique in terms of presence of
cysteine in the active site [17], thus, manifesting the whole range of specific activities not associated
with other human GSTs [18]. Cysteine residue in the active site allows these isoenzymes to catalyze
specific spectrum of glutathione-dependent thiol exchange and reduction reactions [17]. Namely,
among other, GST omega class members possess thioltransferase and dehydroascorbate reductase
activities, similarly to glutaredoxins [18]. Indeed, GSTO1-1 exhibits deglutathionylase activity [18],
and seems to be involved in the modulation of ryanodine receptors, as well as the activation of
IL1-β [19,20]. On the other hand, GSTO2-2 is the enzyme with the highest dehydroascorbate-reductase
(DHAR) activity, in that way preserving reduced form of ascorbic acid [21]. It has also been shown
that in contrast to GSTO2-2, GSTO1-1 plays important role in the glutathionylation cycle by its
deglutathionylase and glutathionylase activity, depending on different conditions [22]. Additionally,
it has been suggested that GSTO1-1 alters cell survival signaling pathways by inhibiting apoptotic
MAPK signaling pathways [23,24].

Recently, novel aspect of GSTO1-1 role in cancer progression is shown to be mediated by interaction
with type 1 ryanodine receptor, RyR1 [25]. Namely, Lu et al. showed HIF-dependent expression
of GSTO1-1 in breast cancer cells exposed to carboplatin with consequent breast cancer stem cell
enrichment, mediated by interaction between GSTO1-1 and RyR1 and downstream activation of
PYK2/SRC/STAT3 signaling [25]. Additionally, they demonstrated that GSTO1-1 knockdown blocks
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cancer stem cell enrichment, tumor initiation and metastasis [25]. The overexpression of GSTO1-1 has
been also reported in esophageal squamous cell carcinoma, pancreatic cancer, and ovarian cancer [18].
The study by Piaggi et al. showed that overexpression of GSTO1-1 following cisplatin treatment of
HeLa cells seems to be associated with the activation of survival signaling pathways and inhibition of
apoptotic MAPK pathway [23].

Based on the association between structure and function, three GSTO polymorphisms seem to be
of greatest importance: one transition polymorphism in the position 183 at 5′ untranslated region (5′
UTR) of GSTO2 gene (GSTO2*A183G, rs2297235), as well as two single nucleotide polymorphisms
GSTO1*C419A (rs4925) and GSTO2*A424G (rs156697). GSTO1 rs4925 polymorphism, causing alanine
to aspartate substitution in amino acid 140 (*Ala140Asp), results in a change in its deglutathionylase
activity. Namely, GSTO1*C wild-type allele exhibits higher deglutathionylase activity and lower
activity in the forward glutathionylation reaction in contrast to GSTO1*A variant allele [22]. Regarding
GSTO2 rs156697 polymorphism, which causes an asparagine to aspartate substitution in amino acid 142
(* Asn142Asp), a strong association between variant GSTO2*G allele and lower GSTO2 gene expression
has been shown [26,27]. These GSTO polymorphisms were independent predictors of a higher risk of
death among patients with muscle invasive bladder cancer [28].

Regarding GST omega class polymorphisms in ccRCC, haplotype comprised of all three variant
alleles (GSTO1*A (rs4925), GSTO2*G (rs156697) and GSTO2*G (rs2297235)) showed significantly
higher risk of disease development compared to haplotype consisting of all three referent alleles [29].
However, their potential functional significance in terms of ccRCC prognosis have not been studied, as
yet. Therefore, we aimed to evaluate the effect of specific GSTO gene variants on the postoperative
prognosis in patients with ccRCC. Furthermore, we evaluated GSTO1-1 and GSTO2-2 expression in
ccRCC and adjacent non-tumor tissue, as well as phosphorylation status of two important survival
pathways, PI3K/Akt/mTOR and Raf/MEK/ERK. Potential association of GSTO1-1 with downstream
effectors of these signaling pathways was also investigated.

2. Results

2.1. The Relevance of GSTO1 and GSTO2 Polymorphisms in Overall Survival of ccRCC Patients

The effect of GSTO1 and GSTO2 polymorphisms on overall survival was investigated in 228 ccRCC
patients during median follow-up period of 67 months ranging from 1 to 153 months. Considering
the higher prevalence of disease in men, the overall survival was also studied in male and female
subpopulations separately. As presented in Table 1, tumor grade II was shown to be the most frequent
among ccRCC patients (G2, 55%). Regarding pT stage, the majority of patients had pT1 and pT3
tumors (45% and 42%, respectively). Similar distribution is observed among male patients (Table 1).

Table 1. Clinicopathological characteristics of the 228 patients with ccRCC.

Characteristics Patients, n (%) Male Patients, n (%)

Age, years (mean ± SD) 59.19 ± 11.58 57.79 ± 11.22
Gender, n (%)

Female 74 (32)
Male 154 (68)

Fuhrman nuclear grade, n (%)
G1 28 (14) 17 (12)
G2 111 (56) 76 (57)
G3 50 (26) 36 (27)
G4 8 (4) 5 (4)

pT stage, n (%)
pT1 97 (45) 61 (40)
pT2 24 (11) 14 (10)
pT3 90 (42) 69 (47)
pT4 5 (2) 4 (3)
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Among 228 ccRCC patients with successfully acquired follow-up data there were 79 (35%) deaths
throughout the follow-up period. Kaplan-Meier survival analysis did not show statistically significant
effect of either GSTO1 (rs4925) or GSTO2 (rs156697 and rs2297235) polymorphisms on overall survival
among ccRCC patients (Figure 1a). Considering the higher propensity to RCC among men, we further
focused on estimation of the potential effect of different GSTO genotypes on overall survival in male
and female ccRCC patients separately. There were 61 (40%) deaths among 154 men and 18 (24%)
deaths among 74 women during the follow-up period. Kaplan-Meier survival analysis demonstrated
statistically significant shorter overall survival (log-rank: p = 0.049) in male carriers of GSTO1*C/C
wild-type genotype in comparison with the male carriers of at least one variant allele (Figure 1b).
However, GSTO2 rs156697 and rs2297235 polymorphisms did not show effect on overall survival
among male ccRCC patients (Figure 1b). Furthermore, our results did not exhibit effect of either GSTO1
(rs4925) or GSTO2 (rs156697 and rs2297235) polymorphisms on overall survival among female ccRCC
patients (Figure 1c).
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2.2. Predicting Effect of GSTO1 and GSTO2 Polymorphisms on Overall Mortality in ccRCC Patients

The multivariate Cox regression analysis did not show statistically significant association between
either GSTO1 (rs1495) or GSTO2 (rs156697 and rs2297235) genotypes and overall mortality, adjusted by
recognized prognostic factors, Fuhrman nuclear grade and pT stage, among ccRCC patients (Table 2).

Table 2. Predicting effect of glutathione transferase omega (GSTO) polymorphisms on overall mortality
in ccRCC patients.

Variable Category Events, n (%) HR (95% CI) b p

GSTO1 rs4925

FNR a G1/G2/G3/G4 2 (7)/32 (29)/29 (58)/5 (63) 1.57 (1.08–2.27) 0.017
pT stage pT1/pT2/pT3/pT4 14 (14)/8 (33)/ 51 (57)/3 (60) 2.01 (1.46–2.76) <0.001

GSTO1 rs4925
*CC 32 (38) 1.53 (0.91–2.58) 0.107

*CA + *AA 47 (34) 1.00

GSTO2 rs156697

FNR G1/G2/G3/G4 2 (7)/32 (29)/29 (58)/5 (63) 1.58 (1.09–2.27) 0.015
pT stage pT1/pT2/pT3/pT4 14 (14)/8 (33)/51 (57)/3 (60) 1.97 (1.43–2.70) <0.001

GSTO2 rs156697
*AA 31 (35) 1.11 (0.66–1.88) 0.689

*AG + *GG 48 (34) 1.00

GSTO2 rs2297235

FNR G1/G2/G3/G4 2 (7)/32 (29)/29 (58)/5 (63) 1.57 (1.08–2.27) 0.016
pT stage pT1/pT2/pT3/pT4 14 (14)/8 (33)/51 (57)/3 (60) 1.96 (1.43–2.69) <0.001

GSTO2 rs2297235
*AA 34 (36) 1.24 (0.74–2.07) 0.425

*AG + *GG 44 (34) 1.00
a Fuhrman nuclear grade; b HR, odds ratio adjusted to Fuhrman nuclear grade and pT stage; CI, confidence interval;
p < 0.05 was considered to be statistically significant.

However, when we analyzed this association among male patients, the multivariate Cox regression
analysis confirmed GSTO1*CC genotype as an independent predictor of higher risk for overall mortality
in those patients. Namely, male carriers of GSTO1*CC genotype had an almost two-fold higher mortality
risk compared to the carriers of GSTO1*A variant allele (HR = 1.89, 95%CI: 1.04–3.42, p = 0.037).
Regarding both investigated GSTO2 polymorphisms (rs156697 and rs2297235), the results did not
reach statistical significance (p > 0.05, Table 3).

Table 3. Predicting effect of GSTO polymorphisms on overall mortality in male ccRCC patients.

Variable Category Events, n (%) HR (95% CI) b p

GSTO1 rs4925

FNR a G1/G2/G3/G4 2 (12)/23 (30)/26 (72)/2 (40) 1.58 (1.03–2.43) 0.037
pT stage pT1/pT2/pT3/pT4 10(16)/5 (36)/42 (61)/2 (50) 1.83 (1.28–2.62) 0.001

GSTO1 rs4925
*CC 23 (49) 1.89 (1.04–3.42) 0.037

*CA + *AA 38 (36) 1.00

GSTO2 rs156697

FNR G1/G2/G3/G4 2 (12)/23 (30)/26 (72)/2 (40) 1.56 (1.02–2.38) 0.040
pT stage pT1/pT2/pT3/pT4 10(16)/5 (36)/42 (61)/2 (50) 1.83 (1.29–2.60) 0.001

GSTO2 rs156697
*AA 21 (43) 1.32 (0.71–2.43) 0.380

*AG + *GG 40 (38) 1.00

GSTO2 rs2297235

FNR G1/G2/G3/G4 2 (12)/23 (30)/26 (72)/2 (40) 1.59 (1.04–2.46) 0.034
pT stage pT1/pT2/pT3/pT4 10(16)/5 (36)/42 (61)/2 (50) 1.81 (1.27–2.59) 0.001

GSTO2 rs2297235
*AA 24 (45) 1.60 (0.88–2.92) 0.127

*AG + *GG 36 (37) 1.00
a Fuhrman nuclear grade; b HR, odds ratio adjusted to Fuhrman nuclear grade and pT stage; CI, confidence interval;
p < 0.05 was considered to be statistically significant.
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The analysis of overall mortality did not show statistically significant association between either
investigated GSTO genotypes among female ccRCC patients (p > 0.05, Table 4).

Table 4. Predicting effect of GSTO polymorphisms on overall mortality in female ccRCC patients.

Variable Category Events, n (%) HR (95% CI) b p

GSTO1 rs4925

FNR a G1/G2/G3/G4 0 (0)/9 (26)/3 (21)/3 (100) 1.92 (0.87–4.26) 0.107
pT stage pT1/pT2/pT3/pT4 4(11)/3 (30)/9 (43)/1 (100) 2.20 (1.08–4.46) 0.029

GSTO1 rs4925
*CC 9 (24) 1.01 (0.34–3.00) 0.992

*CA + *AA 9 (26) 1.00

GSTO2 rs156697

FNR G1/G2/G3/G4 0 (0)/9 (26)/3 (21)/3 (100) 1.95 (0.89–4.27) 0.098
pT stage pT1/pT2/pT3/pT4 4(11)/3 (30)/9 (43)/1 (100) 2.23 (1.11–4.47) 0.024

GSTO2 rs156697
*AA 10 (26) 0.78 (0.27–2.28) 0.654

*AG+*GG 8 (23) 1.00

GSTO2 rs2297235

FNR G1/G2/G3/G4 0 (0)/9 (26)/3 (21)/3 (100) 1.99 (0.90–4.38) 0.089
pT stage pT1/pT2/pT3/pT4 4(11)/3 (30)/9 (43)/1 (100) 2.11 (1.05–4.24) 0.035

GSTO2 rs2297235
*AA 10 (24) 0.77 (0.26–2.31) 0.645

*AG+*GG 8 (27) 1.00
a Fuhrman nuclear grade; b HR, odds ratio adjusted to Fuhrman nuclear grade and pT stage; CI, confidence interval;
p < 0.05 was considered to be statistically significant.

2.3. Expression of Glutathione Transferase Omega Class Enzymes and Downstream Effectors of PI3K/Akt and
Raf/MEK/ERK Signaling Pathway in ccRCC

Tumor and adjacent non-tumor tissue samples were acquired during total nephrectomy from
30 patients with ccRCC. All tumor samples were stratified by their pT stage to early-stage (pT1 and
pT2) and late-stage (pT3 and pT4) ccRCC. Cytocolic fractions were used for determination of protein
expression and immunoprecipitation analysis.

Densitometry analysis following Western blot showed 1.5-fold higher expression of GSTO1 in
tumor ccRCC compared to non-tumor tissue (p = 0.002, Figure 2a, Figure S1, Table S1). Likewise,
2.2-fold higher expression of GSTO2 protein in tumor ccRCC in comparison with non-tumor tissue
was found (p = 0.007, Figure 2b, Figure S1, Table S1). Since β-actin has been identified as a target
for deglutathionylation by GSTO1-1, we used tubulin as a loading control. Representative blots
demonstrating higher expression of GSTO1 and GSTO2 in tumor samples compared to respective
non-tumor samples are presented in the Figure 2a,b.
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Figure 2. (a) Expression of GSTO1 (28 kDa) in ccRCC tumor (T) and corresponding non-tumor (nT)
tissue samples; (b) expression of GSTO2 (28 kDa) in ccRCC tumor (T) and corresponding non-tumor
(nT) tissue samples; (c) expression of GSTO1 and GSTO2 (28 kDa) in tumor ccRCC tissue samples
according to pT stage and Fuhrman nuclear grade of ccRCC; early-stage ccRCC- pT1 and pT2; late-stage
ccRCC- pT3 and pT4; (d) expression of GSTO1 stratified according to GSTO1 polymorphism; correlation
between GSTO1 and IL-1β/ pro-IL-1β ratio in tumor ccRCC tissue samples.

Moreover, in ccRCC samples categorized by their pT stage, statistically significant decrease of
GSTO1 expression in the late-stage compared to early-stage of disease was found (p = 0.044, Figure 2c,
Figure S1, Table S1). Similarly, GSTO2 expression was decreased in the late-stage compared to
early-stage ccRCC, although without statistical significance (p = 0.274, Figure 2c, Figure S1, Table S1).
On the contrary, no statistical significance regarding GSTO1 and GSTO2 expression was observed
when stratified according to Fuhrman nuclear grade (Figure 2c). Interestingly, in tumor specimens
of GSTO1*CC wild-type genotype carriers, higher GSTO1 expression was found in comparison
with those carrying at least one variant allele. However, this difference did not reach statistical
significance (p = 0.225, Figure 2d, Figure S1, Table S1). Considering the role of GSTO1 in modulation of
posttranslational processing of IL1-β, we determined the levels of pro-IL-1β and IL-1β in ccRCC tissue.
We evaluated correlation between GSTO1 expression and IL-1β/pro-IL-1β ratio in tumor ccRCC tissue
samples and observed weak positive correlation (r = 0.260, p = 0.350) (Figure 2d).

Considering the important role of PI3K/Akt/mTOR and Raf/MEK/ERK signaling pathways
in ccRCC, we assessed the phosphorylation status of their downstream effectors. Downstream
effectors of PI3K/Akt/mTOR pathway, targeted by the antibody cocktail used in Western blot analysis,
comprise Akt1 phospho-S473 and ribosomal protein S6 (RPS6) phospho-S235/236, as well as ERK1/2
phospho-Y204/197 and ribosomal protein S6 kinase p90RSK phospho-S380 of Raf/MEK/ERK pathway.
Increased expression of RSK1p90 phospho-S380 (p = 0.010), Akt1 phospho-S473 (p = 0.026) and ERK1/2
phospho-Y204/197 (p = 0.015) in tumor ccRCC compared to respective non-tumor tissue has been
shown (Figure 3, Figure S1, Table S1).
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Figure 3. Phosphorylation status of downstream effectors of PI3K/Akt/mTOR and Raf/MEK/ERK
signaling pathways in ccRCC tumor (T) and corresponding non-tumor (nT) tissue samples; RSK1p90-90
kDa ribosomal protein S6 kinase 1; Akt—protein kinase B; ERK—extracellular signal-regulated kinase;
RPS6—ribosomal protein S6.

2.4. Immunoprecipitation of GSTO1 and Associated Proteins in Tumor ccRCC Tissue

Furthermore, we investigated potential association of GSTO1 with signaling molecules
of PI3K/Akt/mTOR and Raf/MEK/ERK pathways, shown to be upregulated in ccRCC tissue
(Figure 3). Western blot analysis, following protein immunoprecipitation of ccRCC tissue samples
by anti-GSTO1 antibody, showed association of GSTO1 with RPS6 phospho-S235/236 and Akt
phospho-S473, downstream effectors of PI3K/Akt/mTOR pathway (Figure 4, Figure S1). Interestingly,
regarding downstream effectors of Raf/MEK/ERK pathway, ERK1/2 phospho-Y204/197 was not
co-immunoprecipitated with GSTO1, in contrast to RSK1p90 phospho-S380. Although increased
expression of ERK1/2 phospho-Y204/197 was found in tumor ccRCC tissue (Figure 3), the association of
this protein with GSTO1 was not observed. Moreover, we demonstrated association of GSTO1
with Akt phospho-T308 and total Akt (panAkt) (Figure 4, Figure S1). Additionally, β-actin
co-immunoprecipitated with GSTO1 (Figure 4, Figure S1) as expected considering that β-actin
is the target for GSTO1-mediated deglutathionylation.

Figure 4. Immunoprecipitation of GSTO1 and associated proteins in tumor ccRCC tissue samples;
RSK1p90- 90 kDa ribosomal protein S6 kinase 1; Akt—protein kinase B; RPS6—ribosomal protein S6.
Their cytosolic expression was shown in Figure 3.
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3. Discussion

The results of this study, for the first time, demonstrated statistically significant shorter survival
in male carriers of GSTO1*C/C wild-type genotype compared to the carriers of at least one variant
allele. In addition, GSTO1*C/C genotype independently predicted higher risk of overall mortality
among male ccRCC patients when the association between different gene variants and overall mortality,
adjusted by established prognostic factors, was analyzed. In ccRCC tumor tissue, in comparison
with the corresponding non-tumor tissue, increased expression of both GSTO1 and GSTO2 was
determined. Moreover, interaction of GSTO1 with activated downstream effectors of PI3K/Akt/mTOR
and Raf/MEK/ERK pathway was shown in ccRCC tumor tissue.

Analysis of the role of investigated polymorphisms as determinants of postoperative prognosis
and the risk of overall mortality in the whole group of ccRCC patients, regardless of gender, did
not show a statistically significant effect. Considering that men are predominantly affected by the
disease and slightly different modulating effect of risk factors in terms of gender [1], it is plausible that
some mechanisms underlying ccRCC progression might also be different. Namely, in many cancers
sex-biased disparities have been determined [30]. Until now, increased BMI and hypertension have
been shown to increase the long-term RCC risk in men, whereas central adiposity and the waist to
hip ratio were positively associated with disease risk in women [1]. Accumulating evidence also
indicates that certain genes and proteins that are differentially expressed in male and female ccRCC
might further influence sex-biased differences regarding tumor progression. Thus, upregulation
of phosphoribosylanthranilate isomerase 1 (PAI-1), protein kinase C alpha (PKC-alpha), vascular
endothelial growth factor receptor 2 (VEGFR2), androgen receptor (AR), Ras homologue gene family
member J (ARHJ), insulin receptor substrate 1 (IRS1) and C-Jun activation domain-binding protein-1
(JAB1) genes was found in males with ccRCC, while increased expression of N-myc downstream
regulated 1 (NDRG1), Akt, phosphatase and tensin homolog (PTEN), DJ-1, 4E binding protein 1 (4E-BP1),
Src and p38 was shown in females [30]. Our results on different prognostic significance of GSTO1
polymorphism in male and female patients with ccRCC is a further proof of gender-specific molecular
patterns in ccRCC. Exploring molecular mechanisms of the gender effect on cancer progression is
important, especially regarding the monitoring of high risk patients. Possible underlying mechanism
of prognostic significance of GSTO1 polymorphism in male ccRCC might be the role of GSTO1 in IL-1β
posttranslational processing [20]. Indeed, literature data indicate that GSTO1 might be a component
of the inflammasomes, multi-protein complexes regulating the production of this pro-inflammatory
cytokine [31]. Petrella and Vincenti elucidated that previously established association between high
levels of IL-1β and RCC progression [32] might be explained by the stimulation of tumor cell invasion.
Namely, IL-1β induces the expression of matrix metaloproteinases (MMP) through the activation of
the transcription factor CCAAT enhancer binding protein β (CEBP β) [33]. Considering that GSTO1-1
activity is affected by GSTO1 allelic variant, it seems plausible that GSTO1 polymorphism might also
influence activation of IL-1β. Considering recognized variance in immune response capacity of males
and females, it might be hypothesized that one of molecular mechanisms involved in gender-specific
survival difference observed in our study is contributing role of GSTO1-1 in inflammation [20,34].

We conducted additional investigations to elucidate the potential molecular mechanisms
underlying the GSTO contribution to ccRCC progression. Additionally, to clarify the clinical meaning
of GSTO1 polymorphism, we assessed the expression of GSTO1 in relation to SNP status. Moreover,
phosphorylation status of two constitutively active survival pathways in ccRCC, PI3K/Akt and
MAPK/ERK, which potentiate cell growth, proliferation and invasion in cancer, were also studied [6].

Our results showed significantly higher protein expression of GSTO1 and GSTO2 in tumor ccRCC
tissue compared to non-tumor tissue. We found slightly different GSTO1 expression in relation to
its most investigated polymorphism, which is in concordance with the study of Mukherjee et al.
investigating functional implications of GSTO1 variants [27]. Moreover, decrease of GSTO1 and GSTO2
expression in the late-stage compared to early-stage ccRCC was observed. However, the change
between different stages of disease did not reach statistical significance regarding GSTO2 expression.
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The GSTO1 upregulation has been reported in different cancers, including bladder [35], pancreatic,
ovarian cancer [24,36] and esophageal adenocarcinoma [37]. Moreover, nuclear localization of GSTO1
in Barrett’s esophagus [38] and colorectal carcinoma [39] suggests its probable involvement in the
protection of specific nuclear components in conditions of oxidative stress, thus promoting malignant
transformation. Unfortunately, there are no literature data on GSTO2 expression in cancer, as yet.

Significant change between early-stage and late-stage ccRCC regarding GSTO1 expression levels
might be explained by complex changes of redox homeostasis throughout ccRCC progression [40].
Modification of cancer cells’ metabolic phenotype enables maintenance of high ROS levels within
a narrow range, allowing them to enhance growth and invasion, together with limitation of their
apoptotic potential [41]. Distinctive for RCC is the shift in ratio of reduced and oxidized form of
glutathione (GSH/GSSG) between early- and late-stage of disease, which is accompanied by the
decrease of enzymes involved in GSH metabolism only in the early-stage RCC [40,42]. It could
be speculated that GSTO1-1 affects progression of ccRCC by at least two mechanisms. Namely,
higher deglutathionylase activity might increase exposure of proteins to oxidative modifications in
early-stage ccRCC. Additionally, deglutathionylation seem to regulate and modulate function of the
affected proteins. Considering the role of GSTO1-1 in glutathionylation cycle [22], it can be assumed
that increased GSTO1-1 expression in ccRCC might be involved in regulation of redox-sensitive
signaling pathways by its deglutathionylase activity. The relevance of glutathionylation status in
redox signaling regulation was confirmed in investigations concerning glutaredoxins, as the major
intracellular enzymes with deglutathionylase activity [22]. Numerous proteins involved in signaling
(kinases and phosphatases), protein folding and stability, redox homeostasis, calcium homeostasis,
energy metabolism and glycolysis, as well as cytoskeletal proteins, transcription factors and heat
shock proteins are regulated via S-glutathionylation [43,44]. β-actin, heat shock protein 70, heat shock
protein 7c and prolactin-inducible protein have been identified as targets for deglutathionylation by
GSTO1-1 [22]. In accordance with this are our results showing co-immunoprecipitation of β-actin
with GSTO1.

Furthermore, our study showed a weak correlation between IL-1β/pro- IL-1β ratio, as a degree of
IL-1β activation, and the level of GSTO1 expression in ccRCC tumor tissue. It might be speculated
that this result reflects the established role of GSTO1-1 in modulation of IL-1β posttranslational
processing [20]. However, for the potential assessment of stronger correlation, a larger study would
be warranted.

The PI3K/Akt signaling pathway, involved in the regulation of proliferation, differentiation and
survival of cancer cells, is highly activated in ccRCC [45]. It has been shown that the phosphorylation
of Akt at S473 (Akt1 pS473), either by mTOR or by DNA-dependent protein kinase, promotes complete
enzymatic activity of Akt [46]. Numerous downstream Akt effectors implicated in ccRCC progression
include the mammalian target of rapamycin (mTOR), glycogen synthase kinase 3, Bcl-2-associated
death promoter, NF-κB, as well as MAPK pathways signaling molecules, c-Jun NH2-terminal kinase
(JNK) and extracellular signal-regulated kinase (ERK) [45]. Furthermore, among mTOR complex
1 (mTORC1) substrates involved in promoting cellular proliferation is ribosomal protein S6 kinase
(S6K1/RSK1), which phosphorylates the ribosomal protein S6 (S6/RPS6) [46]. The results of this study
demonstrated the increased expression of activated downstream effectors of PI3K/Akt/mTOR and
Raf/MEK/ERK pathway in ccRCC tumor tissue compared to adjacent non-tumor tissue. These results
confirmed constitutive activation of two important pro-survival pathways in ccRCC.

Further investigations were focused on the possible association of GSTO1 with analyzed signaling
molecules. Based on data on co-immunoprecipitation of GSTO1 with Akt and several other downstream
signaling molecules we assumed that those proteins might be the targets for GSTO1-mediated
deglutathionylation. Indeed, a deglutathionylation modification was implicated in the activation of
Akt and RSK1, downstream effector of mTOR pathway [8,47]. The possible regulation of Akt and RSK1
activity by GSTO1-1 might be of importance in different cellular processes, including survival, growth,
proliferation and metabolism [46]. Interestingly, we did not find association of GSTO1 with ERK1/2.
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Since there is no evidence that ERK1/2 can be regulated by glutathionylation, further investigations
would be necessary.

Several molecular targets of the PI3K/Akt signaling cascade have been suggested in antitumor
therapy [45]. Regarding metastatic ccRCC, several targeted therapies against VEGF have been approved,
including sorafenib, sunitinib, pazopanib and axitinib [1]. Recently, it has been shown that some of
these drugs also affect cellular redox homeostasis, beside their primary antitumor role [48]. In contrast
to sorafenib, which shows prooxidant effects by a decrease in GSH level [49], sunitinib exhibits
antioxidant effects via increase in GSH level and inhibition of neuronal nitric oxide synthase activity
(NOS) [50]. Considering influence of those targeted therapies on redox state, research concerning
GSTO1 inhibitors in cancers could be valuable. Several studies suggested promising results on
antitumor effect of α-chloroacetamide-1, highly specific and highly sensitive GSTO1 inhibitors [51].
Namely, KT53 initiated a significant increase in cisplatin-induced cell death in the human breast cancer
cell line [51]. Additionally, another member of this class of inhibitors, C1-27 showed potent antitumor
activity in colorectal cancer cell lines and in vivo models of disease [52].

Further investigations clarifying relevance of GSTO1 and GSTO2 expression pattern during
ccRCC progression could be valuable. Considering the relevance of investigated signaling pathways
in progression of ccRCC, future research directions could be focused on determination of GSTO1
expression in metastatic disease, as well as its potential as a therapy target. In view of interaction
between GSTO1 and investigated signaling molecules involved in cell survival, it would be of great
importance to investigate effect of GSTO1 specific inhibitors on signaling pathways, as well as different
cell death modalities on ccRCC cell lines. Beside the results on the effect of GSTO polymorphisms
on overall survival, it would be beneficial to investigate its potential association with cancer specific
survival in a larger cohort. Moreover, future studies on combined effect of several different GSTO1
polymorphisms on prognosis of ccRCC patients could be valuable.

4. Materials and Methods

4.1. Study Population

In this study, 239 patients (162 men, 77 women; average age 58.94 ± 11.64 years) from the Clinic
of Urology, Clinical Center of Serbia, Belgrade, diagnosed with ccRCC were enrolled to investigate
the prognostic significance of GSTO polymorphisms in ccRCC. Fuhrman nuclear grade and stage of
each tumor was acquired by histopathological examination, according to Srigley et al. [53] and Tumor
Node Metastais classification by Sobin et al. [54]. The follow-up information was available for 228
patients (154 men, 74 women; average age 59.19 ± 11.58). Thirty tumor and corresponding non-tumor
tissue samples were obtained from patients that have undergone radical nephrectomy. The study was
approved by the Institutional Ethical board (13 October 2011, approval number 29/X-3, Faculty of
Medicine, University of Belgrade, Serbia and 6 July 2017, approval number 29/VII-14) and performed in
accordance with ethical principles of the World Medical Association Declaration of Helsinki. Informed
written consent was obtained from all patients.

4.2. Sample Preparation

Genomic DNA was isolated by QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) from
239 blood samples according to manufacturer’s instructions. Cytosolic fractions of ccRCC and adjacent
non-tumor tissue specimen were obtained after homogenization in lysis buffer (50 mmol/L Tris,
200 mmol/L NaCl, 1 mmol/L dithiothreitol, pH 7.8) supplemented with protease and phosphatase
inhibitors (Sigma-Aldrich, St. Louis, MO, USA) for determination of protein expression and IL-1β level.

4.3. Genotyping

Genotyping of GSTO1*C419A (rs4925), GSTO2*A424G (rs156697) and GSTO2*A183G (rs2297235)
polymorphisms was achieved by quantitative polymerase chain reaction (qPCR) on Mastercycler ep
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realplex (Eppendorf, Hamburg, Germany) using TaqMan SNP Genotyping assays (Thermo Fisher
Scientific, Waltham, MA, USA, assay ID: C_11309430_30, C_3223136_1, C_3223142_1, respectively).

4.4. Western Blot and Immunoprecipitation

Equal amounts of proteins (30 μg) from acquired ccRCC and corresponding non-tumor
cytosolic fractions were subjected to SDS-PAGE on Criterion™ TGX precast 26-well gels (4–15%)
(Bio-Rad, Hercules, CA, USA) followed by the transfer of proteins onto nitrocellulose membrane.
Immunodetection of proteins transferred to membrane was conducted by using primary antibodies
against GSTO1 (mouse polyclonal Abcam, Cambridge, UK), GSTO2 (rabbit polyclonal, GeneTex, Irvine,
CA, USA), Akt (Cell Signaling, Danvers, MA, USA), phospho-Akt (T308) (rabbit monoclonal, Cell
Signaling, USA) and β-tubulin (mouse monoclonal, Sigma-Aldrich, USA). Akt/MAPK Signaling
Pathway Antibody Cocktail was used for simultaneous detection of phosphorylated 90kDa
ribosomal protein S6 kinase 1 (RSK1p90) phospho-S380, protein kinase B (Akt) phospho-S473,
extracellular-signal-regulated kinase (ERK1 phospho-Y204)/ERK2 phospho-Y187) and ribosomal
protein S6 (RPS6) phospho-S235/236 (rabbit, Abcam, UK). The next step was the incubation of
membranes with appropriate HRP-conjugated secondary antibodies (anti-mouse developed in goat,
Abcam, Cambridge, UK; anti-rabbit developed in donkey, GE Healthcare, UK). For visualization,
Clarity™Western ECL Substrate (Bio-Rad, USA) was used, followed by detection of chemiluminescence
on ChemiDoc™MP Imaging System (Bio-Rad, USA). ImageLab software (Bio-Rad, USA) was used for
densitometric analysis of obtained blots.

Immunoprecipitation was performed using Catch and Release® v2.0 High Throughput (HT)
Immunoprecipitation Assay Kit (Merck Millipore, Germany). ccRCC cytosolic fractions were incubated
with the antibody against GSTO1 (Abcam, UK). Immunoprecipitated proteins were subjected to
electrophoresis and Western blot analysis, as previously described.

4.5. Determination of IL-1β and pro- IL-1β Levels

The quantification of interleukin-1β (IL-1β) in ccRCC cytosolic fractions was assessed by
Platinum ELISA (enzyme-linked immunosorbent assay) kit (Affimetrix, eBioscience, San Diego
CA, USA), whereas the quantitative detection of pro-interleukin-1β (pro-IL-1β) was performed using
Human pro-IL-1β ELISA kit (Elabscience Biotechnology Inc, Houston, TX, USA) according to the
manufacturer’s instructions.

4.6. Statistical Analysis

Statistical analysis was performed by Statistical Package for the Social Sciences (SPSS software
version 17, SPSS Inc, Chicago, IL, USA). Kaplan-Meier analysis was used to evaluate the effect of
GSTO genotypes on overall survival of ccRCC patients. Survival time was estimated as time from
nephrectomy to the date of death or last follow-up (1 March 2018). The follow-up information was
attainable for 228 ccRCC patients owing to the loss of 11 patients’ contact information. Median
follow-up was 67 months, ranging from 1 to 153 months. The long-rank test was used for the evaluation
of differences in survival between different genotypes of each polymorphism. The prognostic value
of investigated polymorphisms in overall mortality was estimated by the Cox regression analysis,
adjusted by Fuhrman nuclear grade and pT stage, as established prognostic factors.

The difference in expression of investigated proteins in tumor compared to respective non-tumor
tissue was evaluated by Wilcoxon test, whereas expression of GSTO1 and GSTO2 stratified by pT stage
and Fuhrman nuclear grade was analyzed using Mann–Whitney rank-sum test and Kruskal-Wallis test,
respectively. The association between GSTO1 expression and IL-1β/pro-IL1β ratio was determined
using Spearman’s coefficient of linear correlation.

A p value of ≤0.05 was considered to be statistically significant.
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5. Conclusions

This study demonstrated a significant prognostic role of GSTO1 polymorphism in ccRCC.
Furthermore, up-regulated GSTO1-1 and GSTO2-2 enzymes in ccRCC tumor tissue might contribute to
aberrant redox homeostasis. The possible molecular mechanism underlying the role of GSTO1-1 in
ccRCC progression might be partially explained by its deglutathionylase activity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/12/2038/s1,
Figure S1: Whole Western blots with molecular weights, Table S1: Densitometry readings.
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Abstract: Metastasis-associated protein 2 (MTA2) was previously known as a requirement to maintain
malignant potentials in several human cancers. However, the role of MTA2 in the progression of renal
cell carcinoma (RCC) has not yet been delineated. In this study, MTA2 expression was significantly
increased in RCC tissues and cell lines. Increased MTA2 expression was significantly associated with
tumour grade (p = 0.002) and was an independent prognostic factor for overall survival with a high
RCC tumour grade. MTA2 knockdown inhibited the migration, invasion, and in vivo metastasis of
RCC cells without effects on cell proliferation. Regarding molecular mechanisms, MTA2 knockdown
reduced the activity, protein level, and mRNA expression of matrix metalloproteinase-9 (MMP-9)
in RCC cells. Further analyses demonstrated that patients with lower miR-133b expression had
poorer survival rates than those with higher expression from The Cancer Genome Atlas database.
Moreover, miR-133b modulated the 3′untranslated region (UTR) of MMP-9 promoter activities and
subsequently the migratory and invasive abilities of these dysregulated expressions of MTA2 in RCC
cells. The inhibition of MTA2 could contribute to human RCC metastasis by regulating the expression
of miR-133b targeting MMP-9 expression.
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1. Introduction

Renal cell carcinoma (RCC), which accounts for more than 90% of new cases of kidney cancer,
is the most lethal genitourinary cancer, with limited median survival time and overall survival when
advanced or distant metastasis occurs [1,2]. According to molecular medicine, genetics and clinical
response help to determine the cell type of RCC [3,4], and clear cell RCC (ccRCC) are the most
common subtypes and account for the highest RCC mortality and incidence rates [5]. In recent years,
tyrosine kinase inhibitors (TKI) towards the vascular endothelial growth factor (VEGF), the mammalian
target of rapamycin (mTOR) inhibitor, clustered, regularly interspaced short palindromic repeats-Cas9
(CRISPR-Cas9), small molecule inhibitors, and immune checkpoint inhibitors have had promising
clinical outcomes against advanced RCC [6–9]. Reports have shown that using adjuvant sunitinib in
high-risk RCC patients after nephrectomy resulted in median disease-free survival [10]. Therefore, the
development of potential and novel molecular targets for treating advanced or metastatic RCC has
currently become a critical topic. Metastasis-associated protein 2 (MTA2) is a central component of the
Mi-2/nucleosome remodeling and deacetylase (NuRD) complex and precisely controls cytoskeleton
reorganisation at the transcriptional level; moreover, it is closely associated with tumour progression
and metastasis [11]. MTA2 overexpression has been observed in several human cancers and is
associated with tumour invasion capacity, metastasis, and poor prognosis [12]. In gastric cancer, MTA2
can be transcriptionally regulated by specificity protein 1 (Sp1), and MTA2 expression is closely related
to tumour invasion, lymph node metastasis, and Tumor-Node-Metastasis (TNM) staging [13]. MTA2 is
expressed in aggressive lung cancer, and its increased expression is correlated with poor prognosis [14].
In estrogen receptor-alpha–negative breast cancer, MTA2 expression is associated with poor prognosis
and enhanced metastasis in vitro and in vivo through Rho pathway activation [15].

A family of zinc-dependent endopeptidases with matrix metalloproteinases (MMPs) are the
most critical to targeting various extracellular matrix (ECM) or basement membrane components [16].
Malignant cells can destroy the intercellular connection, lyse the ECM, breach the basement membrane,
invade the vasculature, and exhibit distant metastasis because of dysregulated MMP activity [17].
For example, studies on RCC have demonstrated that increased expression of matrix metalloproteinase-9
(MMP-9) or phosphorylated extracellular signal-regulated kinase (ERK) correspond to RCC severity,
which is correlated with tumour size, TMN stage, invasion, distant metastasis, and cancer-specific
survival [18,19]. Combination therapy and drug synergism for targeted glioma improved the antitumor
activity of individual treatment approaches [20,21]. Dr. Tabouret et al., found that MMP2 and MMP9
can be used as biomarkers in predicting bevacizumab activity in high-grade glioma patients [22].

MicroRNAs (miRNA) are short noncoding RNAs containing 19–23 nucleotides. By binding
partial sequence homology to the three prime untranslated region (3′-UTR) of target mRNAs, miRNAs
can regulate gene expression at the posttranscriptional level and cause translational inhibition and
mRNA degradation [23]. miR-133b belongs to a miRNA family which includes other miRNAs,
such as miR-133a. Studies have indicated that miR-133b can regulate oncogenic transcripts of
gastric, esophageal, or breast cancer by targeting Fascin Actin-Bundling Protein 1(FSCIN1)/Sp1 [24,25],
the epidermal growth factor receptor (EGFR) [26] and SRY-Box Transcription Factor 9 (SOX9) [27],
respectively. Moreover, aberrant miR-133b expression plays a role in RCC development by suppressing
cell proliferation and migratory and invasive abilities by modulating MMP-9 expression [28], but the
molecular mechanism of MTA2 regulating miR-133b involvement in RCC metastasis has not yet been
elucidated. To the best of our knowledge, the potential modulation the progression roles of MTA2
and miR-133b in RCC remain unclear. This study investigates the clinicopathological implications of
MTA2 and miR-133b by analysing RCC tissue data and examining the pathophysiological functions
and underlying mechanisms of MTA2 regulation of miR-133b on human RCC cell progression.
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2. Results

2.1. Expression and Effects of MTA2 in Human RCC and RCC Cells

MTA2 expression was examined through immunohistochemical (IHC) staining using a human
kidney clear cell carcinoma tissue array procedure. As the tumour grade became severe, MTA2
expression was enhanced (Figure 1A). After staining, the correlation between MTA2 expression and
clinicopathological parameters was analysed using data from 99 patients with RCC (Table 1). Patients
diagnosed with grade 2 or 3 cancer had a significantly higher percentage of MTA2 expression compared
with those diagnosed with grade 1 (p = 0.002). However, no significant association was observed
between MTA2 expression and other parameters, such as tumour stage, age, or gender (Table 1).
By using The Cancer Genome Atlas (TCGA) database, we observed higher mRNA expression of MTA2
in tumour tissues than in normal tissues (Figure 1B) and in higher tumour grades than in lower grades
(Figure 1C). We further examined whether MTA2 expression was correlated with the postoperative
survival of patients with RCC by using Kaplan–Meier survival analyses. Patients with RCC who had
high MTA2 expression had a significantly lower survival rate compared with those with low MTA2
expression (p = 0.014, Figure 1D). Therefore, MTA2 expression level can serve as an independent
prognostic factor for patients with RCC. Furthermore, western blot analysis and reverse transcription
polymerase chain reactions (RT-PCR) were conducted to detect MTA2 expression in four RCC cell
lines (A498, 786-O, Caki-1, and ACHN) and normal renal tubular cells (HK2 cells). RCC cell lines
had a relatively high protein and mRNA expression of MTA2 compared with HK2 cells, (Figure 1E,F)
indicating that the overexpression of MTA2 is involved in RCC.

Table 1. Correlation between metastasis-associated protein 2 (MTA2) expression and clinicopathological
characteristics of renal cancer patients.

Characteristic

Number of Patients (%)

p ValueMTA2 Staining

Negative Positive

Total Number
of Patients 40 (40.4) 59 (59.5) −
Age (Year)

<59 20 (31.3) 26 (68.7)
0.580≥59 20 (32.1) 33 (67.9)

Gender

Male 13 (43.3) 17 (56.7)
0.347Female 27 (39.1) 42 (60.9)

Tumor Grade

1 29 (54.7) 24 (45.3)
0.0022 + 3 11 (23.9) 35 (76.1)

Tumor Stage

I 27 (36.5) 47 (63.5)
0.129II + III 2 (10) 18 (90)
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Figure 1. Expression and effects of metastasis-associated protein 2 (MTA2) in human renal cell
carcinoma (RCC) and RCC cells. (A) Intensity of MTA2 expression in RCC grade 1, 2, and 3 and normal
kidney tissues by using immunohistochemistry staining (×40). (B) MTA2 mRNA expression of RCC
and normal tissue from The Cancer Genome Atlas (TCGA) datasets. (C) MTA2 mRNA expression in
patients with RCC grade 1, 2, and 3. (D) Kaplan–Meier curve for overall survival of patients, categorised
by low and high MTA2 expression. (E) Total lysates from HK2, A498, 786-O, Caki-1, and ACHN
cells were isolated and analysed using western blotting to detect the individual expression of MTA2;
β-actin was used as an internal control. (F) A reverse transcription polymerase chain reaction assay
was applied to detect MTA2 mRNA expression. β-actin was used as an internal control for mRNA
equal loading. Values are expressed as the mean ± SE of three independent experiments. ** p < 0.01
compared with normal kidney tissues.

2.2. Effect of MTA2 Knockdown on RCC Cell Proliferation

We examined the biological function of MTA2 in RCC cells by using a short hairpin RNA (shRNA)
assay. MTA2 knockdown (shMTA2) inhibited MTA2 expression in three cell lines compared with
short hairpin Luc (shLuc) cells in western blot analysis (Figure 2A). To further explore the influence
of MTA2 on cell proliferation, we determined whether MTA2 knockdown had a cytotoxic effect on
RCC cells using an (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTT) MTT assay.
We observed no difference in cell viability between shMTA2–RCC and shLuc–RCC cells (Figure 2B).
Moreover, no differences in cell cycle distribution between shMTA2–RCC and shLuc–RCC cells were
detected in the flow cytometry analysis (Figure 2C). Hence, MTA2 knockdown did not affect the
proliferation of RCC cells.
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Figure 2. Metastasis-associated protein 2 (MTA2) knockdown did not influence viability or proliferation
of renal cell carcinoma (RCC) cells. (A) MTA2 knockdown expression in shLuc or shMTA2 of
786-O, ACHN, and Caki-1 cells was verified using western blotting. (B) Cell viability of shLuc or
shMTA2-786-O, ACHN, and Caki-1 cells was evaluated using an MTT assay after 24 and 48 h. (C) Flow
cytometry analysis of shLuc–or shMTA2–786-O, ACHN, and Caki-1 cells. β-Actin was used as an
internal control for protein equal loading. Values are expressed as the mean ± SE of three independent
experiments. ** p < 0.01 compared with shLuc cells.

2.3. Effect of MTA2 Knockdown on RCC Cell Metastasis in Vitro and in Vivo

After MTA2 knockdown, RCC cells (786-O, Caki-1, and ACHN) exhibited significantly reduced
MTA2 expression using western blot analysis (Figure 3A). The quantification analysis demonstrated
that migratory and invasive abilities were markedly reduced in shMTA2–RCC cells compared with
shLuc–RCC cells (Figure 3B). To examine the effects of MTA2 on the distant metastasis abilities of RCC
in vivo, we injected shLuc– and shMTA2–786-O or Caki-1 cells into the tail vein of mice. The growth of
tumours stained with hematoxylin and eosin (H&E) and the expression of Ki-67 in the shMTA2 groups
by using IHC assay were markedly lower than those observed in the shLuc groups (Figure 3C). Lung
nodules were counted after sacrificing these mice, and markedly fewer nodules were observed in the
shMTA2–786-O and shMTA2–Caki-1 cells than in shLuc–786-O and shLuc–Caki-1 cells (Figure 3D).
Thus, MTA2 played a central role in regulating distant metastasis in RCC.
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Figure 3. Metastasis-associated protein 2 (MTA2) knockdown inhibited migration and invasion of renal
cell carcinoma cells and suppressed tumour metastasis in vivo. (A) MTA2 knockdown expression in
786-O, ACHN, and Caki-1 cells was verified using western blotting. (B) The migration and invasion
abilities of shLuc and shMTA2-786-O, -ACHN, and –Caki-1 cells were determined using migration
and Matrigel invasion assay. Cells in the lower surface of the Borden chamber were stained and
photographed under a light microscope. The quantification of migrated cells are presented as a
histogram. (C) Representative images of hematoxylin and eosin staining and Ki-67 expression in the
shLuc and shMTA2 groups of 786-O and Caki-1 cells. (D) Considerably fewer metastatic lung colonies
were observed in the shMTA2 group than in the shLuc group of 786-O and Caki-1 cells. Values are
expressed as the mean ± standard error (SE) of three independent experiments. ** p < 0.01 compared
with the shLuc cells.

2.4. Effect of MTA2 Knockdown on MMP-9 Expression in RCC Cells

To identify the molecular mechanism of MTA2 in the invasive behaviour of RCC, western blot
analysis, quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assay, and gelatin
zymography demonstrated that MTA2 knockdown significantly decreased the protein, mRNA,
and activity expression of MMP-9 in 786-O, Caki-1, and ACHN cells, but was not involved in MMP-2
(Figure 4A–C). The immunofluorescence assay results were similar (Figure 4D). Regarding the function
of MTA2, we found that overexpressed MTA2 in HK2 cells was increased the protein and mRNA
of MTA2 and MMP-9, compared with Neo-HK2 cells (Supplemental Figure S1A, S1B). Furthermore,
migratory and invasive capacity in MTA2-overexpressing HK2 cells was significantly higher than that
in Neo-HK2 cells (Supplemental Figure S1C). In addition, Kaplan–Meier survival and log rank analyses
suggested that patients with RCC and high MMP-9 expression had lower survival rates compared
with those with low MMP-9 expression (p < 0.001, Figure 4E). MMP-9 expression was also positively
correlated with MTA2 expression in patients with RCC (p < 0.001, Figure 4F). Therefore, MTA2 played
a main role in migration and invasion of RCC cells by inhibiting MMP-9 expression.
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Figure 4. Metastasis-associated protein 2 (MTA2) knockdown inhibited the activity, expression, and
mRNA levels of matrix metalloproteinase-9 (MMP-9) in renal cell carcinoma cells. (A, B) Total lysates
and mRNA from shLuc– or shMTA2–786-O, Caki-1, and ACHN cells were isolated and analysed
using western blotting and quantitative reverse transcription polymerase chain reaction assay to detect
individual expression of MTA2 and MMP-9. β-Actin and GAPDH were used as internal controls.
(C) Conditioned media were collected, and MMP-2 and MMP-9 activities were measured using gelatin
zymography and quantified through densitometry. (D) shLuc- and shMTA2-786-O, -Caki-1, and -ACHN
cells were stained with anti-MTA2 and anti-MMP-9 antibodies by using immunofluorescence staining,
and cell nuclei (blue) were counterstained using 4’,6-diamidino-2-phenylindole (DAPI) reagent. (E) The
Cancer Genome Atlas (TCGA) datasets was used to create the Kaplan–Meier curve portraying the
overall survival of patients based on low or high MMP-9 expression. (F) Linear trend of the correlation
between MTA2 and MMP-9 illustrated using the TCGA datasets. Values are expressed as the mean ±
SE of three independent experiments. ** p < 0.01 compared with shLuc cells.

2.5. MMP-9 as the Target Gene of miR-133b and Association with Poor RCC Prognosis.

miR-133b target sites on the 3′-UTR regions of MMP-9 were identified using TargetScan, miRcode,
and miRbase analytical programmes (Figure 5A). The MMP-9 3′-UTR promoter contained an miR-133b
target sequence (Figure 5B). The quantitative polymerase chain reaction (qPCR) assay revealed a
lower level of miR-133b in three RCC cells (786-O, Caki-1, A-498, and ACHN) than in HK2 cells
(Figure 5C). In addition, miR-133b expression was increased in three shMTA2–RCC cells compared with
in shLuc–RCC cells (Figure 5D). Using the TCGA database, we observed higher miR-133b expression
in normal tissues compared with that in tumour tissues (Figure 5E). Kaplan–Meier survival analyses
revealed that patients with RCC and low miR-133b expression had lower survival rates compared with
those with high expression (p = 0.0024, Figure 5F). In summary, miR-133b could play a role in RCC
development by regulating MMP-9 expression.
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Figure 5. MMP-9 is the target for miR-133b and associated with poor renal cell carcinoma (RCC)
prognosis. (A) Schematic of the proposed model depicting miR-133b targeting MMP-9 mRNA
from three prediction datasets (TargetScan, miRcode, and miRBase). (B) Schematic of the predicted
binding site of miR-133b at the 3′-UTR of MMP-9 promoter. (C) miR-133b expression in four RCC
cells and normal kidney HK2 cells was measured using quantitative polymerase chain reaction
(qPCR) assay. (D) miR-133b expression was detected in shLuc and shMTA2-RCC cells using qPCR.
(E) miR-133b expression in tumour and normal tissues from The Cancer Genome Atlas RCC datasets.
(F) Kaplan–Meier curve for the overall survival of patients with RCC categorised by low and high
miR-133b expression. ** p < 0.01 compared with shLuc cells.

2.6. Effect of miR-133b on MMP-9 Expression Involved in Knockdown MTA2-Inhibiting RCC Cell Metastasis

To clarify the regulatory effects of miR-133b on RCC metastasis progression, we attempted to
validate whether miR-133b could regulate the effects of MTA2 on modulating MMP-9 expression
and metastasis ability in RCC cells. RT-qPCR, luciferase reporter assay, and western blotting were
performed. Increased miR-133b expression in shMTA2 and shMTA2-NC-RCC cells that were treated
with miR-133b antagomir significantly inhibited miR-133b expression in shMTA2-RCC cells (Figure 6A).
In addition, shMTA2–RCC cells expressed lower MMP-9 3′-UTR promoter activity than shLuc–RCC
cells. Treatment with miR-133b antagomir significantly inhibited miR-133b expression and reversed
MMP-9 3′-UTR promoter activity induced by shMTA2 compared with those in shMTA2-NC cells
(Figure 6B). Similar results were achieved with western blotting (Figure 6C). Moreover, transfection
with miR-133b antagomir significantly increased migratory and invasive abilities in shMTA2–RCC
cells compared with those in shMTA2-NC cells (Figure 6D). To further confirm the tumour-suppressing
role of miR-133b, we transfected NC- or antagomir-133b into HK2 cells, which exhibited relatively high
miR-133b expression among RCC cells. A western blotting assay revealed a significantly higher MMP-9
expression in antagomir-133b–transfected HK2 cells than in NC-transfected cells (Supplementary Figure
S2A) and inhibition of endogenous miR-133b expression by using RT-qPCR assay (Supplementary
Figure S2B). The in vitro migration and invasion assays suggested an increase in the migration and
invasion ability of antagomir-133b-transfected HK2 cells compared with that of NC-transfected cells

146



Cancers 2019, 11, 1851

(Supplementary Figure S2C). These studies indicated that MTA2 can affect RCC metastasis through
miR-133b targeting of MMP-9 expression.

Figure 6. Effects of miR-133b on migratory and invasive ability in shMTA2-renal cell carcinoma (RCC)
cells. (A) miR-133b expression in shMTA2–RCC cells after transfection with miR-133b antagomir or
negative control (NC) were measured using RT-qPCR assays. (B) Luciferase activity assay. (C) Protein
expressions of MTA2 and MMP-9 were detected using western blotting. β-Actin was used as an
internal control. (D) Migration and invasion abilities of RCC cells were determined using migration
and Matrigel invasion assays. Cells in the lower surface of the Borden chamber were stained and
photographed under a light microscope at 400× magnification. Values are expressed as the mean ± SE
of three independent experiments. ** p < 0.01 compared with the shLuc cells. # p <0.01 compared with
shMTA2. NC, miR-133b negative control.

3. Discussion

This study examined the hypothesis that the biological function and molecular mechanism
of MTA2 induces miR-133b target MMP-9 expression in RCC metastasis progression. Our results
indicated that (1) MTA2 expression was increased in RCC cells and was markedly correlated with high
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grade and poor survival rates of patients with RCC; (2) MTA2 did not affect RCC cell proliferation
or cell cycle distribution; (3) MTA2 regulated the tumour metastasis of RCC cells and modulation of
MMP-9 expression in vitro and in vivo; (4) miR-133b and MMP-9 expression in patients with RCC
was negatively correlated with poor survival rates; (5) MTA2 knockdown inhibited RCC metastasis
by targeting miR-133b and MMP-9 pathways. These results demonstrated the role of MTA2 in RCC
metastasis, which is of tremendous help in creating new strategies against RCC metastasis at molecular
translational levels.

MTA2 has been linked to tumour invasion depth, regional lymph node metastasis, distant
metastasis, and poor long-term survival rates independent of age or gender in patients with esophageal
squamous cell carcinoma [29], gastric cancer [13], non-small-cell lung cancer [30], and colorectal
cancer [31]. Consistent with these studies, we observed higher MTA2 expression in tumour tissues
compared with normal tissues and in all the RCC cell lines. Moreover, high MTA2 expression was
markedly correlated with tumour grades and indicated low survival rates in accordance with the
clinical pathologic data from our patients and TCGA database (Figure 1). Hence, we concluded that
MTA2 overexpression has potential as an oncogenic factor for predicting the prognosis of patients
with RCC.

Invasion and metastasis are characteristic features of cancer cells and a key impediment of
effective prognosis [32]. In RCCs, overexpression of MMP-1, MMP-2, and MMP-9 is linked to tumour
stage, histological grade, progression, invasion of microvasculature, and distant metastasis [33].
Targeting MTA2 with a short hairpin RNA could reduce cell proliferation and inhibit metastasis by
downregulating MMP-2 or MMP-9 expression in breast cancer [34] and glioma cells [35]. Other reports
have demonstrated that MTA2 overexpression could activate AKT and upregulate MMP-7 expression
in nasopharyngeal carcinoma cells [36]. On the basis of these studies, we demonstrated that MTA2
knockdown could decrease the expression of MMP-9 and the invasive, migratory, and metastatic
abilities of RCC cells. Therefore, MTA2 could influence the malignant factor that modulates MMP-9
expression for RCC.

Reports have demonstrated the downregulated expression of miR-133b, which is involved in
the progression and in negative regulation of proliferation and metastasis in various tumours, such
as glioma [37], breast cancer [27], prostate cancer [38], and bladder cancer [39]. In gastric cancer,
miR-133b expression was negatively associated with lymph node metastasis, and miR-133b targeting
Gli-1 markedly inhibited gastric cancer metastasis [40]. Kano et al. [24], revealed that miR-133b reduced
proliferation and invasion of esophageal squamous cells by inhibiting FSCN1 expression. In ovarian
cancer, the overexpression of miR-133b targeted EGFR and inhibited proliferation and invasion abilities
by decreasing the phosphorylation of ERK1/2 and AKT pathways [41]. Overexpression of miR-133b
induces RCC cell apoptosis by counteracting Janus kinase 2 (JAK2)/ Signal transducer and activator of
transcription 3 (STAT3) pathway phosphorylation [42]. In addition to these studies, miR-133b inhibited
RCC cell proliferation and metastasis by targeting MMP-9 [28]. However, the depth of the molecular
mechanisms of MTA2 modulating miR-133b in RCC metastasis remains unclear. Consistent with the
aforementioned results, MTA2 knockdown inhibited RCC metastasis by targeting MMP-9 expression.
To explore the role of miR-133b in MTA2 regulating RCC metastasis, we used a miR-133b antagomir to
restore MMP-9 expression in shMTA2 RCC cells. Similarly, inhibition of miR-133b in HK2 cells, which
exhibit relatively high levels of miR-133b, significantly enhanced HK2 cell migration and invasion
when treated with miR-133b antagomir. Therefore, miR-133b could modulate the effects of MTA2 on
RCC cell invasion and migration abilities predominantly by targeting MMP-9 expression. At a clinical
level, TCGA database analysis and Kaplan–Meier survival analyses revealed that patients with RCC
with low miR-133b expression had lower survival rates compared with those with high expression,
and miR-133b may be a prognostic marker of RCC. However, whether miR-133b is a predictor of
clinical outcome in RCC cancer warrants further investigation.

In summary, our data suggested that MTA2 was overexpressed in RCC tissues and cells and
positively correlated with tumour grade and MMP-9 expression in vitro and in vivo. Moreover, MTA2
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knockdown inhibited RCC metastasis by regulating miR-133b targeting of MMP-9, and miR-133b was
negatively correlated with RCC progression. Therefore, MTA2 regulation of miR-133b may be a novel
diagnostic and therapeutic target for RCC treatment.

4. Materials and Methods

4.1. Materials and Reagents

MTT (tetrazolium dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), Giemsa
solution, and DAPI (4′-6-diamidino-2-phenylindole) were purchased from Sigma-Aldrich
(St. Louis, MO). Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) medium
powder was purchased from Gibco-Invitrogen Corporation (Gibco, Carlsbad, CA, USA), whereas the
RPMI-1640 and minimum essential media (MEM) powder were purchased from HyClone (Pittsburgh,
PA, USA). Fetal bovine serum (FBS), penicillin/streptomycin, and 0.25% trypsin were purchased from
HyClone (Pittsburgh, PA, USA). The antibodies for western blotting and immunofluorescence assay
against MTA2 (sc-55566) and β-actin (sc-69879) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies against MTA2 (ab171073) and MMP-9 (ab137867) were purchased from
Abcam (Cambridge, UK). Antibodies against goat antirabbit immunoglobulin (IgG, AP132P) and goat
antimouse IgG (AP124P) were purchased from Merck Millipore (Merck Millipore, Burlington, MA,
USA). The human MTA2 plasmid was synthesized from the GENEWIZ company (Takeley, UK).

4.2. Human Kidney Clear Cell Carcinoma Tissue Array

Kidney clear cell carcinoma tissue array contained human kidney cancer specimens and normal
kidney tissue (BC07115; US Biomax Inc., Rockville, MD, USA). Clinicopathological characteristics,
such as gender, age, tumour grade, and tumour stage were obtained from medical records. Kidney
clear cell carcinoma tissue arrays were detected using immunohistochemical (IHC) staining for MTA2
according to previous reports [43].

4.3. Cell Culture and shRNA Assay

Human renal cancer cell lines (786-O, Caki-1, A-498, and ACHN) and normal HK2 cells were
purchased from the Bioresources Collection and Research Centre of the Food Industry Research and
Development Institute (Hsinchu, Taiwan). The 786-O cell lines were cultured in RPMI-1640. A498,
Caki-1, and ACHN cell lines were cultured in MEM. HK2 cell lines were cultured in DMEM-F12
media. All cell lines were supplemented with a medium containing 10% FBS (Gibco, USA) and
1% penicillin/streptomycin at a humidified atmosphere containing 5% CO2 at 37 ◦C. For the
shRNA assay, the shMTA2 (MTA2-shRNA-pLKO.1) and shLuc (Luc-shRNA-pLKO.1) plasmids were
purchased from RNAi core of Academia Sinica (Taipei, Taiwan). The MTA2 target sequences were
5′-AGGGAGTGAGGAGTGAATTAA-3′, and the pLKO.1-Luc was a scrambled control. We used
puromycin (2 μg/mL) to select stably transduced RCC cells as previously reported [44].

4.4. RNA Isolation, RT-PCR, and QRT-PCR

The total RNA was isolated from cells by using TRIzol (Invitrogen, Waltham, MA, USA).
RNA samples (1 μg) were reverse transcribed to cDNA using GoScript Reverse Transcription Mix
(Promega, Madison, WI, USA). RT-PCR was conducted using GoTaq Green Master Mix (Promega,
USA). The PCR reaction conditions were 30 s at 95 ◦C, 30 cycles of 30 s at 95 ◦C for denaturation,
30 s at 52 ◦C for annealing, 90 s at 72 ◦C for extension, and 10 min at 72 ◦C for the final extension.
mRNA levels were detected using the SYBR Green PCR Master Mix (Promega, USA) and analysed
using Applied Biosystems Step One Plus Real-Time PCR System (Applied Biosystems, Waltham,
MA, USA), as described by the manufacturer. The primers for the RT-PCR were MTA2 (forward:
5′-GTTCTGGCAATACGGCGAGT-3′, reverse: 5′-CTTCGGCTGAATGCACAAAGA-3′) and β-actin
(forward: 5′-ACTGGAACGGTGAAGGTGAC-3′, reverse: 5′-AGAGAAGTGGGGTGGCTTTT-3′).
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The primers for the qRT-PCR were MMP-9 (forward: 5′-ACGACGTCTTCCAGTACCGA-3′, reverse:
5′-TCATAGGTCACGTAGCCCAC-3′), and GAPDH (forward: 5′-CATCATCCCTGCCTCTACTG-3′,
reverse; 5′-GCCTGCTTCACCACCTTC-3′). All reactions for RT-PCR and qRT-PCR were run in
triplicate and normalised to the internal control products of β-actin and GAPDH.

4.5. Cell Viability Assay

The shLuc and shMTA2 cells were seeded into 24-well plates at a density of 2 × 104 cells/well
and cultured for 24 and 48 h. MTT reagents were used to determine cell viability by following
the manufacturer’s protocol. Three wells were measured for cell viability in each treatment group.
The absorbance value at a wavelength of 570 nm was used as an indicator of cell viability.

4.6. Cell Cycle Analysis

Cell cycle distribution was analysed using Muse Cell Analyser (Millipore, Hayward, CA, USA).
The shLuc and shMTA2 cells were washed three times with ice-cold phosphate-buffered saline and
fixed with 70% ethanol at −20 ◦C overnight. Then, cells were cultured in 50 μg/mL propidium iodide
and 1 mg/mL RNase for 30 min at room temperature. Finally, the treated cells were analysed. At least
50,000 cells were acquired for each sample. The experiments were performed in triplicate.

4.7. In Vitro Cell Migration and Invasion Assays

In vitro migration assays were performed using Boyben chamber inserts containing an 8.0 μm
polycarbonate membrane (Corning, New York, NY, USA). Membranes were coated with 5% Matrigel
matrix (BD Biosciences, Bedford, MA, USA) to determine the tumour cell invasion. The shLuc and
shMTA2 cells (2 × 104 cells/well) in 50 μL of serum-free media were added to the upper chamber,
and 35 μL of medium/well with 10% FBS was added to the lower chamber. After 24 h of incubation
at 37 ◦C, the cells remaining in the upper membrane were completely removed by gentle swabbing,
whereas the migrated or invaded cells were attached to the lower part of the membrane insert.
The lower surface of the membrane was fixed in 95% methanol for 10 min and stained with 0.5%
crystal violet for 30 min. The cells were then counted under a microscope in five different fields.
All experiments were performed in triplicate.

4.8. MiR-133b Antagomir and MTA2 Plasmid Transfection

The shLuc and shMTA2 cells were seeded into 6 cm dishes at a density of 2 × 105 cells/well for 24 h
and transfected with the miR-133b antagomir and MTA2 plasmid by using the TurboFect transfection
reagent (Thermo Fisher Scientific, Waltham, MA USA) as previously reported [45].

4.9. Western Blot Analysis

Total protein was extracted from the shLuc and shMTA2 cells. Protein concentration was
determined using the Bradford method (Bio-Rad, Hercules, CA, USA). Primary antibodies, namely
MTA2, MMP-9, and β-actin, were incubated overnight at 4 ◦C, washed twice, and then incubated with
secondary antirabbit and antimouse IgG for 60 min. Immunoreactive bands were detected with a
chemiluminescence kit (Millipore, Billerica, MA, USA) using the ImageQuant LAS 4000 mini according
to the manufacturer’s instructions.

4.10. Immunofluorescence Assay

After seeding 1 × 104 shLuc and shMTA2 cells/well in a Nunc Lab-Tek chambered cover glass
(Thermo, USA) for 24 h, cells were washed twice with phosphate-buffered saline (PBS), fixed with
4% paraformaldehyde for 10 min, washed twice with PBS, permeabilised with PBS containing 0.1%
Triton X-100 for 10 min, and blocked with 2% bovine serum albumin for 2 h. Primary antibodies
against MTA2 and MMP-9 were incubated in 2% bovine serum albumin at 4 ◦C overnight, and second
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antibodies were incubated in 2% bovine serum albumin at room temperature for 2 h. DAPI was used
as the counterstaining medium for the cell nucleus. The results were visualised using a Zeiss LSM 510
confocal microscope.

4.11. Gelatine Zymography

MMP activity in a serum-free medium after culturing with shLuc and shMTA2 cells in 786-O and
Caki-1 was detected using 8% SDS-polyacrylamide gel electrophoresis (PAGE) containing 0.1% gelatin.
After electrophoresis, the gel was washed with Tris-buffered saline containing 2.5% Triton X-100 and
then incubated in a reaction buffer overnight. Finally, the gel was stained with Coomassie Brilliant
Blue R-250.

4.12. TCGA Database and miRNA Prediction of Bioinformatic Analysis

Clinical mRNA expression data, such as overall survival status of patients with RCC,
were downloaded from TCGA datasets. To identify the miR-133b target gene, we used miRBase (http:
//www.mirbase.org), miRcode (http://www.mircode.org/), and TargetScan (http://www.targetscan.org/)
to surmise the miRNA binding site in the 3′-UTR of MMP-9.

4.13. Luciferase Reporter Assay

The shLuc and shMTA2 cells in 786-O, Caki-1, and ACHN cells were cotransfected with
pGL4.13-MMP-9-3′UTR-wt/mut and pRL Renilla luciferase control reporter vectors by using the
TurboFect transfection reagent. The 3′-UTR sequences of MMP-9 containing the miR-133b binding
site were constructed in the pGL4.13 vector by using PCR assay. Luciferase activity was detected
using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA). All experiment steps
followed the protocol. The activity of pRL Renilla luciferase control reporter vectors was used as the
internal control.

4.14. In Vivo Animal Model and Immunohistochemistry Analysis

Five-week-old C. B17 mice weighing approximately 20 g were obtained from the National
Laboratory Animal Centre (Taipei, Taiwan). All animal experiments were conducted following the
protocols approved by the Institutional Animal Care and Use Committee of Chung Shan Medical
University (IACUC: 2120). The shLuc and shMTA2 cells (six mice/group) were injected into the tail
veins at a density of 1 × 106 in 0.1 mL of saline. All mice were euthanised after 2 months, and lung
tissues were resected. To investigate the metastasis ability of shLuc and shMTA2 cells, lung tissues were
harvested, embedded with paraffin, fixed in formalin, and processed for IHC staining. The amount and
size of shLuc and shMTA2 cells metastasised in the lungs were analysed using H&E and Ki-67 staining.

4.15. Statistical Analyses

Results are expressed as mean ± standard deviation. Differences between the two groups were
analysed using Student’s t-test or one-way analysis of variance followed by the Tukey post hoc test.
The correlation between MTA2 and MMP-9 expression was measured using Spearman’s correlation
analysis. All statistical calculations were performed using SPSS 12.0. A p-value less than 0.05 or 0.01
was regarded as statistically significant.

5. Conclusions

This study is the first to demonstrate that MTA2 could serve as an indicator for predicting the
prognosis of patients with RCC. Moreover, we highlighted that MTA2 could regulate the RCC process
by modulating miR-133b targeting MMP-9 expression. Finally, we hypothesised that treatments for
MTA2 or modulating the expression of miR-133b targeting MMP-9 are promising therapies in addition
to current therapies for RCC.
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Abstract: Metabolic reprogramming is one of the hallmarks of renal cell cancer (RCC). We hypothesized
that altered metabolism of RCC cells results from dysregulation of microRNAs targeting metabolically
relevant genes. Combined large-scale transcriptomic and metabolic analysis of RCC patients tissue
samples revealed a group of microRNAs that contribute to metabolic reprogramming in RCC.
miRNAs expressions correlated with their predicted target genes and with gas chromatography-mass
spectrometry (GC-MS) metabolome profiles of RCC tumors. Assays performed in RCC-derived cell
lines showed that miR-146a-5p and miR-155-5p targeted genes of PPP (the pentose phosphate
pathway) (G6PD and TKT), the TCA (tricarboxylic acid cycle) cycle (SUCLG2), and arginine
metabolism (GATM), respectively. miR-106b-5p and miR-122-5p regulated the NFAT5 osmoregulatory
transcription factor. Altered expressions of G6PD, TKT, SUCLG2, GATM, miR-106b-5p, miR-155-5p,
and miR-342-3p correlated with poor survival of RCC patients. miR-106b-5p, miR-146a-5p, and
miR-342-3p stimulated proliferation of RCC cells. The analysis involving >6000 patients revealed that
miR-34a-5p, miR-106b-5p, miR-146a-5p, and miR-155-5p are PanCancer metabomiRs possibly involved
in global regulation of cancer metabolism. In conclusion, we found that microRNAs upregulated
in renal cancer contribute to disturbed expression of key genes involved in the regulation of RCC
metabolome. miR-146a-5p and miR-155-5p emerge as a key “metabomiRs” that target genes of crucial
metabolic pathways (PPP (the pentose phosphate pathway), TCA cycle, and arginine metabolism).

Keywords: renal cell cancer; microRNA; metabolome; proliferation; PPP; pentose phosphate pathway;
TCA cycle; miR-155-5p; miR-146a-5p; TCGA

1. Introduction

Renal cell cancer (RCC) is the most common subtype of kidney malignancies, affecting 300,000
people annually worldwide [1]. In approximately 25–30% of patients, metastasis is present at diagnosis,
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while a further 25% of patients develop metastases at later stages of the disease. Metastatic RCC
(mRCC) is persistently difficult for treatment. Current therapeutic options include tyrosine kinase
receptors inhibitors (TKIs), inhibitors of the mTOR (the mammalian target of rapamycin) pathway,
or recently introduced inhibitors of immune checkpoints. All these treatments, however, prolong
patients’ life by only up to two years [2].

Recent studies provided strong evidence that aberrant cellular metabolism contributes to
development and progression of RCC. Similar to all cancers, RCC is characterized by increased
consumption of glucose with simultaneous enhanced production of lactate under normal oxygen
supply (the Warburg effect). The other metabolic features of RCC include alterations in the TCA (the
tricarboxylic acid cycle) cycle and the pentose-phosphate pathway (PPP) as well as the metabolism of
amino acids and fatty acids [3]. In our previous study we found that disturbances in the metabolism
of succinate, beta-alanine, purines, glucose, and myo-inositol are linked with poor survival of RCC
patients [4]. Remarkably, apart from changes in levels of intracellular metabolites in RCC tumors, we
found significant alterations in expressions of genes encoding key metabolic pathways. The causes of
these alterations remain unknown.

In the current study, we hypothesized that disturbed expression of metabolic genes in RCC could
be caused by microRNAs (miRs). These short, non-coding RNAs interact with microRNA response
elements (MREs) located in 3′UTRs of target transcripts and either trigger their degradation or attenuate
translation, thereby contributing to the regulation of gene expression. microRNAs influence cancer
development and progression by changing the expressions of oncogenes and tumor suppressors as
well as genes involved in key signaling pathways. Remarkably, one microRNA can regulate multiple
target genes, while one gene can be commonly regulated by several microRNAs [5]. We and others
showed that disturbed expression of microRNAs in renal cancer contributes to altered expression of
genes regulating proliferation, migration, invasion, and apoptosis [6,7].

Here, we hypothesized that altered expression of genes involved in metabolic regulation in
RCC could result from dysregulation of their targeting microRNAs. We verified our hypothesis by
comprehensively analyzing expressions of nearly 100 microRNAs predicted to target altered metabolic
genes in a large group of RCC patients, in order to identify and validate miRNAs that can act as
regulators of the RCC metabolome. Remarkably, we show that metabolically relevant microRNAs affect
proliferation of the RCC cells and contribute to the poor survival of RCC patients. To our knowledge,
this is the first study addressing the role of microRNAs in global regulation of genes affecting renal
cancer metabolome.

2. Results

2.1. The Expression of miRs Predicted to Target Metabolic Genes Is Altered in Renal Tumors

In our previous study, we identified a group of genes encoding metabolic enzymes for which
altered expression was associated with changed metabolic profiles of RCC tumors [4]. Here, to validate
the results of that study, we selected 20 genes based on their possible effects on patient survival,
the number of predicted targeting miRNAs, and the fold changes in their expression (Table S1),
and analyzed their expression in an independent group of 60 RCC-control tissue pairs (Figure 1A).
This analysis confirmed altered expression of 19 genes encoding enzymes involved in the regulation of
RCC metabolome (Table 1).
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Figure 1. The expressions of microRNAs in relation to their predicted metabolically relevant gene targets.
(A) The scheme of analysis of miRNAs predicted to regulated RCC metabolome. (B) Correlations
between the expressions of metabolic genes and their predicted regulatory microRNAs, selected for
functional analysis. Upper panel shows correlation coefficients. Green: r Spearman < −0.5; orange:
r Spearman > 0.5. Lower panel: p values. Yellow: p < 0.05. Full data of correlation analysis are given in
Table S3. N = 60 of RCC tumor samples and n = 60 of control tissue samples. (C) Altered expression of
metabolic genes correlates with poor survival of RCC patients. Kaplan–Meier plots were generated
using OncoLnc tool and KIRC (Kidney Renal Clear Cell Carcinoma) cohort of TCGA (The Cancer
Genome Atlas) data. Patients were classified into Low and High expression groups basing on median
mRNA expression (the expression profiles in two groups of patients are given in Figure S1). N = 260.
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Based on the results of bioinformatic analysis and the selection criteria described in the
Methods Section and File S1, we selected 90 microRNAs (Table S2) predicted to regulate 19 metabolic
genes and analyzed their expression in 35 matched-pairs of ccRCC (clear cell Renal Cell Carcinoma)
tumors and non-tumorous kidney samples. The expression of 48 microRNAs was statistically significantly
different in RCC tumors when compared to controls (p < 0.05; threshold of expression change: 30%)
(Table S2). Next, we performed validation analysis, using an independent group of 60 matched-pairs
of ccRCC tumors and control samples, and confirmed altered expression of 22 microRNAs (Table 1).
microRNAs for which expression was most increased included: miR-122-5p (+107.7-fold), miR-210-3p
(+10.2-fold) and miR-34a-5p (+3.1-fold).

Table 1. The expressions of genes involved in the regulation of cell metabolism and their predicted
regulatory miRNAs are altered in RCC tumor tissues.

A. Expression of Metabolic Genes in RCC

Gene FC p Value

Increased expression in tumors

1. ADA +5.77 <0.0001
2. IL4I1 +4.20 <0.0001
3. HK3 +3.96 <0.0001
4. PYCR1 +1.56 <0.0001

Decreased expression in tumors

5. PAH −70.47 <0.0001
6. ALDH6A1 −21.41 <0.0001
7. CMKT2 −18.36 <0.0001
8. ALDH4A1 −14.72 <0.0001
9. GATM −12.99 <0.0001
10. DPYS −10.83 <0.0001
11. G6PC −10.83 <0.0001
12. PCCA −6.87 <0.0001
13. GPT −6.62 <0.0001
14. GDA −6.37 <0.0001
15. ALDH5A1 −5.54 <0.0001
16. SUCLG2 −5.35 <0.0001
17. ARG2 −4.45 <0.0001
18. GOT1 −3.68 <0.0001
19. PHOSPHO1 −1.35 =0.0215

B. Expression of miRNAs Predicted to Regulate Metabolic Genes in RCC

MicroRNA FC p Value

Increased expression in tumors

1. miR-122-5p +107.7 <0.0001
2. miR-210-3p +10.2 <0.0001
3. miR-155-5p +8.3 <0.0001
4. miR-34a-5p +3.1 <0.0001
5. miR-146a-5p +2.1 <0.0001
6. miR-106b-5p +2.1 <0.0001
7. miR-342-3p +1.9 <0.0001
8. miR-454-3p +1.6 <0.0001
9. miR-28-5p +1.5 <0.0001
10. miR-126-3p +1.5 <0.0001
11. miR-340-5p +1.5 <0.0001
12. miR-20-5p +1.4 <0.0001

Decreased expression in tumors

13. miR-129-1-3p −17.0 <0.0001
14. miR-129-2-3p −6.6 <0.0001
15. miR-200b-3p −4.3 <0.0001
16. miR-370-3p −2.6 <0.0001
17. miR-20b-5p −2.4 <0.0001
18. miR-133a-3p −2.2 0.0262
19. miR-154-5p −2.1 <0.0001
20. miR-135b-5p −2.0 0.0003
21. miR-27b-3p −1.6 <0.0001
22. miR-543 −1.5 0.0337

(A) The expression of metabolic genes. (B) The expressions of microRNAs predicted to target metabolic genes.
FC: fold change (the ratio between median expressions in tumor and control tissue samples); threshold = 1.3. n = 60
(RCC tumor samples), n = 60 (paired-matched control samples). Statistical analysis was performed using Wilcoxon
matched-pairs signed rank test. MicroRNAs selected for functional analysis are bolded.
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Since the negative correlation between expression of miRNAs and target genes is a potential
indicator of their functional association [8], we next checked whether the expressions of miRNAs
correlated with the expressions of the metabolic genes. To this end, we constructed correlation matrix
(Table S3) and searched for miRNAs of which expressions correlated with the highest number of
target genes. This analysis revealed that top microRNAs for which expressions negatively correlated
with genes expressions (r Spearman < −0.5, p < 0.05) included miR-34a-5p (9 correlating genes),
miR-106b-5p (11 correlating genes), miR-146a-5p (8 correlating genes), miR-155-5p (11 correlating
genes), and miR-342-3p (10 correlating genes). These five miRNAs were next selected for functional
analysis of their impact on RCC cells. In addition, we also selected miR-122-5p, which was the top
upregulated miRNA in RCC tumors. The correlations between miR-122-5p and metabolic genes were
weaker, but still statistically significant (r Spearman = −0.35 to −0.49, p < 0.05) (Figure 1B). Remarkably,
altered expression of all metabolic genes, predicted as targets of the selected miRNAs, correlated with
poor survival of RCC patients, suggesting their potential link with the progression of the disease
(Figure 1C).

Basing on the assumption that the miRNAs the most strongly correlating with metabolic genes
could have the greatest impact on cellular metabolism, we next evaluated the effects of the five
miRNAs (miR-34a-5p, miR-106b-5p, miR-122-5p, miR-146a-5p, and miR-155-5p) on mRNA expression
of metabolic genes (Figure 2A) that were predicted as possible targets for specific miRNAs (Table S1).
For each miRNA, we analyzed only the expression of transcripts of which 3′UTRs possessed potential
binding sites for this specific miRNA as indicated by the bioinformatic analysis. Transfections of miRNA
mimics in two RCC-derived cell lines resulted in downregulation of GATM mRNA by miR-155-5p,
GDA by miR-106b-5p and miR-146a-5p, and SUCLG2 by miR-146a-5p and miR-155-5p. In addition,
miR-155-5p statistically significantly suppressed the expressions of GDA and PCCA in only one of
the analyzed cell lines. In Caki-2 cells, the expression of ALDH5A1 was stimulated by miR-122-5p
and miR-146a-5p, while the expression of ALDH6A1 was stimulated by miR-106b-5p and miR-122-5p.
miR-342-3p concomitantly increased the expression of PCCA in both analyzed cell lines (Figure 2A).

We subsequently evaluated the effects of miRNAs on protein expressions of metabolic genes.
Firstly, we checked whether miRNAs could interact with sequences predicted as miRNA response
elements (MREs) in target transcripts. To this end, the predicted binding sites were cloned into luciferase
reporter system, which was co-transfected into RCC cells with miRNA mimics or non-targeting control
oligonucleotides (Figure 2B). We found that miR-155-5p significantly suppressed luciferase activity
under control of MREs cloned from GATM and SUCLG2 sequences, while miR-106b-5p and miR-146a-5p
decreased luciferase activity of two MREs cloned from GDA. Remarkably, no changes in luciferase
activity were found when miRNA mimics were co-transfected with the reporter constructs with
mutated MREs of GATM, SUCLG2, and GDA (Figure S2). We also observed miR-155-5p-mediated
suppression of luciferase activity under control of MRE cloned from PCCA; however, this effect was
not specific as indicated by experiments with mutated binding sequences (Figure S2). In accordance
with the effect of miR-146a-5p on ALDH5A1 mRNA (Figure 2A), luciferase activity was also increased
when MRE cloned from ALDH5A1 was treated with miR-146a-5p mimic (Figure 2B). However, miRNA
mimics did not affect the activity of empty reporter vector (Figure S2).

Finally, we analyzed the effects of miRNA mimics on the endogenous expression of proteins
encoded by metabolic genes (Figure 2C). The expression of GATM was dramatically reduced by
transfection with miR-155-5p in Caki-2 cells but not in KIJ265T cells (Figure S3). The expressions of
ALDH5A1, ALDH6A1, and GDA proteins were not changed by transfection of the miRNA mimics
(Western blots for these proteins are shown in Figure S3). Antibodies against PCCA gave non-specific
signals and were, therefore, discarded from the analysis (Figure S3).
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Figure 2. miRNA-mediated regulation of expressions of metabolically relevant genes. (A) The effects
of miRNAs on mRNA expressions of metabolic genes predicted as potential miRNAs’ targets. Caki-2
and KIJ265T cell lines were transfected using miRNA mimics or non-targeting scrambled control
oligonucleotides and expression of target genes was evaluated using qPCR (quantitative real-time
PCR). The plots show results of three independent biological experiments (exception: GDA expression
in KIJ265T cells): for most miRNAs (except for miR-106b-5p) results of two independent experiments
are shown; the expression of GDA in KIJ265T cell line was on the border of detection limit). Statistical
analysis was performed using one-way ANOVA with Dunnett’s Multiple Comparison Test, with
exception of analysis of GATM and GOT1 for which t-test was used * p < 0.05, ** p < 0.01, ***p < 0.001.
(B) The effects of miRNAs on the activity of luciferase reporter gene under control of cloned miRNA
binding sites predicted in metabolic genes. Caki-2 cells were co-transfected with reporter plasmid
bearing MRE (miRNA response element) for a given microRNA, and either microRNA mimic or
non-targeting scrambled control oligonucleotides. The plots show results of three independent
biological experiments. Statistical analysis was performed using Students t-test. (C) The effects of
miR-155-5p on protein expressions of GATM in Caki-2 cells. Upper panel: Representative photographs
of Western blots. Lower panel: Results of densitometric scanning of Western blots. The plot shows
mean expression of GATM protein in three independent biological experiments performed in two-three
replicates. * p < 0.05.

2.2. Metabolic miRNAs Affect Proliferation of RCC Cells and Correlate with Poor Survival of RCC Patients

Given the above-described findings, we next looked for potential associations between altered
expression of miRNAs targeting metabolic genes and survival of RCC patients. Analysis of publicly
available TCGA data revealed that high expression of miR-106b-5p, miR-155-5p, and miR-342-3p
correlated with poor survival of RCC patients (Figure 3A). There was no statistically significant
correlation between the expressions of miR-34a-5p, miR-122-5p, and miR-146a-5p and survival of
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patients. We subsequently analyzed the effects of metabolic miRNAs on the proliferation of RCC cells.
Transfection of miR-106b-5p, miR-146a-5p, and miR-342-3p concomitantly stimulated proliferation in
both analyzed RCC cell lines. The proliferation of cells transfected with miR-122-5p and miR-155-5p
was also increased, although without statistical significance (Figure 3B).

These results indicate that altered expression of metabolically-relevant miRNAs could possibly
contribute to cancer progression and shorten the survival time of RCC patients.

Figure 3. MicroRNAs effects on survival of RCC patients and proliferation of RCC cells. (A) Kaplan–Meier
plots of RCC patients generated using OncoLnc tool and KIRC cohort of TCGA data. Patients were
classified into Low and High expression groups basing on median miRNA expression data, which are
shown on the graphs below the K-M plots. **** p < 0.0001; analysis was done using Mann–Whitney
test. (B) The effects of microRNAs on proliferation of Caki-2 and KIJ265T cells. The plots show results
of BrdU assay performed in three independent biological experiments. Statistical analysis was done
using repeated measures ANOVA with Dunnett‘s Multiple Comparison post-test. * p < 0.05, ** p < 0.01,
*** p < 0.001.
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2.3. MiR-146a-5p is a Global Regulator of Key Metabolic Pathways in RCC

Next, we asked whether one specific miRNA could globally affect RCC metabolism. To answer
this question, we implemented microarray analysis of RCC cells transfected with miR-146a-5p mimic or
non-targeting control oligonucleotide. miR-146a-5p was selected for two reasons: firstly, it significantly
stimulated proliferation of RCC cells (Figure 3B), indicating genuine reprogramming of cells functioning.
Secondly, miR-146a-5p is the first miRNA for which functional interaction with TCA cycle was recently
provided in vivo [9] and alterations of TCA cycle are a characteristic feature of RCC tumors [3].
The principal component analysis (PCA) and hierarchical clustering of RCC cells transfected with
a miR-146a-5p mimic or non-targeting control oligonucleotide proved robustness of the obtained
datasets and clear distinctiveness of compared groups (KIJ265T cell line transfected with miR-146a-5p
mimic and transfected with non-targeting control oligonucleotide) (Figure 4A,B).

Figure 4. Cont.
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Figure 4. The effects of miR-146a-5p transfection in RCC cells. (A) Principal component analysis
(PCA) of transcriptome data obtained from KIJ265T cell line transfected with miR-146a-5p mimic
or non-targeting control oligonucleotide (Cont. (B) Hierarchical clustering based on differentially
expressed genes generated using TAC 4.0. (C) Top pathways affected by miR-146a-5p transfection in
RCC cells. The plot shows results of IPA Core Analysis performed on the genes affected by transfection
of miR-146a-5p mimic (shown in Table S4). The overrepresented pathways are listed according to the
–log (p value) (blue bars) (left y-axis). The threshold line (green) represents p value = 0.05. The ratio of
the number of genes found in each pathway and the total number of genes in the pathway is shown in
orange (right y-axis). PPP pathway is shown with arrows. (D) The expressions of genes involved in the
pentose phosphate pathway (G6PD, TKT) are upregulated in RCC cells transfected with miR-146a-5p
mimic. The effect of miR-146a-5p was analyzed in three independent biological experiments performed
in triplicate. Statistical analysis was performed using t-test. * p < 0.05. ** p < 0.01. (E) The expression of
G6PD and TKT in RCC tumors classified according to TNM system [1]. T1 (n = 30): tumors classified as
Stages I and II (tumors limited to the kidney, with no signs of metastasis); T2 (n = 30): tumors classified
as Stages III and IV (tumors which invade veins and neighboring structures as well as tumors with
metastasis in lymph nodes or distant organs). Statistical analysis was performed using Mann–Whitney
test. ** p < 0.01. (F) High expressions of G6PD and TKT correlate with poor survival of RCC patients.
Kaplan–Meier plots of RCC patients were generated using OncoLnc tool and KIRC cohort of TCGA
data. Patients were classified into Low and High expression groups basing on median gene expression
data. (G) miR-146a-5p transfection increases creatinine levels in RCC cells. Left panel: The plot shows
results of GC-MS analysis of RCC cells transfected with miR-146a-5p mimic or non-targeting control
oligonucleotide. Middle panel: The expression of adrenomedullin (ADM) is increased in KIJ265T
RCC cells transfected with miR-146a-5p mimic. Right panel: The expression of ADM is increased in
RCC tumors (T, n = 250) when compared with control kidney samples (C, n = 72). The analysis was
performed using publicly available transcriptomic data of TCGA consortium (KIRC cohort). Statistical
analysis was performed using t-test. * p < 0.05. ** p < 0.01. **** p < 0.0001.

Transcriptome Analysis Console (TAC) software evaluation revealed the altered expression of
955 genes, including 810 up-regulated in 145-down-regulated transcripts (Table S4). TAC analysis
revealed that miR-146a-5p affected the expressions of genes involved in the TCA cycle; the OXPHOS
system in mitochondria; the pentose phosphate pathway (PPP); metabolism of amino acids, nucleotides,
and glutathione; adipogenesis; fatty acids beta-oxidation; trans-sulfuration; and one-carbon metabolism
(Table 2).

Both TAC (Table S5) and Ingenuity Pathway Analysis (Figure 4C) revealed that the pentose
phosphate pathway was among the most altered metabolic pathways in miR-146a-5p transfected
cells. qPCR validation confirmed that miR-146a-5p transfection induced expression of G6PD and
TKT, two key genes encoding PPP enzymes (Figure 4D). The expression of TKT was higher in
more advanced RCC tumors than in less advanced lesions. For G6PD, no statistically significant
expression changes were observed (Figure 4E). Remarkably, high TKT and G6PD expressions in
tumors significantly correlated with poor survival rates of RCC patients (Figure 4F), which may
partially reflect the pro-proliferative effects of their stimulator, miR-146-5p. To analyze the impact of
miR-146a-5p on metabolic profile of RCC cells, we performed GC-MS analysis of RCC cells transfected
with the miR-146a-5p mimic. This analysis revealed increased levels of creatinine in KIJ265T cells
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transfected with miR-146a-5p when compared with those transfected with a non-targeting control
oligonucleotide (Figure 4G). Interestingly, microarray analysis (Table S4) and qPCR validation in
KIJ265T cells (Figure 4G) indicated that miR-146a-5p transfection caused upregulation of ADM,
a gene encoding adrenomedullin which contributes to creatinine clearance [10–12], suggesting cellular
response to increased creatinine levels. In Caki-2 cells, the expression of ADM was not statistically
significantly changed following miR-146a-5p (Figure 4G). In accordance, GC-MS analysis revealed that
creatinine levels were not statistically significantly changed in Caki-2 cells transfected with miR-146a-5p
(not shown).

Table 2. miR-146a-5p affects expression of genes involved in key metabolic pathways. The table shows
selected DEGs in RCC cells transfected with miR-146a-5p mimic, compared to cells transfected with
non-targeting control oligonucleotide with functions in different metabolic pathways identified by
biological pathway analysis with WikiPathways included in TAC 4.0.

Symbol Entrez Gene Description Metabolic Pathway
Fold

Change
p-Value

ACO2 aconitase 2 TCA cycle, Amino acid metabolism,
Metabolic reprogramming in colon cancer 1.53 3.40 × 10−3

AHCY Adenosylhomocysteinase Trans-sulfuration pathway; Trans-sulfuration and one carbon
metabolism 1.76 6.00 × 10−4

ALDH1A1 aldehyde dehydrogenase 1 family
member A1 Tryptophan metabolism 2.2 5.00 × 10−4

CANT1 calcium activated nucleotidase 1 Pyrimidine metabolism 1.53 1.14 × 10−2

CBS/CBSL cystathionine-beta-synthase
Amino acid metabolism; Trans-sulfuration pathway;
Trans-sulfuration and one carbon metabolism;
One carbon metabolism and related pathways

1.57 2.00 × 10−4

CEBPD CCAAT enhancer binding protein
delta Adipogenesis 1.58 4.50 × 10−3

CHDH choline dehydrogenase One carbon metabolism and related pathways 1.63 4.50 × 10−3

CKB creatine kinase B Trans-sulfuration; Urea cycle and metabolism of amino groups 1.58 5.13 × 10−2

CPT2 carnitine palmitoyltransferase 2 Fatty Acids Beta Oxidation 1.61 2.20 × 10−3

DHODH dihydroorotate dehydrogenase
(quinone) Pyrimidine metabolism 1.88 1.00 × 10−4

DNMT3B DNA methyltransferase 3 beta Trans-sulfuration; Trans-sulfuration and one carbon
metabolism; One carbon metabolism and related pathways 1.5 6.20 × 10−3

E2F1 E2F transcription factor 1 Adipogenesis 1.82 9.00 × 10−4

E2F4 E2F transcription factor 4 Adipogenesis 2.01 8.00 × 10−4

ECHS1 enoyl-CoA hydratase, short chain 1 Fatty Acid Biosynthesis; Fatty Acid Beta oxidation;
Tryptophan metabolism 1.55 1.29 × 10−2

ECSIT ECSIT signalling integrator Mitochondrial complex I assembly model OXPHOS system 1.61 3.60 × 10−3

ENTPD4 ectonucleoside triphosphate
diphosphohydrolase 4 Pyrimidine metabolism 1.58 3.42 × 10−1

ESRRA estrogen related receptor alpha Energy metabolism 1.69 1.00 × 10−4

G6PD glucose-6-phosphate
dehydrogenase

Pentose Phosphate Pathway; Metabolic reprogramming in
colon cancer; Glutathione metabolism 1.64 6.00 × 10−4

GK glycerol kinase Fatty Acids Beta Oxidation -1.75 4.30 × 10−3

GPX4 glutathione peroxidase 4 One carbon metabolism and related pathways;
Glutathion metabolism 1.82 3.40 × 10−3

H6PD
hexose-6-phosphate
dehydrogenase/glucose
1-dehydrogenase

Pentose Phosphate Pathway 1.72 4.40 × 10−3

IDH2 isocitrate dehydrogenase
(NADP (+)) 2, mitochondrial TCA cycle; Metabolic reprogramming in colon cancer 1.91 9.25 × 10−5

LMNA lamin A/C Adipogenesis 1.77 8.90 × 10−3

LPIN3 lipin 3 Adipogenesis 2.13 2.30 × 10−3

MEF2D myocyte enhancer factor 2D Adipogenesis; Energy metabolism 1.7 1.83 × 10−2

MYBBP1A MYB binding protein 1a Energy metabolism 1.77 6.00 × 10−4
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Table 2. Cont.

Symbol Entrez Gene Description Metabolic Pathway
Fold

Change
p-Value

NDUFAF8 NADH:ubiquinone oxidoreductase
complex assembly factor 8 Electron Transport Chain (OXPHOS system in mitochondria) 1.55 8.00 × 10−4

NDUFB7 NADH:ubiquinone oxidoreductase
subunit B7

Electron Transport Chain (OXPHOS system in mitochondria);
Mitochondrial complex I assembly model OXPHOS system 1.64 3.67 × 10−2

NDUFS3 NADH:ubiquinone oxidoreductase
core subunit S3

Electron Transport Chain (OXPHOS system in mitochondria);
Mitochondrial complex I assembly model OXPHOS system 1.52 9.00 × 10−4

PGAM5
PGAM family member 5,
mitochondrial serine/threonine
protein phosphatase

Metabolic reprogramming in colon cancer 1.52 1.20 × 10−2

PGLS 6-phosphogluconolactonase Pentose Phosphate Pathway 1.53 6.40 × 10−3

PYCR2 pyrroline-5-carboxylate reductase 2 Metabolic reprogramming in colon cancer 1.5 6.00 × 10−3

RAPGEF3 Rap guanine nucleotide exchange
factor 3 Integration of energy metabolism 1.58 4.00 × 10−4

SDHA succinate dehydrogenase complex
flavoprotein subunit A Amino acid metablism; TCA cycle 1.52 2.60 × 10−2

SEMA6B semaphorin 6B TCA cycle 1.5 1.60 × 10−3

SHPK sedoheptulokinase Pentose Phosphate Pathway 1.63 4.00 × 10−4

SOCS3 suppressor of cytokine signaling 3 Adipogenesis 1.53 1.28 × 10−2

STK11 serine/threonine kinase 11 Integration of energy metabolism 1.69 6.00 × 10−4

TKT Transketolase Pentose Phosphate Pathway;
Metabolic reprogramming in colon cancer 1.56 2.00 × 10−3

2.4. Metabolically-Relevant miRNAs Regulate the Expression of NFAT5

The fact that miR-146a-5p influenced the level of only one metabolite (creatinine) suggested
that the combined action of several microRNAs may be required for reprogramming of cancer cell
metabolism. In the search for such possible cooperative effects of miRNAs on RCC metabolism,
we analyzed correlations between the expression of the 22 initially identified miRNAs and the levels of
54 metabolites in RCC tissue samples (Table S6). Strikingly, we found that miR-34a-5p, miR-106b-5,
miR-122-5p, miR-146a-5p, and miR-155-5p were among the miRNAs with the highest number of
correlating metabolites (Table S6). Furthermore, we found that expression of these microRNAs
commonly correlated with similar metabolites. In particular, we found strong negative correlations
(r Spearman ≤ −0.4, p < 0.001) between the expressions of all five microRNAs and the levels of
myo-inositol (Figure 5A).

On the basis of these observations, we searched for the possible target genes that could mediate
cooperative actions of miRNAs associated with metabolic changes in RCC tumors. To this end,
we next selected miRNAs whose expression was most strongly negatively (r Spearman < −0.5)
correlated with myo-inositol levels (Table S6), and searched for their potential target genes using the
miRsystem platform that incorporates seven independent prediction algorithms [13]. Remarkably,
we found NFAT5 as the top gene, predicted to be commonly co-regulated by five out of seven analyzed
microRNA: miR-106b-5p, miR-122-5p, miR-146a-5p, miR-155-5p, and miR-210-3p (Figure 5B and
Table S7). Furthermore, we found that NFAT5 expression in renal tumors is decreased (Figure 5C),
which fits the profile of increased expression of the predicted targeting microRNAs. We also found
strong negative correlations between the expression of NFAT5 and the four predicted miRNAs in RCC
tumor samples (Figure 5C) and other types of cancer (File S2). These results suggest that NFAT5 could
indeed be a common target of the miRNAs that affect myo-inositol levels in tumor tissues. Transfection
with mimics of miR-106b-5p and miR-122-5p suppressed the expression of NFAT5 in RCC cell line
(Figure 5D). NFAT5 is an osmoprotective transcription factor that controls expression of genes that
counteract signals inducing cell shrinkage during osmotic stress. The key NFAT5 targets are SLC5A3
(a myo-inositol transporter), SLC6A6 (a beta-alanine transporter), AKR1B1 (aldose reductase; catalyzes
reduction of glucose to sorbitol), SLC14A2 (a urea transporter), and HSPA1B (a chaperone protecting
cells against apoptosis induced by urea [14]. The expressions of most of these genes were decreased in
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renal tumors (Figure 5E). The only exception was AKR1B1 for which expression was unaltered. Taken
together, these results indicate that miRNA-mediated changes in NFAT5 expression could contribute
to changed levels of osmolytes (e.g., myo-inositol) via altered expression of the proteins responsible for
their transport in RCC cells.

Figure 5. Osmoregulatory NFAT5 as a target of metabolically-relevant miRNAs in renal cancer.
(A) Correlations between the expressions of microRNAs and metabolite levels in tissue samples from
70 control and RCC samples. Upper panel: Correlation coefficients. Orange: r Spearman > 0.3; green:
r Spearman < −0.3. Lower panel: p values; yellow: p < 0.05. Full data of correlation analysis is given
in Table S6. (B) The potential binding sites of miRNAs in NFAT5 3′UTR, predicted by TargetScan.
(C) Upper panel: The expression of NFAT5 is decreased in RCC tumors (TCGA cohort: T, n = 250;
this study cohort: T, n = 60) when compared with control kidney samples (TCGA cohort: C, n = 72;
this study cohort: C, n = 60). Statistical analysis was performed using t-test. **** < 0.0001. Lower panel:
Negative correlations between the expressions of NFAT5 and the predicted microRNAs. Correlation
analysis was performed using StarBase v2.0. on KIRC cohort of RCC patients (n = 300). For miR-210-3p,
no data were available. (D) The expression of NFAT5 mRNA is suppressed by miR-106b-5p and
miR-122-5p in RCC cell line. Caki-2 cells were transfected with mimics of the respective microRNAs or
non-targeting scrambled oligonucleotides. The plots show the results of three independent biological
experiments. Statistical analysis was performed using repeated measures ANOVA with Dunnett’s
Multiple Comparison post-test. * p < 0.05, ** p < 0.01. (E) The expression of NFAT5 target genes
is decreased in RCC tumors (T, n = 250) when compared with control kidney samples (N, n = 72).
The analysis was performed using publicly available transcriptomic data of TCGA consortium (KIRC
cohort). Statistical analysis was performed using Students t-test. **** < 0.0001.
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2.5. MiR-34a-5p, miR-106b-5p, miR-146a-5p and miR-155-5p Are PanCancer MetabomiRs

On the basis of the collected data presented above, we hypothesized that miRNAs identified in
our study could be involved in global regulation of cancer metabolism. To this end, we searched for
possible correlations between the expression of miR-34a-5p, miR-122-5p, miR-146a-5p, miR-155-5p,
and miR-342-3p and their predicted target genes in the transcriptomes of 14 types of cancers in more
than 6000 samples (Tables S8 and S9). Next, we selected miRNA targets of which expressions correlated
in at least ten cancer types and performed PANTHER Functional Classification Test to find biological
processes annotated to the analyzed genes (Figure 6A). Strikingly, “metabolic process” emerged at the
top of annotated processes for most miRNAs targets. The only exception was miR-122-5p for which
no gene targets were found which correlated in at least 10 cancer types. These results indicated that
miR-34a-5p, miR-106b-5p, miR-146a-5p, and miR-155-5p could represent PanCancer metabo-miRs,
involved in global regulation of cellular metabolism in cancer cells.

Figure 6. microRNA-mediated regulation of cancer metabolism. (A) Functional annotation of genes
predicted as targets of microRNAs identified in our study in PanCancer analysis encompassing 14 cancer
types and >6000 patients. Only genes for which expression correlated with a given microRNA in at least
10 cancer types were selected for the analysis. The list of genes is provided in Table S7. The plots show
results of PANTHER Functional classification analysis according to GO Biological processes annotated to
the predicted genes. (B) The model showing microRNAs affecting key metabolic pathways in RCC cells:
miR-146a-5p upregulates key PPP genes (G6PD and TKT), thereby contributing to enhanced cancer cell
proliferation; miR-155-5p suppresses the expressions of gene involved arginine metabolism (GATM);
and miR-106b-5p and miR-122-5p may possibly counteract cell swelling induced by enhanced lactate
production, by suppressing the expression of NFAT5, which governs the activity of genes encoding
proteins transporting osmolytes (e.g., myo-inositol). Abbreviations: GA3P, glyceraldehyde-3-phosphate;
2OG, 2-oxoglutarate. Glycolysis is shown with blue arrows.
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3. Discussion

In this paper, we present a group of microRNAs that regulate genes involved in key metabolic
pathways and contribute to enhanced proliferation of renal cancer cells. We show that microRNAs
can affect the RCC metabolome both directly (e.g., miR-155-5p targeting GATM) and indirectly,
by cooperative regulation of the expression of NFAT5, a transcription factor governing the expression
of transporters that control osmolality. We also show that miR-146a-5p globally affects the expression
of genes involved in key metabolic pathways in RCC such as those associated with the PPP. Finally, the
results of PanCancer analysis indicate that miR-34a-5p, miR-106b-5p, miR-146a-5p, miR-155-5p, and
miR-342-3p may be involved in global regulation of metabolism in cancers of various origins.

Upregulation of the pentose phosphate pathway (PPP) is one of the key features of the dysregulated
metabolism of RCC cells [15]. It enables efficient production of NADPH, utilized as a reducing agent
contributing to redox homeostasis of cancer cells, and ribose-5-phosphate, required to support the
high rates of nucleotide synthesis during intensive malignant proliferation [16] (Figure 6B). G6PD is a
rate-limiting enzyme of the PPP and its inhibition attenuates survival of RCC cells [17]. We found that
miR-146a-5p stimulated the expression of G6PD and TKT, the genes encoding two key enzymes of the
oxidative and non-oxidative PPP branches, respectively. Interestingly, it was shown that transketolase
(TKT) activity correlates with creatinine levels in uremic patients [18], which may possibly partially
explain the observation that creatinine levels increased following miR-146a-5p transfection. Remarkably,
other reports also demonstrated that creatinine concentrations can be affected by miRNAs [19,20].
Most metabolic genes affected by miR-146a-5p transfection exhibited upregulated gene expression
(Table 2). This suggests that miR-146a-5p-mediated transcriptomic effects were not direct. Possible
mediatory mechanisms may include activation of transcription regulators (e.g., E2F4 and NCOR2),
mRNA processing factors or the suppression of inhibitory microRNAs (e.g., miR-29a) (Table S3).
However, the exact mechanisms mediating miR-146a-5p-induced upregulation of gene expression
remains to be delineated in the future.

GATM (AGAT) encodes glycine amidinotransferase, a mitochondrial enzyme that catalyzes the
transfer of a guanido group from L-arginine to glycine, resulting in guanidinoacetic acid, which is a
substrate for creatine synthesis. Suppressed expression of GATM in RCC tumors [4] is in line with
recent findings of decreased excretion of guanidinoacetate (GAA) in RCC patients [21]. Interestingly,
several studies have demonstrated that creatine inhibits growth of tumor cells both in vitro and
in vivo [22–24]. The exact mechanism by which creatine attenuates cancer growth is unknown;
however, possible mechanisms include inhibition of glycolysis or generation of acidosis [25]. It may
thus be hypothesized that miR-155-5p-mediated downregulation of GATM in RCC cells may lead
to a reduction of intracellular creatine pool, thereby preventing its anticancer activities. A possible
tumor-suppressive role of GATM is supported by the fact that its low expression correlates with
poor survival rates of RCC patients (Figure 1C). By contrast, high expression of miR-155-5p, which
downregulates GATM, correlates with poor prognosis for RCC patients (Figure 3). We did not see
the suppression of GATM protein by miR-155-5p in KIJ265T cells (Figure S3). This observation is in
agreement with previous studies that showed that miR-155 regulates gene expression in a cell-type
specific manner [26,27].

Intensive proliferation and metabolic activation of cells lead to osmotic stress which results from
enhanced consumption of metabolites that function as intracellular osmolytes, such as myo-inositol
or amino acids [28]. Our results suggest that enhanced expression of microRNAs, in particular
miR-106b-5p and miR-122-5p, may contribute to osmotic stress by inhibiting the expression of
NFAT5, a transcription factor that regulates gene expression in response to osmotic challenge [14,29].
Mammalian cells exposed to hypertonic environment respond by releasing water, and activating
NFAT5, which in turn leads to accumulation of intracellular organic osmolytes, i.e., betaine, taurine, and
myo-inositol [29]. NFAT5 is also involved in the regulation of cell survival, migration, proliferation and
angiogenesis [29]. Furthermore, the possible role of NFAT5 in cancer is supported by the fact that genes
encoding proteins involved in the transport of osmoregulators are markers of the cancer phenotype [30].
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NFAT5 plays different functions during cancer development and progression. In melanoma cells,
it stimulates invasion [31], while in thymoma it promotes T cells proliferation and activation [32].
In hepatocellular carcinoma, NFAT5 functions as a tumor suppressor and promotes apoptosis with
concomitant inhibition of cell cycle progression [33]. NFAT5 expression is regulated by multiple
microRNAs, including miR-211 in melanoma [31]; miR-641 in glioma [34]; miR-1b, miR-106a, and
miR-363-3p in differentiating Th17 cells [35]; miR-22 in colon cancer [36]; and miR-568 during Treg cells
activation [37]. Furthermore, NFAT5 is a target of a group of osmoresponsive miRNAs that regulate its
expression during osmoadaptation in mice [38]. During cell growth, NFAT5 regulates cell volume [28],
which is influenced by constant changes in extracellular and intracellular osmolality. Changes in
cell volume may affect concentrations of key signaling molecules, thereby influencing proliferation,
migration, and cell death [39]. Persistent changes in cell volume can lead to necrotic volume increase
(NVI) and finally to cell death [40]. The key molecular features of RCC pathology are metabolic
reprogramming associated with enhanced lactate production and activation of hypoxia-induced
signaling pathways [3]. Remarkably, both intracellular lactate accumulation and hypoxia can stimulate
cell swelling [40–42]. Depletion of intracellular myo-inositol is a well-known mechanism that counteracts
cell swelling [43,44]. Reduction of myo-inositol levels in the kidney may result from its reduced uptake
by transporting proteins such as SLC5A3 [45]. It may thus be hypothesized that microRNA-induced
changes in expression of NFAT5 and the resulting reduced expression of myo-inositol transporter may
represent a mechanism which protects RCC cells against cell swelling-induced death.

Our study took advantage of the publicly available data of the PanCancer project [46]. This initiative
of the TCGA consortium aims to analyze similarities and differences between different tumor types
and tissue sites of origin. Since its launch in 2012, the PanCancer project has resulted in plethora of
novel findings, including the importance of cell-of-origin in tumor pathology [47], development of
clinical outcome endpoints recommended for 33 cancer types [48], new clustering of tumor types
that may be implemented in future clinical trials [49], information on potential targets for new
combinations therapies [50], and the collection of digitalized histopathological sections from more than
11,000 patients [51] that are already used for creation of new bioinformatic diagnostic tools. Since it was
recently revealed that PanCancer metabolic profiling allows for prediction of responses to therapy [52],
we hope that the results of our study will bring the basis for future research focused on finding better
therapeutic options of RCC patients.

4. Materials and Methods

4.1. Tissue Samples

Ninety-five RCC tumor tissue samples and 95 matched-paired non-tumorous control kidney
samples (190 tissue samples in total) were from the local Tissue Bank stored at −80

◦
C at the Department

of Biochemistry and Molecular Biology, Centre of Postgraduate Medical Education. Collection of
tissue samples was performed under approval of the Bioethical Committee of Centre of Postgraduate
Medical Education (No. 18/PB/2012 and No. 75/PB-A/2014), with written informed consent obtained
from patients.

4.2. Cell Lines

Caki-2 cell line was purchased from ATCC (Manassas, VA, USA). KIJ-265T cell line was a kind gift
of Dr. John A. Copland and Mayo Foundation for Medical Education and Research (Rochester, MN,
USA). Both cell lines were cultured in accordance with providers’ instructions.

4.3. Transfections

The cells were seeded on 12-well, 6-well or 60-mm plates in complete medium and cultured for
24 h. Transfections were performed as described previously [6] using miRCURY LNA microRNA
mimics/inhibitors or control oligonucleotides provided in Table S10.
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4.4. Isolations of RNA and Proteins, Reverse Transcription

They were performed as previously described [6]. qPCR array analysis using Custom Panel
(Roche Diagnostics, Mannheim, Germany) and Pick&Mix microRNA PCR Panels (Exiqon, Vedbaek,
Denmark) were performed as previously [4,6]. Primers and probes for qPCR reactions are given
in Tables S11 and S12. The expression of microRNAs in tissue samples was normalized against
miR-103a-3p, for which stable expression was confirmed (Figure S4).

4.5. Cloning of miRNA Targets Sites and Luciferase Assays

They were performed using pmiRGLO reporter vector as provided in our previous study [6].
Sequences of oligonucleotides used for cloning of miRNA target sites are provided in Table S13.

4.6. Western Blots

WB were performed as in a previous study [53]. Details on antibodies and dilutions are given in
Table S14.

4.7. Analysis of Proliferation

Proliferation of RCC cells was analyzed using BrdU assay (Roche Diagnostics, Mannheim,
Germany) and an earlier described procedure [53].

4.8. Transcriptomic Analysis

For transcriptomic analysis, we used RNA isolated from four independent wells of a 12-well plate,
transfected with miR-146a-5p mimic, and four independent wells of a 12-well plate, transfected with
non-targeting control oligonucleotide. Microarray analysis was performed using Affymetrix Gene
Atlas System according to the manufacturer’s instructions. Briefly, 150 ng of total RNA that passed
initial quality control screen (2100 Bioanalyzer, Agilent, Santa Clara, CA, USA) was used for target
preparation using the GeneChip™WT PLUS Reagent Kit (ThermoFisher Scientific, Waltham, MA,
USA). Prepared samples were hybridized to the Affymetrix™ HuGene 2.1 ST Array Strips (Affymetrix,
Santa Clara, CA, USA). Arrays after washing and staining, were scanned in Gene Atlas Imaging Station
(Affymetrix) with .CEL files as data output. Data analysis was performed using Transcriptome Analysis
Console (TAC) Software 4.0 (ThermoFisher) and Ingenuity Pathway Analysis Software (IPA, QIAGEN
Bioinformatics, Hilden, Germany). After importing Human Gene 2.1 ST .CEL files into TAC 4.0, the
array data were normalized by the RMA method. The probe summarization and the microarray quality
control were done with TAC 4.0 according to the manufacturer’s instructions. In the next step, TAC 4.0
one-way ANOVA was utilized to determine differentially expressed genes (DEGs) between treatment
and control: KIJ265T cell line transfected with miR-146a-5p mimic or transfected with non-targeting
control oligonucleotide, respectively. To minimize the variability originating from different sample
preparation dates in a comparison analysis, TAC 4.0 batch effect was applied. The criteria for selecting
DEGs were fold change ≤ −1.5 or fold change ≥ 1.5 and p value ≤ 0.05. Further bioinformatic analyses
were performed with TAC 4.0 and Ingenuity Pathway Analysis Software (IPA, Qiagen Bioinformatics).
The results of microarray analysis were validated using qPCR. To validate microarrays experiments,
transfections with miR-146a-5p and non-targeting control oligonucleotides were repeated three times
on independent days. Each day, transfections were performed using three wells of a 12-well plate for
miR-146a-5p mimic and three wells of a 12-well plate for control oligonucleotide.

4.9. Metabolomic Analysis

Cells were cultured in medium without phenol red. Then, 72 h after transfection, cells were
washed five times with PBS and metabolites were extracted with 1 mL of 1:3 methanol: MTBE extraction
buffer containing internal standards (500 ng of 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine
(Avanti Polar Lipids, 850360P) and 500 ng of 13C sorbitol. Metabolite profiling was performed using a
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gas chromatography mass spectrometer (GC-MS) as earlier described [4]. To measure cellular proteins,
the cell residues were resuspended in 0.1 M NaOH containing 0.125% Triton X-100 [54].

4.10. Bioinformatics Analysis

Prediction of microRNAs targeting genes involved in metabolic pathways was performed using
miRSystem (http://mirsystem.cgm.ntu.edu.tw/microrna.org [13]), TargetScan [55] and literature search
according to the criteria described in File S1. miRsystem parameters were defined to include validated
genes greater than or equal to 3 and O/E ratio greater than or equal to 2. Survival analysis was
performed using OncoLnc tool (f http://www.oncolnc.org) [56] and SurvExpress (http://bioinformatica.
mty.itesm.mx:8080/Biomatec/SurvivaX.jsp) [57] using KIRC cohorts of TCGA transcriptomic data.
The expressions of ADM, NFAT5 and its target genes were analyzed using FireBrowse RESTful API
visual interface (http://firebrowse.org/api/api-docs, api version: 1.1.38) on KIRC cohort data. Analysis
of correlations between NFAT5 and miRNAs was performed using StarBase v2.0. on PanCancer data
involving 14 types of cancer [58].

4.11. Statistical Analysis

Data distribution was analyzed using Shapiro–Wilk test. Statistical significance of two groups
of data was analyzed using t-test, Wilcoxon matched-pairs signed rank test or Mann–Whitney test.
Correlations were analyzed using Spearman r or Pearson r, depending on data distribution. Analysis
of more than two groups of data was performed using one-way ANOVA with Dunnett’s Multiple
Comparison Test. p < 0.05 was considered statistically significant. Statistical analyses were done using
GraphPad Prism 5.00 for Windows.

5. Conclusions

We found that increased expression of microRNAs in renal cancer contributes to disturbed
expression of key genes involved in the regulation of RCC metabolome. The correlations between
microRNAs expression and the profiles of RCC metabolites suggest that changes in expression of
small non-coding microRNAs may contribute to the metabolic reprogramming and osmoregulation in
renal tumors. In particular, miR-146a-5p and miR-155-5p emerge as a key “metabomiRs” that target
genes of crucial metabolic pathways (PPP, TCA cycle, arginine metabolism) in RCC, while enhanced
expression of miR-106b-5p may contribute to dysregulation of osmotic control in renal cancer cells.
The fact that altered expressions of miR-106b-5p, miR-155-5p, and miR-342-3p correlate with poor
survival of RCC patients strengthens their significance as oncogenic microRNAs in RCC. Finally, the
results of our study indicate that miR-34a-5p, miR-106b-5p, miR-146a-5p, miR-155-5p, and miR-342-3p
are PanCancer metabomiRs that may be involved in global regulation of cancer metabolism.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/12/1825/s1:
Table S1: Selection of 20 genes for validation analysis performed in this study. Table S2: Preliminary analysis of
expression of 90 microRNAs predicted to target genes involved in metabolic pathways in RCC tumor tissues.
Table S3: Analysis of correlations between the expressions of miRNAs and their predicted target genes. Table S4:
The results of microarray analysis of KIJ265T cells transfected with miR-146a-5p mimic or non-targeting control
oligonucleotide. (XLSX). Table S5: Pathways enriched in KIJ265T cells transfected with miR-146a-5p mimic
compared to cells transfected with control oligonucleotide. Table S6: Analysis of correlations between the
expressions of miRNAs and levels of metabolites in RCC tissue samples. Table S7: The search for genes commonly
targeted by miRNAs for which expressions correlated with myo-inositol levels in RCC tissue samples. Table S8:
PanCancer analysis of correlations between the expression of microRNAs and their target genes. Table S9: Analysis
of correlations between the expressions of microRNAs and their predicted target genes. Table S10: microRNA
mimics, inhibitors, and control oligonucleotides used for transfections. Table S11: qPCR primers. (DOCX).
Table S12: microRNA LNA primers used in the study. Table S13: Oligonucleotides used for cloning of miRNA
target sites. (DOCX). Table S14: Antibodies used in Western blots. (DOCX). Figure S1: The expression profiles of
metabolically relevant genes predicted as targets for microRNAs in two groups of patients stratified into “Low”
(n = 130) and “High” (n = 130) expression groups. Figure S2: The activity of luciferase reporter system under
control of mutated MREs cloned from metabolic genes. Figure S3: Western blot analysis of proteins encoded
by metabolic genes in RCC cells transfected with predicted miRNA mimics or scrambled non-targeting control
oligonucleotide. Figure S4: The expression of miR-103a-3p in tissue samples. File S1: Criteria used for selection of
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miRNAs targeting genes involved in metabolic regulation. (DOCX). File S2: The expression of NFAT5 correlates
with expression of the predicted regulatory miRNAs in cancers.
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Abstract: Although cytoplasmic AMP-activated protein kinase (AMPK) has been known as a
tumor-suppressor protein, nuclear AMPK is suggested to support clear cell renal cell carcinoma
(ccRCC). In addition, pAMPK interacts with TGF-β/SMAD, which is one of the frequently altered
pathways in ccRCC. In this study, we investigated the prognostic significance of pAMPK with
respect to subcellular location and investigated its interaction with TGF-β/SMAD in ccRCC.
Immunohistochemical staining for pAMPK, pSMAD2 and SMAD4 was conducted on tissue microarray
of 987 ccRCC specimens. Moreover, the levels of pSMAD2 were measured in Caki-1 cells treated
with 5-aminoimidazole-4-carboxamide ribonucleotide. The relationship between AMPK/pAMPK
and TGFB1 expression was determined using the TCGA database. As a result, pAMPK positivity,
either in the cytoplasm or nuclei, was independently associated with improved ccRCC prognosis,
after adjusting for TNM stage and WHO grade. Furthermore, pAMPK-positive ccRCC displayed
increased pSMAD2 and SMAD4 expression, while activation of pAMPK increased pSMAD2 in Caki-1
cells. However, AMPK/pAMPK expression was inversely correlated with TGFB1 expression in the
TCGA database. Therefore, pAMPK immunostaining, both in the cytoplasm and nuclei, is a useful
prognostic biomarker for ccRCC. pAMPK targets TGF-β-independent phosphorylation of SMAD2
and activates pSMAD2/SMAD4, representing a novel anti-tumoral mechanism of pAMPK in ccRCC.

Keywords: clear cell renal cell carcinoma; AMP-activated protein kinases; immunohistochemistry;
prognosis; SMAD proteins; transforming growth factor beta

1. Introduction

Clear cell renal cell carcinoma (ccRCC), the most common type of renal cell carcinoma,
is characterized by genetic alterations that regulate cellular metabolism [1,2]. For example, accumulation
of an oxygen-sensing protein, hypoxia-inducible factor (HIF)-α, by the mutational loss of the VHL
tumor-suppressor gene supports ccRCC progression via angiogenesis and epithelial-mesenchymal
transition (EMT) [2]. Another metabolic hallmark of ccRCC is a change in the glucose-sensing machinery
caused by constitutive activation of the PI3K/AKT/MTOR pathway [1,2]. Activated mammalian target
of rapamycin complex 1 (mTORC1) also stimulates development and progression of ccRCC, indicating
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that mTORC1 is a target for the treatment of metastatic ccRCC [1–3]. Furthermore, lipogenic metabolism
is one of the important biologic signatures of ccRCC [2,4,5]. Consistent with these findings, altered
expression of metabolism-associated molecules in ccRCC, including AMP-activated protein kinase
(AMPK), has been reported to be significantly associated with clinical outcomes [1,6].

AMPK is an intracellular metabolic switch that increases catabolic processes upon activation
by threonine (T172) phosphorylation; this phosphorylation is mediated by liver kinase B1 (LKB1)
and is stimulated by an increased AMP:ATP ratio [7,8]. pAMPK has been highlighted for its
roles as both a metabolic regulator and a tumor suppressor [7]. For example, the AMPK activator
5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) has been shown to inhibit mTORC1 and thus
negatively regulate proliferation and survival of multiple types of cancer cells, including ccRCC [7,9].
In agreement with these findings, increased AMPK/pAMPK expression is indicative of favorable
survival in patients with carcinomas of the uterine cervix [10], ovary [11], and liver [12] whose tumor
cells display cytoplasmic AMPK/pAMPK immunohistochemical (IHC) staining. Conversely, and
paradoxically, nuclear pAMPK has been revealed to promote the survival, proliferation, and metastatic
capacity of malignant cells under metabolic stress, likely through oncogene activation [13,14]. Recently,
Liu et al. [14] demonstrated that nuclear pAMPK mediates the proliferation of glucose-deprived human
renal cell carcinoma cells, by recruiting pyruvate kinase isozymes M2 and β-catenin. Although analysis
from ccRCC tumor lysates revealed that increased AMPK mRNA and pAMPK are associated with
favorable outcomes [1,6], the prognostic significance of pAMPK subcellular location has not yet been
investigated in patients with ccRCC.

pAMPK has also been shown to attenuate signaling transduction via the transforming growth
factor-β (TGF-β)/SMAD pathway in numerous non-neoplastic cells by inhibiting phosphorylation of
SMAD2/SMAD3 or nuclear translocation of SMAD4 [15–19]. In cancer, the connection between pAMPK
and TGF-β/SMAD has been poorly investigated, with the exception of one study in breast cancer
cells which revealed that pAMPK decreased invasion via downregulation of TGF-β/SMAD-dependent
EMT [20]. Upon receptor-regulated phosphorylation by TGF-β, pSMAD2/pSMAD3 forms a complex
with SMAD4 and acts as a coactivator of numerous TGF-β target promoters in the nuclei that contributes
to either tumorigenesis or tumor progression, depending on the context [21]. In light of the fact that
nuclear SMAD2/SMAD3/SMAD4 expression was significantly associated with ccRCC prognosis [22],
SMAD proteins may be targets of pAMPK in regulating the behavior of ccRCC. In this study, we aimed
to clarify the prognostic significance of pAMPK with respect to the subcellular location in ccRCC, as
revealed by IHC staining. In addition, we tried to determine whether the expression of SMAD proteins
was governed by pAMPK in ccRCC.

2. Results

2.1. Patients and pAMPK IHC Staining

The demographic and clinicopathological characteristics of the discovery and validation of
ccRCC patient cohorts are summarized in Table 1. In the discovery and validation cohorts, the
male-to-female sex ratios were 2.8 and 3.0 and the median ages were 58 (range, 20–81) and 56 (range,
24–84) years, respectively.

IHC staining revealed cytoplasmic (Figure 1A,B) and nuclear (Figure 1B,C) pAMPK positivity
in 250 (55.2%) and 228 (50.3%) samples, respectively, of the discovery cohort, and in 242 (45.3%) and
231 (43.3%) patients, respectively, of the validation cohort (Table 1). The results of this dichotomous
assessment of cytoplasmic and nuclear pAMPK expression, described in detail in Materials and Methods
4.3., showed high agreement between the tissue microarray (TMA) and matched whole-section slides
from 10 randomly selected patients. Both cytoplasmic and nuclear pAMPK positivity was significantly
associated with small tumor size (p < 0.001), low TNM stage (p < 0.001), and low WHO grade (p < 0.001)
in the discovery cohort, which was verified in the validation cohort (Table 1).
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Table 1. pAMPK expression and clinicopathological details of the discovery and validation cohorts.

Discovery Cohort Cyt Pos 1 Cyt Neg p Nuc Pos 1 Nuc Neg p Total

Number n = 250
(55.2%)

n = 203
(44.8%)

n = 228
(50.3%)

n = 225
(49.7%)

453

Age (year) 0.006 0.009
≥58 118 (47.2%) 123 (60.6%) 107 (46.9%) 134 (59.6%) 241 (53.2%)
<58 132 (52.8%) 80 (39.4%) 121 (53.1%) 91 (40.4%) 212 (46.8%)
Sex 0.483 0.003

Male 180 (72.0%) 153 (75.4%) 153 (67.1%) 180 (80.0%) 333 (73.5%)
Female 70 (28.0%) 50 (24.6%) 75 (32.9%) 45 (20.0%) 120 (26.5%)

Size (cm)2 3.0 [2.0–4.5] 5.0 [3.0–7.9] <0.001 3 3.0 [2.0–4.7] 4.5 [3.0–7.5] <0.001 3 3.5 [2.3–6.0]
TNM stage <0.001 <0.001
Low (I or II) 219 (87.6%) 138 (68.0%) 209 (91.7%) 148 (65.8%) 357 (78.8%)

High (III or IV) 31 (12.4%) 65 (32.0%) 19 (8.3%) 77 (34.2%) 96 (21.2%)
WHO grade <0.001 <0.001
Low (1 or 2) 141 (56.4%) 79 (38.9%) 155 (68.0%) 65 (28.9%) 220 (48.6%)
High (3 or 4) 109 (43.6%) 124 (61.1%) 73 (32.0%) 160 (71.1%) 233 (51.4%)

Validation cohort Cyt Pos 1 Cyt Neg p Nuc Pos 1 Nuc Neg p Total

Number n = 242
(45.3%)

n = 292
(54.7%)

n = 231
(43.3%)

n = 303
(56.7%)

534

Age (year) 0.078 0.045
≥56 114 (47.1%) 161 (55.1%) 107 (46.3%) 168 (55.4%) 275 (51.5%)
<56 128 (52.9%) 131 (44.9%) 124 (53.7%) 135 (44.6%) 259 (48.5%)
Sex 0.737 0.001

Male 183 (75.6%) 216 (74.0%) 156 (67.5%) 243 (80.2%) 399 (74.7%)
Female 59 (24.5%) 76 (26.0%) 75 (32.5%) 60 (19.8%) 135 (25.3%)

Size (cm) 2 4.0 [3.0–6.0] 5.5 [3.8–8.8] <0.001 3 4.0 [3.0–6.5] 5.3 [3.9–8.0] <0.001 3 4.8 [3.2–7.5]
TNM stage <0.001 <0.001
Low (I or II) 204 (84.3%) 180 (61.6%) 191 (82.7%) 193 (63.7%) 384 (71.9%)

High (III or IV) 38 (15.7%) 112 (38.4%) 40 (17.3%) 110 (36.3%) 150 (28.1%)
WHO grade 0.085 <0.001
Low (1 or 2) 140 (57.9%) 146 (50.0%) 155 (67.1%) 131 (43.2%) 286 (53.6%)
High (3 or 4) 102 (42.1%) 146 (50.0%) 76 (32.9%) 172 (56.8%) 248 (46.4%)

1 pAMPK-positive tumor extent >10% 2 Median with 25–75% quartile 3 Mann–Whitney U test. The other p-values
were calculated by Pearson’s χ2 test. Abbreviation: Cyt, cytoplasm; Pos, positive; Neg, negative; Nuc, nucleus.

 
Figure 1. Immunohistochemical staining for pAMPK. (A) More than 50% of tumor cells expressed
pAMPK both in the cytoplasm and nuclei; (B) More than 50% of tumor cells are stained for pAMPK in
the cytoplasm but less than 10% of tumor cells show nuclear staining for pAMPK; (C) More than 50%
of the tumor cells exhibits pAMPK only in the nuclei.

2.2. Positive IHC Staining for pAMPK Was Significantly Associated with Improved ccRCC Prognosis

The median follow-up periods from the discovery and validation cohorts were 121 (range, 1–178)
and 102 (range, 2–288) months, respectively. The median overall survival (OS) was not reached in
either cohort. Kaplan–Meier and log-rank tests showed that pAMPK-positive ccRCC, either in the
cytoplasm or in the nuclei, was associated with longer progression-free survival (PFS) (p < 0.001),
overall survival (OS) (p < 0.001), and cancer-specific survival (CSS) (p < 0.001) than pAMPK-negative
ccRCC, both in the discovery and validation cohorts (Figure 2). Univariate Cox regression analysis
showed that patients with pAMPK-positive ccRCC (with either a cytoplasmic or nuclear pattern)
were less likely to experience disease progression (p < 0.001), death (p < 0.001), and disease-specific
death (p < 0.001); these findings were true in both the discovery (Table 2) and validation (Table 3)
cohorts. A multivariate analysis incorporating TNM stage and WHO grade showed that pAMPK
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positivity is an independent prognostic factor for favorable PFS (cytoplasmic, hazard ratio [HR] = 0.260,
p < 0.001; nuclear, HR = 0.308, p < 0.001), OS (cytoplasmic, HR = 0.656, p = 0.032), and CSS (cytoplasmic,
HR = 0.374, p = 0.001; nuclear, HR = 0.232, p = 0.003) in the discovery cohort (Table 2). The prognostic
significance of cytoplasmic and nuclear pAMPK expression adjusted for TNM stage and WHO grade
was confirmed in the validation cohort (Table 3).

Figure 2. Survival analyses of pAMPK cytoplasmic and nuclear expression. (A) Discovery cohort;
(B) Validation cohort. Cyt, cytoplasm; Pos, positive; Neg, negative; Nuc, nucleus.
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Table 2. Cox regression analyses for pAMPK expression of the discovery cohort.

Analysis Detail Progression-Free Survival Overall Survival Cancer-Specific Survival

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Univariate analysis
pAMPK-C (Pos vs Neg) 0.190 (0.110–0.310) <0.001 0.470 (0.320–0.680) <0.001 0.200 (0.110–0.370) <0.001
pAMPK-N (Pos vs Neg) 0.140 (0.080–0.260) <0.001 0.440 (0.300–0.650) <0.001 0.070 (0.030–0.19) <0.001
TNM stage (≥III vs ≤II) 12.920

(8.150–20.490)
<0.001 5.480 (3.790–7.920) <0.001 18.050

(10.100–32.270)
<0.001

WHO Grade (≥3 vs ≤2) 5.210 (2.980–9.120) <0.001 2.770 (1.850–4.160) <0.001 16.330
(5.930–44.950)

<0.001

Multivariate analysis
pAMPK-C (Pos vs Neg) 0.260 (0.153–0.442) <0.001 0.656 (0.446–0.965) 0.032 0.374 (0.205–0.681) 0.001
TNM stage (≥III vs ≤II) 8.644 (5.340–13.992) <0.001 4.163 (2.806–6.178) <0.001 9.535 (5.245–17.336) <0.001
WHO Grade (≥3 vs ≤2) 2.601 (1.456–4.646) 0.001 1.774 (1.156–2.724) 0.009 7.163 (2.552–20.106) <0.001

Multivariate analysis
pAMPK-N (Pos vs Neg) 0.308 (0.159–0.595) <0.001 0.767 (0.500–1.177) 0.225 0.232 (0.090–0.600) 0.003
TNM stage (≥III vs ≤II) 7.944 (4.868–12.965) <0.001 4.250 (2.850–6.337) <0.001 8.677 (4.754–15.837) <0.001
WHO Grade (≥3 vs ≤2) 1.889 (1.024–3.487) 0.042 1.696 (1.082–2.660) 0.021 5.086 (1.777–14.556) 0.002

Abbreviation: HR, hazard ratio; CI, confidence interval; C, cytoplasm; Pos, positive; Neg, negative; N, nucleus.

Table 3. Cox regression analyses for pAMPK expression of the validation cohort.

Analysis Detail Progression-Free Survival Overall Survival Cancer-Specific Survival

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Univariate analysis
pAMPK–C (Pos vs Neg) 0.250 (0.180–0.360) <0.001 0.480 (0.340–0.690) <0.001 0.180 (0.100–0.310) <0.001
pAMPK–N (Pos vs Neg) 0.300 (0.210–0.440) <0.001 0.350 (0.230–0.510) <0.001 0.180 (0.100–0.330) <0.001
TNM stage (≥III vs ≤II) 6.430 (4.720–8.760) <0.001 4.740 (3.390–6.620) <0.001 10.340

(6.570–16.270)
<0.001

WHO Grade (≥3 vs ≤2) 3.010 (2.190–4.140) <0.001 2.870 (2.020–4.080) <0.001 4.640 (2.880–7.470) <0.001
Multivariate analysis

pAMPK–C (Pos vs Neg) 0.304 (0.210–0.441) <0.001 0.629 (0.438–0.903) 0.012 0.256 (0.144–0.455) <0.001
TNM stage (≥III vs ≤II) 4.630 (3.352–6.395) <0.001 3.567 (2.505–5.079) <0.001 6.446 (4.023–10.328) <0.001
WHO Grade (≥3 vs ≤2) 2.244 (1.618–3.112) <0.001 2.091 (1.453–3.010) <0.001 2.935 (1.801–4.781) <0.001

Multivariate analysis
pAMPK–N (Pos vs Neg) 0.405 (0.280–0.585) <0.001 0.471 (0.315–0.705) <0.001 0.296 (0.164–0.536) <0.001
TNM stage (≥III vs ≤II) 4.989 (3.617–6.883) <0.001 3.601 (2.537–5.111) <0.001 7.101 (4.434–11.371) <0.001
WHO Grade (≥3 vs ≤2) 1.882 (1.350–2.623) <0.001 1.844 (1.274–2.667) 0.001 2.344 (1.430–3.844) <0.001

Abbreviation: HR, hazard ratio; CI, confidence interval; C, cytoplasm; Pos, positive; Neg, negative; N, nucleus.

2.3. pAMPK Induced Nuclear SMAD Protein Expression in ccRCC

We compared nuclear pSMAD2 and SMAD4 immunoreactivity of pAMPK-positive and
pAMPK-negative tumors. The mean (± standard deviation) pSMAD2 expression was 57.0% (±26.2) and
30.4% (±19.7) (p < 0.001) in the cytoplasmic pAMPK-positive and pAMPK-negative ccRCC samples,
respectively, and 52.5% (± 28.5) and 37.5% (± 23.0) (p < 0.001) in the nuclear pAMPK-positive and
pAMPK-negative ccRCC specimens, respectively. Similarly, SMAD4 nuclear expression was observed
in 20.0% (±22.6) and 2.6% (±5.9) (p < 0.001) of tumor cells with cytoplasmic pAMPK positivity and
negativity, respectively, and in 19.0% (±23.2) and 5.4% (±10.5) (p < 0.001) of those with positive and
negative nuclear pAMPK immunostaining, respectively (Figure 3B). We next sought to determine
whether pAMPK positively regulates SMAD protein expression. AICAR treatment activated pAMPK
and increased pSMAD2 expression in Caki-1 cells (Figure 3C,D).
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Figure 3. pSMAD2/SMAD4 upregulation by pAMPK in ccRCC. pAMPK-positive ccRCC, either in the
cytoplasm or nuclei, shows higher nuclear expression levels of (A) pSMAD2 and (B) SMAD4 than
pAMPK-negative ccRCC (Mann–Whitney U tests). Green square indicates the mean value; (C) AICAR
activates pAMPK and induces pSMAD2 expression in Caki-1 cells; (D) The relative intensity of Western
blot results before (control) and after AICAR treatment is shown as a mean (bar) with a standard
deviation (line) (Rex 3.0.4, RexSoft Inc., Seoul, Korea).

Next, we asked whether the pAMPK-mediated SMAD induction was dependent on the
TGF-β/SMAD pathway. To this end, we investigated the correlation between AMPK mRNA (AMPKα1,
AMPKα2, AMPKβ1, AMPKβ2, AMPKγ1, and AMPKγ2) and phosphoprotein (T172) levels, and the
mRNA expression levels of TGF-β (TGFB1) and SMAD (SMAD2, SMAD4) in the TCGA ccRCC database.
Our analysis revealed that levels of AMPK mRNA and pAMPK were inversely correlated with TGFB1
but were weakly and positively correlated with expression of SMAD2 and SMAD4 (Figure 4). Therefore,
both cytoplasmic and nuclear pAMPK-positive ccRCC was enriched for nuclear pSMAD2 and SMAD4.
Further, pAMPK induced phosphorylation of SMAD2 in a TGF-β-independent manner.
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Figure 4. Correlation coefficient among TGFB1, SMAD2, SMAD4, and AMPK (mRNA and T172
phosphoprotein) analyzed from the TCGA ccRCC database. (A) TGFB1 is inversely but SMAD2 and
SMAD4 are positively correlated with AMPK mRNA in the TCGA mRNA database; (B) Similar trends
are identified between TGFB1/SMAD2/SMAD4 (TCGA mRNA database) and pAMPKT172 protein
(TCGA reverse phase protein array data of the matched samples).

3. Discussion

Here, we have revealed the prognostic implication of IHC staining for pAMPK in large cohorts of
ccRCC patients. pAMPK positivity was related to low-risk pathological traits of ccRCC, including
small tumor size, early TNM stage, and low WHO grade, and was an independent favorable prognostic
factor in ccRCC. These results were consistent across samples with cytoplasmic and/or nuclear pAMPK
IHC staining, suggesting that IHC staining for pAMPK may be a useful prognostic biomarker for
ccRCC. Furthermore, pAMPK-positive ccRCC showed higher levels of nuclear pSMAD2 and SMAD4
expression than those in pAMPK-negative tumors. Consistent with this result, Caki-1 cells treated
with AICAR showed increased expression of pSMAD2. SMAD2/SMAD4 mRNA also showed a
modestly positive correlation with AMPK mRNA/phosphoprotein, whereas TGFB1 showed an inverse
correlation, suggesting that pAMPK activates SMAD expression through a non-TGF-β pathway.

pAMPK inhibits growth, invasion, EMT, and metastasis by modulating various signaling axes,
including downregulation of mTORC1, HIF, and NF-κB and upregulation of Forkhead box class O
(FoxO)3a and p53 [7,12,23–25]. In addition, pAMPK is responsible for restricting ATP-consumption
by directly suppressing fatty acid synthesis enzymes, such as acetyl-CoA carboxylase and fatty acid
synthase. In other words, pAMPK shifts metabolism away from the Warburg effect-like status,
an environment that is supportive of ccRCC progression [1,6,7,24]. Our clinical results as well
as previous preclinical data propose that AMPK activation may be useful as a ccRCC treatment
strategy [25,26]. pAMPK expression may affect the treatment response to targeted agents in ccRCC. For
example, rapamycin, an inhibitor to mammalian target of rapamycin, displayed additive counteraction
against the invasion and growth of renal cell carcinoma when this was administered together with
AICAR [25]. In addition, because pAMPK inhibits HIF-α activity and HIF-α stably upregulates vascular
endothelial growth factor in ccRCC [2,25], the association between pAMPK expression and vascular
endothelial growth factor receptor tyrosine kinase inhibitors might be worth investigating. However,
the subcellular location-specific tumor-suppressive functions of AMPK have been controversial. For
example, nuclear pAMPK increased transcription of pro-cancerous molecules, such as cyclin D1, c-myc,

183



Cancers 2019, 11, 1602

and Oct4, in cancer cells under metabolic stresses (e.g., in glucose-deprived conditions) [13,14]. The
clinical significance of this nuclear pAMPK immunoreactivity has never been investigated in vivo
because prior studies have reported that IHC staining for pAMPK is confined to the cytoplasm
of normal and neoplastic human tissue [10–12,27,28]. In the ccRCC TCGA reports, the prognostic
significance of pAMPK was demonstrated using protein array, without considering pAMPK subcellular
localization [1,6]. We observed that both cytoplasmic and nuclear pAMPK is independently associated
with favorable prognoses in ccRCC. Previous studies have revealed that nuclear pAMPK can function
in either an inhibitory or a stimulatory manner in renal cell carcinoma, depending on context: the
oncogenic function of nuclear AMPK is confined to glucose-deprived renal cell carcinoma cells,
whereas regular tumor-suppressive functions predominate under usual conditions [14]. Therefore, it is
reasonable to speculate that the hostile environments that encourage nuclear pAMPK to stimulate
ccRCC progression were present in only a restricted number of patients in this study. In addition, it is
noteworthy that glucose starvation can also lead to the activation of various signals other than AMPK,
including Akt and ERK [23].

The TGF-β/SMAD signaling pathway, a major regulator of carcinogenesis and the progression of
various tumor types [29], is frequently altered in ccRCC [1]. In fact, pAMPK has been shown to inhibit
SMAD-mediated TGF-β signal transduction through various mechanisms, by which pAMPK exhibits
anti-fibrogenic and anti-EMT functions [15–18,20]. For example, pAMPK prevented TGF-β-mediated
phosphoactivation of SMAD2 and/or SMAD3 in vascular smooth muscle and breast cancer cells [17,20].
In mesenchymal cells, pAMPK also reduced the stability and nuclear localization of SMAD4 [18]
and the interaction of SMAD3 with its coactivator, p300, without affecting the phosphorylation of
SMAD2 or SMAD3 [16]. In contrast, we demonstrated that pAMPK-positive ccRCC showed higher
levels of nuclear pSMAD2 and SMAD4 than those in pAMPK-negative tumors. We hypothesize that
this positive relationship between pAMPK and pSMAD2/SMAD4 may be involved in an important,
as-yet-unidentified mechanism that is critical to the inhibition of ccRCC. In addition, this may explain
a previous report that ccRCC displaying nuclear SMAD2/SMAD3/SMAD4 protein expression had,
for unknown reasons, favorable outcomes [22]. It is known that LKB1, kinase upstream of pAMPK,
dictates phosphoactivation of AMPK, except on limited occasions when AMPK might be activated by
calcium/calmodulin-dependent protein kinase kinase 2, TGF-β-activated kinase 1, or AMP through
phosphorylation or allosteric modification [7,8]. AICAR is an AMP-mimetic that directly binds to
AMPK and facilitates its phosphorylation by LKB1 [7,19]. Therefore, it is safe to say that LKB1 played
a critical role in activating pAMPK in this study. LKB1 may directly increase TGF-β signaling in an
AMPK-independent way, as suggested in other studies [30,31]. Nevertheless, we identified a negative
correlation between TGFB1 and both AMPK mRNA and pAMPK proteins in the TCGA ccRCC database,
in agreement with a previous report [20]. Low TGFB1 mRNA levels are likely attributable to an
attenuated TGF-β/SMAD cascade [31]. The positive correlation between SMAD2/SMAD4 mRNA levels
and AMPK/pAMPK in the TCGA database was weak and inconsistent, compared to the tight correlation
between pSMAD2/SMAD4 and pAMPK expression in our TMA and Western blot analyses. Therefore,
we hypothesize that pAMPK post-transcriptionally or post-translationally activates pSMAD2/SMAD4
by phosphorylating SMAD2 via a TGF-β-independent mechanism. Furthermore, the results suggest
that pAMPK probably conducts a tumor-suppressive function through pSMAD2/SMAD4 activation,
at least in part. Upregulation of nuclear FoxO3a may connect the coactivation of pAMPK and
SMAD. FoxO3 is also a good candidate for an interdependent molecule mediating the antitumoral
functions of pAMPK and pSMAD2/SMAD4 in ccRCC. In ovarian cancer, FoxO3a interacted with a
SMAD2/SMAD3/SMAD4 complex in the nucleus, which could maintain activated SMAD proteins
at high levels, and this interaction in turn promoted the cell-cycle arrest synergistically [32,33]. In
addition, previous studies showed that the activation of AMPK increased both the nuclear localization
and stability of FoxO3a in cancer and enhanced the transcription of autophagy-associated genes,
leading to cell death [23,34]. Taken together, this putative pAMPK/FoxO3/SMAD interaction may lead
to favorable outcomes in pAMPK-positive ccRCC with high expression of SMAD proteins. Presumably,
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this is a novel biological function of pAMPK/pSMAD2/SMAD4 in ccRCC that warrants further studies.
Secondly, given that AMPK is a kinase of diverse targets and the TGF-β/SMAD pathway engages in a
reciprocal cross talk with various molecules [7,21], it is readily assumable that pAMPK might activate
and cooperate with pSMAD2/SMAD4 to downregulate ccRCC, either directly or indirectly by way of
modulating other pathways.

There are a few limitations in this study. Although it is well known that pSMAD2 and pSMAD3
are very similar proteins that can form a complex with SMAD4 to activate transcriptional responses [29],
the interaction between pSMAD3 and pAMPK was not investigated in this study. Along with the
positive correlation between pAMPK and nuclear pSMAD2/SMAD4 in IHC, the Western blot result
puts forward the idea that pAMPK overexpression phosphorylates SMAD2 and subsequently activates
pSMAD2/SMAD4 in ccRCC. However, more detailed in vitro studies adopting a constitutively active
mutant of AMPK or depletion of pAMPK using compound C or siRNA to AMPK would profoundly
improve the understanding of the causal relationship between pAMPK and pSMAD2/SMAD4 activation.
In addition, despite the unequivocal overexpression of pSMAD2 and SMAD4 in pAMPK-positive
tumors, it still remains uncertain whether pAMPK directly induces SMAD-mediated transcriptional
activities in ccRCC. Previous reports demonstrated that SMAD activities were regulated by pAMPK
at the transcriptional level in various conditions [15,16,20], which accompanied increased expression
of the pAMPK and AMPKα2 subunit in the nuclei of human mesangial cells as well [15]. Although
these results imply that pAMPK may directly associate with SMAD proteins and modulate their
transcriptional function in the nuclei [15], this phenomenon has not been verified in ccRCC. Further
investigation will be required to elucidate the detailed functional effects of pAMPK-induced activation of
SMAD proteins, including SMAD-responsive transcription and the regulation of its downstream targets.

4. Materials and Methods

4.1. Patients’ Cohorts

In total, 987 ccRCC samples were surgically resected at the Seoul National University Hospital
between 1995 and 2008, and separated into discovery (n = 453; 2003–2008) and validation (n = 534;
1995-2004) cohorts. Of these samples, 294 cases of the discovery cohort and 493 cases of the validation
cohort were radical nephrectomy specimens, while the others were partial nephrectomy specimens.
Each tumor sample was reviewed for histologic type, TNM stage, and WHO grade. The TNM stage
was reclassified according to the American Joint Committee on Cancer—Cancer Staging Manual, 8th
edition [35]. Clinical data were obtained from medical records. Patients who received neoadjuvant
treatment, displayed bilateral disease at the time of diagnosis, or who had Von Hippel–Lindau
syndrome were excluded. This study was approved by the Institutional Review Board of Seoul
National University Hospital (H-1810-150-983).

4.2. TMA Construction and IHC Staining

Two cores (2 mm in diameter) from each specimen were embedded in recipient paraffin blocks
using a trephine apparatus (Superbiochips Laboratories, Seoul, Republic of Korea) for TMA construction.
IHC staining was conducted on 4-μm-thick TMA sections using the Benchmark autostainer (Ventana,
Tucson, AZ) according to the manufacturer’s instructions. IHC staining was conducted using a rabbit
monoclonal antibody against pAMPKT172 (1:100; Cat. #2535; Cell Signaling Technology, Danvers, MA),
a rabbit polyclonal antibody against pSMAD2S467 (1:70; Cat. #ab53100; Abcam, Cambridge, UK), and a
mouse monoclonal antibody against SMAD4 (1:100; Cat. #sc-7966; Santa Cruz Biotechnology). One
TMA slide was stained without primary anti-pAMPK antibody as a negative control.

4.3. Establishment of Cut-Off Criteria for pAMPK IHC Staining Positivity

pAMPK expression was observed in the cytoplasm and the nuclei of tumor cells (Figure 1). Firstly,
the extent of tumor cells in the discovery cohort displaying at least moderate immunoreactivity was
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assessed semiquantitatively as follows: <10%, 10–50%, and >50%. Based on both sample distribution
and prognostic significance, 10% staining was defined as the best cut-off value for both cytoplasmic
and nuclear pAMPK positivity (Figure S1). Next, the prognostic significance of pAMPK staining
was confirmed in the validation cohort using the same cut-off criteria. Regarding discordant cases
from duplicate TMA cores, the lower pAMPK expression level was used. To account for intratumoral
heterogeneity, IHC staining for pAMPK was also conducted on whole sections from 10 randomly
selected cases in the discovery cohort. The percentage of tumor cells (%) positive for nuclear pSMAD2
and SMAD4 was calculated from both TMA cores, using QuPath version 0.1.2 [36] on digitally scanned
slides (Aperio AT2, Leica Biosystem, Wetzlar, Germany). The mean values of pSMAD2 and SMAD4
are shown.

4.4. Western Blot Analysis

A human ccRCC cell line, Caki-1, was obtained from the Korean Cell Line Bank (KCLB, Seoul,
Republic of Korea) and was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum in a 5% CO2 humidified incubator. To evaluate the AMPK/SMAD2
signaling pathway, we used the AMPK activator, AICAR (Sigma, St. Louis, MO, USA). Caki-1 cells
were treated with 1 mM AICAR for 6 hours, and then, the cells were harvested for Western blot analysis.
Cell lysates were electrophoretically resolved on a 10% polyacrylamide gel in a sodium dodecyl sulfate
buffer and then transferred onto nitrocellulose membranes. Afterward, the blots were incubated with
antibodies against pAMPKT172 (Cat. #2535, Cell Signaling Technology) and pSMAD2S465/467 (Cat.
#3108; Cell Signaling Technology). These experiments were conducted in triplicate and are presented
as the mean ± standard deviation.

4.5. Characteristics of the TCGA ccRCC Dataset

ccRCC mRNA sequencing and reverse phase protein array data with clinicopathological
information generated by the TCGA Research Network were obtained using the Broad Institute
GDAC Firehose [37]. The mRNA sequencing dataset was generated from 552 primary ccRCC samples
and quantified by RSEM (RNA-Seq by Expectation) [38]. The median age in this sample was 61 years
(range, 26–90) and the male-to-female sex ratio was 1.8:1. Approximately, 60% (316/522) and 46%
(236/514) of these patients had a low TNM stage (I or II) and low Furhman grade (1 or 2), respectively.

We next constructed a design matrix using the DGEList function in the EdgeR module. To filter out
genes with low expression levels, we excluded those genes with counts per million (cpm) values<1 in at
least half of the samples [39]. As a result of this filtering, AMPKγ3 (PRKAG3) was omitted. RSEM read
counts underwent Trimmed Mean of M-values (TMM) normalization and logCPM transformation using
voom [40]. Of the patients whose samples were included in the mRNA dataset, 472 also had reverse
phase protein array information, including pAMPKT172 protein expression levels. These data were
analyzed to examine the correlation between AMPK/pAMPKT172 and TGFB1/SMAD mRNA expression.

4.6. Statistical Analysis

The interrelation between pAMPK IHC staining and clinicopathological characteristics was
analyzed using Pearson’s χ2 test with Yates’ correction for categorical variables and with the
Mann–Whitney test for continuous variables. The PFS period was calculated as the interval between
surgery and recurrence, progression, metastasis, or the last follow-up visit. The OS duration was
defined as the period between surgery and death from any cause or the last follow-up. The CSS
duration was defined as the interval between surgery and cancer-related death or the last follow-up
visit. Kaplan–Meier analysis and the log-rank test were used to compare survival. A Cox proportional
hazard regression model was used for univariate and multivariate survival analyses. The strength and
direction of the linear relationships among AMPK/pAMPK, TGFβ1, and SMAD2/SMAD4 expression
was assessed using Pearson’s r test. All statistical analyses were performed using SPSS Statistics 25
(IBM Co., Armonk, NY) or in R, with a 2-tailed p < 0.05 considered statistically significant.
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5. Conclusions

Both cytoplasmic and nuclear pAMPK immunostaining are independently associated with
favorable outcomes in ccRCC. pAMPK positivity is associated with nuclear overexpression of pSMAD2
and SMAD4, through stimulation of TGF-β-independent phosphorylation of SMAD2, which is a novel
antitumoral mechanism for pAMPK in ccRCC. Understanding the interaction between pAMPK and
SMAD proteins will facilitate the use of AMPK activation as a strategy for ccRCC treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1602/s1,
Figure S1: Establishment of the cut-off criteria for pAMPK positivity.
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Abstract: Chromophobe renal cell carcinoma (chRCC) is a renal tumor subtype with a good
prognosis, characterized by multiple chromosomal copy number variations (CNV). The World Health
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Organization (WHO) chRCC classification guidelines define a classic and an eosinophilic variant.
Large cells with reticular cytoplasm and prominent cell membranes (pale cells) are characteristic
for classic chRCC. Classic and eosinophilic variants were defined in 42 Swiss chRCCs, 119 Japanese
chRCCs and in whole-slide digital images of 66 chRCCs from the Cancer Genome Atlas (TCGA)
kidney chromophobe (KICH) dataset. 32 of 42 (76.2%) Swiss chRCCs, 90 of 119 (75.6%) Japanese
chRCCs and 53 of 66 (80.3%) TCGA-KICH were classic chRCCs. There was no survival difference
between eosinophilic and classic chRCC in all three cohorts. To identify a genotype/phenotype
correlation, we performed a genome-wide CNV analysis using Affymetrix OncoScan® CNV Assay
(Affymetrix/Thermo Fisher Scientific, Waltham, MA, USA) in 33 Swiss chRCCs. TCGA-KICH subtypes
were compared with TCGA CNV data. In the combined Swiss and TCGA-KICH cohorts, losses of
chromosome 1, 2, 6, 10, 13, and 17 were significantly more frequent in classic chRCC (p < 0.05, each),
suggesting that classic chRCC are characterized by higher chromosomal instability. This molecular
difference justifies the definition of two chRCC variants. Absence of pale cells could be used as main
histological criterion to define the eosinophilic variant of chRCC.

Keywords: chromophobe renal cell carcinoma; pale cell; eosinophilic variant; chromosomal loss;
copy number analysis; renal cell carcinoma

1. Introduction

Chromophobe renal cell carcinoma (chRCC) is a distinct histological entity of renal cell carcinoma
(RCC) described by Thoenes et al. [1] in 1985. chRCC accounts for approximately 5–7% of RCC [2–4].
Thoenes et al. used the term chromophobe cell for larger cells with reticular, but not clear cytoplasm and
prominent cell membranes (plant cell-like) [1,2]. Three years later, these authors described eosinophilic
cells with smaller size and with fine oxiphilic granularity as a second cell component of chRCC [3].
Crotty et al. used the term pale cell instead of the formerly used term chromophobe cell and considered
pale cell and eosinophilic cell [5] as two main cell types in chRCC. Several ultrastructural studies
showed that pale cells are characterized by numerous cytoplasmic microvesicles, a feature probably
related to defective mitochondrial development, whereas mitochondria are abundant in eosinophilic
cells [2,6–8].

Most chRCCs consist of both cell types, which are typically mixed, with eosinophilic cells usually
arranged at the center and pale cells usually arranged at the periphery of the sheets or nests [2].
The 2016 World Health Organization (WHO) renal tumor classification acknowledges an eosinophilic
variant of chRCC “that is sometimes difficult to distinguish from renal oncocytoma” [3–5,9,10] but
there are no exact diagnostic criteria to classify an eosinophilic chRCC.

Previous studies have demonstrated losses of one copy in many chromosomes, especially in
chromosomes 1, 2, 6, 10, 13, 17, 21 and sex chromosome in the majority of chRCCs (~71%). Losses of
chromosome 1 and sex chromosome have been also reported in oncocytoma [4,9,11–15]. Recently,
mutation of TP53, PTEN, HNF1B were observed in chRCCs [13,16,17]. Previous studies also disclosed
frequent somatic mitochondrial DNA mutations in oncocytoma [13,18,19] and chRCCs [9,20], but a
clear genotype/phenotype correlation has never been described in chRCC.

In this study, we analyzed the histopathological variants of chRCCs in 42 Swiss, 119 Japanese
and in whole-slide digital images of 66 chRCCs from The Cancer Genome Atlas (TCGA) Kidney
Chromophobe (KICH) dataset. Further, we utilized single-nucleotide polymorphism (SNP) arrays to
assess genome-wide copy number variation (CNV) and correlated CNV to the histological variants in
the Swiss and the TCGA-KICH data [13].
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2. Results

2.1. Swiss Cohort

There were 22 of 33 (66.7%) classic chRCCs with typical voluminous pale cells in the Swiss cohort
(Table 1). Tumors with and without pale cell are shown in Figure 1. There was no association between
the chRCC subtypes with age, sex, and pT stage (Table 2). Molecular analysis using the OncoScan®

CNV Assay (Affymetrix/Thermo Fisher Scientific, Waltham, MA, USA) revealed loss of part (>5% of
gene loci) or the entirety of chromosome 1, 2, 6, 10, 13, 17, 21, and sex chromosome in the majority
of cases (Figure 2 and Table 2). Among these chromosomal losses, chromosome 1 was most affected
(32/33, 97.0%). Chromosome 2 (24/33, 72.7%), 6 (26/33, 78.8%), 10 (21/33, 63.6%), 13 (23/33, 69.7%),
17 (25/33, 75.8%), and 21 (17/33, 51.5%) were less frequently altered (Table 2).

Table 1. Demographic and clinical characteristics.

Characteristics Swiss Cohort (Total) TCGA-KICH Japanese Cohort

Patient number 42 66 119
Age (years)

Range 18–87 17–86 26–88
Median 59 50 60

Gender
Female 13 (31.0%) 27 (40.9%) 69 (58.0%)
Male 29 (69.0%) 39 (59.1%) 50 (42.0%)

pT Stage or T stage, n (%) *
1 25 (59.5%) 21 (31.8%) 85 (71.4%)
2 11 (26.2%) 25 (37.9%) 19 (16.0%)
3 6 (14.3%) 18 (27.3%) 14 (11.8%)
4 0 (0%) 2 (3.0%) 1 (0.8%)

Subtype
classic 32 (76.2%) 53 (80.3%) 90 (75.6%)
eosinophilic 10 (23.8%) 13 (19.7%) 29 (24.4%)

* Swiss and Japanese cohort: pT stage, TCGA-KICH: T stage.

 

(a) 

 

(b) 

Figure 1. Representative microscopic images of chromophobe renal cell carcinomas (chRCCs) in the
Swiss cohort (hematoxylin and eosin staining, scale bar, 100 μm). (a) classic chRCC with pale cells.
(b) eosinophilic chRCC without pale cells.
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Figure 2. Copy number (CN) alterations and copy-neutral loss-of-heterozygosity detected by Affymetrix
OncoScan® CNV Assay of 22 classic chromophobe renal cell carcinomas (chRCCs) (upper panel) and 11
eosinophilic chRCCs (lower panel) in the Swiss cohort. Red signal, blue signal, and yellow signal show
copy-number loss, copy-number gain, and copy-neutral loss-of-heterozygosity, respectively. Loss of
any: Loss of any chromosome among chromosome 2, 6, 10, 13, 17, or 21. Red: Present, Blue: Absent.

The Correlation between chromosomal losses and clinicopathological features of 33 chRCCs
are summarized in Table 2. Classic chRCC showed significantly more chromosome 2 (p < 0.05),
and chromosome 6 losses (p < 0.01) than eosinophilic RCC (Table 2). Among 22 classic chRCCs with
pale cells, 19/22 (86.4%) showed chromosome 2 loss, 21/22 (95.5%) chromosome 6 loss, 16/22 (72.7%)
chromosome 10 loss, 17/22 (77.3%) chromosome 13 loss, and 19/22 (86.4%) chromosome 17 loss.

2.2. TCGA Cohort

53 of 64 (80.3%) were classic chRCCs (Tables 1 and 2). Classic chRCCs from the Cancer Digital
Slide Archive are shown in Figure 3. The publicly available copy number variation (CNV) analysis
data of TCGA-KICH dataset revealed losses of chromosomes 1, 2, 6, 10, 13, 17, and 21 in the majority of
chRCC as previously reported [13]. The CNV data are summarized in Table S1.

Classic chRCC showed significantly more chromosome 1, 2, 6, 10, 17 copy number (CN) losses
(p < 0.01) and chromosome 13 CN loss (p < 0.05) (Table S1). When the Swiss and TCGA-KICH cohorts
were combined, losses of chromosome 1, 2, 6, 10, 13 and 17 were significantly more frequent in classic
chRCC with pale cells (p < 0.05, each) (Table 2).
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(a) (b) 

Figure 3. Representative microscopic images of chromophobe renal cell carcinomas (chRCCs) in the
Cancer Genome Atlas Kidney Chromophobe (TCGA-KICH) cohort, whole-slide images from the Cancer
Digital Slide Archive [21] (a) classic chRCC with pale cells (TCGA-KL-8345). (b) eosinophilic chRCC
without pale cells (TCGA-KL-8326).

2.3. Chromophobe Renal Cancer Subtype and Survival

Higher pT stage (pT3–4 vs. pT1–2) and higher pN stage (pN1–2 vs. pN0) were significantly
associated with worse survival by log-rank test (Figure 4a,b) and univariate Cox regression analysis
(Table 3) in the Swiss-TCGA-Japanese cohort. There was no overall survival (OS) difference between
classic and eosinophilic chRCC subtypes in the three independent cohorts of the Swiss (42 cases),
TCGA-KICH (64 cases) and the Japanese (119 cases) nor in the Swiss-TCGA-Japanese combined cohort
(Figure 4c). Multivariate Cox regression analysis, including pT stage (pT3–4 vs. pT1–2), pN stage
(pN1–2 vs. pN0), WHO/ISUP grade (Grade 3/4 vs. Grade 2), and chRCC subtype showed that pT stage
and pN stage were independent prognostic factors for OS, whereas no prognostic impact of the chRCC
subtype or WHO/International Society of Urological Pathology (ISUP) grade was observed (Table 3).

 

(a) 

 

(b) 

 

(c) 

Figure 4. Overall survival stratified by (a) pT Stage or T stage (1–2 versus 3–4), (b) pN stage or N stage
(pN1–2 versus pN0), and (c) chromophobe renal cell carcinoma (chRCC) subtype in all 225 chRCC
patients combined from the Swiss, the Cancer Genome Atlas Kidney Chromophobe (TCGA-KICH),
and Japanese cohorts. pT Stage or T stage: Swiss and Japanese cohorts, pT stage, and TCGA-KICH, T
stage was used for the calculation. pN stage or N stage: Swiss and Japanese cohorts, pN stage, and
TCGA-KICH, N stage was used for the calculation.
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Table 3. Univariate and Multivariate Cox regression analysis on overall survival of 225 chRCC patients
combined from Swiss, TCGA-KICH and Japanese cohorts.

Variables
Univariate Multivariate

HR (95%CI) p-Value HR (95%CI) p-Value

pT Stage or T stage * (3–4 vs. 1–2) 4.809 (2.275–10.16) <0.001 3.177 (1.336–7.556) <0.01
pN Stage or N stage * (1–2 vs. 0) 42.95 (13.16–140.1) <0.001 21.140 (5.612–79.650) <0.001

WHO/ISUP grade (Grade 3/4 vs. Grade 2) ** 1.667 (0.502–5.537) n.s. 2.010 (0.594–6.804) n.s.
Subtype (classic vs. eosinophilic) 0.756 (0.321–1.782) n.s. 0.520 (0.207–1.303) n.s.

HR, hazard ratio, CI, confidence interval, n.s.: not significant. * Swiss and Japanese cohort: pT/pN stage, TCGA-KICH:
T/N stage. ** WHO/ISUP grading system is not recommended for chRCC.

2.4. Chromosomal Copy Number Variation and Survival

Both, CN data and survival data were available from 30 Swiss chRCCs and 64 chRCCs from
TCGA-KICH cohort. In the Swiss cohort, neither CN losses of each chromosome 1, 2, 6, 10, 13, 17,
21 in single analysis nor CN loss of any chromosome among chromosome 1, 2, 6, 10, 13, 17, 21 were
associated with worse survival by log-rank test and univariate Cox regression analysis (Table 4).
In the combined Swiss-TCGA cohort, only chromosome 21 CN loss was associated with shorter
overall survival, whereas all other chromosomes were not associated with survival (Figure 5a and
Table 4). Multivariate analysis showed that pT stage was the only independent prognostic factor for
OS whereas no association was found between OS and CN loss of chromosome 21 or CN loss of any
other chromosome among chromosome 1, 2, 6, 10, 13, 17, 21 (Table 5). Importantly, chRCCs without
any CN loss of chromosome 1, 2, 6, 10, 13, 17, 21 groups revealed 100% survival in the combined
Swiss/TCGA-KICH cohorts (Figure 5b and Table 4).

Table 4. Univariate survival analysis (Kaplan-Meier) with log-rank test (overall survival) of 94 chRCC
patients combined from Swiss and TCGA-KICH cohorts (Chr. = chromosome).

Cohort Swiss Combined

Characteristics Cases, n (%)
Patient

Death, n (%)
p-Value Cases, n (%)

Patient
Death, n (%)

p-Value

Total 30 5 (16.7) 94 14 (14.9)

Chr.1 status
Loss 30 (100) 5 (100) n.s. 83 (88.3) 14 (100) n.s.
No loss 0 (0) 0 (0) 11 (11.7) 0 (0)

Chr.2 status
Loss 22 (73.3) 4 (80.0) n.s. 69 (73.4) 12 (85.7) n.s.
No loss 8 (26.7) 1 (20.0) 25 (26.6) 2 (14.3)

Chr.6 status
Loss 25 (83.3) 4 (80.0) n.s. 75 (79.8) 12 (85.7) n.s.
No loss 5 (16.7) 1 (20.0) 19 (20.2) 2 (14.3)

Chr. 10 status
Loss 19 (63.3) 3 (60.0) n.s. 67 (71.3) 12 (85.7) n.s.
No loss 11 (36.7) 2 (40.0) 27 (28.7) 2 (14.3)

Chr.13 status
Loss 21 (70.0) 4 (80.0) n.s. 64 (68.1) 11 (78.6) n.s.
No loss 9 (30.0) 1 (20.0) 30 (31.9) 3 (21.4)

Chr.17 status
Loss 23 (76.7) 4 (80.0) n.s. 71 (75.5) 11 (78.6) n.s.
No loss 7 (23.3) 1 (20.0) 23 (24.5) 3 (21.4)

Chr.21 status
Loss 17 (56.7) 4 (80.0) n.s. 50 (53.2) 12 (85.7) <0.05
No loss 13 (43.3) 1 (20.0) 44 (46.8) 2 (14.3)

Loss of any chromosome *
present 30 (100) 5 (100) n.s. 83 (88.3) 14 (100) n.s.
absent 0 (0) 0 (0) 11 (11.7) 0 (0)

* Loss of any chromosome: Loss of any chromosome among chr. 1, 2, 6, 10, 13, 17 or 21, n.s.: not significant.
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(a) (b) 

Figure 5. Overall survival stratified by (a) chromosome 21 status (Chr.21 loss versus No chr.21 loss)
and (b) Loss of any chromosome among chromosome 1, 2, 6, 10, 13, 17, or 21 (Loss versus No loss)
in 94 chRCC patients combined from Swiss and the Cancer Genome Atlas Kidney Chromophobe
(TCGA-KICH) cohorts.

Table 5. Univariate and Multivariate Cox regression analysis (overall survival) of 94 chRCC patients
combined from Swiss and TCGA-KICH cohorts.

Variables
Univariate Multivariate Multivariate

HR (95%CI) p-Value HR (95%CI) p-Value HR (95%CI) p-Value

pT Stage or T stage a

(3–4 vs. 1–2)
6.323

(2.078–19.25) 0.001 5.505
(1.935–17.450) <0.01 6.344

(2.010–20.03) <0.01

Loss of any chromosome b,c

(present vs. absent)
2.503

(0.331–320.637) n.s. 1.319
(0.154–172.711) n.s.

Loss of chromosome 21
(present vs. absent)

4.684
(1.047–20.95) <0.05 4.480

(1.000–20.08) n.s.

HR, hazard ratio, CI, confidence interval, n.s.: not significant. a: Swiss and Japanese cohort: pT stage, a Swiss and
Japanese cohort: pT stage, TCGA-KICH: T stage, b Loss of any: Loss of any chromosome of chromosome 1, 2, 6,
10, 13, 17, or 21, c Firth correction was used because of quasi-complete separation, there was no event in one of
the subgroups.

3. Discussion

In our study, we used the absence of voluminous pale cells to define eosinophilic chRCC. Using this
definition, classic chRCC is associated with significantly more frequent losses of chromosomes 1, 2, 6,
10, 13, and 17.

Various cytogenetic, comparative genomic hybridization, and recent molecular studies have
confirmed the very unique and characteristic genotype with multiple chromosomal losses in
chRCC [4,9,11–15]. However, previous attempts to correlate histological variants of chRCCs with a
specific genotype have failed. More than 10 years ago, Brunelli et al. analyzed classic and eosinophilic
chRCCs by fluorescence in situ hybridization, but they have not observed different frequencies of
chromosomal 2, 6, 10, and 17 losses [11]. This is in contrast to our OncoScan results with more
chromosomal CNV in classic than in eosinophilic chRCC. Our results are in line with a TCGA-KICH
study by Davis et al., demonstrating in almost all classic chRCC there are characteristic chromosomal
copy-number losses, whilst approximately 50% of all eosinophilic chRCC (9 of 19) experienced no
chromosomal copy-number alterations [13]. Recently, Trpkov et al. proposed low-grade oncocytic
tumors (LOT) as an emerging renal tumor entity [22]. They argue that LOT lacks multiple chromosomal
losses and gains, and exhibits indolent clinical behavior. This tumor does not fit completely into
either oncocytoma or eosinophilic chRCC, despite showing some similarities with both entities.
Further studies are warranted to proof that LOT potentially represents a distinct type of tumor or if
they should be regarded as variant of eosinophilic chRCC.
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During our study design and the re-evaluation of histological slides for this study, we realized
that there are no stringent diagnostic criteria to classify eosinophilic chRCC. The current 2016 WHO
classification states that eosinophilic chRCC is almost purely composed of eosinophilic cells and that
the majority of cells should be eosinophilic cells [2]. Given this lack of exact criteria, we decided to use
the complete absence of pale cells as definition for eosinophilic chRCC, because pale cells are easily
identifiable and can be clearly separated from eosinophilic cells.

As a consequence of this lack of stringent criteria for subtyping chRCC, distribution of chRCC
variants varies extremely between different studies [2,3,10,11,23,24]. Davis et al. recently classified the
TCGA-KICH tumors as classic and eosinophilic variants [13]. Our evaluation of TCGA-KICH digital
whole slide images for chRCC only partially matched his classification of classical and eosinophilic
variants, which can be explained by our more conservative cut-off to define eosinophilic chRCC
(complete absence of pale cells).

Interestingly, there were no survival differences between eosinophilic and classic chRCC in 3
cohorts from TCGA, Japan and Europe. Given the morphological overlap between eosinophilic chRCC
and benign oncocytoma, one could assume that eosinophilic chRCC have a better prognosis than
classic chRCC. The prognostic similarity between eosinophilic and classic chRCC further underlines
the importance to clearly separate eosinophilic chRCC from oncocytoma. Most importantly, classic
chRCC had significantly more losses of chromosome 2 and 6 in the Swiss tumors and more losses of
chromosome 1, 2, 6, 10, 13, and 17 in the TCGA dataset. Swiss classic chRCC showed only a trend
to more chromosome 1, 10, 13, or 17 losses, probably due to the lower number of cases (Table 2).
Almost all eosinophilic and all classic chRCC (91–100%) revealed chromosome 1 loss, suggesting that
chromosome 1 loss may be an early event in chRCC tumorigenesis. Chromosome 1 losses have even
been identified in oncocytoma [9,11,12,15]. This could be due to the misclassification of eosinophilic
chRCCs as oncocytoma, but it is also tempting to speculate that there is a stepwise progression from
oncocytoma to eosinophilic or classic chRCC with chromosome 1 loss as a genetic driver.

Treatment outcomes are poorly characterized in patients with metastatic chRCC. This is a
consequence of rare metastasis of this subtype. Patients with metastatic chRCC can be treated
with tyrosine kinase inhibitors. It has been recently shown that outcomes between metastatic
chRCC and clear cell renal cell carcinoma (ccRCC) are similar when treated with conventional
targeted therapies [25]. In addition, chRCC has to activate mutations in phosphatase and tensin
homolog (PTEN)-phosphatidylinositol 3-kinase (PI3K)/Protein Kinase B (Akt)/mammalian target of the
rapamycin (mTOR) pathway [13], which would result in an appropriate target for an mTOR inhibitor.
Genomic instability, including whole-chromosome aneuploidy, is a hallmark of human cancer, but the
level of chromosomal losses in chRCC is unique. We have recently identified SF3B1 on chromosome
2 as a Copy-number alterations Yielding Cancer Liabilities Owing to Partial losS (CYCLOPS) gene
with a highly significant positive correlation to hypoxia-inducible factor-1α (HIF1α) [26]. It is therefore
tempting to speculate that an Splicing factor 3B subunit 1 (SF3B1)/HIF1α pathway with potential
therapeutical relevance exists in chRCC.

Due to the unique genomic background, chRCC should be enrolled in separate clinical trials
to measure outcomes. However, chRCC is mostly included in clinical trials together with other
non-clear cell RCCs. Accurate classification of metastatic lesions is therefore important as chRCC
should be managed with different treatment algorithms. Kouba et al. have recently demonstrated
that cytogenetics, showing multiple genetic losses is an additional tool in a metastatic RCC lesion
for differential diagnosis of the primary [27]. Our own data show that chRCC without chromosomal
losses have an indolent behavior. Therefore, analysis of chromosomal losses by fluorescence in
situ hybridization (FISH) or other technologies could be used to assess the behavior of chRCC in
organ-confined tumors or to better characterize metastatic lesions of RCC.
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4. Materials and Methods

4.1. Swiss Patients

chRCC patients were identified from the files of the Department of Pathology and Molecular
Pathology of the University Hospital Zurich between 1993 and 2013. Our retrospective study fulfilled
the legal conditions according to Article 34 of the Swiss Law “Humanforschungsgesetz (HFG)”, which,
in exceptional cases, allows the use of biomaterial and patient data for research purposes without
informed consent, if i) it is impossible or disproportionately difficult to obtain patient consent; ii) there is
no documented refusal; iii) research interests prevail the individual interest of a patient. Law abidance
of this study was reviewed and approved by the ethics commission of the Canton Zurich (KEK-ZH-Nr.
2014-0604 on 1st April 2015; PB_2016-00811 on 22nd February 2016). This study was conducted in
accordance with the Declaration of Helsinki. The demographic and clinicopathological characteristics
for 42 chRCCs with clinical data are summarized in Table 1.

All tumors were reviewed by two pathologists (R.O. and H.M.). At least two sections were
observed for determination of the existence of pale cells in tumor tissue according to the standard
international protocol for pathological examination of RCCs [28,29]. ChRCCs were defined according
to the 2016 WHO classification as tumors composed of large polygonal cells with reticular, clear or
eosinophilic cytoplasm showing distinct cell borders, sometimes perinuclear halo and irregular
(raisinoid) nuclei.

Pale cells were described as being larger than eosinophilic cells, with voluminous pale,
finely reticular, but not clear cytoplasm and with distinct cell borders. We used hematoxylin and
eosin-stained sections and paid particular attention to the periphery of tumor cell sheet or nest, i.e.,
around the vascular septa and fibrous stroma in the tumor.

4.2. The Cancer Genome Atlas (TCGA) Dataset

Clinical information of TCGA-KICH was obtained from the National Cancer Institute Genomic
Data Commons Data Portal [30]. In TCGA-KICH dataset, there were 66 primary chRCCs with
matched copy number variation data [13]. The demographic and clinical characteristics for the selected
66 patients are summarized in Table 1. Detailed clinical data can be found in Table S2. For survival
analysis, the patients with missing or with too short a follow-up (i.e., less than 30 days) were excluded
from this study.

Digital whole slide images of TCGA cases were reviewed by using the Cancer Digital Slide
Archive [21]. Publically available Level 3 TCGA data were downloaded from the FIREHOSE
database [31], including GISTIC CN data.

4.3. Japanese Patients

chRCCs with available histological material was retrieved from the archives of 13 of the authors’
institutions. The institutions are: Niigata University Medical & Dental Hospital (cases from 2002
to 2015), Kansai Medical University Hirakata Hospital (cases from 2007 to 2015), Seirei Hamamatsu
General Hospital (cases from 2004 to 2015), Niigata Cancer Center Hospital (cases from 2002 to 2015),
Tachikawa General Hospital (cases from 2007 to 2015), Gifu University Hospital (cases from 2005 to
2015), Niigata City General Hospital (cases from 2007 to 2015), Nagaoka Red Cross Hospital (cases from
2008 to 2015), Tohoku University Hospital (cases from 2008 to 2015), Nagasaki University Hospital
(cases from 2014 to 2015), Iwate Medical University Hospital (cases from 2007 to 2015), Kochi Red Cross
Hospital (cases from 2007 to 2015), and Aichi Medical University Hospital (cases from 2008 to 2015).
The study did not include consultation cases. The study protocol was approved by the institutional
review boards in all participating institutions. This study was a retrospective observational study,
and an opt-out approach was used with the disclosure of this study on the website of each institution.
The patients with missing or too short a follow-up (i.e., less than 30 days) were excluded from this
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study. All chRCCs were negative for vimentin except for focal sarcomatoid areas. The demographic
and clinicopathological characteristics for the 119 chRCCs are summarized in Table 1.

4.4. OncoScan® CNV Assay of chRCCs

Tumor areas displaying >80% cancer cells without hemorrhage or necrosis were marked on the
hematoxylin and eosin slides. DNA from FFPE tumor tissue samples was obtained by punching 4
to 6 tissue cylinders (diameter 0.6 mm) from each sample. DNA extraction from FFPE tissue was
done as described [32]. The double-strand DNA concentration (dsDNA) was determined using
the fluorescence-based Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).
Tumors with poor DNA quality were excluded from the study. Genome-wide DNA copy-number
alterations and allelic imbalances of 33 chRCC were determined using the Affymetrix OncoScan®

CNV Assay (Affymetrix/Thermo Fisher Scientific, Waltham, MA, USA) as previously described [33].
The demographic and clinicopathological characteristics for 33 Swiss chRCCs with clinical data are
summarized in Table 1. Samples were further processed by IMGM Laboratories GmbH (Martinsried,
Germany) for CNV (copy number variation) determination according to the Affymetrix OncoScan CNV
Assay recommended protocol. The data were analyzed by the Nexus Copy Number 10.0 (Biodiscovery,
Inc., El Segundo, CA, USA) software using Affymetrix TuScan algorithm. All array data were also
manually reviewed for subtle alterations not automatically called by the software.

4.5. Statistical Analysis

All statistical analysis was done using R version 3.4.1 (R Foundation for Statistical Computing,
Vienna, Austria) and EZR, Version 1.37 (Saitama Medical Center, Jichi Medical University, Saitama,
Japan), which is a graphical user interface for R [34]. Fisher’s exact test was used to assess the
association between two categorical variables. A Kaplan–Meier analysis and the log-rank test were
used to derive and compare survival curves. Univariate and multivariate regression analyses with the
Cox proportional hazards model were used to identify prognostic factors. The significance threshold
was set at a p-value of 0.05.

5. Conclusions

In conclusion, the molecular difference between classic and eosinophilic chRCCs justifies the
definition of 2 chRCC variants. Using the absence of pale cells as a diagnostic criterion for the
eosinophilic variant may improve the reproducibility of histopathological subtyping.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1492/s1,
Table S1: Copy number variation (chromosomal losses) in classic and eosinophilic chromophobe renal cell
carcinomas in TCGA-KICH cohort (Chr. = chromosome), Table S2: Clinicopathological and copy number variation
data of 64 chRCC of TCGA-KICH cohort.
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Abstract: Circular RNAs (circRNAs) may act as novel cancer biomarkers. However, a genome-wide
evaluation of circRNAs in clear cell renal cell carcinoma (ccRCC) has yet to be conducted. Therefore,
the objective of this study was to identify and validate circRNAs in ccRCC tissue with a focus to
evaluate their potential as prognostic biomarkers. A genome-wide identification of circRNAs in total
RNA extracted from ccRCC tissue samples was performed using microarray analysis. Three relevant
differentially expressed circRNAs were selected (circEGLN3, circNOX4, and circRHOBTB3), their
circular nature was experimentally confirmed, and their expression—along with that of their linear
counterparts—was measured in 99 malignant and 85 adjacent normal tissue samples using specifically
established RT-qPCR assays. The capacity of circRNAs to discriminate between malignant and
adjacent normal tissue samples and their prognostic potential (with the endpoints cancer-specific,
recurrence-free, and overall survival) after surgery were estimated by C-statistics, Kaplan-Meier
method, univariate and multivariate Cox regression analysis, decision curve analysis, and Akaike
and Bayesian information criteria. CircEGLN3 discriminated malignant from normal tissue with
97% accuracy. We generated a prognostic for the three endpoints by multivariate Cox regression
analysis that included circEGLN3, circRHOBT3 and linRHOBTB3. The predictive outcome accuracy
of the clinical models based on clinicopathological factors was improved in combination with
this circRNA-based signature. Bootstrapping as well as Akaike and Bayesian information criteria
confirmed the statistical significance and robustness of the combined models. Limitations of this study
include its retrospective nature and the lack of external validation. The study demonstrated
the promising potential of circRNAs as diagnostic and particularly prognostic biomarkers in
ccRCC patients.

Keywords: clear cell renal cell carcinoma; identification of circular RNAs; experimental validation
of circular RNA; diagnostic and prognostic markers; circular RNAs in a clinico-genomic predictive
model; cancer-specific survival; recurrence-free survival; overall survival
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1. Introduction

Partial and radical nephrectomy is considered the standard of care for patients with localized clear
cell renal cell carcinoma (ccRCC) [1]. Nevertheless, approximately 25% of patients experience recurrence
after surgery with poor prognostic outcome within 5 years [2]. Consequently, precise stratification of
recurrence risk after nephrectomy is necessary for personalized follow-up and treatment strategies.
Existing prognostic models are based on conventional parameters such as tumor stage, grade, size, and
resection status [1], all of which offer limited predictive accuracy for clinical outcomes [3]. Moreover,
there is a broad consensus that molecular markers have, in addition to their diagnostic potential, the
capacity to improve risk assessment when combined with clinicopathological factors [1,4]. At present,
there are no recommended prognostic biomarkers in routine clinical use for ccRCC patients [1], though
many have been evaluated experimentally [5–10].

In this regard, circular RNAs (circRNAs) are interesting potential novel biomarkers in ccRCC.
CircRNAs are single-stranded, covalently closed RNA molecules without 3’- and 5’-ends and the poly(A)
tail of linear RNA (linRNA). They were first identified in 2012 and are expressed widely throughout the
human genome [11]; previously, they were regarded as transcriptional debris. Meanwhile, numerous
studies identified their differential expression patterns in various cancers compared to normal tissue
(reviewed in [12]). These expression patterns were found to be generally connected with their
diagnostic, prognostic, and predictive potentials, highlighting a possible functional relevance in disease
development [13,14].

Since circRNAs are a relatively new topic of scientific interest, the results of circRNA exploration
in ccRCC remain limited [15–18]. Three recent reports focused on single circRNAs, which were
mainly identified by database search for circRNAs fulfilling specific characteristics [15,16,18]. Only one
report used three paired malignant and non-malignant kidney samples in a microarray screening for
circRNAs [17]. However, with regard to the prognostic potential of circRNAs, subsequent analyses
were restricted on overall survival and did not exceed the univariate Kaplan-Meier analysis. Thus,
evaluation of the true prognostic potential of circRNAs in ccRCC based on genome-wide evaluation
is of particular interest to apply circRNAs as biomarkers in clinical decision-making. Therefore, this
study aimed to: (I) detect genome-wide differential expression patterns of circRNAs in ccRCC tissue
using microarray analysis; (II) identify and validate promising circRNA candidates; and (III) evaluate
the diagnostic and prognostic potentials of three circRNAs in 99 ccRCC samples and 85 adjacent
normal tissue samples. Applying a combined model of both circRNA levels and clinical features, this
study demonstrates the potential of circRNAs to improve prognostic value for cancer-specific (CSS),
recurrence-free (RFS), and overall survival (OS).

2. Results

2.1. Patient Characteristics and Study Design

The study included ccRCC tumor samples from 99 patients and adjacent normal renal tissue
samples from 85 patients undergoing radical or partial nephrectomy between 2003 and 2016 (Table 1).
Samples were obtained retrospectively, and sample size was determined by a power-adapted calculation
(α = 5%, power = 80%; Supplementary Information S1). The study was performed in three phases
(Figure 1): (I) the discovery phase to identify differentially expressed circRNAs using a microarray
screening approach; (II) the analytical validation phase to confirm the molecular characteristics of
selected circRNAs and to establish “fit-for-purpose” RT-qPCR assays; and (III) the clinical assessment
to evaluate the predictive value of these novel markers when applied alone and in combination with
conventional clinicopathological factors.
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Table 1. Characteristics of the ccRCC patients.

Characteristics Total
ccRCC, ccRCC,

p-value b
Non-Metastatic a Metastatic a

Patients, no. 99 82 17

Sex, female/male; n (%) 30/69 25/57 (30/70) 5/12 (29/70) 1

Age, yrs, median (range) 65 (36–87) 65 (36–87) 65 (37–78) 0.982

Pathological stage, no. (%)
pT1 43 40 (49) 3 (18)

0.004
pT2 8 8 (10) 0 (0)
pT3 47 34 (41) 13 (76)
pT4 1 0 (0) 1 (6)

TNM stage grouping, no. (%) c

I 40 40 -
II 8 8 -
III 34 34 -
IV 17 0 17

Tumor size, median mm (range) 57 (20–220) 50 (20–220) 75 (35–150) 0.029

Surgical margin, no. (%)
R0 85 73 (89) 12 (71)

0.138R1/2 11 7 (9) 4 (23)
Unclassified 3 2 (2) 1 (6)

Fuhrman grade, no. (%)
G1 9 8 1

0.025
G2 68 60 8
G3 20 12 8
G4 2 2 0

Events during follow-up, n, (%)
Metastasis - 22 (27) -
Cancer-specific death 26 (26) 14 (17) 12 (71) <0.0001
Overall death 42 (42) 30 (37) 12 (71) 0.014

Survival, months, median/mean (95% CI) d

Cancer-specific 125 (111–139) 140 (127–153) 27.2 (14.1–40.4)
Recurrence-free - 127 (113–141) -
Overall 126 (90.4–166) 160 (103–160) 11.8 (8.2–39.9)

Abbreviations: ccRCC, clear cell renal cell carcinoma; G, histopathological grading according to Fuhrman; pT,
pathological tumor classification; R, surgical margin classification; CI, confidence interval. a Imaging was used to
assess the presence/non-presence of metastases before surgery. b Calculated with Fisher's exact test, Chi-squared
test or Mann-Whitney U test between the two groups. c TNM stage grouping according to UICC classification
system. d Survival data obtained from the Kaplan-Meier analyses using the software MedCalc. The median
survival (overall survival) corresponds to the time at which the survival probability reaches 50% or below. As the
cancer-specific survival and recurrence-free survival did not reach this value in the non-metastatic cohort, the mean
survival time was calculated (as area under the survival curve in the total follow-up interval) for both groups for
comparison purposes.
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Figure 1. Flowchart of the study. Abbreviations: circRNA, circular RNA; ccRCC, clear cell renal cell
carcinoma; RT-qPCR, reverse-transcription quantitative real-time polymerase chain reaction.

2.2. Discovery of circRNAs in ccRCC Tissue Using Microarray Analysis

2.2.1. Identification of Differentially Expressed circRNAs

A total of 13,261 circRNAs out of 13,617 distinct probes on the array were detected in seven
matched ccRCC samples using the ArrayStar microarray approach (Supplemental Microarray Excel
File). The number of circRNAs that derive from a single host gene forming multiple circRNA isoforms
can vary [19]. Our microarray data revealed that approximately 50% of the detected circRNAs
originated from ~75% of the 6271 host genes that produce only one or two circRNAs. However, some
host genes accounted for up to 32 different circRNAs; approx. 15% of the detected circRNAs derived
from host genes (3.8% of all host genes) that generate more than five circRNAs (Figure 2A). Exonic,
intronic, antisense, and intergenic genomic regions can serve as sources for circRNAs. In ccRCC, 85%
of the detected circRNAs derived from exonic gene sequences (Figure 2B) corresponding to data found
in other human tissues [20]. Exonic circRNAs are generally assembled by one to five exons [20,21].
Analyzing the microarray data, we found 78 up-regulated and 91 down-regulated circRNAs with
a higher than two-fold change (p < 0.05) in malignant compared to adjacent normal tissue samples
(Figure 2C). This expression pattern resulted in a clear clustering of malignant vs. adjacent normal
tissue using principal component analysis (Figure 2D).
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Figure 2. Microarray analysis results of matched clear cell renal cell carcinoma (ccRCC) tissue samples.
(A) Number of circular RNAs (circRNAs) expressed per host gene in 7 matched ccRCC tissue samples.
(B) Genomic origin of the detected circRNAs. (C) Volcano plot showing the up- and down-regulated
circRNAs in malignant vs. adjacent normal tissue samples. Vertical and horizontal dashed lines indicate
the thresholds of the 1.5-fold changes and the p-values of 0.05 in the t-test. The positions of the three
detailed examined circRNAs in this study are marked. (D) Principal component analysis with the left
cluster of tumor samples (C1–C7) and the right cluster with the paired adjacent normal tissue samples
(N1–N7). (A and B adapted from [12]).

2.2.2. Selection of Three circRNAs for Further Evaluation

We further evaluated the differentially expressed circRNAs according to the following
criteria: fold-change >4 with p < 0.05 and raw intensity above 500 on the microarray.
Five up-regulated and eleven down-regulated circRNAs matched these ArrayStar microarray-related
criteria. The nomenclature of circRNAs has not been standardized until now. In literature, different
names occur depending on the reference database [12]. ArrayStar also uses its own designations.
For the mentioned five up- and eleven down-regulated circRNAs, the circRNA IDs used in the
databases ArrayStar and circBase [22] are summarized in Table 2. To identify circRNAs with a putative
function in ccRCC initiation/progression, we selected circRNAs from host genes with putative roles in
angiogenesis and hypoxia in ccRCC and other cancers including EGLN3, NOX4, and RHOBTB3 [23–27].
Thus, corresponding circRNAs of the three host genes that are named according to the database
circBase hsa_circ_0101692, hsa_circ_0023984, and hsa_circ_000744 were selected for further validation
(Figure 2C). For greater clarity, the terms circEGLN3, circNOX4, and circRHOBTB3 are used hereafter
for these circRNAs.
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Table 2. List of circular RNAs (circRNAs) with at least a fourfold differential expression between the
matched malignant vs. adjacent normal tissue samples (n = 7) in the microarray discovery study phase.
The three circRNAs selected for further examination in this study are marked in bold letters.

circRNA in
Manuscript

circRNA ID in
ArrayStar a,b

circRNA ID in
circBase a,c

Fold Change
Expression in

Tumor vs. Normal
Tissue (p-value)

Best Transcript
Official Gene

Symbol

Up-regulated circRNAs

circEGLN3 circRNA_405198 circ_0101692 7.32 (0.0033) NM_022073 EGLN3

- circRNA_101202 circ_0029340 5.68 (0.0006) NM_005505 SCARB1
- circRNA_101341 circ_0031594 5.16 (0.0038) NM_022073 EGLN3
- circRNA_101803 circ_0003520 4.39 (0.0011) NM_018092 NETO2
- circRNA_103980 circ_0006528 4.01 (0.0024) NM_138492 PRELID2

Down-regulated circRNAs

- circRNA_103093 circ_0060937 −12.3 (0.0049) NM_000782 CYP24A1
- circRNA_101120 circ_0027821 −6.73 (0.0342) NR_024037 RMST

circNOX4 circRNA_100933 circ_0023984 −6.44 (0.0475) NM_016931 NOX4

- circRNA_100562 circ_0006577 −5.87 (0.0093) NM_012425 RSU1
- circRNA_031282 circ_0031282 −5.58 (0.0028) NM_012244 SLC7A8
- circRNA_103091 circ_0060927 −5.58 (0.0048) NM_000782 CYP24A1
- circRNA_023983 circ_0008350 −5.26 (0.0239) NM_016931 NOX4
- circRNA_1011001 circ_0025135 −4.89 (0.0132) NM_001038 SCNN1A
- circRNA_035435 circ_0035435 −4.84 (0.0002) NM_032866 CGNL1

circRHOBTB3 circRNA_007444 circ_0007444 −4.45 (0.0013) NM_014899 RHOBTB3

- circRNA_101528 circ_0035436 −4.18 (0.0001) NM_032866 CGNL1
a The obligatory prefix hsa_ was omitted to facilitate the readability. b More detailed annotations including
source, chromosome localization, strand, circRNA type, and sequences are listed for all detected circRNAs in the
Supplemental Microarray Excel File. c http://www.circbase.org and [22].

2.3. Analytical Validation of Selected circRNAs

2.3.1. Experimental Confirmation of the Circularity of Transcripts

We developed RT-qPCR assays for the three selected circRNAs and their linear counterparts on the
basis of SYBRGreen I. The analytical specificity of all RT-qPCR products was verified by melting curve
analysis and gel electrophoresis (with Supplemental Tables S1–S3 and Figure S1). Detection of circRNAs
by sequencing or microarray analysis, as in our case, needs additional experimental confirmation
of the circular nature of the identified transcripts to avoid false-positive results by measurement of
non-circular RNA molecules with sequences similar to the specific backsplice junction [28]. Therefore,
different molecular biology-based tests are recommended to validate circRNA-specific backsplice
junctions [13,21,28,29]. Figure 3 summarizes our validation results based on the characteristics of
circRNAs with regard to their resistance to the RNase R [13], their lack of a poly-A-tail [30], the
amplification results in complementary DNA (cDNA) and genomic DNA (gDNA) using divergent and
convergent primers, and the proof of the backsplice junctions by Sanger sequencing.
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Figure 3. Analytical validation of the circular nature of circEGLN3, circNOX4, and circRHOBTB3.
(A) Stability of circular RNAs (circRNAs) after RNase R treatment. CircRNAs are stable while linear
mRNAs are degraded when treated with RNase R. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA (glyceraldehyde-3-phosphate dehydrogenase), VNL mRNA (vinculin), circ4, and
circ9 were used as additional controls [13,31]. Data of triplicate experiments normalized to controls
without RNase treatment are presented. (B) Random hexamer vs. oligo(dT) primers for cDNA synthesis.
Random hexamer primers are used for amplification during cDNA synthesis of circRNAs as covalently
closed structures of circRNAs lack a poly-A-tail. The binding capacity of oligo(dT) primers is therefore
reduced without polyadenylated binding sites. In consequence, quantitation cycle (ΔCq) values in
RT-qPCR are distinctly reduced when using random hexamer primers in comparison to oligo(dT)
primers for circRNA cDNA synthesis. GAPDH and TMEM45A (transmembrane protein 45A) were
used as mRNA controls. Significantly different mean values between the six circRNA samples and
four mRNAs of GAPDH and TMEM45A as mRNA controls (mean values: −4.33 vs. 1.18, p < 0.0001)
confirmed this characteristic feature of circRNAs. Different mean values of the circRNAs between
the tissues were not observed (p > 0.799). (C) Gel electrophoresis of PCR products obtained from
cDNA and genomic DNA (gDNA). Divergent (◄►) primers used for circRNA measurements amplify
sequences only in cDNA. Convergent (►◄) primers show amplification of circRNA composing exons
in cDNA and gDNA. (D) Base sequence of circRNA backsplice junction pictured by Sanger sequencing.
Sanger sequencing was performed with forward (→) and reverse (←) primers. Methodical details for
all here listed experiments are described in section “Material and Methods” and in Supplementary
Information with Supplemental Table S4.
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2.3.2. Analytical Performance of RT-qPCR Assays

In addition to the analytical specificity of the established assays, the repeatability (intra-assay
variation) and reproducibility (inter-assay variation) of the measurements should be characterized as
decisive indicator for the performance and robustness of quantitative tests. Data in Table 3 prove that
the assays and measurements are suitable for “fit-for-purpose” RT-qPCR in first clinical studies.

Table 3. Repeatability and reproducibility of RT-qPCR measurements.

RNA

Repeatability a Reproducibility b

Cq Value
Mean (%RSD)

Concentration
(AU)

Mean (%RSD)

Cq Value
Mean ± SD

(%RSD)

Concentration (AU)
Mean ± SD (%RSD)

circEGLN3 23.47 (0.284) 1.185 (4.51) 22.49 ± 0.138 (0.62) 2.132 ± 0.199 (9.33)
circNOX4 24.16 (0.493) 0.808 (9.35) 22.77 ± 0.108 (0.47) 1.118 ± 0.082 (7.30)
circRHOBTB3 25.64 (0.459) 0.0268 (9.27) 24.81 ± 0.190 (0.76) 0.036 ± 0.005 (14.2)
linEGLN3 20.83 (0.521) 32.72 (7.00) 23.93 ± 0.042 (0.18) 1.658 ± 0.046 (2.75)
linNOX4 27.65 (0.405) 0.204 (7.67) 25.50 ± 0.046 (0.18) 0.483 ± 0.015 (3.10)
linRHOBTB3 24.90 (0.214) 1.901 (3.43) 23.43 ± 0.147 (0.63) 3.791 ± 0.386 (10.2)
PPIA 19.33 (0.329) 32.01 (4.16) 19.18 ± 0.081 (0.42) 33.36 ± 1.745 (5.23)
TBP 25.18 (0.331) 2.330 (5.07) 24.99 ± 0.104 (0.42) 2.423 ± 0.156 (6.44)

Abbreviations: Cq, quantitation cycle; AU, arbitrary units; %RSD, percent relative standard deviation; SD, standard
deviation; PPIA, peptidylprolyl isomerase A; TBP, TATA-box binding protein. PPIA and TBP served as reference
genes [32]. a n = 21; %RSD was calculated from duplicate measurements using the root mean square method based
on Cq values and calculated concentrations, respectively. b n = at least 8; %RSD (Cq) corresponds to the percent
relative standard deviation calculated on the basis of the Cq values. %RSD (Concentration) corresponds to the
percent relative standard deviation calculated on the basis of the normalized relative quantities (arbitrary units).

2.4. Clinical Assessment

2.4.1. Differential Expression of circRNAs in Relation to Clinicopathological Factors

In this first step of the clinical assessment phase, the expression data of the three circRNAs and
their linear transcripts were measured and evaluated in all samples of the studied cohort. In Figure 4,
the RT-qPCR normalized expression data of these three circRNAs and their corresponding linear
transcripts (named in the following with the prefix “lin”) in normal tissue and non-metastatic and
metastatic primary tumor samples are shown. While the expression differences between tumor samples
and adjacent normal tissue samples were significant for all circular and linear transcripts, no significant
expression differences were found in primary tumors without (M0) and with (M1) metastasis.

The expression data of all three circRNAs and their linear transcripts in the tumor samples were
not associated with age, sex, TNM stage, TNM-stage grouping, Fuhrman grade, surgical margin, tumor
size, or metastatic status (Spearman rank correlation, Mann-Whitney U-test or Kruskal-Wallis test;
p > 0.10; Supplementary Information with Table S5). Only EGLN3 showed a significant progressive
down-regulation from Fuhrman grade 1 to grade 4 for circEGLN3 (from 11.9 to 9.07, 7.76, and 0.742;
p = 0.006, Kruskal-Wallis test with Jonckheere-Terpstra trend test) and for linEGLN3, respectively (from
6.47 to 5.25, 4.51, and 0.461; p = 0.004).

The expression levels of the circRNAs and their linear transcripts correlated closely with each
other, showing similar correlation coefficients in both malignant and adjacent normal tissue samples
(circEGLN3 and linEGLN3, rs = 0.742 and 0.624; circNOX4 and linNOX4, rs = 0.849 and 0.851;
circRHOBTB3 and linRHOBTB3, rs = 0.749 and 0.849; p < 0.0001 in all cases). However, the ratios of
the circRNAs to their linear transcripts were significantly lower (Wilcoxon test with paired samples) in
the adjacent normal tissue samples than in the tumor samples (median circEGLN3/linEGLN3 of 0.68
vs. 1.57, p < 0.0001; circNOX4/linNOX4 of 0.79 vs. 1.16, p < 0.0001; circRHOBTB3/linRHOBTB3 of 0.95
vs. 0.99, p = 0.022).
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Figure 4. Expression of circular RNAs (circRNAs) and the linear transcripts of their host genes in tissue
samples from patients suffering from clear cell renal cell carcinoma. Expression data of (A) circEGLN3,
(C) circNOX4, and (E) circRHOBTB3 as well as the corresponding linear transcripts of the host genes (B)
EGLN3, (D) NOX4, and (F) RHOBTB3 are shown in adjacent normal tissue distant from tumor (n = 85),
in tissue from non-metastatic (M0, n = 82) and metastatic primary tumors (M1, n = 17) of patients with
clear cell renal cell carcinoma at the time of surgery. CircRNA and linRNA expression ratios of M0
(n = 60) and M1 (n = 16) tissue samples in relation to their paired adjacent normal tissue samples did
not statistically differ (p values between 0.302 to 0.712). PPIA (peptidylprolyl isomerase A) mRNA
and TBP (TATA-box binding protein) mRNA were used as normalizers. Boxes in the box-and whisker
plots represent the lower and upper quartiles with medians, whiskers illustrate the entire range of the
samples. Significant differences between the study groups were estimated by the Kruskal-Wallis test
with multiple comparisons corrected according to Holm-Sidak.

These ratio changes and numerous significantly different correlations for each of the circRNAs with
the three linear transcripts (Table S6A–C) support the hypothesis of differential regulatory mechanisms
in normal and cancer tissue. These data encouraged us to always include the corresponding linear
transcripts in subsequent investigations.

Based on the expression data, receiver-operating characteristics curve (ROC) analysis was
performed to test the discriminative ability of circRNAs and the linear transcripts in differentiating
between malignant and adjacent normal ccRCC tissue (Table 4). The strong discriminative potential of
both circEGLN3 and linEGLN3 with regard to sensitivity, specificity, and overall accurate classification
of ~95% of tissues is remarkable.
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Table 4. Receiver-operating characteristic curve analyses of circRNAs and their linear transcripts to
discriminate between adjacent normal and malignant tissue.

RNAs AUC (95% CI)

p-Value
Different to
AUC = 0.5

Differentiating Ability at the
Youden Index a % Overall

Correct
ClassificationSensitivity

(95% CI)
Specificity
(95% CI)

circEGLN3 0.98 (0.95–0.99) <0.0001 95 (89–99) 95 (88–99) 94.6
circNOX4 0.81 (0.74–0.86) <0.0001 91 (83–96) 71 (60–80) 80.4

circRHOBTB3 0.82 (0.76–0.87) <0.0001 72 (62–80) 91 (82–96) 69.0
linEGLN3 0.98 (0.96–0.99) <0.0001 96 (89–98) 99 (94–100) 95.7
linNOX4 0.85 (0.79–0.90) <0.0001 99 (95–100) 78 (67–86) 88.0

linRHOBTB3 0.86 (081–0.91) <0.0001 72 (62–80) 94 (87–98) 75.0
circEGLN3 +linEGLN3 b 0.99 (0.96–1.00) <0.0001 95 (89–98) 99 (94–100) 95.7

Abbreviations: AUC, area under the receiver-operating characteristics curve; CI, confidence interval. a The Youden
index as a measure of overall diagnostic effectiveness is calculated by [(sensitivity + specificity) − 1]. When equal
weight is given to sensitivity and specificity of a test, the cutoff at the maximum value of this index, which graphically
corresponds to the maximum vertical distance between the ROC curve and the diagonal line, is referred to as
optimal criterion. b Calculated by binary logistic regression.

2.4.2. CircRNAs as Prognostic Markers and Elaboration of RNA Signatures

To assess the prognostic value of the new markers, we defined prediction accuracy of CSS as
primary and RFS and OS as secondary endpoints. The endpoints were defined as the time from the
surgery until the time of the corresponding event or the last follow-up.

Kaplan-Meier analysis was used to assess the association of the expression data of the three
circRNAs and linear transcripts with the outcome endpoints. For that purpose, X-tile software [33]
was applied to define optimized cutoff-points (Figure 5; Supplementary Information with Table S7 and
Figure S2A,B).

For the primary CSS endpoint (Figure 5), increased expression values of both circEGLN3 and
linEGLN3 were associated with better survival rates even though both transcripts were increased in
malignant tissue in comparison to normal tissue (Figure 5A,B). Both circNOX4 and linNOX4 were
not correlated to CSS (Figure 5C,D). Furthermore, circRHOBTB3 and linRHOBTB3 showed differing
impacts on cancer-specific survival (Figure 5E,F). While high expression levels of circRHOBTB3 were
associated with improved outcome, high levels of linRHOBTB3 were associated with reduced survival
rates. The results were comparable using the two secondary endpoints (Figure S2A,B). The results
for the linear transcripts were validated using the The Cancer Genome Atlas Kidney Renal Clear Cell
Carcinoma (TCGA-KIRC) dataset, as this data collection does not contain circRNAs. Low expression
of linEGLN3 and linNOX4 as well as high expression of linRHOBTB3 were associated with shorter
overall survival of TCGA ccRCC specimens (Figure S3A–C).

In univariate Cox regression analysis, the hazard ratios of RNAs corresponded with the results
from Kaplan-Meier curves (Table S7, Supplemental Figure S2A,B, and Figure 5). Subsequently,
multivariate Cox regression analysis was performed including all circRNAs and linRNAs and a
backward elimination approach (entry: p < 0.05, removal: p > 0.100) was used. Only circEGLN3,
circRHOBTB3, and linRHOBTB3 remained in the reduced models for all three endpoints (Table 5).
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Figure 5. (A–F) Kaplan-Meier analysis of circular RNAs (circRNAs) and their linear transcripts with
regard to cancer-specific survival after surgery. CircRNAs were dichotomized using the optimized
cutoffs indicated by software X-tile [33] to discriminate between deceased and alive. Green curves
represent patients with expression values above the cutoff; red curves represent patients with values
equal or below the cutoff. The number of patients in the dichotomized groups and the cutoffs are
indicated at the curves. The log-rank test was used to confirm significant differences between the
survival probabilities.

C-statistics data for the models including all six RNA variables (“full model”) compared with
those obtained after backward elimination (“reduced model”), were not different (full vs. reduced
model; CSS: 0.730 ± 0.060 vs. 0.726 ± 0.056, p = 0.863; RFS: 0.764 ± 0.057 vs. 0.735 ± 0.059, p = 0.478; OS:
0.741 ± 0.048 vs. 0.738 ± 0.046, p = 0.897; values given as AUC ± SE of the prognostic indices calculated
in Cox regression analyses). We therefore used the reduced models with circEGLN3, circRHOBTB3,
and linRHOBTB3 for the three outcome endpoints in the further evaluation and termed them “RNA
signatures” (Table 5).
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Table 5. Multivariate Cox Proportional Hazard Regression Analyses of Different Prediction Models for
Outcome after ccRCC Nephrectomy a.

Variable b
Cancer-Specific Survival Recurrence-Free Survival Overall Survival

HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value

RNA signature. c,d,e

circEGLN3 0.24 (0.10–0.57) 0.001 0.53 (0.18–1.03) 0.074 0.49 (0.23–0.95) 0.037
circRHOBTB3 0.26 (0.09–0.73) 0.010 0.14 (0.04–0.49) 0.003 0.15 (0.05–0.49) 0.002
linRHOBTB3 2.57 (0.95–6.90) 0.062 11.1 (2.79–43.8) 0.001 4.46 (1.52–13.0) 0.006

Clinical model

Tumor stage grouping
(III+IV/I+II) 3.54 (1.16–10.8) 0.027 0.79 (0.25–2.48) 0.685 2.02 (0.95–4.27) 0.064

Fuhrman grading (3+4/1+2) 2.68 (1.03–7.02) 0.044 13.4 (4.06–44.3) <0.0001 3.00 (1.32–6.82) 0.009
Surgical margin (R1/R0) 2.82 (1.05–7.59) 0.040 7.09 (1.75–28.7) 0.006 2.26 (0.91–5.59) 0.078
Tumor size (≥7 cm<) 1.10 (0.42–2.87) 0.838 1.03 (0.35–2.97) 0.963 0.99 (0.46–2.14) 0.988

Clinical model + RNA signature

Tumor stage grouping
(III+IV/I+II) 3.16 (0.93-10.8) 0.066 0.67 (0.19–2.37) 0.536 2.81 (1.23–6.42) 0.014

Fuhrman grading (3+4/1+2) 2.04 (0.73–5.74) 0.177 9.98 (2.99–33.4) 0.0002 2.25 (0.99–5.12) 0.053
Surgical margin (R1 vs. R0) 3.97 (1.28–12.3) 0.017 3.48 (0.76–15.9) 0.109 2.12 (0.87–5.18) 0.099
Tumor size (≥7 cm<) 1.16 (0.44–3.11) 0.762 1.22 (0.36–4.13) 0.746 0.76 (0.36–1.64) 0.490
circEGLN3 0.33 (0.13–0.79) 0.014 0.69 (0.22–2.19) 0.532 0.51 (0.24–1.09) 0.084
circRHOBTB3 0.25 (0.08–0.80) 0.019 0.21 (0.05–0.94) 0.041 0.16 (0.05–0.53) 0.003
linRHOBTB3 3.84 (1.35–10.9) 0.012 7.71 (1.55–38.3) 0.013 5.26 (1.74–15.9) 0.003

Clinical model + RNA signature after backward elimination

Tumor stage grouping
(III+IV/I+II) 3.98 (1.32–12.0) 0.014 – – 2.89 (1.39–5.99) 0.005

Fuhrman grading (3+4/1+2) – – 8.53 (3.08–23.6) <0.0001 2.52 (1.15–5.53) 0.021
Surgical margin (R1 vs. R0) 5.68 (2.09–15.4) 0.0007 3.54 (1.02–12.3) 0.047 – –
Tumor size (≥7 cm<) – – – – – –
circEGLN3 0.28 (0.12–0.68) 0.005 – – 0.50 (0.24–1.05) 0.067
circRHOBTB3 0.21 (0.07–0.65) 0.007 0.18 (0.04–0.75) 0.018 0.17 (0.05–0.56) 0.004
linRHOBTB3 3.59 (1.28–10.0) 0.015 8.19 (1.81–37.1) 0.006 5.37 (1.80–16.1) 0.003

Abbreviations: ccRCC, clear cell renal cell carcinoma; CI, confidence interval; G, histopathological grading according
to Fuhrman; HR, hazard ratio; R, surgical margin classification. a The multivariate analysis included the RNA
signature combination of circEGLN3, circRHOBTB3, and linRHOBTB3 after univariate analysis with a backward
elimination approach of the six RNA and all clinicopathological factors of univariate analysis with p values < 0.05
(Supplementary Information 5, Supplemental Tables S7 and S8). b RNAs were dichotomized using the X-tile program
[33] at the best threshold to discriminate between dead and alive in cancer-specific and overall survival, respectively
as well as between recurrence and recurrence-free situation. These outcome-specific thresholds are indicated in the
footnotes c, d, and e and correspond to those in the Kaplan-Meier curves. Clinicopathological variables are given
with their categorized criteria in brackets. c Cutoffs for cancers-specific survival: circEGLN3 (2.65), circRHOBTB3
(0.20), and linRHOBTB3 (1.52). d Cutoffs for recurrence-free survival: circEGLN3 (2.10), circRHOBTB3 (0.50), and
linRHOBTB3 (0.72). e Cutoffs for overall survival: circEGLN3 (2.73), circRHOBTB3 (0.27), and linRHOBTB3 (0.60).

2.4.3. A circRNA-Based Predictive Clinico-Genomic Model to Improve Prognostic Accuracy

Until now, clinicopathological variables are the basis to estimate the prediction of CSS, RFS, and
OS after surgery and serve for benchmarking analysis of newly established tools. TNM-stage grouping
including metastatic status, Fuhrman grading, tumor size, and surgical margin comprised significant
clinicopathological predictors for all three outcome endpoints in Kaplan-Meier curves and univariate
Cox regression analyses (Figure S4A–C, Table S8). These four variables were used combined in all
outcome analyses and were called the “clinical model” (Table 5).

C-statistics data of the prognostic indices calculated in Cox regression analyses for the three
endpoints using the “clinical model” and “RNA signature” were then compared and the results
were not significantly different (Figure 6, legend: p values between 0.268 and 0.837). However, the
results of the decision curve analysis show that the curves of the RNA-signature are always located
above the curves of the “clinical model” and indicate a better accuracy. This is consistent with the
recommendation that the decision curve analysis is the most informative metrics to demonstrate an
incremental prognostic benefit [34]. Furthermore, the predictive outcome accuracy of the clinical
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models was improved upon combination with corresponding RNA signatures as shown by C-statistics
and decision curve analysis (Figure 6).

Figure 6. Improved predictive accuracy of cancer-specific (CSS), recurrence-free (RFS), and overall
survival (OS) in a model with clinicopathological variables by including a circular RNA (circRNA)
based signature. (A, C, and E) C-statistics curves of the prognostic indices of Cox regression analysis
for the three endpoints using the models indicated in Table 5 (“clinical model”, “RNA signature”, and
the combination of both (“clinical model + RNA signature”) as well as (B, D, and F) the corresponding
curves of decision curve analysis are shown here. The AUC values were not significantly different
between the clinical model and the RNA signature for CSS (p = 0.452), RFS (p = 0.837), and OS (p = 0.268).
The improved predictive accuracy of combining the “RNA signature” with the pure “clinical model”
is shown by the increased AUC values indicated in parentheses next to the models in the subfigures.
Curves in the decision curve analysis confirmed the benefit of combining the RNA signatures with the
“clinical model.”.
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Furthermore, hazard ratios of the multivariate Cox regression analysis of the clinical model
variables and those of the RNA signature confirmed that the RNA signature variables remained
independent factors for the prediction of the corresponding outcomes in the full combined models,
but also in the reduced models after backward elimination (Table 5). The robustness of this combined
classifier was supported by the fact that backward elimination of the full model “clinical model + RNA
signature” did not result in a loss of predictive accuracy (full vs. reduced model; CSS: 0.832 ± 0.054
vs. 0.821 ± 0.052 p = 0.449; RFS: 0.818 ± 0.053 vs. 0.816 ± 0.053, p = 0.740; OS: 0.776 ± 0.046 vs.
0.768 ± 0.047, p = 0.529; values given as AUC ± SE of the prognostic indices calculated in Cox regression
analyses). Furthermore, internal bootstrapping validation confirmed the statistical significance and
robustness of the combined models (Table S9). The improvement of the clinical model by including the
corresponding RNA signatures was further demonstrated using the weight approach of the Akaike
and Bayesian information criteria [35]. The final model including the four clinicopathological factors
and the RNAs performed better than the “clinical model” with normalized probabilities of the Akaike
and Bayesian criterion for CSS with 0.886 and 0.901, for RFS with 0.759 and 0.853, and for OS with
0.991 and 0.971, respectively.

2.5. In-silico Analysis of circRNA-miRNA-Gene Interaction

We identified potential miRNAs binding to the three circRNA candidates circEGLN3, circNOX4,
and circRHOBTB3 with an algorithm provided by the CircInteractome tool [36], which is based on the
database TargetScan [37]. MiRNAs were ranked according to the TargetScan context+ score. The five
top-ranked miRNAs for each circRNA (all context+ scores<−0.19) were chosen. Furthermore, potential
gene interactions were identified for the miRNAs using the databases miRDB and TargetScan [37,38].
As cut-off values we chose a target score >90 (miRDB) and a total context++ score < −0.5. In Figure 7,
only miRNA-gene interactions listed by both miRDB and TargetScan are shown.

Figure 7. Cont.
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Figure 7. Results of in-silico analysis of circRNA-miRNA-gene interaction. MiRNAs with potential
binding sites to (A) circEGLN3, (B) circNOX4, and (C) circRHOBTB3 were identified using
CircInteractome [36] and subsequent miRNA-gene interactions were analyzed with the databases
miRDB [38] and TargetScan [37].

3. Discussion

The current study represents hypothesis-generating research using a discovery-driven global
approach [39]. We performed a genome-wide search for differentially expressed circRNAs in
ccRCC tissue samples by microarray technology, the analytical and clinical validation of the
three selected circRNAs circEGLN3, circNOX4, and circRHOBTB3 by RT-qPCR measurements,
and successfully validated them as prognostic biomarkers in combination with conventional
clinicopathological variables.

Numerous prognostic tools for ccRCC patients based exclusively on clinicopathological factors
exist that have limited predictive accuracy of clinical outcome endpoints [40]. This supports the
intention to include molecular markers to improve existing models [1,4]. Reports of various tools
based on “omics”-markers alone or combined with clinicopathological variables have been published

219



Cancers 2019, 11, 1473

with promising results [1,3,4]. However, to the best of our knowledge, this study is the first to evaluate
the prognostic potential of circRNAs in ccRCC tissue samples for the three clinically relevant survival
endpoints of CSS, RFS, and OS.

In the discovery phase, we used microarray technology—considered to be more efficient in
detecting circRNA molecules in comparison to RNA-sequencing methods [41]. The microarray
contained 13 617 distinct probes, out of which 97.5% were detected in renal tissue and the principal
component analysis of circRNAs clearly clustered between normal and tumor tissue. Differential
expression analysis revealed 0.59% (n = 78) at least twofold up-regulated and 0.69% (n = 91)
down-regulated circRNAs. These changes correspond to results observed in other solid tumors [20].

As briefly outlined in the Introduction, there have so far been few studies on circRNAs in
ccRCC [15–18], which mostly focused on single circRNAs [15,16,18]. One working group investigated,
based on database and literature searches, the effects of the androgen receptor and estrogen receptor
beta via circHIAT1 and circATP2B1, respectively on the progression of ccRCC [15,16]. Another study
examined the possible role of circABCB10 in ccRCC etiology [18]. These three circRNAs are not part of
the up-/down-regulated circRNA list in our study obtained by microarray analysis. Although these
studies provided interesting insights into functional aspects of circRNAs in ccRCC, their prognostic
information was limited. A fourth study by Zhou al. [17] provided a list of the top 10 up- and
down-regulated circRNAs based on a microarray search of three paired ccRCC tissue samples. Four of
these 20 circRNAs are identical with four of the 17 top differentially expressed circRNAs, including the
circEGLN3, listed in Table 2 (circBase ID: circ_0025135, circ_00331594, circ_0029340, and circ_0101692).
However, circPCNXL2, which the authors reported as the circRNA with the highest up-regulation
in the examined tissue samples, was not identified in our microarray analysis. This might be due to
the different amount of tissue samples used for the microarray analysis or to a differing probe set on
the microarray.

Despite the interesting details regarding differential expression and the ensuing discriminative
potential between adjacent normal and malignant tissue (Table 4), our focus was directed at
the prognostic potential of the three selected circRNAs from the circRNA profiles we obtained.
In this context, the following expression particularities of the circRNAs and their linear transcripts
are noteworthy: (I) we found no statistically different expression levels of circRNAs between the
primary non-metastatic and metastatic tumors (Figure 4); (II) only Fuhrman grade as one relevant
clinicopathological variable was associated with RNA expression (e.g., circEGLN3 and linEGLN3);
and (III) we found differing and partly inverse correlations as well as changes in the abundance
between circRNAs and their linear transcripts. Although the expression of most circRNAs is obviously
in-line with the expression of their host genes [42], the host gene-independent expression of circRNAs,
reflected in our study exemplarily in the inverse Kaplan-Meier curves of circRHOBTB3 and linRHOBTB3
(Figure 5) is of special interest. Similar findings have recently been reported also in prostate cancer
and heart diseases [43,44]. We have considered these findings in the clinical assessment process by
including the expression data of the linear transcripts from RNase R untreated total RNA samples in
the analysis and clinical evaluation. This fact is also considered by the recently published MiOncoCirc
database that includes circRNAs identified by a special capture exome RNA-sequencing protocol [45].
Using this sequencing protocol without RNase R pretreatment [46], the ratio between circular and the
linear transcripts is preserved—comparable with the tissue sample—and allows a definite downstream
analysis as mRNAs are not removed [45].

Thus, all these expression particularities and further the characteristics of uncorrelated
differential expression in relation to conventional clinicopathological factors are specific for orthogonal
biomarkers [47]. Consequently, new information can arise from the application of such biomarkers in
clinical practice [48]. Indeed, multivariate Cox regression analysis showed that the RNA signatures
developed with circEGLN3, circRHOBTB3, and linRHOBTB3 proved their hypothesized prognostic
value for all three clinical endpoints (Table 5). Furthermore, in combination with the conventional
risk factors of the clinical model, all three RNAs generally remained independent factors, also in the

220



Cancers 2019, 11, 1473

backward models (Table 5). Moreover, C-statistics and decision curve analysis data (Figure 6) as
well as the Akaike and Bayesian information criteria and the internal bootstrap validation support
the improved predictive accuracy of the combined model. We used bootstrapping for the internal
validation as it is recommended as efficient method for internal validation of predictive models in
favor of split-sample validation and cross-validation [49]. As already mentioned in the Results, we
laid particular emphasis on the evaluation of the models using decision curve analysis as recently
recommended standard to validate diagnostic/prognostic benefit [34]. Thus, the data allow us to
consider circRNAs as potential prognostic biomarkers in the future to improve risk stratification of
ccRCC patients after nephrectomy.

In addition to their role as promising new biomarkers in cancer and other diseases, circRNAs
are also currently evaluated regarding their functional role in cancer initiation and progression
(reviewed in [50]). In this context, miRNA sponging and consequential impact on the expression
of cancer key genes is one of the most relevant features of circRNAs [14,51]. For example, elevated
expression of circTP63 in lung squamous cell carcinoma was shown to be associated with accelerated
tumor progression by sponging miR-873-3p and thus increased levels of FOXM1 [52]. In contrast,
over-expression of circRNAs can also be protective against tumor progression as shown by the
example of circSLCA1, which promotes the tumor suppressor PTEN via miR-130b/miR-494 sponging in
bladder cancer [53]. With an in-silico analysis of the circRNA-miRNA-gene interactions of circEGLN3,
circNOX4 and circRHOBTB3, we identified potential target genes of the circRNAs that might influence
ccRCC development and progression (Figure 7). Interestingly, the in-silico analysis for circEGLN3
predicted a potential binding of miR-31-5p and miR-1205 to circEGLN3 and the corresponding linear
RNA of EGLN3. EGLN3 is known to contribute to ccRCC initiation [25,26,54] by targeting HIF. The
up-regulation of both circEGLN3 and linRNA of EGLN3 in ccRCC and the predicted interaction
via miR-31-5p and miR-1205 could reflect a self-sustaining mechanism of the oncogene EGLN3.
This hypothesis is supported by new reports that miRNA-31-5p acts as tumor suppressor and is
down-regulated in renal cell carcinoma [55].

Furthermore, an interesting interaction was revealed for the down-regulated circRHOBTB3,
which could be able to down-regulate the tumor-suppressor PTEN via absence of miR-494 sponging.
The oncogenic effect of miR-494 up-regulation and subsequent PTEN inactivation is reported for
many different cancers [53,56,57]. In our study, down-regulation of circRHOBTB3 is associated with
poor survival outcome (Figure 6). This is especially interesting since the inverse survival outcome of
circRHOBTB3 and linRHOBTB3 expression suggests a functional independency.

Nevertheless, the functional relevance of the interactions we identified based on in-silico
data (Figure 7) remains to be experimentally confirmed, but this was beyond the scope of this
hypothesis-generating study.

Despite the abovementioned statistical measures for bias-free analyses including the internal
bootstrap-based validation and the confirmation by the Akaike and Bayesian information criteria, there
are inherent limitations of this study. These include the retrospective nature of the study involving
a limited number of patients selected solely based on available tissue samples, the focus on the
application of biomarkers without exploring their possible molecular mechanisms, and the lack of
external validation.

4. Materials and Methods

4.1. Patients and Tissue Samples

The study was approved by the local Ethics committee of the University Hospital Charité (Charité
- Universitätsmedizin Berlin: EA1/134/12; approval date: 22nd June 2012) and an informed consent
was obtained from patients. The study was carried out in accordance with the Declaration of Helsinki
and considered the MIQE, REMARK, and STARD guidelines [58–60].
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The study included ccRCC tumor samples from 99 patients and adjacent normal renal tissue
samples from 85 patients undergoing radical or partial nephrectomy between 2003 and 2016 (Table 1).
The patients were selected according to the availability of cryo-preserved tissue samples and the
completeness of follow-up databased on the sample size calculation with α = 5% and a power of 80%
(Supplementary Information). Tumors were classified by two experienced uro-pathologists (A.E., E.K.)
according to the 2010 TNM classification system and the Fuhrman grading system. In total, 17 patients
exhibited metastases at the time of diagnosis and 22 developed metastases within the follow-up period
until November 2018 (Table 1). None of the patients received systemic therapy prior to nephrectomy.
Tissue specimens were sampled immediately after nephrectomy, either snap frozen in liquid nitrogen
or immersed in RNAlater solution (Qiagen, Hilden, Germany), and stored at −80 ◦C until analysis as
described in our previous publications [61–63].

4.2. Analytical Methods

4.2.1. Total RNA Samples and Their Characteristics

Total RNA was isolated from 30 to 98 mg tissue pieces. The isolation procedure from preserved
tissue specimens using the miRNeasy Mini Kit (Qiagen) including an on-column DNA digestion
step according to the producer's instructions, the spectrophotometric quantification (NanoDrop 1000
Spectrophotometer; NanoDrop Technologies, Wilmington, DE, USA), and the quality assessment of
the total RNA samples (ratio of the absorbance at 260 nm to that at 280 nm and RNA integrity number
on a Bioanalyzer 21000 (Agilent Technologies, Santa Clara, CA, USA) were detailed described in our
previous publications [61–63]. The median ratio of 260 nm to 280 nm of the isolated RNA samples
was 2.04 (95% CI, 2.03 to 2.04) and the median RNA integrity number was 7.70 (95% CI, 7.52 to 7.88).
The median RNA concentration in the isolates of 30 μL nuclease-free water was 1118 (95% CI, 1029 to
1209) ng/μL). Isolated RNA samples were stored at −80 ◦C.

4.2.2. Microarray Detection of circRNAs

Microarray analyses were performed as custom order by ArrayStar Inc. (Rockville, MD, USA)
using extracted total RNA from seven paired tissue samples of non-metastasized clear cell renal cell
carcinomas (ccRCC: all patients with negative lymph nodes and negative surgical margin; 1× pT1
with Fuhrman grade 2, 1× pT2 with grade 2, 3× pT3 with grade 2, 2× pT3 with grade 3). The samples
were treated with RNase R to digest linear RNAs and enrich circular RNAs. The circRNAs were
amplified, transcribed, and fluorescently labelled on the 3’-end using Cy3. The prepared samples were
hybridized on the ArrayStar Human Circular RNA Array that is designed to detect 13.617 circRNAs.
Image scanning and analysis was performed with Agilent software (Agilent scanner model G2505C,
Agilent Feature Extraction software version 11.0.1.1 and Agilent GeneSpring GX). Probe intensities
were normalized with quantile normalization. Differential expression analysis was carried out with R
Bioconductor ‘limma’ package by computing moderated t-statistics and Benjamini–Hochberg adjusted
p values. All the data are compiled in the accompanying separate Excel file with all additional
information and annotation details (Supplemental Microarray Excel File).

4.2.3. RT-qPCR Methodology and circRNA Validation Methods

RT-qPCR measurements were performed according to the recommendations of the MIQE
guidelines [58]. The corresponding comments are listed in a checklist and apply for all assays
(Supplementary Information with Supplemental Table S1). No template controls (NTC) and no reverse
transcription controls (NRTC or no enzyme controls = NEC) were always performed and showed
negative results. For cDNA synthesis, the Maxima First Strand cDNA Synthesis Kit for RT-qPCR
(Thermo Fisher Scientific, Waltham, MA, USA; Cat.No. K1642) was used. All real-time qPCR runs were
performed on the LightCycler 480 Instrument (Roche Molecular Diagnostics, Mannheim, Germany)
in white 96-well plates (Cat.No. 04729692001) using at least technical duplicates and resulting mean
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values for further calculations. Maxima SYBR Green qPCR Master Mix (2X) (Thermo Fisher Scientific;
Cat.No. K0252) was used. Primers were designed using the blasting tool provided by Primer3 [64] and
synthesized by TIB MOLBIOL GmbH (Berlin, Germany). PPIA (peptidylprolyl isomerase A) and TBP
(TATA-box binding protein) were used as normalizers [32]. Quantitative PCR data analysis was done
using qbase + software, version 3.2 (Biogazelle, Zwijnaarde, Belgium). All analytical details (list of
primers with their sequences, setups for all measurements, performance of RT-qPCR with melting
curve analyses and agarose electrophoreses of RT-qPCR products) are compiled in Supplementary
Information 2 with Supplemental Tables S2 and S3, and Supplemental Figure S1. The validation
methods according for the three circRNAs based on the on the RNase R approach, the cDNA synthesis
with random hexamer primers and oligo(dT) primers, the Sanger sequencing, and characterization
of PCR products using divergent and convergent primers [13] are summarized in Supplementary
Information 3.

4.3. Statistics and Data Analysis

SPSS Version 25 (IBM Corp., Armonk, NY, USA) with the bootstrap module, GraphPad Prism 8.1
(GraphPad Software, La Jolla, CA, USA), and MedCalc 19.0.6 (MedCalc Software, Ostend, Belgium)
were used as statistical programs. p < 0.05 (two-sided) was considered statistically significant.
Non-parametric tests (Mann-Whitney U-test, Kruskal-Wallis test, and Spearman rank correlation) for
continuous data and Chi-squared or Fisher's exact tests for categorical data were applied. To obtain
optimized cutoff-points of the circRNAs and linRNAs for the outcome assessments, the software
X-tile was applied [33]. Kaplan-Meier and Cox proportional hazard regression analyses were used for
survival analysis. C-statistics as ROCs with AUCs decision curve analysis [65,66] served to identify
the discrimination/prediction capacity of the different variables and models. The Akaike and Bayesian
information criteria were used for the model evaluation [35]. GPower 3.1.9.4 [67], GraphPad StatMate
2.0 (GraphPad Software), and MedCalc were used for sample size and power determinations. For the
in-silico analysis of circRNAs, the prediction tool CircInteractome [36] was used and the subsequent
miRNA-gene interactions for the predicted miRNAs were analyzed with the databases miRDB [38]
and TargetScan [37]. TCGA-KIRC RNAseq data were downloaded and analyzed with R (version 3.6)
using the “TCGA2stat” library and the “survival” library for Kaplan-Meier analysis.

5. Conclusions

This study was the first to identify differentially expressed circRNA candidates using a
genome-wide approach that subsequently evaluated the candidates in terms of their prognostic
potential in ccRCC patients. We showed that in combination with standard clinicopathological
data, circRNA-based signatures improve prognostic accuracy when predicting CSS, RFS, and
OS. Furthermore, we revealed potential functional relevance of circRNAs in ccRCC by exploring
circRNA-miRNA-gene interactions. CircRNAs should be considered as potential prognostic biomarkers
to improve risk stratification of ccRCC patients after nephrectomy. The further exploration of circRNA
functions in ccRCC might lead to new findings regarding tumor biology and pathways.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1473/s1,
Supplementary Information S1: Sample size and power calculations, Supplementary Information S2: RT-qPCR
methodology, Supplementary Information S3: CircRNA validation methods, Supplementary Information S4:
Associations between clinicopathological variables and circRNAs/linear transcripts, Supplementary Information
S5: Cox regressions and Kaplan-Meier curves, Supplemental Microarray Excel File, Figure S1: Specificity of
the circRNA RT-PCR products, Figure S2A,B: Kaplan-Meier curves of circRNAs and linRNAs, Figure S3A–C:
Kaplan-Meier analysis using TCGA data, Figure S4A–C: Kaplan-Meier curves of clinicopathological factors,
Table S1: MIQE checklist according to Bustin et al., Table S2: List of primers, Table S3: Characteristics of the
PCR standard curves, Table S4: List of backsplice junctions and primers, Table S5: Associations of circRNAs
and linear transcripts with clinicopathological variables, Table S6A: Correlation between circRNAs and linear
transcripts in adjacent normal ccRCC tissue, Table S6B: Correlation between circRNAs and linear transcripts
in malignant ccRCC samples, Table S6C: Significantly different correlation coefficients of circRNAs and linear
transcripts between malignant and adjacent normal samples, Table S7: Univariate Cox regressions of circRNAs
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and linRNAs, Table S8: Univariate Cox regressions of clinicopathological factors, Table S9: Bootstrapping p-values
of Cox regression analyses.
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Abstract: Specific kinds of interleukin (IL) receptors are known to mediate lymphocyte proliferation
and survival. However, recent reports have suggested that the high expression of IL4Rα and IL13Rα1
in tumor tissue might be associated with tumorigenesis in several kinds of tumor. We found that a
significant association between mRNA level of IL4Rα or IL13Rα1 and the poor prognosis of renal
cell carcinoma (RCC) from the public database (http://www.oncolnc.org/). Then, we evaluated the
clinicopathological significance of the immunohistochemical expression of IL4Rα and IL13Rα1 in
199 clear cell RCC (CCRCC) patients. The individual and co-expression patterns of IL4Rα and
IL13Rα1 were significantly associated with cancer-specific survival (CSS) and relapse-free survival
(RFS) in univariate analysis. Multivariate analysis indicated IL4Rα-positivity and co-expression
of IL4Rα and IL13Rα1 as the independent indicators of shorter CSS and RFS of CCRCC patients.
For the in vitro evaluation of the oncogenic role of IL4Rα and IL13Rα1 in RCC, we knock-downed
IL4Rα or IL13Rα1 and observed that the cell proliferation rate was decreased, and the apoptosis
rate was increased in A498 and ACHN cells. Furthermore, we examined the possible role of Janus
kinase 2 (JAK2), well-known down-stream tyrosine kinase under the heterodimeric receptor complex
of IL4Rα and IL13Rα1. Interestingly, JAK2 interacted with Forkhead box O3 (FOXO3) to cause
tyrosine-phosphorylation of FOXO3. Silencing IL4Rα or JAK2 in A498 and ACHN cells reduced
the interaction between JAK2 and FOXO3. Moreover, pharmacological inhibition of JAK2 induced
the nuclear localization of FOXO3, leading to increase apoptosis and decrease cell proliferation rate
in A498 and ACHN cells. Taken together, these results suggest that IL4Rα and IL13Rα1 might be
involved in the progression of RCC through JAK2/FOXO3 pathway, and their expression might be
used as the novel prognostic factor and therapeutic target for RCC patients.

Keywords: IL4Rα; IL13Rα1; renal cell carcinoma; JAK2; FOXO3
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1. Introduction

In 2018, about 65,000 Americans were diagnosed with kidney cancer. Among them, about 15,000
died of this disease [1]. Renal cell carcinoma (RCC) is the most common subtype (about 90%) of kidney
cancer. Further, 80% of RCC are classified into clear cell renal cell carcinoma (CCRCC) [2,3]. At the
time of initial diagnosis, more than 30% of the patients had metastasis and 20–40% of the patients had
systemic metastasis after surgery [4]. Surgical resection is the first and effective treatment option for
the early stage kidney cancer. However, there is still a high mortality rate in kidney cancer due to local
or remote metastasis of cancer, which is usually highly resistant to the conventional chemotherapy and
radiation therapy [5,6]. Thus, it is still needed to understand the detail molecular mechanism of RCC
development for efficient care.

Interleukins (IL) are involved in mediating various biological function such as lymphocytes (T and
B-cell) activation, proliferation, and differentiation [7–9]. Usually, each IL has different activity in
the immune regulation process after binding to its receptor, but several kinds of ILs may have the
common receptor on the cell membrane. IL4 and IL13 have not structurally nor functionally similar
characteristics [10]. Both IL4 and IL13 can exert their function through binding to the IL4 receptor
(IL4R). IL4Rα is one subunit of IL4R complex with a specific binding affinity for IL4. There are two
types of IL4R complex, depending on the heterodimeric protein subunit components. Type I IL4R is
composed of IL4Rα and γc subunit. Type II IL4R is composed of IL4Rα and IL13Rαl subunit. After
IL4 binds to IL4Rα, IL13 binds to IL13Rαl to form a heterodimeric complex and combine the signal
pathway [10–12]. Therefore, type II IL4R complex serves as a functional receptor for both IL4 and
IL13 [13].

It has been reported that IL4 and IL13-mediated signaling pathways play an important role in
tumor biology [14]. For example, IL4R complex is abnormally over-expressed in malignant ovarian,
brain, lung, breast, pancreatic, colorectal, bladder, and other epithelial cell type tumors, suggesting that
IL4R complex may be involved for tumor progression [14–19]. In addition, IL4 and IL13 could act as
signaling molecules in the tumor microenvironment. Myeloid-derived suppressor cells (MDSCs) are
known to be able to inhibit immune responses in the tumor microenvironment [20]. IL4 and IL13 can
activate MDSCs to exert immunosuppression leading to promote tumor growth [21,22]. Furthermore,
several studies have reported that single nucleotide polymorphisms (SNPs) in the IL4R gene are closely
associated with tumor progression [23,24]. The possibility of treating tumors by blocking IL4Rα to
reduce IL4 and IL13 signaling has been examined. Targeting IL4R signaling pathway for treating
metastatic cancer has already been approved by the U.S. Food and Drug Administration (FDA) [25].
However, there is no direct study describing the possible oncogenic role of IL4R complex in RCC.

Janus kinase 2 (JAK2)/Signal transducer and activator of transcription 3 (STAT3) and PI3K/Akt are
the main signaling pathways under IL4R complex [25–27]. It has been reported that the IL4R complex
can promote the progress of lots of tumors by activating STAT6 and Akt. It seems that these pathways
are closely related to each one to form a cross talking network. JAK2/STAT3 signaling pathway has
been studied for the involvement in the development of lots of tumors [28]. STAT3 is an oncogenic
transcriptional factor responsible for anti-apoptotic proteins such as Bcl2 and Bclxl [28]. STAT3 can be
tyrosine-phosphorylated by JAK2 and the activated STAT3 translocates from cytoplasm into nucleus to
induce the genes related to cell survival and proliferation. According to many recent studies, activated
JAK2/STAT3 signaling has been observed in several kinds of tumors such as lung, prostate, and gastric
cancers [29–31]. Thus, JAK2/STAT3 could serve as a potential target for cancer therapy. However,
presently, there is no detailed study elucidating the relationship between IL4R complex and JAK2
in RCC.

Forkhead box O3 (FOXO3) belongs to the forkhead gene family and encodes FOXO3
transcriptional factor responsible for the regulation of genes associated with apoptosis, autophagy,
and longevity [32–35]. FOXO3 is one of the well-known tumor-suppressive transcriptional factors [36].
For instance, in breast and leukemia cancer cells, anti-cancer drugs inhibit tumor development via
upregulation of FOXO3 and B cell lymphoma 2 like 11 (Bim) expression [37–39]. Moreover, FOXO3
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plays a pivotal role in cell cycle arrest through p27 upregulation and can induce G2/M phase cell cycle
arrest in breast cancer cells [40,41]. In addition, FOXO3 has been studied for the downregulation of the
oncogenic Myc transcriptional factor [42–44]. In RCC, the protein expression level of FOXO3 has been
reported to be significantly downregulated. However, the mRNA expression level of FOXO3 was not
much changed, implying that there might be the post-transcriptional regulation for FOXO3 protein in
RCC [45].

In this study, we focus on the clinical outcomes, biological function, and molecular mechanisms of
the expression of IL4Rα and IL13Rα1 in RCC progression. Upregulated IL4Rα and IL13Rα1 expression
is sufficiently associated with clinical T stage and reduced overall survival of CCRCC patients and
down-regulation of IL4Rα and IL13Rα1 expression induced the cell cycle arrest and apoptosis in A498
and ACHN cells. Mechanistically, IL4Rα and IL13Rα1 could increase JAK2 signaling pathway and
suppress tumor-suppressive activity of FOXO3. Interestingly, JAK2 interacted with FOXO3 to cause
tyrosine-phosphorylation of FOXO3. These results suggest that IL4Rα and IL13Rα1 might be involved
in the progression of RCC through JAK2/FOXO3 pathway, and their expression might be used as the
novel prognostic factor and promising therapeutic target for RCC patients.

2. Results

2.1. Immunohistochemical Expression of IL4Rα and IL13Rα1 Are Associated with Poor Prognosis of
CCRCC Patients

When we searched OncoLnc public database, higher expression of mRNA of IL4Rα or IL13Rα1
was significantly associated with CCRCC patients (Log-rank, IL4Rα; p < 0.001, IL13Rα1; p = 0.001)
(Figure S1). Similarly, high levels of IL4 and IL13 are detected in the tumor micro-environment,
peripheral blood of prostate, bladder, and breast cancer patients. Therefore, the expression of IL4Rα
and IL13Rα1 might be used as a new diagnostic and prognostic marker of CCRCC patients. In human
CCRCC tissue, the expression of IL4Rα and IL13Rα1 were seen in both the cytoplasm and nuclei of
tumor cells (Figure 1A). The cutoff points for immunohistochemical staining scores for IL4Rα and
IL13Rα1 expression to classify negative- and positive-subgroups were six and seven, respectively
(Figure 1B). At these cutoff points, 45.2% (90 of 199) and 37% (74/125) of CCRCC were subgrouped as
IL4Rα-positive and IL13Rα1-positive groups, respectively (Table 1). In addition, there was a significant
association between IL4Rα-positivity and IL13Rα1-positivity (p < 0.001). The IL13Rα1-positivity was
significantly associated with higher tumor stage (p= 0.019) (Table 1). The factors significantly associated
with both cancer-specific survival (CSS) and relapse-free survival (RFS) in univariate survival analysis,
were sex, age of patients, tumor size, tumor stage, lymph node metastasis, and immunohistochemical
expressions of IL4Rα and IL13Rα1 (Table 2). The IL4Rα-positivity had a 4.5-fold (95% confidence
interval (95% CI); 1.848–11.250, p < 0.001) greater risk of death from CCRCC and a 2.8-fold (95% CI;
1.413–5.570, p = 0.003) greater risk of relapse or death from CCRCC. The IL13Rα1-positivity showed
a 2.3-fold (95% CI; 1.076–4.961, p = 0.032) greater risk of death and a 2.2-fold (95% CI; 1.185–4.314,
p = 0.013) greater risk of relapse or death of CCRCC patients (Table 2). The Kaplan-Meier survival
curve for CSS and RFS, according to IL4Rα- and IL13Rα1-positivity are presented in Figure 1C.
Furthermore, based on the molecular relationship between IL4Rα and IL13Rα1, we evaluated the
clinicopathologic significance of co-expression pattern of IL4Rα and IL13Rα1 in CCRCCs. As shown
in Figure 1D, co-expression pattern of IL4Rα and IL13Rα1 was significantly associated with CSS
(Log-rank, overall p < 0.001) and RFS (Log-rank, overall p < 0.001). The 5-year- and 10-year-CSS
of IL4Rα-/IL13Rα1- subgroup was 96% and 88%, respectively. The 5-year- and 10-year-CSS of
IL4Rα+/IL13Rα1+ subgroup was 74% and 57%, respectively. However, despite the overall prognostic
significance of four-subgroups of co-expression patterns of IL4Rα and IL13Rα1, the difference of survival
between each subgroup was not significant (Figure 1D). Therefore, based on Kaplan-Meier survival
curve for the four-subgroups of co-expression pattern of IL4Rα and IL13Rα1, we re-subgrouped
to favorable (IL4Rα−/IL13Rα1−, IL4Rα−/IL13Rα1+, or IL4Rα+/IL13Rα1−) and poor prognostic
(IL4Rα+/IL13Rα1+) subgroups (Figure 1E). This subgrouping for the co-expression patterns of IL4Rα
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and IL13Rα1 was significantly associated with age (p = 0.007), tumor size (p = 0.029), tumor stage
(p = 0.027), and lymph node metastasis (p = 0.017) (Table 1), and significantly associated with CSS
(Log-rank, p < 0.001)and RFS (Log-rank, p < 0.001) (Figure 1E). Especially, the 5-year- and 10-year-CSS
of the favorable prognostic subgroup was 93% and 87%, respectively. In contrast, the 5-year- and
10-year-CSS of the poor prognostic subgroup was 74% and 57%, respectively (Figure 1E). The poor
prognostic subgroup showed a 3.7-fold (95% CI; 1.771–7.933, p < 0.001) greater risk of death and a
3.4-fold (95% CI; 1.833–6.557, p < 0.001) greater risk of relapse or death of CCRCC patients (Table 2).
When we performed multivariate analysis with sex, age, tumor stage, histologic nuclear grade, tumor
necrosis, and the expression of IL4Rα and IL13Rα1, tumor stage (CSS; p < 0.001, RFS; p < 0.001) and
IL4Rα expression (CSS; p = 0.001, RFS; p = 0.004) were the independent prognostic indicators for both
CSS and RFS (Table 3, model 1). The IL4Rα-positivity had a 4.3-fold (95% CI; 1.753–10.713) greater
risk of death and a 2.7-fold (95% CI; 1.372–5.422) greater risk of relapse or death of CCRCC patients
(Table 3). When we performed multivariate analysis with inclusion of co-expression pattern of IL4Rα
and IL13Rα1 instead of the expression of IL4Rα and IL13Rα1, co-expression pattern of IL4Rα and
IL13Rα1 was an independent prognostic indicator for CSS (hazard ratio; 3.286, 95% CI; 1.542–7.000,
p = 0.002) and RFS (hazard ratio; 3.158, 95% CI; 1.662–6.000, p < 0.001) (Table 3, model 2).

Figure 1. Cont.
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Figure 1. Immunohistochemical expression and survival analysis for the expression of interleukin4
receptor α (IL4Rα) and interleukin13 receptor α1 (IL13Rα1) in clear cell renal cell carcinoma (CCRCC).
(A) Immunohistochemical expression of IL4Rα and IL13Rα1 in CCRCC tissue. Original magnification,
×400. (B) Analysis of sensitivity and specificity of the immunohistochemical staining score of IL4Rα
and IL13Rα1 in CCRCC for the event of cancer-specific survival (death of the patient by CCRCC) by
receiver operator characteristic curves. The cutoff points were determined at the highest area under the
curve (AUC). Red arrow indicates a cutoff point for the IL4Rα immunostaining and blue arrowhead
indicates a cut-off point for the IL13Rα1 immunostaining. (C) Kaplan-Meier survival analysis for
cancer-specific survival and relapse-free survival according to the immunohistochemical positivity
for IL4Rα and IL13Rα1 in 199 CCRCC. (D) Kaplan-Meier survival analysis in IL4Rα−/IL13Rα1−,
IL4Rα−/IL13Rα1+, IL4Rα+/IL13Rα1−, and IL4Rα+/IL13Rα1+ subgroups according to the positivity
for IL4Rα and IL13Rα1 expressions. (E) Kaplan-Meier survival analysis in two subgroups according to
the co-expression patterns of IL4Rα and IL13Rα1; favorable (IL4Rα−/IL13Rα1−, IL4Rα−/IL13Rα1+,
or IL4Rα+/IL13Rα1−) and poor prognostic (IL4Rα+/IL13Rα1+) subgroups. 5y-cancer-specific survival
(CSS); 5-year cancer-specific survival rate, 10y-CSS; 10-year cancer-specific survival rate; 5y-RFS;
five-year relapse-free survival rate, 10y- relapse-free survival (RFS); 10-year relapse-free survival rate.

Table 1. Clinicopathologic variables and the expression of interleukin4 receptor α (IL4Rα) and
interleukin13 receptor α1 (IL13Rα1) in clear cell renal cell carcinoma (CCRCC) patients.

Characteristics No.

IL4Rα
p

IL13Rα
p

IL4Rα/IL13Rα1 Pattern
p

Positive Positive −/−, +/−, −/+ +/+

Sex Male 140 67 (48%) 0.251 56 (40%) 0.206 101 (72%) 39 (28%) 0.393
Female 59 23 (39%) 18 (31%) 46 (78%) 13 (22%)

Age, y ≤55 81 30 (37%) 0.054 27 (33%) 0.352 68 (84%) 13 (16%) 0.007
>55 118 60 (51%) 47 (40%) 79 (67%) 39 (33%)

Tumor size, cm ≤7 168 73 (43%) 0.242 58 (35%) 0.070 129 (77%) 39 (23%) 0.029
>7 31 17 (55%) 16 (52%) 18 (58%) 13 (42%)

TNM stage I 162 70 (43%) 0.232 54 (33%) 0.019 125 (77%) 37 (23%) 0.027
II–IV 37 20 (54%) 20 (54%) 22 (59%) 15 (41%)

LN metastasis Absence 197 88 (45%) 0.118 72 (37%) 0.065 147 (75%) 50 (25%) 0.017
Presence 2 2 (100%) 2 (100%) 0 (0%) 2 (100%)
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Table 1. Cont.

Characteristics No.

IL4Rα
p

IL13Rα
p

IL4Rα/IL13Rα1 Pattern
p

Positive Positive −/−, +/−, −/+ +/+

Nuclear grade 1 36 18 (50%) 0.055 10 (28%) 0.108 29 (81%) 7 (19%) 0.053
2 121 47 (39%) 43 (36%) 93 (77%) 28 (23%)

3 and 4 42 25 (60%) 21 (50%) 25 (60%) 17 (40%)
Necrosis Absence 172 76 (44%) 0.457 61 (35%) 0.205 131 (76%) 41 (24%) 0.063

Presence 27 14 (52%) 13 (48%) 16 (59%) 11 (41%)
IL13Rα1 Negative 125 38 (30%) <0.001

Positive 74 52 (70%)

Table 2. Univariate Cox regression analysis of cancer-specific survival (CSS) and relapse-free survival
(RFS) in clear cell renal cell carcinoma (CCRCC) patients.

Characteristics No.
CSS RFS

HR 95% CI p HR 95% CI p

Sex, male (vs. female) 140 0.281 0.085–0.930 0.038 0.337 0.131–0.864 0.023
Age, year, >55 (vs. ≤55) 118 3.603 1.368–9.486 0.009 2.275 1.104–4.688 0.026

Tumor size, >7 cm (vs. ≤7 cm) 31 3.916 1.833–8.366 <0.001 4.755 2.495–9.065 <0.001
TNM stage, I (vs. II–IV) 37 4.044 1.922–8.509 <0.001 5.354 2.831–10.124 <0.001

LN metastasis, presence (vs. absence) 2 0.049 0–1.4 × 106 0.049 15.801 1.956–127.649 0.010
Nuclear grade, 1 36 1 0.095 1 0.012

2 121 1.223 0.352–4.257 0.751 1.296 0.441–3.808 0.638
3 and 4 42 2.761 0.759–10.047 0.123 3.337 1.097–10.148 0.034

Necrosis, presence (vs. absence) 27 2.502 1.062–5.894 0.036 1.598 0.703–3.631 0.263
IL4Rα positive (vs. negative) 90 4.560 1.848–11.250 <0.001 2.806 1.413–5.570 0.003

IL13Rα1 positive (vs. negative) 74 2.310 1.076–4.961 0.032 2.260 1.185–4.314 0.013
IL4Rα/IL13Rα1, +/+ (vs. −/−, −/+, or +/−) 52 3.748 1.771–7.933 <0.001 3.467 1.833–6.557 <0.001

HR: hazard ratios, CI: confidence interval, TNM: tumor-node-metastasis.

Table 3. Multivariate Cox regression analysis of CSS and RFS in CCRCC patients.

Characteristics
CSS RFS

HR 95% CI p HR 95% CI p

Model 1 *
TNM stage, I (vs. I–IV) 3.603 1.706–7.607 <0.001 5.246 2.773–9.925 <0.001

Necrosis, presence (vs. absence) 2.407 1.003–5.777 0.049
IL4Rα positive (vs. negative) 4.334 1.753–10.713 0.001 2.727 1.372–5.422 0.004

Model 2 **
TNM stage, I (vs. II–IV) 3.507 1.656–7.423 0.001 4.961 2.617–9.404 <0.001

IL4Rα/IL13Rα1, +/+ (vs. −/−, −/+, or +/−) 3.286 1.542–7.000 0.002 3.158 1.662–6.000 <0.001

* The variables included in the multivariate analysis model 1 were sex, age, tumor stage, histologic nuclear grade,
tumor necrosis, and the expression of IL4Rα and IL13Rα1. ** The variables included in the multivariate analysis
model 2 were sex, age, tumor stage, histologic nuclear grade, tumor necrosis, and co-expression patterns of IL4Rα
and IL13Rα1.

2.2. Silencing of IL4Rα or IL13Rα1 Decreases Cell Proliferation Rate and Increases Cell Cycle Arrest and
Apoptosis in A498 and ACHN Cells

In human CCRCC tissue, we found a significant association between the expression IL4Rα
and IL13Rα1 and poor prognostic properties. When we examined the protein expression level of
IL4Rα in several kinds of RCC cell lines, we observed that ACHN and A498 cells showed relatively
the higher protein expression level of IL4Rα than others (Figure S2). Therefore, we evaluated cell
proliferation, arrest, and apoptosis after inducing knock-down of IL4Rα or IL13Rα1 in human RCC
A498 and ACHN cells. In vitro cell assays (WST-1, cell counting, colony formation, cell cycle analysis,
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), and Annexin V staining
assay) showed that knockdown of IL4Rα or IL13Rα1 with siRNA decreased cell proliferation rate and
increased cell cycle arrest and apoptosis in A498 and ACHN cells (Figure 2A–F). In addition, western
blotting analysis indicated that knockdown of IL4Rα or IL13Rα1 with siRNA increased cleaved poly
[ADP-ribose] polymerase 1 (PARP1), cleaved caspase3, Bax, p21, p27, and FOXO3 expression but
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decreased Bcl2 expression (Figure 2G and Figure S4). Interestingly, knockdown of IL4R complex
component caused the downregulation of each other. Then, we examined the phosphorylation level of
JAK2 as one of down-stream kinases under the heterodimeric receptor complex of IL4Rα and IL13Rα1.
The phosphorylation level of JAK2 was also downregulated by knockdown of IL4Rα or IL13Rα1
with siRNA. Collectively, these results suggest that knockdown of IL4Rα or IL13Rα1 with siRNA
transfection is closely involved in proliferation, arrest, and apoptosis in A498 and ACHN cells as well
as causing inhibition of JAK2 phosphorylation.

 

 

Figure 2. Anti-cancer effect by transfection of siRNA against IL4Rα or IL13Rα1 in A498 and ACHN
cells. Time-dependent anti-cancer effect by transfection of siRNA against IL4Rα or IL13Rα1 in A498 and
ACHN cells for 24, 48, and 72 h incubation after transfection. Cell viability and proliferation rate was
determined by WST-1 assay (A) and cell counting assay (B), respectively. This result is representative
data from three biological replicates, and the error bar indicates standard error (STE). * indicates the
p-value < 0.05. (C) Anti-colony formation ability by transfection of siRNA against IL4Rα or IL13Rα1 in
A498 and ACHN cells was determined by colony formation assay for 14 days after transfection. These
results are representative data from three biological replicates. Apoptosis in A498 and ACHN cells
transfected with siRNA against IL4Rα or IL13Rα1 for 48 h after transfection was determined by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (D) and Annexin V staining
analysis (E). Cell cycle arrest was determined by cell cycle analysis (F). This result is representative data
from three biological replicates. (G) Western blotting analysis of proteins related to apoptosis and cell
cycle arrest in A498 and ACHN cells transfected with siRNA against IL4Rα or IL13Rα1 for 48 h after
transfection. β-actin was used for a gel-loading control. Magnification for (D): ×20.
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2.3. JAK2 Interacts with FOXO3 to Cause Tyrosine-Phosphorylation of FOXO3

When we examined the expression of FOXO3 in A498 and ACHN cells transfected with IL4Rα
or IL13Rα1 siRNA, we found that the level of FOXO3 appeared to be inversely correlated with the
phosphorylation (activation) status of JAK2. Therefore, we tested if JAK2 might interact with FOXO and
contribute to a decrease in FOXO3 expression or not. As shown in Figure 3A, we observed that JAK2
protein interacted with FOXO3 protein where the protein interaction was weakened by the transfection
of IL4Rα siRNA in A498 and ACHN cells. Then, we found that the expression level of FOXO3 was
increased by the transfection of JAK2 siRNA or the treatment of AZD1480, one of the pharmacological
inhibitors of JAK2 kinase, in A498 and ACHN cells (Figure 3B,C). To confirm whether JAK2 interacts
with FOXO3, we performed co-immunoprecipitation with an antibody against Flag or FOXO3 followed
by immunoblotting analysis with an antibody against HA or JAK2 in 293T cell co-transfected with
over-expressing plasmid DNAs (pECE Flag-FOXO3 and pCMV3-C-HA-JAK2) (Figure 3D). Moreover,
we performed a reciprocal co-immunoprecipitation with an antibody against HA or JAK2 followed by
immunoblotting analysis with an antibody against an antibody against Flag or FOXO3. As shown in
Figure 3D, protein interaction between JAK2 and FOXO3 was increased in 293T cell co-transfected
with over-expressing plasmid DNAs (pECE Flag-FOXO3 and pCMV3-C-HA-JAK2) compared to 293T
cell transfected with the control vectors. Also, we could observe that the tyrosine-phosphorylation
level of FOXO3 increased in 293T cell co-transfected. These results implicate that JAK2 interacts with
FOXO3 to cause tyrosine-phosphorylation of FOXO3 and regulate the protein level of FOXO3.

 
Figure 3. Interaction between Janus kinase 2 (JAK2) and Forkhead box O3 (FOXO3) protein in A498
and ACHN. (A) Silencing IL4Rα in A498 and ACHN cells reduced the interaction between JAK2 and
FOXO3. Cells were transfected with control siRNA or siRNA against IL4Rα, and then cell lysates were
immunoprecipitated with the anti-pJAK2 antibody. The immunoprecipitated proteins were resolved
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on the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted by
anti-IL4Rα, IL13Rα1, FOXO3, and pJAK2 antibody. The light chain of IgG was used for the loading
control. (B) 293T cells were co-transfected with HA- JAK2 and Flag-FOXO3 (O.E.) or a control plasmid
DNA (pCMV3-C-HA and pECE, Con.) as indicated. Then cell lysates were immunoprecipitated with
anti-Flag, FOXO3, HA, JAK2, or pTyr antibody. The immunoprecipitated proteins were resolved on
the SDS-PAGE and immunoblotted by the indicated antibody, respectively. The light chain of IgG
and Coomassie Blue staining of SDS-PAGE were used for the loading control. (C) Silencing JAK2 in
A498 and ACHN cells increased the expression of FOXO3. Cells were transfected with control siRNA
or siRNA against JAK2, and then cell lysates were resolved on the SDS-PAGE and immunoblotted
by anti-FOXO3 and JAK2 antibody. β-actin was used for the loading control. (D) Pharmacological
inhibition of JAK2 in A498 and ACHN cells increased the expression of FOXO3. Cells were treated
with dimethyl sulfoxide (DMSO) vehicle control or the indicated concentration of AZD1480, and then
cell lysates were resolved on the SDS-PAGE and immunoblotted by anti-FOXO3, pJAK2, and JAK2
antibody. β-actin was used for the loading control.

2.4. Pharmacological Inhibition of JAK2 Induces the Nuclear Localization of FOXO3 and Increases FOXO3
Protein Stability

The half-life of FOXO3 protein is controlled by the proteasomal degradation after its
phosphorylation [46–48]. Since we could find that FOXO3 protein interacts with JAK2 protein
and the tyrosine-phosphorylation of FOXO3 was induced by JAK2, we tried to determine whether
JAK2 affects the FOXO3 protein location, level, and ubiquitination status. As shown in Figure 4A,
the cytoplasmic level of FOXO3 protein was decreased by AZD1480 treatment in A498 and ACHN cells,
while the nuclear level of FOXO3 protein was significantly increased with a dose-dependent manner.
Further, the cytoplasmic level of p27 protein was increased by AZD1480 treatment in a dose-dependent
manner. These data were confirmed by the confocal analysis for staining FOXO3 protein in A498 and
ACHN cells treated with AZD1480, which showed the nuclear accumulation of FOXO3 after treatment
of AZD1480 (Figure 4B). These results suggest that AZD1480 could trigger the translocation of the
FOXO3 protein from the cytoplasm into the nucleus in A498 and ACHN cells. Then, we found that the
expression level of FOXO3 was decreased within 2 h in 293T cells co-transfected with over-expressing
plasmid DNAs (pECE Flag-FOXO3 and pCMV3-C-HA-JAK2) but the expression level of FOXO3 was
increased up to 4 h in the same 293T cells treated with AZD1480 with/out the treatment of CHX and
MG132 (Figure 4C) suggesting that the proteasomal degradation of FOXO3 is controlled by AZD1480
treatment. Moreover, as shown in Figure 4D, immunoprecipitation analysis result with antibody
against Flag after incubation of MG132 showed that poly-ubiquitination of FOXO3 was considerably
weakened in 293T cells treated with AZD1480 compared to dimethyl sulfoxide (DMSO) vehicle control
which is consistent with the above experimental results about the proteasomal degradation of FOXO3.
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Figure 4. The nuclear localization of FOXO3 by inhibition of JAK2. (A) Cells were treated with DMSO
vehicle control or the indicated concentration of AZD1480 (0, 2.5, 5, and 10 μM) for 48 h, washed
with PBS, trypsinized, and lysed in the cytoplasmic fractional buffer. After separating the cytoplasmic
fraction, the remaining pellet was washed with washing buffer and lysed with nuclear fractional buffer,
and the supernatant was collected for the nuclear fraction. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and Lamin B1 were used for a gel loading control for the cytoplasmic and nuclear protein
fractions, respectively. (B) Pharmacological inhibition of JAK2 induces the nuclear localization of FOXO3
in A498 and ACHN. Cells were treated with DMSO vehicle control or AZD1480 (5 μM) for 2 h and
then incubated with a primary antibody against FOXO3 followed by Alexa 594-conjugated anti-mouse
secondary antibody. The nuclei were counterstained by 4′,6-diamidino-2-phenylindole (DAPI).
Fluorescence images were captured with a confocal microscope. Scale bar: 5 μm (C) Pharmacological
inhibition of JAK2 increases the protein stability of FOXO3 in 293T cells transfected with pECE
Flag-FOXO3 and pCMV3-C-HA- JAK2 plasmid DNA via a proteasome-mediated pathway. Next,
293T cells were treated with DMSO (control vehicle), cycloheximide (CHX, 20μg/mL), or MG-132
(20μM) with/without AZD1480 (5 μM) for the indicated time and then cell lysates were resolved on the
SDS-PAGE and immunoblotted by the anti-FOXO3 antibody. β-actin was used for the loading control.
(D) Pharmacological inhibition of JAK2 decreases the ubiquitination of FOXO3 in 293T cells transfected
with pECE Flag-FOXO3 and pCMV3-C-HA-JAK2 plasmid DNA. 293T cells were treated with DMSO
(control vehicle) or MG132 (20μM) with/without AZD1480 (5 μM) for the indicated time and then
cell lysates were immunoprecipitated with anti-FOXO antibody and blotted with anti-ubiquitin, Flag,
and FOXO3 antibody. The heavy chain of IgG was used for the loading control. For input analysis,
cell lysates were resolved on the SDS-PAGE and immunoblotted by anti- JAK2, pJAK2, and FOXO3
antibody. β-actin was used for the loading control.

2.5. Pharmacological Inhibition of JAK2 Decreases Cell Proliferation Rate and Increases Cell Cycle Arrest and
Apoptosis in A498 and ACHN Cells

To determine the anti-cancer effect of AZD1480 treatment, we performed cell proliferation, arrest,
and apoptosis assays in A498 and ACHN cells treated with AZD1480. In vitro cell assays (WST-1, cell
counting, colony formation, cell cycle analysis, TUNEL, and Annexin V staining assay) showed that
AZD1480 treatment decreased cell proliferation rate and increased cell cycle arrest and apoptosis in
A498 and ACHN cells with dose and time-dependent manner (Figure 5A–F). Furthermore, knockdown
of JAK2 with siRNA also decreased cell proliferation rate in A498 and ACHN cells (Figure S3A–C).
Western blotting analysis indicated that AZD1480 treatment significantly increased cleaved PARP1,
cleaved caspase3, Bax, p21, p27, Bim(EL) and FOXO3 expression but decreased Bcl2 expression with
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dose and time-dependent manner (Figure 5G). Collectively, these results suggest that pharmacological
inhibition by AZD1480 treatment is closely involved in proliferation, arrest, and apoptosis in A498 and
ACHN cells through FOXO3 activation.

 

 

Figure 5. Anti-cancer effect by AZD1480 treatment in A498 and ACHN cells. (A) Dose and
time-dependent anti-cancer effect by the indicated concentration of AZD1480 treatment in A498
and ACHN cells for 24, 48, and 72 h. Cell viability and proliferation rate was determined by WST-1
assay (A) and cell counting assay (B), respectively. This result is representative data from three
biological replicates, and the error bar indicates standard error (STE). * indicates the p-value < 0.05.
(C) Anti-colony formation ability by the indicated concentration of AZD1480 treatment in A498 and
ACHN cells was determined by colony formation assay for 14 days. This result is representative
data from three biological replicates. Apoptosis in A498 and ACHN cells treated by the indicated
concentration of AZD1480 was determined by Annexin V staining analysis (D) and TUNEL assay
(E). Live: live cells, E.Ap: early apoptotic cells, L.Ap: late apoptotic cells, and dead: dead cells. Cell
cycle arrest was determined by cell cycle analysis (F). These results are representative data from three
biological replicates. (G) Dose and time-dependent western blotting analysis of proteins related to
apoptosis and cell cycle arrest in A498 and ACHN cells treated by the indicated concentration of
AZD1480. β-actin was used for a gel-loading control. Magnification for (E): ×20.
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3. Discussion

IL4 and IL13 are closely linked and expressed mono-allelically in Th2 cells [49]. IL4 and IL13 have
many biological functions. One of them is to stimulate B and T-cell proliferation and differentiation
of B-cell into plasma cell [50]. IL4 and IL13 share various biological functions [51]. They regulate
immune responses under normal physiological conditions as well as in cancer [14]. IL4 and IL13
also play crucial roles in tumor biology and tumor immunology via activation of immune cells in the
tumor microenvironment [14]. For example, it is reported that IL4 promoted tumor development via
p21 mediated activation of STAT6 signaling pathways in IL4 downregulated melanoma models [52].
IL4 and IL13 bind to their receptors specifically, and both cytokines can have effects on cancer
cells expressing appropriate receptors [53,54]. The receptor is made up of the heterodimer, IL4Rα,
and IL13Rα1 chain [55]. IL4 and IL13 bind to IL4Rα and IL13Rα1 chains, forming functional structures
in cancer cells [14]. It is reported that IL4Rα is overexpressed in human breast cancer and silencing of
IL4Rα attenuated growth of metastatic breast cancer cells [56]. Moreover, IL4Ra expression activates
colon tumor growth [57]. IL4Ra has also been recognized as a risk factor of pancreatic cancer [58].
IL4Rα activates directly mammary tumor metastasis [59]. IL4 and IL4Ra are related to the colorectal
adenoma-carcinoma proliferation and the capacity of metastasis [24]. IL13Rα1 is an important to target
of cancer therapy in human head and neck cancer animal models [60]. Overexpressed IL13Rα1 in
tumor cells is closely related to patients with breast cancer [18]. Therefore, these receptors have been
recognized as the main target of cancer treatment [61]. However, so far, there is no detailed research on
the oncogenic role of IL4Rα and IL13Rα1 in RCC.

In this study, immunohistochemical expression of IL4Rα and IL13Rα1 was significantly
associated with shorter CSS and RFS of CCRCC patients. Moreover, individual expression
of IL4Rα and co-expression pattern of IL4Rα and IL13Rα1 were independent poor prognostic
indicators of CCRCC patients by multivariate analysis. Especially, IL4Rα+IL13Rα1+ subgroup
of CCRCC significantly associated with larger tumor size, higher tumor stage, and lymph node
metastasis, and predicted a 3.2-fold greater risk of death of CCRCC patients compared with
IL4Rα−IL13Rα1−/IL4Rα−IL13Rα1+/IL4Rα+IL13Rα1− subgroups (Tables 1 and 3). These results suggest
that the expression of IL4Rα and IL13Rα1 and their co-operative expression patterns are important in
the progression of CCRCCs. As shown in Figure 1A, IL4Rα and IL13Rαl were detected in the cytoplasm
and nuclei in CCRCC tissue samples. IL4Rα or IL13Rαl proteins are located in cell-membrane and
composed of outer, inner, and cell membrane-integrated part. Outer part of IL4Rα or IL13Rαl protein
recognizes IL4 or IL13. Inner part of IL4Rα or IL13Rαl protein binds to and activates the down-stream
signaling proteins such as JAK2. Thus, we thought that not only the membrane expression but also
the cytoplasmic expression of IL4Rα or IL13Rαl proteins might be detected by immunohistochemical
staining analysis. Furthermore, the Human Protein Atlas public database (http://www.proteinatlas.org)
indicates that both of IL4Rα and IL13Rα1 are expressed in the cytoplasmic membrane and nuclear
of cells and the images from the Human Protein Atlas public database showed the cytoplasmic and
nuclear expression of IL4Rα and IL13Rα1 as below captured. As shown in Figure 1D, IL4Rα−/IL13Rα1+
subgroup seems to lead to better prognosis than IL4Rα−/IL13Rα1− subgroup in terms of both of CSS
and RFS rate. Type II IL4R is composed of IL4Rα and IL13Rαl subunit. Mechanistically, IL4 binds
to IL4Rα and then IL13 binds to IL13Rαl to form a heterodimeric complex and combine the signal
pathway [10–12]. Thus, we though that the reverse binding order (IL13 binds to IL13Rαl and then IL4
binds to IL4Rα) might cause abrogate the functional complex forming of type II IL4R, which lead to
inhibit RCC development and prolong the survival rate of RCC patients.

Recent reports showed that IL4Rα and IL13Rα1 are overexpressed and activated in various types
of epithelial tumor such as malignant glioma, ovarian, lung, pancreas, and colon carcinoma [17,62].
Therefore, IL4Rα and IL13Rα1 might be an effective therapeutic target of various human malignant
tumors. Suppression of IL4 and IL13 as well as IL4Rα and IL13Rα1 might be tumor-suppressive
especially in poor prognostic group of cancers expressing both IL4Rα and IL13Rα1 as like
IL4Rα+IL13Rα1+ subgroup of CCRCC. RNA aptamer-mediated inhibition of IL4Rα induces apoptosis
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of MDSC and tumor-associated macrophage (TAM) which is associated with the tumoral immune
escape [63]. Joshi et al. showed the higher expression of IL4Rα in anaplastic thyroid cancer (ATC),
a highly aggressive thyroid cancer type than other types of thyroid cancer tissue from patients. They
designed the IL4-Pseudomonas exotoxin (IL4-PE) conjugate and the treatment of IL4-PE decreased the
colony formation ability of thyroid cancer cells and tumor growth in thyroid xenograft tumor model [64].
Furthermore, IL4R plays an essential role in regulating hepatocellular carcinoma (HCC) cell survival,
proliferation, and metastasis and regulates the activation of JAK1/STAT6 and Jnk/Erk1/2 pathways [65].
As shown in the Figure 2G, interestingly, the knockdown of the IL4R complex component caused the
downregulation of each other. Type II IL4R is composed of IL4Rα and IL13Rαl subunit. We thought
that if one of IL4R complex component is ablated by siRNA transfection, this might cause the protein
degradation of each components to be accelerated since each component need to be physically interacted
to form the functional complex of type II IL4R. We are planning to investigate if the half-life of IL4Rα or
IL13Rαl protein is controlled by the proteasomal degradation after transfection of siRNA against IL4Rα
or IL13Rαl into ACHN and A498 cells. In this study, knockdown of IL4R prohibited proliferation
and induced apoptosis in HCC cells. Vadevoo et al. reported that they synthesized an IL4R-targeting
peptide (IL4RPep-1-K) conjugated with the proapoptotic peptide (KLAKLAK)2 and demonstrated this
peptide exerted the selective anti-cancer effect against IL4R-expressing tumor in vitro and in vivo (4T1
breast tumor-bearing mice model) [11]. In fact, our laboratory has been developing the novel drug
delivery system using ultrasound and microbubble-liposome complex with IL4RPep-1-K to detect and
treat IL4R-expressing tumor [66].

JAKs (JAK1, JAK2, JAK3, and Tyk) has seven domains called Janus homology domains (JH). Among
these seven JHs, JH1 is the kinase domain responsible for a tyrosine kinase activity of JAKs and has the
conserved tyrosine residues required for JAK activation (e.g., Y1007/Y1008 in JAK2). Phosphorylation
of these dual tyrosines leads to the conformational changes in the JAK protein to facilitate the binding
of the substrate [67]. JAK2 is a member of JAKs and a non-receptor tyrosine kinase. Compared with
other JAKs, JAK2 lacks Src homology binding domains (SH2/SH3) [68]. JAK has been recognized
as an important factor because it is closely related to various kinds of diseases [69–71]. Therefore,
JAK inhibitor may play a crucial role in the treatment of diseases clinically. For instance, selective
JAK2 inhibitor TG101348 attenuated myelofibrosis in a murine model of disease [69]. Furthermore,
it was reported that JAK inhibitor had provided benefit to myeloproliferative neoplasms patients
because it might reduce the production of pro-inflammatory cytokines [72]. FDA has approved several
JAK inhibitors, such as Ruxolitinib, Tofacitinib, and Fedratinib [73,74]. Ruxolitinib, a small-molecule
inhibitor of JAK1/2, was the first FDA approved drug for the treatment of myelofibrosis [75]. Recently,
FDA approved Fedratinib, a small-molecule inhibitor of JAK2, for the treatment of myelofibrosis [76].

JAK2/STAT3 signaling pathway is known to be involved in a number of inflammatory,
anti-inflammatory signaling pathways, and various pathological regulation processes [77]. It is
reported that the expression of IL13Rα1 induced STAT3 activation by IL4 and IL13 in the stimulated
human B cells [55]. JAK2/STAT3 signaling pathway plays a crucial role in the growth of breast cancer
cells [78]. Inhibition of JAK2/STAT3 signaling pathway induces apoptosis in ovarian cancer cells [79,80].
Furthermore, inhibition of JAK2/STAT3 pathway suppresses the growth of gastric cancer in vitro and
in vivo [81]. For treating RCC, JAK2/STAT3 has been recognized as an important target. A recent study
showed that activation of JAK2/STAT3 signaling pathway promotes cell proliferation in CCRCC [82].
According to Xin et al, treatment of 786-O human renal cancer cells with AZD1480 showed only
limited decrease in cell viability. They used 0, 0.5, and 1 μM of AZD1480 to perform MTS cell viability
assay [83]. However, we used 0, 2.5, 5, and 10 μM of AZD1480 to perform WST-1 assay and we could
observe the dose-and time dependent cell toxicity effect of AZD1480 in A498 and ACHN cells. When
we tested the lower dose of AZD1480 (0.5 and 1 μM) for the cell viability assay, we also found the
limited reduction of cell viability in A498 and ACHN cell. Thus, we thought that the range of AZD1480
dose might cause the different anti-cancer effect on the renal cancer cells. Moreover, Icaritin, a kind of
flavonoid isolated from Herba Epimedii, suppressed JAK2/STAT3 signaling pathway, and proliferation
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of RCC [84]. Thus, it is important to find an effective reagent to inhibit JAK2/STAT3 signaling pathway
in RCC. As described in the results section, we demonstrated that AZD1489, a kind of JAK2 inhibitor,
decreased cell proliferation rate and increases cell cycle arrest and apoptosis in A498 and ACHN cells
with dose and time-dependent manner. For the expansion of our research, now we are planning to
develop a novel JAK2 inhibitor by screening FDA approved drug library to treat RCC.

Over the past decade, the relationship between FOXO3 and cancer cell development has been
investigated. Down-regulation of FOXO3 is detected frequently in cancer development [85,86].
The relationship between FOXO3 and RCC also has been studied. Down-regulation of FOXO3 promotes
tumor metastasis in RCC 786O cells [45]. Furthermore, FOXO3 upregulates the expression level of
miR-30d, a kind of tumor-suppressive microRNAs, transcriptionally in RCC cell lines [87]. FOXO3 is one
of the human FOXO transcription factors and know to be inhibited by the phosphorylation-dependent
protein degradation in the cytoplasm [48,88]. A recent study demonstrated that Src kinases are
required for the regulation of Drosophila FOXO3 (dFOXO) [89]. According to them, the introduction
of Src42A, one of the constitutively active alleles, into the larval inhibited the starvation-mediated
nuclear localization of dFOXO, and pharmacological inhibition of Src activity promoted the nuclear
accumulation of dFOXO under the even high nutrient conditions. Src is one of the effector tyrosine
kinase under the insulin or insulin-like growth factor (IGF) receptor signaling pathway. Thus far,
the regulation of FOXO3 mediated by tyrosine phosphorylation has not been well-investigated.
In this study, we also tried to show that JAK2 tyrosine kinase could phosphorylate FOXO3 and
pharmacological inhibition of JAK2 induces the nuclear accumulation of FOXO3 in RCC cell lines.
We also determined if tyrosine phosphorylation of FOXO3 by JAK2 affects the ubiquitination status of
FOXO3. Ubiquitination pattern of FOXO3 protein was decreased significantly when FOXO3 and JAK2
were co-transfected in 293T cells with AZD1480, a kind of JAK2 inhibitor suggesting that ubiquitination
of FOXO3 depends on inhibition of JAK2 activity. However, we still have the question which site of
tyrosine in FOXO3 could be phosphorylated by JAK2 kinase and which E3 ligase is involved in this
specific ubiquitination process. We are currently constructing several tyrosine mutants of FOXO3 to
examine which tyrosine sites are phosphorylated by JAK2. Since JAK2/STAT3 and PI3K/Akt are the
two kinds of main signaling pathways under IL4R complex, we might think about which signaling
pathway plays more important in regulating the protein stability and ubiquitination status of FOXO3
among JAK2/STAT3 and PI3K/Akt. To examine this issue, we are seeking to perform the experiments
for analyzing the protein stability and ubiquitination status of FOXO3 in the cells treated with JAK2 or
Akt inhibitor as well as knock-downed or knock-outed JAK2 or Akt.

There have been a few reports describing the relationship between JAK2 and FOXO3. Ahn et al.
demonstrated that enhanced reactive oxygen species (ROS) level and aberrant PI3K signaling decreased
the nuclear localization of FOXO3 and catalase expression in JAK2V617F mutant positive cells.
In addition, they showed that JAK2V617F-positive erythroblasts derived from myeloproliferative
neoplasm patients also displayed the increased ROS level and reduced nuclear FOXO3 compared with
the control erythroblasts [90]. Since JAK2 is known to phosphorylate and activate STATs in various
kinds of cells, we might think about the possibility of the protein interaction between FOXO3 and STATs.
Ma et al. reported that FOXO3 or FOXO1 binds to STAT3, leading to negatively regulate specificity
protein 1 (SP1)-pro-opiomelanocortin (POMC) promoter complex [91]. In addition, Oh et al. showed
that FOXO3 or FOXO1 interacts with STAT3 in the cytoplasm to regulates translocalization of FOXO3 or
FOXO1 in CD4(+) T cells leading to control the inflammatory responses [92]. As described in the results
section, we successfully showed that JAK2 interacts with FOXO3 to cause tyrosine-phosphorylation of
FOXO3. Thus, we should consider what is the detailed relationship between JAK2, STAT3, and FOXO3
in cancer cells. For elucidating this issue, we are trying to investigate which phosphorylation step
plays more important in RCC development by performing the protein binding experiments among
these proteins.
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4. Materials and Methods

4.1. Clear Cell Renal Cell Carcinoma Patients and Tissue Samples

The patients who performed the operation for the clear cell renal cell carcinoma (CCRCC) between
July 1998 and August 2011 were evaluated in this study. Original histologic slides, tissue blocks, and
medical records were available in 199 cases of CCRCC patients [93]. Clinical information was obtained
by reviewing medical records. The histopathologic factors were reevaluated with original histologic
slides according to the World Health Organization classification of the renal tumor [94]. Tumor stage
was reevaluated according to the eighth edition of the staging system of the American Joint Committee
on Cancer [95]. This study obtained institutional review board approval from Chonbuk National
University Hospital (IRB No., CUH 2014-05-039-002) and was performed according to the Declaration
of Helsinki. The approval contained a waiver for written informed consent based on the retrospective
and anonymous character of this study.

4.2. Immunohistochemical Staining and Scoring

Immunohistochemical staining in CCRCC tissue sample for IL4Rα and IL13Rα1 were performed
in histologic slides from tissue microarrays with one 3.0 mm cores per case. The tissue microarray core
established from the tumor components with the highest histologic grade without any degeneration
or necrosis. The paraffin-embedded histologic sections derived from the tissue microarray were
deparaffinized, and antigen retrieval was performed by boiling in the microwave oven for 20 min
in pH 6.0 antigen retrieval solution (DAKO, Glostrup, Denmark). Anti-IL4Rα (1:100, sc-165974,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-IL13Rα1 (1:100, sc-25849, Santa Cruz
Biotechnology) antibodies were used as primary antibodies and visualized with the enzyme substrate
3-amino-9-ethylcarbazole. Scoring for the immunohistochemical staining slides was performed by two
pathologists (Kyu Yun Jang and Kyoung Min Kim) with consensus by simultaneously observing in
multi-viewing microscope without clinicopathologic information. The immunohistochemical staining
score obtained by adding staining intensity point and staining area point. The staining intensity pointed
from zero to three (0; no staining, 1; weak, 2; intermediate, 3; strong) and staining area pointed from
zero to five (0; no staining, 1; 1%, 2; 2–10%, 3: 11–33%, 4; 34–66%, 5; 67–100%) [93,96,97]. Therefore,
the score ranged from zero to eight.

4.3. Cell Culture

A498, ACHN, and 293T cells (ATCC, Manassas, VA, USA) were maintained in Dulbecco’s modified
Eagle’s media (DMEM, Gibco, Waltham, MA, USA) media with 10% fetal bovine serum (FBS, Gibco,
Waltham, MA, USA) and 1% streptomycin/penicillin at 37 ◦C in a humidified incubator containing 5%
CO2 in the air. Both cell lines were used at passages 4–10 for all experiments.

4.4. Chemical Reagents, Antibodies, and Plasmid DNAs

Mouse anti-β-actin, mouse anti-Flag, and mouse anti-HA antibody and the following chemicals
and solvents (MG132, cycloheximide, dimethyl sulfoxide (DMSO), glycerol, glycine, sodium chloride,
Trizma base, and Tween20) were from Sigma (St. Louis, MO, USA). AZD1480 was from Selleckchem
(Houston, TX, USA). Rabbit anti-IL4Rα, rabbit anti-IL13Rα1, mouse anti-PARP1, rabbit anti-FOXO3,
mouse anti-Lamin B1, and mouse anti-GAPDH antibodies were from Santa Cruz Biotechnology. Rabbit
anti-JAK2, rabbit anti-pJAK2, rabbit anti-Tyr, rabbit anti-cleaved PARP1, rabbit anti-cleaved Caspase3,
rabbit anti-Bax, rabbit anti-Bim, rabbit anti-Bcl2, rabbit anti-p21, and rabbit anti-p27 antibodies
were from Cell Signaling (Danvers, MA, USA). Goat anti-rabbit (111-035-003) and goat anti-mouse
(115-035-003) horseradish peroxidase-conjugated IgG were obtained from Jackson ImmunoResearch
(West Grove, PA, USA). Enhanced chemiluminescence (ECL) reagents were obtained from Genedepot
(Barker, TX, USA). pECE empty/Flag-FOXO3 and pCMV3-C-HA empty/HA-JAK2 plasmid DNA were
from Addgene (Watertown, MA, USA) and Sino Biological (Wayne, PA, USA), respectively.
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4.5. Water Soluble Tetrazolium Salts 1 (WST-1) Assay

Cells (1 × 103) were seeded in each well of a 96-well plate and incubated for 18 h at 37 ◦C in a
humidified incubator containing 5% CO2 in the air. After incubation, cells were treated with DMSO
(0.1%) as a control vehicle and the indicated treatment for 24, 48, or 72 h. After incubation, 20 μL of
WST-1 solution was added to each well for 4 h. Then, the visible absorbance at 460 nm of each well
was quantified using a microplate reader.

4.6. Colony Formation Assay

Cells (5× 102) were seeded in 6-cm dishes and incubated for 18 h at 37 ◦C in a humidified incubator
containing 5% CO2 in the air. After incubation, cells were treated with DMSO (0.1%) as a control
vehicle or the indicated treatment for 14 days. The colonies were washed twice with PBS, fixed with
3.7% paraformaldehyde, and stained with 1% crystal violet solution in distilled water.

4.7. Western Blotting Analysis

Cells were washed with PBS and lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 0.1% SDS, pH 8.0) with protease and phosphatase inhibitors. Cell lysates were
centrifuged (10,000× g, 4 ◦C, 10 min), and the supernatants were separated on 10% SDS-PAGE gels and
blotted onto nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA). The membranes
were blocked in 3% non-fat dry milk for 1 h at room temperature and probed with the appropriate
antibodies. Membranes were then probed with HRP-tagged anti-mouse or anti-rabbit IgG antibodies
diluted 1:5,000–1:20,000 in 3% non-fat dry milk for 1 h at room temperature. Chemiluminescence was
detected using enhanced chemiluminescence (ECL).

4.8. Cytoplasmic and Nuclear Protein Fractionation

Cells were washed with PBS and lysed in cytoplasmic fractional buffer (10 mM HEPES, pH 8.0,
50 mM NaCl, 500 mM sucrose, 1 mM EDTA, 0.5 mM spermidine, 0.15 mM spermine, 0.2% Triton X-100,
1 mM DTT, 2 μM PMSF and 0.15 U/mL aprotinin) at 4 ◦C for 30 min. Cell lysates were centrifuged
(10,000× g, 4 ◦C, 30 min), and the supernatant was collected for the cytoplasmic fraction. The pellet was
washed twice the washing buffer (10 mM HEPES pH 8.0, 50 mM NaCl, 25% glycerol, 0.1 mM EDTA,
0.5 mM spermidine and 0.15 mM spermine) and lysed with nuclear fractional buffer (10 mM HEPES
pH 8, 350 mM NaCl, 25% glycerol, 0.1 mM EDTA, 0.5 mM spermidine and 0.15 mM spermine) at 4 ◦C
for 30 min. Lysates were centrifuged (10,000× g, 4 ◦C, 30 min), and the supernatant was collected for
the nuclear fraction.

4.9. Immunofluorescence Analysis

Cells (5× 105) were seeded in 6-cm dishes and incubated for 18 h at 37 ◦C in a humidified incubator
containing 5% CO2 in the air. After incubation, cells were treated with DMSO (0.1%) as a control vehicle
and the indicated concentration of AZD1480 for 2 h. Cells were fixed with 4% paraformaldehyde
solution, permeabilized with Triton X-100 (0.2%), blocked with bovine serum albumin (BSA, Gibco,
Waltham, MA, USA) and incubated with a primary antibody against FOXO3 followed by Alexa
594-conjugated anti-mouse secondary antibody (Invitrogen, Carlsbad, CA USA). After counterstaining
with DAPI, fluorescence images were captured with a confocal microscope (Zeiss LSM510 microscope,
Carl Zeiss, Jena, Germany).

4.10. Immunoprecipitation Analysis

Cells were washed with PBS and lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 0.1% SDS, pH 8.0) with protease and phosphatase inhibitors. Cell lysates were
centrifuged (10,000× g, 4 ◦C, 10 min) and the supernatants were incubated with an antibody by rotating
at 4 ◦C overnight followed by the addition of 20 μL of 50% protein A or G-agarose slurry and rotating
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for 1 h. Protein A or G-agaroses were collected and washed with lysis buffer. Immunoprecipitants
were resolved by 10 or 12% SDS-PAGE and analyzed by Western blotting analysis.

4.11. TUNEL Assay

Cells (5× 105) were seeded in 6-cm dishes and incubated for 18 h at 37 ◦C in a humidified incubator
containing 5% CO2 in the air. After incubation, cells were treated with DMSO (0.1%) as a control
vehicle (or control siRNA) and the indicated treatment (or siRNA against IL4Rα or IL13Rα1) for 24, 48,
or 72 h (or for 48 h). Cells were fixed with 4% paraformaldehyde solution and permeabilized with
Triton X-100 (0.2%). Apoptosis was determined by enzymatic labeling of DNA strand breaks with a
TUNEL assay kit (DeadEnd Fluorometric TUNEL System, Promega, Madison, WI, USA) according to
the manufacturer’s instructions. Nuclei were stained with DAPI.

4.12. Annexin V Staining Analysis

Cells (5× 105) were seeded in 6-cm dishes and incubated for 18 h at 37 ◦C in a humidified incubator
containing 5% CO2 in the air. After incubation, cells were treated with DMSO (0.1%) as control vehicle
(or control siRNA) and the indicated treatment (or siRNA against IL4Rα or IL13Rα1) for 48 h. Cells
were washed with PBS, trypsinized, and resuspended in binding buffer. Cells were analyzed by using
a FACSCalibur (BD Biosciences, San Jose, CA, USA), and the data were analyzed by FlowJo (De Novo
Software, Glendale, CA, USA). Ten thousand events were collected in each run. The percentage of cells
that are undergoing apoptosis was determined by using the FITC Annexin V Apoptosis Detection
Kit I (BD PharMingen, San Jose, CA, USA) with propidium iodide (PI, Sigma, St. Louis, MO, USA)
according to the manufacturer’s instructions.

4.13. Cell Cycle Analysis

Cells (5 × 105) were seeded in 6-cm dishes and incubated for 18 h at 37 ◦C in a humidified
incubator containing 5% CO2 in the air. After incubation, cells were treated with DMSO (0.1%) as
control vehicle (or control siRNA) and the indicated treatment (or siRNA against IL4Rα or IL13Rα1)
for 48 h. Cells were washed with PBS, trypsinized, and fixed in ice-cold 70% ethanol overnight at
−20◦C. After fixation, the cells were centrifuged at 1350 rpm for 5 min and incubated with a PI solution
for 30 min at 37 ◦C. Cell cycle distribution analysis was performed using flow cytometry (Beckman
Coulter, Brea, CA, USA).

4.14. Transfection of siRNA and Plasmid DNA

Cells (5× 105) were seeded in 6-cm dishes and incubated for 18 h at 37 ◦C in a humidified incubator
containing 5% CO2 in the air. After incubation, cells were transfected with siRNAs (control (Cat. No.:
sc37007), IL4Rα (Cat. No.: sc-35661), IL13Rα1 (Cat. No.: sc-63337), or JAK2 (Cat. No.: sc-39099),
1 nM (Santa Cruz Biotechnology)) or plasmid DNAs (pECE empty/Flag-FOXO3 or pCMV3-C-HA
empty/HA-JAK2 plasmid DNA, 1 μg) to 3 μL of Lipofectamine 2000 (Invitrogen) in 300 μL of serum-free
media for 6 h at 37 ◦C in a humidified incubator containing 5% CO2 in air. Then cell culture media was
replaced with the fresh media containing 10% FBS, and cells were incubated for 18 h.

4.15. Statistical Analysis

The CCRCCs immunostained for IL4Rα and IL13Rα1 were grouped to negative and positive
cases according to their expression with receiver operating characteristic curve analysis [93,97,98].
The cutoff points of IL4Rα and IL13Rα1 immunohistochemical staining were determined at the highest
area under the curve to predict cancer-specific death of CCRCC patients. This study evaluated for
cancer-specific survival (CSS) and relapse-free survival (RFS) of CCRCC patients through December
2012. The duration for CSS was calculated as the time from the date of diagnosis to the date of death
from CCRCC or last contact. The death from CCRCC was considered an event for CCS analysis.
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The death from other causes or alive of patients at last contact were treated as censored for CSS analysis.
The duration for RFS was calculated as the time from the date of diagnosis to the date of relapse or
death from CCRCC, or last contact. The relapse of CCRCC or death from CCRCC was an event in the
RFS analysis. The patients who died from other causes or who were alive without relapse at last contact
were treated as censored for RFS analysis. The prognostic significance of various clinicopathological
factors in CCRCC patients was evaluated by univariate and multivariate Cox proportional hazards
regression analyses, and Kaplan-Meier survival analysis. The associations between clinicopathologic
factors and the expression of IL4Rα and IL13Rα1 were analyzed by Pearson’s chi-square test. Data are
expressed as the mean ± standard error (STE) of three independent experiments. Differences between
groups were analyzed with one-way ANOVA when the variances were equal. SPSS software (version
20.0, IBM, palo alto, CA, USA) was used throughout. All statistical tests were two-sided, and p-values
less than 0.05 were considered statistically significant.

5. Conclusions

Collectively, we investigated a biochemical mechanism to explain the relationship between IL4Rα
and IL13Rα1 expressions, as well as the shorter survival see in CCRCC patients [99]. We demonstrated
that IL4Rα and IL13Rα1 are associated with the proliferation of RCC cells and the protein stability
of FOXO3 via JAK2. We showed a novel signaling pathway underlying the ubiquitination mediated
degradation of FOXO3 protein depending on its tyrosine phosphorylation by JAK2, leading to
contribute to RCC development. To the best of our knowledge, this is the first report that JAK2 is shown
to regulate FOXO3 protein stability. Based on our findings, we proposed a schematic model for a novel
role of JAK2 under IL4Rα and IL13Rα1 in regulating FOXO3 protein degradation and promoting RCC
tumorigenesis (Figure 6). Our findings imply that IL4Rα and IL13Rα1 as a new prognostic marker.
Further, the study implies that JAK2/FOXO3 are new therapeutic targets against RCC. Our findings
support the notion that a unique oncogenic JAK2 mediates the degradation of FOXO3 protein and
contributes to an understanding of the control of FOXO3 protein in the tumor.

Figure 6. A diagram describes the role of IL4R complex (a heterodimeric complex of IL4Rα and
IL13Rα1) in promoting RCC tumorigenesis via phosphorylation of tyrosine residue in FOXO3 by
activation of JAK2 leading to loss of the tumor-suppressive transcriptional activity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1394/s1,
Figure S1: Higher expression of mRNA of both IL4Rα and IL13Rα1 are associated with shorter survival of clear
cell renal cell carcinoma patients, Figure S2: Western blot analysis of IL4Rα expression in RCC cell lines, Figure S3:
Anti-cancer effect by transfection of siRNA against JAK2 in A498 and ACHN cells. Figure S4: Western blot and
densitometry analysis.
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Abstract: Papillary renal cell carcinoma (pRCC) is a malignant kidney cancer with a prevalence of
7–20% of all renal tumors. Proteome and metabolome profiles of 19 pRCC and patient-matched
healthy kidney controls were used to elucidate the regulation of metabolic pathways and the
underlying molecular mechanisms. Glutathione (GSH), a main reactive oxygen species (ROS)
scavenger, was highly increased and can be regarded as a new hallmark in this malignancy. Isotope
tracing of pRCC derived cell lines revealed an increased de novo synthesis rate of GSH, based on
glutamine consumption. Furthermore, profound downregulation of gluconeogenesis and oxidative
phosphorylation was observed at the protein level. In contrast, analysis of the The Cancer Genome
Atlas (TCGA) papillary RCC cohort revealed no significant change in transcripts encoding oxidative
phosphorylation compared to normal kidney tissue, highlighting the importance of proteomic
profiling. The molecular characteristics of pRCC are increased GSH synthesis to cope with ROS
stress, deficient anabolic glucose synthesis, and compromised oxidative phosphorylation, which
could potentially be exploited in innovative anti-cancer strategies.

Keywords: Papillary renal cell carcinoma (pRCC); proteome profiling; metabolome profiling;
glutathione metabolism; metabolic reprogramming

1. Introduction

Papillary renal cell carcinoma (pRCC) is a heterogeneous disease, representing 7–20% of all
renal cancers [1–3], subdivided into clinically and biologically distinct type I and type II entities [3].
Type I pRCC tumors consist of basophilic cells with papillae and tubular structures and small nucleoli,
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whereas pRCC type II tumors exhibit large cells with abundant eosinophilic cells and prominent
nucleoli [3]. The cytogenetic differences are a trisomy 7 and 17 in pRCC type I and the loss of 1p and 3p
in pRCC type II tumors [4,5]. Intra- and interchromosomal rearrangements are significantly increased
in pRCC type II, leading frequently to a gene fusion involving the transcription factor TFE3 [6], by
which the promoter substitution appears to be the key molecular event, causing dysregulation of
many signaling pathways already implicated in carcinogenesis [7]. Type I of this malignant tumor
is characterized by frequent mutations in the MET oncogene, including alternative splice variants.
Currently, the MET pathway is the most common target for developing new treatments for pRCC,
such as the MET kinase inhibitor Savolitinib, which interrupts angiogenesis [8]. Type II has more
likely mutations such as SETD2, NF2, and the inactivation of CDKN2A by mutation, deletion, or
CpG island hypermethylation [5,9]. Structural variants were observed in sporadic events, including
duplications in EGFR and HIF1A, and deletions in SDHB, DNMT3A, and STAG2 [10]. These genes
and several more, which can be found mutated in both tumor types, play a pivotal role in epigenetic
regulation, signaling, and proliferation regulation, such as in PI3K/AKT/mTOR, NRF2-ARE, and the
Hippo pathways. Furthermore, type II pRCC was subdivided into three subtypes, based on distinct
molecular and phenotypic features. pRCC type II tumors are more likely to metastasize [4], and
FH mutations and DNA hypermethylation were found to be correlate with inferior prognosis [5,9].
Hence, the hypermethylation group was termed “CpG island methylation phenotype” (CIMP), which
additionally featured a metabolic shift known as the Warburg effect [5].

Many studies have been performed recently at the transcript level in pRCC to better understand
its classification and subclassification and to elucidate pathway remodeling in these cancer [5,11]
studies. Based on all these findings, a new classification system was proposed. Compared with the
current model where the organ of origin determines the tumor type, a system was proposed based
solely on molecular features which could be considered more relevant for tumor classification [12].

Nephrectomy or partial nephrectomy and in the presence of metastases, and treatment with
vascular endothelial growth factor (VEGF) and mammalian target of rapamycin (mTOR) inhibitors
are currently considered the standard treatments. Furthermore, resection or irradiation of metastases
can be a useful palliative treatment for patients with brain metastases or osseous metastases that are
painful or increase the risk of fracture [13].

Besides transcript data, little is known in pRCC about its regulation at the protein- and metabolome
level, the underlying molecular mechanisms, the alterations of metabolic pathways, and how well
these “omics” data correlate with each other. One study compared metabolomic/lipidomic profiles of
clear cell RCC (ccRCC), chromophobe RCC (chRCC), and pRCC, and determined that RCC subtypes
clustered into two groups separating ccRCC and pRCC from chRCC, which mainly reflected the
different cells of origin [14].

To fill in the aforesaid knowledge gaps, we undertook a multi-‘omics’ survey to compare seven
type I, seven type II, and five metastatic type II pRCCs with patient-matched adjacent healthy kidney
tissues. To confirm the main findings obtained by profiling, the dysregulated pathways were validated
by either enzymatic measurements or isotope tracing experiments.

2. Results

2.1. Proteome Profiling of pRCC

Malignant and non-malignant tissues from 19 nephrectomies representing papillary RCC of type
I, II, and IIM (with metastases) were investigated; clinical parameters are shown in Table 1. Proteome
profiling revealed a total of 8554 protein groups, consisting of 1,330,129 identified peptides in all 19
pRCC samples and adjacent healthy kidney tissues, both at a false discovery rate (FDR) of 1% (Table
S1). 3785, 3838, and 4200 protein groups could be quantified by label-free quantification in type I, II,
and IIM, respectively.
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Table 1. Clinical and pathologic features of the pRCC cohort.

Case ID Age at Surgery Gender Pathologic T Grade Fuhrman Grade Tumor Size (cm)

C1 type I 68 Male pT3a 3 5
C2 type I 83 Male pT1b 1 6.5
C3 type I 60 Male pT1a 2 3.9
C4 type I 74 Male pT1b 2 6
C5 type I 35 Male pT3a 2 3.5
C6 type I 49 Male pT1b 2 4.2
C7 type I 59 Male pT1b 2 4.5
C1 type II 54 Male pT3b 3 16
C2 type II 70 Male pT1a 2 2.5
C3 type II 57 Male pT2b 3 12.5
C4 type II 80 Female pT1b 2 6.2
C5 type II 77 Male pT3b 2 6
C6 type II 81 Female pT3a 3 8.5
C7 type II 71 Male pT2a 3 7.5

C1 type IIM 42 Male pT3a 3 6.5
C2 type IIM 72 Male pT3a 3 17
C3 type IIM 67 Female pT3a 3 5.5
C4 type IIM 80 Male pT2b 3 11
C5 type IIM 32 Male pT3a 3 10.3

Pearson correlation ranged from 0.597 to 0.951 for controls and 0.631 to 0.938 for all pRCC
specimens for the least to the most similar individuals. Furthermore, proteome profiling revealed
pRCC I, II, and IIM versus healthy adjacent kidney tissues as distinct groups in a principal component
analysis (Figure 1A–C).

Figure 1. Principal component analysis (PCA) and evaluation of the mitochondrial DNA (mtDNA)
and mitochondrial protein content in papillary renal cell carcinoma (pRCC). PCA analysis in (A) pRCC
type I (n = 6), (B) pRCC type II (n = 6), and (C) pRCC type IIM (n = 4) revealed spatial separation
for the proteome profiles. (D) Log2 ratios of the mtDNA (mean −0.55 ± 1.7 standard deviation (SD)
based on whole-exome sequencing (WES) read depths, the mitochondrial- (mean −0.19 ± 1.13 SD) and
non-mitochondrial proteome (−0.22 ± 0.86 SD) in pRCC versus controls, (n = 19).
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Significantly regulated proteins were identified by a t-test and volcano plots are shown for pRCC
type I, II, and IIM (Table S2, Figure S1A–C).

2.2. mtDNA Mutations in pRCC Did Not Reveal Any Major Impact on the Respiratory Chain

The assembly of mitochondrial whole-exome sequencing (WES) reads derived from 19 patients
with pRCC and matched with adjacent healthy kidney tissues showed adequate coverage and quality
for reliable mtDNA reconstruction and variant calling (Table S3). Mitochondrial mean coverage read
depth and mitochondrial assembled bases in the WES dataset ranged from 12.42X to 371.41X and from
91.21% to 100%, respectively. The mtDNA content was 46% reduced (Figure 1D), based on log2 ratios
of the mtDNA WES read depths between pRCC and matching controls, which is in line with a previous
observation in RCC by Southern blot [15]. Furthermore, the abundance of proteins located within the
mitochondrion versus all non-mitochondrial proteins showed no difference (Figure 1D).

A total of 260 somatic mtDNA mutations were detected in pRCC samples. Altogether 86 mutations
were located within the protein-coding genes, divided into 44 synonymous, 40 non-synonymous and
two nonsense mutations. Among the non-synonymous variants, 25 showed a disease score higher than
the threshold (>0.7) and a nucleotide variability that was lower than the nucleotide variability cutoff
(0.0026). A total of 197 germline mutations were detected, but only one of the seven non-synonymous
germline variants were shown to be potentially pathogenic (Table S4).

Although 25 somatic non-synonymous and potentially pathogenic events were identified, it was
not possible to infer a strong relationship with pRCC, considering that all mutations were found in
only ten of the 19 tumors. None of the somatic mutations were shared between the different subjects
and homoplasmic rates were generally very low (Table S4), however, the number of studied cases was
too low to draw any final conclusions.

An analysis of copy number variations (CNV) revealed a fragmented pattern of chromosomal
gains and losses spread over all chromosomes in all pRCC types (Figure S2), but no clear chromosomal
patterns were identified.

2.3. Significantly Decreased Enzymatic Activity of the Respiratory Chain in pRCC

A gene set enrichment analysis (GSEA) was conducted to identify significantly rewired metabolic
pathways in the tumor. Significant decreases in all three investigated pRCC types were found in
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for oxidative phosphorylation,
thetricarboxylic acid cycle (TCA), branched-chain amino acids, cytochrome P450 drug metabolism,
peroxisomes, fatty acid metabolism, and several amino acid metabolism pathways. (Figure 2A,
Figure S3, Table S5). The OXPHOS system was the most severely reduced in all pRCC types.
Interestingly, there was no obviously different regulation between the three types of pRCC that was
detectable at the protein pathway level. The three most significantly increased KEGG pathways in
all pRCCs were the spliceosome, the ribosome and the cell cycle (Figure 2A; Figure S3, Table S5).
An aberrantly increased rate of ribosome biogenesis has been recognized as a hallmark of many
cancers, caused by hyperactivation of RNA polymerase I transcription and ribosome biogenesis factors,
reviewed in [16,17].
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Figure 2. Significantly regulated Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
between the proteomes of (A) papillary renal cell carcinoma (pRCC) type I and healthy kidneys and (B)
of the transcriptome data retrieved from The Cancer Genome Atlas (TCGA). Shown is a collapsed list,
the applied cutoff is p ≤ 0.05 and q ≤ 0.1. Specific enrichment plots for the KEGG pathway “oxidative
phosphorylation” are shown for (C) the proteome and (D) the transcript data from TCGA. The
Vacuolar-type H ± ATPases (V-ATPases) were removed from the pathway “oxidative phosphorylation”
displayed in C and D, as they are wrongly assigned in this KEGG pathway. Normalized enrichment
score, NES; Size, number of proteins/genes identified within a pathway.

In order to investigate the regulation of the respiratory chain between pRCC and controls in
more detail, separate gene sets for all five OXPHOS complexes were created, including the assembly
factors. This revealed a reduction in protein abundance for all complexes with the highest observed for
complex I (CI) in pRCC, exemplarily shown for type I tumors (Figure 3A, Figure S4). Only assembly
factors, that weren’t part of the final complexes, were not decreased.
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Figure 3. Protein abundance ratios for all individual complexes of the respiratory chain, shown for (A)
papillary renal cell carcinoma (pRCC) type I and (B) renal oncocytomas. Illustrated are schemes of
the four OXPHOS complexes and the F0F1ATPase, including subunits and assembly factors and the
according log2 fold change between pRCC or renal oncocytomas versus kidney samples. The color
gradient intensity in the subunit expresses the low (blue) or high (red) abundance of this protein in the
tumor. Assembly factors, not part of the final complexes are shown in bold. * indicates significantly
regulated proteins.
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2.4. Anti-Correlation of Transcripts and Proteins of the Respiratory Chain in pRCC

Altogether, 291 existing pRCC and 32 control transcriptome data retrieved from TCGA (ID:
KIRP) [5] were used to clarify the correlation between the abundance of proteins and the expression of
transcripts in pRCC versus controls (Table S6). GSEA was performed and identified that most of the
significantly regulated pathways (Figure 2B, Figure S3, Table S7) were very similarly regulated for
our proteome study. The ribosome and cell cycle were significantly increased in both omics datasets,
whereas the TCA cycle, drug metabolism, fatty acid metabolism, and the pathways involved in amino
acid metabolism were all significantly decreased (Figure 2A,B; Figure S3A,B, Tables S5 and S7). The
only striking differences were the “spliceosome” pathway, which was significantly up-regulated only
in the pRCC proteomes and the “oxidative phosphorylation” pathway, which was the most decreased
pathway at the protein level (Figure 2C, Figure S3C,D), but that was unchanged at the transcript level
(Figure 2D). Since this KEGG pathway also includes the vacuolar-type H ±ATPases (V-ATPases), which
are not part of the respiratory chain, we manually removed them from the analysis. The enzymatic
activities of the individual respiratory chain complexes and citrate synthase (CS) were measured for
pRCC and the adjacent matching healthy tissues. This revealed a significant reduction in all enzymatic
activities of the respiratory chain, the F0F1 ATPase, and CS in pRCC (Figure 4A–F). Thus, the regulation
of the respiratory chain was not determined by the abundance of the respective transcripts but was
correlated with the abundance and enzymatic activity of the OXPHOS complexes.

 

Figure 4. Enzymatic activities of the respiratory chain, F0F1 ATPases, citrate synthase, and the P- and
V- ATPases in papillary renal cell carcinoma (pRCC) versus kidney control tissues. (A) Complex I (CI),
(B) Complex II (CII), (C) Complex III (CIII), (D) Complex IV (CIV), (E) F0F1 ATPase (CV), (F) Citrate
synthase (CS), (G) P-ATPases, (H) V-ATPases. p-values are: * p < 0.05, ** p < 0.01, and *** p < 0.001 by a
paired t-test; nmol min/mg protein. n = 3 for each type I, II, and IIM.
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2.5. Comparison of the Abundance of Proteins Involved in the Respiratory Chain between Malignant pRCC and
Benign Renal Oncocytomas

In our previous study on renal oncocytomas, we identified a coordinated up-regulation of proteins
of the OXPHOS complexes II-V and the mtDNA, but a striking reduction in the abundance of CI
proteins (Figure 3A) [18]. This was explained by several specific low-level heteroplasmic mtDNA
mutations of the CI genes in renal oncocytomas. In contrast, all pRCC tumor types featured a general
reduction in all OXPHOS complexes (Figure 3B, Figure S4) where mtDNA mutations seemed to play
no major role, but where the number of mtDNA molecules correlated with respiratory chain protein
abundances between these tumor entities.

2.6. pRCCs have Significantly Decreased Levels of V- and P-ATPases

Vacuolar-type H+-ATPases (V-ATPase) acidify a wide array of intracellular organelles and pump
protons via ATP hydrolysis across intracellular and plasma membranes. Acidity is one of the
main features of tumors, V-ATPases control their microenvironment by proton extrusion into the
extracellular medium [19]. This allows secreted lysosomal enzymes to work more efficiently to degrade
the extracellular matrix and promote cellular invasion. In contrast to almost all other cancer types, the
V-ATPases were found to be down-regulated in pRCC: This specifically applies to the V-type proton
ATPase subunit B, kidney isoform (ATP6V1B1), 21-, 14-, 13-fold (fold changes are shown sequentially
for type I, II, IIM, respectively) and others such as ATP6V1H, 3-, 4-, 4-fold; ATP6F1, 3-, 3-, 2-fold;
ATP6V1E1, 3-, 3-, 4-fold; and ATP6V1A, 2-, 2-, 2-fold; (Table S2). This seems to be a specific feature of
pRCC and might play a key role in malignancy.

Similar to the V-ATPases, P-type cation transport ATPases, and the subfamily of Na+/K+ ATPases
were decreased in pRCC (ATP1A1, 4-, 4-, 5-fold; ATP1B1, 4-, 6-, 5-fold; Table S2). These ATPases are an
integral part of the membrane proteins responsible for establishing and maintaining the electrochemical
gradients of Na+ and K+ ions across the plasma membrane. They are also important for osmoregulation,
sodium-coupled transport of several organic and inorganic molecules, and the electrical excitability of
nerve and muscle. The enzymatic activities of V- and P- ATPase types were evaluated and showed
a significantly reduced activity in pRCC tissues (Figure 4G,H), which correlated to the observed
protein abundances.

2.7. Anabolic Glucose Synthesis Was Abated in pRCC

The KEGG pathway “glycolysis and gluconeogenesis” was significantly reduced in pRCC (Table
S5). This pathway describes two opposing functions: the metabolic generation of pyruvate from glucose
and the anabolic synthesis of glucose from different substrates, such as glycerol, lactate, pyruvate,
propionate, and gluconeogenic amino acids. A more detailed view of each metabolic pathway
showed that the abundance of all glycolytic enzymes was either unchanged or increased, whereas
all enzymes solely involved in gluconeogenesis were significantly reduced in most pRCCs, such as
for pyruvate carboxylase (PC) (17-, 16-, 7-fold), phosphoenolpyruvate carboxykinase 1 (PCK1) (124-,
136-, 388-fold), phosphoenolpyruvate carboxykinase 2 (PCK2) (12-, 11-, 45-fold), fructose-bisphosphate
aldolase B (ALDOB)(100-, 208-, 145-fold), fructose-1,6-bisphosphatase 1 (FBP1) (5-, 12-, 49-fold),
and fructose-1,6-bisphosphatase 2 (FBP2) (not detected (nd), nd, 53-fold) (Figure 5A–C, Table S2).
Interestingly, the two fructose-bisphosphate aldolase isoforms A (2-, 2-, 5-fold) and C (1-, 1-, 4-fold)
were instead increased or unchanged in pRCC (Figure 5D).
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Figure 5. Protein abundances of gluconeogenic enzymes in papillary renal cell carcinoma
(pRCC) and normal kidney tissues. (A) PCK1, phosphoenolpyruvate carboxykinase 1; (B) FBP1,
fructose-1,6-bisphosphatase; (C) ALDOA, fructose-bisphosphate aldolase A; (D) and ALDOB. p-value
is: *** p < 0.001 by a two-tailed Student’s t-test.

These isoforms have a high affinity for fructose-bisphosphate (FDP) to foster glycolysis, whereas
the highly diminished isoform B has a low affinity for FDP and hence converts the back-reaction
from glyceraldehyde-3-phosphate to FDP during gluconeogenesis [20,21]. A similar decrease in the
respective transcripts was found in the TCGA data, where ALDOB was 600-fold and ALDOC 2-fold
decreased and ALDOA 2-fold increased.

A specific and regulated interaction between ALDOB and the rate-limiting gluconeogenic enzyme
fructose-1, 6-bisphosphatase 1 (FBP1) has been shown. This result confirms the view that ALDOA and
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ALDOB play different roles in glucose metabolism [22]. The shut-down of the gluconeogenic pathway
was thus one of the most relevant metabolic changes observed and can be regarded as a metabolic
hallmark in pRCC.

2.8. Dramatically Increased Glutathione Levels in pRCC Are Based on Glutamine Consumption

Metabolome profiling revealed a highly significant increase in reduced glutathione (GSH, 47-, 68-,
219-fold; fold changes are shown sequentially for type I, II, IIM, respectively) and oxidized glutathione
(GSSG, 871-, 847-, 6,707-fold) in pRCC types, Figure 6A–F, Table S8). A case by case specific GSH/GSSG
ratio was calculated (Figure 6F) and revealed that there was a 10-fold average increase in oxidative
stress burden in the tumor.

 

Figure 6. Metabolome profiling, specific abundancies of reduced and oxidized glutathione in tissues,
and de novo synthesis of glutathione in papillary renal cell carcinoma (pRCC) Metabolome profile of
(A) pRCC type I (n = 6), (B) pRCC type II (n = 6), and (C) pRCC type IIM (n = 4) versus kidney tissues.
Significantly (FDR < 0.05) up- and down-regulated metabolites are shown in red and blue, respectively.
(D) Relative abundance of glutathione (GSH) and (E) of oxidized glutathione (GSSG) in the tissues and
(F) the according case-specific GSH/GSSG ratios. Metabolic tracing of (G,H) 13C6 glucose and of (I,J)
13C5

15N glutamic acid to monitor GSH (G,I) de novo synthesis and its oxidation product GSSG (H,J) in
the pRCC cell lines Caki-2 and ACHN compared to HK-2 control cells. (K) Proline de novo synthesis
based on 13C5

15N glutamic acid in the same cell lines. Mean ± SD, n = 3 cell culture replicates, p-values:
* p < 0.05, ** p < 0.01, and *** p < 0.001 by a paired t-test.
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Glutathione functions as a cellular redox buffer for detoxification and can be either synthesized
de-novo or imported via the glutathione salvage pathway, where extracellular GSH is cleaved
by γ-glutamyltranspeptidases (GGTs) [23]. Furthermore, ophthalmic acid, a tripeptide analog of
glutathione, was increased (468-, 77-, 58-fold) in pRCC. It was described as a byproduct of glutathione
synthetase (GS) and γ-glutamylcysteine synthetase (GCS) and as a new biomarker of oxidative
stress [24].

Remarkably, even though metabolites involved in glutathione metabolism were significantly
increased in pRCC, the abundance of glutathione synthetase (GSS) was unchanged (1-, 1-, 1-fold;
Table S2). Glutamate cysteine ligase (GCL) is the rate-limiting step in GSH biosynthesis. Only the pRCC
type IIM had significantly elevated levels of glutamate cysteine ligase regulatory subunit (GCLM) (1-,
2-, 10-fold), the regulatory subunit of this enzyme alleviates the feedback inhibition of GSH together
with the catalytic subunit GCLC [25].

Cysteineglutathione disulfide, which can react with protein thiol groups, causing the reversible
post-translational modification S-glutathionylation for transducing oxidant signals [26] was (187-, 17-,
11-fold) elevated. In contrast, the glutathione S-transferase A2 (GSTA2, 146-, 36-, 85-fold), microsomal
glutathione S-transferase 1 (MGST1, 5-, 1-, nd-fold), and glutathione S-transferase Mu 2 and 3 (GSTM2,
5-, 5-, 3-fold; GSTM3, 8-, 10-, 5-fold), which conjugate reduced glutathione to a wide number of
exogenous and endogenous hydrophobic electrophiles, were reduced in pRCC, but other enzymes
were unchanged, such as glutathione S-transferase theta-1 (GSTT1), glutathione S-transferase P
(GSTP1), glutathione S-transferase kappa 1 (GSTK1), and glutathione S-transferase omega-1 (GSTO1).
Glutathione peroxidase 3, which protects cells and enzymes from oxidative damage by catalyzing the
reduction of hydrogen peroxide, lipid peroxides, and organic hydroperoxide was also significantly
reduced in pRCC (GPX3, 6-, 5-, 6-fold).

The two identified glutathione transferases, which catalyze the conjugation of GSH to xenobiotic
substrates for detoxification, were also strongly reduced in pRCC, e.g., glutathione hydrolase 1
proenzyme GGT1 (3-, 4-, 4-fold) and GGT5 (20-, 8-, 17-fold). They cleave the gamma-glutamyl peptide
bond of glutathione conjugates, the only one identified was gamma-glutamyl lysine, which was
increased (2-, 3-, 3-fold) in pRCC. γ-Glutamyl amino acids can be further metabolized by γ-glutamyl
cyclotransferase (GGACT) [27], whose level was decreased (13-, 45-, 108-fold) to produce pyroglutamic
acid (5-oxoproline), which was not significantly regulated (2-, 2-, -2-fold) as well as other amino acids.

These data show a notable rewiring of the entire process of glutathione metabolism in pRCC,
however, metabolite and protein abundances do not necessarily reflect the metabolic flux. To address
the question, as to whether GSH is continuously made by de novo synthesis and which substrates
significantly contribute to its synthesis, two isotope tracing experiments were performed in the pRCC
derived cell lines Caki-2 and ACHN and the kidney control cell line HK-2 at time points 0, 12, and 24 h.
The first experiment employed 13C6 labeled glucose, the second 13C5

15N glutamic acid as a tracer, a
generalized labeling scheme for both is depicted in Figure 7.
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Figure 7. Scheme of the de novo synthesis pathway of glutathione. (A) based on 13C6 glucose and
(B) on 13C5

15N glutamic acid as tracers. Red circles, 13C6; black circles, 12C6. CBS, cystathionine
b-synthetase; CTH, cystathionase; GCL, glutamate-cysteine ligase; GSS, glutathione synthetase; GPx,
glutathione peroxidase; GR, glutathione reductase; GSSG, oxidized GSH. Of note, GSSG can exist in
three versions in parallel, as it is made of two GSH molecules: 13C6, 13C3, and 12C when 13C6 glucose
is the tracer and 13C10

15N2, 13C5
15N, and 12C14N when 13C5

15N glutamic acid is the tracer.

Only a slight increase was observed for the de novo synthesis of GSH and GSSG in Caki-2 cells
(1-fold-, 2.8-fold at 24 h) and ACHN cells (2.1-fold-, 2.2-fold at 24 h) compared with HK-2 cells when
13C6 glucose was used as the probe (Figure 6G,H). In contrast to this, a significant and dramatic increase
of GSH and GSSG de novo synthesis was observed for both, Caki-2 (48.5-fold-, 10.8-fold at 24 h) and
ACHN (11-fold-, 12-fold at 24 h) cells, when 13C5

15N glutamic acid was used as a probe (Figure 6I,J).
Our data demonstrated that GSH de novo synthesis is significantly increased in pRCC cell lines and is
based on glutamine consumption, a precursor of glutamate.

2.9. Glutamine Is the Main Nutrient Source in pRCC

In general, glucose and glutamine are the main carbon sources in eukaryotic cells. Tumor cells
frequently reduce OXPHOS capacity and are therefore even more dependent on nutrient consumption.
Proteome profiling showed that the abundance of proteins involved in proline synthesis, such as CAD
protein (CAD, 2-, 5-, 10-fold), aldehyde dehydrogenase family 18 member A1 (ALDH18A1), 1-, 2-,
14-fold; pyrroline-5-carboxylate reductase 1 (PYCR1), nd, nd, 115-fold; and PYCR2, 5-, 7-, 15-fold, Table
S2) increase from type I over type II leading to the highest values in metastatic type IIM, indicating a
metabolic shift towards proline de novo synthesis originating from glutamine. Based on these results,
an isotope tracing experiment was performed in pRCC derived cell lines Caki-2 and ACHN versus
HK-2 kidney controls to quantify the consumption of isotopically labeled glutamate for proline de
novo synthesis.

Tracing of 13C5
15N glutamic acid revealed a significant and (6.3-, 3.9-fold) increase of 13C5

15N
proline after 12 h in the pRCC derived cell lines Caki-2 and ACHN versus HK-2 (Figure 6K). The high
flux in pRCC cell lines correlates well with the abundance of protein in pRCC tissues of enzymes
involved in this pathway showing that these tumor cell lines are dependent on glutamine consumption.

3. Discussion

pRCCs are well characterized at the genomic level, with several driver mutations and chromosomal
rearrangements having been identified [5]. How these alterations translate to proteome- and
metabolome regulation are not well understood, but they determine the fate and progression of
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tumors. Multi-omics profiling of pRCC was performed, revealing a fundamental reprogramming of
the pathways for gluconeogenesis, the respiratory chain, and for glutathione metabolism. These can be
regarded as a general hallmark of kidney tumors, as was previously observed in renal oncocytomas [18],
chRCCs [28], and in ccRCCs at the transcript level [29]. The anti-correlations that have been identified
between genetic and non-genetic profiling argue for focusing on these so far under-studied fields.

Gluconeogenesis, an anabolic and highly endergonic pathway, generates glucose from small
carbohydrate precursors, for example from lactate during intense exercise, or over periods of fasting
and starvation. This pathway is also regarded as an essential process for tumor cell growth [30],
since biosynthetic reactions in cancer cells are highly dependent on glycolytic intermediates [31].
The kidney may be nearly as important as the liver in gluconeogenesis [32] and pRCCs have been
shown to moderately accumulated glucose, which further increases the already higher Fuhrman
grades [33]. This might be the reason why pRCCs reduce this endergonic pathway, since enough
glucose can be imported. Blocking of mTOR activity was shown to augment shuttling of pyruvate
into gluconeogenesis, which results in futile cycling of glucose that finally leads to a halt in cancer cell
proliferation and ultimately to cell death [34]. Equal amounts of amino acid levels were detected in
pRCC and kidney tissues in our study, supporting the idea of a sufficient nutrient supply.

The gluconeogenic gene FBP1 was previously found to be down-regulated in over 600 ccRCCs
and was associated with a poor disease prognosis. Thus, FBP1 has been shown to fulfill two distinct
functions, by antagonizing glycolytic flux and thus inhibiting the Warburg effect, and by inhibiting
the nuclear function of hypoxia-inducible factor (HIF) in a catalytic-activity-independent manner,
leading to reduced expression of HIF targets such as VEGF, LDHA, and GLUT1 [29]. This unique dual
function of the FBP1 protein explains its ubiquitous loss in ccRCC, distinguishing it from other tumor
suppressors that are not consistently mutated in all tumors [29].

Moreover, the inhibition of FBP1 leads to the activation of AMP-activated protein kinase (AMPK).
The aldolases (A–C) are required for the formation of a super lysosomal complex containing V-ATPase,
ragulator, axin, liver kinase B1 (LKB1), and AMPK in its active form [35]. AMPK activation plays a
central role in glucose sensing at the lysosome and acts contrary to other regulatory systems such as
the mammalian target of rapamycin (mTOR).

A general shut-down of the entire gluconeogenesis pathway in pRCC was also identified at the
proteome level in our study, which has fundamental implications for the metabolic regulation of a cell
and organ. Specifically, the two aldolase isoforms A and C, which foster glycolysis were either increased
or unchanged, but the aldolase isoform B, necessary for gluconeogenesis was greatly diminished
in pRCC (Figure 5C,D). Conversely, an increase of the ALDOB enzyme is frequently found in other
tumor species, such as in colon cancer [36], rectal cancer [37], and colorectal adenocarcinoma [38],
which was also associated with tumor progression and poor prognosis, and a decrease of the ALDOB
transcript and ALDOB protein is found in gastric cancer [39] and in chRCC [28], also associated with
poor prognosis [39]. This indicates a critical metabolic rewiring of gluconeogenesis in an organ and
tumor-specific way.

Also the up-regulation of ALDOA has been reported in many cancer types, such as oral squamous
cell carcinoma [40], hepatocellular carcinoma [41], and in RCC [42] and of ALDOA in ccRCC [43],
osteosarcoma [44], and lung cancer [45]. Specifically, an increase in ALDOA was shown for all RCC
types and was associated with metastasis, histological differentiation, and poor prognosis. Furthermore,
silencing ALDOA expression in ccRCC cell lines decreased their proliferative, migratory, and invasive
abilities, while ALDOA overexpression increased these abilities [42].

In addition, the abundance and enzymatic activities of the P- and V-ATPases were found to be
significantly reduced in our pRCC panel. A possible mechanism by which V-ATPases are thought to
contribute to cancer cell migration and invasion is to acidify extracellular space to promote the activity
of acid-dependent proteases that are involved in invasion [19,46,47]. Besides the classical role of
regulating acidity within a cell, recent studies showed that V-ATPases, as part of the V-ATPase-Ragulator
complex, serve as a dual sensor for energy/nutrient sufficiency and deficiency and they can initiate the
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metabolic switch between catalytic and anabolic pathways [48]. It has been further shown and that
glycolysis is directly coupled to the V-ATPases by protein-protein interactions [49,50].

The significant reduction of enzymes involved in gluconeogenesis thus has metabolic consequences
on multiple layers and is a hallmark of all investigated kidney cancers, such as in pRCC (this study),
ccRCC [29], chRCC [28], and renal oncocytomas [18]. By abandoning this endergonic pathway in
pRCC the tumor is able to simultaneously reduce other processes involved in the generation of ATP.
Indeed, pathways involved in fatty acid metabolism, amino acid metabolism, as well as OXPHOS and
the TCA cycle pathways were significantly down-regulated in our pRCC specimen.

Another frequently observed phenomenon in cancer is the diminished oxidative phosphorylation
capacity, known already for decades as the “Warburg effect”. The abundance of all proteins involved
in oxidative phosphorylation and the F0F1ATPase, as well as the corresponding enzymatic activities,
were significantly reduced in our pRCC panel. This was previously shown for chRCC [28] and only
for OXPHOS enzymatic activities and the mtDNA content in ccRCC and pRCC [15]. In contrast, the
enhanced expression of lactate dehydrogenase A (LDH-A) and lactic acid was observed in our study
and this has been associated with aggressive and metastatic cancers in a variety of tumor types [51–53].

By comparing our proteome- with transcriptome data from TCGA [5], the main differentially
regulated pathway was found to be the respiratory chain, which was the most highly decreased
pathway on the protein level, but unchanged at the transcript level. A similar discrepancy between
transcripts and proteins in the regulation of the respiratory chain was previously observed by us in
benign renal oncocytomas [18] and malignant chRCC [28]. Enzymatic activities of the respiratory chain
in pRCC and in renal oncocytomas [54] and chRCC [28] matched with protein abundances rather than
gene expression. The mechanism for this anti-correlation still remains elusive, but might be directly
correlated to the decreased mtDNA level, or also caused by the interference of miRNAs and the stability
of transcripts or proteins. This demonstrates the necessity of surveying multiple omics profiles.

The most strikingly increased set of metabolites in pRCC were those involved in glutathione
metabolism (GSH, GSSG, cysteine-glutathione disulfide, ophthalmic acid). This is similar to those
previously identified in renal oncocytomas [18,55] and chRCC [28,56]. GSH is an important reactive
oxygen species (ROS) scavenger [57] and frequently produced by several tumor types to withstand
unusual levels of oxidative stress [23]. Therefore increased GSH levels in pRCC may be considered as the
main strategy for the tumor to overcome ROS stress originating from a dysregulated respiratory chain.

By probing the metabolic flux for GSH synthesis, a significant increase of the synthesis rate was
observed in pRCC derived cell lines over kidney controls when using glutamate as a substrate. This
is in agreement with another study, which found that glutamine dependence in ccRCC suppresses
oxidative stress [58]. The inhibition of GSH synthesis by a specific glutaminase (GLS) inhibitor and
the simultaneous treatment with hydrogen peroxide resulted in a high apoptosis rate in ccRCC [58].
Hence, additional administration of antioxidants during (chemotherapeutic) cancer treatment have
been frequently shown to have no or even pro-tumor effects [59,60]. High GSH levels in RCC, which
protect the tumor from increased ROS stress, should therefore be therapeutically exploited by reducing
the antioxidant levels [61], of GSH, and increasing ROS stress at the same time to a level where healthy
cells can still survive, but tumorous cells are forced into apoptosis.

4. Experimental Procedures

4.1. Tissue Dissection and Verification of Papillary RCC

Malignant and non-malignant tissues of 19 nephrectomies performed between 2008 and 2016 at
the Department of Urology, Charité—Universitätsmedizin Berlin, were collected in liquid nitrogen
immediately after surgery and preserved at −80 ◦C. The clinical characteristics of the tumors are
reported in Table 1. From the collected tissue samples, histologic sections were stained with hematoxylin
and eosin. The diagnosis of pRCC and the corresponding matched tumor-free kidney tissue was
done according to World Health Organization (WHO) classification criteria. Only cases with a clear
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diagnosis of pRCC were considered for the study. The study was approved by the institutional Ethics
Committee (no. EA1/134/12, Charité – Universitätsmedizin Berlin) and was carried out in accordance
with the Declaration of Helsinki. All participants gave informed consent. The ethic commission
(Ethikausschuss 1 am Campus Charité Mitte, Berlin, Germany) voted on 14.6.2012 to approve the study
with the topic “Nachweis von Biomarkern im Gewebe und in Körperflüssigkeiten für die Diagnose
und Prognose bei Patienten mit urologischen Tumoren” (freely translated: Detection of tissue and
body fluid biomarkers for diagnosis and prognosis in patients with urological tumors).

4.2. Whole Exome Sequencing (WES)

DNA was isolated from remaining pellets from metabolite extraction using a DNA purification kit
following the manufacturer’s protocol for tissues (QIAmp DNA Mini Kit, Qiagen, Hilden, Germany).
In brief, samples were digested by proteinase K at 56 ◦C overnight and RNase A treated at 70 ◦C, before
subjecting to exome sequencing.

The library preparation was performed according to Agilent’s SureSelect protocol (SureSelectXT
Human All Exon V5, protocol version B4 August 2015), (Agilent, Santa Clara, CA, USA) for Illumina
paired-end sequencing. In brief, 200 ng of genomic DNA (in 50 μL low Tris-EDTA(TE)) were sheared
for 6 × 60 sec on a Covaris™ S2, (Thermo Scientific, Waltham, MA, USA) (duty factor 10%, intensity 5,
200 cycles per burst).

The fragmented DNA (150–200 bp) was purified using AMPure XP beads and subjected to an
end-repair reaction. Following another purification step, the DNA was 3’adenylated and furthermore
purified. Paired-end adaptors were ligated and the afterward purified library was amplified with
10 amplification cycles. The amplified library was purified, quantified and hybridized to the probe
library for exome capture. Captured fragments were purified using streptavidin-coated beads and
eluted with 30 μL nuclease-free water. Using Herculase-enzyme, the enriched libraries were amplified
and indexed with barcoded primers followed by cleanup and quantification. The resulting libraries
were pooled and subjected to Illumina NextSeq4000 (San Diego, CA, USA) paired-end sequencing (six
libraries/FC; 2 x 150 bp).

Quantification of the SureSelect captured library: Before sequencing, the samples were
re-quantified with two methods. First, the size and concentration was checked on the Agilent 2100
Bioanalyzer and in a second step the enrichment efficiency was estimated by qPCR (Applied Biosystems,
Waltham, MA, USA) using a primer set for an enriched exon (forward: ATCCCGGTTG TTCTTCTGTG
and reverse: TTCTGGCTCTGCTGTAGGAAG) and a primer set in an intron region as a negative
control (forward: AGGTTTGCTGAGGAACCTTGA and reverse: ACCGAAACATCCTGGCTACAG).
In general, the cycle threshold (Ct)-values of target and control fragments differed by 6 to 10, thus
confirming a very good enrichment of our target regions.

After diluting the captured libraries to 10 nM, Genome Analyzer single-read flow cells were
prepared on the supplied Illumina cluster station and 36 bp single-end reads on the Illumina Genome
Analyzer IIx platform (Illumina, San Diego, CA, USA) were generated following the manufacturer’s
protocol. Images from the instrument were processed using the manufacturer’s software to generate
FASTQ sequence files.

4.3. Analysis of mtDNA Mutations

The FASTQ files were used as input for the MToolBox pipeline [62] in order to extract mitochondrial
DNA sequences and quantify each variant allele heteroplasmy and related confidence interval. The
same pipeline allows haplogroup prediction of mtDNA sequences, detection of mismatches, insertions
and deletions and the functional annotation of the identified variants. The in silico prioritization
criteria [63] were used to target the mitochondrial DNA variants of clinical interest. Thus, variants
found in the mitochondrial reference sequences The revised Cambridge Reference Sequence (rCRS),
the Reconstructed Sapiens Reference Sequence (RSRS) and the macro-haplogroup consensus sequence
(MHCS), which occurred in non haplogroup-defining sites with a nucleotide variability lower than the
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nucleotide variability cutoff (0.0026) and a disease score above the disease score threshold of 0.43 for
non-synonymous coding for proteins, 0.35 for tRNA, and 0.60, for rRNA variants were prioritized.

4.4. Sample Preparation for Proteomics

About 10 mg frozen tissue per sample was homogenized under denaturing conditions with a
FastPrep instrument (three times for 60 s, 6.5 m × s−1) in a buffer containing 4% sodium dodecyl sulfate
(SDS), 0.1 M dithiothreitol (DTT), 0.1 M Tris pH 7.8, followed by sonication for 5 min, boiled at 95 ◦C for
5 min and precipitated with acetone at −20 ◦C overnight. Lyophilized proteins were dissolved in 6 M
guanidinium chloride, 10 mM tris(2-carboxyethyl)phosphine, 40 mM chloroacetamide, and 100 mM
Tris pH 8.5. Samples were boiled for 5 min at 95 ◦C and sonicated for 15 min in a water sonicator.
The lysates were diluted 1:10 with nine times volume of 10% acetonitrile and 25 mM Tris, 8.5 pH,
followed by trypsin digestion (1:100) at 37 ◦C overnight. Subsequent, the peptides were purified with
C18 columns. For whole proteome profiling, 90 μg of each sample was fractionated by strong cation
exchange (SCX) chromatography. Five μg of each SCX fraction was used for proteome profiling.

4.5. LC-MS Instrument Settings for Shotgun Proteome Profiling and Data Analysis

Liquid chromatography–mass spectrometry (LC-MS/MS) was carried out by nanoflow reverse
phase liquid chromatography (Dionex Ultimate 3000, Thermo Scientific) coupled online to a Q-Exactive
HF Orbitrap mass spectrometer (Thermo Scientific). Briefly, the LC separation was performed using
a PicoFrit analytical column (75 μm ID × 55 cm long, 15 μm Tip ID (New Objectives, Woburn, MA,
USA) in-house packed with 3-μm C18 resin (Reprosil-AQ Pur, Dr. Maisch, Ammerbuch-Entringen,
Germany). Peptides were eluted using a gradient from 3.8 to 40% solvent B (79.9% acetonitrile, 20%
water, 0.1% formic acid) in solvent A (0.1 % formic acid in water) over 120 min at 266 nL per minute flow
rate. Nanoelectrospray was generated by applying 3.5 kV. A cycle of one full Fourier transformation
scan mass spectrum (300−1750 m/z, resolution of 60,000 at m/z 200, AGC target 1e6) was followed by 16
data-dependent MS/MS scans (resolution of 30,000, AGC target 5e5) with a normalized collision energy
of 27 eV. In order to avoid repeated sequencing of the same peptides, a dynamic exclusion window of
30 sec was used. In addition, only peptide charge states between two to eight were sequenced.

Raw MS data were processed with MaxQuant software v1.6.0.1 (MPI of Biochemistry, Munich,
Germany) [64] and searched against the human proteome database UniProtKB with 70,941 entries,
released in 01/2017. Parameters of MaxQuant database searching were: A false discovery rate (FDR) of
0.01 for proteins and peptides, a minimum peptide length of 7 amino acids, a mass tolerance of 4.5 ppm
for precursor and 20 ppm for fragment ions were required. A maximum of two missed cleavages
was allowed for the tryptic digest. Cysteine carbamidomethylation was set as fixed modification,
while N-terminal acetylation and methionine oxidation were set as variable modifications. MaxQuant
processed output files can be found in Table S1, showing peptide and protein identification, accession
numbers, % sequence coverage of the protein, q-values, and label-free quantification (LFQ) intensities.
Contaminants, as well as proteins identified by site modification and proteins derived from the reversed
part of the decoy database, were strictly excluded from further analysis. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the Pride partner
repository [65] with the dataset identifier PXD013523.

4.6. Metabolite Extraction and Profiling by Targeted LC-MS

About 30 mg of 16 pRCC and healthy kidney tissues, shock-frozen in liquid nitrogen, was used
for metabolite profiling. Metabolite extraction and tandem LC-MS measurements were done as we
have previously reported [18,66]. In brief, methyl-tert-butyl ester (MTBE), methanol, ammonium
acetate, and water were used for metabolite extraction. Subsequent separation was performed on
an LC instrument (1290 series UHPLC; Agilent, Santa Clara, CA, USA), online coupled to a triple
quadrupole hybrid ion trap mass spectrometer QTrap 6500 (Sciex, Foster City, CA, USA), as reported
previously [67]. Transition settings for multiple reaction monitoring (MRM) are provided in Table S9.
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The mass spectrometry data have been deposited in the publically available repository PeptideAtlas
and can be obtained via http://www.peptideatlas.org/PASS/PASS01368.

The metabolite identification was based on three levels: (i) the correct retention time, (ii) up to
three MRM’s and (iii) a matching MRM ion ratio of tuned pure metabolites as a reference [67]. Relative
quantification was performed using MultiQuant software v.2.1.1 (Sciex). The integration setting was a
peak splitting factor of 0 and all peaks were reviewed manually. Only the average peak area of the first
transition was used for calculations. Normalization was done according to used amounts of tissues
and subsequently by internal standards, as indicated in Table S8.

4.7. Cell Culture Conditions for Glutathione and Proline de novo Synthesis

The two pRCC-derived cell lines Caki-2 (ATCC HTB-47, reclassified from ccRCC [68]) and ACHN
(ATCC CRL-1611) and the human kidney (HK-2, cortex/proximal tubule, ATCC CRL-2190) cell line
were cultivated in Dulbecco’s modified Eagle medium (DMEM, Life Technologies, New York, NY,
USA) containing 4.5 g/L glucose, supplemented with 10% fetal bovine serum (FBS, Silantes, Munich,
Germany) and 1% penicillin–streptomycin–neomycin (Invitrogen, Carlsbad, CA, USA) at 37 ◦C in a
humidified atmosphere of 5% CO2.

To determine the source for GSH de novo synthesis and potential differences between the pRCC
cell lines Caki-2 and ACHN versus HK-2 kidney controls, two isotope tracing experiments were
performed. The first experiment employed 13C6 labeled glucose, the second 13C5

15N glutamic acid as
probe, a scheme of GSH synthesis is outlined in Figure 7. In addition, proline de novo synthesis was
monitored simultaneously within the experimental setting of glutamate as a tracer (Figure 6J).

GSH labeling dynamics were probed by sampling at time points 0, 12, and 24 h, for proline 0
and 12 h were taken in 6-well plate triplicates for all three cell lines. The cells were rinsed twice with
PBS and replenished at time point 0 by either a glucose-free DMEM medium with the addition of
5 mM 13C6 glucose (Cambridge Isotope Laboratories Inc., Tewksbury, MA, USA), 10% dialyzed FBS
and 1% penicillin/streptomycin, or by HBSS solution supplemented with 2 mM 13C5

15N-glutamic
acid (Cambridge Isotope Laboratories), 5 mM glucose, 0.4 mM glycine, 10% dialyzed FBS and 1%
penicillin/streptomycin. Before metabolite extraction, cells were washed twice by PBS, ice-cold
methanol (−80 ◦C) was added and the cells were scraped from the plate and metabolites were extracted
as described for tissues. The MRM method was extended to also include isotope-transitions for
metabolites originating from labeled glucose and glutamate (Table S9). As GSSG can be made of
either one or two labeled GSH molecules, both versions were measured (13C6 glucose: M+3 and M+6;
13C5

15N-glutamic acid: M+5 and M+10).

4.8. Experimental Design, Statistical Rationale, and Pathway Analyses

Seven pRCC type I, seven pRCC type II, and five pRCC type II metastatic cancer samples were
compared with adjacent matched normal kidney tissues. For quantitative proteome profiling, nanoscale
liquid chromatography coupled to high-resolution mass spectrometry (nano-LC-MS/MS) was used to
quantify the abundance of dysregulated proteins. For quantitative metabolome profiling, a UHPLC
coupled to a QTrap instrument (Sciex) was used for the targeted approach (multiple reaction monitoring,
MRM) to identify and quantify the abundance of dysregulated metabolites.

For proteome and metabolome data sets, a two-sample t-test was performed. Multiple test
correction was done by Benjamini-Hochberg with an FDR of 0.05 by using Perseus v1.6.0.2 [69].
Significantly regulated proteins and metabolites were marked by a plus sign in the corresponding
Tables S2 and S9. The Pearson correlation was based on “valid values” for each pRCC type in Perseus.

For comprehensive proteome data analyses, gene set enrichment analysis GSEA, v3.0 (Broad
institute, San Diego, USA) [70] was applied in order to see, if a priori defined sets of proteins show
statistically significant, concordant differences between pRCC and kidney tissues. Only proteins with
valid values in at least seven of ten samples in at least one group with replacing missing values from
the normal distribution for the other group were used (Table S2). GSEA default settings were applied,

269



Cancers 2019, 11, 1298

except that the minimum size exclusion was set to 5 and KEGG v5.2 was used as a gene set database.
The cut-off for significantly regulated pathways was set to a p-value ≤ 0.01 and FDR ≤ 0.10.

For protein-protein interaction (PPI) network analyses, the software tool String v.10.5 (CPR, EMBL,
SIB, KU, and UZH) has been used to visualize networks of significantly up- or down-regulated proteins
with a confidence level of 0.7 [71]. High blood contamination was identified in the following five
samples: pRCC type I kidney 7 and case 5; pRCC type II case 7; pRCC type IIM kidney 3 and case 2;
which were then excluded from further proteome and metabolome analysis. These exclusions were
based on the individual GSEA pathway and the String PPI network results, where the pathways
“coagulation cascade” or “blood particles” were significantly enriched.

5. Conclusions

Key metabolic reprogramming processes, such those for gluconeogenesis, the respiratory chain,
and glutathione metabolism are not only the main molecular characteristics for papillary RCC, but
rather seem to be a general feature for other kidney tumors as well. Specifically, the reinforcement of
glutathione metabolism, reflecting the increased burden of oxidative stress, and abandoning endergonic
processes may hold key therapeutic implications as a future treatment option.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1298/s1,
Figure S1: Volcano plot of log2 abundance ratios of (A) pRCC type I, (B) pRCC type II, and (C) pRCC type
IIM versus kidney tissues against the -log10 (p-value) of the proteome, Figure S2: Exome-based copy number
variation analysis in pRCC, Figure S3: Significantly regulated KEGG pathways between the proteomes of (A)
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Abstract: While intratumour genetic heterogeneity of primary clear cell renal cell carcinoma (ccRCC)
is well characterized, the genomic profiles of metastatic ccRCCs are seldom studied. We profiled the
genomes and transcriptomes of a primary tumour and matched metastases to better understand the
evolutionary processes that lead to metastasis. In one ccRCC patient, four regions of the primary
tumour, one region of the thrombus in the inferior vena cava, and four lung metastases (including one
taken after pegylated (PEG)-interferon therapy) were analysed separately. Each sample was analysed
for copy number alterations and somatic mutations by whole exome sequencing. We also evaluated
gene expression profiles for this patient and 15 primary tumour and 15 metastasis samples from
four additional patients. Copy number profiles of the index patient showed two distinct subgroups:
one consisted of three primary tumours with relatively minor copy number changes, the other of
a primary tumour, the thrombus, and the lung metastases, all with a similar copy number pattern
and tetraploid-like characteristics. Somatic mutation profiles indicated parallel clonal evolution with
similar numbers of private mutations in each primary tumour and metastatic sample. Expression
profiling of the five patients revealed significantly changed expression levels of 57 genes between
primary tumours and metastases, with enrichment in the extracellular matrix cluster. The copy
number profiles suggest a punctuated evolution from a subregion of the primary tumour. This process,
which differentiated the metastases from the primary tumours, most likely occurred rapidly, possibly
even before metastasis formation. The evolutionary patterns we deduced from the genomic alterations
were also reflected in the gene expression profiles.

Keywords: intratumour heterogeneity; metastatic ccRCC; copy number alteration; mutation;
gene expression

1. Introduction

Kidney cancer is a usually lethal urologic malignancy with an annual mortality rate of 50% and
an annual incidence of 337,000 new cases worldwide [1]. About 30% of all kidney cancer patients have
metastases at the time of diagnosis, and another 30–40% will develop metastases at a later stage [2].
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Clear cell renal cell carcinoma (ccRCC) is the most common type of kidney cancer in adults and
metastasizes hematogenously to lungs, bone and liver [3].

Although somatic mutation and RNA expression profiles of primary ccRCC have been extensively
described in the Cancer Genome Atlas project [4], the genomic profiles of metastatic ccRCC have
not been frequently studied in the context of their primary tumours. In the few reported cases, intra
primary tumour and metastasis heterogeneity was identified based on differences in copy number
aberrations (CNAs) [5], single nucleotide variants (SNVs) [5,6] and RNA expression patterns [5,7].

Understanding how molecular (genomic) alterations accumulate during tumour evolution is
important to gain insight into the development of metastasis and might provide clues to more optimal
treatment strategies. As the majority of metastases are thought to establish through hematogenous
dissemination [8], studying venous tumour thrombus samples may reveal the mutations of at least
some of the cancer cells on their road to distant metastasis [9].

In this study, we extensively analysed samples from a unique ccRCC patient for whom nine
samples were available taken from multiple regions of a primary ccRCC tumour, tumour thrombus
reaching inferior vena cava, and four pulmonary metastases from different sites in the lung. We analysed
the pattern of CNAs, SNVs, and gene expression in these samples to interrogate the process of tumour
evolution in this patient. To explore the differences in gene expression among primary ccRCCs and
metastases, we then analysed samples from four additional patients.

2. Results

2.1. Copy Number Profiles of Primary and Metastatic ccRCC

Array comparative genomic hybridization (CGH)-based copy number profiles were generated for
three primary tumour samples (Pr1, Pr3, and Pr4), the inferior vena cava tumour thrombus (VT), and
four lung metastases (M1–M4) of the index patient (Figure 1). All samples had a gain of 5q and a loss
of chromosome 3, a small segment of 2q and 10q. In addition to these consistent aberrations, several
CNAs were present in either a single sample or a subset of the primary tumour samples. We also
observed intermediate copy number states at varying positions in all primary tumour samples, which
was indicative of intra-sample heterogeneity in copy number levels. Clear examples of this were a gain
of chromosome 2 in Pr1 and loss of 1p and chromosome 4 in Pr3. The most striking copy number
differences in the primary tumour samples were observed between Pr1 and Pr3, on the one hand, and
Pr4, on the other. Two different samples of primary tumour, Pr1 and Pr3 showed very similar CNA
patterns. In contrast, Pr4 showed more extensive CNAs that closely resembled the patterns of the VT
and the lung metastases, which shared the loss of 1p, 9 and 13q and the gain of chromosome 7, 12p and
20q as their common feature. The lung metastasis that developed after treatment with pegylated
(PEG)-interferon, M4, was distinct from other metastases by several copy number alterations, most
prominently the loss of 11q.

A phylogenetic tree based on the CNA data (Figure 2) shows a clear separation, with two primary
tumour samples (Pr1 and Pr3) on one branch and the third primary tumour sample (Pr4), VT, and the
metastases samples on the other branch. In agreement with the CNA pattern, Pr4 was most closely
related to M2, whereas the VT was almost identical to M3. Even though we noticed variations in
tumour grade among primary tumours and metastases, we were unable to prove a relationship of
regional tumour grade to specific copy number events.
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Figure 1. Array comparative genomic hybridization (CGH) plots of eight tumour samples from ccRCC
patient 1 (RC1). The x-axes show the genomic position starting from 1pter until Xqter. The y-axes indicate
the log2 intensity ratio between tumour and reference. Abbreviations: Pr1, primary tumour 1; Pr3,
primary tumour 3; Pr4, primary tumour 4; VT, inferior vena cava tumour thrombus; M1, metastasis 1;
M2, metastasis 2; M3, metastasis 3; M4, metastasis 4; G1, tumour grade 1; G2, tumour grade 2; G3,
tumour grade 3; G4, tumour grade 4.
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Figure 2. Phylogenetic tree based on copy number alteration (CNA) characteristics from different tumour
samples of ccRCC patient 1 (RC1). Abbreviations: Pr1, primary tumour 1; Pr3, primary tumour 3; Pr4,
primary tumour 4; VT, inferior vena cava tumour thrombus; M1, metastasis 1; M2, metastasis 2; M3,
metastasis 3; M4, metastasis 4.

We generated B-allele frequency (BAF) plots for all samples, including Pr2, for which we had
no array CGH data. The BAF plot of Pr2 resembled that of Pr1 and Pr3, indicating a similar CNA
pattern (Supplementary Materials Figure S1). We then used the BAF plots to determine absolute
chromosomal copy numbers, and thus, the ploidy of the tumour cells. All metastases showed the
lowest copy number states for chromosomes 6, 9, and 13 in the array CGH profiles. The BAF data,
however, indicated an even number of copies for chromosome 13 in Pr4, VT, and the lung metastases
(Supplementary Materials Figure S1 and Table S1). This suggests that the tumour cells of Pr4, VT, and
the four lung metastases contained two copies of chromosome 13. The other genomic segments with
a similar copy number state in the array CGH plots, including chromosome 3 in all samples except M4,
also represented a copy number state of 2. The BAF plots also indicated that all copies of chromosome
3 in Pr4, VT, and the lung metastases originated from the same parental allele. The next level in the
CNA plots in Pr4, VT, and the metastases should refer to chromosomal segments for which three copies
were present. Indeed, the BAF plots of the germline variants for chromosomes 8, 14, and 15 indicated
an odd number of copies in the tumour cells in Pr4, VT, and the lung metastases, consistent with the
presence of three copies. Taken together, these data indicated that Pr1–Pr3 had a near diploid genome,
while Pr4, VT, and the four lung metastases had a near tetraploid genome.

2.2. Somatic Mutations Identified in Primary and Metastatic ccRCC

Whole exome sequencing (WES) was conducted for all tumour samples of RC1 with matched
normal kidney cortex used as control. The mean target coverage for all samples was 57×, with a coverage
>10× for 90% of the target region (Supplementary Materials Table S2).

A total of 146 non-synonymous somatic mutations identified in 138 genes were defined as a major
clone mutation in at least one tumour sample, adding up to 390 events of major clone mutations in nine
tumour samples (Figure 3). In an additional 104 instances, these mutations were classified as minor
clone mutations. Targeted sequencing to validate 27 randomly chosen somatic mutations (including
both major and minor clone mutations) in nine tumour samples led to a total of 243 validation events,
e.g., genomic positions where a mutation should either be present or absent in a specific sample
(Supplementary Materials Table S3). Coverage in the targeted sequencing data was sufficient for 207
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events. Almost all of the variants, 203 out of 207 (98%), could be validated. The number of major and
minor clone mutations that could be validated by targeted sequencing was similar: 127 out of 129 for
major clone mutations and seven out of eight for minor clone mutations.

Figure 3. Somatic mutations identified in multiple regions of the primary tumour and metastases
detected by whole exome sequencing (WES). The somatic mutations were classified as major or minor
clonal as described in the Material and Methods section. Classification of mutations is indicated by
the colours in the legend. The somatic mutations encompass 138 genes, including 11 cancer driver
genes, as highlighted at the bottom of the figure. Abbreviations: Pr1, primary tumour 1; Pr2, primary
tumour 2; Pr3, primary tumour 3; Pr4, primary tumour 4; VT, inferior vena cava tumour thrombus; M1,
metastasis 1; M2, metastasis 2; M3, metastasis 3; M4, metastasis 4; G2, tumour grade 2; G3, tumour
grade 3; G4, tumour grade 4.
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Eighteen of the 146 non-synonymous somatic mutations (12.3%) were shared by all tumour
samples. Among these were mutations in two well-known ccRCC cancer driver genes (VHL and
PBRM1) and in EPHA4, a lung adenocarcinoma driver gene [10]. Fifty-one mutations (35%) were
present in a subset of the primary tumours but not detected in the VT nor in the lung metastases.
This included a mutation in a known ccRCC cancer driver gene, ARID1A. Twenty mutations were
unique for the metastases. We did not observe a clear increase in mutational load consistent with the
evolutionary path reflected by CNA patterns depicted in Figure 2. Two primary tumour samples,
Pr1 and Pr3 clearly separated in one branch of the phylogenetic tree (Figure 2) and had 18 and 10
unique mutations, respectively. For all other samples, the number of unique mutations fell within the
range of 3–6. In Pr4, we identified 10 mutations that were not present in the other primary tumour
regions, of which three (in BLOC1S4, WDFY4, and CUBN) were shared with VT and all lung metastases.

2.3. Gene Expression Profiling of Primary and Metastatic ccRCC Samples

We carried out a gene expression analysis to further explore the relationship between the primary
tumour and the metastases in the index patient (Supplementary Materials Table S4). Unsupervised
hierarchical clustering based on the 500 most variably expressed genes showed a clear distinction
between three of the primary tumour samples (Pr1, Pr2, and Pr3) and the remaining samples, including
Pr4, VT, and the metastases (Figure 4). The four lung metastases clustered separately from VT and Pr4.

Figure 4. Unsupervised hierarchical clustering of expression profiles generated for ccRCC patient 1
(RC1). Clustering was based on the 500 genes with the highest variance in gene expression across
all samples. The respective tumour samples are indicated at the bottom of the graph. For each gene,
the mean value across the samples was defined. Expression levels higher than the mean of all samples
are indicated in red. Expression levels lower than the mean are indicated in blue. Site of origin and
the tumour grade are indicated by the colours at the top of the figure. The overall similarity between
tumour samples is depicted by the dendrogram at the top of the figure and is based on the measurement
of the Euclidian distance between tumour samples in expressing genes. Abbreviations: Pr1, primary
tumour 1; Pr2, primary tumour 2; Pr3, primary tumour 3; Pr4, primary tumour 4; VT, inferior vena cava
tumour thrombus; M1, metastasis 1; M2, metastasis 2; M3, metastasis 3; M4, metastasis 4; G2, tumour
grade 2; G3, tumour grade 3; G4, tumour grade 4.

To evaluate the performance of gene expression data in visualizing the relationship of primary
tumour segments to the metastases of the same patient, we generated gene expression profiles for
multiple tumour samples of four additional ccRCC patients (Table 1).
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Table 1. Tumour sample characteristics.

Patient
Tumour
Origin

Tumour Grade (WHO/ISUP 2012)
Metastatic

Site
Method
Applied

G1 G2 G3 G4-epitheloid G4-sarcomatoid G4-rhabdoid

RC1
(pT3bN0M1)
Index patient

4 primary
samples - - 2 1 1 - WES,

Array CGH,
RNAseq

1 vena
thrombus - 1 - - - - inferior

vena cava

3 metastasis
pre-treatment - - 1 1 1 - lung

1 metastasis
post-treatment - - - - - 1 lung

RC2
(Pt3NoM1)

4 primary
samples - 3 1 - - - RNAseq

5 metastasis
samples - - 3 2 - - brain

RC3
(pT1bN0M1)

4 primary
samples - - 2 2 - - RNAseq

4 metastasis
samples - - - 4 - - brain,

omentum

RC4
(pT1N0M1)

4 primary
samples - 2 2 - - - RNAseq

3 metastasis
samples - 2 - 1 - - costae

RC5
(pT3N0M1)

3 primary
samples - 3 - - - - RNAseq

3 metastasis
samples - 1 2 - - - lung

Abbreviations: pT, pathological tumour size; N, lymph node involvement; M, metastasis; G, tumour grade (World
Health Organization/International Society Urological Pathology system, 2012); WES, whole exome sequencing;
Array CGH, array comparative genomic hybridization; RNAseq, RNA sequencing.

Unsupervised hierarchical clustering of the most variably expressed genes for each patient indicated
that the most distinct separation was between the primary tumour samples and the metastatic samples
(Supplementary Materials Figure S2). Within the primary and metastatic samples, the dendrogram
branches tended to be further separated based on their regional grades and metastatic sites. In patient RC3,
one primary tumour sample clustered together with the metastases, suggesting its role as the tumour
region responsible for the metastasis, which was similar to what we observed in our index patient.

2.4. Differentially Expressed Genes in Primary Tumours versus Metastatic Tumours

We next identified genes consistently differentially expressed between primary tumours and
metastases of all five patients. As the VT sample of the index patient (RC1) could not be clearly classified
as a primary tumour or a metastasis, this sample was not included. The analysis identified 57 genes with
an absolute fold change > 3 (p < 0.01), 32 of which were upregulated and 25 that were downregulated
in metastases versus the primary tumours (Supplementary Materials Table S5). The Database for
Annotation, Visualization and Integrated Discovery (DAVID) annotation analysis [11] of these genes
showed enrichment for blood micro-particle group (p < 0.009) (CP, FGA, FGB, SERPINA3, and ALB)
and extracellular matrix organization (p < 0.03) (ACAN, COL11A1, DCN, FGA, FGB, LAMA2, and LOX).
All differentially expressed genes that clustered in the blood micro-particle and extracellular matrix
organization groups were upregulated in metastases, except for ALB and ACAN. Although not indicated
as an enriched pathway, seven genes (COL11A1, DCN, FGA, FOSB, SPOCK1, AQP9, and PTGDS) in this
list are related to the epithelial–mesenchymal transition pathway [12–18].

3. Discussion

Application of high-throughput sequencing to multiregional sampled ccRCC has highlighted
a marked degree of intratumoural genomic heterogeneity [6,9], but cases with analysis of multiple
primary tumour subregions and multiple metastases are still relatively rare. We present a metastatic
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ccRCC patient for whom multiple samples of the primary tumour, inferior vena cava, and lung metastases
were available. Tumour grade heterogeneity is seen both in the primary tumour sections and metastases
by haematoxylin and eosin staining. However, we did not observe any significant morphological feature
that differentiated metastasis from primary tumour sections. In contrast, through multiregional sampling
and extensive genomic analysis, we identified the somatic alterations underlying early and late events in
tumour development. We also identified one subclone within the primary tumour that closely matched
the profiles of the metastases and is, therefore, likely to be their origin.

When we looked at the pattern of structural alterations to map tumour evolutionary events, we noted
two distinct groups. One group, consisting of three primary tumour samples, had a near-diploid genome
with few CNAs. The other group, consisting of primary tumour sample Pr4, the vena cava tumour
thrombus (VT), and all lung metastases, had a complex, largely similar, copy number profile with
tetraploid characteristics. We assumed that conversion of a near diploid tumour cell (Pr1–Pr3) to a near
tetraploid state (Pr4) resulted in a tumour–cell lineage with metastatic potential in this patient.

Theoretically, the VT could have acted as a “distribution station” between the primary tumour
subclone with metastatic potential and all other metastases, as has been observed by Turajlic et al [9].
Alternatively, and not surprisingly, the primary tumour subclone could have “sent out” multiple
cancer cells in parallel, and some of these could have formed the venous thrombus while others
metastasized to distant organs, bypassing that thrombus station. Although based on small copy
number differences in the metastases group, M2 most closely resembles Pr4, whereas VT and M3
have virtually identical copy number patterns with their only difference being an intra-sample copy
number heterogeneity for chr11 in M3. Our data, therefore, suggest that the latter scenario was the most
likely one, and Pr4, rather than VT, was the origin of all the metastases we studied. In this scenario,
a number of closely related subclones may all have emerged in the region of Pr4 that resulted in the
slightly different copy number patterns that we observed in VT and M1–M3. The lung metastasis that
developed after treatment of PEG-interferon, M4, featured additional structural alteration in 11q and
more copy number levels than the rest of the metastases. However, all the CNAs that characterize the
metastases were also present in M4. Thus, M4 seemed derived from the same tumour subclone as the
previously developed metastases. The existence of such clones, including very small ones, in different
types of cancer matching the distant metastasis profile, was demonstrated by single-cell sequencing
experiments including some by our group [19].

Compared to the analysis of the copy number changes, the somatic mutation profiles of the
tumours were less informative for reconstructing metastatic origin but did reveal early evolutionary
steps. We did not observe a clear difference in the mutation load between Pr1, Pr2, and Pr3, on the
one hand, and Pr4, VT, and the lung metastasis, on the other. Only 12% of the somatic mutations
were shared between all primary tumour subregions and the metastases. These included mutations in
the well-known ccRCC-specific cancer driver genes VHL and PBRM1, which were, therefore, most
likely involved in the initiation of tumour development in this patient. A low number of shared
mutations between primary tumours and their metastasis was also reported in a study where single
primary tumour samples were compared with a single metastatic sample per patient [20]. We did not
see a gradual increase of mutation load. Instead, both the primary tumour sections and metastases
we analysed show a more-or-less equal number of unique mutations. The presence of these private
mutations might reflect on-going parallel clonal evolution in each of the primary tumour sections
and in metastasis regions [21]. It probably reflects independent clonal evolution after the structural
variations were established in this patient. The combined data suggest punctuated evolution of
structural variations occurred within a short window of time, after which the mutational load of
different parts of the primary tumour and all the individual metastasis further increased independently.

We identified several somatic mutations restricted to the different metastatic sites in the lungs,
but none of these mutations were shared between all lung metastasis sites. This, again, indicates that
metastasis-to-metastasis dissemination of cancer cells, e.g., as seen in prostate cancer [22], did not
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occur in this patient. Instead, all metastases appeared to have originated individually from the
metastasis-resembling region of the primary tumour.

With respect to the mutations that may have facilitated the process of metastasis, we found it
interesting that we observed a missense mutation of ARHGAP12 and a frameshift deletion of CENPN
in the VT and all lung metastatic samples. Gene ARHGAP12 encodes a junctional complex protein
that affects tumour cell adhesion, scattering, and migration driven by hepatocyte growth factor [23,24].
These processes regulate invasive growth, and when aberrantly expressed in cancer cells, leads to
cancer invasion and metastasis [25]. Downregulated ARHGAP12 has been related to the increased
invasive growth of human cancer cell lines from lung epithelial cells, prostate, thyroid, and breast [24].
As it is well known, CENPN is important in kinetochore assembly prior to mitosis [26]. Although
no literature specifically mentions the involvement of these mutated genes in ccRCC, we speculate
that these mutations contributed to metastasis in the index patient. These mutations may already
have been present in the primary tumour, but if so, the number of tumour cells in our sample was
too small for these mutations to be discovered. Few mutations were only present in area Pr4 of the
primary tumour and were shared with VT and all lung metastases, including one missense mutation
of CUBN. Being expressed in several normal epithelial cell types, including those in the kidney, CUBN
encodes a receptor for intrinsic factor-vitamin B12 complexes [27]. Low CUBN expression has been
found by others in venous tumour thrombus and lung metastases, as compared to primary tumours
of ccRCC [28]. The same study found low CUBN expression was associated with poor overall and
cancer-specific survival in ccRCC patients. In our patient’s tumours, we did not observe low CUBN
expression. In fact, none of the genes that showed differential expression between primary tumour and
metastases carried a mutation in any of the tumour samples. Conversely, the mutations that occurred
in these tumours, apparently did not influence mRNA levels of the mutated genes.

To characterize tumour subclones in primary tumours and metastases based on gene expression,
we analysed mRNA profiles of the index patient and four additional ccRCC patients. Through gene
expression profiling, we were able to confirm the putative metastatic seeding subclone in the index
patient. In the additional patients, we succeeded in one case (RC3). Our inability to identify the
putative metastasis-seeding subclone in the other three patients was most likely due to the incomplete
sampling and did not exclude the presence of such a subclone in the primary tumour.

Among the 57 differentially expressed genes in the metastatic versus primary tumour samples, six
extracellular matrix genes were upregulated, and one was downregulated in the metastases. We also
observed upregulation of seven genes related to the epithelial–mesenchymal transition in the metastases,
three of which are part of the extracellular matrix pathway as well. Together with intratumoural hypoxia,
the extracellular matrix has been suggested to play a crucial role in metastasis development [29] through
specific molecular pathways such as the epithelial–mesenchymal transition [30]. Interestingly, upregulation
of extracellular matrix genes in the metastases of RCC patients has recently been described [31], which
supports our observation.

4. Materials and Methods

4.1. Patient Materials

Formalin-fixed paraffin-embedded (FFPE) tissues were collected from four different regions of the
primary tumour, from the venous tumour thrombus and from four metastatic lesions of one ccRCC
patient—the index patient (Figure 5). With the exception of one lung metastasis (M4), all tumours were
removed prior to PEG-interferon therapy.

For four additional ccRCC patients, multiple regions of a primary ccRCC tumour and metastases
were available (Table 1). Haematoxylin and eosin staining was used to grade each tumour sample
histomorphologically according to the WHO/ISUP system 2012 [32,33]. The study was performed
in accordance with the University Medical Center Groningen Medical Ethical Review board (project
number 20190251, approved 4th January 2016) and Dutch ethical guidelines and laws, and complied
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with the regulations stated in the Declaration of Helsinki. The FFPE tissue section and DNA/RNA
isolation are described in the Supplementary Materials Methods.

Figure 5. Origin of tumour samples. The primary tumour samples were grade 4 (Pr1), grade 3 (Pr2),
grade 4 with sarcomatoid differentiation (Pr4), and grade 3 (Pr3). The venous tumour thrombus of
10 cm length extending to the inferior vena cava was grade 2 (VT). The metastasis in the lingula of
the left lung was grade 4 with sarcomatoid differentiation (M1). The metastasis in the dorsal apex,
the lower lobe of the left lung, was grade 4 (M2). The metastasis in the lateral basal, the lower lobe of
the right lung, had a tumour grade 3 (M3). The metastasis in the upper lobe of the left lung was grade
4 with rhabdoid differentiation and was obtained by lobectomy after PEG-interferon treatment (M4).
The haematoxylin and eosin -stained images were made based on 400× magnification.

4.2. CNA Analysis

For all of the index patient’s tumour samples, array CGH was carried out using 500 ng genomic
DNA from FFPE tumour samples using the Complete Genomic SureTag DNA Enzymatic Labelling
Kit protocol and an OligoaCGH/ChIP-on-Chip Hybridization kit (Agilent, Santa Clara, CA, USA),
according to the manufacturer’s instructions. Normal kidney cortex DNA isolated from FFPE material
from the index patient was used as reference. Labelled DNA samples were hybridized on the Agilent
Microarray, Custom HD-CGH, 4 × 180 K (Agilent, Santa Clara, CA, USA) following the manufacturer’s
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protocol. After scanning of the arrays, data were analysed with Nexus 7.5 software (BioDiscovery,
El Segundo, CA, USA).

4.3. Whole Exome Sequencing

All tumour samples from the index patient were subjected to whole exome sequencing (WES) (Beijing
Genomic Institute, China). Exome capturing and subsequent library preparation were conducted using
100 ng of DNA isolated from FFPE material using SureSelect-All exon V2™ (Agilent, Santa Clara, CA,
USA). The final library was quantified using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).
Paired-end sequencing with 100 bp reads was performed on the Illumina HiSEQ 4000™ (Illumina, San Diego,
CA, USA). Sequencing data were processed using our in-house bioinformatics pipeline (https://github.com/
mmterpstra/molgenis-c5-TumorNormal/tree/459417cc9553fae8c3040953970938860dafdfea), as described
previously. The GATK HaplotypeCaller (downloaded from https://software.broadinstitute.org/gatk/) was
used as variant caller [34]. Variant filtering and somatic mutation identification are described in the
Supplementary Materials Methods. All sequencing data are available in the European Nucleotide Archive
(ENA) repository (accession number PRJEB32862). To evaluate the CNAs identified by array CGH in more
detail, B-allele frequency plots based solely on germline variants were generated for all tumour samples.

4.4. RNA Sequencing

The RNA libraries were prepared for tumour samples from the index patient and four additional
patients using the QuantSeq 3’ mRNA-Seq library prep kit (Lexogen, Vienna, Austria), according to the
protocol for degraded (FFPE) RNA. The enriched libraries were sequenced on the Illumina NextSeq
500 System (Illumina, San Diego, CA, USA). Processing of raw sequence reads and subsequent gene
expression analysis are described in the Supplementary Materials Methods.

5. Conclusions

Copy number alteration and somatic mutation profiling from multi-region sampling of the primary
tumour and metastases facilitates the identification of somatic alterations that underlie early events in
tumour evolution and subsequent events in metastatic development. Gene expression profiling can
reveal additional alterations at the transcriptome level. Together, these techniques may help to further
identify the genomic profiles in primary renal cell cancer and their metastases, with the ultimate goal of
finding patterns that can improve diagnostics and guide clinical management of this severe condition.
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Abstract: Aim and Background: To investigate the association of serum uric acid (SUA) levels
along with statin use in Renal Cell Carcinoma (RCC), as statins may be associated with improved
outcomes in RCC and SUA elevation is associated with increased risk of chronic kidney disease (CKD).
Methods: Retrospective study of patients undergoing surgery for RCC with preoperative/postoperative
SUA levels between 8/2005–8/2018. Analysis was carried out between patients with increased
postoperative SUA vs. patients with decreased/stable postoperative SUA. Kaplan-Meier analysis
(KMA) calculated overall survival (OS) and recurrence free survival (RFS). Multivariable analysis
(MVA) was performed to identify factors associated with increased SUA levels and all-cause mortality.
The prognostic significance of variables for OS and RFS was analyzed by cox regression analysis.
Results: Decreased/stable SUA levels were noted in 675 (74.6%) and increased SUA levels were
noted in 230 (25.4%). A higher proportion of patients with decreased/stable SUA levels took statins
(27.9% vs. 18.3%, p = 0.0039). KMA demonstrated improved 5- and 10-year OS (89% vs. 47%
and 65% vs. 9%, p < 0.001) and RFS (94% vs. 45% and 93% vs. 34%, p < 0.001), favoring patients
with decreased/stable SUA levels. MVA revealed that statin use (Odds ratio (OR) 0.106, p < 0.001),
dyslipidemia (OR 2.661, p = 0.004), stage III and IV disease compared to stage I (OR 1.887, p = 0.015
and 10.779, p < 0.001, respectively), and postoperative de novo CKD stage III (OR 5.952, p < 0.001)
were predictors for increased postoperative SUA levels. MVA for all-cause mortality showed that
increasing BMI (OR 1.085, p = 0.002), increasing ASA score (OR 1.578, p = 0.014), increased SUA
levels (OR 4.698, p < 0.001), stage IV disease compared to stage I (OR 7.702, p < 0.001), radical
nephrectomy (RN) compared to partial nephrectomy (PN) (OR 1.620, p = 0.019), and de novo CKD
stage III (OR 7.068, p < 0.001) were significant factors. Cox proportional hazard analysis for OS
revealed that increasing age (HR 1.017, p = 0.004), increasing BMI (Hazard Ratio (HR) 1.099, p < 0.001),
increasing SUA (HR 4.708, p < 0.001), stage III and IV compared to stage I (HR 1.537, p = 0.013 and
3.299, p < 0.001), RN vs. PN (HR 1.497, p = 0.029), and de novo CKD stage III (HR 1.684, p < 0.001)
were significant factors. Cox proportional hazard analysis for RFS demonstrated that increasing ASA
score (HR 1.239, p < 0.001, increasing SUA (HR 9.782, p < 0.001), and stage II, III, and IV disease
compared to stage I (HR 2.497, p < 0.001 and 3.195, p < 0.001 and 6.911, p < 0.001) were significant
factors. Conclusions: Increasing SUA was associated with poorer outcomes. Decreased SUA levels
were associated with statin intake and lower stage disease as well as lack of progression to CKD and
anemia. Further investigation is requisite.
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1. Introduction

There is increasing evidence that renal cell carcinoma (RCC) is a metabolically driven disease.
Many of the known genes associated with the development of RCC are involved in regulating cellular
metabolism within nutrient-deprived tumor microenvironments [1–3]. Moreover, recent studies have
identified components of the metabolic syndrome (hypertension, hyperglycemia, hyper-triglyceridemia,
and obesity) as independent risk factors for developing RCC [4–6]. These same metabolic derangements
are also risk factors for developing chronic kidney disease (CKD) [7,8], with higher morbidity and
mortality in CKD patients undergoing extirpative surgery for RCC [9].

Uric acid is the final breakdown product of purine metabolism and is associated with significant
health problems. Hyperuricemia, defined as serum uric acid (SUA) elevation, is correlated with
development of atherosclerosis, metabolic syndrome, and of CKD after surgery for renal tumors [10,11].
Consequently, SUA elevation may be exploited as a biomarker of disease risk at the intersection of
these critical pathophysiologic processes.

A growing body of literature suggests that receiving of statin (HMG-CoA reductase inhibitor)
medications may be associated with improved outcomes in RCC through its purported anti-neoplastic
activity and renoprotective properties [12,13]. Furthermore, recent reports suggest that SUA may be a
marker of response to statin therapy [14]. Different types of statins have various efficacies at reducing
SUA levels, and prolonged high-intensity statin therapy has been shown to preserve kidney function
and has been associated with decreased SUA levels. [15,16]. In this study, we sought to investigate the
relationship between receipt of statin medications, SUA levels, and outcomes in patients with RCC.
We hypothesized that increasing uric acid was associated with adverse renal functional and metabolic
endpoints which correlated with decreased survival, and that statin therapy was associated with a
decreased risk of elevated SUA levels.

2. Results

A total of 905 patients were identified with appropriate SUA data between August 2005 and
August 2018. Table 1 lists demographic and clinical disease characteristics.

610 patients underwent radical nephrectomy and 295 underwent partial nephrectomy.
Decreased/stable SUA levels were noted in 675 (74.6%) and increased SUA levels were noted in
230 (25.4%). Patients with increased SUA levels were more likely to male (p = 0.0393) and obese
(p = 0.0201). A total of 230 (25%) patients took statins medication. A significantly greater proportion of
patients with decreased/stable SUA levels were taking statins (27.9% vs. 18%, p = 0.004), had localized
RCC (Clinical Stage I/II disease, p < 0.011), or underwent nephron sparing surgery (p < 0.001).

Table 2 summarizes the renal function and metabolic outcomes in the increased SUA and
decreased/stable SUA groups. Patients with increased SUA were more likely to develop de novo
eGFR < 60 (38.7% vs. 18.4%, p < 0.0001). In addition, patients with increased SUA were more
likely to have postoperative proteinuria (30.9% vs. 20.7%, p = 0.0017), metabolic acidosis (20.9%
vs. 11.7%, p = 0.0005), and anemia (47% vs. 25.3%, p < 0.0001) when compared to patients with
decreased/stable SUA.
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Table 1. Demographics and disease characteristics in the decreased/stable uric acid and increased uric
acid groups.

Variables

Uric Acid

pDecreased/Stable Increased

(n = 675) (n = 230)

Age, years, mean ± SD 57 + 15.4 58 + 16 0.4734

Gender, n (%)
0.0393Female 253 (37.5) 69 (30.0)

Male 421 (62.5) 161 (70.0)

Race, n (%)
0.8273Caucasian 373 (55.3) 129 (56.1)

Other 302 (44.7) 101 (43.9)

Smoking History, n (%) 423 (62.7) 149 (64.8) 0.7366

BMI, kg/m2, mean ± SD 27.5 + 4.7 28.5 + 6.0 0.0201

History of DM, n (%) 148 (21.9) 62 (27.0) 0.1186

History of HTN, n (%) 412 (61.0) 150 (65.2) 0.2591

Statin Medications, n (%) 188 (27.9) 42 (18.3) 0.0039

ASA Class, n (%)

0.0662
2 264 (42.3) 78 (35.6)
3 282 (45.1) 101 (46.1)
4 79 (12.6) 40 (18.3)

AJCC Clinical Stage, n (%)

<0.001
I 473 (70.1) 127 (55.2)
II 128 (19.0) 46 (20.0)
III 67 (9.9) 41 (17.8)
IV 7 (1.0) 16 (7.0)

Pathology, n (%)
0.0986Clear Cell 510 (75.6) 186 (80.9)

Other 165 (24.4) 44 (19.1)

Surgery Type, n (%)
0.0002Radical 432 (64.0) 178 (77.4)

Partial 243 (36.0) 52 (22.6)

Preop SUA 5.45 +2.13 5.59 + 1.243 0.345

Postop SUA 5.173 +1.21 6.42 +1.20 <0.001

BMI, Body mass index; DM, Diabetes mellitus; HTN, hypertension; ASA, American society of Anaesthesiologists’
physical status classification; AJCC, American Joint Committee on Cancer.

Table 2. Renal function and metabolic outcomes in the decreased/stable uric acid and increased uric
acid groups.

Variable

Uric Acid

pDecreased/Stable Increased

(n = 675) (n = 230)

Preop eGFR < 60 76 (11.3) 45 (19.6) 0.0014
Postop eGFR < 60 203 (30.1) 136 (59.1) <0.0001

De Novo eGFR < 60 124 (18.4) 89 (38.7) <0.0001
Preop Proteinuria 72 (10.7) 33 (14.4) 0.1322
Postop Proteinuria 140 (20.7) 71 (30.9) 0.0017
Preop Met Acidosis 22 (3.6) 12 (5.2) 0.1774
Postop Met Acidosis 79 (11.7) 48 (20.9) 0.0005
Preop Osteoporosis 55 (8.2) 27 (11.7) 0.2611
Postop Osteoporosis 110 (16.3) 66 (28.7) <0.0001

Preop Anemia 106 (15.7) 55 (23.9) 0.0049
Postop Anemia 171 (25.3) 108 (47.0) <0.0001
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In Table 3, UVA and MVA regression analysis were completed for factors associated with increased
postoperative SUA. UVA showed that male sex, increasing BMI, statin utilization, dyslipidemia,
increasing AJCC stage, RN, and de novo CKD stage III were all significantly associated with increased
postoperative SUA. MVA revealed that statin utilization (OR 0.106, 95%CI 0.06–0.19, p < 0.001),
increasing BMI (OR 1.05, 95% CI 1.01–1.09, p = 0.009), dyslipidemia (OR 2.66, 95% CI 1.36–5.2, p = 0.004),
AJCC stage III and IV disease compared to stage I (OR 1.89, 95% CI 1.13–3.15, p = 0.015 and 10.78,
95% CI 4.07–28.52, p < 0.001, respectively), and postoperative de novo CKD stage III (OR 5.95, 95% CI
3.95–8.96, p < 0.001) were predictors for increased postoperative SUA levels.

In Table 4, UVA and MVA were also completed to identify risk factors for overall mortality.
UVA showed that male gender, increasing BMI, increasing American society of Anesthesiologists’
physical status classification (ASA score), increased SUA, increasing AJCC stage, de novo CKD stage
III, and RN were associated with overall mortality. On MVA, increasing BMI (OR 1.09, 95% CI 1.03–1.14,
p = 0.02), increasing ASA Score (OR 1.57, 95% CI 1.10–2.27, p = 0.014), increased SUA (OR 4.70, 95%
CI 2.94–7.50, p < 0.001), stage IV compared to stage I disease (OR 7.70, OR 2.87–20.63, p < 0.001), RN
compared to PN (OR 1.62, 95% CI 1.08–2.42, p = 0.019), and de novo CKD stage III (OR 7.07, 95% CI
5.09–9.81, p < 0.001) were all significant predictors for all-cause mortality.

Table 5 demonstrates the result of a Cox regression analysis to investigate the association between
survival time and a number of predictor variables. In the univariate analysis, increasing age, male
sex, increasing BMI, increasing ASA score, increased SUA, stages II, III, and IV compared to stage
I, RN compared to PN, and de novo CKD stage III were associated with survival time. On MVA,
age (HR 1.02, 95% CI 1.005–1.028, p = 0.004), increasing BMI (HR 1.10, 95% CI 1.07–1.13, p < 0.001),
increased SUA (HR 4.71, 95% CI 3.65–6.08, p < 0.001), stage III (HR1.54, 95% CI 1.10–2.16, p = 0.013)
and IV (HR 3.29, 95% CI 1.92–5.67, p < 0.001) compared stage I disease, RN compared to PN (HR 1.50,
95% CI 1.04–2.15, p = 0.029), and de novo CKD stage III (HR 1.68, 95% CI 1.30–2.19, p < 0.001) were
independent prognostic factors for survival time.

Table 6 shows the result of a Cox regression analysis to investigate the association between time to
recurrence and a number of predictor variables. In the univariate analysis, male sex, BMI, ASA score,
increased SUA, stage II, III, and IV compared to stage I, RN compared to PN, and de novo CKD stage
III were significantly associated with time to recurrence. On MVA, increased SUA (HR 9.78, 95% CI
6.48–14.77, p < 0.001), stage II (HR 2.49, 95% CI 1.58–3.94, p < 0.001), stage III (HR 3.19, 95% CI 1.99–5.13,
p < 0.001) and IV (HR 6.91, 95% CI 3.95–12.08, p < 0.001) compared stage I disease were independent
prognostic factors for recurrence free survival. In Table 7, we observed a positive correlation between
clinical stage and increased SUA (r = 0.188, p < 0.001) and an inverse relationship between survival
and increased SUA (r = −0.317, p < 0.001).

KMA demonstrated improved 5- and 10-year OS (89% vs. 47% and 65% vs. 9%, p < 0.001; Figure 1)
and RFS (94% vs. 45% and 93% vs. 34%, p < 0.001; Figure 2), favoring patients with decreased/stable
SUA levels. Estimated rates of OS at 5 years following surgery for the patients with elevated SUA with
stage I, II and III disease were 55%, 37%, and 44%, respectively, compared with 91%, 83%, and 91%,
respectively, for the patients with decreased/stable SUA (p < 0.001; Figure 3). There was no significant
OS difference between patients with stage IV disease (p = 0.437; Figure 3). Estimated rates of RFS at
5 years following surgery for patients with elevated SUA with stage I, II, and III disease were 66%,
41%, 22% respectively, compared with 98%, 89%, 94%, (p < 0.001; Figure 4). There were no significant
RFS difference between patients with stage IV disease (p = 0.276; Figure 4)
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Table 7. Pearson correlation coefficient analysis of clinical stage, increased uric acid, and survival.

Variable Clinical Stage Increasing SUA Survival (Months)

Clinical Stage 1

Increased SUA 0.188 (p < 0.001) 1

Survival (months) −0.158 (p < 0.001) −0.317 (p < 0.001) 1

Figure 1. Kaplan-Meier plot for overall survival in the stable/decreased uric acid and increased uric
acid groups.

Figure 2. Kaplan-Meier plot for recurrence free survival in the stable/decreased uric acid and increased
uric acid groups.
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Figure 3. Kaplan-Meier plot for overall survival in the stable/decreased uric acid and increased uric
acid groups, separated by disease stage.

 

Figure 4. Cont.
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Figure 4. Kaplan-Meier plot for recurrence free survival in the stable/decreased uric acid and increased
uric acid groups, separated by disease stage.

3. Discussion

This current study represents the first large and multi-institutional analysis examining changes in
preoperative and postoperative SUA as a prognostic marker of survival and renal function. Our findings
suggest that changes in SUA levels can predict postoperative renal function, CKD sequelae, and survival
in the context of RCC treated with nephrectomy. Patients with increased SUA had increased rates of
de novo CKD, proteinuria, metabolic acidosis, osteoporosis, and anemia. In addition, postoperative
increase in SUA was predictive of decreased OS and RFS in Stage I-III RCC. Lastly, patients taking
statins were associated with decreased SUA and this cohort had significantly longer OS and RFS.

Changes in SUA have been shown to correlate with cancer mortality in a number of non-urologic
malignancies through both retrospective and prospective studies. In addition, various preclinical
studies have demonstrated that increased intracellular SUA may induce the inflammatory stress
response, while elevated extracellular SUA stimulates various transcription factors that promote
cellular proliferation, survival, and migration. These cellular changes facilitate the transformation
of normally quiescent cells to highly aggressive cancer cells [17]. A retrospective study by Yue et al.
analyzed 443 primary breast cancer patients and found that elevated SUA was associated with inferior
overall survival (HR 2.13, p = 0.016) and was an independent prognostic factor for predicting death [18].
Similarly, a meta-analysis examining 12 prospective studies spanning 632,472 subjects by Yan et al.
found that high SUA levels were associated with increased risk of cancer mortality (RR= 1.19, p= 0.010),
with a larger effect in females (RR= 1.25, p = 0.004) in a variety of different cancers [19]. Yuki et al.
conducted a retrospective analysis of 89 patients with RCC and noted that an increase of greater than
10% in SUA was predictive for metastases (p < 0.0001) [20]. This was the first study to associate
increased serum uric acid with oncological endpoints in renal cell carcinoma. We have confirmed
these findings by noting that an increase of 10% of more of SUA was independently predictive for RFS
(HR 9.782, p < 0.001). In addition, our KMA demonstrated improved OS and RFS in patients with
decreased/stable SUA levels at both 5 and 10 years. Our subset survival analysis showed improved OS
and RFS in the decreased/stable SUA group within stage I-III disease. Expanding upon the work of
Yuki et al., we report the first large-scale, multi-institutional study that identifies postoperative SUA as
a negative predictor for survival in patients undergoing PN or RN for RCC.

Recent epidemiological studies have demonstrated an independent association between elevated
SUA and increased CKD, although the interaction between increased SUA and CKD in the setting
of RCC is not well understood [21–23]. Jeon et al. reviewed data from 1534 patients and found that
increased baseline SUA was associated with lower preoperative GFR in patients with RCC (r = −0.313,
p < 0.001). In addition, hypertension (OR 1.37, p = 0.075) and elevated SUA (OR 1.23, p = 0.002) were
associated with new onset CKD in patients who underwent PN or RN for RCC [24]. The authors

297



Cancers 2019, 11, 536

concluded that preoperative SUA might be able to predict CKD after extirpative intervention in
patients with RCC. Similarly, in a prospective observational study, Obermayr et al. found that in a
cohort of 21,475 patients, those with SUA > 7 mg/dL were nearly twice as likely to develop CKD
(OR 1.74, p < 0.05), while those with SUA > 9 mg/dL were associated with a tripled risk (OR 3.12,
p < 0.05) [25]. Instead of looking at SUA as a continuous variable, we stratified postoperative SUA
as either increased or decreased/stable in order to better account for the temporal changes in SUA
associated with surgical intervention. Our findings are consistent with the findings of these previous
reports which demonstrated that patients with postoperative increases in SUA had greater risk for
development of de novo CKD. Furthering these findings, we demonstrated that patients with increased
SUA had increased frequency of CKD-associated sequelae including: metabolic acidosis, osteoporosis,
and anemia. Indeed, our findings and those of Jeon et al. and Overlay et al. suggest that association of
rising SUA with CKD and its sequelae may point towards development of surveillance and preventive
strategies to identify patients at risk for renal functional degeneration and to attempt to attenuate CKD
sequelae by early intervention.

Recent investigations have also focused on identifying interventions that decrease the postoperative
drops in eGFR in an effort to reduce complications associated with nephron loss in RN and PN. In a
prospective, randomized trial of 54 hyperuricemic patients, Kose et al. found that atorvastatin
significantly increased eGFR from 51.1 to 61.8 mL/min/1.73 m2, while significantly decreasing SUA
from 6.38 mg/dL to 5.48 mg/dL in CKD patients [26]. Siu et al. demonstrated that patients treated
with 100 to 300 mg of allopurinol had significantly decreased SUA in patients with mild to moderate
CKD (9.75 mg/dL to 5.88 mg/dL, p < 0.001) and had slower progression of CKD [27]. In addition,
statins have been studied for their ability to decrease SUA in addition to other renoprotective effects.
A meta-analysis of 88,523 participants by Geng et al. found that statins reduced the decrease in eGFR
(SMD 0.14, p = 0.007) and decreased proteinuria (SMD −0.19, p = 0.005) in patients with early-stage
CKD after 3 years of therapy [28]. Although the mechanism of action of statins on SUA has not yet
been elucidated, stronger statins such as atorvastatin are more lipophilic thus are more potent at
improving endothelial function and increasing glomerular filtration [17]. Additionally, it is thought that
statins increase decrease proximal tubular reabsorption of uric acid and this increase urinary uric acid
excretion. Our studies approached this question from a different perspective and in a slightly different
patient population. We looked at the relationship between statin use and increased or decreased/stable
SUA in patients that had undergone extirpative surgery for RCC. Consistent with previous studies, we
found that patients taking statins were nearly 10× less likely to have an increased postoperative SUA.

In addition to lowering SUA, improving eGFR and reducing CKD progression, statins may
also improve survival in patients with RCC. Recently, Hamilton et al. evaluated the effect of statin
medications on RCC progression in a cohort of 2608 patients with localized RCC treated over a 15-year
period. Of these patients, 699 (27%) were statin users at surgery. With a median follow-up of 36 months,
they noted that statin use attenuated the risk of tumor progression to 23% (hazard ratio 0.77; p = 0.12)
and augmented the risk reduction in overall survival (hazard ratio 0.71; p = 0.002) [29]. In addition,
a retrospective study by McKay et al. analyzed 4736 patients treated for metastatic RCC and found
that statin use was associated with improved survival (25.6 vs. 18.9 months, p = 0.025) [30]. Similarly,
in our study, a total of 230/905 (25%) patients received statins and a higher proportion of patients with
decreased/stable SUA levels were on statins (28% vs. 18%, p = 0.004). Taken together, the findings
of McKay et al. and Hamilton et al. suggest a salutory effect of statin agents on RCC outcomes.
Furthermore, our findings which demonstrated that decreased/stable SUA correlated with improved
OS and RFS, and that receipt of statins was inversely correlated with elevated SUA, suggest utility of
SUA as a marker of response and/or efficacy of statin agents in risk reduction for RCC patients.

The present study is limited by its retrospective design, which has inherent potential for selection
biases. In addition, because this was not a prospective analysis, we were unable to examine the
duration of statin therapy and its potential effects of SUA levels. Nonetheless, our study is strengthened
by its multicenter design and validated by our multivariable analysis results. This represents the
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first attempt to utilize SUA as a biomarker for OS and RFS in RCC. In addition, we were able to
confirm that statin therapy is associated with decreased SUA and can predict CKD progression.
Ultimately, additional prospective investigation is required to validate these findings, further elucidate
the molecular interaction between SUA and RCC and characterize SUA’s clinical utility.

4. Materials and Methods

4.1. Study Population

This study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Institutional Review Boards of The University of California (San Diego, CA, USA),
and The University of Tennessee Health Science Centre (Memphis, TN, USA). Pre- and postoperative
data of 905 patients with RCC who underwent surgery between 2005 and 2018. Patients with no
prior preoperative or postoperative SUA levels, history of gout, receipt of allopurinol, or incomplete
records were excluded. Six week preoperative and 6 week postoperative SUA levels were recorded.
Demographics, clinical characteristics, renal function and oncological outcomes were analyzed
and compared.

4.2. Study Design

The primary endpoint was overall survival (OS). Secondary endpoints were recurrence free
survival (RFS), development of CKD (estimated GFR [eGFR] < 60 mL/min/1.73 m2), proteinuria,
osteoporosis and anemia. Serum chemistries, including complete metabolic panel and SUA levels, were
routinely assessed before surgery as a part of the preoperative evaluation and during postoperative
follow up; eGFR was calculated using the modification of diet in renal disease equation [16]. Serum uric
acid at both institutions was quantified utilizing a Roche assay (Roche, Basel, Switzerland) and Cobas
analyzer (Roche, Basel, Switzerland) that is based on an enzymatic colorimetric method developed
by Town et al [31]. Demographics (age, sex, race, body mass index [BMI] and preoperative history
of diabetes mellitus, hypertension, smoking and statins medications use), disease characteristics
(American Joint Committee on Cancer, TNM classification) [32], and renal functional/metabolic
outcomes (development of CKD defined as GFR < 60 mL/min per 1.73 m2, anemia defined as
Hgb < 11.2 gm/dL [F], Hgb < 13.7 gm/dL [M], proteinuria defined as ≥1+ on urinalysis, osteoporosis
defined as positive DEXA scan, and metabolic acidosis defined as HCO3−: <23 mEq/L) associated with
decreased/stable SUA were recorded.

4.3. Statistical Analysis

We defined ‘increased’ serum uric acid as an increase of greater than 10%, while all other values
were defined as ‘decreased/stable’. Our classification was based on the meta-analysis of Ricos et al.
who noted an 8.6% range of within-subject biological variability [33]. Furthermore, Yuki et al. found
that a threshold of a 10% increase in SUA correlated with adverse oncological outcomes in RCC [20].

Analysis was carried out between two groups: patients with increased postoperative SUA vs.
patients with decreased/stable postoperative SUA compared to pre-operative levels. Statistical analysis
was conducted to identify factors that were significantly associated with decreased/stable SUA after
radical nephrectomy (RN) or partial nephrectomy (PN). Variables were compared between the two
groups (decreased/stable SUA vs. increased SUA) using Student’s t-test, ANOVA and Fisher’s
exact/chi-squared tests for continuous and categorical variables, respectively. Kaplan-Meier analysis
(KMA) was used to calculate overall survival (OS) and recurrence free survival (RFS) by comparing
increased and decreased/stable SUA groups with log-rank test. Univariate logistic regression was
performed to identify factors associated with decreased SUA and overall survival. All potential
explanatory independent variables identified on univariate analysis were then further examined using
multivariate stepwise logistic regression. Independent variables were included in the regression
models if ≤0.10 on UVA to allow us to identify the adjusted variables that affected decreased SUA
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levels. The prognostic significance of variables for OS and RFS was analyzed by cox regression analysis.
Pearson correlation coefficient analysis of clinical stage, increasing uric acid, and survival was also
conducted. All p values were based on two-sided tests of significance, and p < 0.05 was considered to
indicate statistical significance. Statistical analysis was performed using SAS version 9.1 (SAS Institute
Inc., Cary, NC, USA).

5. Conclusions

This cohort study suggests the utility of SUA as marker for survival in RCC. Increasing SUA levels
was associated with worsened outcomes in patients with RCC. Decreased SUA levels were associated
with statins intake and lower stage disease as well as lack of CKD and anemia. Future studies are
requisite to clarify the etiology of these interactions.
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Abstract: Ghrelin is a peptide hormone, originally identified from the stomach, that functions
as an endogenous ligand of the growth hormone secretagogue receptor (GHSR) and promotes
growth hormone (GH) release and food intake. Increasing reports point out ghrelin’s role in cancer
progression. We previously characterized ghrelin’s prognostic significance in the clear cell subtype
of renal cell carcinoma (ccRCC), and its pro-metastatic ability via Snail-dependent cell migration.
However, ghrelin’s activity in promoting cell invasion remains obscure. In this study, an Ingenuity
Pathway Analysis (IPA)-based investigation of differentially expressed genes in Cancer Cell Line
Encyclopedia (CCLE) dataset indicated the potential association of Aurora A with ghrelin in ccRCC
metastasis. In addition, a significant correlation between ghrelin and Aurora A expression level in
15 ccRCC cell line was confirmed by variant probes. ccRCC patients with high ghrelin and Aurora A
status were clinically associated with poor outcome. We further observed that ghrelin upregulated
Aurora A at the protein and RNA levels and that ghrelin-induced ccRCC in vitro invasion and
in vivo metastasis occurred in an Aurora A-dependent manner. Furthermore, MMP1, 2, 9 and
10 expressions are associated with poor outcome. In particular, MMP10 is significantly upregulated
and required for the ghrelin-Aurora A axis to promote ccRCC invasion. The results of this study
indicated a novel signaling mechanism in ccRCC metastasis.

Keywords: ghrelin; aurora A; MMP10; invasion

1. Introduction

Cancer metastasis is one of the leading causes of cancer mortality. Approximately 30% of patients
with renal cell carcinoma (RCC) present with metastatic disease [1]. Ghrelin, a peptide hormone,
has been reported to promote cancer metastasis and is clinically associated with poor survival in various
types of cancers [2]. However, ghrelin’s function in RCC remains largely unknown. We previously
characterized its impact on cancer biology other than physiological role, and found that ghrelin
increased clear cell type RCC (ccRCC) migration [3]. In ccRCC, immunohistochemical analysis of
ghrelin indicated that ghrelin expression was increased in cancer tissues compared to normal adjacent
tissues. In addition, ghrelin expression in RCC patients was associated with poor outcomes and with
lymph node and distant metastasis. Furthermore, we found, for the first time, that ghrelin increased
Snail protein levels and its promoter binding activity, leading to the E-cadherin downregulation,
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subsequently contributing to RCC migration [3]. Importantly, cancer metastasis is a complicated
process with the involvement of multiple factors and genetic events which modulate several steps for
initiating metastasis including tumor invasion at the primary site [4]. However, the mechanism of
ghrelin-mediated RCC invasion has not yet been elucidated.

Aurora A (STK15/BTAK/hARK1/Aurora-2), a member of the serine/threonine Aurora kinase
family, plays an important role in ensuring genetic stability in cell division. Aurora A is essential for
mitotic spindle formation and accurate chromosome segregation [5]. Overexpression of Aurora A can
induce centrosome amplification, aneuploidy and transformation of p53-deficient mammalian cells [6].
Recently, Aurora A was reported to associate with lymph node invasion in patients with breast cancer
and renal cell carcinoma [7,8]. In an experimental metastasis model, breast cancer cells with Aurora A
overexpression exhibited significant invasion to lung tissue in vivo [7]. Moreover, forced-expression
of Aurora A increased the migration of laryngeal squamous cancer cells (LSCC), whereas stable
knockdown of Aurora A inhibited cell migration in esophageal squamous cell carcinoma (ESCC) and
breast cancer [7,9,10]. In addition, the pro-invasion function of Aurora A is likely to increase matrix
metalloproteinase (MMP) expression in cancer cells [11]. These reports indicate a pivotal role and
requirement of Aurora A in cancer cell invasion. However, the link between Aurora A and ccRCC
metastasis and the signaling mechanism with regard to altered Aurora A function remains obscure.

The results from our clinical study indicate the correlation of the ghrelin-Aurora A axis with
ccRCC invasion. To date, the issue of ghrelin-dependent regulation toward Aurora A in ccRCC has not
been addressed. In this study, we aimed to investigate whether Aurora A is altered and required for
ghrelin-induced ccRCC metastasis.

2. Results

2.1. The Analysis of the Cancer Cell Line Encyclopedia (CCLE) Dataset Via Ingenuity Pathway Analysis (IPA)
Indicates that Aurora A Is Potentially Involved in Ghrelin-Mediated ccRCC Metastasis

We first comprehensively examined the impact of high ghrelin expression in ccRCC progression
by a genome-wide analysis of differential gene expression in the Cancer Cell Line Encyclopedia
(CCLE) [12,13]. 15 ccRCC cell lines were separated into high and low ghrelin groups based on
the ranking determined by normalized expression level (GSE36133, Figure 1A). The differentially
expressed genes between the two groups were selected (Table S1, threshold: > 1.5 fold change and
p < 0.05) for further analysis using the IPA.

Figure 1. Cont.
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Figure 1. The analysis of Cancer Cell Line Encyclopedia (CCLE) dataset via Ingenuity Pathway Analysis
(IPA) points out Aurora A is potentially involved in ghrelin-mediated ccRCC metastasis. (A) RCC
cell lines and relative ghrelin expressions retrieved from CCLE dataset were listed. (B) 15 ccRCC cell
lines were separated into high and low ghrelin groups. The differentially expressed genes between
two groups were identified (threshold: >1.5 fold change and p < 0.05). Canonical pathway analysis
was performed to rank the matched (A) Diseases and Disorders and (C) Molecular and Cellular
Function in IPA database. (D) Statistical P values and log2 transformed expressions of Aurora A
(AURKA) and its interactive network were shown. The red and green circles represent upregulation
and downregulation, respectively.
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Canonical pathway analysis was performed to identify Diseases and Disorders (Figure 1B) and
Molecular and Cellular Function (Figure 1C) according to the matched differentially expressed genes
in IPA database. The results revealed the association of high ghrelin expression with cancer and
cellular movement (ranked top 1, Figure 1B,C). Furthermore, Aurora A was one of upregulated targets
identified in high ghrelin group. The oncogenic role of Aurora A has been reported. However, little is
known about its function in RCC progression. In addition, Aurora A’s interactive network had also
been explored based on clinical data that MMP2 and VEGF were also increased in high ghrelin group
(Figure 1D), indicating the potential value of studying ghrelin-Aurora A axis in RCC.

2.2. Aurora A Correlates with Poor Outcome in the ccRCC Cohort

To explore the clinical relevance of Aurora A expression in ccRCC patients, a cohort of 562 clear
cell-type cases from The Cancer Genome Atlas (TCGA) was analyzed [14]. The Kaplan–Meier plot
showed the correlation of high Aurora A expression with poor overall survival (p = 0.001, Figure 2A).
We confirmed the previously identified ghrelin as a poor prognostic marker in the same cohort
(Figure 2B). The combination of ghrelin with Aurora A status showed the prognostic power in
predicting poor RCC survival (p < 0.001, Figure 2C). A disease-free survival analysis also revealed the
association of ghrelin and Aurora A with poor outcome (Figure 2D,E). In addition, univariate and
multivariate Cox regression analysis further indicated that high Aurora A level was a significant and
independent predictor for high hazard ratios (Table 1). These results show the prognostic value of
Aurora A for ccRCC patients.

Figure 2. Cont.
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Figure 2. ccRCC patients with high ghrelin and Aurora A expression status correlates with poor
outcome. Kaplan–Meier plot of cancer patients divided into high and low expression of Aurora A (A)
and Ghrelin (B) were shown. (C) Kaplan–Meier plot of combining Aurora A and Ghrelin expression
levels was analyzed. Data of 562 clear cell type RCC cases were retrieved from TCGA (KIRC gene
expression (IlluminaHiSeq) dataset). The dataset showed the gene level transcription estimates, as in
log2(x + 1) transformed RSEM normalized count. Subgroup was determined according to the ranking
in expression level of indicated genes. (D) ccRCC patients of high GHRL (D) or AURKA (E) expression
level correlates with poor disease-free survival. Data was analyzed using dataset (Wuttig Wirth Renal
Kidney GSE22541), and was retrieved from the SurvExpress database.

Table 1. Cox univariate and multivariate regression analysis of TNM prognostic factors and Aurora A
expression for overall survival in 562 renal cell carcinoma patients.

Variable Comparison
Univariate Multivariate

HR (95% CI) p HR (95% CI) p

T T1-T2; T3-T4 3.422 (2.488–4.708) <0.001 2.555 (1.599–4.083) <0.001
N N0; N1-N3 2.618 (1.39–4.929) 0.003 1.356 (0.698–2.632) 0.369
M M0; M1 4.429 (3.208–6.115) <0.001 2.707 (1.665–4.399) <0.001

Aurora A Low; High 1.731 (1.268–2.363) 0.001 1.645 (1.086–2.491) 0.019

Note: Cox proportional hazards regression was used to test independent prognostic contribution of Aurora A after
accounting of other potentially important covariates. Abbreviation: HR, hazard ratio; CI: confidence interval.

2.3. Aurora A Expression Is Positively Associated with Ghrelin in ccRCC

We further dissected the expressional correlation between Aurora A and ghrelin. Among ccRCC
cell lines in CCLE dataset, the analysis was performed using variant Aurora A probes, and a positive
correlation with ρ = 0.715 and 0.784 was observed respectively by each Aurora A probe (Figure 3A,B).
In addition, endogenous ghrelin and Aurora A protein levels were explored in a panel of seven ccRCC
cell lines (Figure 3C). The data further revealed a positive correlation of ghrelin and Aurora A at
protein levels in ccRCC cell lines (ρ = 0.833).

2.4. Ghrelin Upregulates Aurora A

Ghrelin was stably overexpressed via lentiviral infection in Caki-1 cells. In the results, ghrelin
ectopic overexpression elicited Aurora A upregulation at RNA level, respectively in clone 1 and
clone 2 (Figure 4A) and ACHN cells (Figure 4B). A similar effect was observed by QPCR method
(Figure 4C). In Caki-1 and ACHN cells, the increased Aurora A protein upon ghrelin overexpression
was further observed and shown (Figure 4D,E). The data suggest a regulatory impact of ghrelin on
Aurora A expression.
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Figure 3. Ghrelin expression correlates with Aurora A in RCC cell lines. (A,B) Correlations in expression
level of ghrelin and Aurora-A in ccRCC cell lines were respectively analyzed using different probes.
Raw data was retrieved from CCLE dataset. (C) Endogenous Aurora A and ghrelin expression at
protein level in ccRCC cell panel was determined by western blot method. Relative protein levels and
statistical correlation were analyzed and shown after normalizing with β-actin internal control.

Figure 4. Ghrelin upregulates Aurora A in ccRCC. (A) RNA expression levels of indicated molecules
were examined upon lentiviral-based ghrelin overexpression in Caki-1 cell clone 1 and clone2.
(B) Regulation of ghrelin to Aurora A was investigated in ACHN cells using lentiviral-based
overexpression method. (C) The modulation at RNA level was further examined by QPCR method.
(D) The regulation of ghrelin overexpression to Aurora A protein was investigated by western blot
in Caki-1 (D) and in ACHN cells (E). Figures were represented from the results of three repeated
experiments with similar pattern. * p < 0.05, ** p < 0.01.

2.5. Aurora A Is Required for Ghrelin-Mediated ccRCC Invasion

Next, we aimed to explore whether ghrelin-induced ccRCC metastasis is dependent on Aurora A.
Cell migration ability was first tested in ACHN cells, and the results showed the decrease in migrated
cells upon Aurora A silencing in cells overexpressing ghrelin (p < 0.001, Figure 5A). Aurora-A was
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knocked down by 200 nM of specific siRNA in 786-0 cells which was the cell line characterized as
having a high Aurora A background (Figure 5B). Aurora A silencing resulted in the reduction of
cell invasion compared with the ghrelin treatment (Figure 5C). In in vivo metastasis model, Aurora
A expression was stably reduced by shRNA in ACHN (Figure 5D) and 786-0 cells (Figure 5E) after
ghrelin overexpression. Cells with Aurora A knockdown revealed the decreased lung metastasis as
judged by lung nodules (right, Figure 5D,E). These data indicated the requirement of Aurora A in the
ghrelin-mediated in vitro migration, invasion and in vivo metastasis in ccRCC.

Figure 5. Aurora A is required in ghrelin-mediated RCC metastasis in vitro and in vivo. (A) Cell
migration assay was performed by transwell devices using stable clones of ACHN cell. Numbers of
cell migration in each group were counted after 5h of incubation. (B) Knockdown efficacy of Aurora
A by specific siRNA in 786-0 cells was examined. Cells were treated with 100 or 200 nM of control
siRNA or siRNA specific to Aurora A (C) Relative cell invasion ability in 786-0 cells upon Aurora A
knockdown was studied. (D) RCC metastasis was investigated in ACHN cells (D) and in 786-0 cells
(E) overexpressing ghrelin and combined stable Aurora A silencing. Representative images of lung
surface nodule in indicated groups were showed (left). Numbers of lung nodule in each group were
quantified 8 weeks after cell injection. n = 7 per each group (right). Figures were represented from the
results of three repeated experiments with similar pattern. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.6. MMP10 Is the Downstream Effector of the Ghrelin-Aurora A Signaling Axis in ccRCC Invasion

To study the potential regulation of ghrelin toward MMP expression that might be involved in the
critical step for initiating cancer cell invasion, the association of MMPs including MMP1, 2, 7, 9, 10, 11
with cancer patient survival was explored to understand the correlation with clinical outcome. The data
suggest a potentially pivotal role of indicated MMPs in the RCC invasion. In particular, the prognostic
value of MMP10 in RCC was analyzed using The Human Protein Atlas database, which verified the
consequences of transcript levels linking to patient survival outcomes [15–19]. The high level of MMP10
in renal cancer patients was found to be associated with poor survival (p = 0.000284, Figure 6A). In
addition, MMP10 upregulation was reduced after Aurora A silencing in ACHN cells (Figure 6B).
The impact of MMP10 alternation was examined in cell invasion test, which showed the decrease in
invasive cell numbers upon Aurora A or MMP10 silencing (Figure 6C). The ghrelin receptor, GHS-R1a,
was relatively silenced by specific shRNAs (clone sh2 and sh3), and knockdown of GHS-R1a blocked
the signaling axis elicited by ghrelin overexpression (Figure 6D). The result indicated the increase
in MMP10 level contributed to ccRCC invasion ability, and characterized the importance of the
ghrelin-ghrelin receptor-Aurora A-MMP10 signaling pathway in ccRCC metastasis.

Figure 6. MMP10 is required in the ghrelin-Aurora A signaling axis to promote ccRCC invasion.
(A) Kaplan–Meier plot showing the association of indicated MMP with RCC (TCGA) patient survival
was represented. Data were retrieved from Human Protein Atlas website. (B) Representative Aurora
A and MMP10 expression pattern in ACHN cells overexpressing ghrelin combined with Aurora A
or MMP10 knockdown respectively. (C) Alternations in relative ACHN cell invasion ability were
shown. Magnification: 100× (D) The regulation of ghrelin toward MMP10 expression was further
studied in ACHN cells silencing GHS-R1a. Figures were represented from the results of three repeated
experiments with similar pattern. ** p < 0.01, *** p < 0.001.
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3. Discussion

Renal cell carcinoma (RCC), also called renal adenocarcinoma, comprises 90–95% of kidney-
derived tumors, and is a form of kidney cancer that arises from the cells of the renal tubule [20].
Although RCC is relatively rare compared with other cancers (approximately 2% of malignant tumors),
an alarming increase in incidence has been diagnosed and the survival of these patients is poor,
with a median survival of less than one year [21]. In addition, about 30% of RCC patients present with
metastatic disease, the metastatic RCC (mRCC). The common sites of metastasis include lung, lymph
node, bone and brain [1]. In particular, mRCC is generally resistant to chemotherapy. Immunologic
therapy with interferon or interleukin-2 (IL-2) has been the most commonly used treatment, despite
low a response rate (5–20%) [1]. Hence, it is urgently required to unravel the molecular mechanisms
involved in tumorigenesis and metastasis of mRCC for the development of novel target agents.
We previously identified a peptide hormone, ghrelin, and investigated the function and mechanism
of ghrelin in RCC metastasis [3]. The result of immunohistochemical analysis of ghrelin showed
an increase in ghrelin expression in specimens obtained from individuals with disease progression and
a progressive ghrelin upregulation in cancer tissues compared to normal adjacent tissues. Furthermore,
ghrelin expression is correlated with poor outcome, lymph node and distant metastasis status in
RCC patients. Our previous studies indicated that ghrelin could increase Snail protein level and
its E-cadherin promoter binding activity via phosphatidylinositol 3-kinase–Akt signaling activation,
leading to downregulated E-cadherin expression and subsequently contributing to the development
of EMT and RCC migration. The study demonstrated the poor prognostic and pro-metastatic role of
ghrelin in RCC. Importantly, cancer metastasis is a complicated process that requires multiple factors
to elicit tumor invasion at the primary site. We first observed that MMP10 is increased upon ghrelin
treatment in clear cell type of RCC, suggesting a novel function of ghrelin in promoting RCC metastasis.

In this study, we observed Aurora A upregulation by ghrelin, especially at the RNA level,
suggesting a potential transcriptional activation of the AURKA gene. Recently, increasing reports
point out that Aurora A is a target of Wnt/β-catenin signaling pathway, which is involved in
multiple myeloma disease progression [22]. In particular, AURKA expression is driven by β-catenin
transcription in VHL-null ccRCC. However, whether Wnt/β-catenin signaling is activated by ghrelin
leading AURKA transcriptional activation remains to be explored. An investigation of the synergistic
effect of hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF) in human
endothelial cells revealed the increased expression of human AURKA mRNA in cultured cells 24 hours
after initial treatment [23]. Furthermore, co-expression of GABPA and GABPB1 proteins significantly
increased the promoter (-189-354) activity of human AURKA gene [24]. Interestingly, both VEGF
and GABPB1 were found to be upregulated in high ghrelin group in the CCLE dataset (Figure 1D),
indicating the regulatory mechanism of oncogenic Aurora A upregulation that remains to be studied.
In addition, BORA is a known Aurora A cofactor required for its kinase activity [25]. The BORA level
was also increased in high ghrelin group suggesting a potential role of ghrelin in activating Aurora
A in RCC. A report indicated that YY1 could suppress invasion and metastasis by downregulating
MMP10 in a MUC4/ErbB2/p38/MEF2C-dependent manner in pancreatic cancer cells, suggesting
MEF2C phosphorylation is required for MMP10 expression [26]. Thus far, the link of ghrelin and
Aurora kinase A to MEF2C phosphorylation has not yet been studied, and this link might shed light
on the molecular mechanism of MMP10 upregulation during RCC metastasis.

Similar function of ghrelin was indicated in gastric cancer invasion of which mechanism was
unraveled, that is, via the activation of GHS-R/NFκB signaling pathway [27]. In addition to the
modulation of cancer invasion, the ghrelin-ghrelin receptor signaling axis is pivotal in regulating cell
motility and cell-cell adhesion, which led to cancer metastasis in many types of cancer [2]. Ghrelin
treatment could activate PI3K/GTP-Rac signaling resulting in the actin polymerization in astrocytoma
cells [28]. According to the results of a pancreatic adenocarcinoma study, ghrelin promoted cell
migration via the activation of GHSR/PI3K/Akt signaling pathway, and the phenotype was inhibited
by the addition of ghrelin receptor antagonist [29]. A study in colorectal cancer revealed that the
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pretreatment of antagonist D(Lys-3)-GHRP-6 inhibited ghrelin-mediated ghrelin receptor function and
cell migration ability [30]. Moreover, ghrelin was also observed to induce cell migration by triggering
the activation of GHSR/CaMKII/AMPK/NFκB signaling pathway in glioma cells [31]. In our previous
study, ghrelin was found to reduce cell-cell contact in cell migration process through Snail-dependent
E-cadherin repression. Taken together, the findings demonstrate ghrelin’s multi-function in promoting
cancer metastasis.

4. Materials and Methods

4.1. Ingenuity Pathway Analysis (IPA)

Differential gene expression signatures of ccRCC cohort divided into high ghrelin and low ghrelin
groups were analyzed by Ingenuity® Pathway Analysis (QIAGEN, Hilden, Germany; www.qiagen.
com/ingenuity), according to the instructions provided. After comparison of the imported dataset
with Ingenuity® Knowledge Base, a list of relevant networks, upstream regulators and algorithmically
generated mechanistic networks based on the connectivity was obtained. The Canonical Pathway
analysis of IPA was used to rank significant Diseases and Disorders, Molecular and Cellular Functions
based on the altered gene signatures.

4.2. Cell Culture

Human renal adenocarcinoma cell lines were all obtained from American Type Culture Collection
(Manassas, VA, USA). 786-0 cells were maintained in RPMI 1640 medium supplemented with 10% fetal
bovine serum (GIBCO, Grand Island, NY, USA), 10 mM HEPES, 1 mM sodium pyruvate, penicillin
(100 unit/mL), and streptomycin (100 μg/mL). 769-P cells were maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum (GIBCO, Grand Island, NY, USA), penicillin (100 unit/mL),
and streptomycin (100 μg/mL). ACHN, A-498 and A-704 cells were maintained in MEM medium
supplemented with 10% fetal bovine serum, penicillin (100 unit/mL), and streptomycin (100 μg/mL).
Caki-1 and Caki-2 cells were maintained in McCoy’s 5a medium supplemented with 10% fetal bovine
serum, penicillin (100 unit/mL), and streptomycin (100 μg/mL). Cells were incubated in 95% air, 5%
CO2 humidified atmosphere at 37 ◦C. Ghrelin (n-octanoyl) was obtained from ANASPEC (Fremont,
CA, USA). Acylated ghrelin (n-octanoyl) was prepared in ddH2O.

4.3. Preparation of Ghrelin Expression Plasmid

Ghrelin was cloned from 293T cDNA using TAKARA DNA polymerase (Mountain View,
CA, USA) according to the manufacture’s instruction. The primer sequences designed were
as follows: ACCCAAGCTGGCTAGCATGCCCTCCCCAGGGACCGTC (sense) and TCAAGAT
CTAGAATTCTCACTTGTCGGCTGGGGCCTC (antisense). The PCR products were gel-purified,
digested with NheI/EcoRI, and subcloned into lentiviral expression vector pLAS3W (RNAi Core,
Academia Sinica, Taipei, Taiwan). The sequences were confirmed via DNA sequencing by Sequencing
Core Facility, SIC, Academia Sinica.

4.4. Animal Study

All animal experiments were conducted in accordance with a protocol approved by the Academia
Sinica Institutional Animal Care and Utilization Committee (ethical code: 12-02-319, 18 October 2016).
Age-matched male NSG mice (6 to 8 weeks of age) were used. To evaluate metastasis, 1 × 106 cells
were resuspended in 0.1 mL of PBS and injected into the lateral tail vein (n = 7). Metastatic lung
nodules were counted and were further confirmed via HE staining using a dissecting microscope
(OLYMPUS, Tokyo, Japan).
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4.5. Lentivirus-Based shRNA Production and Infection

The lentiviral shRNA constructs were purchased from Thermo Scientific (Pittsburgh, PA, USA).
Lentiviruses were produced via co-transfection of 293T cells with an shRNA-expressing plasmid,
an envelope plasmid (pMD.G) and a packaging plasmid (pCMV-dR8.91) using calcium phosphate
(Invitrogen, Carlsbad, CA, USA). The 293T cells were incubated for 18 h, followed by replacement of
the culture medium. The viral supernatants were harvested and titered at 48 and 72 h post-transfection.
The cell monolayers were infected with the indicated lentivirus in the presence of polybrene and
were further selected using puromycin (4 μg/mL) for 7 days. The selected stable clones were further
cultured in the presence of 2 μg/mL puromycin.

4.6. Western Blot Analysis

The cells were lysed at 4 ◦C in RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl,
1% Triton X-100, 0.25% sodium deoxycholate, 5 mM EDTA (pH 8.0), and 1 mM EGTA supplemented
with protease and phosphatase inhibitors. After 20 min of lysis on ice, the cell debris was removed
via microcentrifugation, followed by rapid freezing of the supernatants. The protein concentration was
determined using the Bradford method. In our experiments, equivalent loads of 25–50 μg of protein
were electrophoresed using a SDS-polyacrylamide gel and then electrophoretically transferred from
the gel to a PVDF membrane (Millipore, Bedford, MA, USA). After blocking with 5% non-fat milk,
the membrane was incubated in specific primary antibodies (Ghrelin: GTX10473, GeneTex, Irvine
city, CA, USA, 1:1000; Aurora A: #4718, Cell Signaling, Danvers, MA, USA, 1:1000; MMP10: sc-80197,
Santa Cruz, Dallas, TX, USA, 1:1000; β-actin: A5316, Sigma-Aldrich, Louis, MO, USA, 1:5000; GHS-R
1: sc-374515, Santa Cruz, 1:2000) overnight at 4 ◦C and subsequently incubated in a corresponding
horseradish peroxidase-conjugated secondary antibody for 1 h. The membranes were visualized using
the ECL-Plus detection kit (PerkinElmer Life Sciences, Boston, MA, USA).

4.7. Invasion and Migration Assay

The in vitro migration and invasion were assessed using Transwell assay (Millipore, Bedford,
MA, USA). For invasion assay, transwell was additional pre-coated with 35 μL of 3× diluted matrix
matrigel (BD Biosciences Pharmingen, San Diego, CA, USA) for 30 min. Cells of 2 × 105 in serum-free
culture medium were added to the upper chamber of the device, and the lower chamber was filled
with 10% FBS culture medium. After indicated hours of incubation, upper surface of the filter was
carefully removed with a cotton swab. The filter was then fixed, stained and photographed. Cells
invasion was quantified by counting the cells in three random fields per filter.

4.8. Semi-Quantitative RT-PCR and Real-Time PCR Amplification Analysis

Total cellular RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad, CA, USA) in accordance
with the manufacturer’s instructions. One microgram of total RNA was reverse-transcribed using
Advantage RT for PCR Kit (Clontech, Mountain View, CA, USA) at 42 ◦C for 1 h as described in
the manufacturer’s protocol. PCR conditions for rat leptin were 94 ◦C for 5 min and 37 cycles at
94 ◦C for 30 s, 56 ◦C for 30 s and 72 ◦C for 60 s, followed by a final extension step at 72 ◦C for
5 min by Bio-Rad icycler (Bio-Rad, Oxford, UK). For each combination of primers, the kinetics of
PCR amplification was studied. The number of cycles corresponding to plateau was determined
and PCR was performed at exponential range. PCR products were then electrophoresed through
a 1% agarose gel and visualized by ethidium bromide staining in UV irradiation. The mRNA levels
were also determined by real-time PCR with ABI StepOnePlus real-time PCR system according to
the manufacturer’s instructions. GAPDH was used as endogenous control. PCR reaction mixture
contained the SYBR PCR master mix, 50 ng cDNA, and primers. Relative gene expression level
that the amount of target were normalized to endogenous control gene was calculated using the
comparative Ct method formula E−ΔΔCt. The relative primer sequences for semi-qPCR are listed below:
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GHRL_F: 5′-GAGCCCTGAAC ACCAGAGAG-3′, GHRL_R: 5′-CCCAGAGGATGTCCTGAAGA-3′ (239
bp); AURKA_F: 5′-TGG AATATGCACCACTTGGA-3′, AURKA_R: 5′-ACTGACCACCCAAAAT CTGC-3′

(208 bp); GAPDH_F: 5′-GCTGAGAACGGGAAGCTTGT-3′, GAPDH_R: 5′-GCCAGGGGTGCTAAGCA
GTT-3′ (299 bp). The relative primer sequences for real-time PCR are listed below: GHRL_F:
5′-GGCATCTGACCTCCACTGTT-3′, GHRL_R: 5′-TCTAAACCAGCAACC CCATC-3′ (119 bp); AURKA_F:
5′-TTGGAAGACTTGGGTCCTTG-3′, AURKA_R: 5′-ACGTTTTGGACCTCCAA CTG-3′ (119 bp);
GAPDH_F: 5′-GACAGTCAGCCGCATCTTCT-3′, GAPDH_R: 5′-GCGCCCAA TACGACCAAATC-3′

(104 bp).

4.9. Statistical Analysis

Estimates of the survival rates were calculated using the Kaplan-Meier method and were
compared using the log-rank test. The association between clinicopathological categorical variables
and AURKA expression was analyzed using the chi-squared test. Student’s t-test was used for other
statistical analyses. All data are presented as the mean ± S.D. The p values at the following levels were
considered to be significant: * p < 0.05, ** p < 0.01, and *** p < 0.001. All data was represented based on
three repeated experiments with similar pattern.

5. Conclusions

In summary, the analytical results from the CCLE database revealed a significant association
between ghrelin and Aurora A expression in ccRCC. In addition, patients with high ghrelin and Aurora
A status have poor outcomes. We further observed that ghrelin could upregulate Aurora A at the
protein and RNA levels and that Aurora A plays a pivotal role in ghrelin-induced RCC invasion
and in vivo metastasis. Among those MMPs identified, MMP10 was associated with poor survival
in ccRCC, and the upregulation of MMP10 was induced by the ghrelin-ghrelin receptor-Aurora A
signaling axis to promote ccRCC metastasis.
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Abstract: Natural killer (NK) cells are cytotoxic lymphocytes that are able to kill tumor cells without
prior sensitization. It has been shown that NK cells play a pivotal role in a variety of cancers,
highlighting their relevance in tumor immunosurveillance. NK cell infiltration has been reported
in renal cell carcinoma (RCC), the most frequent kidney cancer in adults, and their presence has
been associated with patients’ survival. However, the role of NK cells in this disease is not yet fully
understood. In this review, we summarize the biology of NK cells and the mechanisms through
which they are able to recognize and kill tumor cells. Furthermore, we discuss the role that NK cells
play in renal cell carcinoma, and review current strategies that are being used to boost and exploit
their cytotoxic capabilities.

Keywords: NK cells; kidney cancer; renal cell carcinoma; IL-2; cancer immunotherapy; tumor
microenvironment

1. Introduction

Natural killer (NK) cells are large granular lymphocytes that were described more than 40 years
ago [1,2]. They were initially characterized by their ability to kill cancer cells through, among others,
an exocytosis mechanism of cytotoxic granules containing perforin and granzymes. Unlike cytotoxic
CD8+ T cells, NK cells can directly induce cell death in the absence of prior sensitization. Over time,
it has been described that besides killing tumor cells, they also kill virus-infected cells, and they have
important cytotoxic activity against some healthy immune cells, such as activated T cells. In addition
to their direct cytotoxic capacity, NK cells also produce cytokines as, for example, interferon gamma
(IFNγ) and chemokines, such as the C-C motif chemokine ligand 3 (CCL3) and CCL4, after the ligation
of activating receptors that are expressed on their surface and/or following the stimulation with several
cytokines [3–10]. While NK cells are better known for their defense against viral infections and for
surveillance against tumors, they are also appreciated for their participation in the generation of more
efficient T helper type 1 (Th1) immunity, in the modulation of self-reactivity and of immune responses,
in which their cytotoxic, as well as cytokine- and chemokine-producing capabilities have an important
role [11–13]. Therefore, NK cells are currently considered to have a critical role in the maintenance of
homeostasis and in the control of the immune response, promoting inflammation on the one hand,
and restricting the adaptive immune response that could lead to excessive inflammation, and even
autoimmunity, on the other. Furthermore, although NK cells have long been considered a part of the
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innate immune system, more recently have been described subpopulations of long-lived NK cells with
effector functions characteristic of adaptive immunity [14–18].

2. NK Cell Development, Subsets, and Diversity

NK cells constitute 5–15% of circulating lymphocytes and represent one of the three main human
lymphocyte lineages, including T cells and B cells. There are resemblances between NK cells and T
cells, mostly with CD8+ T cells [4]. Nevertheless, the developmental pathways of T cells and NK
cells, how they detect tumor and infected cells, and the way they get activated are different. T cells
develop in the thymus and are specifically activated when their T-cell receptor (TCR) recognizes foreign
antigens in the context of major histocompatibility complex (MHC) molecules, called human leukocyte
antigens (HLA) in humans [4]. In contrast, NK cells mainly develop outside the thymus, and do
not express specific antigen receptors resulting from gene recombination, such as the TCR and B-cell
receptor (BCR). NK cells’ effector functions are regulated by various types of activating and inhibitory
receptors [10,14,19,20].

Currently, NK cells are classified as one of the main members of the family of innate lymphoid cells
(ILCs), which are very important effector cells of the innate immune response [21,22]. ILCs respond
immediately to infection and cellular damage, and also exert a very relevant influence on the
development of the adaptive immune response through cytokine secretion and their cytotoxic activity.
ILCs are classified into five subpopulations that could be considered the counterpart of effector T cells.
Thus, ILC1 cells would be the counterpart of Th1 lymphocytes, ILC2 of Th2 lymphocytes, and ILC3 of
Th17/Th22 lymphocytes. On the other hand, NK cells would be the counterpart of cytotoxic CD8+
T cells. ILCs also include the lymphoid tissue-inducer or LTi cells [21,22]. NK and ILC1 cells have a
very similar phenotype, as well as similar effector functions, especially in relation to the pattern of
cytokines that they secrete, which is mainly IFNγ. However, they differ in that ILC1 exhibits very
little or no cytotoxic activity due to the low or zero levels of perforin and granzymes they express.
In addition, they have a different expression pattern of transcription factors. NK cells require and
express Eomes and T-bet transcription factors for their development, while ILC1 only express and
require T-bet [21,22]. Moreover, with the exception of NK cells, many of which circulate, ILCs are
primarily located in tissues.

Human NK cells are classically identified by the absence of TCR/CD3 and the presence of the
CD56 molecule. Based on the intensity of CD56 receptor expression, NK cells are basically divided into
two subpopulations: CD56dim and CD56bright [3,23,24]. The CD56dim subset expresses low levels of the
receptor, constitutes 90–95% of circulating NK cells, and is characterized by increased cytotoxic activity
against targets and a lower capacity for cytokine production, such as IFNγ, in response to stimulation
with interleukins such as IL-2, IL-12, IL-15, and IL-18. In addition, CD56dim cells express the low affinity
receptor for the Fc portion of immunoglobulin G (IgG) or FcγRIII, also called CD16, which is responsible
for the antibody-dependent cellular cytotoxicity (ADCC). In contrast, CD56bright cells express high
levels of CD56, are the majority in secondary lymphoid tissues (SLT), have a lower cytotoxic capacity,
and due to the low or null expression of CD16, also have less ADCC. On the contrary, they secrete
higher levels of cytokines in response to the stimulation with interleukins [3,23,24]. In addition to the
CD56dim and CD56bright NK cells, two more subsets have been described: CD56neg and unconventional
CD56dim (unCD56dim) NK cells, the latter are characterized by the absence of CD16 expression [25].
These two subsets are present at very low frequencies in healthy donors and under homeostatic
conditions. However, they are expanded in certain situations. For example, CD56neg NK cells are
expanded in human immunodeficiency virus (HIV)-infected patients with high viremia [26,27], and the
unCD56dim subset significantly increases in lymphopenic environments of patients after haploidentical
hematopoietic stem cell transplantation (haplo-HSCT) [28,29]. Lastly, considering that CD56 is also
expressed on ILC1 cells, more precise markers, such as NKp80, are also necessary to unequivocally
identify NK cells [23].
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Human NK cells develop from CD34+ hematopoietic stem cells (HSC) in the bone marrow [30].
These HSC differentiate first into lymphoid-primed multipotential progenitors (LMPP), which then
become a common lymphoid progenitor (CLP). These CLPs further differentiate into NK cell progenitors
(NKP) that are classified into three sequential stages of maturation, named NK cell progenitors (stage 1),
pre-NK cells (stage 2), and immature NK cells (stage 3). The early stages of NK cell development and
differentiation have been characterized in the context of the bone marrow niche, but pre-NK cells can be
detected in the circulation, and other data have shown that they are enriched in extramedullary tissues
where subpopulations of mature NK cells reside, suggesting that they have developed locally [3,25,31].
It is known that some NKPs are selectively enriched in SLT, such as lymph nodes and tonsils, as well as
in the gastrointestinal tract, liver, and uterus [32–37]. The most accepted model of NK cell development
occurs in the linear fashion just described above, in which the expression of CD94 marks the commitment
to the CD56bright stage (stage 4), that next differentiate into CD56dim NK cells (stages 5 and 6) [25,31].
The differentiation into adaptive (also called memory) CD56dim NK cells could subsequently occur
after viral infection, as, for example, the human cytomegalovirus [25]. The CD56neg cells are probably
exhausted CD56dim NK cells, although this has not been well-proven yet [25]. Related to the unCD56dim

NK cells, it has been suggested that they are an intermediate stage of differentiation between CD56bright

and CD56dim NK cells [25]. The support for the linear model comes from analysis of NK cells in SLT
and in vitro studies. However, more recent evidence also suggests the existence of a branched model
in which different precursor populations can develop independently in distinct subsets of mature NK
cells, that is, CD56bright, CD56dim, and adaptive NK cells [38].

Figure 1. Surface receptor repertoire of human natural killer (NK) cells. DNAM1: DNAX accessory
molecule 1. KIR: Killer-cell immunoglobulin-like receptors. TIGIT: T-cell immunoreceptor with
Ig and ITIM domains. CEACAM-1: Carcinoembryonic antigen-related cell adhesion molecule 1.
TIM-3: T-cell immunoglobulin and mucin-domain containing 3. LAIR-1: Leukocyte-associated
immunoglobulin-like receptor 1. KLRG-1: Killer cell lectin-like receptor subfamily G member 1.
LAG-3: Lymphocyte activation gene 3. PD-1: Programmed cell death protein 1. LILRB1: Leukocyte
immunoglobulin-like receptor subfamily B member 1. FasL: First apoptosis signal ligand. TRAIL:
Tumor necrosis factor-related apoptosis-inducing ligand. CCR: C-C chemokine receptor. CXCR: C-X-C
chemokine receptor. CX3CR: CX3C chemokine receptor. S1P5: Sphingosine-1-Phosphate receptor 5.
LFA-1: Lymphocyte function-associated antigen 1.
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NK cells express a wide range of receptors on their surface, some of which are quite cell-specific
in their expression [3,14,19,20,23]. Among them, NK cells express activating and inhibitory receptors,
death receptor ligands, cytokine receptors, and homing and adhesion molecules (Figure 1). Some of
the cell surface receptors are associated with developmental stages. For example, CD94/NKG2A
is expressed on all CD56bright NK cells (stage 4) and in a subset of CD56dim NK cells in stage 5,
while CD57 is a surface marker of replicative senescence and terminally differentiated CD56dim NK
cells in stage 6 [23,25]. Here, it is very important to note that research performed in recent years
have established that in each individual and in any tissue, the population of NK cells is much more
diverse than previously appreciated in terms of developmental, phenotypic, and functional parameters.
In fact, it is clear that the traditional view of the NK cell lineage as a population of cells with very
few subsets (i.e., CD56bright and CD56dim), and relatively similar functions, is not entirely accurate.
On the contrary, the NK cell lineage is remarkably diverse [23,39]. New technological approaches
are helping the scientific community to characterize the NK cell lineage in depth. For example,
by simultaneously analyzing 37 parameters on peripheral blood NK cells, an extraordinary degree of
diversity was revealed, with there being an estimated 6,000 to 30,000 NK cell subsets within a given
individual [40]. Also, single cell transcriptomics studies have revealed tissue-specific gene signatures
that allow identification of NK cell populations that differ between tissues [41,42].

3. Cell Surface Receptors and Cytotoxic Mechanisms

NK cells induce cell death primarily through two different mechanisms. The most-studied route
is degranulation, through which they release cytotoxic granules containing the pore-forming molecule
perforin and death-inducing enzymes, such as granzymes, when activated against the target cell [43–45].
This pathway is triggered by activation signals from cell surface receptors. Other routes by which NK
cells can kill target cells are the death receptors’ pathways: the tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL)-TRAIL receptor (TRAILR), and the first apoptosis signal (FAS)-FAS
ligand (FASL), also known as the CD95-CD95L pathway. Instead of triggering the release of cytotoxic
granules, death receptor pathways induce apoptosis through the activation of caspases within the
target cell leading to cytotoxicity regardless of activating receptor-mediated signals that control NK
cell degranulation [46–48].

NK cell degranulation and the subsequent killing of the target cell is a very well-regulated
process, so that the lytic granules are transported to the interface formed with the target cell and their
contents (perforin and granzymes) are secreted in it. To carry this out, it is required for the NK cell
to be in contact with the target cell, forming an immunological synapse [49–52]. This is a complex
and very dynamic three-dimensional structure with intense activity of biochemical signals between
the cells. Numerous molecules that participate in the immunological synapse have been identified,
including surface receptors, signaling molecules, cytoskeleton elements, and cellular organelles [49–51].
The formation of a lytic immunological synapse of NK cells involves many stages that occur in a linear
manner, in order to guarantee the secretion of perforin and granzymes present in the lytic granules
towards the place of contact between the target cell and the NK cell, thus avoiding possible damage to
the healthy cells that may be in the vicinity [49,50].

Moreover, NK cells can detect antibody-coated cells through CD16, thereby exerting ADCC and
cytokine secretion. CD16 is coupled to the signal transduction polypeptides, also called adaptor
proteins, CD3ζ and FcRγ, that contain ITAMs (immunoreceptor tyrosine-based activation motifs) [53,54].
In addition to ADCC, NK cells exert natural (direct) cytotoxicity against target cells in the absence
of antibodies. Natural cytotoxicity receptors, or NCRs (NKp46, NKp44, and NKp30) are also potent
activating receptors linked to the adaptor proteins CD3ζ, FcRγ, or DAP12 [55]. Other activation
receptors include the NKG2D homodimer (which is associated with DAP10), DNAM1, 2B4 (CD244),
CD94/NKG2C, CD300c, and so forth [14,56–58]. A characteristic of several NK cell-activating receptors
lies in their ability to detect molecules induced under conditions of cellular stress [59,60]. This is
the case of the NKG2D receptor, which interacts with several ligands (MICA, MICB, and ULBP1-6),
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which are not expressed or do so at very low levels in most tissues, but which are overexpressed as a
consequence of cellular stress, such as during the DNA damage response [61]. Another example is the
B7-H6, an NKp30 receptor ligand, which is not detected in healthy cells but is expressed in certain
tumor cells [62].

In the mid-1980s, Kärre and his colleagues pioneered the “missing self” hypothesis, which describes
the lack of expression of MHC class I molecules (self) in target cells as the common element that
determines their susceptibility to NK cell-mediated lysis [10,63]. Loss of expression of MHC class I
molecules can occur when cells are altered by viral infection or malignant transformation, thus being
susceptible to NK cell killing. In contrast, healthy cells, by expressing MHC class I molecules,
are protected from NK cells’ lysis. The recognition of the "missing self" is explained by the expression
on the NK cell surface of a variety of specific inhibitory receptors for MHC class I molecules.
These receptors include the polygenic and highly polymorphic family of inhibitory KIRs (killer-cell
immunoglobulin-like receptors) in humans, Ly49 lectin molecules in mice, and CD94/NKG2A in
both species [10,14,19,64,65]. In humans, while the CD94/NKG2A heterodimeric receptor binds to
the HLA-E molecule, a non-classical HLA class I molecule, KIRs do bind to the classic HLA-A, -B,
and -C molecules [19]. These MHC class I specific inhibitory receptors possess a long intracellular tail
with one or more immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that are responsible for
the transmission of the inhibitory signal [66,67]. Certain subpopulations of NK cells also express the
LILRB1 inhibitor receptor, also known as ILT2 and CD85j, whose ligands are a subgroup of HLA class I
molecules [14]. In addition to these MHC class I specific receptors, there are other inhibitory receptors
expressed by NK cells, such as TIGIT, LAIR-1, CD300a, and so forth [14,27,68].

The preservation or elimination of target cells with the consequent production of cytokines and
chemokines will therefore depend on the result of the integration of activating and inhibitory signals
originating from the NK cell surface receptors [20]. NK cells do not lyse healthy cells expressing
MHC class I molecules and/or low or null expression of stress-induced molecules and other activating
receptor ligands. On the contrary, they selectively kill target cells that have low levels of MHC class I
expression and/or are expressing adequate levels of stress-induced molecules, such as NKG2D ligands,
and other ligands for activating receptors [57,62] (Figure 2).

In addition to the important role of NK cells in the development of an adequate immune response
against tumors and pathogens, it is also essential to maintain tolerance towards the host. This is
achieved through a process called education or licensing, which is governed by the interaction of
inhibitory receptors (KIR, Ly49, and CD94/NKG2A) with their ligands, the MHC class I molecules,
during NK cell development [69–73]. Education could be defined as the process through which a NK
cell is programmed to exert its effector functions and is calibrated to be inhibited by its own MHC class I
molecules. In general terms, the education of a NK cell by a specific MHC class I molecule is defined by
its ability to detect the decrease of that MHC class I molecule in a target cell that can be lysed [69,70,73].
In humans, up to 15 genes on chromosome 19 encode for KIR receptors. KIR genes are grouped
into haplotypes and expressed in a stochastic manner, so that in a given individual there are various
subpopulations of NK cells according to the number of KIR receptors they express [74,75]. Therefore,
within a given repertoire, an individual can have educated NK cells, that is, those that during their
development have interacted with their own MHC class I molecules, as well as uneducated NK cells,
which are those that during their development have not interacted with MHC class I molecules [69,70].
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Figure 2. Activating and inhibitory signaling balance determines NK cell killing and cytokine
production. Target cells expressing ligands for activating receptors trigger NK activation. When target
cells also express ligands for inhibitory receptors, NK cell activation will depend on the signal balance.

4. NK Cells in Cancer Immunotherapy

More than 15 years have passed since the introduction of the pioneering works that established
the potential of NK cells to mediate tumor regression. These studies demonstrated that NK cells from
a haploidentical donor can prevent relapse after haplo-HSCT and also are able to induce remission
after infusion of mature NK cells in patients with acute myeloid leukemia (AML) [76,77].

Several cytokines are currently being used in humans in terms of their ability to stimulate NK cell
activity, at least partially, against tumors. Recombinant IL-2 was the first cytokine tested to stimulate
the immune response in cancer patients [78–80]. Although early studies established the proof of
concept of the therapeutic anti-tumor potential of IL-2, the responses were limited and its toxicity was
substantial when used at high doses [81]. Later on, it was shown that a low dose of IL-2 had a lower
toxicity profile, and it has been incorporated into an increasing number of assays to induce in vivo
expansion and persistence of effector cells, such as NK cells, during adoptive cell therapy [77,82].
However, it should be noted that the use of low doses of IL-2 can also stimulate and expand regulatory
T (Treg) cells, which suppress, among others, the proliferation and cytotoxicity of NK cells [83].
New variants of IL-2, such as those that selectively bind to the β-subunit of the IL-2 receptor (IL-2Rβ)
expressed on NK cells, rather than the IL-2Rα subunit expressed in Treg cells, could provide better
results [79,84,85]. IL-15 selectively stimulates CD8+ T cells and NK cells and prevents undesirable
mobilization of Treg cells [86,87]. The first clinical trial with single-chain IL-15 (scIL-15) in cancer
patients exhibited high dose-dependent toxicity [88]. Nevertheless, when used after the adoptive
infusion of NK cells in patients with AML, scIL-15 promoted the persistence and proliferation of NK
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cells [80,89]. Importantly, IL-15 superagonists are being developed. An example is ALT-803, a complex
consisting of a homodimer of mutated IL-15 linked to a fusion protein formed by the α-chain of IL-15R
(IL-15Rα) and the Fc fragment of IgG1 [90,91]. ALT-803 has better pharmacokinetic properties, a longer
half-life in lymphoid tissues, and importantly, has greater anti-tumor activity compared to scIL-15 [92].
Other than cytokines, there are several drugs that can directly and/or indirectly increase NK cell
function in vivo. For example, lenalidomide indirectly increases the cytotoxicity and proliferation of
NK cells through the release of IL-2 and IFNγ from surrounding T cells and the production of cytokines
by dendritic cells [80,93].

Immune checkpoint inhibitors provide a blockade of inhibitory receptors [94]. PD-1 (programmed
cell death protein 1) is expressed in activated T cells and NK cells [95], and along with its ligand
PD-L1, has a central role in tumor recurrence and progression, since signaling through this pathway
suppresses lymphocytes, including NK cells [80,95]. In vitro and in vivo experiments have shown
that PD-1 and PD-L1 blockades elicit a strong NK cell response that is required for the full effect
of the immunotherapy [80,96,97]. PD-1 blockade also increases ADCC mediated by NK cells and
improves their traffic to tumors [80,97]. In addition, NK cells are able to express PD-L1, and it has
been shown that the anti-PD-L1 monoclonal antibody (mAb) acts on PD-L1+ NK cells against PD-L1-
tumor cells [98]. Other checkpoints that are mostly expressed in NK cells include, among others,
KIR, CD94/NKG2A, and TIGIT [14,19,64,99,100]. Preclinical studies and clinical trials are currently
studying the efficacy of the blockade of these checkpoints [94]. For example, anti-KIR mAbs increase
tumor cell lysis mediated by NK cells and enhance ADCC in vitro [101,102]. Also, there are several
clinical trials in phase I/II that have been completed or are still recruiting patients with anti-KIR mAbs,
alone or in combination with other checkpoint inhibitors [94,103–106]. Related to CD94/NKG2A, it has
been demonstrated that blocking its expression by means of a single-chain variable fragment derived
from an anti-NKG2A Ab linked to endoplasmic reticulum retention domains overcomes (HLA-E+)
tumor resistance to NK cells [107]. Furthermore, it has been demonstrated that the anti-NKG2A
mAb monalizumab stimulates anti-tumor immunity by promoting NK cells and CD8+ T cells effector
functions [108]. Tumor-associated NK cells also exhibit high expression levels of the checkpoint
inhibitory receptor TIGIT, and mAb-mediated blockade of this receptor prevents NK cell exhaustion
and elicits potent anti-tumor immunity [109]. Several clinical trials are going on, testing the safety and
efficacy of anti-TIGIT mAbs alone or in combination with other mAbs [94].

Antibodies have also been used to direct NK cells to kill tumors. Monoclonal antibodies induce
the death of tumor cells through several mechanisms, including growth receptor blockade, complement
activation, and ADCC [110]. Also, the impact of polymorphisms on the gene encoding CD16 in
response to mAb treatment has demonstrated the importance of NK cells in mediating the anti-tumor
responses through ADCC. There is a single nucleotide polymorphism in CD16 that results in an
amino acid substitution at position 158 (CD16-F158V), and NK cells with the CD16-158V genotype
have a higher affinity for IgG1 and IgG3 than those with the CD16-158F genotype, and perform
ADCC more efficiently. This polymorphism reinforces ADCC in vivo, such that, for example, patients
with lymphoma that are homozygous for CD16-158V show substantially higher response rates after
treatment with rituximab than those with CD16-158F polymorphism [111–113].

BiKEs and TriKEs (bi- and tri-specific killer engagers) are molecules that act through ADCC by
cross-linking epitopes in tumor cells with the CD16 receptor in NK cells [7,80,114]. These molecules
have advantages over mAbs because they bind to a different epitope of the CD16 molecule, and results
in an NK cell with a more potent ADCC [115,116]. In vitro, the CD16xCD33 BiKE is even capable of
overcoming the KIR-mediated inhibitory signal, leading to robust cytokine production and the death of
myeloid malignant cells [115,116]. In vivo, treatment with the CD16xCD33 BiKE successfully reversed
myeloid-derived suppressor cells’ (MDSCs) immunosuppression of NK cells and induced killing of
CD33+ MDSCs and CD33+ myelodysplastic syndrome (MDS) targets [116]. More recently, it has
been shown that NK cells treated with a CD16xCD33xIL-15 TriKE proliferate and became activated
to overcome dysfunctional NK cells found in MDS [117]. Moreover, IL-15 treatment alone induces
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the expression of TIGIT, but not when IL-15 is presented in the context of the TriKE [117]. The design
of a trifunctional NK cell engager consisting of mAb fragments targeting the activating receptor
NKp46 together with a tumor antigen and an Fc fragment to promote ADCC via CD16 has also been
described [118]. The authors showed that this trifunctional NK cell engager exhibited superior killing
capacity compared with the available therapeutic mAbs in vitro and in vivo [118].

Another strategy is to make tumor cells more susceptible to NK cell-mediated lysis. In this sense,
TRAIL, which is expressed in NK cells, triggers apoptosis in TRAILR-positive tumor cells by initiating
excision of caspase 8 [119], and it occurs independently of the signals from inhibitory receptors such
as CD94/NKG2A and KIR. Exposing tumor cells to proteasome inhibitors such as bortezomib and
carfilzomib, which simultaneously positively regulate the expression of TRAILR, make tumor cells
more sensitive to NK cell-mediated lysis [120]. Proteasome inhibitors can also sensitize tumor cells to
NK cells through positive regulation of NKG2D ligands on the surface of the tumor cells [121].

Other therapeutic strategies consist in the infusion of NK cells into cancer patients. This allows the
possibility of manipulating them before infusion. The adoptive transfer of ex vivo activated allogeneic
NK cells in the short term can induce clinical responses in patients with AML and in patients with
multiple myeloma [77,122]. Many of these clinical trials involve chemotherapy with fludarabine and
cyclophosphamide, with or without irradiation as a preparatory regimen to prevent rejection of infused
cells, to provide space for persistence and expansion of infused cells and eradicate suppressor cell
populations that inhibit NK cell function. Haploidentical NK cells stimulated for a short period of
time with high doses of IL-2 before infusion have been used. In addition, the administration of IL-2
after the transfer of adoptive cells is able to further promote the in vivo expansion of infused NK cells,
improving objective response rates [77]. More recently, the efficacy and safety of cytokine-induced
memory-like (CIML) NK cells have been explored [123]. These CIML NK cells are generated after their
exposure for 16–18 hours to a cocktail of IL-12, IL-15, and IL-18. CIML NK cells have increased effector
functions (cytotoxicity and cytokine production) after a resting period and a longer half-life [124–128].
Clinical trials have shown its effectiveness in the treatment of patients with an AML refractory to
standard treatments [123]. Other methods of adoptive cell therapy involve the ex vivo expansion of NK
cells. In contrast to cytokine stimulation for a short period of time, ex vivo expansion allows the use of
multiple infusions of highly activated NK cells [80,129–132]. The development of efficient methods
to genetically manipulate NK cells has been seen as a necessity to optimize their persistence in vivo,
as well as their location and cytotoxicity against the tumor cells after the adoptive transfer [133–135].
Finally, clinical trials are being conducted in which NK cells expressing CAR (chimeric antigen receptor)
are administered to patients, after having proven their efficacy in preclinical models [134–138].

5. NK Cells and Renal Cell Carcinoma

Renal cell carcinoma (RCC) is the most common type of kidney cancer in adults, representing
about 85% of diagnoses. This type of cancer develops in the proximal renal tubules, and about 70%
of RCCs are made up of clear cells. Other less common kidney cancers include urothelial carcinoma,
sarcoma, lymphoma, and the Wilms tumor, where the latter is the most common kidney cancer
in children.

Several works have reported the presence of NK cells in RCC [139–143] where they may represent
a critical component of the anti-tumor response as shown by the association of the NK cell infiltrate with
patients’ survival [140,141,144–148]. NK cells also infiltrate RCC lung metastasis, and high NK numbers
have been associated with improved survival [145]. Nevertheless, despite the NK cell infiltration,
tumors are able to grow, indicating that the tumor microenvironment (TME) negatively affects NK cell
functionality. It is well-known that there is an immunosuppressive state in the TME that affects, among
others, NK cells [149–152]. Thus, NK cells infiltrated in clear cell RCC have an altered phenotype
and poor degranulation activity compared with circulating NK cells and with those from non-tumor
kidney cortices [139,141]. The deficient NK cells are characterized by dampened mitogen-activated
protein kinase pathway activation that was dependent on high levels of diacylglycerol kinase (DGK)-α.
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Restoring NK cell activity was achieved by inhibiting DGK-α and with a brief exposure to IL-2 [141].
Other authors have also shown that NK cells infiltrating clear cell RCC exhibited poor cytotoxic
activity against the classical K562 cell target when compared with NK cells from tumor margins and
non-tumor tissues. Interestingly, these authors also found that primary tumor cells induced NK cell
dysfunction in an exosome-dependent manner [153]. The exosomes were enriched in transforming
growth factor (TGF)-β1, which is a well-known mediator that diminishes NK cell-mediated activity in
the TME [152–154].

A majority of the RCCs have the von Hippel-Lindau (VHL) gene mutated or functionally
inactivated [155]. VHL targets the hypoxia-inducible factor (HIF) family of transcription factors,
particularly HIF1α and HIF2α, for ubiquitin-mediated degradation in the proteasome [156–158].
Therefore, inactivation of VHL leads to an increased expression of HIF. Furthermore, HIF2α has been
reported to regulate the expression of a unique set of genes and to be involved in the development of
RCC [158,159]. In fact, it has been demonstrated that the human 786-0 RCC cell line with mutated
VHL was resistant to the NK cells’ lysis, while the VHL-corrected cell line was susceptible. The NK
cell resistance was due to the HIF2α-induced expression of ITPR1 (inositol triphosphate receptor 1),
which inhibited NK cell-mediated lysis through a mechanism that involves the induction of autophagy
in the target cell after the interaction with NK cells, resulting in granzyme B degradation and target
cell survival [156,160]. Nevertheless, the effect of VHL gene mutations on NK cell effector functions
is controversial. In this sense, other authors have described that mutations of the VHL gene confer
increased susceptibility to NK cell lysis of RCC cell lines and that overexpression of the wild-type VHL
gene decreased it, in a mechanism involving the augmented expression of HLA class I molecules [161].
More recently, Trotta et al. have shown that mutated VHL RCC promotes patients’ specific NK cell
cytotoxicity. Specifically, they found that IL-2-activated circulating NK cells from RCC patients with
mutated VHL exhibited higher degranulation levels and IFNγ production toward a mutated VHL RCC
cell line than against a cell line with wild type VHL. Moreover, IL-2-activated NK cells from patients
with VHL-mutated RCC displayed higher degranulation levels against autologous RCC cells and a
VHL-mutated RCC cell line than against a cell line with wild type VHL [162].

There are several therapeutic approaches to treat renal cancer, including surgery, radiofrequency
ablation and cryoablation, radiation therapy, targeted therapy, chemotherapy, and immunotherapy
(Table 1). Targeted therapy includes anti-angiogenesis therapy aimed to block the vascular endothelial
growth factor (VEGF) by means of antibodies (i.e., bevacizumab) and tyrosine kinase inhibitors (TKI),
such as axitinib, sunitinib, sorafenib, and so forth. Targeted therapies also include the mTOR inhibitors,
everolimus and temsirolimus. Within immunotherapies in renal cancer, some of the current approved
treatments include IL-2, IFNα, and immune checkpoint inhibitors (e.g., nivolumab, ipilimumab,
pembrolizumab). It is important to note that there are several approved combination therapies.
For example, the FDA has approved the combination of TKI axitinib and the checkpoint inhibitor
pembrolizumab for the treatment of advanced RCC.
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Table 1. Selected clinical trials on Renal Cell Carcinoma and NK cells (ClinicalTrials.gov).

NCT number Treatment NK cell-related analysis Title of the clinical trial

NCT02843607 Cryosurgery + NK cell infusion Not specified
Combination of Cryosurgery and
NK Immunotherapy for Advanced
Kidney Cancer

NCT00328861 Chemotherapy + IL-2 (Aldesleukin)
+ NK cell infusion Not specified

Natural Killer Cells Plus IL-2
Following Chemotherapy to Treat
Advanced Melanoma or Kidney
Cancer

NCT03319459

Group 1: activated NK cell infusion
(FATE-NK100)
Group 2: activated NK cell infusion
(FATE-NK100) + anti-HER-2
(Trastuzumab)
Group 3: activated NK cell infusion
(FATE-NK100) + anti-EGFR
(Cetuximab)

% NK cells

FATE-NK100 as Monotherapy and
in Combination With Monoclonal
Antibody in Subjects With
Advanced Solid Tumors

NCT03841110

Group 1: Lympho-conditioning
chemotherapy + iPSC-derived NK
cell infusion (FT500)
Group 2: Lympho-conditioning
chemotherapy + iPSC-derived NK
cell infusion (FT500) + anti-PD-1
(Nivolumab or Pembrolizumab) or
anti-PD-L1 (Atezolizumab)

iPSC-derived NK cell
persistence

FT500 as Monotherapy and in
Combination With Immune
Checkpoint Inhibitors in Subjects
With Advanced Solid Tumors

NCT04106167 iPSC-derived NK cell infusion
(FT500) Not specified

Long-term, Non-interventional,
Observational Study Following
Treatment With Fate Therapeutics
FT500 Cellular Immunotherapy

NCT01727076 IL-15 NK cell effector functions
% NK cells

Recombinant Interleukin-15 in
Treating Patients With Advanced
Melanoma, Kidney Cancer,
Non-small Cell Lung Cancer, or
Squamous Cell Head and Neck
Cancer

NCT01274273 IL-2 (Aldesleukin) + IFNα +
anti-VEGF (Bevacizumab) NK cell assessment

Study of Interleukin-2,
Interferon-alpha and Bevacizumab
in Metastatic Kidney Cancer

NCT01550367 Autophagy blocking therapy (HC) +
IL-2 (Aldesleukin) % NK cells

Study of Hydroxychloroquine and
Aldesleukin in Renal Cell
Carcinoma Patients (RCC)

NCT03891485 anti-PD-1 (Nivolumab) NK cell effector functions

Nivolumab in mRCC Patients: Treg
Function, T-cell Access and NK
Interactions to Predict and Improve
Efficacy

NCT03628859

Group 1: anti-PD-1 (Nivolumab)
Group 2: TKI (Axitinib or
Cabozantinib)
Group 3: mTOR inhibitor
(Everolimus)

NK cell effector functions
NK cell phenotype

BIOREN (Predictive BIOmarkers in
Metastatic RENal Cancer)

NCT01144169 Autophagy blocking therapy (HC) +
Surgery

NK cell effector functions
NK cell phenotype
% NK cells

Study of Hydroxychloroquine
Before Surgery in Patients With
Primary Renal Cell Carcinoma

Abbreviations: TKI: tyrosine kinase inhibitor; HC: Hydroxychloroquine; iPSC: induced pluripotent stem cell.

Both TKI and mTOR inhibitors exert antiangiogenic and immunomodulatory functions [163].
In addition to their action on tumor cells, these inhibitors may also inhibit signaling pathways in
immune effector cells, such as NK cells. For example, resting and IL-2 activated NK cells exhibited less
degranulation and cytokine production when exposed to pharmacological doses of sorafenib, but not
sunitinib, in a mechanism involving impaired PI3K and ERK phosphorylation [164]. Other studies have
also shown that sunitinib does not impair NK cell function in patients with RCC [165]. On the other
hand, sunitinib has been found to induce the expression of MICA, MICB, and ULBP1-3, all of them
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ligands of the activating NKG2D receptor, on nasopharyngeal cancer cell lines that lead to an increase
in their susceptibility to NK cell-mediated cytoxicity [166]. Axitinib is another TKI, which in addition
to its direct proapoptotic effect on renal carcinoma cells, is able to increase NKG2D ligands through
the DNA damage response (DDR) and, therefore, increasing NK cell recognition and degranulation
against a RCC cell line in a reactive oxygen species (ROS)-dependent manner [167]. The combination
of sunitinib and immunotherapy has been tested in mouse preclinical models. Specifically, in a mouse
model of metastatic RCC, a synergistic anti-tumor response with the combined treatment of sunitinib
and an agonistic mAb against the glucocorticoid-induced TNFR related protein (GITR) was shown [168].
Among others, this combined treatment induced a very significant increase in the infiltration and
activation of CD8+ T cells and NK cells in liver metastasis [168]. Moreover, cell depletion experiments
demonstrated that CD8+ T cells, macrophages, and NK cells infiltrating the metastatic liver contributed
to the anti-tumor effect of this combination therapy [168].

In search of prognostic markers that could be associated with the evolution of metastatic
RCC patients, levels of Eomes mRNA in peripheral blood were studied before the treatment with
sorafenib [169]. Multivariate analysis, including clinical features, identified Eomes mRNA expression
levels as a good prognostic marker for progression-free survival and overall survival in these patients
treated with sorafenib [169]. Moreover, at protein levels, Eomes was highly expressed on circulating
NK cells [169], suggesting that NK cells may play a role in the tumor response in RCC patients treated
with sorafenib. On the other hand, in patients with metastatic RCC, the systemic effect of the mTOR
inhibitor everolimus was shown to induce immunological alterations in circulating immune cells,
including NK cells [170]. Specifically, a significant decrease in the frequency of the CD56bright NK cell
subset and the conventional DCs was found, along with an increase in Treg cells and monocyte MDSCs.
These data suggest that everolimus may favor immunosuppression and, therefore, that it should be
carefully considered in the treatment of these patients [170].

Targeting immune checkpoints, such as PD-1 and CTLA-4, is a success story in the fight against
cancer. For example, cancer immunotherapies targeting the PD-1/PD-L1 axis has shown remarkable
efficacy in the treatment of many cancers [171–176], including RCC [175–179]. Nevertheless, not all
patients respond to the therapy, and the identification of treatment response biomarkers is a real need.
More importantly, information about blood markers, rather than tumor markers, that are associated
with the response to checkpoint inhibition is very scarce. Recently, the changes in blood immune cell
subsets and soluble mediators after anti-PD-1 therapy were studied [180]. The authors found that
in blood samples from non-small cell lung cancer and RCC patients before treatment, an increased
frequency of central memory CD4+ T cells and leukocyte count was associated with a response,
while an increased percentage of PD-L1+ NK cells and naïve CD4+ T cells was associated with a lack
of response [180]. Considering that it has been proposed that anti-PD-L1 antibodies activate PD-L1+
NK cells to control tumor growth [98] and that the mutated VHL gene induces PD-L1 expression in
RCC cells [181], treating patients that have a high frequency of PD-L1+NK cells with anti-PD-L1 rather
than anti-PD-1 antibodies should be considered. Combination therapy of checkpoint inhibitors with
other drugs is another reality in the current arsenal for treating RCC patients, and more combination
therapies are being tested in preclinical models. For example, the combination of checkpoint inhibitor
(CTLA-4) and oncolytic virotherapy has been found to be very complex, and many factors, including
viral strains, are critical for the synergistic effects [182]. Once the best condition for the combined
administration of anti-CTLA4 antibodies and the oncolytic virus was identified in a mouse model of
RCC, it was shown that the synergistic effects of the combined therapy required the participation of
CD8+ T cells, NK cells, and IFNγ for the anti-tumor response [182]. Interestingly, HLA-E expression
has been reported in RCC tumors [183,184]. However, whether the use of anti-NKG2A Abs could
benefit RCC patients remains unexplored.

Tumor-associated antigens are also a focus for the implementation of new therapeutic strategies.
Carbonic anhydrase IX (CAIX) is one of the best-characterized antigens associated to RCC [185,186].
Results have shown that human anti-CAIX mAbs induce NK cell-mediated ADCC against RCC cells.
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Furthermore, engineered anti-CAIX mAbs to enhance the binding affinity to Fc gamma receptors
(i.e., CD16) enhanced their ADCC effector function [187]. In an in vivo orthotopic RCC mouse model
using human peripheral blood mononuclear cells, it was shown that the anti-CAIX mAbs induced
human responses, including NK cell tumor infiltration [187]. Other mAbs are being tested in preclinical
models of RCC. In this context, CCR4 is highly expressed in human RCC biopsies and, in a mouse model
of RCC, anti-CCR4 mAb was shown to exhibit anti-tumor activity. Interestingly, this anti-CCR4 mAb
induced a modification of the immune cell infiltrate in the TME, leading, among others, to an increase in
NK cell numbers [188]. More specifically, anti-CCR4 mAb, among other effects, increased the numbers
of infiltrating NK cells [188], suggesting that these may participate in tumor elimination following
anti-CCR4 mAb administration. Also, it has been shown that SIRPα is highly expressed in human
RCC cells, and anti-SIRPα mAbs decreased tumor formation in syngeneic mice [189]. Interestingly, the
anti-tumor effect of anti-SIRPα mAbs required not only macrophages, but also NK cells and CD8+ T
cells [189].

IL-2 was the first cytokine to be molecularly cloned. The high-affinity IL-2 receptor (IL-2R)
is composed of three chains (α, β, and γ), and it is highly expressed in Treg cells, while the
intermediate-affinity IL-2R is only composed of the β and γ chains, and is expressed in the majority of T
and NK cells [190–192]. Soon after the discovery that this cytokine stimulates T and NK cell proliferation
and the generation of effector T cells, clinical trials were carried out to evaluate its ability to stimulate
anti-tumor responses in patients with renal cancer, melanoma, and other tumors [78,79,85,190]. In fact,
high doses of IL-2 were approved by the FDA in 1992 to treat patients with metastatic RCC [78,193].
Evaluating data from a cohort of patients treated with high doses of IL-2, it was found that when the
higher-affinity genotypes for FCGR2A, FCGR3A, and FCGR2C were considered together, they were
associated with increased tumor shrinkage and prolonged survival [194]. FCGR3A encodes for CD16
expressed on NK cells. On the other hand, in the same cohort of patients, an association of the
KIR/KIR-ligand genotype with patient outcomes was not found [195]. IL-2 has also been administered
to RCC patients in combination with IFNα, which has been proven to enhance NK cell cytotoxicity
and expansion [196,197]. However, several studies have also pointed out that insufficient activation of
RCC tumor-infiltrating NK cells contributed to the failure of IL-2 treatment alone or in combination
with other agents, such as IFNα [147,198,199].

IL-15 is another cytokine that signals through the IL-2Rβγ, and it is being tested in clinical trials for
cancer immunotherapy, including patients with metastatic RCC. A clinical trial has demonstrated acute
lymphocyte dynamics with a redistribution of NK cells and CD8+T cells, followed by hyperproliferation
and increased numbers of NK cells (and T cells) after 2–3 days of the infusion. Cell numbers returned
to baseline levels around 6 weeks after IL-15 infusion [88]. Another trial using subcutaneous IL-15
administration induced a profound expansion of NK cells, especially the CD56bright subset. In this
trial, objective responses were not observed, although some patients had disease stabilization [200]
(NCT01727076). Finally, a trial with ALT-803, a complex containing two molecules of mutated IL-15 and
two molecules of the IL-15Rα “sushi” domain fused to human IgG1 Fc, also demonstrated expansion
and activation of NK cells [201].

Adoptive cell therapy has also been used for the treatment of metastatic RCC. Infusion of activated
NK cells in combination with IL-2 [81,202,203], and the adoptive transfer of allogeneic NK cells [77]
and NK cell lines, such as NK-92 [204], have been tested [142,205]. Infusions of NK cells have also
been combined with other therapeutic procedures. For example, combining allogeneic NK cell therapy
with percutaneous cryoablation had a synergistic effect, improving the quality of life of the patients,
and also exhibited clinical efficacy [206] (NCT02843607). Also, genetically modified NK cells are being
studied for their potential use in the clinic [142]. Given that there are higher concentrations of CXCR2
ligands in tumors compared with the plasma of RCC patients, the properties of NK cells engineered to
express CXCR2 were tested [207]. CXCR2 expressing NK cells were able to migrate along a chemokine
gradient of RCC tumor supernatants, and this enhanced trafficking resulted in an increased killing of
target cells [207]. CAR-engineered NK cells are also being tested in preclinical models. Some examples
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include the ability of NK-92 cells expressing an ErbB2 (Her2)-specific CAR to reduce lung metastasis in
a RCC model [208], how the combination of cabozantinib and NK-92 cells expressing an EGFR-specific
CAR exhibit synergistic therapeutic efficacy against the human RCC xenograft model [209], and how
bortezomib improves adoptive CAIX-specific CAR-modified NK-92 cell therapy in mouse models of
RCC as well [210].

6. Conclusions

As summarized in this review, NK cells present several features that make them suitable for
fighting against malignant pathologies, and RCC is not an exception. Multiple strategies have been
developed to enhance anti-tumor activities of NK cells, and some of them are currently being tested
in clinical trials with RCC patients. Therefore, based on current knowledge, we consider that NK
cell-based immunotherapies represent a promising tool in the treatment of renal cancers.
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Abstract: Kidney neoplasms are among the most heterogeneous and diverse tumors.
Continuous advancement of this field is reflected in the emergence of new tumour entities and an
increased recognition of the expanding morphologic, immunohistochemical, molecular, epidemiologic
and clinical spectrum of renal tumors. Most recent advances after the 2016 World Health Organization
(WHO) classification of renal cell tumors have provided new evidence on some emerging entities,
such as anaplastic lymphoma kinase rearrangement-associated RCC (ALK-RCC), which has already
been included in the WHO 2016 classification as a provisional entity. Additionally, several previously
unrecognized entities, not currently included in the WHO classification, have also been introduced,
such as eosinophilic solid and cystic renal cell carcinoma (ESC RCC), low-grade oncocytic renal tumor
(LOT) and high-grade oncocytic renal tumor (HOT) of kidney. Although pathologists play a crucial
role in the recognition and classification of these new tumor entities and are at the forefront of the
efforts to characterize them, the awareness and the acceptance of these entities among clinicians will
ultimately translate into more nuanced management and improved prognostication for individual
patients. In this review, we summarise the current knowledge and the novel data on these emerging
renal entities, with an aim to promote their increased diagnostic recognition and better characterization,
and to facilitate further studies that will hopefully lead to their formal recognition and consideration
in the future classifications of kidney tumors.

Keywords: kidney; emerging entity; new entity; oncocytic renal tumor; unclassified renal cell
carcinoma; unclassified renal tumor; anaplastic lymphoma kinase rearrangement; ALK; ESC;
HOT; LOT

1. Eosinophilic Solid and Cystic Renal Cell Carcinoma (ESC RCC)

Eosinophilic solid and cystic renal cell carcinoma (ESC RCC) has been recently characterized as an
emerging renal entity that exhibits a set of well-defined clinical, pathological, immunohistochemical and
molecular features [1–3]. Because it was described very recently, it is not yet included in the 2016 WHO
classification of genitourinary tumors [4]. These types of tumors have likely been previously designated
as “unclassified renal cell carcinoma” or “unclassified renal neoplasm (or renal cell carcinoma) with
oncocytic or eosinophilic morphology”. Great majority of ESC RCC are sporadic and are found in
non-syndromic setting, although a subset of identical tumors have been documented in patients with a
tuberous sclerosis complex (TSC) [5,6]. The great majority of ESC RCC are small, solitary tumors of
low stage that are found in female patients, and generally exhibit indolent behaviour, although rare
cases have been documented with metastatic disease [1,2,7–10]. The most salient features of ESC RCC
and the other emerging entities included in this review are summarized in Table 1.
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Table 1. Summary of the features of emerging renal tumors eosinophilic solid and cystic renal
cell carcinoma (ESC RCC), anaplastic lymphoma kinase rearrangement-associated RCC (ALK-RCC),
low-grade oncocytic renal tumor (LOT) and high-grade oncocytic renal tumor (HOT).

Emerging
Renal Tumor

Clinical Features Morphology Immunohistochemistry
Molecular
Features

Prognosis

Eosinophilic solid and
cystic RCC (ESC RCC)

Mostly females and
solitary tumors,
~10% in TSC
patients

Solid and cystic growth,
often scattered
histiocytes and
lymphocytes,
voluminous eosinophilic
cells, cytoplasmic coarse
granularity (stippling)

CK20+ either focal or
diffuse (note: 10%–15%
CK20-), CK7-, CD117-

Somatic
bi-allelic loss or
mutation of
TSC1 and TSC2

Typically good, but rare
cases documented with
adverse prognosis

Anaplastic lymphoma
kinase
rearrangement-associated
RCC (ALK-RCC)

Adults (younger
middle age or
older); children or
adolescent with the
sickle cell trait

Variable and admixed
morphologies in adults,
often mucinous
background present;
renal medullary
carcinoma-like
morphology in children

ALK1+, remaining IHC
nonspecific; rare cases in
children TFE3+ (but
without translocation by
FISH)

ALK
rearrangement
with various
fusion partners:
VCL, TPM3,
EML4, STRN,
HOOK1, CLIP1
and KIF5 B

~1/3 adverse prognosis
(metastatic disease
at presentation)

High-grade oncocytic
tumor (HOT)

Wide age range,
female/male = 4/1;
can occur rarely in
TSC patients;
typically smaller
tumors

Solid growth,
oncocytic/eosinophilic
cells, prominent
cytoplasmic vacuoles
round to oval nuclei,
often very large nucleoli

Cathepsin K+, CD10+,
CD117+, CK7- (only rare
scattered cells +)

Limited data:
non-overlapping
mutations in
either TSC1,
or TSC2,
or MTOR genes;
by aCGH loss
of 19 p or chr. 1

Indolent tumors (limited
follow-up)

Low-grade oncocytic
tumor
(LOT)

Older patients,
solitary and
non-syndromic
tumors, small size

Solid growth with sharp
transition to edematous
areas with loose cell
arrangement; low-grade
oncocytic cells, round to
oval nuclei and frequent
perinuclear halos

CD117- (rarely very
weak+), CK7+

Limited data:
by aCGH
deletions at
19p13.3, 1
p36.33 and
19q13; also
disomic status
in some

Indolent tumors (limited
follow up)

1.1. Clinical Features

ESC RCC are typically sporadic tumors, not associated with TSC; however, about 10% or less of
these tumors with virtually identical features have been documented in TSC patients [1–3,5]. ESC
RCC are typically solitary, unifocal tumors of small size and low stage (mostly pT1, rarely pT2
or pT3) [1–3,11]. Occasional multifocal and bilateral cases have also been reported [2,8,12]. The patients
are overwhelmingly females, and only rare cases have been reported in males. In an unselected patient
cohort, the median age was 55 years, with a broad patient age range (32–79 years) [1,2]. However, a
recent study of previously ‘unclassified’ eosinophilic renal tumors in younger patients (defined as age
35 years or younger), found 10 ESC RCC, which represented 30% of this cohort, with a median age of
27 years [12]. The true incidence of this tumor is currently unknown.

Although the great majority of ESC RCC exhibit indolent behavior, four cases have so far been
reported with metastases, which justifies the “RCC” designation for this entity and reiterates the need
for an ongoing clinical surveillance for these patients [1,2,7–9]. Additional studies are needed to fully
determine the biologic behavior of ESC RCC, because to date, there are only few well-documented
series with sufficient follow-up [1,2,10].

1.2. Pathological Features

1.2.1. Gross Features

The proposed name of this tumor entails the designations “solid and cystic” which succinctly
conveys the main gross features [1–5]. ESC RCC are well-delineated tumors, showing mixed macrocystic
and solid patterns (Figure 1A) [1,2]. The cysts are often multifocal and vary in size from few millimeters
to few centimeters; the presence of macrocysts is one of the key gross features. Rare cases demonstrated
almost exclusively solid growth with only rare identifiable microscopic cysts [1,2]. The tumor cut
surface is yellow/gray/tan. Most of the reported tumors were smaller than 5 cm (median: 3.1 cm, mean
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4.2 cm), but the reported tumor size was variable, from 1.2 to as 13.5 cm in greatest dimension, based
on the largest series by Trpkov et al. [1,2].

Figure 1. Eosinophilic solid and cystic renal cell carcinoma (ESC RCC) show grossly mixed macrocystic
and solid appearances (A). Solid and cystic areas can also be appreciated at low power (B). The solid
areas demonstrate diffuse and compact growth with adjacent cyst trabeculae showing hobnailing (C).
Eosinophilic cells exhibit voluminous cytoplasm with readily recognizable coarse cytoplasmic granules
(‘stippling’); aggregates of foamy histiocytes and lymphocytes are often found (D,E). CK20 is positive
in the majority of ESC RCC (F).

1.2.2. Microscopic Features

ESC RCC are circumscribed tumors, but without a well-formed capsule at the periphery.
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The epithelial lining of the cysts has a hobnail arrangement and the cyst trabeculae (i.e., the solid
parts between the cysts) can vary in thickness (Figure 1B,C) [1,2]. The solid tumor areas have identical
appearances as seen in the trabeculae between the cysts, showing diffuse, compact acinar or compact
nested growth (Figure 1D). Scattered aggregates of foamy histiocytes and lymphocytes are often found
(Figure 1C,E). The cells typically show eosinophilic, voluminous cytoplasm, with readily identifiable coarse,
basophilic to purple, cytoplasmic granules (‘stippling’), which represents a very helpful morphologic
feature; these granules correspond to aggregates of rough endoplasmic reticulum, observed on electron
microscopy (Figure 1E) [1]. The nuclei are round to oval with focally prominent nucleoli, equivalent to
WHO/ISUP grade 2 or 3 (Figure 1D,E). Focal nuclear irregularities can also be seen.

Other less common or less specific features can also be present, including focal papillary growth,
focal “clear cell” areas, as well as focal insular or tubular growth and clusters of multinucleated
cells [1,2]. Cell size variations or architectural pattern variations can also be observed within individual
cases. Intracytoplasmic vacuolization, either microvesicular or macrovesicular, is also common and
psammoma bodies can be found in about half of the cases [1,2].

1.2.3. Immunohistochemical and Molecular Features

Immunohistochemistry (IHC) for CK20 is positive in great majority of ESC RCC (Figure 1F), either
as diffuse or focal reactivity, and it is usually paired with a negative or only focally positive CK7 (in about
a quarter of cases) [1,2]. Of note, negative CK20 can also be observed in about 10%–15% of otherwise
typical cases, together with either negative or focally positive CK7 [1–3]. To our knowledge, none of
the reported ESC RCC cases so far demonstrated a CK20 negative/CK7 positive immunophenotype,
which may be helpful in differentiating ESC RCC from other eosinophilic renal tumors. Other positive
stains also include PAX8, AE1/AE3, CK8/18 and vimentin; rare cases can be negative or only focally
positive for cytokeratin AE1/AE3 [1,2]. Cathepsin K is also reactive in great majority of ESC RCC,
either as diffuse or focal positivity (personal unpublished observations), in line with some of the
reported observations of cathepsin K reactivity in ESC RCC [10,12]. Negative stains include CD117,
CA9, HMB45 and melan A [1,2].

The molecular characterization of ESC RCC by next generation sequencing (NGS) revealed
recurrent and mutually exclusive somatic bi-allelic loss or mutations in of TSC gene family, including
TSC2 and TSC1 in 85% (6/7) of evaluated cases [13]. Parilla et al. characterized two cases of sporadic ESC
RCC in patients without clinical features of tuberous sclerosis, which demonstrated pathogenic somatic
TSC2 gene mutations [9]. These mutations were without other alterations in any other genes associated
with RCC, suggesting that sporadic ESC RCC may be characterized by somatic tuberous sclerosis gene
mutations (TSC2) [9]. Palsgrove and al have also confirmed a consistent presence of either TSC1 or
TSC2 gene mutations in pediatric ESC RCC (8/9 cases) and adult ESC RCC (6/6 cases). These included
a metastatic ESC RCC which had a complete response to mTOR targeted therapy [10]. Molecular
karyotype profiling of ESC RCC has also shown common and recurring genomic changes, including
copy number (CN) gains at 16p13-16q23, 7p21-7q36, 13q14, and 19p12 and CN losses at Xp11.21
and 22q11 [2]. Loss of heterozygosity (LOH) alterations were identified at 16p11.2-11.1, Xq11-13,
Xq13-21, 11p11, 9q21-22, and 9q33 [2]. Many of the genes and gene sets in the affected regions are
involved in the regulation of MTOR signaling pathway and indicate that ESC RCC genomic alterations
are different from those found in the currently recognized renal neoplasms [2,9,10]. Although these
molecular alterations are neither pathognomonic nor specific for ESC RCC, taken together with the
morphologic and immunohistochemical features seen in ESC RCC, signify a relatively compact and
distinct morpho-molecular entity.

1.3. Differential Diagnosis

The wide spectrum of the renal tumours with eosinophilic cells should all be considered in the
differential diagnosis of ESC RCC, which includes primarily renal oncocytoma and the eosinophilic
variant of chromophobe renal cell carcinoma (Chr RCC), as well as some less common entities,
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such as succinate dehydrogenase (SDH)-deficient RCC, MiTF translocation RCC (particularly TFEB),
and epithelioid angiomyolipoma (AML), as shown in Table 2. However, the morphologic features
of ESC RCC observed on H&E and its immunohistochemical profile are generally sufficient for
the diagnosis.

Table 2. Key distinguishing features of the emerging renal tumors vs. other eosinophilic/oncocytic
renal tumors.

Diagnosis Key Distinguishing Features Immunohistochemistry

Eosinophilic, solid and cystic RCC
(ESC RCC)

Great majority females, solid and cystic
growth, cytoplasmic stippling, lacks
perinuclear halos

CK20+ (diffuse or focal; rarely
CK20-), CK7-, CD117-

Anaplastic lymphoma kinase
rearrangement-associated RCC
(ALK RCC)

Variable and mixed morphology in adults,
often mucinous background.
Renal medullary carcinoma-like morphology
in children

ALK1+, rare TFE3+ (FISH-)

High-grade oncocytic
tumor (HOT)

Solid growth, voluminous oncocytic cells with
high grade nuclei, large cytoplasmic vacuoles

CD117+, CK7- (only scattered cells
CK7+), Cathepsin K+, CD10+

Low-grade oncocytic tumor(LOT)

Solid growth with gradual transition to
trabecular areas; sharply delineated
edematous stromal areas with loose and
irregular cell arrangement

CD117-, CK7+ (diffuse)

Oncocytoma
Solid growth at the periphery, can show
tubulocystic growth, central ‘archipelaginous’
areas, cells lack perinuclear halos

CD117+, CK7- (usually only
scattered cells CK7+)

Chromophobe RCC, eosinophilic
Solid growth, loose stromal areas absent, cells
with more prominent membranes, irregular
(‘raisinoid’) nuclei, perinuclear halos

CD117+, CK7+

Clear cell RCC, eosinophilic At least focal clear cell areas, delicate
vasculature in the background CA9+, CD117-

Papillary RCC, oncocytic/solid Papillary growth (at least focally) AMACR+, CK7+, CD10+

Epithelioid angiomyolipoma Epithelioid cells, may be pleomorphic, lacks
perinuclear halos

PAX8-, Cathepsin K+, HMB45+,
AE1/AE3-

SDH-deficient RCC
Low-grade oncocytic cells with at least focal
flocculent (fluffy) cytoplasm and inclusions;
lacks perinuclear halos

CD117-, SDHB-, AE1/AE3- (often)

2. ALK Rearrangement-Associated RCC (ALK-RCC)

ALK rearrangement-associated RCC (ALK-RCC) is another novel renal entity that has already
been included in the 2016 WHO classification as an “emerging/provisional” entity [3,4]. It encompasses
renal carcinomas demonstrating translocation that result in a fusion of the ALK gene with various
gene partners. ALK is located at 2p23 and it is a member of the receptor tyrosine kinase family and the
insulin receptor superfamily [14]. Chromosomal rearrangements resulting in ALK fusion with several
partner genes lead to aberrant ALK activation through the formation of oncogenic chimeric proteins.
However, rearrangement of ALK is not restricted only to ALK-RCC, but has also been previously
documented in other non-renal tumors, such as non-small-cell lung adenocarcinoma, anaplastic thyroid
carcinoma, anaplastic large-cell lymphoma, and others [15]. Since the first report in 2011, less than 30
cases of ALK-RCC have been reported [16–32]. These tumors demonstrate considerable morphologic
diversity, but their underlying commonality includes the ALK rearrangement that can be documented
either by IHC or by molecular studies, such as fluorescence in situ hybridisation (FISH).

2.1. Clinical Features

ALK RCC are solitary tumors, typically not associated with any clinical syndromes. They are
documented in patients with diverse racial background, including African American, Caucasian
and Asian patients. However, a large study of 1019 kidney tumors in adult Polish patient cohort
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failed to identify a single ALK-RCC by using three different clones of anti-ALK antibodies for
immunohistochemical evaluation [33].

ALK-RCC occurs slightly more often in male patients (M:F = 1.5:1) and has been documented in
patients of wide age range, with clustering in children and adolescents (range, 3–19 years), younger
and middle aged adults (range, 30–49 years), and in patients older than 50 years (range, 52–85 years).
Some pediatric cases demonstrating VCL–ALK and TPM3–ALK fusions have been documented in
African American patients with the sickle-cell trait [19,27,28].

Although the clinical behavior and the histopathologic characteristics of this tumor have not been
fully established, they may exhibit adverse prognosis, including metastatic disease and death, which has
been documented in about 30% of the cases, clearly substantiating their malignant potential [16,24,32].
The interest in this tumor has also been fortified by the availability of targeted therapies, such as
ALK inhibitors alectinib and crizotinib in tumors demonstrating ALK rearrangement. A recent report
described three patients with “metastatic ALK-rearranged papillary RCC” with documented ALK
fusion (all with EML4-ALK), who were treated with alectinib, and all patients showed a demonstrable
short term clinical and radiographic response [32]. Based on the provided data in the report, these
three case likely represent types of tumors within the spectrum of the reported ALK-RCC [32].

2.2. Pathological Features

2.2.1. Gross Features

ALK-RCC are solitary, solid or solid–cystic tumors that show white-grey to yellow and variegated
cut surface and range in size from 3 to 7 cm (Figure 2A). Most of the reported pediatric cases with
VCL-ALK fusion were located in the medulla or the renal pelvis, while the remaining cases were mostly
located in the renal cortex. Grossly identifiable necrosis and hemorrhage were also noted in some cases.

2.2.2. Microscopic Features

Pediatric cases demonstrating VCL–ALK and TPM3–ALK fusions exhibited morphologic
similarities to adult renal medullary carcinoma and collecting duct carcinoma, such as diffuse
solid or reticular/syncytial/tubular growth, with a background of prominent and delicate vascular
network, often admixed with significant lymphoplasmacytic inflammatory infiltrate and stromal
desmoplasia [19–21,27,28]. The neoplastic cells in these pediatric cases were typically discohesive
and showed variable cytomorphologies, including polygonal, spindle, cuboidal and low columnar.
They also exhibited voluminous eosinophilic cytoplasm with common intracytoplasmic lumina; the
nuclei were round to oval with focally prominent nucleoli.

The remaining types of ALK-RCC showed variable and complex morphologies, typically
demonstrating multiple growth patterns in a single case, including solid, tubular or tubulo-cystic,
papillary (or pseudopapillary), cribriform, trabecular, and signet-ring individual cell growth
(Figure 2B–E). An extensive mucinous background, as well as intracytoplasmic mucin have been
frequently found in these cases and may be a helpful clue for the diagnosis [16,18,23]. The cells
had eosinophilic cytoplasm and showed variable morphologies, including rhabdoid, vacuolated,
pleomorphic giant cell and small cell (metanephric adenoma-like) morphology. Occasional psammoma
bodies were also present and coagulative necrosis and mitoses have also been found in these cases [16,24].
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Figure 2. ALK rearrangement-associated RCC (ALK-RCC) shows a variegated gross appearance (A).
On microscopy, multiple growth patterns can be seen in a single tumor, including solid (B), papillary
(C), tubular and tubulocystic (D). Intracytoplasmic vacuoles and individual signet ring cells can
also be found (E) often with a mucinous background (D,E). There is ALK1 protein expression on
immunohistochemistry (F).

2.2.3. Immunohistochemistry, Electron Microscopy and Molecular Features

Patients with ALK-RCC demonstrate diffuse cytoplasmic and membranous ALK protein expression
by IHC, which can aid in screening suspicious cases (Figure 2F). However, for a definitive diagnosis,
an ALK-rearrangement by FISH is necessary, typically showing an ALK split signal in the majority of
tumor cells. ALK-RCCs are usually reactive for CK7, 34βE12, AMACR and vimentin; INI-1 expression
is retained and Ki67 proliferation index is relatively low [19]. Melanocytic markers such as melan A,
S100, HMB45, and cathepsin K are negative [16]. Immunoreactivity for TFE3, but without genuine
TFE3-rearrangement by FISH, has been reported in some pediatric cases [19–21,25] and in one adult
patient with ALK-RCC showing TPM3-ALK fusion [18].
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Electron microscopy of ALK-RCC demonstrated the presence of microvilli, tight desmosomes,
numerous lipofuscin-like structures, and a well-developed cytoskeleton in the cytoplasm [21,25,27].

Genetic studies have identified, so far, several ALK fusion gene partners, but in some cases none
of these partners were found, which indicates the possibility that some additional gene partners have
yet to be discovered. Until recently, VCL-ALK has been documented only in pediatric patients of
African American descent with the sickle-cell trait [19,21,27,28]. However, a recent report identified
VCL-ALK fusion in a 57 year-old Chinese woman, without any evidence of the sickle cell trait [31].
Four other ALK fusion gene partners have been also identified, both in pediatric and adult patients:
TPM3-ALK, EML4-ALK, striatin (STRN)-ALK, and HOOK1-ALK [16–18,20–23]. Most recently, in a
multi-institutional study of 12 novel ALK-RCC, we identified three new, previously unreported ALK
gene partners: CLIP1, KIF5B and KIAA1217 (data presented in part at the United States Canadian
Academy of Pathology Annual Meeting 2019) [34].

2.3. Differential Diagnosis

The differential diagnosis of ALK-RCC is quite broad, primarily due to the presence of variable
and diverse morphologies that can be observed in ALK-RCC, which may mimic other renal entities,
such as renal medullary carcinoma (in children and adolescents), collective duct carcinoma, papillary
RCC, MiTF RCC (TFE3 and TFEB), mucinous tubular and spindle cell carcinoma, and thyroid-like
follicular RCC. However, ALK-RCC usually shows multiple, admixed growth patterns, often set in
a mucinous background, generally demonstrates lesser degree of cytologic atypia, lack significant
stromal desmoplasia and are non-infiltrative. ALK positive IHC or ALK rearrangements demonstrated
by FISH are crucial in establishing the diagnosis. A notable pitfall in misdiagnosing ALK RCC as
Xp11.2 translocation RCC may be due to its positivity for TFE3 by IHC in some cases; however, TFE3
rearrangement by FISH is lacking in these cases [19,20,25,27,28].

3. High-Grade Oncocytic Tumor (HOT) of Kidney

High-grade oncocytic tumor (HOT) is an entity with unique and readily recognizable morphology,
composed predominantly of oncocytic cells with high-grade nuclei, prominent intracytoplasmic
vacuoles, and demonstrates a relatively consistent IHC profile. HOT of kidney has recently been
proposed [35] to represent a previously unrecognized and potentially new renal entity that is currently
not listed in the 2016 WHO classification [4]. The first published study on this tumor in 2018 by He et al.
described a multi-institutional series of 14 tumors, designated as “HOT” of kidney [35]. Soon thereafter,
Chen et al. reported a single-institutional series of seven morphologically identical tumors that
they designated “sporadic renal cell carcinomas with eosinophilic and vacuolated cytoplasm” [36].
Most recently, an example of an identical type of tumor was reported by Trpkov et al. in a patient with
a Tuberous Sclerosis Complex (TSC) [37], in contrast to the sporadic cases included in the initial two
series [35,36]. The tumors designated as “HOT” and “sporadic renal cell carcinomas with eosinophilic
and vacuolated cytoplasm”, in our view, represent the same entity. In this review, we will use the
designation “HOT” for this novel tumor, which we proposed initially as a provisional name for this
entity [35]. The term “sporadic renal cell carcinomas with eosinophilic and vacuolated cytoplasm” used
by Chen et al. despite being somewhat long, inaccurately stipulates that this tumor is a “carcinoma”
prima-facie, without providing either evidence or justification for this terminology [36]. Importantly,
the case reported in a TSC patient also argues against the use of the descriptor “sporadic” for these
tumors [37].

HOT of kidney emerged from the spectrum of oncocytic (or eosinophilic) tumours that include
renal oncocytoma, chromophobe renal cell carcinoma (Chr RCC), as well as previously reported tumors
with “hybrid” morphology of oncocytoma-Chr RCC, either as sporadic “hybrid-oncocytic” tumors,
or tumors found in a syndromic setting, such as Birt–Hogg–Dubé (BHD) syndrome, renal oncocytosis
and TSC [5,38–42]. Indeed, it is not uncommon to encounter oncocytic tumors with mixed and unusual
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morphologies either in a syndromic or sporadic setting that are not easy to classify because they do not
fit into any of the currently recognized renal tumor categories [38].

3.1. Clinical Features

All patients included in the He et al. and Chen et al. studies presented with non-syndromic,
solitary tumors. HOT was found more often in females (M:F = 1:2.5), with median age of 50 and
55 years respectively, within a broad age range (range, 25 to 73 years) [35,36]. During the documented
follow-up, all tumors demonstrated an indolent behavior, and although the follow-up was relatively
limited in both series, some cases had a follow-up of more than 10 years. The prevalence of this type of
tumor is currently unknown.

Of note, the one renal HOT reported in a TSC patient, was found in a 48 year old female with a
known TSC, who had bilateral renal masses on routine ultrasound screening [37]. The tumor measured
1.3 cm and represented a solid, tan-brown neoplasm. Multiple small adjacent AML tumorlets were also
found, as well as a small renal cell carcinoma with angioleiomyomatous (or smooth muscle) stroma, a
type of renal neoplasm documented in a setting of TSC [5].

3.2. Pathological Features

3.2.1. Gross Features

All sporadic tumors were typically solid (except one case that showed focal gross cysts), small
size and low-stage (pT1) [36,37]. The mean tumor size was 3.4 cm (range, 1.5 to 7 cm) [35,36]. The cut
surface demonstrated tan/mahogany-brown color, often mimicking the color of the adjacent kidney
parenchyma, as often seen in renal oncocytoma, without a gross evidence of necrosis or hemorrhage
(Figure 3A).

3.2.2. Microscopic Features

At low power, HOT is a well-circumscribed, but non-encapsulated tumor that demonstrates
solid to nested growth with focal tubulocystic features (Figure 3B). Prominent intratumoral vessels of
medium to large caliber and rare entrapped renal tubules can be found at the periphery [35]. The nested
growth is more typically found in a loose stroma. The cells show voluminous eosinophilic cytoplasm
and frequent large intracytoplasmic vacuoles, which can be quite prominent and easily recognizable
at low to mid-power (Figure 3B–D) [35]. The nuclei are round to oval with conspicuously enlarged
nucleoli that focally mimic viral inclusions and invoke a “high-grade” appearance, which at first
impression can be worrisome [35]. Perinuclear halos and nuclear irregularities are typically not found.

3.2.3. Immunohistochemical Features, Electron Microscopy and Molecular Findings

HOT shows frequent reactivity for CD117 with CK7 only focally positive in scattered cells,
an immunoprofile mimicking the one typically found in renal oncocytoma (oncocytoma-like
immunoprofile) [35,36]. Cathepsin K is, however, invariably positive, either as diffuse or focal
(Figure 3E) and CD10 was positive in great majority of reported cases [35]. All cases reported by
He et al. were also reactive for PAX8, AE1/AE3, CK18, antimitochondrial antigen, and SDHB, and were
negative for vimentin, TFE3, HMB45, and melan-A [35]. None of the evaluated cases showed TFEB
and TFE3 gene rearrangements [35].

We have also studied two HOT cases by electron microscopy and both cases demonstrated an
‘oncocytoma-like’ appearances with numerous intracytoplasmic mitochondria (Figure 3F).

Using NGS, Chen et al. found somatic inactivating mutations of TSC2 or activating mutations
of MTOR with a loss of chromosome 1 in the evaluated cases, consistent with a hyperactive MTOR
complex [36]. None of their evaluated patients had a documented TSC [36]. Using array comparative
genomic hybridization (aCGH), He et al. found frequent losses of chromosome 1, chromosome 19,
and a loss of heterozygosity on 16p11.2-11.1 and 7q31.31 [35]. Of note, some similarities in these
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molecular findings in HOT, such as losses of TSC2 and TSC1 and activation of the MTOR pathway have
also been found in ESC RCC, another emerging renal entity, covered in this review, that nevertheless
shows quite different morphology from HOT [1,2,5,9,10,13].

Figure 3. High-grade Oncocytic Tumor (HOT) of kidney often mimics the color of the adjacent renal
parenchyma (A). It demonstrates solid growth of mostly eosinophilic cells, admixed with ‘clear’ cells
with intracytoplasmic vacuoles (B). The eosinophilic cells have voluminous cytoplasm with large
intracytoplasmic vacuoles; the nuclei show prominent to often very large nucleoli (C,D). Cathepsin K
is positive on immunohistochemistry (E). On electron microscopy, numerous intracytoplasmic
mitochondria are present (F).

3.3. Differential Diagnosis

The main differential diagnosis for HOT includes renal oncocytoma, Chr RCC and the broad
category of “hybrid” oncocytic tumors, seen in the sporadic or syndromic setting.

Although various morphologic patterns and atypical features of renal oncocytoma have been
well documented [43], the typical “high-grade” morphology, as seen in HOT, is essentially beyond the
permissible morphology for renal oncocytoma, despite the IHC similarities that include the positive
CD117, accompanied by CK7 reactivity restricted to rare scattered cells.
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Although conspicuous “plant like” growth that is seen in classic Chr RCC can superficially
mimic the vacuolated morphology of HOT, Chr RCC lacks marked cytoplasmic vacuoles; importantly,
the “high-grade” nuclear features seen in HOT are not part of the Chr RCC morphologic spectrum.
Chr RCC also typically exhibits irregular (“raisinoid”) nuclei with perinuclear halos, which are not
seen in HOT. On IHC, CK7 is typically diffusely positive in Chr RCC, but CK7 is only reactive in rare
cells in HOT. Importantly, cathepsin K and CD10 reactivity seen in HOT are typically absent both in
renal oncocytoma and Chr RCC.

The main differential diagnosis for the HOT are the so-called “hybrid tumors” that can be seen
either in either a syndromic or sporadic setting [5,38–42]. These “hybrid tumors” are, however, typically
multifocal, when encountered in patients with BHD syndrome, renal oncocytosis and TSC. We have
also encountered solitary “HOT-like” cases on morphology, that demonstrated FLCN mutation (either
as a new mutation or in a patient with previously unrecognized BHD), which can be conclusively
distinguished from HOT only by molecular analysis (unpublished data).

Other, less common renal tumors that can potentially mimic HOT include MiTF RCC (TFEB
and TFE3), oncocytic papillary RCC, SDH-deficient RCC, and ESC RCC and their key distinguishing
features are summarized in Table 2.

4. Low-Grade Oncocytic Tumor (LOT) of Kidney

Low-grade oncocytic tumor (LOT) has been recently proposed as a distinct renal entity, emerging
from the spectrum of oncocytic renal tumors that are difficult to classify [44]. In the only published
study to date, consisting of 28 cases collected from four large institutional renal tumor archives, LOT
showed fairy consistent morphologic features and immunoprofile characterized by lack of CD117
reactivity and diffuse positivity for CK7 [44]. Although LOT demonstrates an overlapping morphology
with renal oncocytoma and eosinophilic Chr RCC, it does not fit completely into either of these entities.
Some of these tumors were, and likely still are, labeled using designations such as “eosinophilic Chr
RCC”, “oncocytic renal tumor, NOS”, “unclassified/low-grade oncocytic tumor”, “hybrid or hybrid
oncocytoma-chromophobe tumor” or “borderline/uncertain/low malignant potential” tumors [38].

To our knowledge, this emerging entity is morphologically similar to the four cases labelled
‘eosinophilic Chr RCC’ that were included in the study by Davis et al., that lacked any copy number
alterations; however, no IHC profile was provided for these cases [45]. Another recent study by Ohashi
et al. also showed a complete absence of any chromosomal losses in 10/24 (41.7%) of cases designated
as “eosinophilic Chr RCC” in a large Japanese-Swiss combined cohort of Chr RCC, whereas only 6/69
(8%) of the “classic Chr RCC” showed absence of any chromosomal loss [46]. The authors pointed
out correctly that no stringent diagnostic criteria exist to classify eosinophilic Chr RCC, based on
the current 2016 WHO classification, which stipulates that eosinophilic Chr RCC should be “almost
purely composed of eosinophilic cells” [47]. Although no overall survival differences were found
between the “classic Chr RCC” and the “eosinophilic Chr RCC” cases, their study did not provide
more granular outcome data, for example on disease-specific survival or disease-specific progression
in these subgroups [46].

LOT is typically a single, small tumor that shows low stage and, based on the available data,
it exhibits an indolent clinical behavior [44]. The awareness of the constellation of the clinical,
morphologic and immunophenotypic features of this tumor that we provisionally named “LOT” will
hopefully increase its recognition and will prompt re-evaluation of similar oncocytic tumors that were
diagnosed using various terms.

4.1. Clinical Features

LOT is typically a single and sporadic tumor, found in a non-syndromic setting and in older
patients (median age 66 years). There is a female predilection (M:F = 1:1.8) [44]. During the follow-up,
these tumors behaved indolently, with no evidence of disease progression, although this is based on a
single study with a relatively limited follow-up (mean 31.8 months) [44].
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4.2. Pathological Features

4.2.1. Gross Features

LOT is typically a tan/yellow-brown, solid tumor; some examples showed macrocysts (Figure 4A).
Multiple tumors or bilateral kidney involvement have not been documented so far. Median tumor size
was 3 cm (range 1.1–13 cm) and the great majority (88%) of tumors were stage pT1a (68%) or pT1b
(20%) [44].

Figure 4. Low-grade oncocytic tumor (LOT) of kidney grossly shows tan to yellow cut surface (A).
LOT is a non-encapsulated tumor showing mostly solid growth; focal tubular-tubuloreticular patterns
can be present more centrally (B). There are frequent, sharply delineated edematous areas containing
single cells and irregularly cell cords (C). The eosinophilic cells show ‘low-grade’, round to oval nuclei,
often with delicate perinuclear clearing (D). On immunostains, CD117 is typically negative and there is
diffuse reactivity for CK7 (insert) (E). Electron microscopy shows densely packed intracytoplasmic
mitochondria (F).
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4.2.2. Microscopic Features

LOT of kidney is a non-encapsulated neoplasm that exhibits solid, compact nested or focal tubular
and tubuloreticular growth, particularly to the more central parts (Figure 4B) [44]. Sharply delineated
lose stromal, edematous areas are frequently found, containing cells that show irregular, loose reticular,
cord-like and individual cell growth, often resembling disorganized tissue culture (Figure 4C) [44].
Focal lymphocytic clusters or more delicate and irregular intercellular lymphocytic clusters can be
often seen in the more solid tumor areas. The cells show homogeneous oncocytic cytoplasm, round
to oval nuclei that typically lack significant irregularities and “raisinoid” shapes. The nuclei may
focally show delicate perinuclear halos or clearings (Figure 4D). No atypical or potentially worrisome
morphologic features were noted, such as significant cell atypia, pleomorphism, mitotic activity or
coagulative necrosis.

4.2.3. Immunohistochemical Features, Electron Microscopy, Molecular Features

LOT of kidney is invariably CD117-negative and diffusely CK7-positive, which is a typical and
constant immunopattern (Figure 4E) [44]. Of note, rare cases may show only focal and weak CD117
reactivity. LOT is also positive for AE1/AE3, PAX8, E-cadherin, BerEP4 and MOC31; fumarate hydratase
is retained [44]. LOT is negative for CA9, CK20, CK5/6, p63, CD15, HMB45, melan-A, and vimentin [44].
CD10 and AMACR are mostly negative or only focally positive. Muller–Mowry colloidal iron staining
was either negative or only luminal positive.

On electron microscopy, LOT demonstrates abundant, closely packed intracytoplasmic
mitochondria, similar to oncocytoma, which supports the descriptor “oncocytic” for this entity
(Figure 4F).

Only limited molecular data are available so far that show no consistent chromosomal losses or
gains of multiple chromosomes; in some cases a disomic chromosomal status was found [44]. Evaluated
cases showed frequent deletions at 19p13.3, 1p36.33 and 19q13.11 [44].

4.3. Differential Diagnosis

The main differential diagnosis for LOT includes renal oncocytoma and Chr RCC. The similarities
with oncocytoma include: an absence of capsule, mostly diffuse solid growth, cells with uniform
oncocytic cytoplasm and typically round to oval nuclei. In contrast to oncocytoma, LOT has areas of
edematous stroma that are sharply delineated from the solid areas. These hypocellular areas show
disorganized “tissue culture-like” cell arrangement and contain cells forming irregular cords and
single cells. These areas are somewhat different from the typical “archipelaginous” areas that are often
found in the more central parts of the renal oncocytoma. The cell of renal oncocytoma, in contrast to
LOT, also lack perinuclear halos, and are usually diffusely reactive for CD117, whereas CK7 stains only
scattered cells.

LOT exhibits as well some similarities with the eosinophilic variant of Chr RCC that include:
absence of a peripheral capsule, presence of diffuse and solid growth, cells with perinuclear clearings
(halos), and diffuse CK7 reactivity. In contrast to LOT, eosinophilic Chr RCC typically lacks the
focal edematous and hypocellular areas; the cells exhibit more prominent membranes, and the nuclei
demonstrate more irregular shapes and perinuclear halos. CD117 is also diffusely positive in great
majority of Chr RCC, including the eosinophilic Chr RCC.

An extended differential diagnosis that includes other renal tumors with oncocytic or eosinophilic
features include several additional entities, which are usually easily distinguished from the core group
of renal “oncocytic” tumors, that include oncocytoma, eosinophilic Chr RCC and the broader group of
“borderline/hybrid” oncocytic tumors. A summary of the features that are helpful in distinguishing
LOT from the other kidney tumors with oncocytic/eosinophilic cytoplasm is shown in Table 2.

353



Cancers 2020, 12, 168

5. Conclusions

In this review we summarized the current knowledge and available data on four emerging,
provisional renal entities, that include ALK-RCC, which is already included in the WHO 2016
classification as an ‘emerging/provisional’ entity, as well as three previously unrecognized entities that
are not currently included in the WHO classification, eosinophilic solid and cystic renal cell carcinoma
(ESC RCC), low-grade oncocytic renal tumor (LOT) and high-grade oncocytic renal tumor (HOT) of
kidney. Importantly, the recognition of these novel entities rests primarily on their distinct morphologic
features with the aid of IHC. We hope that this review will promote an awareness of these emerging
renal tumor entities and additional studies for their further evaluation and characterization.
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Abstract: In the past two decades, there has been a significant improvement in the understanding of
the molecular pathogenesis of Renal Cell Carcinoma (RCC). These insights in the biological pathways
have resulted in the development of multiple agents targeting vascular endothelial growth factor
(VEGF), as well as inhibitors of the mammalian target of the rapamycin (mTOR) pathway. Most
recently, checkpoint inhibitors were shown to have excellent clinical efficacy. Although the patients
are living longer, durable complete responses are rarely seen. Historically, high dose interleukin 2
(IL2) therapy has produced durable complete responses in 5% to 8% highly selected patients—albeit
with significant toxicity. A durable complete response is a surrogate for a long-term response in
the modern era of targeted therapy and checkpoint immunotherapy. Numerous clinical trials are
currently exploring the combination of immunotherapy with various targeted therapeutic agents
to develop therapies with a higher complete response rate with acceptable toxicity. in this study,
we provide a comprehensive review of multiple reported and ongoing clinical trials evaluating the
combination of PD-1/PD-L1 inhibitors with either ipilimumab (a cytotoxic T-lymphocyte-associated
protein 4, CTLA-4 inhibitor) or with anti-VEGF targeted therapy.

Keywords: renal cell carcinoma; checkpoint inhibitors; VEGF inhibitors; mTOR inhibitors

1. Introduction

Kidney cancer is the second most common malignancy arising from the urinary system. In 2019,
about 73,820 new cases and 14,770 deaths were estimated to occur in the United States [1]. According
to the SEER (Surveillance, Epidemiology, and End Results) program, about 16% patients with RCC
present with distant metastatic disease and have a 5-year survival rate of 11.6%. Clear cell is the most
common histological subtype of renal cell carcinoma (ccRCC) and accounts for about 75% of the cases.
The remaining 25% non-clear cell subtypes include papillary, chromophobe, medullary, collecting
duct, sarcomatoid, and unclassified types. Advanced, unresectable, or relapsed RCC is treated with
palliative systemic therapy.

In the past two decades, there has been significant progress in the understanding of the molecular
pathogenesis of ccRCC. These insights in the biological pathways have resulted in the development of
multiple agents targeting vascular endothelial growth factors (VEGF) such as sunitinib, pazopanib,
cabozantinib, axitinib, and lenvatinib, as well as inhibitors of the mammalian target of rapamycin
pathway (mTOR) such as temsirolimus and everolimus. These agents have improved the objective
response rates (ORR) and overall survival (OS); however, they are short-lived. The ability of the tumor
cells to evade the host immune surveillance by PD-1-PD-L1 interaction, lead to the development of
checkpoint inhibitors that target either PD-1 or PD-L1, and restore immune competence. Nivolumab,
a fully human IgG4 programmed death 1 (PD-1) checkpoint inhibitor selectively blocks the interaction
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between PD-1 (expressed on activated T cells) and PD ligands (expressed on immune cells and tumor
cells). In a Phase III trial of patients previously treated with one or two VEGF inhibitors, nivolumab,
when compared to everolimus, showed significantly longer overall survival along with fewer adverse
events [2]. Despite the addition of several agents to the therapeutic armamentarium of ccRCC, durable
complete responses are rarely seen. Historically, high dose interleukin 2 (IL2) has achieved durable
complete responses, but only in 5% to 8% of highly selected patients, and at the cost of significant
toxicities [3,4]. Patients who withstand this toxic therapy and achieve complete response can essentially
be cured. This points to the fact that achieving a complete response is a surrogate for long term
response in the modern era of targeted therapy and checkpoint immunotherapy. Newer treatment
strategies that aim to achieve complete response similar to IL-2, albeit with less toxicity, is a plausible
therapeutic avenue. One such approach is to explore the synergy of checkpoint inhibitors with various
targeted therapeutic agents, which, if successful, is a step closer to achieve potential cure.

2. The Rationale to Combine Immunotherapy with Angiogenesis Inhibitors

Vascular endothelial growth factors (VEGF) play a crucial role in tumor angiogenesis by binding
to VEGF receptors. In addition to a proangiogenic effect, they also exert immunosuppression in
the tumor microenvironment by not only inducing the accumulation of myeloid-derived suppressor
cells and regulatory T cells but also by impeding the migration of T lymphocytes towards the tumor
microenvironment. VEFG inhibition can restore antitumor immunity by normalizing the vasculature
and endothelial cell activation [5]. Additionally, PD-1 blockage also promotes cytotoxic T-cell infiltration
into the tumor and significantly enhances antitumor immunity. The synergy of both VEGF inhibition
and PD-1 blockade was successfully demonstrated in murine cancer models [6]. The clinical evidence
and correlative biomarkers of synergism were initially reported in a Phase II clinical trial, where
atezolizumab, a PD-L1 inhibitor, in combination with bevacizumab, was compared to sunitinib in
patients with treatment naïve metastatic ccRCC. This study evaluated molecular biomarkers predicting
response by utilizing the genes signatures associated angiogenesis (AngioHigh or Angiolow), anti-tumor
immune response (Teff

High or Teff
Low), and myeloid inflammation (MyeloidHigh or MyeloidLow) [7–10].

In tumors with high angiogenesis, these were no progression-free survival (PFS) differences with
either sunitinib monotherapy or the combination of atezolizumab and bevacizumab. On the contrary,
in the Angiolow subgroup, the combination therapy had better PFS when compared to sunitinib.
Additionally, the high Teff gene signature expression, a maker of a high preexisting anti-tumor immune
response, was associated with improved PFS with atezolizumab + bevacizumab when compared
to sunitinib monotherapy. A higher level of PD-L1 expression by immunohistochemistry was also
predictive of a better response to the combination therapy. However, tumor mutation and neoantigen
burden did not correlate with PFS [9,10]. Finally, higher expression of myeloid inflammation gene
signatures (associated with impaired antitumor T cell response), did not show any difference between
the combination therapy versus sunitinib [9,10]. This study—with its correlative biomarkers—shows
evidence of the potential synergy of immune checkpoint inhibitors and VEGF inhibitors.

Numerous of these combinational studies are ongoing, and some have been recently published. In this
review, we summarize the clinical trials evaluating the combination of PD1/PDL1 inhibitors with either
ipilimumab (a cytotoxic T-lymphocyte-associated protein 4, CTLA-4 inhibitor) or angiogenesis inhibitors.

3. Nivolumab in Combination with Ipilimumab versus Sunitinib Monotherapy

In Checkmate 214, a Phase III randomized open-label multicenter trial, nivolumab (3 mg/kg) +
ipilimumab (1 mg/kg) was compared with sunitinib monotherapy (50 mg daily for 4 weeks on and
2 weeks off every cycle) in patients with treatment naïve metastatic ccRCC [11] (summarized in Table 1).
Of the 1096 enrolled patients, 550 received nivolumab+ ipilimumab, and 546 received sunitinib; 425 and
422, respectively, had intermediate or poor-risk disease as per the International Metastatic Renal-Cell
Carcinoma Database Consortium (IMDC) prognostic model [12]. At a median follow-up of 25.2 months,
the 18-month overall survival of the intermediate and poor-risk patients was 75% with nivolumab +
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ipilimumab and 60% with sunitinib. The median OS was not reached with the combination therapy vs.
26.0 months with sunitinib (hazard ratio for death, 0.63; p < 0.001). Progression-free survival (PFS) and
overall response rates (ORR) also favored the checkpoint inhibitors when compared to sunitinib and
were 11.6 months vs. 8.4 months and 42% vs. 27% (p < 0.001), respectively. The complete response (CR)
rate was 9% in the combination immunotherapy arm. However, the PFS and ORR were better with
sunitinib monotherapy in patients with IMDC favorable risk cancer. Additionally, PDL-L1 status was
not predictive of response to the combination therapy. Treatment-related grade 3 or 4 adverse events
(AE) occurred in 250 (46%) and 335 (63%) patients in nivolumab + ipilimumab and sunitinib groups,
respectively. The most common grade 3 or 4 AEs in the combination group were elevated lipase
levels, fatigue, and diarrhea. While in the sunitinib group, the most common grade 3 or 4 AEs were
hypertension, fatigue, palmar-plantar erythrodysesthesia, and elevated lipase levels. About 35% of
patients in the combination immunotherapy group required high-dose steroids for the management of
immune-mediated adverse events. There were eight treatment-related deaths in the combination group
and four in the sunitinib group. Based on the study results, the US Food and Drug Administration
(FDA) approved the combination immunotherapy for intermediate and poor-risk patients in the
first-line setting for metastatic ccRCC and also received a category 1 recommendation by the National
Comprehensive Cancer Network (NCCN). Additionally, Grunwald and colleagues studied the depth
of response as an indicator for long term survival among the 1096 patients in Checkmate 214 with
previously untreated ccRCC [13]. They found that patients who received nivolumab + ipilimumab had
similar OS between >50–≤75% and >75% tumor reduction. Receiver operating characteristic analysis
was utilized to show that >50% depth of reduction indicated the most OS benefit in nivolumab +
ipilimumab. This study showed that nivolumab + ipilimumab treatment resulted in prolonged OS in
comparison to sunitinib, and depth of response may reflect the possibility of long-term survival for
ccRCC patients who receive nivolumab + ipilimumab [13].
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4. Pembrolizumab in Combination with Axitinib in Metastatic ccRCC

In Phase III, randomized KEYNOTE-426 clinical trial of the efficacy of checkpoint PD-1 inhibitor,
pembrolizumab (200 mg IV every 3 weeks) in combination with axitinib (5 mg orally twice daily)
was compared to sunitinib monotherapy in previously untreated patients with metastatic ccRCC [14].
In this study, 861 patients were randomized to receive treatment in one of these two groups until
disease progression or intolerable toxicities. The median PFS was both clinically and statistically
significant with the pembrolizumab—axitinib group when compared to sunitinib (15.1 months vs.
11.1 months, HR 0.69; p < 0.001) irrespective of IMDC risk groups and PDL1 status. The median OS
was not reached, but the risk of death was 47% lower with combination therapy when compared to
sunitinib. This OS benefit was also evidenced in all subgroups irrespective of age, metastatic sites, and
IMDC risk groups. The ORRs were better with the combination therapy when compared to sunitinib
and were 59.3% vs. 35.7%, respectively. The most common grade 3 and 4 treatment-related adverse
events in both groups were diarrhea and hypertension. The incidence of hepatic toxicity was higher in
the pembrolizumab-axitinib group; however, there were no deaths related to hepatoxicity. Based on the
significant efficacy and acceptable toxicity profile, this combination therapy was approved by the FDA
for treatment naïve metastatic ccRCC, irrespective of PDL1 status or IMDC risk stratification. Brian
Rini and colleagues presented a subgroup analysis of KEYNOTE-426 during the American Society
of Clinical Oncology (ASCO) annual meeting in June 2019, examining intermediate and poor-risk
groups in addition to the sarcomatoid group [17]. Analysis of 592 patients with intermediate and
poor-risk mCCRCC patients showed 1 year OS, median PFS, ORR, and complete response rate at
87.3%, 12.6 months, 55.8%, and 4.8% in the pembrolizumab + axitinib group compared to the sunitinib
group at 71.3%, 8.2 months, 29.5%, and 0.7%. In addition, 105 patients with sarcomatoid features
were examined and results showed improved 12 months OS, PFS, ORR, and complete response rate at
83.4%, median PFS not reached, 58.8%, 11.8% in pembrolizumab + axitinib group while sunitinib group
showed 79.5%, 8.4 months, 31.5%, and 0% [17]. This study confirmed the benefit of pembrolizumab +
axitinib intermediate and poor IMDC risk groups and in tumors with sarcomatoid features.

5. Avelumab in Combination with Axitinib in Metastatic ccRCC

TK Choueiri and colleagues evaluated the combination of avelumab, a PD-L1 antibody with
axitinib in a Phase 1b clinical trial, where it was not only shown to be safe, but also had 58% objective
response rate in patients with metastatic ccRCC [18]. These encouraging results lead to Phase III,
randomized clinical trial (JAVELIN Renal 101), which evaluated the efficacy of avelumab (10 mg/kg IV
every 2 weeks) along with axitinib (5 mg twice a day) and compared to sunitinib in the first-line setting
for metastatic ccRCC. Of the 886 patients, 442 were randomly assigned to the combination group,
and 444 were assigned to receive sunitinib; 560 (63.2%) patients had PD-L1 positive tumor defined as
≥1% of immune cells staining positive within the tumor area with Ventana PD-L1 (SP263) assay [15].
The median PFS was significantly longer with the combination therapy when compared to sunitinib
and was 13.8 vs. 8.4 months in the overall population and 13.8 vs. 7.2 months in PD-L1 positive patients,
respectively. Additionally, irrespective of PD-L1 status, the objective response rates and complete
response rates were almost doubled with combination therapy as compared to sunitinib and were
51.4% vs. 25.7% and 3.4% vs. 1.8%, respectively [15]. On subgroup analysis of PDL1 positive patients,
irrespective of IMDC prognostic risk group the combination therapy was better than sunitinib in terms
of median PFS and objective response rates. Interestingly, patients did better for those who underwent
nephrectomy in the combination group, but no difference was noted if patients did not undergo
nephrectomy. However, only a small fraction of patients do not undergo nephrectomy in this subgroup.
In terms of safety, grade 3 or higher adverse events were seen in 71.2% and 71.5% in the combination
therapy and sunitinib groups, respectively. About 166 patients (38.2%) who received avelumab and
axitinib had immune-mediated adverse events, and about 11% required high dose glucocorticoids.
The data was premature for overall survival analysis and a further follow up is needed [15]. Another
subgroup analysis of the JAVELIN Renal 101 trial presented at the European Society for Medical
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Oncology (ESMO) annual meeting held in September 2019 included 117 patients with advanced ccRCC
who did not undergo upfront cytoreductive nephrectomy and had renal lesions [19]. In this study,
Albiges and colleagues found that 34.5% of the patients that received avelumab and axitinib had ≥30%
shrinkage in renal lesions in comparison to 9.6% who received sunitinib, indicating future areas of
research in neoadjuvant therapy with immunotherapy and tyrosine kinase inhibitor [19].

6. Atezolizumab in Combination with Bevacizumab versus Sunitinib Monotherapy in
Metastatic ccRCC

In a Phase II randomized study (IMmotion150) reported by McDermott et al., atezolizumab
monotherapy or in combination with bevacizumab was compared with sunitinib in 305 patients with
treatment naïve metastatic renal cell carcinoma. In the intention to treat population, the median PFS
was 11.7 months vs. 6.1 months vs. 8.4 months (HR = 1.00; 95% CI = 0.69–1.45) with atezolizumab
plus bevacizumab (n = 101), atezolizumab alone (n = 103) and sunitinib (n = 101), respectively, and
was not statistically significantly. In PD-L1 positive patients (defined as ≥1% PD-L1 expression
on IC by IHC), the atezolizumab plus bevacizumab arm had a PFS of 14.7 months as opposed to
7.8 months with sunitinib. Treatment-related grade 3 or 4 adverse events were seen in 40% vs. 17%
vs. 57% in atezolizumab plus bevacizumab, atezolizumab, alone, and sunitinib arms, respectively.
In the atezolizumab plus bevacizumab group, proteinuria was the most common adverse event
leading to treatment discontinuation. While in the atezolizumab monotherapy group, it was nephritis,
pancreatitis, and demyelination. In the sunitinib group, there was increased blood creatinine and
palmar-plantar erythrodysesthesia syndrome. Of note, there were two treatment-related AEs leading
to death in the sunitinib group secondary to sudden death and intestinal hemorrhage, and one in the
atezolizumab plus bevacizumab group secondary to intracranial hemorrhage [9].

The above findings were further supported in the interim results of IMmotion151, a randomized
Phase III trial comparing atezolizumab plus bevacizumab combined therapy vs. Sunitinib in treatment
naïve patients with metastatic renal cell carcinoma [20]. OS was immature at the time of interim
analysis and results for this were not reported. PFS in intention-to-treat patients was greater in the
atezolizumab plus bevacizumab group at 11.2 months as compared to 8.4 months in the sunitinib
group. Of note, this PFS benefit was shown across analyzed subgroups including MSKCC risk,
liver metastases, and sarcomatoid histology. Also, in patients who had disease with positive PD-LI
status (characterized as >/=1%) PFS for atezolizumab plus bevacizumab group was longer than in
the sunitinib group at 11.2 months and 7.7 months, respectively. Grade 3 and 4 AEs occurred in 40%
of the atezolizumab plus bevacizumab group and 54% of the sunitinib group. Discontinuation of
therapy secondary to all grade AEs occurred in 12% and 8% for the two groups, respectively. Subgroup
analysis of IMmotion151 examined 142 patients with sarcomatoid histology and found that median
PFS, median OS, ORR, and complete response rate were 8.3 months, median OS not reached, 49%, and
10% in atezolizumab + bevacizumab group compared to sunitinib group with 5.3 months, 15 months,
14%, and 3%. MD Anderson Symptom Inventory (MDASI) scale analysis indicated median time to
deterioration was 11.3 months in atezolizumab + bevacizumab group compared to 4.9 months in
sunitinib group. In addition, biomarker analysis with angiogenesis signature subset and T-effector
gene expression subset were higher in sarcomatoid histology when compared to non-sarcomatoid
tumors, while PD-L1 positive tumors were seen in greater proportion in sarcomatoid histology at
63% compared to 39%. This study showed that biomarker analysis was consistent with the improved
survival seen in atezolizumab + bevacizumab group compared to sunitinib group in tumors with
sarcomatoid histology [17]. Table 1 provides a summary of all the studies with results.

In addition to the above Phase III trials, there are multiple other combination therapies with
preliminary Phase I results and ongoing Phase III studies.
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7. Nivolumab in Combination with Tivozanib in mRCC

In an open-labeled non-randomized Phase Ib/II study, tivozanib was studied in combination
with nivolumab in patients with metastatic renal cell carcinoma and previously treated with one oral
TKI [21]. Tivozanib is a highly selective VEGF receptor tyrosine kinase inhibitor with minimal off-target
action and presumably lower AE profile. In the dose-escalation phase, six patients were enrolled, and
no dose-limiting toxicities (DLTs) were observed. The maximum tolerated dose (MTD) was found to be
full dose tivozanib, 1.5 mg/day, in combination with nivolumab. In the Phase II cohort, an additional
22 patients were enrolled, and grade 3 and 4 AEs were seen in 60% of patients, with hypertension
being the most common. The objective response rate was 56%, with one patient achieving complete
response [22]. Median PFS was 18.5 months for patients who were previously untreated and did not
reach PFS for patients who were previously treated at the time of analysis [23]. ORR was 56% and
results were premature for OS analysis.

8. Nivolumab in Combination with Sunitinib or Pazopanib in mRCC

CheckMate 016 study was a Phase I trial dose-escalation and expansion study, which evaluated
the safety and efficacy of nivolumab, in combination with either sunitinib or pazopanib in patients
with metastatic renal cell carcinoma [24].

Twenty patients were enrolled in the nivolumab plus pazopanib group. However, 4 DLTs were
seen with this combination, including elevated liver enzymes (n = 3) and fatigue (n = 1). Also, 70%
(14/20) patients experienced grade 3 and 4 treatment-related AEs. This study arm was subsequently
closed due to significant toxicities. The objective response rate was 45%, and all were partial responses.
The median PFS and OS were 7.2 months and 27.9 months, respectively.

In the nivolumab plus sunitinib cohort, 33 patients were enrolled. There were no DLTs. In this
cohort as well, grade 3 and 4 treatment-related AEs were seen in 82% (27/33) patients, and the most
common were hypertension, hepatotoxicity, diarrhea, and fatigue. The objective response rate was
54.5%, with two complete responses and 16 partial responses. The median PFS was 12.7 months, and
median OS was not reached. Though there were signals for antitumor efficacy, due to significant
toxicities, this combination was also not considered for further evaluation [24].

9. Pembrolizumab in Combination with Bevacizumab in mRCC

In the Big Ten Cancer Research Consortium sponsored Phase Ib/II clinical trial, the safety and
antitumor activity of pembrolizumab in combination with bevacizumab was evaluated in 61 patients
with metastatic ccRCC, who at received at least one prior systemic therapy [25]. No dose-limiting
toxicities had been reported. The 200 mg fixed dose of pembrolizumab and 15 mg/kg dose of
bevacizumab, both given every three weeks, was determined to be safe and recommended for
a multicenter Phase 2 study. The overall response rate was 60.9% with median time on treatment of
298 days and median PFS was found to be 17.0 months. The most common grade 3 or 4 AEs were
hypertension, proteinuria, and adrenal insufficiency. One death was reported due to heart failure [25].

10. Pembrolizumab in Combination with Lenvatinib in mRCC

Lenvatinib is an oral multi kinase inhibitor that targets VEGFR1–3, FGFR1–4, PDGFRα, and
the oncogenes RET and KIT [26]. A Phase Ib/II multicenter open-label study of lenvatinib plus
pembrolizumab in patients with clear cell metastatic RCC was performed to assess the safety and
antitumor activity [27]. Patients with measurable metastatic RCC with or without prior systemic
therapy with ECOG status ≤1 were enrolled. Lenvatinib 20 mg daily plus pembrolizumab 200 mg
intravenously every three weeks was deemed as the maximum tolerated dose and recommended for
Phase 2 evaluation. Of the 33 patients enrolled, the objective response rate was 52% with disease
control rate of 94% [28]. Median follow up time for PFS was 4.2 months. Median PFS was not reached,
but the PFS rate at 3, 6, and 9 months were 93.1%, 73.8%, and 64.6%, respectively. Response duration
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of ≥6 months was seen in 80.8% of patients. The most common therapy-related adverse events were
fatigue, followed by dysphonia, diarrhea, stomatitis, hypertension, dry mouth, nausea, proteinuria,
and hand-foot syndrome. Treatment was discontinued in 9% of patients due to adverse events [28].

11. Pembrolizumab and Pazopanib in Patients with Advanced or mRCC

Preliminary safety and antitumor effects of the Phase I part of the KEYNOTE-018 study were
presented at the ASCO annual meeting 2017 [29]. Twenty patients were enrolled in two cohorts to
study safety in pembrolizumab and pazopanib combination therapy and determine the maximum
tolerated dose. Cohort A evaluated pembrolizumab 2 mg/kg every three weeks and pazopanib 800 mg
daily. Cohort B evaluated pembrolizumab at the same dose and pazopanib at 600 mg daily. Seven out
of 20 patients experienced DLTs primarily in the form of hepatotoxicity. Subsequently, 15 patients were
added to Cohort C, where pazopanib was started with nine weeks run-in, followed by combination
therapy to limit toxicities. In the initial five patients enrolled, three had DLTs that included pneumonitis,
bowel perforation and grade 4 lipase levels. Due to significant DLTs and grade 3 and 4 adverse events,
the combination of pazopanib and pembrolizumab has overall limited tolerability and was not suitable
for evaluation in a larger cohort [29].

12. Cabozantinib in Combination with Atezolizumab in Advance Renal Cell Carcinoma

COSMIC-021 clinical trial is a Phase Ib, multicenter trial that evaluated the safety and efficacy
of the combination of cabozantinib (VEGFR/MET/AXL inhibitor) at 40 mg or 60 mg daily dose along
with atezolizumab 1200 mg every three weeks in seven genitourinary cohorts, including a cohort of
advanced RCC. There were no DLTs but the 40 mg cabozantinib dose was chosen for the expansion
cohort. Of the 10 evaluable patients, the ORR was 50% with 1 CR, 4 PR. The most common grade 3 AEs
were hypertension, diarrhea and hypophosphatemia [30].

Several other studies investigating other combinations of antiangiogenic agents and
immunotherapies in mRCC are ongoing. Ongoing trials include VEGF/PD-1 blockade combination,
including lenvatinib with everolimus and pembrolizumab, and nivolumab with cabozantinib as
first-line treatment in patients with mRCC are summarized in Table 2 with their current accrual status.
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13. Discussion

The therapeutic landscape of renal cell carcinoma has rapidly advanced in the past decade.
The combination strategies of checkpoint inhibitors along with ipilimumab or antiangiogenic agents
have demonstrated good synergy. Most notably, for the IMDC intermediate and poor-risk patients,
the dual checkpoint inhibitor combination of nivolumab with ipilimumab and the combination
of pembrolizumab with axitinib have shown improved response and overall survival leading to
FDA approval in the first-line setting. Similarly, for the IMDC favorable-risk, the combination of
pembrolizumab with axitinib or single-agent VEGF inhibitors such as sunitinib and pazopanib are
preferred first-line options [31]. The combination of avelumab and axitinib is also an alternative
option in the first-line setting based on improved response rate and PFS, but there was no OS benefit
at the time of data cut off [15]. Figure 1 illustrates the first-line treatment approach for mRCC.
The benefit of the combination therapy was seen in a reasonable number of patients irrespective of any
specific biomarkers, such as PD-L1 positivity. Also, the complete response rates were higher from the
combination strategies, whether this translates to long term survival or potentially a cure is unknown.
Long-term follow-up data from these studies are needed.

 

Figure 1. Overview of treatment strategy for treatment naïve metastatic RCC, based on IMDC
risk-stratification. ccmRCC, clear cell metastatic renal cell carcinoma; non-ccmRCC, non-clear cell
metastatic renal cell carcinoma; risk stratification based on International Metastatic Renal Cell Carcinoma
Database Consortium (IMDC) criteria. The International Metastatic RCC Database Consortium (IMDC)
prognostic model integrates six adverse factors: Karnofsky performance status (KPS) <80 percent,
time from diagnosis to treatment < 1-year, hemoglobin concentration < lower limit of normal, serum
calcium > upper limit of normal, neutrophil count > upper limit of normal, platelet count > upper limit
of normal. (Favorable risk: no risk factors, intermediate risk: 1 or 2 risk factors, poor risk: 3 or more
risk factors).
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It is imperative to understand that not all patients benefit from combination therapy, and some have
a higher incidence of serious toxicities. Biomarkers and genomic studies that can predict the efficacy
of either monotherapy or combination therapy should be explored to individualize the treatment.
A few combinations appeared to be beneficial in limited cases with specific histology and immunologic
biomarkers and may be considered in particular situations, as seen in atezolizumab and bevacizumab
in comparison to sunitinib monotherapy, where PFS was more significant in sarcomatoid variant
mRCC and PD-L1 expressing tumors [10]. Not all combination therapies are safe. The combination
of pazopanib with either nivolumab or pembrolizumab was associated with significant hepatoxicity
and not deemed safe for further study. Even the combination of axitinib and pembrolizumab had
high grade 3 and 4 elevations of hepatic enzymes. The exact mechanism of such toxicity is unknown.
Caution should be maintained before initiating such combination therapies in patients with liver
dysfunction at baseline.

Combination therapy can be associated with severe side effects, with a significant overlap in the
toxicity profile of the drugs. For example, diarrhea and hepatoxicity are common side effects that
can be associated with either axitinib or checkpoint inhibitors. The management varies based on the
etiology and also the severity, i.e., treatment discontinuation/dose reduction and use of loperamide for
diarrhea in case of axitinib and timely initiation of high dose corticosteroids for autoimmune colitis and
hepatitis secondary to checkpoint inhibitors. Checkpoint inhibitor and antiangiogenic combination
therapy requires intense monitoring on treatment that entails frequent office visits, physician and
nurse assessments, investment of health-care resources, and higher financial burden on the patient.
A multidisciplinary approach and an in-depth knowledge of complications are crucial before embarking
on the combination therapy.

14. Conclusions

In summary, the combination of checkpoint inhibitors and anti-angiogenic agents is a valuable
addition in the therapeutic armamentarium for mRCC. The choice of combination therapy or
monotherapy should be individualized after a thorough discussion between the physician and
patients based on cost, efficacy, and toxicity profile.
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Abstract: Sarcomatoid features in renal cell carcinoma (RCC) have long been associated with dismal
prognosis and poor response to therapy, while biological mechanisms underpinning sarcomatoid
dedifferentiation remained obscure. Several efforts have been conducted to break down the molecular
profile of sarcomatoid RCC and investigate different targeted therapeutic approaches. Mutations
enriched for in sarcomatoid RCC involve, notably, TP53, BAP1, cell cycle, and chromatin-remodeling
genes. The immunological landscape of these tumors is also gradually being uncovered, showing
frequent expression of programmed cell death ligand-1 (PD-L1) and high levels of tumor-infiltrating
lymphocytes. These features may be major determinants for the activity of immune checkpoint
inhibitors in this population, which has been confirmed by retrospective studies and subgroup analyses
of large randomized phase 3 trials. Combinations based on PD-1/PD-L1 inhibition have demonstrated
response rates and complete responses in >50% and >10% of patients in the first-line metastatic setting,
respectively, with median overall survival exceeding two years. This remarkable improvement in
outcomes effectively establishes immune checkpoint inhibitor combinations as a new standard of
care in patients with sarcomatoid RCC. New research fields, including epigenetic regulations and
tumor–microenvironment interactions, may further sharpen understanding of sarcomatoid RCC and
advance therapeutic developments.

Keywords: renal cell carcinoma; sarcomatoid; immunotherapy

1. Introduction

Renal cell carcinoma (RCC) is the third most frequent urologic malignancy, affecting more than
400,000 patients each year [1]. Approximately half of these patients will present with metastatic
disease, either at diagnosis or after initial treatment of localized disease. While five-year overall
survival (OS) rates do not exceed 15% in the Western world [2], vascular endothelial growth receptor
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(VEGFR)-directed therapies and immune checkpoint inhibitor combinations have progressively
improved the prognosis of these tumors.

The landscape of RCC remains largely heterogeneous. Most RCCs (75%) consist of clear-cell
subtypes, while the remaining 25% consist of different tumor subtypes grouped under the umbrella
term of non-clear-cell RCC [3]. Non-clear-cell RCCs are usually more aggressive diseases than clear-cell
RCCs [4] and include papillary, chromophobe, collecting duct, translocation, and medullary carcinomas.
Sarcomatoid dedifferentiation is a histological feature that can be found in approximately 10% of tumors
in any RCC subtype and confers aggressive behavior characterized by swift progression and dismal
outcomes [5,6]; however, molecular and immunologic determinants of sarcomatoid dedifferentiation
remain unclear. As survival commonly remains <12 months in patients with sarcomatoid RCC (sRCC)
treated in the era of targeted molecular therapies [5], it is essential to improve our understanding of
the natural history of sRCC and evaluate new therapeutic avenues in this aggressive disease.

The clinical and translational research field of sRCC is hopefully growing fast. Clinical trials of
immune checkpoint inhibitors have demonstrated encouraging activity results, while an increasing
number of studies have continued to provide new insights into sRCC biology. As the landscape
of sRCC is being redefined, this review aims to explore the most recent advances in molecular and
immune characterization of sRCC and discuss how new therapeutic developments can transform the
standard of care in this population.

2. Pathological Implications of Sarcomatoid Renal Cell Carcinoma

sRCC is a pathological entity defined by the presence of spindle-shaped cells in a varying
proportion of the tumor area, which can account for a sarcoma-like aspect [7]. Indeed, sarcomatoid cells
in RCCs have been reported to be engaged in epithelial–mesenchymal transition (EMT) [8,9], expressing
mesenchymal markers including N-cadherin and vimentin, while expression of the epithelial marker
e-cadherin is lost. Sarcomatoid cells also harbor increased Snail levels, a transcription factor enabling
the expression of genes involved in EMT [10]. As such, the main differential diagnoses of sRCC
with extensive sarcomatoid dedifferentiation are retroperitoneal leiomyosarcoma or liposarcoma.
Immunohistochemistry assays may refine diagnosis, with expression of epithelial markers as keratin,
cytokeratin 7, or epithelial membrane antigen (EMA) with expression of PAX8, CD10, and CAIX
accounting for a renal origin [11,12]. Most often, however, sarcomatoid areas of sRCC coexist with
their parent histology to make for an easier diagnosis. Rarely, some RCCs might harbor low-grade
spindle cell proliferation, an entity that is distinct from sRCC and less aggressive [13].

Among aggressive subsets of RCCs, the International Society of Urologist Pathologists (ISUP)
classification distinguishes sRCC and rhabdoid RCC1.7. Any of these features can be present in RCC
regardless of the histological subtype, and they may coexist. The presence of sarcomatoid or rhabdoid
features in any proportion would classify any clear-cell or papillary RCC as an ISUP grade 4 tumor [14].
Some sRCCs with extensive sarcomatoid dedifferentiation encompassing the whole tumor without
clear evidence of any parent histology may be considered as unclassified RCCs [15]. The occurrence of
sarcomatoid dedifferentiation may vary according to the parent histology. Sarcomatoid features have
thus been reported in 9% of chromophobe RCCs, 5% of clear-cell RCCs, and 2% of papillary RCCs in a
large retrospective study [16].

The aggressiveness of sRCC is highlighted by the high frequency of distant metastases at diagnosis,
reported in approximately two-thirds of patients with sRCC of any histology compared to approximately
30% of patients without sarcomatoid features [17,18]. The proportion of sarcomatoid features also plays
a role in the definition of prognosis, as a higher percentage has been shown to be associated with higher
risk of relapse in a localized setting, and worse overall survival [17,19]. While the quantification of
sarcomatoid features is an important prognostic indicator, accurate evaluation might be compromised
by the extent of tumor heterogeneity. It has been shown that biopsies are up to two-fold less likely to
identify sarcomatoid features compared to the analysis of nephrectomy specimens [20], while some
tumors may harbor sarcomatoid features exclusively in distant metastases [19], which may lead to
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an underestimation of the prevalence of sRCC in kidney cancer patients. It is yet unknown whether
sarcomatoid dedifferentiation can also occur as a late event upon disease progression, an element that
could have prognostic and therapeutic implications for late-stage disease.

3. Molecular Landscape of Sarcomatoid Renal Cell Carcinoma

Multiple studies have aimed to unravel the molecular picture of sRCC and events leading to
sarcomatoid dedifferentiation, an important effort considering the low incidence of these tumors and
the heterogeneity of parent histologies. The theory of a common cell of origin for the epithelial and
sarcomatoid components in sRCC has been confirmed by several studies. As demonstrated in sRCC
of clear-cell type, sarcomatoid and epithelial components share most copy number alterations, X
chromosome inactivation patterns, and single nucleotide variants [21–23]. Notably, clear-cell sRCC
harbor a lower frequency of 3p loss, locus of the VHL gene, but also of chromatin remodeling genes
BAP1 and PBRM1 [22,24]. More surprisingly, clear-cell sRCC are also devoid of 9p and 14q alterations
usually associated with poor prognosis and high grade in clear-cell RCC [22].

Likewise, the transcriptomic profile of clear-cell sRCC harbors differences compared to that of
nonsarcomatoid clear-cell RCC, with activation of pathways involved in aggressiveness and epithelial
mesenchymal transition. It has been shown that clear-cell sRCCs harbor higher expression of VEGF
and TGFβ1 pathways, while the TP53 pathway is repressed [22,24]. Clear-cell sRCC expression
profile is also enriched in genes involved in the poor prognostic signature ccB [25] compared to non
sarcomatoid clear-cell RCC, consistent with their clinical aggressiveness [22]. A few studies have
pinpointed differences between the transcriptional profiles of sarcomatoid and epithelial components
in a single tumor [22–24]. These have shown that several genes involved in EMT may have increased
expression in the sarcomatoid component of clear-cell sRCC, which could account for the mesenchymal
phenotype of these cells [22]. Additional insights from an independent cohort showed that sarcomatoid
components might harbor increased Aurora kinase-1 expression, suggested to drive malignancy by
increasing mammalian target of rapamycin (mTOR) activation [26].

More differences may be found in exploring the genomic alterations of sRCC, which reveals
several potential drivers of sarcomatoid dedifferentiation (Figure 1). A study of 26 sRCCs using
tumor microdissection from mixed parent histologies by targeted sequencing showed that sRCC
harbored frequent mutations in TP53, VHL, CDKN2A, and NF2 in 42%, 35%, 27%, and 19% of tumors,
respectively [27]. TP53 mutations were not associated with a specific histological subtype and were
significantly enriched compared to non sarcomatoid RCC cohorts as those were found in only 2%
of clear-cell RCC from the Cancer Genome Atlas (TCGA) dataset [28]. Likewise, NF2 mutations
only involved 1% of clear-cell RCC from the TCGA. Additional studies have depicted the mutational
landscape of sRCC with focus on specific histologies. Whole-exome sequencing of sRCC from
clear-cell origin confirmed the high prevalence of TP53 alterations in two independent cohorts [23,24].
Additional recurrent mutations in sRCC from clear-cell origin include Hippo regulators FAT1/2/3 and
chromatin remodeling gene ARID1A [23] as well as tumor suppressor PTEN and TGFβ regulator
RELN [24]. Comparison of sarcomatoid and epithelial components of clear-cell sRCC hint at a higher
mutational burden in the sarcomatoid component and a higher frequency of TP53, BAP1, and ARID1A
mutations [23]. Mutations in those three genes have been described as mutually exclusive, suggesting
potential driver events [23]. TP53 alterations have also been described in sRCC from papillary origin,
along with alterations of Hippo member NF2, while mutations in RELN are reported to be enriched in
sRCC regardless of the parent histology [24].
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Figure 1. Immunologic and genomic hallmarks of sarcomatoid dedifferentiation in renal cell carcinoma
(RCC). (a) Sarcomatoid renal cell carcinomas (sRCCs) are associated with higher programmed cell
death ligand-1 (PD-L1) expression on tumor cells and higher lymphocyte infiltration. (b) Recurrent
alterations of cell cycle inhibitors CDKN2A/B promote cell proliferation and epithelial/mesenchymal
transition. (c) Loss of chromatin-remodeling genes BAP1 and ARID1A induce genome-wide expression
deregulation. (d) Loss of Merlin, encoded by the NF2 gene, promotes Hippo pathway activation, leading
to growth and aggressiveness. (e) Loss of tumor suppressor gene TP53 favors survival and proliferation.

While these studies do not provide a unique explanation for the emergence of sarcomatoid
features, recurrent mutations might participate in driving this aggressive phenotype, along with other
deregulations of cellular processes. Likewise, an updated analysis of the TCGA dataset identified
a subset of metabolically divergent chromophobe RCC, characterized by low expression of genes
involved in the Krebs cycle, the electron transport chain, repression of the AMPK, and overexpression
of genes involved in the ribose synthesis [29]. This signature was associated with poor outcomes
and, strikingly, four of the six patients (67%) with metabolically deficient chromophobe RCC had a
disease that presented with sarcomatoid dedifferentiation. Other particular phenotypes may include
hypermutated tumors, which was found in 2 of 21 (10%) clear-cell sRCC in a single institution
cohort [23]; this phenotype had not been encountered in the larger, non-sRCC TCGA dataset. This
hypermutated phenotype was due to somatic MSH2 and POLE mutations, which could have favored
the emergence of the sarcomatoid phenotype in these tumors.

A better understanding of sarcomatoid transformation may also be achieved by studying aggressive
unclassified RCC (uRCC), which may include tumors with an exclusive sarcomatoid or rhabdoid
component [15]. A molecular study of 62 uRCC identified a NF2-deficient subgroup encompassing
26% of tumors and characterized by worse outcomes [30]. This subgroup of tumors also displayed
more frequent SETD2 alterations and 3p loss. As such, alterations of the Hippo pathway may be an
important event for tumor aggressiveness and progression regardless of pathological features of RCC,
which may have translational and therapeutic relevance for targeted approaches [31].

Several aspects of sRCC as a disease remain unknown. The relationship between molecular
heterogeneity and response to therapy is yet to be defined, while the natural history of the disease may
also be heavily influenced by the tumor microenvironment. In the era of immune checkpoint inhibitors,
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immune infiltration and exploration of immune markers will be key factors for the management
of sRCC.

4. The Immune Microenvironment of Sarcomatoid Renal Cell Carcinoma

The biology of sRCC may account for a particular immune context when compared to non-sRCC
(Figure 1). The expression of the immune checkpoint programmed cell death ligand-1 (PD-L1),
promoting immune tolerance and targeted by several immune checkpoint inhibitors, is increased
on the surface of sRCC cells compared to non-sRCC ones (Figure 2) regardless of parent histology
and non-sRCC tumor grade [32,33]. Interestingly, there is a clear difference in PD-L1 expression
between the different components of sRCC. While sarcomatoid components of sRCC display the
highest PD-L1 expression, levels of PD-L1 expression on epithelial components of sRCC are similar to
those of non-sRCC [32]. As such, PD-L1 expression levels are associated with the extent of sarcomatoid
dedifferentiation [33]. Data from prospective clinical trials have confirmed the high levels of PD-L1
expression on sRCC of clear-cell type, with ≥50% of patients displaying PD-L1 expression ≥1% on
tumor cells [34] or immune-infiltrating cells [35,36].

Figure 2. (a) Interface between areas of classical clear-cell carcinoma (black arrow) and its sarcomatoid
component (blue arrow), Hematoxylin Eosin staining. (b) A higher density of tumor-infiltrating
mononuclear inflammatory cells expressing PD-L1 is observed in the sRCC area compared to the
clear-cell RCC one (monoclonal mouse antibody clone 22C3, hematoxylin counter staining). In this
case, there is no PD-L1 expression on tumor cells.

sRCC also present with a higher density of tumor-infiltrating lymphocytes (TILs) compared to
non-sRCC regardless of histology (Figure 2), and most of these lymphocytes have been reported to
express PD-1 [33]. Up to 40% of sarcomatoid components of 118 sRCC from any histology were
reported to harbor both PD-L1 expression and TIL infiltration in a single center study, compared to
8% of epithelial components of sRCC and 1% of control clear-cell RCCs [32]. This pattern has been
suggested to be associated with immune resistance and may confer sensitivity to immune checkpoint
inhibitors. This is corroborated by the high concomitant expression of PD-L1 in tumor cells and PD-1 in
TIL, which was reported in up to 50% of sRCC of any subtype compared to less than 5% of non-sRCC
in another retrospective cohort, suggesting that the PD-1/PD-L1 axis is active in sRCC [33].

Molecular studies provide additional basis for the immunogenic potential of sRCC. Study of gene
expression signatures in the IMmotion151 phase 3 trial of atezolizumab plus bevacizumab versus
sunitinib reported that clear-cell sRCC had a higher T-effector signature (54% versus 40%), a lower
angiogenesis signature (34% versus 65%), and a higher expression of PD-L1 (63% versus 39%) compared
to nonsarcomatoid clear-cell RCC [37]. Along with concordant clinical outcomes showing potent
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activity of atezolizumab plus bevacizumab in this population (Table 1), these data corroborate the
immunogenicity of these tumors and the potential for immune-directed approaches.

Table 1. Activity of immune checkpoint inhibitors in clear-cell sRCC from subgroup analyses of phase
3 trials.

Trials Population Agents N ORR CRR
Median

PFS
Median OS

Keynote-426 Intent-to-treat
pembrolizumab + axitinib 51 59% 13% 8.4 months NR

vs. vs. vs. vs. vs. vs.
sunitinib 54 32% 2% NR NR

CheckMate-214
IMDC poor or

intermediate risk

nivolumab + ipilimumab 60 57% 18% 8.4 months 31.2 months
vs. vs. vs. vs. vs. vs.

sunitinib 52 19% 0% 4.9 months 13.6 months

IMmotion151 Intent-to-treat
atezolizumab + bevacizumab 68 49% 10% 8.3 months 21.7 months

vs. vs. vs. vs. vs. vs.
sunitinib 74 14% 3% 5.3 months 15.4 months

JAVELIN Renal
101

Intent-to-treat
avelumab + axitinib 47 47% 4% 7.0 months

NAvs. vs. vs. vs. vs.
sunitinib 61 21% 0% 4.0 months

Abbreviations: ORR: objective response rate, CRR: complete response rate, PFS: progression-free survival, OS:
overall survival, NR: not reached, NA: not available, CPS: combined positive score.

Tumor mutational burden is another hallmark that has been suggested to predict outcomes to
immunotherapy in solid tumors through the formation of immunogenic neoantigens that would elicit
antitumor immune response [38]. Data on sRCC remain equivocal. In a large retrospective study based
on targeted sequencing of 79 sarcomatoid or rhabdoid RCC from any parent histology, mutational
burden was not significantly different from nonsarcomatoid and nonrhabdoid tumors [39]. While a
higher rate of somatic mutations has been described in unselected sRCC from another small dataset,
these did not significantly affect relevant cancer-related genes [24]. Some data suggest that TP53
alterations may be associated with higher mutational load, but the clinical relevance is yet unclear [27].

Overall, there is consistent data demonstrating that sRCC may constitute a more immunogenic
subtype of cancer than non-sRCC regardless of histology, which provide an interesting basis for the
study of immune checkpoint inhibitors in these populations. Additional exploration of the immune
microenvironment [40], specific mutation profiles including small insertions and deletions [41], and
expression of other immune checkpoints [42] should be pursued to improve our understanding of
sRCC immunity.

5. Improving Therapeutic Strategies through Immune Checkpoint Inhibition

Therapeutic management of sRCC shares similarities with that of non-sRCC. In a context of
nonresectable or metastatic disease, patients have so far been treated with systemic therapies based
on VEGFR-targeted agents. Data from patients treated with sunitinib and sorafenib, however, show
very limited efficacy, with objective response rates (ORR) below 20% and median progression-free
survival (PFS) and OS below 6 and 12 months, respectively [43]. Additional chemotherapy-based
strategies have been used, assuming that antimitotic agents would be effective against this highly
proliferative disease. In phase 2 trials, combination of gemcitabine with doxorubicin [44] as well as
gemcitabine plus capecitabine and bevacizumab [45] demonstrated some activity regardless of the
histological subtype of sRCC, with ORR between 16% and 20%, PFS of 3.5 to 5.5 months, and OS of 8.8
to 12 months. More recently, the combination of gemcitabine and sunitinib showed mild antitumor
activity in unselected sRCC with an ORR of 26% and PFS and OS of 5 and 10 months, respectively.
Subgroup analyses showed an improved response rate in tumors with more than 10% of sarcomatoid
features and improved survival in patients with poor-risk disease [46].

These poor outcomes may be improved by immune checkpoint inhibitors, which has become the
standard of care in patients with clear-cell RCC in monotherapy or combination. Notably, nivolumab
plus ipilimumab [47] and pembrolizumab plus axitinib [48] have both demonstrated improved OS in
intermediate/poor risk patients and all comers, respectively, while atezolizumab plus bevacizumab [37]

376



Cancers 2020, 12, 99

and avelumab plus axitinib [47] demonstrated PFS improvement compared to sunitinib in the first-line
metastatic setting. First subgroup analyses, including patients with sarcomatoid tumors, are being
reported with promising efficacy results (Table 1).

The Keynote-426 trial assessing the pembrolizumab plus axitinib combination and the JAVELIN
Renal 101 trial of avelumab plus axitinib both demonstrated improved outcomes in patients with
clear-cell sRCC compared with sunitinib [36,49]. The ORR with those combinations were strikingly
high at 59% and 47%, with complete responses (CR) in 12% and 4% of patients, respectively. These data
translated into increased PFS compared to sunitinib with hazard ratios (HR) of 0.54 (95% confidence
interval (CI) 0.29–1.00) and 0.57 (95% CI 0.32–1.00) for OS, respectively. Similarly, interesting results
were reported with the IMmotion151 trial, which evaluated the combination of atezolizumab plus
bevacizumab in the same population. An ORR of 49%, including a complete response rate of 10%, and
a HR for PFS of 0.52 (95% CI 0.34–0.79) and 0.64 (95% CI 0.41–1.01) in sRCC were reported [35].

The combination of two immune checkpoint inhibitors may also provide impressive results in
sRCC patients, as demonstrated by the CheckMate-214 study of nivolumab plus ipilimumab. In patients
with intermediate or poor-risk clear-cell sRCC, PFS and OS were improved in the experimental arm,
with HR of 0.61 (95% CI 0.38–0.97) and 0.55 (95% CI 0.33–0.90), respectively, compared to sunitinib.
Importantly, the ORR achieved by the combination of nivolumab plus ipilimumab was as high as 57%,
with an impressive proportion (18%) of patients achieving complete response (Table 1). These results
are encouraging as complete response to immunotherapy has been recently suggested to be a potential
surrogate marker for very long-term survival [50].

Additional data stems from phase 2 trials spanning across uncommon histologies. In a phase 2 trial
of atezolizumab plus bevacizumab, patients with clear-cell RCC and sarcomatoid dedifferentiation>20%
had an ORR of 50% [34]. Data from the cohort B of the Keynote-427 study evaluating pembrolizumab
monotherapy showed an ORR of 42% in patients with sRCC of non-clear-cell subtypes [51].

Prospective clinical trial data thus show convincing efficacy of immune checkpoint inhibitors in
sRCC patients and is in line with translational work suggesting that sRCC may be immune-reactive
tumors. The use of immunotherapy combinations should be considered as standard of care in these
populations, while biomarker analyses are awaited to better inform patient selection.

6. Perspectives

The study of sRCC has become a dynamic field, sparking hope for sustained improvement in
outcomes in this aggressive subset of tumors. It is now established that sRCC are immunologically
“hot” tumors that demonstrate excellent responses to immune checkpoint inhibitors and prolonged
survival with combination-based strategies. Current efforts to unravel the molecular landscape of
these tumors might help develop targeted strategies to overcome resistance to current therapies.

Many questions about sRCC biology have yet to be answered to get to this point. The mechanisms
underlying sarcomatoid dedifferentiation are still mostly unknown. Despite evidence of recurrent
genomic alterations, those are not specific to sRCC and may not be enough to drive this aggressive
phenotype. In addition, the relevance of these alterations for targeted therapies has yet to be investigated
in dedicated clinical trials. More answers could lie in epigenetics and regulatory processes that trigger
transcriptional programs involved in sarcomatoid transformation. Such processes may be impacted by
the cellular context, including alterations of cellular metabolism [29] as well as interactions between
tumor cells and their surrounding microenvironment [52]. The noncoding genome also needs to be
explored in the future. In particular, alterations affecting regulatory RNAs may impact cell machinery
and disrupt gene expression toward epithelial–mesenchymal transition [53]. The impact of parent
histologies on such cellular processes also needs to be determined as the diversity of RCC subtypes
may account for wide genetic and epigenetic variations.

The encouraging results of immune checkpoint inhibitor combinations in a disease known to be
refractory to past standard of care therapies brings new optimism in the field. Biomarkers of response
to therapy remain to be found, similar to non-sRCC, where PD-L1 expression [54], tumor mutational
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burden [38], or gene expression profiles [55] have yet to prove their clinical utility to accurately
stratify patients. Additional combinations using modified proinflammatory cytokines [56] or novel
checkpoint inhibitors [57] have the potential to further improve the efficacy of PD-1/PD-L1-based
regimens. Approaches based on multimodal therapy, such as combining stereotactic radiation therapy
to bolster immunity, could be interesting to explore in these inflamed tumors [58]. Opportunities for
targeted therapies should also be evaluated: cell cycle inhibitors could be interesting in tumors with
alterations of cell cycle proteins [59]; approaches targeting chromatin remodeling complexes in tumors
already deficient in one or multiple chromatin-remodeling genes, such as ARID1A, could promote
synthetic lethality, as demonstrated in other solid tumors [60]; NF2-deficient tumors could be targeted
in preclinical models by YAP/TAZ depletion associated with MEK inhibition [31]. The progress made
in the metastatic setting may also translate into localized disease. Multiple trials are ongoing for
evaluating immune checkpoint inhibition perioperatively, including nivolumab (NCT03055013) and
pembrolizumab (NCT03142334), which could be beneficial to these tumors at high risk of recurrence.

7. Conclusions

Clinical and translational research efforts have transformed the understanding of sRCC: from
a hard-to-treat disease with limited biological understanding, it is becoming part of a burgeoning
research field with major advances in outcomes and new paths to innovative therapeutic developments.
Evaluation of novel treatment strategies and potential biomarkers of response to therapy are needed to
improve patient selection and the prognosis of this aggressive disease.
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Abstract: Renal epithelial cell tumors are composed of a heterogeneous group of tumors with variable
morphologic, immunohistochemical, and molecular features. A “histo-molecular” approach is now an
integral part of defining renal tumors, aiming to be clinically and therapeutically pertinent. Most renal
epithelial tumors including the new and emerging entities have distinct molecular and genetic features
which can be detected using various methods. Most renal epithelial tumors can be diagnosed easily
based on pure histologic findings with or without immunohistochemical examination. Furthermore,
molecular-genetic testing can be utilized to assist in arriving at an accurate diagnosis. In this review,
we presented the most current knowledge concerning molecular-genetic aspects of renal epithelial
neoplasms, which potentially can be used in daily diagnostic practice.
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1. Introduction

Renal cell tumors are one of the most extensively studied human neoplasms. A number
of morphologic, immunohistochemical and molecular genetic features were described during the
last 20 years, which have also led to recognition of new entities, expanding our knowledge and
understanding of renal tumors.

“The Heidelberg classification of renal cell tumors” published in 1997 was the first classification
integrating molecular genetic features as one of the diagnostic tools applicable to renal cell tumors [1].
This classification was further corroborated by the so-called UICC Rochester Classification [2],
which later evolved through the 2004 World Health Organization (WHO) tumor classification [3],
2012 Vancouver ISUP (International Society of Urologic Pathology) consensus conference [4], and most
recently the 2016 WHO blue book [5]. This “histo-molecular” approach is now an integral part of
defining renal tumors and the emerging entities, aiming to be clinically and therapeutically pertinent.
A summary of genetic tests and routinely used immunohistochemical examinations in daily practice is
shown in Table 1. There have been many studies describing and examining molecular genetic changes
of renal tumors. All these studies have shown that the molecular genetic changes are remarkably
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heterogeneous across the whole spectrum of renal cell carcinomas (RCCs) and other tumors and that
molecular-genetic analysis cannot be used as a universal diagnostic tool.

In this review, we present the most current knowledge concerning molecular-genetic aspects of
renal epithelial neoplasms, which potentially can be used in daily diagnostic practice. It is important
to note that ISUP recommendations for molecular genetic testing of renal cell tumors will be published
in the near future.

Table 1. Genetic tests and routinely used immunohistochemical examinations in renal cell tumors

Tumor Type IHC Mutation Method

CCRCC Carbonic Anhydrase
(CA) IX, Vimentin

VHL (von Hippel
Lindau) inactivation

Sequencing
(NGS/classical)/methylation

specific PCR (polymerase
chain reaction)

MCRCNLMP NS VHL NR

PRCC type 1
hereditary syndrome CK7, AMACR MET Sequencing (NGS/classical)

PRCC type 1
conventional type CK7, AMACR Gain of 7,17 aCGH/FISH

PRCC type 2 NS NS

OPRCC AMACR, Vimentin KRAS Sequencing (NGS/classical)

FH-deficient RCC FH, 2SC FH mutation/LOH
analysis

Sequencing
(NGS/classical)/fragment

analysis

ChRCCC CK7, CD117 NS

“Hybrid” On/Ch
tumors NS FLCN ** Sequencing (NGS/classical)

Oncocytoma CK7, CD117 NS

Clear cell PRCC CK7, AMACR VHL Sequencing (NGS/classical)

MiT RCC TFE3, Cathepsin K TFE3, TFEB FISH/NGS

MTSCC AMACR, EMA CNV pattern analysis aCGH

TC-RCC CK7, AMACR CNV pattern analysis aCGH

ACD-associated RCC CK7, AMACR NS

RMC INI1 SMARCB1 Sequencing (NGS/classical)

CDC 34betaE12, Ck7 NS

SDH-deficient renal
cell carcinoma SDHB SDHB Sequencing (NGS,

classical)/IHC

Clear cell renal cell carcinoma (CCRCC). Multilocular cystic renal cell neoplasm of low malignant potential
(MCRCNLMP). Papillary RCC (PRCC). Oncocytic papillary RCC (OPRCC). “Hybrid” oncocytic/chromophobe
tumors (Hybrid” On/Ch tumors). ** Diagnosis of Birt–Hogg–Dubé syndrome. (MTSCC) Mucinous tubular and
spindle cell carcinoma. CNV (copy-number variation) Tubulocystic RCC (TC-RCC) Renal medullary carcinoma
(RMC). Fluorescence in situ hybridization (FISH). Next-generation sequencing (NGS). Array comparative genome
hybridization (aCGH). Not specific (NS). Immunohistochemistry (IHC). Not recommended (NR).
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2. Clear Cell Renal Cell Carcinoma (CCRCC)

Clear cell renal cell carcinoma (CCRCC), the most common RCC, is typically composed of cells with
clear cytoplasm and with a rich fine capillary network [5]. CCRCCs can also exhibit with eosinophilic
cytoplasm and marked cellular pleomorphism. CCRCC cases mimicking clear cell papillary RCC are
not infrequently found [6,7].

Chromosome 3p deletion has been described in CCRCC since the 80s [8], and was recognized as a
characteristic genetic feature of this tumor in the Heidelberg classification [1], present in more than 90%
of cases [9,10]. In parallel, VHL gene located on chromosome 3p was described as the most frequently
mutated gene (50–75%) in CCRCC, and later found to be silenced by promoter methylation in 5–20%
of cases [9,10]. Thus, the most frequent genetic alteration in CCRCC involves chromosome 3p deletion,
VHL mutation and/or VHL promoter methylation, leading to VHL inactivation, an early and crucial
event in sporadic CCRCC and in the familial cancer syndrome von Hippel–Lindau disease [9,11].

In addition to VHL located on chromosome 3p, there are other genes such the component of the
SWI/SNF chromatin remodeling complex PBRM1 (26–33%), the histone modifying enzymes SETD2
(4–12%) and BAP1 (10%) being frequently reported in CCRCC [12–14].

Application in routine practice:

The presence of VHL mutation, chromosome 3p deletion or VHL promoter methylation is
considered useful for the confirmation of CCRCC diagnosis in difficult cases (see following sections).

3. Multilocular Cystic Renal Cell Neoplasm of Low Malignant Potential (MCRCNLMP)

Multilocular cystic renal cell neoplasm of low malignant potential (MCRCNLMP) is a rare
(<1%) renal tumor with an excellent prognosis, without recurrence or metastases described for
bona fide cases [5]. Careful macroscopic evaluation and sampling are pivotal for the diagnosis, as
the presence of solid nodules and/or cell clusters with expansive growth warrants a diagnosis of
multicystic CCRCC [5]. MCRCNLMP, a low-grade tumor, had been considered a variant of CCRCC
due to morphological similarities and analogous genetic features [15–17]. The most frequent genetic
alterations in MCRCNLMP are identical to chromosome 3p deletion in 74% (14/19) of cases [17] and
VHL mutation in 25% (3/12) of cases [18].

Interestingly, KRAS mutation was not found in small cohort of 12 MCRCNLMP cases, contrarily to
codon 12 or codon 13 mutations identified in 12 CCRCC cases [19,20]. Of note, other studies that failed
to identify KRAS mutation in CCRCC sequenced only codon 12 [21], codon 2 [22] or codons 1 and
2 [23], or used distinct methodology [24,25], which might have contributed to the conflicting results.

Application in routine practice:

Similar to CCRCC, chromosome 3p deletion and VHL mutation might be found in MCRCNLMP,
but no specific genetic alterations have so far been identified. Careful macroscopic and microscopic
evaluation is the gold standard for diagnosis.

4. Papillary Renal Cell Carcinoma (PRCC)

Papillary renal cell carcinoma (PRCC) is the second most common type of RCC, traditionally
referred as tumor comprising of 15% of all RCCs [26]. According to the latest classification systems
(WHO 2004, Vancouver ISUP Classification), it is classified into type 1 and type 2 PRCCs, which is
also currently being used in the latest WHO 2016 classification. While PRCC type 1 seems to be a
distinct and compact histo-molecular entity, the so-called type 2 appears to be, rather, composed
of a group of tumors sharing papillary/tubulopapillary architecture with different molecular and
genetic features [27]. In addition, there have recently been a number of subtypes/variants of papillary
renal tumors (i.e., fumarate hydratase (FH)-deficient RCC, oncocytic PRCC), expanding the PRCC
spectrum [27].
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4.1. Type 1 Papillary RCC

The morphology of PRCC type 1 is well defined and in most cases would suffice for an accurate
diagnosis in routine practice [5]. These tumors also have a distinct immunohistochemical profile,
which can be further utilized in addition to basic hematoxylin and eosin (H&E) staining in the diagnostic
workup [5].

The CNV (copy-number variation) pattern is relatively constant demonstrating polysomy or trisomy
of chromosomes 7 or 17 as the most frequently referred changes. However, gains of chromosomes 3, 12,
16, and 20 (and less frequently gains of chromosomes 2, 4, 5, 6, 8, 13, and 18) have also been noted in these
tumors. Of note, chromosomal losses have also been reported (chromosomes 1, 2, 4, 5, 7, 8, 9, 10, 11, 14, 15,
16, 18, 19, 20, 21, and 22) [28].

While mutations of MET are rarely referred for sporadic type 1 PRCC, it is commonly associated
with hereditary papillary RCC syndrome. It should be noted that tumors occurring within hereditary
papillary RCC syndrome are multiple otherwise typical PRCCs type 1 [29–31].

4.2. Type 2 Papillary RCC

“Type 2” papillary RCC is considered a controversial entity and currently by most authors deemed
rather to represent multiple specific papillary renal neoplasms. Although gains of chromosomes 7 and
17 were reported to be the most frequently listed CNV changes for this subtype, the recent literature
show that trisomy/polysomy 7/17 is not commonly associated with type 2 PRCC [28]. Based on a
systematic review published recently, gains of chromosomes 12, 16 and 20 are also frequently reported
in papillary RCC “Type 2” [28].

There are several genetic-based studies supporting the notion that the so-called “Type 2” PRCC is
rather a group of tumors. Such tumors showed CDKN2A silencing, SETD2 mutations, and increased
expression of the NRF2 antioxidant response element pathway [27]. Of note, FH-deficient RCCs,
a high-grade PRCC which was previously categorized as PRCC “Type 2”, have already been reclassified
from Type 2 PRCC, owing to recent molecular and genetic studies on Type 2 PRCCs [27].

4.3. Oncocytic Papillary RCC/Papillary Renal Cell Neoplasm with Reverse Polarity

Oncocytic papillary RCC, the “third” variant/subtype of papillary RCC included in the WHO
2016 blue book [32–35], is a poorly understood papillary RCC entity composed of oncocytic neoplastic
cells [26,36]. CNV pattern in these tumors is highly variable with at least 3 patterns being reported:
(1) gains of chromosomes 7 and 17 [33–35], (2) gains of chromosomes 3 and 11, and (3) loss of
chromosome Y in male patients as well as losses of chromosomes 1, 4, 14 and loss of chromosome X.
Some these tumors have shown to have a copy number pattern identical to renal oncocytoma: disomic
status of chromosomes 7 and 17, some with deletion of chromosome 14, deletion of 1p (locus 1p36) [37].
Saleeb et al. considered oncocytic PRCC as so-called “type 4” papillary RCC (oncocytic low-grade), [38].
Al-Obaidy et al. have proposed the term papillary renal cell neoplasm with reverse polarity at last for
a part of the spectrum of oncocytic RCC with papillary architecture [39]. Interestingly, this tumor is
characterized by frequent KRAS mutations [40].

4.4. Papillary RCC NOS: Other Variants

A number of unusual papillary RCC variants have recently been described such as solid, mucin
secreting, biphasic squamoid, and Warthin-like, which potentially can create diagnostic challenges
in routine practice [41–47]. It should be noted that all of these variants are defined mostly using
morphologic features and that their molecular-genetic features are widely varied, as generally observed
in papillary RCCs.

Application in routine practice:
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PRCC type 1 is a distinct entity, demonstrating typical CNV of gain of 7, 17 and loss of the
Y chromosome in male patients. PRCC type 2 is rather composed of a group of tumors without a
consistent CNV pattern. Considering highly variable CNV patterns among PRCCs in general (except
for type 1 PRCC), it is almost impossible to diagnose PRCC based on CNV or based on another
molecular genetic methods only. In high grade papillary renal tumors, FH-deficient RCC should always
be considered and ruled out using a combination of immunohistochemistry and FH mutation/LOH
(loss of heterozygosity) analysis.

5. Chromophobe Renal Cell Carcinoma (ChRCC)

Molecular-genetic testing will not be required to make a diagnosis of typical chromophobe RCC
(ChRCC) (classic or eosinophilic variants). In addition to classic and eosinophilic ChRCCs, there are
several other variants which have been described in the literature including pigmented microcystic
adenomatoid, multicystic variant, [48–51] ChRCC with neuroendocrine differentiation, [52–56] and
renal oncocytoma-like variant [57]. With the exception of ChRCC with neuroendocrine features, it seems
that such variability has no influence on biological behavior. However, ChRCC with neuroendocrine
features is a more aggressive variant [52].

CNV in ChRCC is rather variable and as such would be challenging to utilize in routine practice.
ChRCC is usually associated with multiple chromosomal losses including chromosomes Y, 1, 2, 6, 10,
13, 17, 21 [58,59]. However, multiple chromosomal gains (chromosomes 4, 7, 15, 19, and 20), or even
diploid pattern have been described in otherwise typical CHRCCs [60–63].

Testing germline mutations in the novel tumor suppressor gene FLCN (folliculin) can be used
to support the diagnosis of Birt–Hogg–Dubé syndrome, which predisposes to the so-called “hybrid”
oncocytic/chromophobe tumors.

Application in routine practice:

Molecular genetic ancillary tests are not useful for diagnosing ChRCC in daily practice. However,
FLCN gene analysis can be useful in “hybrid” oncocytic/chromophobe tumors in suspected cases.

6. Oncocytoma

Renal oncocytoma (RO) can mostly be diagnosed based on morphology, while in difficult cases
immunohistochemical examination can be further utilized. Molecular genetic tests are rarely used
to diagnose RO. There are 3 basic genetic patterns in ROs: (1) loss of chromosome 1 (in whole or in
part) and loss of chromosome Y, (2) rearrangements of 11q13 (mostly translocation t(5;11)(q35;q13)),
chromosome 14 deletion, and (3) a normal karyotype [64–69].

These patterns have led some authors to propose two or three dominant subtypes of RO, however
the clinical utility of such categorization remains unclear [69,70]. It has recently been recognized
that CCND1 (cyclin D1) is located on the 11q13 locus. There are several studies that have attempted
to sub-classify ROs according to the CCND1 status [69–71]. Nonetheless, all these proposals have
shown no clinical usefulness and utility in daily routine and differential diagnostic practice. Similar to
ChRCCs, the most commonly used test is the analysis of the FLCN gene in a similar setting, such as in
“hybrid” oncocytic/chromophobe tumors.

Application in routine practice:

Similar to ChRCCs, molecular-genetic ancillary tests are not very useful for ROs in daily practice.
However, FLCN gene analysis in suspected cases of “hybrid” oncocytic/chromophobe tumors is useful.

7. Clear Cell Papillary Renal Cell Carcinoma (CCPRCC)

The diagnosis of typical clear cell papillary renal cell carcinoma (CCPRCC) is mostly based on
the morphology and immunohistochemical profile. In typical cases with characteristic morphology,
diffuse CK7 positivity, and strong cup-shaped positivity with CANH 9, molecular genetic testing is not
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necessary for the diagnosis of CCPRCC [72–74]. However, there are some cases of CCPRCCs which
show more complex morphologic features and substantial overlap with other RCCs (i.e., CCRCC).
Because CCPRCC is an indolent neoplasm (with few extremely rare exceptions), an accurate diagnosis
is crucial for further management. We believe that in such instances, further analysis of the VHL
gene is the most useful and valuable step in arriving at the correct diagnosis in routine practice [75].
In fact, analysis of 3p25 loss and VHL gene alterations (mutations and methylation status) together
with morphology and immunohistochemical profile would allow us to correctly diagnose almost all
such cases [75].

It is important to emphasis that CCPRCC has been described in patients with von Hippel–Lindau
syndrome. In such cases, VHL germline mutation is an obvious finding and can’t be helpful in
differential diagnostic process.

Application in routine practice:

Majority of CCPRCC are diagnosed based on morphology and immunogistochemical profile.
In challenging cases where the morphology and/or immunohistochemical profile are not typical of
CCPRCC, genetic testing for VHL mutation/methylation and/or chromosome 3p loss are essential for
rendering an accurate diagnosis of CCPRCC.

8. MiT Family Translocation-Associated Renal Cell Carcinoma

Renal tumors with TFE3, TFEB, and MiTF rearrangements are “classic” translocation-associated
RCCs, being diagnosed based on a combination of morphologic, immunohistochemical, and molecular
genetic analyses. RCC with TFE3 rearrangements (Xp11.2) is the most common of all
translocation-associated RCCs. Although morphologic features of translocation-associated RCCs are
well described in the literature, recent studies have described morphologic variants associated with
different fusion partners, which can in itself pose challenges to the diagnostic process. Some of these
tumors are surprisingly similar in morphology to clear cell papillary RCC (TFE3-NONO). So far the
following fusion partners for TFE3 gene have been described: ASPSCR1, PRCC, NONO, SFPQ, CLTC,
PARP14, LUC7L3, KHSRP, DVL2, MED15, NEAT1, RBM10, KAT6A, and GRIPAP1 [76–84].

Although TFE3 translocation RCCs can show a diverse morphologic spectrum, certain morphologic
features (i.e., high-grade cells with abundant clear/eosinophilic cytoplasm and papillary/nested
architecture; psammomatous calcifications) can be suggestive of this entity. Immunohistochemical
analysis may not be sufficient to confirm the diagnosis of TFE3 translocation RCC, and that in some
cases further molecular genetic testing maybe indicated [85]. Fluorescence in situ hybridization (FISH)
testing is usually used to confirm the diagnosis. It should be noted that in some fusion partners, FISH
can produce false negative results [85,86]. Thus, NGS is more accurate, namely for cases, where fusion
partner is beyond the reaches of probe or staying too close to TFE3.

TFEB or t(6;11) translocation RCC is much less common member of the MiT family RCCs.
These tumors exhibit a typical biphasic morphologic feature composed of large epithelioid cells with
clear/eosinophilic cytoplasm and a minor population of small eosinophilic cells that form rosette-like
structures within basement membrane-like material. Immunohistochemically, these neoplasms
express melanocytic markers (HMB45 and/or Melan A). Usually there is a fusion of MALAT1 and TFEB,
although other partners such as COL21A1, CADM2, and KHDRBS2 have recently been described [27,87].
However, even in the group of TFEB or t(6;11) translocation RCC, there is morphologic variability and
that not all cases follow a “classic“ morphologic pattern with biphasic morphology (Figure 1).
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Figure 1. Some renal cell carcinomas (RCCs) with TFEB translocation lack typical morphology with
pseudorosettes and rather show solid architecture. 4× magnification.

Recent studies have shown that amplification of the TFEB gene in TFEB or t(6;11) translocation RCCs
can uncommonly occur and is associated with more aggressive clinical behavior with distant metastases
(see RCC with TFEB amplification). It is worth noting that amplification of TFEB gene can rarely be
found in various renal tumors, most of which are usually unclassified RCCs or translocation-like RCCs.

Application in routine practice:

Diagnosis of TFE3 translocation RCC should be considered in RCC with a mixture of clear cell
and papillary features, psammoma bodies, abnormally voluminous cytoplasm, hyalinized stroma,
or in a young/pediatric patient. Although positive immunohistochemical staining for TFE3 or TFEB
proteins, melanocytic markers, or cathepsin K can be suggestive, molecular genetic testing is highly
recommended for confirming the diagnosis. FISH for TFE3 or TFEB rearrangement is a helpful
diagnostic tool; however NGS is recommended in cases where false negative FISH can be expected
(namely partners RBM10, RBMX, GRIPAP1, and NONO). In other words, when the morphology and/or
immunohistochemical profile is suggestive of TFE3 translocation RCC, NGS analysis is recommended
for confirmation. Amplification of TFEB gene seems to be a strong adverse prognostic indicator in
TFEB translocation RCCs, however such cases are rare and less frequently encountered comparing
with TFEB amplified RCCs (without TFEB break) its occurrence is rather rare.

9. Mucinous Tubular and Spindle Cell Carcinoma (MTSCC)

Mucinous tubular and spindle cell carcinoma (MTSCC) is usually a non-aggressive renal tumor
with characteristic morphology. This neoplasm can resemble PRCC with overlapping morphologic and
even immunohistochemical features [88–90]. In the past, studies reported variable CNV patterns for
MTSCC, even sometimes resembling PRCC CNV pattern suggesting MTSCC to be a variant of PRCC
type 1 [36,91]. However, recent studies have shown that MTSCCs typically have a CNV pattern with
multiple chromosomal losses involving chromosomes 1, 4, 6, 8, 9, 13, 14, 15, and 22, without the gains
of chromosomes 7 and 17 [92–95]. In cases where there is a morphologic overlap with PRCC (mostly
type 1), CNV also shows overlapping features with frequent gains of chromosomes 7 and/or 17.
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Application in routine practice:

MTSCC is an indolent and rare tumor with characteristic morphologic features that can be used in
diagnosis in the vast majority of cases (with or without immunohistochemical studies). In difficult cases,
CNV pattern analysis can be helpful. Tumors with features of PRCC, including gain of chromosome 7
or 17, should be classified as PRCC NOS.

10. Tubulocystic Renal Cell Carcinoma (TC-RCC)

Tubulocystic RCC (TC-RCC) is a relative new entity first officially included in the 2012 ISUP
Vancouver Classification. Similar to MTSCC, TC-RCC has morphologic and immunohistochemical
features that are frequently overlap with PRCC [36,96,97].

The genetic features of these tumors are variable with previous studies suggesting similar CNV
patterns to that reported in type 1 PRCC (gain of chromosome 7 or 17 and loss of Y). However,
more recent studies showed that gain of chromosomes 7 and 17 is not a typical CNV pattern in cases of
TC-RCC where strict histo-diagnostic criteria are applied [96–98]. In fact, loss of chromosome 9 has
been suggested as a characteristic feature of TC-RCC [99]. It should be noted that TC-RCC is a rare and
indolent tumor that should not be confused with fumarate hydratase (FH)-deficient RCC, where the
tumor shows a low grade tubulocystic pattern and with abrupt transition to high-grade infiltrative
carcinoma. A similar situation exists in tumors with pure tubulocystic pattern and eosinophilic cells
but with prominent macronucleoli. Such cases must be considered as potentially FH deficient RCCs
and immunohistochemical/molecular-genetic examination of FH should be performed [100,101].

Application in routine practice:

TC-RCC should be diagnosed based on its strict histologic criteria, without mixed areas resembling
PRCC. If CNV patterns show gains of chromosome 7 and 17, it is advised to best classify it as PRCC than
TC-RCC. RCCs with “Tubulocystic” features and high grade abrupt areas should raise the possibility
of FH-deficient RCC and be further genetically tested for FH gene mutation/LOH.

11. Acquired Cystic Kidney Disease (ACD)-Associated Renal Cell Carcinoma

Acquired cystic kidney disease (ACD)-associated RCC is a relatively rare renal tumor. Its morphologic
feature is relatively variable, as is its immunohistochemical profile. However several studies described
gains of chromosomes 7 and 17, and other showed gain of chromosomes 3, 16, and Y [102–107].

Application in routine practice:

Currently there are no specific genetic alterations useful for routine practice in these tumors.

12. Renal Medullary Carcinoma

Renal medullary carcinoma is a rare, aggressive, and high grade renal tumor occurring mostly
in African Americans with sickle cell trait or with other hemoglobinopathies. Within the differential
diagnosis, collecting duct carcinoma, high-grade urothelial carcinoma and other high-grade RCCs
should be always considered. [108] Medullary carcinoma is characterized by loss of the SMARCB1
(INI-1) gene [109–111], which can also be detected immunohistochamically (following by positive
OCT3/4 staining) [108,112–115]. In rare cases where alterations of SMARCB1 gene or abnormal negative
staining for the protein is documented in the absence of sickle trait, the term “RCC unclassified with
medullary phenotype” has been proposed [116,117].

Application in routine practice:

High-grade renal tumors with histologic features suggestive of renal medullary carcinoma should
be stained with SMARCB1. For cases with loss of SMARCB1 expression, molecular genetic testing
of SMARCB1 is useful. The result of immunohistochemical/genetic testing should be correlated with
hematologic findings (i.e., sickle cell trait or other hemoglobinopathy). In situation, when RCCs with
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SMARCB1 loss is encountered, and sickle trait or other hemoglobinopathies are absent, it is currently
recommended to classify them as RCC unclassified with medullary phenotype.

13. Collecting Duct Carcinoma (CDC)

One of the most frequently misclassified renal tumors is still collecting duct carcinoma (CDC).
Even nowadays, the diagnosis of CDC remains the diagnosis of exclusion. The following entities should
be always be considered and excluded in such scenarios: FH-deficient RCC, high-grade urothelial
carcinoma of renal pelvis, renal medullary carcinoma, and metastatic carcinoma from another organ.

Unfortunately, currently there is no characteristic molecular genetic feature or combination of
features useful for differential diagnosis. Molecular genetic testing should be considered after excluding
other entities in the differential diagnosis (i.e., FH-deficient RCC, renal medullary carcinoma).

Application in routine practice:

There is no specific molecular genetic test which can help to establish the diagnosis of CDC.
FH-deficient RCC and renal medullary carcinoma should be always considered and diagnosis can be
supported by genetic testing.

14. Succinate Dehydrogenase (SDH)-Deficient Renal Cell Carcinoma

Renal tumors associated with autosomal dominant germline mutations of SDHA, SDHB, SDHC
and SDHD have recently been described. Such tumors are part of syndrome characterized by occurrence
of renal carcinomas, paragangliomas/pheochromocytomas, gastrointestinal stromal tumors (GIST),
and pituitary adenomas [118,119]. The majority of succinate dehydrogenase (SDH)-deficient RCCs
demonstrate a characteristic morphology with solid alveolar architecture, eosinophilic cytoplasm
with numerous intracytoplasmatic vacuoles (Figure 2). Cases with high grade features and
overlapping morphology resembling CCRCC, PRCC or unclassified RCC have also been described.
Immunohistochemical staining for SDHB is negative. Antibody against SDHB detects all 4 subgroups
(SDHA, SDHB, SDHC and SDHD) deficiencies [118,119]. However, the interpretation of SDHB staining
must be done with caution and an internal positive control should be present. SDH deficiency is almost
always associated with germline SDH subunit mutation [118–121].

 

Figure 2. SDHB-deficient RCC with typical morphology-eosinophilic renal tumor with numerous
vacuoles resembling texture of bubble wrap. 10× magnification.
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Application in routine practice:

Suspected cases should be immunohistochemically stained for SDHB. Immunohistochemical
staining for SDHB is negative in SDH-deficient cases. The vast majority of SDH-deficient RCCs are
associated with germline mutation of the SDHB subunit. Genetic testing of SDH subunit mutation is
not necessary, however in cases where the result of immunohistochemical examination is inconclusive,
it is highly recommended.

15. Fumarate Hydratase (FH)-Deficient RCC and HLRCC (Hereditary Leiomyomatosis and Renal
Cell Carcinoma)

FH-deficient RCC and hereditary leiomyomatosis and renal cell carcinoma associated RCC have
been discussed extensively in the recent literature. Initially it was thought that these tumors are
hereditary counterparts of the so-called “type 2” PRCC. Histologically, they show marked intratumoral
heterogeneity with papillary, tubulocystic, solid or cribriform patterns, and usually the presence of
large nuclei with deep red nucleoli (Figure 3A,B). However, no single or a combination of histologic
features are diagnostic of FH-deficient RCCs/HLRCCs [101,108,122–128].

Immunohistochemically, FH-deficient RCCs show loss of staining for fumarate hydratase
(FH) (sensitivity 80 to 90%) [101,108,123–129]. Positive immunohistochemical staining for 2SC
(2-Succinocysteine) is supportive feature, however antibody for 2SC is not currently commercially
available [123,125,129]. The CNV pattern is heterogeneous, no constant combination of changes has
been disclosed so far and it is not possible to use it in differential diagnostic process [124].

Overall, in cases with suspected clinical and morphologic features (high-grade aggressive RCCs
in young patients) FH-deficient RCCs/HLRCCs should be considered in the differential diagnostic
workup. For screening, immunohistochemical staining with FH is useful, however cases where staining
interpretation is not convincing or in suspected clinical settings it would be better to test for FH
mutation/LOH.

Application in routine practice:

High-grade RCCs occurring in young patients exhibiting variable growth patterns and
morphologic features should prompt the differential diagnosis of FH-deficient RCCs/HLRCCs.
Immunohistochemically, FH can be helpful; however, it is not 100% specific, and as such analysis of FH
mutation/LOH should be considered.

 

(A) 

Figure 3. Cont.
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(B) 

Figure 3. FH-deficient RCC: deep red macronucleoli can be prominent (A), however in some cases it is
not easy to detect them (B). 4× magnification.

16. New but Perspective Renal Tumors

As mentioned earlier in the introduction, renal tumors are intensively studied and more new
entities and variants are described every year. It is questionable whether all these variants will be
regarded as established entities within future classifications or whether they will be reclassified as
variants of some “traditional” renal tumors. Some of the published papers are recent without further
corroboration by other studies, while others worked with a limited number of cases. More studies
examining the ideas and hypotheses would be needed to allow including such entities in the future
WHO classifications. In the following section we will briefly introduce such tumors. Majority of new
entities will be covered in other reviews in this issue of Cancers.

16.1. Eosinophilic Solid and Cystic (ESC) RCC

Eosinophilic solid and cystic RCC (ESC-RCC) is a recently recognized entity, described in patients
with TS (tuberous sclerosis) complex. Subsequently, identical tumors were described in patients without
any relation to TS complex, mostly middle aged/elderly women [130,131]. These tumors have solid
and cystic architecture, composed of neoplastic cells with voluminous cytoplasm showing basophilic
stippling [132]. They are frequently positive for cytokeratin 20, which is highly unusual for any
RCCs [132]. Both familiar and sporadic tumors have molecular alterations of TSC1 or TSC2 [133–137].

16.2. RCC with TSC/MTOR Gene Mutations

The molecular genetic revolution in the field of oncopathology has resulted in identifying more
entities including a recently described subset of tumors harboring mutations of TSC1, TSC2, or MTOR,
being recognized in sporadic patients as well as patients with tuberous sclerosis complex [130,131].
RCC with prominent smooth muscle (or sometimes referred as RCC with angioleiomyoma-like
stroma), [130,138–142], tumors with oncocytic features named as HOT (high-grade oncocytic tumor) or
descriptively as sporadic RCC with eosinophilic and vacuolated cytoplasm [143–145] are best known
examples of this group.
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16.3. TCEB1-Mutated RCC

These tumors are well-circumscribed, have predominantly tubular and papillary architecture,
and have thick intersecting fibromuscular bands superficially resembling a renal angiomyoadenomatous
tumor (RAT)-like morphology. They are distinct from both CCRCC and CCPRCC, harboring mutations
of TCEB1 but with no VHL gene abnormalities [24,138,140,146–148]. Given the limited data available
on these tumors, it is rather early to assume concrete conclusions [146].

16.4. RCC with TFEB/6p21/VEGFA Amplification

RCC with TFEB rearrangement is a poorly understood entity, although such tumors have been
described or briefly mentioned in several papers. The first systematic study summarizing knowledge
about this group of tumors was published by Williamson at al. [149] in 2017. It appears that tumors
from this group show amplification of chromosome 6p21 with changes in TFEB and VEGFA [149–156].
So far the described cases show variable morphology with shared positivity for melan-A and/or HMB45.
Cathepsin K is usually positive [149,150]. RCC with TFEB/6p21/VEGFA amplification exhibit papillary
architecture, however tumors resembling CCRCC or ChRCC were also documented. Molecular genetics
usually disclose amplification of TFEB/6p21/VEGFA, while rearrangement of TFEB is usually not present.
However, in one of the first cases authors pointed out that amplification of TFEB gene might be a
marker of aggressive behavior showed both rearrangement and amplification [152] (Figure 4). Recent
work shows that TFEB gene expression is increased in these tumors, although not as much as in TFEB
translocation tumors, raising the possibility that other genes at the 6p21 locus, such as VEGFA or
CCND3 or other genes may be responsible for aggressive behavior [155].

 

Figure 4. RCC with TFEB break and TFEB amplification. 4× magnification.

16.5. ALK-Rearranged RCC

Rearrangement of ALK has been described in various tumors, mostly in lymphomas,
lung carcinomas, and thyroid carcinomas. In kidney, renal tumors with ALK rearrangement have
also been rarely reported [157–174]. Histologically, they show a tubulopapillary or cribriform
pattern with rhabdoid-like cell morphology in a myxoid/mucinous background (mostly interstitium).
Fusion partners that have been identified in ALK-rearranged RCC are TPM3, STRN, VCL, HOOK1,
CLIP1, and KIF5B. Some cases demonstrated highly surprising morphology, identical to metanephric
adenoma or MTSCC [166].
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17. Discussion

It is well-known that renal tumors are characterized by marked both intertumoral and intratumoral
heterogeneity, which can play role in tumor evolution and hamper personalized therapeutic strategies.
Molecular characterization of renal cell neoplasms has led to the identification of driver genes and
specific molecular pathways. This comprehension along with the traditional histo-morphologic features
has revolutionized the treatment approach and modalities in these tumors.

Imaging genomics, an emerging research field, has also created new opportunities for the diagnosis
and prognosis of renal tumors. Of note, Cheng et al. [175] developed and examined an integrative
genomics framework for constructing a prognostic model for clear cell renal cell carcinomas using
both histopathologic images and genomic signatures. Similarly, Shao et al. [176] introduced ordinal
multi-modal feature selection framework that simultaneously identified important features from
both pathological images and multi-modal genomic data for the prognosis. It appears that such an
integrative pathologic-genomics approach can help to better understand prognostic and hopefully
therapeutic aspects of various renal tumors.

It should be noted that one of the main challenges in assessing the current literature on
molecular-genetic characteristics of renal tumor is related to the heterogeneity of methodologies
and definitions used in various studies. This is mainly due to the fact that our understating of renal
neoplasms is evolving as the new molecular and technological advances are emerging such as NGS.
Despite the limitations of the current literature, we are still able to draw the landscape of uniform
histo-molecular renal entities.

18. Conclusions

Overall, most renal tumors can easily be diagnosed based on pure histologic findings with or
without immunohistochemical examination. However, in selected cases, molecular-genetic testing can
be utilized to assist in arriving at an accurate diagnosis.
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Abstract: Renal cell carcinoma (RCC) is the most frequent kidney solid tumor, the clear cell RCC
(ccRCC) being the major histological subtype. The probability of recurrence and the clinical behavior
of ccRCC will greatly depend on the different clinical and histopathological features, already
incorporated to different scoring systems, and on the genomic landscape of the tumor. In this
sense, ccRCC has for a long time been known to be associated to the biallelic inactivation of Von
Hippel-Lindau (VHL) gene which causes aberrant hypoxia inducible factor (HIF) accumulation.
Recently, next generation-sequencing technologies have provided the bases for an in-depth molecular
characterization of ccRCC, identifying additional recurrently mutated genes, such as PBRM1
(≈40–50%), SETD2 (≈12%), or BAP1 (≈10%). PBRM1, the second most common mutated gene
in ccRCC after VHL, is a component of the SWI/SNF chromatin remodeling complex. Different studies
have investigated the biological consequences and the potential role of PBRM1 alterations in RCC
prognosis and as a drug response modulator, although some results are contradictory. In the present
article, we review the current evidence on PBRM1 as potential prognostic and predictive marker in
both localized and metastatic RCC.

Keywords: polybromo-1; PBRM1; renal cell carcinoma; biomarker; prognosis; predictive role

1. Introduction

Kidney cancer is the 12th most frequent solid tumor worldwide with around 400,000 new cases
and 175,000 deaths from renal cell carcinoma (RCC) estimated in 2018 [1]. RCC accounts for almost
90% of all kidney tumors, the clear cell (ccRCC) being the most common histologic subtype [2].

Approximately 70% of the RCC will present with localized disease, but around one third of them
will relapse after surgical excision [3,4]. However, the probability of recurrence will depend greatly on
different clinical and histopathological features, which have been incorporated to up to 20 different
scoring systems characterized by substantial heterogeneity [5–7].

Regarding the molecular characteristics of RCC, the inactivation of the Von Hippel–Lindau (VHL)
gene is by far the most common oncogenic driver event in ccRCC. VHL is an E3 ligase substrate that
labels the transcription factors hypoxia inducible factor (HIF) 1alpha and HIF2alpha with ubiquitin
for proteosomal degradation. The accumulation of HIF triggers the uncontrolled expression of
angiogenesis promoting genes and gives rise to highly vascularized tumors [8].

Recent advances in next-generation sequencing (NGS) and their implementation in large cohort
of cancer patients (e.g., The Cancer Genome Atlas (TCGA) projects), have led to the identification of
additional genes frequently mutated in ccRCC, such as PBRM1 (≈40–50%), SETD2 (12%), BAP1 (10%),
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and KDM5C (5%) [9–11]. These are genes coding for proteins participating in the regulation of chromatin
remodeling and histone methylation. Although VHL is the initiating event in ccRCC, the acquisition of
additional mutations, some in subclonal cancer cell populations, is a common characteristic during
ccRCC tumor development and metastasis. In this context, multiregion sequencing-based studies have
highlighted the potential relevance of PBRM1 alterations for tumor growth and metastatic capacity,
which are determinant for clinical outcome [10].

The advances in systemic therapy of advanced RCC (mRCC) in the last 20 years have been
remarkable. This progress has led to a significant improvement in the median overall survival (OS),
from 13 months in the cytokine therapy era to ≈30 months using combination of targeted therapies
and immune checkpoint blockade [12–14]. Well established prognostic scoring systems for mRCC,
such as the Memorial Sloan Kettering Cancer Center (MSKCC) or the International Metastatic RCC
Database Consortium (IMDC), include clinical parameters such as performance status or time from
diagnosis to treatment, as well as laboratory parameters [15]. However, other clinical variables which
have a prognostic value in mRCC are not included in those models [16]. Likewise, in the current
therapeutic context there is a need of updating the scoring systems with molecular parameters, to better
personalize treatment strategies to achieve survival improvement and avoid unnecessary toxicities.

2. Bromodomain-Containing Protein BAF180 Function

The SWI/SNF complexes are multiprotein machineries able to mobilize nucleosomes and alter
chromatin structure through the hydrolysis of ATP molecules. By controlling chromatin accessibility,
these epigenetic remodeling complexes act as transcriptional regulators, mediating the binding of
transcription factors, coactivators, and corepressors to target promoters and enhancers in the DNA.
A wide variety of cellular functions are modulated by SWI/SNF complexes including the balance
between self-renewal and cell differentiation, cell cycle, metabolism, and DNA repair processes [17].
SWI/SNF components are recurrently mutated across human malignancies. It is estimated that about
20% of all human tumors harbor alterations in genes encoding SWI/SNF complex subunits [18].
This mutation frequency is comparable to that observed for other canonical cancer genes such as
TP53, KRAS, or PTEN [19]. Interestingly, mutations in particular SWI/SNF components are tumor
type-dependent, which may indicate that these complexes carry out not only universal but also
tissue-specific functions. For instance, SMARCB1 is found mutated in almost 95% of malignant
rhabdoid tumors and PBRM1 is mutated in ≈40% of ccRCC [20]. Other components of the SWI/SNF
complex, such as ARID1A, are highly mutated in several cancer types, but rarely altered in ccRCC
(e.g., ARID1A is mutated in 49% of ovarian clear cell carcinomas, 39% of endometrial cancers, and only
in 3% of ccRCC tumors).

The gene PBRM1 encodes the bromodomain-containing protein BAF180 that serves as the
DNA-targeting subunit of the pBAF SWI/SNF complex [21]. BAF180 harbors six bromodomains that
bind acetylated residues on histone tails. These domains are capable of recognizing acetylating patterns
and target the complete complex to specific chromatin regions. This protein is involved in various
DNA repair mechanisms [22] and it is also important for cohesion between centromeres, which is
necessary for maintaining genomic stability [23].

How mutations in the gene PBRM1 promote carcinogenesis and tumor progression is still unknown.
PBRM1 is considered a tumor suppressor gene and this role is supported by in vitro experiments in
ccRCC derived cell-lines, which show that PBRM1 gene silencing results in increased proliferation,
migration, and colony formation [20]. Consistently, Macher-Goeppinger et al. found that re-expression
of PBRM1 into A704 cells, that harbor a homozygous truncating mutation in this gene, results in
diminished colony formation [24]. The role of PBRM1 as tumor suppressor is also supported by the
fact that ≈80% of the somatic mutations found in the gene result in loss of function (LOF) of the protein,
not only in ccRCC but also in other tumor types, including breast and pancreatic cancers. Furthermore,
BAF180 has been demonstrated to modulate the activity of p53 [24], inducing the transcription of
some p53-targets such as p21 and repressing other such as 14–3–3σ (Figure 1). PBRM1 inactivation
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can therefore disturb p53-dependent chromatin regulation and enable ccRCC tumors to escape from
p53-mediated surveillance [25]. Even if PBRM1 has mainly been described as a tumor suppressor
gene, Murakami et al. recently demonstrated that its role may be context dependent, and that PBRM1
may also act as an oncogene under specific conditions [26]. They showed that the inactivation of
PBRM1 in 786-O cells, a ccRCC cell line expressing BAF180, resulted in a reduction of cell survival and
proliferation. This effect seemed to be dependent on HIF1α/HIF2α expression. In this regard, PBRM1
acts as a coactivator of both transcription factors, which play opposite roles in established ccRCC
tumors. In this particular context, HIF1α acts as a tumor suppressor gene [27], while HIF2α favors
tumor development. In in vitro models in which both transcription factors are expressed, PBRM1
showed tumor suppressive activity. By contrast, when HIF1α was not expressed, PBRM1 induced
expression of HIF2α oncogenic targets, which resulted in increased cell survival and proliferation.
In summary, in ccRCC the function of PBRM1 as a tumor-suppressor or oncogene is context dependent.

 
Figure 1. Role of PBRM1 in established clear cell renal cell carcinoma (ccRCC) tumors.

3. PBRM1 Mutations in Clear Cell Renal Cell Carcinoma

Hereditary cases of RCC account for 3–5% of all renal cancers. These cases are associated with
RCC syndromes and are characterized by young age of onset and multi or bilateral tumors. They
are related to mutations in specific susceptibility genes such as VHL, MET, FLCN, FH, and SDHB,
which increase the risk of developing specific RCC subtypes [28,29]. Other minority inherited forms
of RCC are associated with BAP1 tumor predisposition syndrome and constitutional chromosome 3
translocations. Nevertheless, some cases of inherited RCC tumors are not explained by any of the genes
mentioned above. Recently, a PBRM1 mutational screening in a cohort of 35 French unrelated patients
with a familial history of RCC revealed one patient with a germline PBRM1 truncating mutation
(p.Asp1333Glyfs). In the family there were three additional cases with ccRCC and the truncating
mutation co-segregated with the disease [30]. To our knowledge, this case is the only familial form of
RCC explained by a germline mutation in PBRM1. This finding could eventually support the inclusion
of this gene in genetic screenings for RCC syndromes.

The somatic genomic landscape of ccRCC tumors is characterized by VHL inactivation, which
is found altered in ≈90% of the cases. Inactivation is typically achieved through the loss of the
chromosome arm 3p (encompassing the genes VHL, PBRM1, BAP1, and SETD2) in a process of
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unbalanced translocation followed by the somatic inactivation of the remaining VHL allele. However,
even if VHL biallelic inactivation is a critical founder event, it is not sufficient for tumor development
and additional mutations and epigenetic changes are necessary. Extensive sequencing projects by
TCGA have identified PBRM1 as the second most frequently altered gene in ccRCC (49% of explored
cases, 163 point mutations, eight deep deletions, and one fusion in a total of 354 cases) [20,31] Even
though ccRCC is the tumor type with the highest mutational rate in PBRM1 in the TCGA Pan-Can
Project [32], somatic PBRM1 mutations were first described in breast cancer [29] and are also observed in
other cancer types such as cholangiocarcinoma (22%) and uterine (10%). Notably, the high incidence of
mutations in PBRM1 in renal cancer seems to be limited to clear cell histology and mutations are rare or
not observed in other renal cancer subtypes, such as papillary (4%) or chromophobe (0%). In agreement
with its role as a tumor suppressor, most mutations observed in ccRCC are truncating (137 out of
163 mutations) while missense mutations are less frequent (23 out of 163). Mutations in PBRM1 are
found distributed along the entire gene, affecting Bromodomains, Bromo-Adjacent Homology (BAH)
and High Mobility Group (HMG) domains, with some relevant hotspots of truncating mutations [33]
(Figure 2). PBRM1 gene (at 3p21.1) is also affected by copy number alterations, as a consequence of the
characteristic chromosome 3p deletion in ccRCC tumors.

Figure 2. PBRM1 mutations in clear cell RCC. From The Cancer Genome Atlas (TCGA) PanCancer
Atlas Project.

Intratumoral heterogeneity (ITH) is a common feature of primary ccRCC tumors, leading to
somatic point mutations and copy number alterations that are only present in a subset of tumor cells
within the same tumor [10,34]. Multiregion sequencing showed that renal tumors are characterized
by harboring only a small number of clonal mutations, shared by all tumor cells, and a majority of
subclonal alterations found at varying frequencies across the tumor. Mutations in PBRM1 are clonal
in ≈75% of cases and subclonal in the remaining 25% of ccRCC primary tumors. Truncal PBRM1
mutations define particular evolutionary trajectories in the tumor, that impact the prognosis and
therapeutic response. Three out of the seven evolutionary patterns described in primary ccRCC
tumors presented somatic mutations in PBRM1 as a truncal event that precede subclonal mutations in
SETD2, genes from the PI3K pathway or copy number alterations [35] (Figure 3). These three clonal
PBRM1 driven evolutionary patterns are enriched in tumors with high ITH and a large number of
different subclones. Tumors following these evolutionary trajectories are characterized by a slow
growth rate, are associated with advanced disease and with longer progression free survival (PFS).
Consistently, Joseph RW et al. found that the loss of PBRM1 expression in 1330 ccRCC tumor samples
was associated with an increased risk of metastasis development, without an effect on OS [36]. Several
studies have described mutual exclusivity between PBRM1 and BAP1 mutations in RCC primary
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tumors [37,38]. Still, truncal PBRM1 mutations are observed in an additional ccRCC evolutionary
subtype characterized by multiple driver clonal mutations in genes that include, in addition to PBRM1,
BAP1, SETD2, or PTEN. These tumors have low ITH and high genomic instability and are associated
with a rapid progression to multiple sites. BAP1 clonal mutations are characteristic of an additional
ccRCC evolutionary pattern that harbors a high genomic instability and a low ITH.

Figure 3. Branched clear cell RCC evolutionary model. Based on Turajlic et al. [35].

Turajlic et al. proposed that tumor clones with mutations in PBRM1 are preferably selected
for metastasis development [35]. However, mutations in additional genes seem to be needed for
RCC progression [39]. Metastatic dissemination of primary tumors harboring VHL and PBRM1
mutations as the two only clonal events, is mainly an attenuated process that leads to initial solitary or
oligometastases. Metastatic potential in these ccRCC tumors is acquired gradually over time and it is
limited to certain subpopulations in the primary tumor that act as a reservoir of metastases. Therefore,
mutations in PBRM1 are a key factor not only for primary tumor development but also for tumor
metastatic dissemination, in which additional subclonal mutations, acquired after PBRM1 loss, seem to
play a decisive role. Detection of clonal and subclonal events in PBRM1, SETD2, PI3K pathway genes,
together with somatic copy number alterations is therefore essential to establish a reliable map of the
complexity of tumor progression driven by PBRM1 loss.

4. Prognostic Value of PBRM1 Mutations in Localized and Advanced Disease

Different studies have tried to elucidate the impact of PBRM1 status in RCC but with controversial
results [36,40–51]. Two small retrospective studies were conducted to compare the different prognostic
implications of both BAP1 and PBRM1 mutations in localized ccRCC. The study conducted by Kapur
et al. showed no survival differences depending on the PBRM1 mutational status, but identified
two molecular subgroups with different prognostic implications and different gene expression [40].
The PBRM1-mutant group showed superior median OS than the BAP1-mutant group (HR = 2.7;
PBRM1-MT 10.6 months vs. BAP1-MT 4.6 months). Likewise, Gossage et al. reported worse relapse
free survival (RFS) in those tumors carrying BAP1 mutation when compared to PBRM1 mutant tumors,
although no differences in OS were found (Table 1) [41].
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Table 1. Value of BAP1 versus PBRM1 in localized disease.

Author
[Ref.]

Year Country
Gender

M(%)/F(%)

Age
(y)

N
BAP1

MT(%)
PBRM1
MT(%)

Tech
Survival Efficacy Parameters

RFS (HR/ p) OS (HR/ p)

Kapur [40] 2013 USA 80(55)/65(45) 62 145 21(14) 78(54) NGS NA
BAP1 MT: 4.6;

PBRM1 MT: 10.6
(2.7/0.044)

Gossage [41] 2014 UK 83(63)/49(37) 62 132 14(11) 42(33) NGS
BAP1 MT: 1.2 a;

PBRM1 MT: 4.9 a

(n.sp./0.059)
n.sp. (n.sp./NS)

M: male patients. F: female patients. Age: median age. y: years. N: number of patients. MT: mutant patients.
Tech: Technique. NGS: next-generation sequencing. RFS: recurrence-free-survival in years. HR: hazard ratio. OS:
overall survival in years. NS: non statistically significant. NA: not assessed. n.sp.: not specified. a 75th percentile
for survival.

According to recent studies focused exclusively on PBRM1 status as a prognostic factor, it seems
that the PBRM1 LOF is associated with a different prognostic value in localized and advanced disease.

4.1. Localized Disease

Most studies assessing the prognostic value of PBRM1 in RCC have focused on localized
disease. It is noteworthy that only one of these studies has included other histological subtypes aside
from ccRCC [42]. The loss of PBRM1 function has also been correlated with advanced tumor and
clinical stage, as well as with more aggressive features, such as lymphovascular invasion and poor
differentiation [42,43]. In a systematic review including seven studies (Table 2) PBRM1 LOF in localized
disease was associated with poor prognosis, both in terms of RFS and OS [44].

In 2013 the results obtained by Costa et al. showed that PBRM1 LOF was associated with poor
prognosis and worse 5 years RFS rates (PBRM1 MT 66.7% vs. PBRM1 WT 87.3%; p = 0.048) and worse
5 years disease-specific survival rates (DSS) (PBRM1 MT 70.6% vs. PBRM1 WT 89.7%; p = 0.017) [43].
Pawlowski et al. conducted a similar study but including different histological subtypes (227 clear
cell, 40 papillary and 12 chromophobe). Their results confirmed that PBRM1 LOF is more frequent in
ccRCC than in other histological subtypes, and suggested that most of truncating mutations in ccRCC
negatively affect PBRM1 expression [42]. The study also showed an association of PBRM1 LOF with
late tumor stage and worse OS (PBRM1 negative 80 months vs. PBRM1 positive NR (not reached)).
Conversely, a Korean article, which also demonstrated the independent prognostic value of PBRM1
expression, suggested that the negative prognostic impact of PBRM1 LOF was limited to lower-stage
tumors (stage I/II; p = 0.001 for cancer specific survival (CSS)/PFS) and not to higher-stage tumors (stage
III/IV; p > 0.05), although most of the patients (≈76.6%) were stage I/II [45]. Hakimi et al. investigated
the impact of PBRM1 status in 609 patients with ccRCC from two different cohorts (MSKCC, n = 188
and TCGA, n = 421) showing no significant impact on CSS. However, the addition of PBRM1 mutation
to BAP1 mutation, which did correlate with a poor prognosis, increased the risk of cancer death (HR
4.18) [46]. The largest study to date was conducted by the Mayo Clinic and included 1330 patients
with ccRCC. PBRM1 and BAP1 expression were analyzed by immunohistochemistry (IHC) and they
did not find significant differences in CSS according to PBRM1 expression and adjusting by age [36].
The authors did find, however, a significantly higher risk of metastasis in PBRM1 deficient tumors.
The study was also able to define, with regards to the prognostic significance, four different ccRCC
subtypes depending on PBRM1 and BAP1 status. Thus, there was a progressive worsening of both
RFS and CSS from PBRM1+/BAP1+ to PBRM1-/BAP1+ to PBRM1+/BAP1- to PBRM1-/BAP1- [36].

Overall, it seems that in localized ccRCC, the loss of PBRM1 function correlates with aggressive
features and advanced stage, as well as with worse prognosis.
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4.2. Advanced Disease

There is less data on PBRM1 role in advanced ccRCC compared to localized disease. The first
study to assess the prognostic value of PBRM1 expression in stage IV/recurrent RCC was a Korean
study including a small population (n = 53) [48]. Patients were divided in two groups using 2.5 IHC
score for PBRM1 expression as the cut-off value. Patients with high expression of PBRM1 in the tumor
had a significantly worse OS than those with low PBRM1 expression. (HR 2.29, p = 0.039), but there
was not statistically significant difference when only the ccRCC subgroup was considered (HR 2.22,
p = 0.068) [48]. Consistently, patients harboring tumors with high expression of PBRM1 showed shorter
OS when treated with both sunitinib and everolimus (low vs. high expression; OS 45.0 vs. 23.0 months,
p = 0.035) [48]. However, the most robust data come from the study conducted by Voss et al. which
included 357 advanced ccRCC patients (COMPARZ trial (training cohort), n = 357/RECORD3 trial
(validation cohort), n = 258) [51]. They confirmed the prognostic role of BAP1, TP53, and PBRM1
in metastatic renal cell carcinoma patients treated with tyrosine kinase inhibitors (TKI). Remarkably,
PBRM1 mutations were associated with a better prognosis, both in terms of PFS (HR 0.67, p = 0.004)
and OS (HR 0.63, p = 0.002) [51], whereas BAP1 mutations were associated with worse prognosis, and
a significant worse OS (HR 1.51). Conversely, Tennenbaum et al. did not find an association between
PBRM1 mutational status (determined by NGS) and OS in 167 advanced ccRCC patients from the
MSKCC and TCGA cohorts [50].

Other studies which included cohorts with both localized and advanced disease have shown
contradictory results (Table 2) [47,49].

Overall, the studies published to date suggest that PBRM1 LOF has a different role in localized
and advanced disease, constituting a poor prognostic factor in localized disease and a good prognostic
factor in advanced disease. The inactivation of BAP1 and PBRM1 mainly contribute to different
pathways of tumor evolution, being almost mutually exclusive events conferring different prognosis.
As suggested, ccRCC could be initiated by a focal mutation in VHL followed by 3p loss, predisposing
to BAP1 or PBRM1 inactivation. The mutation of the remaining allele of PBRM1 or BAP1 would
lead to tumorigenesis, and depending on which gene is mutated, to different tumor aggressiveness.
In advanced RCC, BAP1 mutation leads to a more aggressive disease and PBRM1 mutation would be
associated with a better prognosis [35].

5. Predictive Value of PBRM1 Mutations

Antiangiogenics have constituted the cornerstone of mRCC systemic treatment for years. However,
during the last years the treatment landscape of mRCC has rapidly changed with the development of
new drugs, such as cabozantinib, a multikinase inhibitor, or immune-checkpoint inhibitors, as well as
the investigation of different treatment combinations. With such a wide range of treatment options,
efforts are now focused on identifying predictive biomarkers of response that will help to establish the
best treatment sequence for each tumor and patient. There are studies that suggest the correlation
of certain mutations with treatment outcomes [53–55]. According to some retrospective studies and
preclinical data it seems that the mutational status of PBRM1 could have a predictive role [48,56–58]

5.1. Targeted Therapy

Data on PBRM1 predictive value for targeted therapy is scarce and mainly derive from retrospective
studies (Table 3) [48,56], aside from the prospective IMMOTION150 trial [59]. According to the results
of the IMMOTION150 study, molecular profiles, related with angiogenesis, immune infiltration, and
myeloid inflammation, could constitute predictors of response to immunotherapy and antiangiogenics.
Interestingly, the tumors with high angiogenesis were enriched for PBRM1 mutations. In addition,
when comparing the treatment outcomes, there was a clear benefit in sunitinib PFS, compared to
atezolizumab monotherapy and to atezolizumab plus bevacizumab, in tumors with PBRM1 mutations.
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These results suggest an association between angiogenesis and PBRM1 mutations, indicating that
PBRM1 mutated patients may benefit more from antiangiogenics than from immunotherapy.

Similarly, Fay et al. performed whole-exome sequencing in pretreatment specimens of 27
mRCC patients who had experienced an “extreme response” (extreme responders or primary refractory
patients) to first line VEGF targeted therapy (sunitinib or pazopanib). In agreement with IMMOTION150
study, PBRM1 mutations were significantly more frequent in patients benefiting from antiangiogenic
treatment (54% vs. 7%, respectively) [60].

The retrospective study conducted by Kim et al. investigated the correlation of PBRM1 expression
and treatment outcomes in 53 clear cell mRCC patients [48]. Lines of therapy were not specified.
High PBRM1 expression correlated with worse outcomes in patients treated with either sunitinib or
everolimus. When analyzing each drug separately, the effect of PBRM1 expression was stronger in
patients treated with everolimus (median PFS in low and high PBRM1 expression groups was 3.0
months and 1.9 months, respectively; p = 0.10) although it did not reach statistical significance. PBRM1
expression did not correlate with PFS in patients treated with sunitinib (low vs. high median PFS 7.3
vs. 9.0 months, p = 0.83).

Later on, Hsieh et al. investigated the association between PBRM1 mutational status, analyzed by
NGS, and treatment outcomes in 220 clear cell mRCC patients included in the RECORD3 trial [56].
The RECORD3 trial was a phase 2 randomized study comparing sunitinib with everolimus in the
first line setting with a crossover design. In this study, patients harboring PBRM1 mutation had
better outcomes than those with PBRM1 wild type tumors in the everolimus-sunitinib sequence group
(MT vs. WT PFS 12.8 vs. 5.5 months; HR 0.53, p = 0.004), whereas no differences were seen in the
sunitinib-everolimus sequence group (p = 0.4).
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5.2. Immunotherapy

Immune checkpoint inhibitors (ICI) have become a new standard of treatment in RCC. Therefore,
there is a need to identify which patients will benefit most from ICI or antiangiogenics in order to
better determine the treatment sequence and improve survival outcomes. Although PD-L1 expression
is a well established biomarker of response to ICI in some tumors (e.g., non-small cell lung cancer), in
RCC it is not useful [59,61,62]. Furthermore, neither the tumor mutational burden or the neoantigen
expression have been shown to be suitable for patient selection [63].

The PBAF loss was shown in preclinical in vivo studies to increase sensitivity to T-cell mediated
cytotoxicity compared to those with intact PBAF [64]. Recently, Miao et al. as part of a prospective trial
(CA 209-009), analyzed by whole exome sequencing 35 pretreated tumors [57]. They tried to correlate
the tumor genome profile with the clinical benefit from anti-PD1 therapy and discovered there was
a correlation between PBRM1 mutations and clinical benefit. However, when they tried to compare
the type of tumor-immune microenvironment in ccRCC tumors according to the mutational status
of PBRM1, in three different cohorts (TCGA, an independent cohort of untreated ccRCC tumors and
patient tumors of their study), tumors harboring PBRM1 mutations in all three cohorts showed a lower
expression of immune inhibitory ligands than those with intact PBRM1.

More recently, a post hoc analysis of the CHECKMATE025 trial which compared nivolumab and
sunitinib in ccRCC patients previously treated with antiangiogenics, analyzed the correlation between
PBRM1 status and outcomes (PFS and OS) across-treatment in 382 of the 803 patients included in the
trial [58]. The results showed a significant correlation between PRBM1 status and response to anti-PD1
therapy, with a significant benefit both in PFS and OS in those patients harboring PBRM1 mutations
(HR 0.67, 95% CI, 0.47–0.96; p = 0.03, and HR 0.65, 95% CI, 0.44–0.96; p = 0.03 respectively) compared
to those with PBRM1 wild type tumors. There was no evidence of an association between PBRM1
status and clinical outcomes in the everolimus cohort [58].

On the other hand, as discussed above, in the clinical trial IMMOTION150 the group of tumors
with high angiogenesis showed an enrichment in PBRM1 mutations and these patients seemed to
perform worse when treated with ICI alone (atezolizumab) than when treated with antiangiogenics
alone (sunitinib) or in combination with immunotherapy (atezolizumab plus bevacizumab) [59].

Altogether, it seems that PBRM1 mutations are associated with specific molecular tumor expression
profiles, and that they may have a predictive role. However, its predictive value is still unclear and
needs to be elucidated in future larger randomized trials.

6. Future Perspectives and Conclusions

Cancer is a combination of evolutionary inherited and environmental factors. Most recurrently
mutated genes in RCC include PBRM1. Evolutionary information from the TRACERX study has shown
that RCC tumors with PBRM1 mutations may have a less aggressive behavior, however, additional
events may be synergistic and confer a worse prognosis. This may support that PBRM1 gene could
have dual roles in oncogenesis under different cellular contexts (i.e., localized disease or metastatic
disease). This duality in tumor suppressors genes (e.g., TP53) have been shown in other tumors [65].
For a gene with both oncogenic and tumor-suppressor potentials, it is possible that one single mutation
event would unleash its oncogenic power and abolish its tumor-suppressor function. Theoretically,
such mutation events would be easy to target. Indeed, systematic drug sensitivity analyses have proven
drug vulnerabilities associated with loss of tumor suppressor genes. This could lead to expanding
precision cancer medicine in tumors with a basis on mutations of tumor suppressor genes [66].

In summary, the definition of RCC genetic components that contribute to cancer development is
an area of great interest, as it will help to understand cancer evolution and to generate better targeted
therapies for the patients. PBRM1, the second most commonly mutated gene in ccRCC, seems to
play a relevant role shaping tumor aggressiveness and pathway dependencies. This knowledge has
important clinical implications and, together with additional genomic markers, will have the potential
to personalize the clinical management of RCC patients.
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Abstract: Treatment options for metastatic renal cell carcinoma (RCC) have been expanding in the
last years, from the consolidation of several anti-angiogenic agents to the approval of immune
checkpoint inhibitors (ICIs). The rationale for the use of immunomodulating agents derived from
the observation that RCC usually shows a diffuse immune-cell infiltrate. ICIs target Cytotoxic T
Lymphocytes Antigen 4 (CTLA-4), programmed death 1 (PD-1), or its ligand (PD-L1), showing
promising therapeutic efficacy in RCC. PD-L1 expression is associated with poor prognosis; however,
its predictive role remains debated. In fact, ICIs may be a valid option even for PD-L1 negative
patients. The establishment of valid predictors of treatment response to available therapeutic options
is advocated to identify those patients who could benefit from these agents. Both local and systemic
inflammation contribute to tumorigenesis and development of cancer. The interplay of tumor-immune
status and of cancer-related systemic inflammation is pivotal for ICI-treatment outcome, but there is
an unmet need for a more precise characterization. To date, little is known on the role of inflammation
markers on PD-1 blockade in RCC. In this paper, we review the current knowledge on the interplay
between inflammation markers, PD-1 axis, and anti-angiogenic agents in RCC, focusing on biological
rationale, implications for treatment, and possible future perspectives.

Keywords: kidney cancer; immunotherapy; renal cell; inflammation markers; programmed
death-ligand 1; immune checkpoint inhibitors; prognostic factors; predictive factors

1. Introduction

Renal cell carcinoma (RCC) is the seventh most common type of cancer in men and the tenth in
women in Western countries [1,2]. RCC incidence has been increasing in the last 30 years, at an annual
rate of around 3%, but the figures are recently showing a tendency of plateauing [3]. At the time
of diagnosis, 25% to 30% of patients present with metastatic disease associated with high mortality.
However, when all stages of RCC are considered, mortality rates seem to have leveled [4]. In fact, the
widespread use of noninvasive radiological techniques leads to frequent incidental detection of early
and small kidney tumors, which are potentially curable.
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For many years, treatments for advanced RCC were limited to interferon α (IFNα) and interleukin
(IL)-2. After the cytokine era, two more categories of drugs became available, namely anti-angiogenic
agents and mammalian target of rapamycin (mTOR) inhibitors. In the last years, immune-checkpoint
inhibitors (ICIs) obtained indication at first as second-line treatment and are now available also as
first-line treatment in metastatic RCC.

In this paper, we review the current knowledge on the interaction of inflammation and the
PD-L1/PD-L1 axis in RCC, focusing on their possible role as prognostic and predictive factors in
patients affected by these tumors and treated with ICIs or anti-angiogenic agents.

2. Anti-Angiogenic Agents in RCC Treatment

Anti-angiogenic agents, such as various tyrosine kinase inhibitors (TKIs) (i.e., sunitinib, axitinib,
sorafenib, pazopanib, and lenvatinib), target multiple receptors for platelet-derived growth factor
(PDGF-Rs) and vascular endothelial growth factor receptors (VEGFRs), which play a role in both
tumor angiogenesis and tumor-cell proliferation. Similarly, bevacizumab, a recombinant humanized
monoclonal antibody, blocks angiogenesis by inhibiting vascular endothelial growth factor A (VEGF-A).
Also, the mesenchymal–epithelial transition (MET) and multityrosine kinases inhibitor cabozantinib is
currently used in advanced RCC.

The use of these drugs resulted in improved outcomes, particularly for overall survival (OS)
(sunitinib, pazopanib, and cabozantinib) and for progression-free survival (PFS) (sunitinib, axitinib,
cabozantinib, sorafenib, and pazopanib) [5–12].

3. Immune Checkpoint Inhibitors in RCC Treatment

In recent years, therapeutic options for RCC have expanded, and the use of ICIs, has been
approved. Nivolumab, targeting programmed-death receptor 1 (PD-1), and ipilimumab, directed
against cytotoxic T lymphocytes antigen 4 (CTLA-4), are currently considered standard treatment
options for RCC. The rationale for the use of these drugs lies in the inhibitory role on specific pathways
related to the immune response, frequently hyperactivated by tumor-cell interaction. By inhibiting
these pathways, ICIs reactivate an immune response against tumor cells. The high mutation load typical
of RCC probably correlates with a high antigen expression and has led to the testing of these drugs at
different stages of the disease. CheckMate 025 was a large phase III clinical trial, comparing nivolumab
(PD-1 inhibitor) to everolimus in patients with locally advanced or metastatic RCC, progressed after
treatment with at least one VEGF/VEGFR inhibitor. The study showed an OS benefit in patients treated
with nivolumab. Furthermore, the immunotherapy-treated cohort had a higher overall response rate
(ORR) compared to everolimus, with a considerable rate of long-lasting responses [13]. Due to these
satisfactory results, ICIs are being tested in earlier settings (adjuvant and neo-adjuvant) and are now
also available as first-line treatment [14,15].

In fact, another large phase III study has demonstrated that the combination of ipilimumab and
nivolumab was superior to sunitinib in intermediate- and poor-risk patients when used as first-line
treatment. In this population, the association of the two ICIs improved OS, as well as response rate,
with a complete response rate of about 10% [15].

Furthermore, following the mounting evidence of the interaction between angiogenesis and
immune escape, several trials have been designed and conducted to evaluate the role of the association
of ICIs with antiangiogenic agents as first-line treatment (see Table 1) or further.

For example, the IMmotion150 study, a phase II trial, evaluated the use of atezolizumab (an
anti-PD-L1 inhibitor) plus bevacizumab compared to atezolizumab alone or sunitinib as first-line
treatment for locally advanced and metastatic RCC. The study showed that patients treated with the
association of atezolizumab and bevacizumab had a longer PFS compared to atezolizumab (6.1 months)
and sunitinib arms; furthermore, a higher percentage ORR was reported in the combination arm.
Interesting results were observed in patients with PD-L1 positive expression (≥1%), achieving a longer
PFS (14.7 months) and higher ORR (46%) in the atezolizumab monotherapy arm [16].
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Two recent phase III trials (JAVELIN Renal 101 and KEYNOTE-426) investigated the role of
the association of ICIs and TKIs and showed better outcomes in patients treated respectively with
the association of avelumab plus axitinib or pembrolizumab plus axitinib compared to sunitinib in
previously untreated advanced RCC [17,18].

COSMIC-313 (NCT 03937219) is a multicenter, randomized, controlled phase III trial that evaluates
the combination of cabozantinib/placebo plus nivolumab and ipilimumab in previously untreated
intermediate- and poor-risk RCC.

The interplay of inflammatory mediators and pathways related to immune response is extremely
complex, and its role is pivotal both for RCC tumorigenesis and for treatment response.

Table 1. First-line trials in advanced renal cell carcinoma, combining anti-angiogenic agents and
immune checkpoint inhibitors.

Trial Name
Trial

Phase
Agents

No. of
Patients

mPFS
(Months)

Overall
Response

Rate
Ref.

Checkmate 016 I Nivolumab + sunitinib 33 48.9 52% [19]
Checkmate 016 I Nivolumab + pazopanib 20 31.4 45% [19]
NCT02133742 Ib Axitinib + pembrolizumab 52 15.1 71% [20]
NCT00372853 I Tremelimumab + sunitinib 28 NA 76% [21]

KEYNOTE-018 I/II Pazopanib + pembrolizumab 10 NA 60% [22]

IMmotion150 II Bevacizumab + atezolizumab
vs. atezolizumab vs. sunitinib 305 11.7 NA [16]

IMmotion151 III Bevacizumab + atezolizumab
vs. sunitinib

101
(ongoing) NA 32%

(ongoing) [23]

JAVELIN Renal 100 Ib Axitinib + avelumab 55 NA 58% [24]

JAVELIN Renal 101 III Axitinib + avelumab
vs. sunitinib 886 13.8 51% [17]

CLEAR III Lenvatinib + everolimus or
pembrolizumab vs. sunitinib Ongoing NA NA [25]

KEYNOTE-426 III Axitinib + pembrolizumab vs.
sunitinib Ongoing NA NA [18]

Checkmate 9ER III Nivolumab + cabozantinib vs.
sunitinib Ongoing NA NA [26]

COSMIC-313 III
Nivolumab + ipilimumab +

cabozantinib vs. nivolumab +
ipilimumab + placebo

Ongoing NA NA NA

Abbreviations: mPFS =median progression-free survival, NA = not available, Ref. = reference.

4. Inflammation and Cancer and the PD-1/PD-L1 Axis

The potential relation between cancer and inflammation was originally proposed by Virchow in the
19th century [27]. In the following years, the pivotal role of inflammation in mediating tumorigenesis,
progression, and metastasis of cancer has progressively been unraveled and recognized [28,29].

It has been observed that systemic inflammation damages the immune response, allowing tumor
cells to escape from immune surveillance. Cancer immune surveillance is a fundamental host-defense
process to inhibit carcinogenesis. However, cancer cells can progressively adapt to escape from
immune-mediated rejection, through the process of “immune editing”, resulting from a selective
pressure on the tumor microenvironment, leading to tumor progression [30].

The role of systemic inflammation, and particularly of all the leucocytes cells, in aiding tumoral
immune escape is mediated by the inhibition of apoptosis, promotion of genomic instability and
tumoral invasion, angiogenesis, and metastatic spread through different processes [27,28,31].

Neutrophils can be recruited by the tumor through the production of cancer-related chemokines
and cytokines (e.g., IL-6 and TNF). Neutrophils are involved in the proliferation, invasion, and
metastatic spread of tumor cells, also inducing drug resistance [30,32].

A lower level of lymphocytes, which is frequently observed in systemic inflammation, is frequently
related to low levels of CD4+ T cells, resulting in less-effective immune surveillance. On the other hand,
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tumor-associated macrophages (TAMs), deriving from monocytes, can promote invasion, proliferation,
and angiogenesis of tumor cells, thus favoring cancer spread and metastases formation [28,30].

Cyclooxygenase-2 (COX-2) is involved in the conversion of arachidonic acid to prostaglandin H2,
an important precursor of prostacyclin, which is expressed widely in inflammation and in tumors.
In RCC, COX-2 expression is present in the majority of the tumors and correlates with a worse stage
and grade and poorer outcomes [33–35].

Epidemiological data demonstrate that the use of nonsteroidal anti-inflammatory drugs (NSAIDs),
including long-term use of aspirin, decreases incidence, metastasis, and mortality risk in several
cancers [36–40]. The antitumoral effect of NSAIDs is thought to be related mainly to the inhibition
of COX-2, but COX-independent mechanisms have also been observed [41]. NSAIDs have been
shown to inhibit tumor growth by inducing cancer-cell apoptosis and inhibiting the Wnt/β-catenin
signaling pathway [42]. NSAIDs may therefore inhibit the development of early malignant lesions
and cause regression of tumors in animal models of colorectal cancers and a decrease in recurrence
rates of adenomas [43–45]. In RCC, NSAIDs (but not aspirin) have been implicated as a risk factor for
RCC development [46,47]. In the setting of metastatic RCC, a retrospective analysis on 4736 patients
included in several phase II and phase III trials concluded that NSAIDs do not confer a survival
advantage in mRCC patients [48].

Taking into account the paramount importance of inflammation in cancer development, the role
of IL-1 as potential mediator for tumoral angiogenesis and metastatic spread is being investigated in
various preclinical models. Two recent studies showed that IL-1b promotes the stem-cell properties
of gastric cancer cells, through activation of the phosphoinositide 3-kinase pathway [49] and the
IL-1b/IL-6 network is highly expressed in human colorectal cancer, reinforcing the possible correlation
of the inflammatory mediators with cancer progression [50].

Canakinumab is a human monoclonal antibody against interleukin-1b. Canakinumab has
been proven to significantly reduce atherosclerosis and other cardiometabolic diseases related to
inflammation (diabetes, stroke, and chronic kidney disease) [51]. Interestingly, a significant reduction
in the incidence of lung cancer in patients treated with higher doses of canakinumab was observed.
However, no significant decrease in the rate of other primary cancers was observed in the canakinumab
group, as compared with the placebo.

Currently, to investigate the role of this drug on renal cell cancer, an early phase I trial (SPARC-1,
NCT04028245) is enrolling patients to be treated with the association of canakinumab and spartalizumab
(an anti-PD1 monoclonal antibody) as neoadjuvant treatment before radical nephrectomy.

The role of PD-1/PD-L1 axis in mediating tumor escape from the immune system has been widely
investigated in the last years. Under normal conditions, the immune system can recognize cancer cells
and induce apoptosis mediated by T-cell activation. The PD-1/PD-L1 pathway is an adaptive immune
resistance mechanism used by cancer cells in response to the host immune-related antitumor activity.
PD-L1 is overexpressed in tumor cells or in its microenvironment, and it binds to PD-1 receptors on the
activated T cells, resulting in the inhibition of cytotoxic T cells and tumor escape.

Human PD-1 is a type I transmembrane glycoprotein of the CD28/CTLA-4 immune checkpoint
receptor family; its ligands are PD-L1 and PD-L2 [52,53]. PD-1 is expressed in hematopoietic tissues
and cells, including T cells, B cells, NK cells, monocytes/macrophages, and dendritic cells [54]. PD-1
expression is rapidly induced consequently to T- or B-cell antigen stimulation, or upon lymphoid-cell
activation conditions. The expression pattern of PD-L1 is wider, displaying both constitutive and
inducible expression in lymphoid, myeloid, and endothelial cells [55]. PD-L1 expression is high in
many human cancers, both in the tumor-infiltrating immune cells and in the tumor cells [53,56]. In RCC
patients, PD-1 is highly expressed on the surface of both activated tumor-infiltrating immune cells and
peripheral blood cells [57].

The main effect of PD-1/PD-L1 interaction at the base of immune evasion is the negative signaling
on the antigen receptor complexes, resulting in the trigger of the reversal of CD3-complex tyrosine
phosphorylation and the decline in cytokine production and lymphocyte proliferation [58]. In addition,
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PD-L1 also plays protumorigenic roles in cancer cells by binding to its receptors in hematopoietic cells,
which results in activation of proliferative- and survival-signaling pathways, leading to subsequent
tumor progression [59].

PD 1/PD-L1 and CTLA 4 inhibitors can target specific pathways related to immune-response
hyperactivated by tumor-cell interaction. By inhibition of these targets, ICIs could reactivate a specific
immune response against tumor cells. Agents targeting the PD-1/PD-L1 axis increase the proliferation
and cytolytic activity of T cells, resulting in durable ORR [53].

It has been demonstrated that there is a synergistic effect of ICIs and anti-angiogenic agents
(Figure 1). Besides their direct inhibitory effect on angiogenesis, anti-angiogenic agents can
reverse tumor-related immune suppression through several mechanisms, such as the decrease of
immunosuppressive cells (MDSCs, regulatory T cells) and cytokines (TGFβ and IL-10) and the direct
inhibiting interaction on PD-1 on T cells [60]. Thus, the use of a combination of these agents and ICIs has
a strong biological rationale and is currently the object of many clinical and preclinical research studies.

Figure 1. The synergistic effect of anti-angiogenetic agents and immune checkpoint inhibitors on
tumor-derived angiogenesis and immunosuppression (dotted line: inhibiting action, continuous line:
activating action). Abbreviations: APC = antigen-presenting cell; PD-L1 = programmed death-ligand 1;
PD-1; programmed death 1; CTLA-4 = cytotoxic T lymphocyte antigen 4; TCR = T-cell receptor; MHC
=major histocompatibility complex; MDSCs =myeloid-derived suppressor cells.

5. Inflammation as Prognostic Factor

Prognostic factors for localized RCC include anatomical, histological, clinical, and molecular
features. Tumor stage (as per TNM staging) and Fuhrman nuclear grade are the strongest independent
prognostic factors for localized RCC. However, the use of integrated systems (such as the UCLA
Integrated Staging System (UISS); the Stage, Size, Grade and Necrosis (SSIGN) system; or other
nomograms) combining multiple independent prognostic factors results in higher accuracy [61–64].
These tools have been widely used in clinical practice, to guide decision making. Several molecular and
genetic markers have been investigated as potential prognostic factors for RCC: Von Hippel Lindau
(VHL) gene alterations, hypoxia-induced factor 1 alpha (HIF-1a), mTOR, ribosomal protein S6 and
phosphatase PTEN, Ki-67, levels of carbonic anhydrase 9 (CAIX), and matrix metalloproteinase 2 and
9 [64]. However, their role on determining prognosis is still controversial and only for investigational
use. In the metastatic setting, the classical anatomical factors (stage, size, perinephric fat, and venous
or adrenal invasion) used as prognostic factors in localized RCC have a very limited prognostic
role. In fact, the prognostic role of the primary tumor on prognosis disappears when the tumor
becomes metastatic. Some metastases features have been proved to be reliable prognostic factors.
For example, the resectability of metastases is currently considered an independent prognostic factor,
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regardless of the anatomic site [65,66]. The presence of multiple resectable pulmonary lesions with
nodal involvement is associated with worse prognosis. Bone and spinal metastases are associated with
poor outcomes, similarly to the presence of multiple brain metastases [67–69].

Regarding the role of histology as prognostic factor in metastatic RCC, the histological subtype
and the presence of sarcomatoid component have prognostic significance. Sarcomatoid differentiation
is clearly associated with very poor prognosis [70].

As for clinical criteria, performance status (assessed either by Karnofsky index or Eastern
Cooperative Oncology Group (ECOG) scale) is the most important clinical prognostic factor in
metastatic RCC, regardless of the class of the type of treatment [71–73]. Other significant clinical
prognostic variables are presence or absence of previous nephrectomy, time from nephrectomy to
treatment, and time from diagnosis to treatment [64,73].

Additionally, low hemoglobin, elevated lactate dehydrogenase, corrected serum calcium,
and inflammatory markers have been historically described as significant prognosticators [74–76].
The International Metastatic Renal-Cell Carcinoma Database Consortium (IMDC) model, one of
the most-used indexes in clinical practice, efficaciously stratifies patients into three risk groups
combining several clinical parameters (anemia, neutrophilia, thrombocytosis, hypercalcemia, Karnofsky
performance status and time from diagnosis to treatment) [77].

Increasing evidence is showing the existence of a complex interplay between several inflammation
factors and the prognosis of patients with various types of cancers, including RCC [10,30]. The biological
rationale lies in the concept that local immune response and systemic inflammation play an important
role in the initiation, development, and progression of cancer. Inflammatory cells, such as neutrophils,
monocytes, and lymphocytes, promote the intravasation of neoplastic cells in the circulation system,
allowing the growth of distant metastases. This mechanism is thought to be one of the reasons
contributing to patients’ poor outcomes [78,79]. In clinical practice, systemic inflammation is easily
evaluated by peripheral blood counts of immune and inflammatory cells and acute-phase proteins
such as C-reactive protein (CRP). Several inflammation markers or inflammation indexes have been
identified. Inflammation indexes combine and integrate conventional inflammatory parameters and
have been proved to be potential prognostic values in several studies focusing on various types of
cancer [79–83].

Serum CRP is produced in hepatocytes; its production is regulated by inflammation-associated
cytokines (IL-6 and IL-1b). These cytokines are produced in various cells, including inflammatory cells
and cancer cells. Thus, serum CRP concentration might be elevated due to hepatic stimulation by
cancer-cell-derived inflammatory cytokines [84].

Elevation of CRP is associated with poorer survival in patients with cancer [85,86]. CRP dosing
is easily reproducible, inexpensive, and has good sensitivity. Several studies have shown that CRP
can be considered a good prognostic factors both in localized and metastatic RCC, with a significant
association between high CRP and worse outcomes [87–90]. One of the greatest limits of CRP as a
prognosticator is the lack of a specific cutoff, due to the different values used in the available studies.

The most promising indexes identified so far are the neutrophil to lymphocyte ratio (NLR),
the platelet to lymphocyte ratio (PLR), the prognostic nutritional index (PNI), the systemic
immune-inflammation index (SII), and the systemic inflammation response index (SIRI).

Neutrophils, lymphocytes, and macrophages have been implicated in promoting neoplastic
angiogenesis and metastases diffusion, but they are also thought to be involved in the formation of
premetastatic niches and in primary and acquired drug resistance [91].

NLR, defined as the absolute neutrophil count divided by the absolute lymphocyte count, is
probably the most-studied prognostic index. An increased NLR is associated with poor prognosis in
several tumors such as breast, lung, pancreatic, colorectal, gastric, urothelial, prostate, ovarian, and
kidney cancers [91–93]. Neutrophils are known to be able to aid the proliferation and survival of
malignant cells, promoting angiogenesis and metastasis. Conversely, lymphocytes suppress tumor
growth and invasion through their cytolytic activity. Taken together, patients with high NLR have a
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relative lymphopenia, and this may result in a poor immune response and worse outcomes. In RCC,
lymphopenia in preoperative blood count has been associated with poor prognosis, and in elderly
patients with RCC treated with sunitinib [94,95]. A large number of study and several meta-analyses
have reported that increased NLR is associated with poor prognosis in RCC [93,96–111].

Baum et al. reported that NLR ≥ 4 was associated with a shorter OS as compared to RCC patients
with NLR < 4 [112].

SII (defined as platelets*neutrophils/lymphocytes) combines these three parameters and has
already been proved to be significantly associated with prognosis in hepatocellular carcinoma and in
colorectal cancer [85,113]. Due to high levels of neutrophils and platelets and low levels of lymphocytes,
a higher SII usually indicates a stronger inflammatory and a weaker immune response in patients.
It may be associated with invasion and metastasis of tumor cells, and hence leads to poor survival.

In a recent retrospective series by Lolli et al., SII was identified as being a reliable parameter both
as prognostic and predictive factor in RCC patients treated with sunitinib. Baseline SII values were
independent factors for PFS and OS [114]. However, not all studies agree on the prognostic value of SII.
To shed light on this issue, a recent metanalysis investigated the significance of SII in determining the
prognosis of patients affected by several kinds of cancers [115]. The metanalysis confirmed that elevated
SII indicates poor prognosis and may be considered a cost-effective prognostic biomarker. However, of
the 15 papers included in the analysis, only one was based on RCC patients [114]. Therefore, the clinical
significance of SII as prognostic factor should be further evaluated. Glasgow Prognostic Score (GPS),
or its modified version (mGPS), is an index based on the combination of serum CRP and albumin. GPS
and mGPS are considered a measure of systemic inflammation, representing the immune response
and nutritional status of patients. Many studies have shown the independent prognostic value of
GPS/mGPS in various types of cancers [116–118]. GPS/mGPS has the advantage of using a specific
cutoff value, allowing comparison among studies.

In RCC, metastatic patients are reported as presenting an elevated GPS/mGPS compared to
non-metastatic patients. Several studies showed a significant association between elevated GPS/mGPS
and worse prognosis [119–123].

Platelet count has also been shown to be related to prognosis in RCC [77,124]. Platelet-to-lymphocyte
ratio (PLR) is defined as the platelet count divided by the lymphocyte count. It is an easily acquirable
and cheap marker. Higher PLR was significantly associated with worse outcomes in different types of
cancers [99,125,126]. However, most studies regarding RCC failed to confirm the prognostic value of
PLR in this setting [125,127,128].

PNI has been introduced as a simple and reproducible biomarker, reflecting the nutritional and
immunological status of cancer patients. PNI is a combination of serum albumin and peripheral blood
lymphocyte count. High values of PNI are associated with a good prognosis in cancer patients [84].
Studies evaluating the prognostic value of PNI in patients with RCC are few but confirm these
results [129–135].

Recently, the determination of SIRI index (defined as neutrophils x monocytes/lymphocytes) has
been determined to be a reliable prognostic factor in different kinds of tumors [136–138].

Besides aiding immune surveillance evasion, metastatic adhesion of cancer cells, and tumor
angiogenesis by the production of proangiogenic factors, neutrophils can secrete large amounts of
reactive oxygen species and nitric oxide, leading to T-cell disorders. Tumor-associated macrophages
derive from circulating monocytes, which can be recruited to the tumor tissue and promote the growth
and migration of the tumor. Another role of tumor-associated macrophages is to induce the apoptosis
of activated T cells, resulting in the formation of new tumor vessels. Peripheral monocyte counts
may reflect the level of tumor-associated macrophages, and higher monocyte counts are considered
negative markers for tumors. Lymphocytes are crucial components of the immune system, serving as
the main defense against cancer cells. They inhibit tumor progression by releasing cytokines such as
interferon-γ and tumor necrosis factor-α [139]. Downregulation of peripheral lymphocytes causes an
impairment of anticancer immunity and increases tumor-cell dissemination. The index SIRI combines
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these aforementioned cell types and reflects the complex interplay between immune and inflammatory
cells in the tumor microenvironment [79].

In RCC, the potential prognostic value of SIRI has been evaluated in several studies, but the
results are largely controversial.

Chen et al. investigated the role of SIRI in 414 patients and with an independent validation cohort
of 168 patients with localized or locally advanced RCC who received radical or partial nephrectomy,
suggesting that SIRI might be a better prognostic predictor than PLR, NLR, MLR, and MSKCC score [30].

Overall, inflammation markers and derived indexes as prognostic factors are easily measurable,
reproducible, cheap, and thus advantageous.

However, some limitations need to be taken into account. One of these includes cutoff values that
have not been clearly determined yet, thus strongly limiting their usefulness in the management of
patients. Further studies are indeed needed to allow the use of these tools in clinical practice.

Several recent studies and meta-analyses have shown that PD-L1 expression correlates with
clinical–pathological prognostic factors in RCC, such as the WHO/ISUP grade, presence of necrosis
and sarcomatoid features, tumor size, and TNM stage [140,141].

Furthermore, many studies in RCC have suggested that patients with intratumoral high PD-L1
expression exhibited aggressive behavior and are related to poor outcomes, with an increased risk of
cancer-related death [142–146].

However, it is known that RCC is a very heterogeneous disease, and PD-L1 expression might
vary within primary tumor and between primary neoplasm and metastases, greatly limiting the value
of this biomarker [147]. Another pitfall related to PD-L1 expression evaluation is the use of various
antibodies in clinical practice that causes a lack of standardization and, consequently, difficulties in
comparing studies’ results. In Table 2, we report phase II and phase III trials evaluating various ICI
regimens, along with the characteristics of the several PD-L1 antibody clones and different cutoffs used.

In addition to PD-L1 expression, identification of the lymphocyte density in the tumor
microenvironment as a prognostic biomarker could facilitate detecting patients who could benefit from
the checkpoint blockade [148].

Table 2. Characteristics of PD-L1 antibody clones and cutoffs used in phase II and phase III trials
evaluating various ICI regimens. Cutoffs are indicated as the percentage of PD-L1 positive cells at
immunohistochemistry (where not otherwise indicated).

Trial Name ICI
PD-L1

Antibody Clone
Developer Cutoff Reference

Checkmate 025 Nivolumab Not reported Dako PD-L1 ≥ 1% vs. <1% and
≥5% vs. <5% [13]

Checkmate 214 Ipilimumab,
nivolumab 28-8 Dako PD-L1 ≥ 1% vs. <1% [15]

IMMotion 150 Atezolizumab SP142 Ventana

PD-L1 < 1% or absent (IC 0),
≥1% to <5% (IC 1),
≥5% to <10% (IC 2),

or ≥10% (IC3)

[16]

IMMotion 151 Atezolizumab SP142 Ventana PD-L1 < 1% vs. ≥1% [23]
Javelin Renal 101 Avelumab SP263 Ventana PD-L1 ≥ 1% [17]

CLEAR Pembrolizumab Not reported Not reported Not reported [25]

KEYNOTE-426 Pembrolizumab 22C3 Agilent
Technologies

Combined positive score
(PD-L1+ cell no. divided by
tumor cell no., multiplied by

100)> or <1

[18]

Checkmate 9ER Nivolumab Not reported Not reported Not reported [26]

Abbreviations: ICIs = immune checkpoint inhibitors, PD-L1 = programmed death-ligand 1.

6. Inflammation as Predictive Factor

The clinical scenario of the treatment of RCC has changed dramatically in recent years due to the
development, after the cytokine era, of molecular-targeted agents at first and subsequently of ICIs.
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The availability of effective treatments represents a challenge for clinicians, who need valid tools
to predict response to therapy and patients’ prognosis.

However, the search for predictive markers has not led to satisfactory results yet, and robust
biomarkers for the several available classes of treatments are still lacking.

When cytokine-based immunotherapy was the only available treatment for RCC, the French group
of Immunotherapy validated a prognostic model based on performance status, metastases features,
time from diagnosis to treatment, hemoglobin level, neutrophil absolute count, and other biological
parameters related to inflammation. This model was developed to predict the outcome of RCC patients
after cytokine-based treatment, stratifying three prognostic groups (good, intermediate, and poor risk)
with different median OS [149].

In the era of molecular-targeted treatments, several studies reported no association of various
biomarkers with the outcome of patients treated with sunitinib, pazopanib, and everolimus. Similarly,
cMET expression did not result as a good predictor for cabozantinib treatment [150].

Ongoing studies are evaluating the role of several potential markers of the VHL pathway or the
mTOR pathway, such as the VEGF gene family, CAIX, VEGFRs, PDGFRs, VHL and pAkt, PTEN, p27,
and pS6 [151–153]. However, to date, no valid biomarker has been identified in this setting.

As for the use of predictive systems combining several independent variables (such as the
classification of the French group of immunotherapy for predicting outcomes after cytokines treatment,
or the model by Choueiri et al., focusing on prognosis after anti-angiogenic treatments), the predictive
accuracy of available models in the metastatic setting is inferior to those developed for localized
RCC [72,149].

Motzer et al. developed a nomogram to predict PFS after first-line treatment with sunitinib.
The model included several clinical parameters, such as hemoglobin levels, platelet count > 400,000/uL,
corrected serum calcium levels, alkaline phosphatase and lactate dehydrogenase levels, ECOG
performance, prior nephrectomy, number and site of metastases, and time from diagnosis to
treatment [73].

Shin et al. demonstrated that PD-L1 expression is significantly related to poor response to
VEGF-TKI; in addition, PD-L1 is independently associated with shorter survival in metastatic
RCC patients after VEGF-TKI treatment [154]. Hara et al. also showed that positive expression
of immune-checkpoint-associated molecules, including PD-1, PD-L1, and PD-L2, is related to
poor outcomes in metastatic RCC patients who received TKIs as first-line systemic therapy [140].
A retrospective study by Ueda et al. reported that PD-1 expression is not only a prognostic indicator
for poor OS in patients with metastatic RCC receiving molecular targeted therapies [141].

In the last years, with the advent of the ICI era, systemic inflammatory status has been proved to
be associated with clinical outcomes in the treatment for RCC [155–157].

Some studies have tried to identify the role of CRP in patients treated with molecular-targeted
agents: Patient with the deepest decreases of CRP after treatment had a significantly better
outcome [89,90]. The NLR has also been evaluated as a possible predictive marker for
molecular-targeted agents. Park et al. showed that a lower post-treatment NLR and larger reduction
in NLR after sunitinib treatment were significantly associated with better responses in patients with
advanced RCC [107].

If inflammation-related biomarkers may be considered good prognostic factors, their role as
predictive factor has not been established yet, particularly in the setting of ICIs. In fact, studies on
the correlation of inflammatory markers and response to immunotherapy are few, mostly with a
retrospective nature and with very small cohorts of patients.

A recent meta-analysis aimed to study the effectiveness of NLR as a predictive factor in patients
receiving ICIs. Although the meta-analysis included relatively few studies on different cancer types,
the results suggest that NLR is a potentially useful predictive tool [158].
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In a retrospective series on 42 patients by Jeyakumar et al., the role of NLR as predictor of ORR,
PFS, and OS in mRCC patients treated with ICIs was evaluated. The authors demonstrated that baseline
NLR < 3 was an independent predictor of longer PFS and OS in patients treated with ICIs [159].

In another recent series by the same authors, NLR > 4 was associated with shorter OS and PFS in
57 patients receiving ICIs for RCC or urothelial carcinomas [160].

Bilen et al., in a retrospective series on 38 patients, observed that low baseline NLR was associated
with longer PFS and OS in patients with metastatic RCC who received nivolumab therapy. Notably,
they used a cutoff value of 5.5 for NLR, which was different from the prior studies [161].

A study by Lalani et al. on 142 patients treated with ICIs in any line confirmed that patients
with a higher baseline NLR had a worse prognosis and reported that NLR decrease ≥25% during ICI
treatment was significantly associated with improved outcomes (both PFS and OS) [162].

These results suggest that NLR can be considered an attractive, cost-effective biomarker that can
easily be measured from routine laboratory data.

However, due to the retrospective nature and the small cohorts of patients included in these
studies, the results need to be interpreted with caution and need validation, possibly through larger
population and prospective trials. It is also clear that a valid cutoff value has not been identified yet
and the values defining elevated NLR are different in each of these studies.

The role of predictive factors of ICI treatment in metastatic RCC patients was evaluated in a large
Italian retrospective study, collecting data from a prospective cohort of 389 patients enrolled in the
Italian Expanded Access Program (EAP) who were treated with nivolumab [162].

The authors report that patients with a high SII (≥1375) had a significantly shorter OS and that,
at multivariate analysis, SII seemed to be superior to NLR in predicting outcomes. Furthermore, SII
changes at three months after treatment started predicted survival [163].

To our knowledge, studies on other inflammation-related biomarkers (e.g., PLR, SIRI, PNI, and
GPS) during ICI treatments are lacking but eagerly awaited.

Tumor-associated PD-L1 expression has been proposed as a potential predictive biomarker for
PD-1 pathway expression in many cancer types, although it is limited by the abovementioned pitfalls.
A recent meta-analysis evaluated PD-1 and PD-L1 inhibitors’ efficacy compared to other treatments in
patients with different tumors (mainly lung cancer, but also RCC, melanoma, head/neck cancer, and
urothelial cancer) classified in two groups according to PD-L1 expression. PD-L1 expression resulted
as a very unsatisfactory predictor because ICIs were beneficial in both groups [164].

The CheckMate 025 phase III trial evaluated nivolumab (3 mg/kg every 2 weeks) versus everolimus
(10 mg daily). The trial included 821 patients with previously treated metastatic RCC [13].

The median OS was 25 months in the nivolumab group and 19.6 months in the everolimus group;
PFS was not different among the two groups.

Interestingly, PD-L1-positive patients had worse outcomes in both treatment arms. Moreover,
nivolumab showed clinical benefit both in PD-L1-positive and PD-L1-negative patients.

On the opposite side, patients with positive PD-L1 expression were reported to have more clinical
benefit from ICIs both in the Immotion150 trial and Checkmate 214 [15,16].

The first study evaluated the use of atezolizumab plus bevacizumab versus atezolizumab plus
sunitinib in untreated metastatic RCC [16].

In Checkmate, 214 treatment-naive advanced or metastatic RCC were treated with nivolumab plus
ipilimumab or sunitinib [15]. In the combination arm, patients reported higher ORR in intermediate/poor
risk patients. Of note, patients with intermediate/poor risk disease and PD-L1 expression ≥1% had
higher ORR and PFS when treated with an ICI combination compared to sunitinib, while patients with
favorable category of risk (showing lower PD-L1 expression) displayed a longer PFS and a higher ORR
if treated with sunitinib.

Two recent phase III trials have focused on the association between ICIs and axitinib, exploring
also the possible role of PD-L1 on treatment outcomes [17,18]. Axitinib showed clinical activity and an
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acceptable safety profile as first-line treatment of metastatic RCC in a phase III trial, in which it was
compared to sorafenib [165].

The phase III JAVELIN Renal 101 trial reported that patients with PD-L1 positive, advanced RCC
receiving first-line avelumab plus axitinib had significantly better outcomes than those treated with
sunitinib. Interestingly, better PFS and ORR were observed in the avelumab plus axitinib, regardless of
PD-L1 expression [17].

In the KEYNOTE-426 3 trial, treatment with pembrolizumab plus axitinib resulted in significantly
longer OS and PFS, as well as a higher ORR, compared to sunitinib in previously untreated patients
with advanced RCC. Similarly to the JAVELIN Renal 101 trial results [17], the benefit of pembrolizumab
plus axitinib was observed in both PD-L1 expression subgroups (<1 and ≥1) and defined according
to the combined positive score (defined as the number of PD-L1–positive cells, such as tumor cells,
lymphocytes, and macrophages, divided by the total number of tumor cells, multiplied by 100) [18].

In a recent study by Tatli-Dogan et al., PD-L1 expression was reported to be associated with high
HIF-2α expression (suggesting a possible regulation of PD-L1 by HIF-2α) and dense lymphocytic
infiltration. The authors suggest that these parameters could be used as predictive factors and these
patients could benefit from PD-L1-targeted therapy [148].

Particular considerations have to be made for nonclear cell RCC (ncc-RCC) histotypes.
When considering the PD1 axis as prognostic factor, a study by Abbas et al. on patients undergoing

radical renal tumor surgery reported that neither PD-1 positive tumor-infiltrating mononuclear cells
or intratumoral PD-L1 expression seemed to significantly impact tumor aggressiveness or clinical
outcome in ncc-RCC specimens [166]. Therefore, these cannot be considered good prognosticators.

Although it has been observed that PD-L1 is expressed on tumors of ncc-RCC and sarcomatoid
RCC, its role in predicting response to ICI treatments is not clear yet.

Data on the activity of ICIs in patients with ncc-RCC, such as papillary, chromophobe, medullary,
Xp11.2 translocation, collecting duct carcinomas, and unclassified carcinomas, or patients with
sarcomatoid/rhabdoid differentiation, are limited, due to the diversity of this population and the small
numbers in each subset, with consequent low representation in clinical trials.

In a recent pooled analysis on 43 patients with metastatic ncc-RCC or with clear cell cancer
with >20% sarcomatoid or rhabdoid differentiation treated with a PD1 or PD-L1 targeting agent
(either as monotherapy or in association), the overall response rate was 31% in treatment-naive
patients [167]. Patients with RCC with sarcomatoid and/or rhabdoid differentiation and papillary
RCC experienced higher ORR, while no patient with chromophobe RCC or unclassified carcinomas
responded. The median OS was 12.9 months, and a 12-month OS rate was 64%.

In particular, it has been demonstrated that RCC with a sarcomatoid differentiation may express
PD1 and PD-L1 at higher rates than clear cell RCC, and, thus, ICIs have shown initial promising efficacy
in this population [168].

A retrospective exploratory analysis from CheckMate 214 showed an impressive efficacy in
patients with intermediate/poor risk RCC with sarcomatoid features treated with nivolumab plus
ipilimumab versus sunitinib. A higher proportion of patients with sarcomatoid RCC had baseline
tumor PD-L1 expression ≥ 1% compared to the CheckMate214 intention-to-treat population (47% vs.
26%, respectively) [15,169].

Furthermore, it has been observed that PD-L1 may play a key role in the biology of Xp11.2
translocation RCC. In fact, in a study by Choueiri, 30% of patients had PD-L1 positivity in tumor
cells, and 90% harbored PD-L1+ tumor-infiltrating mononuclear cells. Similarly, in collecting duct
carcinoma, 20% of patients expressed PD-L1 on tumor cells [170]. Therefore, these features could
represent an important therapeutic target for these histotypes, for which few therapeutic options are
currently available.

It is clear that the role of PD-L1 expression as predictive factor is still controversial and under
great debate. Further studies are needed to assess whether and how this biomarker will be able to
become a valid and robust prognosticator and clinical tool.
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7. Future Perspectives

In the fast-changing and stimulating scenario of immunotherapy for RCC treatment, several
molecules are being investigated as potential targets, beyond the already consolidated PD-1 and CTLA-4.
Among the most promising molecules, a mention has to be made on chemokine receptors, the V-domain
immunoglobulin-containing suppressor of T-cell activation (VISTA), the soluble lymphocyte-activation
gene-3 (LAG-3), OX40 (CD134) and the B and T lymphocyte attenuator (BTLA) [171,172].

In this situation of growing complexity, it seems clear that the sole assessment of PD-1/PD-L1
expression cannot reflect tumor dynamicity.

Besides PD-L1 expression, T-cell density in pretreated samples, T-cell receptor clonality,
mutational or neoantigen burden, immunogen signatures, assessment of peripheral T-cell populations,
and multiplex IHC with assessment of tumor and immune-cell phenotypes are currently under
investigation [173,174]. Combining these strategies in order to evaluate the immune status of the tumor
microenvironment will probably result in the identification of more effective biomarkers.

Fundamental will be the identification of different cellular profiles combined with the genetic
architecture of RCC, in order to achieve a precision medicine approach and to guide treatment decision
among anti-angiogenic agents, ICIs, or a combination of these. For example, VHL and PBRM1 mutant
tumors, which have been shown to be associated with both an immune profile and an angiogenic
signature, would probably benefit most from a combination treatment [175,176]. In contrast, loss of
BAP1, proved to be associated with decreased angiogenic signaling, would probably benefit mostly
from ICI treatment [177]. The choice between the combination and sequencing approach will also be
essential to improve outcomes for RCC patients.

Therefore, foreseeing the paramount importance of identifying tumor microenvironment changes
during the course of different treatments, avoiding the clinical impact of repeated multiple biopsies, the
identification of valid biomarkers either on circulating tumor cells or exosomes will become mandatory
in the next future [178].

This will be a fundamental process to allow the optimization of treatment choice in cancer patients.

8. Conclusions

The interplay between tumor immune status and cancer-related systemic inflammation is crucial
for the outcome of RCC treatment with ICIs. However, to date, there is a great unmet need for a more
precise characterization of the role of systemic inflammation and inflammatory mediators, both as
prognostic and predictive factors of response to these drugs.

It is unquestionably accepted that immunotherapy has profoundly changed the outcomes of
patients affected by RCC and is representing an unparalleled revolution. However, in a scenario with
several available therapeutic options, future researches will have to shed light on how to best tailor
treatments depending on every patient’s specific biological and clinical features.

Due to the availability of multiple options, the sequencing of agents is becoming a daily challenge.
The identification of biomarkers to guide therapeutic choices in RCC is advocated. This will help
clinicians optimize the selection of treatments, avoiding the exposure to the adverse events related to
therapies with predictable low likelihood of clinical benefit, also resulting in better, more cost-effective
clinical management.

Due to the paramount importance of the complex interplay among immunological status and
immunotherapy, the identification of validated and reproducible biomarkers associated with tumor
immune status will be essential to improve the clinical management and, consequently, the outcomes
for these patients.
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Abstract: The practising clinician treating a patient with metastatic clear cell renal cell carcinoma
(CCRCC) faces a difficult task of choosing the most appropriate therapeutic regimen in a rapidly
developing field with recommendations derived from clinical trials. NCCN guidelines for kidney
cancer initiated a major shift in risk categorization and now include emerging treatments in the
neoadjuvant setting. Updates of European Association of Urology clinical guidelines also include
immune checkpoint inhibition as the first-line treatment. Randomized trials have demonstrated
a survival benefit for ipilimumab and nivolumab combination in the intermediate and poor-risk
group, while pembrolizumab plus axitinib combination is recommended not only for unfavorable
disease but also for patients who fit the favorable risk category. Currently vascular endothelial
growth factor (VEGF) targeted therapy based on tyrosine kinase inhibitors (TKI), sunitinib and
pazopanib is the alternative regimen for patients who cannot tolerate immune checkpoint inhibitors
(ICI). Cabozantinib remains a valid alternative option for the intermediate and high-risk group.
For previously treated patients with TKI with progression, nivolumab, cabozantinib, axitinib, or
the combination of ipilimumab and nivolumab appear the most plausible alternatives. For patients
previously treated with ICI, any VEGF-targeted therapy, not previously used in combination with
ICI therapy, seems to be a valid option, although the strength of this recommendation is weak.
The indication for cytoreductive nephrectomy (CN) is also changing. Neoadjuvant systemic therapy
does not add perioperative morbidity and can help identify non-responders, avoiding unnecessary
surgery. However, the role of CN should be investigated under the light of new immunotherapeutic
interventions. Also, markers of response to ICI need to be identified before the optimal selection of
therapy could be determined for a particular patient.

Keywords: renal cell carcinoma; immune checkpoint inhibitors; tyrosine kinase inhibitors; efficacy;
toxicity; cytoreductive nephrectomy

1. Immune Checkpoint Inhibition in Renal Cancer

The ability to evade immune surveillance and programmed cell death characterize kidney cancer
cells. Some tumors express biomarkers to prevent or elude an immune response, which is crucial in not
allowing cells with damaged genetic load to proliferate. Cellular damage causes cell division arrest, so
the cell can repair itself, and cell death is induced if repair is not possible to avoid the development
of a malignant cell line. Restoring the ability of the immune system to function through its various
checkpoints is mandatory. In this scenario, T-regulatory cells play a significant role in regulating the
immune response to what the body recognizes as foreign [1,2]. Targeting immune checkpoints in clear
cell renal cell carcinoma (CCRCC) is being extensively analyzed currently [3–5]. The pitfalls of the
clinical translation of PD-1/PD-L1 blockade have also been critically reviewed [6–8].

Cancers 2019, 11, 1227; doi:10.3390/cancers11091227 www.mdpi.com/journal/cancers447



Cancers 2019, 11, 1227

CTLA-4 (CD15) is found on T-cells and if activated, results in the inhibition of T-cell function.
Ipilimumab, investigated in patients who previously received IL-2, induced autoimmune events. Of
patients with a sustained response, 30% had an autoimmune event [9]. Tremelimumab has also been
evaluated in patients with metastatic (CRRCC) in association with sunitinib, a vascular endothelial
growth factor (VEGF) inhibitor, and durable response was confirmed in 43% of the cases [10].

PD-1 (PDCD1) is a type I transmembrane glycoprotein receptor, part of the CD28/CTLA-4
immune checkpoint receptor family, expressed on peripheral blood mononuclear cells and activated
tumor-infiltrating mononuclear immune cells and responsible for the down-regulation of T-cells. PD-1
is monomeric and contains a single immunoglobulin-like variable (IgV) domain in its N-terminal
extracellular region, which mediates PD-1 binding to its ligands PD-L1 and PD-L2 [11,12]. The PD-1
intracellular region contains two immunoreceptor tyrosine-based regulatory structures that experience
tyrosine phosphorylation and are responsible for the binding to the SH2-domain-containing tyrosine
phosphatases PTPN6 (SHP1) and PTPN11 (SHP2), thus inhibiting T and B cell antigen receptor-mediated
signaling [13]. A serum soluble variant of PD-1 has been found, although its relevance in CCRCC
remains to be determined [8].

PD-1 ligand PD-L1 (CD274) is another type I transmembrane glycoprotein, part of the B7 family
of immune checkpoint proteins [14]. PD-L1 expression correlates with VHL inactivation and HIF-2α
expression [15,16], and carries bad prognosis for patients with CCRCC [17,18]. PD-L2 (PDCD1LG2) is
another PD-1 ligand, a closely related protein to PD-L1. Both PD-1 ligands are expressed in kidney
epithelial cells under normal conditions and upregulated by inflammation [19]. A serum soluble PD-L1
associated with tumor aggressiveness has been detected in patients with CCRCC [20].

Ipilimumab and nivolumab are monoclonal antibodies targeting the immune checkpoint proteins
CTLA-4 and PD-1, respectively. PD-1 acts as a negative regulator of T-cell activity by binding to
PD-L1 on either antigen-presenting or tumor cells, causing the inhibition of T-cell anti-neoplastic
responses. CTLA-4 acts as a negative regulator of T-cell activation by binding to the B7 ligand CD80,
and CD86 expressed on antigen-presenting cells, thus preventing the interaction between CD28 and
the B7 ligands. Nivolumab binds to PD-1 and blocks the inhibitory signaling of the PD-1/PD-L1
interaction. Ipilimumab binds to CTLA-4 and blocks the inhibitory signaling of the CTLA-4/B7
interaction (Figure 1).

Nivolumab was approved by the FDA in 2015 as second-line therapy for mCCRCC after the results
of the Phase 3 Checkmate-025 trial (NCT01668784) were published. The trial revealed superiority
in overall survival in the nivolumab group compared to the everolimus group. Shortly thereafter,
treatment with nivolumab monotherapy became the standard of care for patients who progressed
after initial treatment with a VEGF inhibitor. After the Checkmate-214 trial (NCT02231749) results
came to light in 2018, the combination of nivolumab plus ipilimumab was approved as first-line
therapy for intermediate and poor-risk patients [21], thus totally changing the therapeutic landscape
of advanced CCRCC. A better knowledge of the immunology of T-cell activation is leading to the
establishment of immune checkpoint inhibition (ICI), and the beginning of a new era in the treatment
paradigm of patients with advanced CCRCC, using monoclonal antibodies to block the inhibition of
T-cell activation.
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Figure 1. Mechanisms of action of immune checkpoint inhibitors. PD-1 acts as a negative regulator of
T-cell activity by binding to PD-L1 on tumor cells and antigen-presenting cells, leading to downstream
signaling that inhibits the antitumor T-cell response. CTLA-4 also negatively regulates T-cell activation
by binding to B7 ligands CD80 and CD86 on antigen-presenting cells, thus preventing the co-stimulatory
interaction between CD28 and B7 ligands. The monoclonal antibodies Nivolumab and Ipilimumab
target the immune checkpoint proteins PD-1 and CTLA-4, respectively. Nivolumab blocks the inhibitory
signal of the PD1: PD-L1 interaction while Ipilimumab blocks the inhibitory signal of the CTLA-4:
B7 interaction.

2. The New Paradigm to Treat Metastatic Renal Cancer

Systemic therapy is the mainstay of treatment in patients with mCRRCC. The last 15 years saw a
revolution in therapy based on VEGF-inhibition and immune checkpoint inhibition (ICI). Trials have
shown a durable response in patients and an increase in the overall survival. The drastic change in
the treatment paradigm happened in 2007 once the tyrosine kinase inhibitor (TKI), sunitinib, a potent
VEGF inhibitor, proved superior to interferon-alfa in the treatment of metastatic clear cell renal cell
carcinoma [22,23]. In 2015, another important trial showed nivolumab, the programmed cell death 1
(PD-1) receptor inhibitory signal blocker, to be superior to everolimus. This allowed immunotherapy
to become the standard of care as second-line therapy for metastatic CCRCC [24].

Advances in risk group stratification were a major catalyst needed for the evolution of treatments
and better interpretation of trial data. Original risk group categories were proposed by the Memorial
Sloan Kettering Cancer Center (MSKCC) in the era of interferon-alpha and were widely used until
very recently. This classification consists of five prognosis predicting factors, including time from the
initial diagnosis to the start of systemic therapy, Karnofsky performance status, hemoglobin, serum
calcium, and lactate dehydrogenase [25]. A similar classification system was proposed by Heng
et al., taking into account neutrophil and platelet counts [26]. Accumulation of risk factors define
favorable (0 positive factors), intermediate (1–2 factors), and high-risk (3 or more factors) groups.
The International Metastatic Renal Cell Carcinoma Database Consortium (IMDC) validated Heng’s
criteria in patients treated with first, or second-line VEGF targeted therapy, making it applicable to a
more contemporary cohort of patients [27].

The Checkmate-214 trial (NCT02231749) looked at the combination nivolumab plus imilimumab
versus sunitinib in mCRRCC. The risk categories were defined as “good” (favorable) and “bad”
(intermediate/poor) in the trial. The results revealed that in the metastatic setting, the combination
of nivolumab plus ipilimumab demonstrated obvious superiority in the treatment-naïve patients
with intermediate and poor-risk mCRRCC (objective response rate (ORR) 42% vs. 29%; p < 0.0001).
Interestingly, the combination of nivolumab plus ipilimumab did not demonstrate superiority for
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favorable-risk disease (ORR 39% vs. 50%; p = 0.14). Paradoxically, there was a noticeable trend
towards improvement in the progression-free survival with sunitinib versus the combination therapy
(25.1% vs. 15.3%; p < 0.0001) [21,28,29]. Subsequently, the National Comprehensive Cancer Network
(NCCN) Guidelines for metastatic kidney cancer have adopted the combination of ipilimumab plus
nivolumab as the first-line therapy in the intermediate and poor-risk groups [30]. The tolerability of
this combination immunotherapy was acceptable, despite the fact that more patients discontinued
the therapy as compared to the sunitinib arm (24% vs. 12%). The most frequently seen grade 3–4
immune-related adverse effects (AEs) were diarrhea, hepatitis, and hypophysitis. Almost 60% of the
patients with AEs required corticosteroids to manage their symptoms [21,29].

Further, the shift in first-line management of metastatic RCC has occurred as the results of the
Keynote-426 trial (NCT02853331) became available. Pembrolizumab plus axitinib were shown to be
superior to sunitinib regardless of the risk groups (ORR 59% vs. 35%; p < 0.001), with an acceptable
safety profile [31]. Furthermore, the Javelin Renal-101 trial (NCT02684006) revealed avelumab plus
axitinib to be more efficacious than sunitinib (ORR 51% vs. 25%). The Hazard Ratio (HR) for progression
to death was 0.50 (95% CI 0.26–0.97) for favorable, 0.64 (0.47–0.88) for intermediate and 0.53 (0.30–0.93)
for poor International Metastatic Renal Cell Carcinoma Database Consortium (IMDC) risk groups [32].
These trials cemented the strategy of using combined immune checkpoint and VEGF inhibition in
patients with previously untreated metastatic CRRCC. This treatment paradigm has found its way into
the NCCN and European Urological Association guidelines (Table 1) [30,33].

Table 1. Treatment recommendations for first-line and second-line therapy of metastatic clear cell
renal cell carcinoma according to the Updated European Association of Urology Guidelines on Renal
Cell Carcinoma.

Risk Group/Previous
Treatments

Evidence-Based Standard (Level of
Evidence)

Alternative Options
(Level of Evidence)

IMDC favorable risk PEMBROLIZUMAB/AXITINIB (1b) SUNITINIB 1 (1b)
PAZOPANIB 1 (1b)

IMDC intermediate and
poor-risk groups

PEMBROLIZUMAB/AXITINIB (1b)
IPILIMUMAB/ NIVOLUMAB (1b)

CABOZANTINIB (2a)
SUNITINIB 1 (1b)

PAZOPANIB 1 (1b)

Second-line prior TKI NIVOLUMAB (1b)
CABOZANTINIB (1b) AXITINIB 1 (2b)

Second-line prior ICI Any VEGF targeted therapy not previously
used in combination with ICI [4]

1 Alternative options with no overall survival benefit proven are specially recommended in patients who cannot
tolerate or do not have access to immune checkpoint inhibitors; IMDC: International Metastatic Renal Cell
Carcinoma Database Consortium; TKI: Tyrosine kinase inhibitors; ICI: Immune checkpoint inhibitors; VEGF:
Vascular endothelial growth factor; Oxford Level of Evidence: 1b (based on at least one randomized controlled phase
III trial), 2a (based on at least one randomized controlled phase II trial), 2b (subgroup analysis of a randomized
controlled phase III trial), 4 (expert opinion).

The IMmotion151 trial (NCT02420821) evaluated the programmed death-ligand 1 (PD-L1) blocker
atezolizumab and VEGF-A inhibitor bevacizumab, compared to sunitinib as first-line therapy. Interim
analysis has confirmed the combination of monoclonal antibodies prolonged progression-free survival
in the PD-L1 positive patients (HR = 0.74; 95% CI 0.57–0.96; p = 0·02), but not in the overall
population [34]. Two additional Phase III trials investigating different combination strategies, such as
cabozantinib plus nivolumab compared to sunitinib (Checkmate-9ER, NCT01984242), and lenvatinib
plus pembrolizumab compared to lenvatinib plus everolimus or sunitinib (Clear, NCT02811861) have
not matured as of yet (Table 2).

450



Cancers 2019, 11, 1227

Table 2. Efficacy results of Phase III clinical trials comparing immune checkpoint inhibitors in
combination strategies with single-agent sunitinib.

Combination Control Arm Clinical Trial
Primary

Endpoints
Results Reported

Ipilimumab +
Nivolumab Sunitinib CheckMate-214

NCT02231749 ORR, OS, PFS

Intermediate, poor-risk disease:
ORR: 42% vs. 29% (p < 0.0001)
OS: Not reached vs. 26.6 mo (p < 0.0001)
PFS: 8.2 vs. 8.3 mo (p = 0.001)
Favorable risk disease:
ORR: 39% vs. 50% (p = 0.14)
OS: Not reached vs. Not reached (p = 0.44)
PFS: 13.9 vs. 19.9 mo (p = 0.189)

Pembrolizumab
+ Axitinib Sunitinib Keynote-426

NCT02853331 OS, PFS OS: 89.9 vs. 78.3 at 12 mo (p < 0.0001)
PFS: 15.1 vs. 11.1 mo (p < 0.001)

Avelumab +
Axitinib Sunitinib Javelin Renal-101

NCT02684006
OS, PFS in
PD-L1(+)

OS: Not yet reported
PFS: 13.8 vs. 7.2 mo (p < 0.0001)

Atezolizumab +
Becacizumab Sunitinib IMmotion-151

NCT02420821
ORR, OS, PFS in

PD-L1(+)

ORR: 43% vs. 35%
OS: Not yet reported
PFS: 11.2 vs. 7.7 mo (p = 0.02)

Lenvatinib +
Pembrolizumab

Lenvatinib +
Everolimus or

Sunitinib

Clear
NCT02811861 PFS PFS: Not yet reported

Cabozantinib +
Nivolumab Sunitinib CheckMate-9ER

NCT03141177 PFS PFS: Not yet reported

ORR: Overall Response Rate; OS: Overall Survival; PFS: Progression-Free Survival; mo: months.

Combination treatments have shown improved response rates comparing to single-agent therapy
with sunitinib and have replaced VEGF-targeted therapy as the standard first-line treatment in good
and intermediate-risk groups. Interestingly, combination therapies have replaced the mammalian
targets of rapamycin (mTOR) inhibitors, such as temsirolimus and everolimus, which were used for
treatment-naïve poor-risk patients and patients treated with VEGF-TKI agents, respectively. However,
the toxicity of newer treatment strategies using ICI should be carefully balanced to that of monotherapies.
Treating physicians and investigators should take into consideration the incidence of treatment-related
grade 3–4 adverse events (AEs) and treatment discontinuation due to these events, before optimal
individualized therapy for mCRRCC is decided.

The overall toxicity profile of ICI differs from that of traditional therapies, and a better
understanding of the AEs and their optimal management is critical for practising physicians [35].
A systematic review revealed 80% of patients receiving ICI, experienced AE patients with grade 3–4
AEs constitute 20% of the cohort, and less than 10% have to discontinue treatment due to adverse
events [36]. Immune-related AEs (irAEs) are due to treatment and most commonly affect the skin (rash,
pruritus) 30%, liver (elevated AST and ALT) 20%, gastrointestinal tract (diarrhea) 15%, endocrine system
(hypothyroidism) 12%, kidneys (elevated creatinine) 7%, and lungs (pneumonitis) (5%). The most
common grade 3–4 irAEs involve the liver. Interestingly, there were no deaths due to AEs reported in
the trials reviewed [36].

Most trials and pooled analysis of ICI therapy suggest irAEs may occur anytime from weeks to
years after the start of therapy, even after therapy cessation. However, the majority take place within
the first year of treatment and resolve with the appropriate therapy [37]. Systemic corticosteroids are
the mainstay of treatment for immune complications, but anti-TNF-α can also be used for refractory
irAEs [38]. The use of systemic immunosuppressants does not seem to negatively impact the therapeutic
effects of ICI therapy [36,37].

Patients who cannot tolerate ICI therapy can alternatively receive VEGF-TKI-based therapy.
In these patients, sunitinib and pazopanib appear to be the optimal regimen in the favorable group,
and cabozantinib remains a valid option for the intermediate and high-risk groups. However, as ICI is
increasingly utilized as the front-line therapy for mCCRCC, limited data exist on the response rates
and survival of patients treated with second-line VEGFR-TKI-based therapy. Antitumor activity and
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tolerance of TKI monotherapy after failed ICI seems comparable to historical data for the first-line TKI
regimen [39].

3. Current Role of Multikinase Inhibitor Monotherapy

The introduction of VEGF receptor inhibitors, sorafenib and sunitinib in 2005 started a revolution
in the management of mCCRCC. These therapies produced response rates of 40% in the front-line
setting and progression-free survival estimates in the range of 9 and 12 months [40,41]. Salvage therapy
involved treatment with mTOR inhibitor everolimus, but the response rate with this intervention was
only modest [42], this created a void in the salvage therapy space. This led to the evolution of other
salvage regimens such as multitargeted kinases and immunotherapy [29].

Cabozantinib, a multikinase inhibitor, was approved by the FDA in 2016 for patients with
advanced kidney cancer that were formerly treated with one or more antiangiogenic drugs. The drug
is a potent inhibitor of MET and VEGF receptor 2, but also of other receptor tyrosine kinases (RET,
KIT, AXL and FLT3) [43,44]. It was the first medication that showed a statistical improvement in
the three endpoints of clinical efficacy: response rate, progression-free survival, and overall survival.
Meteor trial (NCT01865747), which ran concurrently with Checkmate-025, compared cabozantinib and
everolimus. Cabozantinib improved progression-free survival (HR 0.51, 95% CI 0.41–0.62) and ORR
(17% vs. 3%). The median overall survival was 21.4 months for cabozantinib versus 16.5 months for
everolimus (HR 0.66; 95% CI 0.53–0.83). Grade 3–4 AEs occurred in 39% of the cabozantinib group
and 40% of patients treated with everolimus. Most common grade 3–4 AEs were hypertension 15%,
diarrhea 13%, fatigue 11%, hand-foot syndrome 8%, anemia 6%, and hypomagnesemia 5%. The dose
reduction is effective to manage toxicities in this patient population and was required in 60% of the
affected cohort in the Meteor trial [45–47]. The Cabosun trial (NCT01835158) compared cabozantinib
to sunitinib. Unlike Checkmate-214 trial, no patients in the good-risk group by the IMDC criteria were
included. Progression-free survival was 8.6 months for cabozantinib and 5.3 months for sunitinib (HR
0.66; 95% CI 0.46–0.95). The overall survival was higher with cabozantinib (30.3 vs. 21.8 months), but
the difference did not reach statistical significance (HR 0.80; 95% CI 0.50-1.26) [48]. Since cabozantinib
and nivolumab were developed in the same timeframe, there are no studies looking at the optimal
sequencing of these agents. The current dogma tells us that patients who have prolonged clinical
benefit with initial anti-VEGF therapy and demonstrated tolerability to this therapy are likely to
benefit from cabozantinib as second-line treatment at progression [49]. Still, real-world data indicate
comparable overall survival and time to treatment failure for nivolumab and cabozantinib. Therefore,
both are reasonable therapeutic options in patients experiencing progression after initial first-line
VEGF-TKI agents [50].

The Axis trial (NCT00678392) compared the efficacy and safety of axitinib versus sorafenib
as second-line treatment. The overall survival did not differ between the two groups, but the
progression-free survival was longer for axitinib (HR 0.656; 95% CI 0.552–0.779). Common grade
3–4 AEs were hypertension (17%), diarrhea (11%) and fatigue (10%) in axitinib-treated patients and
hand-foot syndrome (17%), hypertension (12%) and diarrhea (8%) in sorafenib-treated patients [51].
These data allowed axitinib to become another second-line treatment option after first-line TKIs
sunitinib, sorafenib, or pazopanib [52]. Optimal sequence and selection of nivolumab, cabozantinib,
and axitinib remain undefined [53]. The reimbursement landscape differs around the world and often
limits treatment options [54].

4. Cytoreductive Nephrectomy in the Era of Immunotherapy

Based on retrospective data, traditional treatment of mCCRCC includes a combination of
VEGF-TKI-targeted therapy and cytoreductive nephrectomy (CN). This approach has recently become
a matter of debate as new data suggest the lack of survival benefit for patients undergoing CN. A recent
meta-analysis evaluating the efficacy and safety of perioperative sunitinib in patients with metastatic
and advanced renal cancer revealed superior response rate, overall survival, and progression-free
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survival [55]. The randomized controlled study, Carmena (NCT00930033), has failed to show that CN
plus sunitinib is superior to sunitinib alone in terms of overall survival (HR 0.89; 95% CI 0.71–1.10).
Non-inferiority of targeted therapy alone was demonstrated. Also, CN was associated with a significant
risk of perioperative mortality and morbidity. However, among many limitations of this study was
the selection of many poor-risk patients for cytoreductive nephrectomy, who were unlikely to benefit
from surgical intervention anyway. Based on these results, CN should be re-considered in many poor
and intermediate-risk patients. Most good-risk patients would still likely benefit from cytoreductive
nephrectomy [56,57].

Surtime (NCT01099423) compared immediate surgery versus neoadjuvant sunitinib followed by
surgery. The progression-free rate at 28 weeks was not improved in patients treated with neoadjuvant
sunitinib (43% vs. 42%; p = 0.61); however, more patients received sunitinib, and CN could be avoided
in those with progressive disease [58]. In summary, neoadjuvant sunitinib may identify patients who
are non-responders to systemic therapy, in whom CN could be safely avoided without affecting the
outcome. Conversely, a minimally invasive approach and sometimes nephron-sparing surgery could
be performed in selected patients [59,60].

As stated above, the superiority of nivolumab and ipilimumab over sunitinib has led to a paradigm
shift in the first-line treatment of intermediate and poor-risk patients. Unfortunately, the role of CN in
the setting of a novel immunotherapy is unknown and should be investigated [61]. One out of five
patients entering Checkmate-214 and demonstrating a survival benefit with ICI had their primary
tumor in place. That means the role of CN needs to be better defined in the era of immunotherapy.

5. The Need for New Markers in the Era of Immunotherapy

Treatment options for mCCRCC are evolving, with an increase in combination treatments
being approved and new immunotherapies on the horizon. We must remember that RCC is a very
heterogeneous tumor and that challenges the identification of biomarkers for this disease [62,63].
We do not know whether liquid biopsy and other emerging molecular technologies could help
solve this problem [64]. What is more, it is difficult to isolate markers predictive of treatment
response in a fast-changing therapeutic environment. Single-cell sequencing methods, novel PD-L1
tracer-based imaging modalities, ex vivo tumor spheroids for the creation of tumor immunograms, and
immuno-PET are some of the most likely translational approaches to predict treatment responses in the
immunotherapy era [65,66]. Future directions include next-generation sequencing of circulating tumor
DNA and the study of the gut microbiome [67]. Of course, efforts to identify biomarkers evaluating
early therapeutic efficacy could be of help to optimize the length of time for effective treatment in each
line [68].

ICI targeting the PD-1/PD-L1 interaction and the activation of CTLA-4 via B7-1 or B7-2 are changing
the therapeutic landscape in renal cancer. In the CheckMate 214 trial, patients with PD-L1 levels ≥1%
before treatment had an ORR of 58% versus 25% after receiving nivoliumab plus ipilimumab versus
sunitinib, respectively, and lower levels of PD-L1 expression were correlated with a more favorable
risk [67]. However, the real prognostic value of PD-1, PD-L1, and CTLA-4 remains unclear as these
biomarkers have been evaluated in clinical trials, but a clear definition of which is the most appropriate
cannot be defined at present (Table 3) [67].

Table 3. Protein expression of immunological markers and their clinical significance in clinical trials.

Markers on Immunohistochemistry Significance

PD-1 Positive in TIMC
PD-L1 Positive in Tumor Cells
PD-L1 Positive in TIMC
CTLA-4 ≥ 2% in TIMC
PD-1 in TIMC Positive and CTLA-4 in TIMC ≥2%

Higher grade, OS
Histologic variant, high grade
Histologic variant
OS, CSS
Histologic variant, High-grade, High-stage, OS, CSS

TIMC: Tumor-infiltrating mononuclear cells; OS: Overall survival; CSS: Cancer specific survival.
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In metastatic disease, PD-L1 expression in tumor cells or in tumor-infiltrating mononuclear cells
(TIMC) has been the most studied biomarker for the prediction of a response to PD-1/PD-L1 checkpoint
inhibition therapy [69,70]. Response rates are better in PD-L1 positive tumors, but there is also a
significant response in PD-L1 negative ones. Therefore, PD-L1 expression is not a good predictive
marker itself, and thereof cannot be used to assign therapy in a particular patient [24,71,72]. Also,
the role of CTLA-4 expression in TIMC has been underused in the evaluation of response markers to
ICI [72].

Many issues are responsible for failure to develop predictive biomarkers for ICI therapy, including
dynamic expression, and the aforementioned heterogeneity within the primary tumor, as well as
between primary and metastatic sites. Unfortunately, the pattern of PD-L1 expression differs within
areas of the same tumor [6,7], and the identification largely depends on the sampling extent and more
precisely on the number of blocks evaluated by immunohistochemistry. A possible explanation for the
response to anti-PD-L1 therapy in some patients with PD-L1 negative CCRCC might be inappropriate
sampling. PD-L1 immunostaining with monoclonal antibodies recognizing different epitopes also
increases the level of uncertainty in the interpretation of the results. Furthermore, the reactivity of
different antibodies may also be affected by PD-L1 post-translational modifications [8,73]. Finally,
PD-L2 expression either on tumor cells or tumor-infiltrating lymphocytes might partly explain the
response to anti-PD-1 therapy in PD-L1-negative CCRCC patients [74]. Another controversial issue
that needs to be addressed is the variability in the interpretation of immunohistochemical staining and
the evaluation of these findings in daily practice [8].

It is an undeniable paradox that in a disease such as mCCRCC in which all present and future
treatment strategies are targeted, a targeted approach for immunotherapy is not currently used [29].
The rationale for the selection of patients that will respond to ICI and those in which treatment
resistance could be expected will allow a deeper understanding of ICI at the individual patient level,
not only in clinical trials but also in clinical practice. Then, and only then, immunotherapy will make a
huge impact on patients with metastatic kidney cancer.

6. Conclusions

Under the light of randomized clinical trials ICI is becoming the first-line treatment of mCCRCC.
Survival benefit has been demonstrated for pembrolizumab plus axitinib combination for all risk
groups and for ipilimumab and nivolumab combination in the intermediate and poor-risk groups.
Sunitinib and pazopanib stand as the alterative options for all risk groups and cabozantinib for the
intermediate and high-risk group as well. The indication for CN is also changing and its current role
should also be investigated under the light of new immunotherapies. Unfortunately, optimal markers
of response to ICI have not yet been identified either.
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Abstract: The new category of MiT family translocation renal cell carcinoma has been included into
the World Health Organization (WHO) classification in 2016. The MiT family translocation renal
cell carcinoma comprises Xp11 translocation renal cell carcinoma harboring TFE3 gene fusions and
t(6;11) renal cell carcinoma harboring TFEB gene fusion. At the beginning, they were recognized in
childhood; nevertheless, it has been demonstrated that these neoplasms can occur in adults as well.
In the nineties, among Xp11 renal cell carcinoma, ASPL, PRCC, and SFPQ (PSF) were the first genes
recognized as partners in TFE3 rearrangement. Recently, many other genes have been identified,
and a wide spectrum of morphologies has been described. For this reason, the diagnosis may be
challenging based on the histology, and the differential diagnosis includes the most common renal cell
neoplasms and pure epithelioid PEComa/epithelioid angiomyolipoma of the kidney. During the last
decades, many efforts have been made to identify immunohistochemical markers to reach the right
diagnosis. To date, staining for PAX8, cathepsin K, and melanogenesis markers are the most useful
identifiers. However, the diagnosis requires the demonstration of the chromosomal rearrangement,
and fluorescent in situ hybridization (FISH) is considered the gold standard. The outcome of Xp11
translocation renal cell carcinoma is highly variable, with some patients surviving decades with
indolent disease and others dying rapidly of progressive disease. Despite most instances of t(6;11)
renal cell carcinoma having an indolent clinical course, a few published cases demonstrate aggressive
behavior. Recently, renal cell carcinomas with TFEB amplification have been described in connection
with t(6;11) renal cell carcinoma. Those tumors appear to be associated with a more aggressive clinical
course. For the aggressive cases of MiT family translocation carcinoma, the optimal therapy remains
to be determined; however, new target therapies seem to be promising, and the search for predictive
markers is mandatory.

Keywords: MiT family translocation renal cell carcinoma; Xp11 translocation renal cell carcinoma;
t(6;11) translocation renal cell carcinoma; FISH; TFE3; TFEB; TFEB-amplified renal cell carcinoma

1. Xp11 Translocation Renal Cell Carcinoma

Xp11 translocation renal cell carcinoma is a distinctive subtype of renal cell carcinoma, characterized
by several chromosomal translocations involving the TFE3 gene, located on chromosome Xp11.2.
In these tumors, the TFE3 transcription factor gene is fused by translocation to one of several other
genes [1–9]:

• t(X;1) (p11.2;q21.2) gene PRCC
• t(X;17) (p11.2;q25) gene ASPL (ASPSCR1)
• t(X;1) (p11.2;p34) gene SFPQ (PSF)
• t(X;17) (p11.2;q23) gene CLTC

Cancers 2019, 11, 1110; doi:10.3390/cancers11081110 www.mdpi.com/journal/cancers461
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• t(X;3) (p11.2;q21) gene PARP14
• t(X;10) (11.2;q23) unknown gene
• t(X;17) (p11.2;q21.33) gene LUC7L3
• t(X;19) (p11.2;q13.3) gene KHSRP
• t(X;17) (p11.2;p13) gene DVL2
• t(X;22) (p11.2;q11.21) gene MED15
• t(X;6) (p11.2;q25.3) gene ARIDB
• t(X;5) (p11.2;q31.2) gene MATR3
• t(X;1) (p11.2;p31.1) gene FUBP1
• t(X;11) (p11.2;q13.1) gene NEAT1
• t(X;10) (p11.2;q22.2) gene KAT6B
• inv (X) (p11.2;q12) gene NONO (p54nrb)
• inv(X) (p11.2;p11.3) gene RBM10
• inv(X) (p11.23;p11.23) il gene GRIPAP1

The three most common Xp11 translocation renal cell carcinomas are those bearing the t(X;1)
(p11.2;q21) which fuses the PRCC and TFE3 genes, the t(X;17) (p11.2;q25) which fuses the ASPL and
TFE3 genes, and the t(X;1) (p11.2;p34) which fuses the SFPQ (PSF) and TFE3 genes [10]. Interestingly,
t(X;17) renal cell carcinoma or alveolar soft part sarcoma harbor the same ASPL-TFE3 fusion gene [11].
However, the translocation is balanced in t(X;17) renal cell carcinoma and unbalanced in alveolar soft
part sarcoma, which presumably explains the clinical and morphological differences. The function
of chimeric TFE3 fusion proteins can also vary, which may explain the different histological features
observed in this tumor entity of renal cell carcinoma.

1.1. Clinical Features

Xp11 translocation renal cell carcinoma comprises 20–75% of renal cell carcinomas in childhood [12]
and 1–4% of adult renal cell carcinomas (calculated excluding patients younger than 18 years old) with
an average age of onset of 40 years (Figure 1). The incidence of Xp11 translocation renal cell carcinoma
in adults may be underestimated, likely for the morphological overlap with more common adult
renal cell carcinoma subtypes, such as clear cell and papillary renal cell carcinoma. Considering an
overall of 403 genetically confirmed Xp11 translocation renal cell carcinomas described in the literature,
there is a slight female predominance (F:M ratio, 1.6:1). Clinically, there are no particular features
typically presented. As other renal cell carcinomas, roughly one-third of all tumors are asymptomatic,
often accidentally discovered. Prior exposure to cytotoxic chemotherapy has been reported as a risk
factor [13].

Figure 1. Cont.
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Figure 1. A chart showing the incidence (number of patients with tumors divided by the number of
patients in the age group) of Xp11 translocation renal cell carcinomas (A) and t(6;11) renal cell carcinoma
(C) at different ages. A chart showing the clinical behavior of Xp11 translocation renal cell carcinomas
(B) and t(6;11) renal cell carcinoma (D) at different ages.

1.2. Pathologic Features

1.2.1. Gross Findings

They usually present as solitary cortical masses characterized by tan-yellow cut surfaces with foci
of hemorrhage and necrosis and occasionally focal cystic degeneration. Although there is no specific
macroscopic appearance of Xp11 translocation renal cell carcinoma, they do not share the macroscopic
features of clear cell renal cell carcinoma.

1.2.2. Microscopic Features

Histologically, Xp11 translocation renal cell carcinomas are characterized by heterogeneous
architectural and cytologic features, mimicking almost all subtypes of renal cell carcinoma [10,14].
The most distinctive morphologic pattern is the presence of a papillary architecture composed of
epithelioid clear cells. However, different architectures have been reported, such as solid, nested,
trabecular, and microcystic pattern. More frequently, tumor cells demonstrate voluminous clear to
eosinophilic cytoplasm (Figure 2). The nuclei may show variability in size and are generally large
with a prominent eosinophilic nucleolus (typically G3 by ISUP/WHO 2016) [1]. Psammoma bodies are
often present.

1.2.3. Immunohistochemical Features and Fluorescent in Situ Hybridization (FISH) Analysis

Like other subtypes of renal cell carcinoma, Xp11 translocation renal cell carcinomas are
positive for PAX8. Vimentin and cytokeratin 7 (CK7) are typically negative. Staining for CD10
and alpha-methylacyl-CoA racemase (AMACR) is generally reported. In one-third of all cases,
Xp11 translocation renal cell carcinoma focally express melanogenic markers such as Melan-A and
HMB45. Staining for cathepsin K is observed in a subset of Xp11 translocation renal cell carcinomas
(approximately 50%) (Figure 2). Interestingly, PRCC-TFE3 renal cell carcinoma is labelled more
frequently for cathepsin K than ASPL-TFE3 renal cell carcinoma [15,16]. TFE3 immunostaining,
initially considered as the most sensitive and specific marker, should be cautiously used due to the not
infrequent false-positive and false-negative results [17]. For this reason, the identification of the TFE3
rearrangement by FISH assays on formalin-fixed and paraffin-embedded tissue sections is currently
the gold standard to reach the correct diagnosis [17–19]. Of course, a reliable interpretation requires
a univocal cut-off. However, different thresholds have been used to demonstrate the occurrence
of translocation. A positive result was considered when >10%, >15%, or >20% of the neoplastic
nuclei showed split signals. Nevertheless, an extensive review of previously reported cases of Xp11
translocation renal cell carcinoma in which it has been reported that the frequency of split signals in
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each case showed a high frequency of split signals (>40%). It is important to keep in mind that the FISH
assay is unable to detect subtle TFE3 gene inversions, such as those that result in the RBM10-TFE3 gene
fusion [20]. In the experience of the authors, minimally split fluorescent signals in which fluorescent
signals were separated by a signal diameter or less were observed in few cases [21]. Recently, it has
been argued whether TFE3 gene rearrangement is the key event in tumorigenesis [22–24]. In our
practice, the fraction of cells showing the translocation is commonly high, supporting the idea that it is
the main driver event in tumorigenesis.

Figure 2. Different morphologies of Xp11 translocation renal cell carcinomas: resembling a clear
cell renal cell carcinoma (Magnification: 200×) (A), showing a papillary (Magnification: 25×) (C) or
cystic (Magnification: 100×) (E) pattern. An example of strong and diffuse expression of cathepsin K
(Magnification: 200×) (B), the nuclear positivity of PAX8 (Magnification: 25×) (D), and the demonstration
of TFE3 gene rearrangement by FISH (Magnification: 1000×) (F).

1.3. Differential Diagnosis

Due to the wide spectrum of morphologies observed in Xp11 translocation renal cell carcinomas,
the differential diagnosis is challenging, and it is important to consider these carcinomas in all unusual
renal cell carcinomas occurring, especially in children and young adults [1]. Several neoplasms
can be confused with Xp11 translocation renal cell carcinoma, mainly clear cell and papillary renal
cell carcinomas. In this setting, cathepsin K is the most reliable immunohistochemical marker.
Of note, as previously stated, immunolabelling for cathepsin K is observed in roughly half of all Xp11
translocation renal cell carcinomas. Other immunohistochemical markers may be helpful based on
the differential diagnosis. CD10 is expressed in almost all Xp11 translocation renal cell carcinomas
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in analogy to clear cell renal cell carcinomas. However, carbonic anhydrase IX is usually negative or
only focally present in Xp11 translocation renal cell carcinomas and positive in clear cell renal cell
carcinomas, suggesting the usefulness of this marker in this particular differential diagnosis. On the
other hand, AMACR (Alpha-methylacyl-CoA racemase) is frequently positive in Xp11 translocation
renal cell carcinomas, as well as in papillary renal cell carcinomas, but CK7 is typically negative in Xp11
translocation renal cell carcinomas and positive in papillary renal cell carcinomas. Clear cell papillary
renal cell carcinomas may be another tricky differential diagnosis [25]. Those tumors usually label for
CK7 and GATA3, both not expressed in Xp11 translocation renal cell carcinomas. Finally, it is important
to remember less frequent tumors, such as pure epithelioid PEComa/epithelioid angiomyolipoma.
In those cases, PAX8 and CD68 (PG-M1) are extremely useful (see differential diagnosis of t(6;11) renal
cell carcinomas).

1.4. Prognosis and Treatment

The outcome of Xp11 translocation renal cell carcinoma is highly variable, from indolent to rapidly
aggressive behavior [12,26,27]. Overall, Xp11 translocation renal cell carcinoma has a worse prognosis
than papillary renal cell carcinoma and there is a similar prognosis for clear cell renal cell carcinoma [28].
Although several studies have claimed that Xp11 translocation renal cell carcinomas in children have a
relatively indolent course, the review of the literature (Figure 1) shows a high percentage of aggressive
cases in young adults. Among Xp11 translocation renal cell carcinoma, patients with ASPL-TFE3 fusion
seem to have a worse prognosis and more frequently lymph node metastasis, but it is still unclear
whether the fusion partner plays a prognostic role [28,29]. Considering an overall 403 genetically
confirmed Xp11 translocation renal cell carcinomas described in the literature, 47% of cases (91 of
194 tumors with available follow up) behaved aggressively. When aggressive and non-aggressive cases
are compared, we observe that recurrences or metastases occurred within 24 months from the surgery.
It is worth noting that sarcomatoid or rhabdoid de-differentiation have never been reported. There is
no statistical difference of age between aggressive and non-aggressive cases. As expected, a larger
tumor size (p < 0.0001) correlates with aggressive behavior. Interestingly, the presence of necrosis,
but not nucleolar grade, correlates with aggressiveness, the same prognostic characteristics reported in
chromophobe renal cell carcinoma.

With regard to the treatment, the optimal therapy for MiT family translocation renal cell carcinoma
remains to be determined. For localized tumors, including patients with positive regional lymph
nodes, surgery is the treatment of choice. For patients with hematogenous metastases, several attempts
of therapy have been tried based on the treatment of clear cell renal cell carcinoma. Therapies targeting
vascular endothelial growth factor receptor, immunotherapy, mTOR inhibitors, and target therapies
for the MET signaling pathway are possible options [30–34]. Unfortunately, to date there is no data
regarding predictive markers to choose the best therapy for an individual patient. In the past few years,
the efficacy of Cabozantinib, a tyrosine kinase inhibitor with activity against c-MET, AXL, and vascular
endothelial growth factor receptor 2, has been proven for the treatment of metastatic clear cell renal cell
carcinomas [35,36] and recently for non-clear cell histologies [37]. Moreover, whole genome DNA and
RNA sequencing studies have recently been reported on a small number of cases [10,38], providing the
activity of other pathways which may present other potential targets for novel therapies [38].

2. t(6;11) Renal Cell Carcinoma

t(6;11) renal cell carcinoma is an extremely rare variant and accounts for 0.02% of all renal
carcinomas. Although the initial description was in children [39], t(6,11) renal cell carcinoma may
occur in adults. The t(6;11) translocation fuses the gene for TFEB, located on chromosome 6, with
Alpha (MALAT1), a gene of unknown function, resulting in overexpression of TFEB.
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2.1. Clinical Features

The t(6;11) renal cell carcinomas are less common than the Xp11 renal cell carcinomas;
approximately 60 cases are documented in the literature, the majority of which in children and
adolescents. However, it has been demonstrated that these neoplasms can occur in adults as well.
The mean age of presentation is 34 years (Figure 1), with a wide reported range of 3–77 years.
Conversely to Xp11 translocation renal cell carcinomas, in t(6;11) renal cell carcinoma there is no
gender predominance (F:M ratio, 0.75:1). The tumor is usually an incidental finding. Similar to
Xp11 translocation renal cell carcinoma, a subset of cases has occurred in patients who have received
cytotoxic chemotherapy for other reasons.

2.2. Pathologic Features

2.2.1. Gross Findings

As Xp11 translocation renal cell carcinoma, t(6;11) renal cell carcinoma does not have a distinctive
gross appearance.

2.2.2. Microscopic Features

Histologically, t(6;11) renal cell carcinoma has been classically characterized by a distinctive
biphasic morphology with larger epithelioid cells and smaller cells clustered around eosinophilic
spheres formed by basement membrane material (Figure 3) [1,40]. However, several reports have shown
a broad range of morphology in molecularly confirmed t(6;11) renal cell carcinomas [41]. Papillary
and tubulocystic architectures, clear cell and oncocytoma-like features, and diffuse hyalinization with
thick-walled blood vessels are some of the unusual pathological features described [1]. The cells
typically show nucleolar grade G2 and G3 by ISUP/WHO 2016 [42].

Figure 3. The most common morphology of t(6;11) renal cell carcinoma with larger epithelioid cells
and smaller cells clustered around eosinophilic spheres formed by basement membrane material
(A, Magnification: 25×; B, Magnification: 200×). Almost all cases are positive for cathepsin K
(Magnification: 200×) (C) and HMB45 (Magnification: 200×) (D).
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2.2.3. Immunohistochemical Features and FISH Analysis

Immunohistochemically, most t(6;11) renal cell carcinomas express PAX8, supporting renal tubular
differentiation and melanogenesis markers, such as HMB-45 and Melan-A. Cathepsin K is overexpressed
in almost all t(6;11) renal cell carcinomas [43,44]. Staining for TFEB was considered highly sensitive and
specific for this tumor. However, the results can be inconsistent among laboratories, mainly because of
technical factors such as fixation time and differences in the methods of antigen retrieval. Like Xp11
translocation renal cell carcinomas, the identification of the rearrangement by FISH analysis is the gold
standard for the diagnosis [45]. As previously discussed for Xp11 translocation renal cell carcinomas, it is
of paramount importance to define a proper cut-off to establish the occurrence of TFEB rearrangement,
even in t(6;11) renal cell carcinoma, when the frequency of split signals is high (>38%). Although less
frequently than in Xp11 translocation renal cell carcinoma, we observed minimally split fluorescent signals.

2.3. Differential Diagnosis

The wide spectrum of morphology results in several differential diagnoses including Xp11
translocation renal cell carcinoma, pure epithelioid PEComa/epithelioid angiomyolipoma, and other
more common types of renal cell carcinoma [46–48]. Among them, pure epithelioid PEComa/epithelioid
angiomyolipoma is the most challenging diagnosis in clinical practice [42]. Indeed, the two entities
share the immunohistochemical expression of melanogenesis markers and cathepsin K, and both are
often negative for cytokeratin. PAX8 immunoreactivity and CD68 (PG-M1) negativity supports the
diagnosis of t(6;11) renal cell carcinoma, whereas pure epithelioid PEComa/epithelioid angiomyolipoma
is PAX8 negative and CD68 (PG-M1) positive [42].

2.4. Prognosis and Treatment

Most instances of t(6;11) renal cell carcinoma have an indolent clinical course. An aggressive
behavior is observed in roughly 17% of the cases (11 of 64 tumors with available follow up). Larger
masses (p = 0.04) and older patients (p = 0.007) seem to be parameters correlated with aggressiveness.
It should be noted that hematogenous metastases seem to be more common than nodal metastases.
To date, there are no well-established prognostic markers to predict the biological behavior. However,
it is possible that an increase in the copy number of the TFEB gene region in t(6;11) renal cell carcinoma
may predict an aggressive clinical course [42,49]. The radical surgery remains the best therapeutic
strategy. Because of the rarity of this tumor, no information regarding neoadjuvant or adjuvant
therapies are available. Since these neoplasms have demonstrated the capacity to recur, follow-up
examinations are important for these patients.

3. Renal Cell Carcinoma with TFEB Amplification

More recently, renal cell carcinomas with TFEB amplification have been described and appear
to be associated with a poor outcome [50–55]. TFEB amplification in renal cell carcinoma
can occur independently of or in association with TFEB rearrangement [50,55]. TFEB gene
rearrangement or amplification increases TFEB expression which causes the subsequent expression
of immunohistochemical markers such as cathepsin K, Melan-A, and HMB45 [43]. Nevertheless,
TFEB-amplified renal cell carcinomas are different from t(6;11) renal cell carcinomas [50]. First, they
typically occur in older patients (mean 65 years) compared to unamplified t(6;11) renal cell carcinoma
(mean age 34 years). Second, their morphology is usually high grade and less typical than the biphasic
appearance of t(6;11) renal cell carcinoma (Figure 4). Third, melanogenic marker expression is less
reliable: while all cases have expressed Melan-A, roughly half of the cases express cathepsin K and
HMB45, usually positive in t(6;11) renal cell carcinoma. Fourth, TFEB amplified renal cell carcinomas
typically have a poor outcome while t(6;11) renal cell carcinomas are usually indolent. Of note, it has
been demonstrated that renal cell carcinomas showing TFEB amplification harbor concurrent vascular
endothelial growth factor A (VEGFA) gene amplification [52,55]. This is may be due to the proximity
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of those two genes, which are both located on the short arm of chromosome 6. With regard to the
treatment, Gupta et al. hypothesized the possible usefulness of VEGFR-targeted therapy in a few cases
of renal cell carcinomas with TFEB/VEGFA coamplification [52].

Figure 4. A high-grade renal cell carcinoma (A, Magnification: 50×; B, Magnification: 200×) expressing
Melan-A (Magnification: 400×) (C) and showing TFEB gene amplification by FISH (Magnification:
1000×) (D).

4. Comparison of Xp11 Translocation Renal Cell Carcinoma and t(6;11) Renal Cell Carcinoma

As illustrated in Table 1, Xp11 translocation renal cell carcinoma and t(6;11) renal cell carcinoma
differ in several ways. Xp11 translocation renal cell carcinoma seems to occur in patients younger
than t(6;11) renal cell carcinoma; with a slight female predominance and a more frequently aggressive
clinical course. Conversely to Xp11 translocation renal cell carcinoma, the immunohistochemical
analysis of t(6;11) renal cell carcinoma is more consistent, showing the overexpression of cathepsin K
and melanogenesis makers in almost all cases.

Table 1. Main differences between Xp11 translocation renal cell carcinoma and t(6;11) renal cell carcinoma.

Parameter Xp11 Translocation RCC t(6;11) RCC

Clinical

Age distribution peak: 20–29 years peak: 30–39 years

Gender F:M ratio, 1.6:1 F:M ratio, 0.75:1

Behavior aggressive in 47% of cases aggressive in 17% of cases

Morphology

features broad spectrum usually biphasic

Immunohistochemistry

Cathepsin K 47% positive 94% positive

Melan-A 39% positive 91% positive

HMB45 32% positive 83% positive

RCC: renal cell carcinoma; F: female; M: male.

468



Cancers 2019, 11, 1110

5. Conclusions

On the basis of their clinical, immunohistochemical, and molecular similarities, the last WHO
classification grouped Xp11 translocation renal cell carcinoma and t(6;11) renal cell carcinoma together
under the name “MiT family translocation renal cell carcinoma”. However, among them there are
few differences, mainly in morphology and clinical behavior. For those reasons, we suggest to keep
the distinction in the clinical practice. Overall, this review emphasizes that MiT family translocation
renal cell carcinoma is a distinctive entity and therefore stresses the importance of recognizing it as a
specific category of renal cell carcinoma to properly identify these cases in future clinical trials looking
for effective therapies.
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Abstract: The heterogeneity of renal cell carcinoma (RCC) subtypes reflects the cell type of
origin in the nephron, with consequences for therapy and prognosis. The transcriptional cues
that determine segment-specific gene expression patterns are poorly understood. We recently showed
that hypertonicity in the renal medulla regulates nephron-specific gene expression. Here, we analyzed
a set of 223 genes, which were identified in the present study by RNA-Seq to be differentially
expressed by hypertonicity, for the prediction of cancer-specific survival (CSS). Cluster analyses
of these genes showed discrimination between tumor and non-tumor samples of clear cell RCC
(ccRCC). Refinement of this gene signature to a four-gene score (OSM score) through statistical
analyses enabled prediction of CSS in ccRCC patients of The Cancer Genome Atlas (TCGA) (n = 436)
in univariate (HR = 4.1; 95% CI: 2.78−6.07; p = 4.39 × 10−13), and multivariate analyses including
primary tumor (T); regional lymph node (N); distant metastasis (M); grading (G)(p = 2.3 × 10−5).
The OSM score could be validated in an independent ccRCC study (n = 52) in univariate (HR = 1.29;
95% CI = 1.05–1.59; p = 0.011) and multivariate analyses (p = 0.016). Cell culture experiments using
RCC cell lines demonstrated that the expression of the tumor suppressor ELF5 could be restored by
hypertonicity. The innovation of our novel gene signature is that these genes are physiologically
regulated only by hypertonicity, thereby providing the possibility to be targeted for therapy.

Keywords: gene signature; renal cancer; survival prediction

1. Introduction

The kidney’s anatomy and histology consists of different renal cell types located at defined parts
of the kidneys, reflected in the complexity of renal function. This is also reflected by the heterogeneity
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Cancers 2020, 12, 6

of renal cell carcinoma (RCC) subtypes [1]. The main subtypes are clear cell (ccRCC), papillary (pRCC)
and chromophobe (chRCC) renal cell carcinoma [2]. Although several targeted therapies are currently
applied, survival rates—especially for metastatic RCC—are still low and innovative treatment strategies
are needed [2].

Comprehensive studies carried out by The Cancer Genome Atlas (TCGA) provided further
insight into the evolution and origin of RCC, for example, by identifying gene signatures that enable
discrimination between the RCC subtypes or define the cell type of origin. Moreover, it was found to
be possible to predict clinical outcome in ccRCC patients based on gene expression similarity to the
proximal tubule of the nephron, which is the presumed origin of ccRCC [3]. Recently, another study
analyzed the impact of different gene expression profiles on RCC ontogeny [1]. The authors were able
to identify gene expression programs that were specific for a distinct nephron segment and were also
present in the corresponding RCC subtypes. Both studies used data based on nephron-specific gene
expression patterns and were able either to improve the prediction of patient outcome or identify
gene expression networks defining the origin of RCC. However, as mentioned by Lindgren et al. [1],
the transcriptional cues that determine segment-specific gene expression patterns are only partly
understood. We have recently shown that the unique hypertonicity in the renal inner medulla regulates
kidney and nephron-specific gene expression [4]. The group of Prof. Ian Frew showed that deletion
of renal expression of the tumor suppressor von Hippel–Lindau (VHL) protein altered the urine
concentration capability in mice [5]. They postulate that the mice cannot build up the hyperosmotic
gradient in the kidneys that is necessary for urine concentration. The transcription factor nuclear
factor of activated T-cells 5 (NFAT5) is the main transcription factor activated by the hyperosmotic
environment, and induces the expression of several genes [6]. A recent study in that Special Issue
of Cancers showed that microRNAs that mediate metabolic reprogramming in ccRCC also target
NFAT5 [7]. This was also associated with a reduced level of NFAT5 target genes in the ccRCC samples
compared to solid normal tissue.

In the present study, we analyzed if the hypertonicity-affected genes were also differentially
expressed in ccRCC tumor samples and normal tissue, and if these genes were associated with the
clinical outcome of the patients.

2. Results and Discussion

In contrast to our initial study, where we used microarrays, here we performed RNA-Seq using
primary cultured inner medullary collecting duct (IMCD) cells cultivated at 300 or 900 mosmol/kg
to identify differentially expressed transcripts affected by hypertonicity (for details see Table S1).
We detected significant differences between the two conditions for 355 transcripts (false discovery
rate FDR < 0.05; log2 fold change (FC) >3/<−3) and there were matching human transcripts for 284 of
these (223 genes) (Figure 1A and Table S1). Hierarchical clustering of the TCGA Kidney Clear Cell
Carcinoma (KIRC) samples based RNA-Seq data using the top 223 hypertonicity-affected genes clearly
separated the normal non-tumor tissue samples (n = 67) from the tumor samples (n = 449; Figure 1B).
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Figure 1. (A) Differentially expressed transcripts affected by hypertonicity in primary cultured inner
medullary collecting duct (IMCD) cells either cultivated at 300 or 900 mosmol/kg. In total, 355 transcripts
were differentially expressed (with a cut off log2 fold change of >3 and <−3) and there were matched
human transcripts for 284 of those. Of those, 110 transcripts were downregulated and 174 transcripts
were upregulated by hypertonicity. (B) Hierarchical clustering of samples from The Cancer Genome
Atlas (TCGA) Kidney Clear Cell Carcinoma (KIRC) cohort based on the hypertonicity-affected genes.
The expression levels of the top 223 regulated genes were extracted from the TCGA KIRC cohort, and
hierarchical clustering was performed. This set of genes was able to clearly separate clear cell renal cell
carcinoma (ccRCC) samples (dark green) from the normal tissue samples (light green).

Part of the genes (41) showed a log2 fold change of >3/<−3 between normal and tumor samples.
Interestingly, several of the transcripts induced by hypertonicity were suppressed, and transcripts
suppressed by hypertonicity were induced in the tumor samples compared to normal samples (Table S1).

The effect of hyper-osmolality on gene expression can be reverted by hypo osmotic switch [4].
For example one of the hypertonicity-induced transcripts (0 fragments per kilobase of transcript per
million mapped reads (FPKM) at 300 vs. 75 FPKM at 900 mosmol/kg, see Table S1) was the E74-like
ETS transcription factor 5 (ELF5). ELF5 has been described as a tumor suppressor in RCC and is more
or less absent in tumor samples (Table S1) [8]. Since ELF5 has an important role as a tumor suppressor,
we next asked whether it is possible to induce its expression in a ccRCC cell line by hyperosmolality.
To test this, we used the established ccRCC cell line 786-0, and the same cell line that ectopically
expresses WT-VHL (786-0-VHL). Both were cultivated either under isotonic (300 mosmol/kg) or for
different periods of time under hyperosmotic (600 mosmol/kg) conditions. Indeed, the expression of
ELF5 could be induced by cultivation of 786-0 cells under hyperosmotic conditions as shown by PCR
or qPCR analyses (Figure 2A,B). Interestingly, the induction of ELF5 expression was higher in VHL+
cells than in VHL-deficient cells.
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Figure 2. E74-like ETS transcription factor 5 (ELF5) expression in 786-0 cells is induced by environmental
hypertonicity. von Hippel–Lindau (VHL)-deficient 786-0 and VHL-expressing (VHL+) 786-0 cells
were cultivated either in normal medium (300) or for 24, 48, and 72 h in 600 mosmol/kg medium.
(A) The expression of ELF5 was analyzed by PCR. The osmolality was increased by the addition of
100 mM NaCl and 100 mM urea. The expression of ELF5 was VHL dependent. (B) The expression
of ELF5 was quantified by real-time PCR in VHL-deficient 786-0 and VHL-expressing 786-0 VHL+
cells (N > 3, p-Value < 0.05 compared to control (CTL) using one-way ANOVA are marked by *,
p-Value < 0.01 are marked by **). For more details about the PCR product of ELF5, please view the
Supplementary Materials.

Our results clearly indicate that it is possible to induce the expression of the tumor suppressor
ELF5 in RCC cells only by osmolality without any genetic manipulation. With the hyper-osmolality,
we have identified a pathway that could be targeted for future intervention.

In the next step, we analyzed the predictive value of the hypertonicity-related genes for clinical
outcome in ccRCC patients using the Cox proportional hazards model. Out of the 223 genes, 111 (49.8%)
showed a significant effect (Table 1).

Table 1. Number of hypertonicity-affected genes and their impact on patient survival.

Effect on Cancer Specific Survival Downregulated Upregulated

hazardous 32 35

indifferent 46 66

favorable 9 35

Within the genes that had a significant impact on patients’ survival, hypertonicity-downregulated
genes tend to have a negative effect on survival (32 out of 41) while hypertonicity-upregulated
genes have equal number of negative (35) and positive (35) effects. The corresponding data with
the gene IDs and fold changes are provided in Table S1. This data suggests that the expression of
hypertonicity-affected genes can be used to predict cancer-specific survival.

We next selected a minimum set of genes necessary for survival prediction using RNA-Seq
data from the TCGA KIRC cohort. We identified 4 (COL1A1, NDUFA4L2, S100A6, MT2A) out of
the 223 different genes that were regulated by hypertonicity in rats and subsequently defined our
OSM score based on these four genes (Figure S1). Interestingly, all four genes have previously been
associated with ccRCC tumorigenesis [9–12].

Our novel established OSM score based on these four genes was significantly associated with
cancer-specific survival (Figure 3A; HR = 4.1; 95% CI: 2.78–6.07; p = 4.39 × 10−13; Cox proportional
hazards regression model) in the TCGA cohort.
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Figure 3. The OSM score could predict patient survival. (A) Kaplan–Meier plot indicating that
hypertonicity-affected genes using the four selected genes (OSM score) can be applied for the prediction
of patients’ cancer-specific survival in the TCGA KIRC cohort. (B) Kaplan–Meier plot indicating that
the OSM score can be applied for the prediction of patients’ cancer-specific survival in the ccRCC
validation cohort.

Multivariate analysis of the score together with clinicopathological parameters (T (primary tumor),
N (regional lymph node), M (distant metastasis present at diagnosis), G (grading)) indicated that the
score significantly predicted cancer-specific survival (p = 2.3 × 10−5, Table 2).

Table 2. Multivariate Cox regression for cancer-specific survival in the TCGA cohort (n = 409) and the
validation cohort (n = 51).

Multivariate Analyses Variable Level
p-Value

(Wald Test)
HR (95% CI)

Including T, N, M, G and OSM score OSM score 2.35 × 10−5 2.6 (1.67–3.69)
(TCGA cohort) Primary tumor T1/T2 1

T3/T4 5.05 × 10−2 1.7 (1–2.86)
Lymph nodes N0 1

N1 6.15 × 10−2 2.71 (0.95–7.72)
NX 2.4 × 10−2 0.6 (0.38–0.93)

Distant
metastasis

M0 1

M1 1.55 × 10−12 5.62 (3.48–9.07)
Grade G1/G2 1

G3/G4 6.69 × 10−3 2.35 (1.27–4.37)

Including T, N, M, G and OSM score OSM score 1.58 × 10−2 1.34 (1.06–1.7)
(Validation cohort) Primary tumor T1/T2 1

T3/T4 2.54 × 10−1 2.63 (0.5–13.9)
Lymph nodes N0 1

N1/N2 1.27 × 10−1 0.33 (0.08–1.36)
Distant

metastasis
M0 1

M1 2.78 × 10−5 41 (7.22–233.06)
Fuhrman

grade
G1/G2 1

G3/G4 9.94 × 10−1 1 (0.29–3.43)

Abbreviations: CI, confidence interval; HR, hazard ratio; Ref., reference level; T, primary tumor; N, regional lymph
node; M, distant metastasis present at diagnosis; G, grading. Cases with grading information “GX” or metastasis
status “MX” were excluded from multivariate analyses. OSM scores were determined based on gene expression
data measured by RNA-Seq (TCGA) or microarray analyses (validation cohort).
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The independent role for prediction in the multivariate model was proven by analysis of deviance
(p = 1.2 × 10−4). To validate these results, the OSM score was calculated in an independent cohort
of ccRCC patients (n = 52; for details see [13]) based on expression levels of the selected genes and
their model coefficients. Notably, we showed that the OSM score was also significantly associated
with cancer-specific survival (Figure 3B; HR = 1.29; 95% CI: 1.05–1.59; p = 0.011). Multivariate analysis
confirmed its role in the prediction of cancer-specific survival (p = 0.016) in our validation cohort
(Table 1; analysis of deviance p = 0.0215).

A link between loss of VHL and osmolality has also been shown using kidney-specific VHL
knock-out mice [5]. The authors observed that the mice had increased diuresis. The same group
developed a renal cancer mice model and investigated the gene expression profile in mouse ccRCCs
and kidney cortices [14]. Using these gene expression data, we could demonstrate that the mouse
ccRCCs and normal kidney cortices could be discriminated based on the osmolality-regulated genes
(Figure S2). Our results indicate that VHL function is important for hyper-osmolality-induced gene
expression, as seen for ELF5. In a recent manuscript that we have submitted to Cancers we were able to
show that the deletion of VHL also reduced the expression of several other hyper-osmolality-induced
genes. This implies that VHL is prominently involved in the regulation hyper-osmolality-induced
pathways. Since up to 85% of RCC patients harbor loss of VHL function, it is mandatory to identify the
underlying cellular and molecular mechanisms.

In summary, our in vitro and in vivo data demonstrate that osmolality is an interesting pathway
for the future development of drugs or other interventions in ccRCC which has not been considered so
far. Moreover, this is the first report that defines an expression pattern of genes that can not only be
used to discriminate between normal vs. tumor tissue and is associated with cancer-specific survival in
independent ccRCC cohorts, but have a common physiological mechanism regulating their expression.
Thus, targeting osmolality represents a novel interesting option for ccRCC therapy development, and
further studies are warranted to identify the functional relevance of hypertonicity-associated pathways
in tumor development and proliferation.

3. Materials and Methods

3.1. Primary Renal Cell Culture and RNA-Seq

Experiments were approved by a governmental committee on animal welfare (Landesamt für
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Germany) and were performed in
accordance with national animal protection guidelines (A 60/1993 and A 67/09).

Primary cultured IMCD cells were prepared as described before [4]. For each group, three biological
replicates were used. The groups included cells which had been cultivated at 300 or 900 mosmol/kg for
one week. Total RNA was isolated using the mirVana miRNA Isolation Kit (Thermo Scientific, Waltham,
MA, USA); 500 ng of total RNA were depleted of ribosomal RNA using the RiboMinus kit (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Purified RNA
was then fragmented by the addition of fragmentation buffer (200 mM Tris acetate, pH 8.2, 500 mM
potassium acetate, and 150 mM magnesium acetate) and heating at 94 ◦C for 3 min in a thermocycler
followed by ethanol precipitation with ammonium acetate and GlycoBlue (Thermo Fisher Scientific) as
carrier. Fragmented RNA was then reverse transcribed using random hexamer and Superscript III
(Thermo Fisher Scientific). The second strand was synthesized using the TargetAmp kit (Epicentre,
Madison, WI, USA) according to the manufacturer’s instructions. The final steps of library preparation
(e.g., blunt end repair, adapter ligation, adapter fill-in, and amplification) were done according to Meyer
and Kircher [15]. The barcoded libraries were purified and quantified using the Library Quantification
Kit (Illumina/Universal; KAPA Biosystems, Wilmington, MA, USA) according to the manufacturer’s
instructions. A pool of up to 10 libraries was used for cluster generation at a concentration of 10 nM
using an Illumina cBot. Sequencing of 2 × 100 bp was performed with an Illumina HiScanSQ sequencer
at the sequencing core facility of the IZKF Leipzig (Faculty of Medicine, University Leipzig) using
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version 3 chemistry and flowcell according to the instructions of the manufacturer. Demultiplexing of
raw reads, adapter trimming, and quality filtering were done according to Stokowy et al. [16] using
TruSeq (Illumina) adapter sequences.

3.2. 786-0 Renal Cancer Cell Line and Real-Time PCR

The 786-0 and VHL-expressing 786-0-VHL were a kind gift of Prof. Barbara Seliger and were
cultivated as described in [17]. For experimental setting, the cell culture medium was adjusted to
600 mosmol/kg by the addition of 100 mM NaCl and 100 mM urea. The cells were cultivated for
different time points at 600 mosmol/kg. Total RNA isolation and cDNA synthesis were performed as
described previously [4]. Real-time PCR was performed using the SYBR Green PCR Master Mix with
the ABI PRISM 7900 Sequence Detection System. All instruments and reagents were purchased from
Applied Biosystems (Darmstadt, Germany). Relative gene expression values were evaluated with the
2−ΔΔCt method using GAPDH as reference gene [18]. The primer sequences for ELF5 are ELF5-sense
CGT GGA CTG ATC TGT TCA GCA ATG A, ELF5-antisense CAG GGT GGA CTG ATG TCC AGT
ATG A and for GAPDH GAPDH-sense CAA GCT CAT TTC CTG GTA TGA C and GAPDH-antisense
GTG TGG TGG GGG ACT GAG TGT GG.

3.3. Study Cohorts

Publicly available gene expression data from The Cancer Genome Atlas (TCGA) from a cohort of
ccRCC patients (KIRC cohort, n = 449) were used to compare osmolality-induced genes expression
between tumor and non-tumor samples. In this data set, 436 patients had both expression and CSS
data and were used to develop the osmolality score. Expression data from tumor and non-tumor tissue
were downloaded using the Bioconductor TCGAbiolinks package.

The validation cohort consisted of primary tumors with ccRCC histology (n = 52) of patients
treated at the Department of Urology, University Hospital Tuebingen, Germany. Details of the study
and tissue sample collection were described previously [13]. Transcriptome analyses was performed
using the Human Transcriptome Array HTA 2.0 (Affymetrix/Thermo Fisher Scientific, Waltham, MA,
USA), as described previously by Büttner et al. [13]. The accession number for genome-wide data at the
European Genome-phenome Archive (EGA) (www.ebi.ac.uk/ega/home), which is hosted by the EBI
and the CRG, is EGAS00001001176. Cancer-specific survival was used as endpoint in survival analyses
of the development cohort (ccRCC KIRC) and the validation cohort, as described previously [13].

3.4. Statistical Analyses

RNA-Seq reads were aligned using bowtie2 and tophat2 to the rat reference genome (rnor6)
according to Kim et al. [19]. Rat mRNA-Seq read counts were normalized and tested for differential
expression using the Bioconductor edgeR package (v 3.24.3, [20]); 355 rat transcripts showed significant
difference between two conditions: 900 and 300 mosmol/kg (Benjamini–Hochberg [21] adjusted p-Value
< 0.05; log2FC >3/<−3). Of these, 284 of them had matching human transcripts by gene symbol.
For those 284 transcripts (223 genes), mRNA-Seq expression values (FPKM-UQ) of the TCGA-KIRC
cohort (449 tumor samples with 67 matching tissue normal samples) were clustered (hierarchical
clustering with agglomeration method ward. D2 and Euclidean distance). Clustering proved that
selected transcripts expression clearly discriminated between tumor and normal samples. The potential
impact of those genes’ expression on TCGA-KIRC patients’ (n = 436) cancer-specific survival (CSS) was
tested by building a Cox proportional hazards model on each gene’s expression separately (survival
R package v 3.1-7, [21]). We found that 111 genes showed significant effect (Benjamini–Hochberg
adjusted p-Value < 0.05). Later, we built a Cox proportional hazards model with lasso penalty based
on the expression of the entire set of 223 genes (glmnet R package v 2.0-16, [22]). Four genes had
non-zero coefficients according to the model, with minimal cross-validation error. Each TCGA-KIRC
patient was assigned a survival score (termed the OSM score) calculated as the weighted sum of the
expression of the four selected genes multiplied by the respective model coefficient. Analogously, the
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score was calculated for our independent RCC cohort (n = 52; [13]) based on selected genes expression
(determined by microarray analyses) and the respective model coefficients. The value was multiplied
by 100,000 times to avoid infinite hazards ratio. Patient cohorts were recursively partitioned based on
the survival score using conditional inference trees [23] with the endpoint CSS. Multivariate survival
analysis was performed using Cox proportional hazards regression models. Comparison of Cox
models (with and without OSM score) was done using analysis of deviance [24].

4. Conclusions

Our study demonstrates that osmolality is an interesting pathway in ccRCC which has not yet been
considered. The expression of hypertonicity-regulated genes is clearly associated with cancer-specific
survival in ccRCC. We were also able to induce the expression of potentially tumor-suppressive genes
by cultivating ccRCC cell lines under hyper-osmotic conditions.

Thus, targeting osmolality-associated pathways might represent a novel interesting therapeutic
option for ccRCC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/1/6/s1,
Figure S1: Selection of differentially expressed transcripts affected by hypertonicity for development of the novel
OSM-score, Figure S2: Hierarchical clustering of samples from the normal kidney cortex and mouse ccRCCs based
on the hypertonicity affected genes, Table S1: Differentially expressed transcripts affected by hypertonicity and
expression differences of corresponding human transcripts in ccRCC tumor and non-tumor tissue of the TCGA
KIRC cohort.
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Abstract: Renal cell carcinoma (RCC) with sarcomatoid differentiation belongs to the most aggressive
clinicopathologic phenotypes of RCC. It is characterized by a high propensity for primary metastasis
and limited therapeutic options due to its relative resistance to established systemic targeted therapy.
Most trials report on a poor median overall survival of 5 to 12 months. Sarcomatoid RCC can
show the typical features of epithelial-mesenchymal transition (EMT) and may contain epithelial
and mesenchymal features on both the morphological and immunhistochemical level. On the
molecular level, next-generation sequencing confirmed differences in driver mutations between
sarcomatoid RCC and non-sarcomatoid RCC. In contrast, mutational profiles within the epithelial
and sarcomatoid components of sarcomatoid RCC were shown to be identical, with TP53 being the
most frequently altered gene. These data suggest that both epithelial and sarcomatoid components
of RCC originate from the same progenitor cell, segregating primarily according to the underlying
histologic epithelial subtype of RCC (clear cell, papillary or chromophobe). Current studies have
shown that sarcomatoid RCC express programmed death 1 (PD-1) and its ligand (PD-L1) at a much
higher level than non-sarcomatoid RCC, suggesting that blockade of the PD-1/PD-L1 axis may be
an attractive new therapeutic strategy. Preliminary results of clinical trials evaluating checkpoint
inhibitors in patients with sarcomatoid RCC showed encouraging survival data and objective response
and complete response rates of up to 62% and 18%, respectively. These findings may establish a new
standard of care in the management of patients with sarcomatoid RCC.

Keywords: sarcomatoid; RCC; immunotherapy; checkpoint inhibitors; survival; PD-L1

1. Introduction

Renal cell carcinoma (RCC) with sarcomatoid differentiation (sRCC) is a highly aggressive form of
RCC. Histologically, sRCC shows loss of characteristic epithelial components and contains features such
as spindle cells, high cellularity, and cellular atypia. These features are found in 5–8% of clear-cell RCC
(ccRCC), 8–9% of chromophobe RCC, and 2–3% of papillary RCC [1–4]. About 75% of patients with
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sRCC present with metastatic disease [5,6] and outcomes are generally modest. Therapeutic strategies
include vascular endothelial growth factor (VEGF)-targeted monotherapy [7], and combined strategies
with sunitinib plus gemcitabine [8] or gemcitabine plus doxorubicin [9]. The majority of studies report
on a poor median overall survival, ranging from 5 to 12 months [7–9].

2. The sRCC

The sRCC is not a distinct morphogenetic subtype of RCC [3,10]. It originates from
epithelial-mesenchymal transition (EMT), and therefore contains both epithelial (carcinoma) and
mesenchymal (sarcomatoid) features on both the morphological and immunhistochemical level [11],
which is distinctive from primary sarcoma of the kidney [3,10]. The presence of even a small component
of sarcomatoid differentiation was shown to independently predict poor survival compared to RCC
without sarcomatoid features; thus, its description needs to be included in the surgical pathology
report [3]. To which extent this would be necessary in tumors showing only 1% of sarcomatoid features
is questionable, since pathology reports are extremely dependent on gross sampling.

Genomic profiling on paired epithelial and sarcomatoid areas of sRCC by next-generation
sequencing confirmed different driver mutations between sRCC and ccRCC. However, the epithelial
and sarcomatoid components of sRCC showed identical mutational profiles, with TP53 (42%), VHL
(35%), CDKN2A (27%), and NF2 (19%) being the most frequently altered genes [12]. These findings
have been confirmed by Wang et al. [13]: The epithelioid and sarcomatoid components of sRCC did not
show differences in mutational load amongst cancer-related genes, whereas sRCC had a completely
different molecular pathogenesis and distinctive mutational and transcriptional profiles compared
to ccRCC. Indeed, the authors found fewer deletions at 3p21-25, a lower rate of two-hit loss of VHL
and PBRM1, but more mutations in TP53, PTEN, and RELN [13]. Moreover, mutations in known
cancer drivers, such as AT-rich interaction domain 1A (ARID1A) and BRCA1 associated protein 1
(BAP1), were significantly mutated in sarcomatoid patterns and mutually exclusive with TP53 and each
other [14]. These data corroborate the hypothesis that both epithelial and sarcomatoid components
of RCC may originate from the same progenitor cell, but clonal divergence occurs during tumor
progression. This implicates that specific genes are involved in this process, leading to unique genetic
alterations based on the observed EMT [1,15].

Induction of EMT may upregulate the expression of PD-L1 and other targetable immune
checkpoint molecules in various cancer entities, such as claudin-low breast cancer [16], non-small
cell lung cancer [17], or RCC [18] in vivo and in vitro. Interestingly, sRCC has been shown to
express programmed death 1 (PD-1) and its ligand (PD-L1) at a much higher level than RCC without
sarcomatoid elements [19], as seen in Figures 1 and 2. As higher tumoral PD-L1 expression seems
to correlate with higher Fuhrmann grade [20], it is essential to compare the PD-L1 status between
sRCC and grade 4 non-sarcomatoid ccRCC specifically [19]. Although sRCC is defined as grade
4 RCC, tumoral PD-L1 expression in the epithelioid component of sRCC was even higher than in
non-sarcomatoid grade 4 ccRCC [19]. These results may suggest a biologic distinctiveness of sRCC
compared to non-sarcomatoid ccRCC at the level of immune markers [19]. In this regard, tumoral
PD-L1 and PD-1 expression was found in 54% and 96% of sRCC, compared to 17% and 62% of
ccRCC specimens [21]. Moreover, the co-expression of both PD-L1 on tumor cells and PD-1 positive
tumor-infiltrating lymphocytes was confirmed in 50% of all sRCC cases, compared to only one case
(3%) with ccRCC [21]. These findings suggest that blockade of the PD-1/PD-L1 axis could be an
attractive therapeutic approach in EMT-derived tumors, such as sRCC.

A small retrospective study by Ross et al., 2018, on response to checkpoint inhibitors in RCC
patients with sarcomatoid differentiation presented as an abstract at American Society of Clinical
Oncology (ASCO) Annual Meeting 2018 showed promising outcomes, with durable complete responses
(CR) in up to 15% of patients, and an objective response rate (ORR) of 62% [22]. The genomic biomarker
analyses of the phase III IMmotion151 study on bevacizumab plus atezolizumab versus sunitinib
correlated angiogenesis and immune gene expression signatures with clinical outcomes from 832 RCC
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patients, focusing on sarcomatoid histology. Interestingly, the PD-L1 prevalence was higher in sRCC
(63%), compared to non-sRCC (39%), whereas angiogenesis gene signature was lower in sRCC (34% vs.
65%) [23]. These results may explain why sRCC patients (n = 86) in the PD-L1+ study group showed
the greatest therapeutic benefit with atezolizumab plus bevacizumab (progression-free survival: HR,
0.56 (95% CI: 0.38–0.83)) compared to sunitinib monotherapy [23,24]. In addition, the retrospective
subgroup analysis of 112 sRCC intermediate or poor-risk patients from the CheckMate214 study [25]
confirmed a higher rate of PD-L1 expression (≥1%) in sRCC than in non-sRCC (47–53% vs. 26–29%).
More importantly, immunotherapy with nivolumab plus ipilimumab achieved an unprecedently high
ORR of 57%, with a CR rate of 18% and a median overall Survival (OS) of 31 months compared to
vascular endothelial growth factor (VEGF)-targeted monotherapy with sunitinib (ORR, CR, median
OS: 19%, 0% and 14 months) [26].

 

Figure 1. (A) Hematoxylin/eosin and phloxin staining for clear-cell RCC (ccRCC) with sarcomatoid
features (50× magnification), considered as grade 4 according to the International Society of Urologic
Pathologists (ISUP). (B) High PD-L1 (100× magnification) (E1L3N XP Rabbit mAB) cytoplasmatic
staining of tumor cells in sRCC (>50% of tumor cells).

 

Figure 2. (A) Hematoxylin/eosin and phloxin staining for ccRCC without sarcomatoid features (400×
magnification). (B) PD-L1 (E1L3N XP Rabbit mAB) cytoplasmatic staining of tumor cells, showing low
PD-L1 expression (<5%), 100× magnification.

3. Conclusions

In summary, sRCC shows the typical features of EMT. On the molecular level, transcriptional data
confirmed that sRCC is not a homogeneous RCC subtype and segregates primarily according to the
underlying parental epithelial subtype (ccRCC, papillary or chromophobe RCC). Current biomarker
studies have shown that sRCC tumors express PD-1/PD-L1 at a much higher level than
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non-sarcomatoid RCC. These findings will ultimately lead to a change in the treatment paradigm,
shifting therapeutic decisions towards checkpoint inhibitors as first line treatment for sRCC.
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