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While the term biomarker is thought to have first been used in the 1970s, the concept
itself is considered to be much older. The turn of the 21st century saw a dramatic increase
in the number of papers published concerning biomarkers. Biomarkers can be described
as characteristics that can be assessed and quantified as indicators of standard biological
processes, pathogenesis or response to therapy. The treatment of individual patients based
on particular factors, such as biomarkers, distinguishes standard, generalized treatment
plans from personalized medicine. Even though personalized medicine is applicable to
most branches of medicine, the field of oncology is perhaps where it is most easily employed.
Cancer is a heterogeneous disease; although patients may be diagnosed histologically with
the same cancer type, their tumors can comprise varying tumor microenvironments and
molecular characteristics that can impact treatment response and prognosis.

There has been a major drive over the past decade to try and realize personalized
cancer medicine through the discovery and use of disease-specific biomarkers. This Special
Issue, entitled “Cancer Biomarker Research and Personalized Medicine”, encompasses
22 publications from colleagues working on a diverse range of cancers, including prostate,
breast, ovarian, head and neck, liver, gastric, bladder, colorectal and kidney. The biomark-
ers assessed in these studies include genes, intracellular or secreted proteins, exosomes,
DNA, RNA, miRNA, circulating tumor cells and circulating immune cells, in addition to
radiomic features.

A number of different biomarker subtypes have been delineated according to their
recognized applications. Biomarkers can be defined by the mechanisms that lead to
disease development, perhaps linked with susceptibility/risk factors that can initiate
a pathophysiological process. Susceptibility/risk biomarkers reveal the possibility for
developing a disease in those that do not currently have a clinically apparent disease.
Work submitted to this Special Issue highlights the potential of DNA methylation as a risk
biomarker for head and neck cancer [1].

Diagnostic biomarkers differ in that they detect/confirm the presence of a disease. The
early diagnosis of cancer is vital for improving the survival of patients. Several publications
within this Special Issue explore diagnostic biomarkers, with research providing new in-
sights into the development of diagnostic biomarkers for prostate cancer [2], hepatocellular
carcinoma [3], gastric cancer [4] and head and neck cancer [5]. As we progress further into
the precision medicine era, diagnostic biomarkers will continue to evolve; such biomarkers
may not only be utilized to identify those with cancer, but also to re-define the classification
of cancer [6].

In patients that have already been diagnosed with cancer, it can be challenging to
stratify those with tumors that are less likely to progress from patients with tumors that are
more aggressive and therefore require treatment intensification; tumor heterogeneity con-
tributes greatly to this problem. While the early diagnosis of cancer is crucial for enhancing
the survival of patients, the identification of biomarkers at the time of diagnosis that can
give an indication of cancer aggressiveness is possibly the greatest unmet clinical need for
many cancer types [2,7]. Prognostic biomarkers identify the likelihood of disease recurrence
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or progression; these factors are crucial to decision-making processes in the clinic, helping
clinicians determine the most appropriate treatment for each patient. Several publications
within this Special Issue explored prognostic biomarkers, focusing on the development of
prognostic tissue-based biomarkers in ovarian cancer [8], prostate cancer [2,7] and renal
cell carcinoma [9], in addition to prognostic liquid-based biomarkers in prostate cancer [2],
bladder cancer [10] and head and neck cancer [11]. Studies published within the Special
Issue also show how cancer prognosis is moving towards the use of imaging, rather than
relying on tissue/liquid biomarkers alone [12].

While prognostic biomarkers can help identify patients at a higher risk who might
benefit from more aggressive treatment, they do not give any information on which patients
are likely to gain a clinical benefit from a specific therapy. Conversely, predictive biomarkers
are those that can indicate the probability of a patient gaining a therapeutic benefit from
a specific treatment. While many of the standard cancer treatments such as radiotherapy
and chemotherapy are effective, the use of these treatments in non-responding patients is
associated with increased levels of toxicity and can delay the of instigation of alternative
treatments that may have a greater effect. As such, predictive biomarkers represent a
major research area, with work submitted to this Special Issue showing their potential to
predict response to chemotherapy [13,14], radiotherapy [15], chemo-radiotherapy [16] and
therapeutic cancer vaccines [17] in various tumor types.

Monitoring biomarkers are those that can be measured serially to evaluate the status
of a disease or to assess treatment response. These types of biomarkers are useful to
detect evidence of early therapeutic response, or to reveal complications resulting from a
therapy [2]. Although biomarkers have been defined according to specific applications,
biomarkers may also meet multiple criteria for different uses. Numerous papers contributed
to this Special Issue deal with biomarkers that fall into this category, including studies
involving colorectal [18] and breast [19–21] cancers.

Cancer biomarker research, translated from the lab to the clinic, has led to a significant
improvement in patient management, leading to increased survival rates and improved
quality of life, while also lowering healthcare costs. Additional research into the detection
of novel mutational variants to identify genes that are driving cancer development is
critical for biomarker discovery and the further development of personalized medicine [22].
Detailed genotypic/phenotypic evaluation of individual patients is becoming increasingly
available and is occurring in tandem with the development of new and improved treat-
ments. Further advances will allow personalized medicine to become a reality for all cancer
types in the decades to come.
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Abstract: DNA hypermethylation is an important epigenetic mechanism for gene expression inacti-
vation in head and neck cancer (HNC). Saliva has emerged as a novel liquid biopsy representing a
potential source of biomarkers. We performed a comprehensive meta-analysis to evaluate the overall
diagnostic accuracy of salivary DNA methylation for detecting HNC. PubMed EMBASE, Web of
Science, LILACS, and the Cochrane Library were searched. Study quality was assessed by the Quality
Assessment for Studies of Diagnostic Accuracy-2, and sensitivity, specificity, positive likelihood
ratio (PLR), negative likelihood ratio (NLR), diagnostic odds ratio (dOR), and their corresponding
95% confidence intervals (CIs) were calculated using a bivariate random-effect meta-analysis model.
Meta-regression and subgroup analyses were performed to assess heterogeneity. Eighty-four study
units from 18 articles with 8368 subjects were included. The pooled sensitivity and specificity of
salivary DNA methylation were 0.39 and 0.87, respectively, while PLR and NLR were 3.68 and
0.63, respectively. The overall area under the curve (AUC) was 0.81 and the dOR was 8.34. The
combination of methylated genes showed higher diagnostic accuracy (AUC, 0.92 and dOR, 36.97)
than individual gene analysis (AUC, 0.77 and dOR, 6.02). These findings provide evidence regarding
the potential clinical application of salivary DNA methylation for HNC diagnosis.

Keywords: DNA methylation; epigenetics; head and neck cancer; saliva; biomarkers; liquid biopsy;
meta-analysis

1. Introduction

Head and neck cancer (HNC) comprises a heterogenous group of epithelial malig-
nancies arising from mucosal linings of the oral cavity, oropharynx, larynx, and hypophar-
ynx. According to data from the World Health Organization’s GLOBOCAN network,
HNC is highly prevalent worldwide, accounting for an estimated 890,000 new cases and
450,000 deaths in 2018 [1]. Despite improvements in diagnosis and therapeutic strategies,
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the 5-year survival rate for HNC has remained around 50% for the last decade. Unfortu-
nately, HNC patients are frequently diagnosed in advanced stages involving a high risk
of locoregional recurrence and distant metastasis [2,3]. Therefore, it is necessary to iden-
tify new biomarkers for diagnosis and prognosis to allow early detection and improved
overall survival. HNC arises through multistep carcinogenic pathways as a result of cu-
mulative genetic and epigenetic aberrations resulting from risk factors including alcohol
and tobacco consumption, human papillomavirus infection, chronic inflammation, and
genetic predisposition, and leading to reduced tumor suppressor gene function as well as
oncogene activation [2,4]. In recent years, accumulating scientific evidence has highlighted
the important role in tumorigenesis of epigenetic mechanisms, which represent a cancer
hallmark [5,6]. Epigenetic alterations such as DNA methylation, histone covalent modifica-
tions, chromatin remodeling, and non-coding RNAs have been implicated in the landscape
of phenotypical changes occurring in a wide variety of malignancies, including HNC [7].
DNA hypermethylation has been shown to be an important epigenetic mechanism for gene
expression inactivation. The hypermethylation of cytosine–phosphodiester bond–guanine
(CpG) islands within promoter regions plays an important role in carcinogenesis through
the transcriptional silencing of different tumor suppressor genes or dysfunction in DNA
repair genes [7,8]. Several studies have focused on the identification of aberrant promoter
methylation patterns in HNC tissue and liquid biopsies [9,10]. Moreover, a number of in-
vestigations have detected promoter hypermethylation in various genes using saliva from
HNC patients [10–12]. Therefore, salivary DNA hypermethylation represents a promising
biomarker for non-invasively diagnosing HNC.

DNA methylation is a heritable and stable epigenetic mechanism implicated in the
regulation of gene expression that plays an important role during normal development, reg-
ulating X chromosome inactivation, genomic imprinting, and preventing the transcription
of DNA repetitive sequences, inserted viral sequences, and transposons [8,13]. DNA methy-
lation is characterized by the covalent addition of a methyl group to the 5’-position of the
pyrimidine ring of cytosines by DNA methyltransferases, giving rise to 5-methylcytosine.
This enzymatic process occurs predominantly within CpG dinucleotides which are concen-
trated at CpG-rich DNA stretches named CpG islands (CGIs), which overlap the promoter
region of 60–70% of protein-coding genes [14]. In the human genome, approximately 80%
of CpG dinucleotides are heavily methylated whereas CGIs in gene promoters are mostly
unmethylated, allowing active gene transcription [13]. Dysregulation of DNA methylation
has been found to be involved in several diseases, representing an early epigenetic event in
carcinogenesis. These alterations of normal DNA methylation patterns in cancer have been
characterized as global hypomethylation and gene-specific hypermethylation. The global
hypomethylation of repetitive sequences and transposable elements within the genome
induces genomic instability and mutagenesis. In this line, the loss of DNA methylation may
also activate latent viral sequences, promoting carcinogenesis. By contrast, in addition to
global hypomethylation, aberrant promoter hypermethylation can drive the inactivation of
key tumor suppressor genes, which are unmethylated in non-malignant tissues [15]. In this
sense, although silencing by DNA hypermethylation of some genes is common in many
types of tumors, the methylation profile of gene promoters is different for each human can-
cer, allowing the identification of cancer-specific hypermethylation patterns [16]. Although
tissue biopsy of the primary tumor or metastatic lesions remains the gold standard method
for diagnosis, DNA methylation biomarkers can be assessed in different liquid biopsies,
representing a non-invasive alternative for early cancer detection [10,17,18].

Recently, saliva has emerged as an attractive liquid biopsy for genomic and epige-
nomic analysis. Saliva-based liquid biopsy is a fast, reliable, cost-effective, and non-invasive
approach to analyze epigenetic alterations involved in the onset and course of the dis-
ease. Some researchers have found comparable methylation profiles between saliva and
tissue, representing a non-invasive alternative for epigenomic profiling [19,20]. Addition-
ally, although similar methylation DNA patterns have been reported between saliva and
blood [21,22], methylation differences between both biofluids can be identified due to
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tumor shedding and tissue-specific methylation [23,24]. Focusing on promoter hyperme-
thylation, a number of investigations have detected various methylated genes in saliva,
representing a promising biomarker for non-invasive HNC detection [10–12].

The purpose of this systematic review and meta-analysis was to summarize the results
of published clinical studies to assess the overall diagnostic accuracy of salivary DNA
hypermethylation for discriminating HNC.

2. Materials and Methods

2.1. Protocol and Registration

This study was conducted according to Preferred Reporting Items for Systematic Re-
views and Meta-analysis (PRISMA) guidelines [25], and the protocol was registered with the
International Prospective Register of Systematic Reviews (reference No. CRD42020199114).

2.2. Search Strategy and Study Selection

The systematic literature search of eligible articles published up to 27 August 2020
was carried out without language restrictions using PubMed, EMBASE, Web of Science,
LILACS, and the Cochrane Library. The search strategy was based on the following
combinations of keywords and medical subject headings: (methylation OR hypermethyla-
tion OR epigenomics) AND (saliva OR oral rinse OR mouthwash) AND (head and neck
cancer OR head and neck neoplasm OR head and neck carcinoma OR head and neck
squamous cell carcinoma OR HNSCC OR oral cancer OR pharyngeal cancer OR laryngeal
cancer). Studies were screened based on title and abstract, and eligible manuscripts were
retrieved for full-text review. In addition, reference lists from each original and review
article were searched manually in order to find further relevant studies. The literature
search was performed independently by two investigators (ORG and MMSC), and dis-
agreements during the selection process were resolved by consensus. The studies selected
by means of the search strategy and other references were managed using RefWorks
software (https://www.refworks.com/content/path_learn/faqs.asp, accessed 28 October
2020), and duplicate items were removed using the associated tools.

2.3. Selection Criteria

The inclusion criteria were as follows: (1) studies that evaluated the diagnostic accu-
racy of gene promoter hypermethylation in saliva samples from HNC patients; (2) inclusion
of a control group consisting of healthy controls; (3) sufficient data for generating a two-by-
two (2 × 2) contingency table containing true positive (TP), false positive (FP), true negative
(TN), and false negative (FN) values. The exclusion criteria were as follows: (1) reviews,
letters, personal opinions, book chapters, case reports, conference abstracts, and meetings;
(2) duplicate publications; (3) in vitro and in vivo animal experiments.

2.4. Data Extraction

All eligible studies were assessed independently by two investigators (ORG and
MMSC) and data were extracted using a pre-established form designed on a Microsoft
Excel spreadsheet (Microsoft Corp. Redmond, WA, USA). Any disagreement among
reviewers was resolved by consensus. The following information was extracted from each
study: name of first author, year of publication, country, anatomic tumor location, number
of cases and controls, positive methylated cases, positive methylated controls, method
for DNA methylation detection, type of saliva sample (saliva or oral rinse), methylated
gene names, and statistical analysis outcomes, including diagnostic accuracy and cut-
off values. If the required data were incomplete, attempts were made to contact the
authors to obtain the missing information. We defined “study unit” as the analysis of
a relationship between gene promoter hypermethylation and HNC. Therefore, a single
publication could potentially include more than one study unit as a result of reporting
promoter hypermethylation for multiple genes.
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2.5. Quality Assessment of Individual Studies

Following Healthcare Research and Quality Agency recommendations, two indepen-
dent researchers (ADL and LMR) applied the Quality Assessment of Diagnostic Accuracy
Studies-2 checklist (QUADAS-2) [26]. Any discrepancies were resolved by a third reviewer
(MMSC). The QUADAS-2 checklist assesses study quality by analyzing four key domains:
(1) patient selection, (2) index tests, (3) reference tests, and (4) flow and times. Risk of bias
and applicability concerns for each domain were assessed as “low”, “high”, or “unclear”.
One point was assigned to each item assessed as “low”. Thus, articles were grouped into the
following quality categories based on their cumulative score: “high” quality (6–7 points),
“moderate” quality (4–5 points), and “low” quality (0–3 points).

2.6. Statistical Analysis

MetaDiSc software (v.1.4) [27], free R software (v.3.4.4; https://www.r-project.org,
accessed 30 November 2020), and STATA (v.14.0; https://www.stata.com, accessed 30
November 2020) were used to carry out statistical analysis. The numbers of TP, FP, FN, and
TN in each study unit in the diagnostic meta-analysis were extracted to calculate pooled
sensitivity [TP/(TP + FN)], specificity [TN/(TN + FP)], positive likelihood ratio (PLR) [(sen-
sitivity/(1 − sensitivity)], negative likelihood ratio (NLR), [(1 − specificity)/specificity)],
diagnostic odds ratio (dOR), and their corresponding 95% confidence intervals (CIs) using
a bivariate random or fixed effect meta-analysis model. The pooled diagnostic perfor-
mance of salivary DNA promoter hypermethylation for HNC detection was determined
by plotting the summary receiver operator characteristic (SROC) curve and calculating
the area under the SROC curve (AUC). Heterogeneity analysis was used to identify fac-
tors influencing accuracy indicators and the statistical model applied [27]. Spearman’s
correlation analysis and ROC plane plots were used to assess heterogeneity due to the
threshold effect. Cochran’s Q statistic test-based chi-squared test and I2 statistics were used
to assess non-threshold heterogeneity. When I2 > 50% and/or p < 0.05 for the Cochran’s Q
test, heterogeneity was considered to be significant. The DerSimonian and Laird random
effects model was applied when heterogeneity was significant; otherwise, we applied the
Mantel–Haenszel fixed effects model. Potential sources of non-threshold heterogeneity
were explored by meta-regression and subgroup analyses. In addition, the predictive value
of post-salivary DNA promoter hypermethylation for HNC diagnosis was evaluated by
Fagan’s nomogram. Post-test probability was calculated using Bayes theorem under the
assumption of prior probabilities of 25%, 50%, and 75%, respectively [28]. Deeks’ funnel
plot asymmetry test [29] was used to ascertain publication bias (statistical significance:
p < 0.05).

3. Results

3.1. Study Selection

A PRISMA flowchart for the literature identification and selection process is shown
in Figure 1. A total of 576 studies were identified based on the search strategy across the
five electronic databases, which was reduced to 470 after removing duplicates. After title
and abstract review, 27 articles were submitted for full-text reading, of which nine were
excluded for the following reasons: non-independent cancer group (two articles); reviews,
letters, personal opinions, book chapters, case reports, conference abstracts, and meetings
(three articles); absence of a healthy control group (one article); saliva enriched with brush
oral cytology (two articles); and insufficient information for meta-analysis (one article). In
the end, 18 articles met the inclusion criteria for final analysis [10–12,30–44].
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Figure 1. PRISMA flow diagram.

3.2. Characteristics of Included Studies

The characteristics of the included studies are shown in Table 1. The 18 articles
comprised a total of 84 study units, including 4758 HNC patients and 3605 healthy in-
dividuals (the sample size ranged from 13 [31] to 210 [41]). All articles were published
between 2001 and 2020, and studies were conducted in the following geographical re-
gions: the United States (5), Australia (3), Thailand (2), Japan (2), France (1), Brazil (1),
India (1), Taiwan (1), Colombia (1), and Italy (1). Saliva samples included oral rinses
(12) and whole saliva (6). Salivary DNA methylation was detected by different methods,
including methylation-specific polymerase chain reaction (MSP) (11) and quantitative
MSP (7). A total of 34 different genes were identified in the studies. Five studies evalu-
ated the methylation status of a single gene [31,34,36,39,41] and 13 studies evaluated two
or more genes [10–12,30,32,33,35,37,38,40,42–44]. Ten studies focused on gene promoter
methylation panels combining two to four genes, whereas eight studies evaluated only
single genes.
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Table 1. Summary of descriptive characteristics of included studies.

First Author
Anatomic

Tumor
Location

Type of
Sample

Method Biomarker
Cancer Group

N (M+)

Control
Group
N (M+)

Rosas 2001 HNC
Oral rinse

(NaCl) MSP
p16 30 (11+) 30 (1+)

DAPK 30 (6+) 30 (0+)
MGMT 30 (4+) 30 (1+)

Righini 2007 HNC
Oral rinse

(NaCl) MSP

TIMP3 60 (17+)

30 (0+)

ECAD 60 (12+)
p16 60 (16+)

MGMT 60 (13+)
DAPK 60 (9+)

RASSF1A 60 (10+)
p15 60 (7+)
p14 60 (2+)
APC 60 (4+)
FHIT 60 (2+)

hMLH1 60 (0+)

Franzmann
2007 HNC Oral rinse

(NaCl) MSP CD44 11 (9+) 10 (0+)

Guerrero-
Preston

2011

HNC

Oral rinse
(NaCl)

qMSP

HOXA9 32 (20+) 19 (9+)
NID2 32 (23+) 19 (12+)

HOXA9+NID2 32 (25+) 19 (6+)

OC
HOXA9 16 (11+) 19 (9+)

NID2 16 (14+) 19 (12+)
HOXA9+NID2 16 (14+) 19 (6+)

OPC
HOXA9 16 (9+) 19 (9+)

NID2 16 (9+) 19 (12+)
HOXA9+NID2 16 (11+) 19 (6+)

Nagata 2011 OC
Oral rinse

(NaCl) MSP

ECAD 34 (32+) 24 (5+)
TMEFF2 34 (29+) 24 (3+)

RARβ 34 (28+) 24 (2+)
MGMT 34 (26+) 24 (5+)
FHIT 34 (27+) 24 (8+)
WIF1 34 (24+) 24 (5+)
DAPK 34 (19+) 24 (6+)

p16 34 (13+) 24 (2+)
HIN 34 (10+) 24 (2+)

TIMP3 34 (8+) 24 (1+)
p15 34 (22+) 24 (9+)
APC 34 (18+) 24 (9+)

SPARC 34 (14+) 24 (8+)
ECAD+TMEFF2+RARβ+MGMT 34 (34+) 24 (3+)

ECAD+TMEFF2+MGMT 34 (33+) 24 (2+)
ECAD+TMEFF2+RARβ 34 (32+) 24 (1+)
ECAD+RARβ+MGMT 34 (31+) 24 (2+)

Ovchinnikov
2012 OC Saliva Nested

MSP p16+RASSF1A+DAPK1 143 (117+) 46 (6+)

Rettori 2012 HNC
Oral rinse

(NaCl)
qMSP

DCC 143 (75+) 50 (5+)
CCNA1 146 (17+) 60 (2+)
DAPK 146 (12+) 39 (1+)
MGMT 146 (11+) 57 (2+)
TIMP3 146 (7+) 60 (2+)

MINT31 68 (3+) 20 (0+)
AIM1 71 (2+) 41 (0+)
SFRP1 71 (2+) 20 (0+)
APC 62 (2+) 20 (0+)

CDKN2A 69 (1+) 20 (0+)
HIN1 134 (16+) 57 (11+)

CCNA1+DAPK+DCC+MGMT+TIMP3 NA NA
CCNA1+DAPK+MGMT+TIMP3 NA NA

CCNA1+DAPK+MGMT NA NA
CCNA1+MGMT+TIMP3 NA NA
CCNA1+DAPK+TIMP3 NA NA
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Table 1. Cont.

First Author
Anatomic

Tumor
Location

Type of
Sample

Method Biomarker
Cancer Group

N (M+)

Control
Group
N (M+)

DAPK+MGMT+TIMP3 NA NA
CCNA1+MGMT NA NA
CCNA1+DAPK NA NA
CCNA1+TIMP3 NA NA

Ksumoto 2012 OC Oral rinse MSP p16 10 (4+) 3 (0+)

Ovchinnikov
2014

HNC Saliva MSP
PCQAP5’ 62 (42+) 49 (17+)
PCQAP3’ 60 (41+) 45 (19+)

Gaykalova
2015

HNC Oral rinse qMSP

ZNF14 59 (5+) 35 (0+)
ZNF160 59 (10+) 35 (0+)
ZNF420 59 (8+) 35 (0+)

ZNF14+ZNF160+ZNF420 59 (13+) 35 (0+)

Lim 2016 HNC Saliva MSP

RASSF1α 88 (36+) 122 (10+)
p16 88 (41+) 122 (38+)

TIMP3 88 (33+) 122 (22+)
PCQAP5’ 88 (72+) 122 (66+)
PCQAP3’ 88 (30+) 122 (18+)

RASSF1α+p16+TIMP3+PCQAP5’+
PCQAP3’ 88 (62+) 122 (24+)

Ferlazzo 2017 OC
Saliva

(Oragene
DNA kit)

MSP
P16 58 (10+) 90 (5+)

MGMT 58 (16+) 90 (7+)
P16 + MGMT 58 (12+) 90 (0+)

Cheng 2017 OC
Oral rinse

(0.12%
clorhexidine)

qMSP
ZNF582 94 (62+) 65 (10+)

PAX1 94 (64+) 65 (7+)
ZNF582+PAX1 94 (75+) 65 (14+)

Puttipanyalears
2018

HNC
Oral rinse

(NaCl)
qMSP TRH

66 (57+)
54 (4+)OC 42 (37+)

OPC 24 (20+)

Liyanage 2020

HNC

Saliva MSP

p16 88 (62+) NA
RASSF1 α 88 (59+) NA

TIMP3 88 (68+) NA
PCQAP/MED15 88 (66+) NA

p16+RASSF1α+TIMP3+PCQAP 84 (80+) 60 (5+)

OC

p16 54 (39+) NA
RASSF1α 54 (37+) NA

TIMP3 54 (43+) NA
PCQAP/MED15 54 (43+) NA

p16+RASSF1α+TIMP3+PCQAP 54 (46+) 60 (5+)

OPC

p16 34 (23+) NA
RASSF1α 34 (22+) NA

TIMP3 34 (25+) NA
PCQAP/MED15 34 (23+) NA

p16+RASSF1α+TIMP3+PCQAP 34 (34+) 60 (5+)

Srisuttee 2020 OC Oral rinse
(NaCl) qMSP NID2 43 (34+) 90 (0+)

Shen 2020 OPC
Oral rinse

(NaCl)
qMSP

EDNRB 21 (15+) 40 (2+)
PAX5 21 (15+) 40 (4+)
p16 21 (3+) 40 (0+)

González-
Pérez
2020

OC Saliva MSP
p16 43 (19+) 40 (4+)

RASSF1A 43 (10+) 40 (2+)
p16+RASSF1A 43 (23+) 40 (5+)

Abbreviations: HNC = head and neck cancer; OC = oral cancer; OPC = oropharyngeal cancer; MSP = methylation-specific polymerase chain
reaction; qMSP = quantitative MSP; NA = not available.
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3.3. Quality Assessment of the Included Studies

All included articles were evaluated for risk of bias using the QUADAS-2 checklist
(Figure S1). The major risk of bias in this study was patient selection domain, as 13 out of
18 publications were unclear or lacked detail on whether the patient sample was consecutive
or random. Additionally, 14 out of 18 studies did not provide a detailed description of the
inclusion/exclusion criteria. Moreover, there was high risk of bias in the index test, since
some studies lacked a setting threshold. All domains were considered to have a low risk of
bias in terms of applicability concern. All studies were of moderate-to-high quality, with
an average QUADAS-2 score of 5.6.

3.4. Diagnostic Accuracy of Salivary DNA Promoter Hypermethylation

The diagnostic accuracy (sensitivity, specificity, and 95% confidence interval) of each
study unit (n = 74) included in this meta-analysis is shown in Figures 2 and 3. The pooled
sensitivity and specificity of salivary DNA hypermethylation genes in the diagnosis of
HNC were 0.39 (95% CI: 0.38–0.41) and 0.87 (95% CI: 0.86–0.88), respectively. The PLR
and NLR were 3.68 (95% CI: 2.97–4.57) and 0.63 (95% CI: 0.57–0.69) (Figures 4 and 5),
respectively; the summary dOR was 8.34 (95% CI: 6.10–11.39) (Figure S2); and the area
under the SROC was 0.81 (95% CI 0.77–0.84) (Figure 6). As shown in Fagan’s nomogram
(Figure S3), given a pre-test probability of 27.8%, a positive measurement leads to a post-test
cancer probability of 59%, whereas a negative measurement leads to a post-test probability
of 20%.

3.5. Heterogeneity and Subgroup Analysis

As shown in Figures 2–5 and Figure S2, significant heterogeneity was observed regard-
ing the pooled sensitivity (I2 = 96.33%; p < 0.001), specificity (I2 = 87.07%; p < 0.001), PLR
(I2 = 73.99%; p < 0.001), NLR (I2 = 96.35%; p < 0.001), and dOR (I2 = 71.83%; p < 0.001). The
representation of accuracy estimates from each study in the SROC space revealed a typical
pattern of a “shoulder arm”, suggesting the presence of a threshold effect (Figure S4).
Moreover, Spearman’s correlation coefficient between the logit of the true positive rate and
the logit of the false positive rate was 0.633 (p = 0.000), which showed further indication of
a threshold effect. In addition to the variations due to the threshold effect, meta-regression
was performed to determine the possible sources of heterogeneity using the following
covariates as predictor variables: sample type, sample size, anatomic tumor location, DNA
methylation methods, and methylation gene profiling. The results indicated that anatomic
tumor location (p = 0.002) and gene profiling (p < 0.001) were potential sources of hetero-
geneity in this study (Table S1). Consequently, subgroup analysis based on anatomic tumor
location (HNC vs. oral cancer vs. oropharyngeal cancer) and gene profiling (single vs.
combination of genes) was performed. As shown in Table S2, the results indicated similar
accuracy for salivary methylated genes in oral cancer (sensitivity, 0.63; specificity, 0.87;
PLR, 4.02; NLR, 0.40; dOR, 13.07; AUC, 0.88) and oropharyngeal cancer (sensitivity, 0.70;
specificity, 0.86; PLR, 3.67; NLR, 0.41; dOR, 13.26; AUC, 0.87). However, differences in
diagnostic accuracy were observed in the HNC group (sensitivity, 0.31; specificity, 0.86;
PLR, 3.03; NLR, 0.75; dOR, 5.78; AUC, 0.81). When basing the meta-analysis on gene profile,
the combination of methylated genes showed higher diagnostic accuracy (sensitivity, 0.73;
specificity, 0.88; PLR, 5.76; NLR, 0.22; dOR, 36.97; AUC, 0.92) compared to individual genes
(sensitivity, 0.32; specificity, 0.87; PLR, 3.17; NLR, 0.71; dOR, 6.02; AUC, 0.77). Although
the meta-regression results were negative for other covariates, we conducted subgroup
analyses based on these factors to further explore the diagnostic potential of salivary DNA
methylated genes (Table S2).
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Figure 2. Forest plot of sensitivities from test accuracy studies of salivary DNA methylation for
predicting HNC diagnosis.
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Figure 3. Forest plot of specificities from test accuracy studies of salivary DNA methylation for
predicting HNC diagnosis.

14



J. Pers. Med. 2021, 11, 568

 
Figure 4. Forest plot of likelihood ratios for positive test results from salivary DNA methylation studies for predicting
HNC diagnosis.
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Figure 5. Forest plot of likelihood ratios for negative test results from salivary DNA methylation
studies for predicting HNC diagnosis.
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Figure 6. SROC curve with pooled estimates of sensitivity, specificity, and the AUC for all included
studies of the salivary DNA methylation studies for detecting HNC.

3.6. Publication Bias

The potential publication bias in each salivary DNA methylation study was explored
by Deeks’ funnel plot asymmetry test, which yielded a slope coefficient p-value of 0.711
overall. This indication of a symmetric data pattern suggests the absence of publication
bias (Figure S5).

4. Discussion

Over the last few years, saliva has aroused great interest in the scientific community
due to its potential as a non-invasive liquid biopsy in cancer. Several studies have evidenced
the diagnostic capability of salivary biomarkers for diagnosing both HNC [45] and tumors
distant from the oral cavity [46]. In this sense, a wide variety of biomolecules have
been assessed as tumor biomarkers using saliva-omics approaches, including genomic,
epigenomic, transcriptomic, metabolomic, proteomic, and microbiomic technologies [47].
In the field of epigenomics, DNA promoter hypermethylation represents one of the most
intensively studied epigenetic alterations in human cancer. Promoter hypermethylation
of critical pathway genes has been recognized as an important epigenetic mechanism of
carcinogenesis [13]. Its potential role as an early diagnostic biomarker stems from the
fact that gene promoter hypermethylation is an early event in cancer development [13].
DNA hypermethylation as a common event in cancer plays an important role in HNC
development and progression [7]. The detection of DNA methylation in body fluids
has emerged as an opportunity to assess the methylation status non-invasively and cost-
effectively. In this line, several studies have investigated the promoter methylation of
different tumor-suppressor genes in saliva from HNC patients [10–12,38]. Therefore,
salivary DNA methylation biomarkers could be potentially used in the screening and early
detection of HNC.

To the best of our knowledge, this study represents the first meta-analysis evaluating
the diagnostic accuracy of promoter hypermethylation genes in saliva for differentiating
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HNC patients from healthy individuals. The present analysis included a total of 18 articles
(84 study units) involving 4758 HNC patients and 3605 healthy individuals. According to
QUADAS-2 quality evaluation, most of the included studies were of moderate quality. As
for the overall accuracy of salivary hypermethylated genes for discriminating HNC from
healthy individuals, the pooled diagnostic parameters of sensitivity, specificity, and AUC
values were 0.39, 0.87, and 0.81, respectively. The summary dOR of 8.34 reflects the diag-
nostic capacity of salivary hypermethylated genes for HNC. The pooled PLR value of 3.68
indicates that a person testing positive had approximately 3.68 times higher probability of
having cancer than a healthy individual. On the other hand, the pooled NLR indicated that
a person testing negative had a 63% probability of not having cancer. Additionally, given a
pre-test probability of 27.8% in Fagan’s nomogram, correct HNC diagnosis increased to
59% after a positive test, and reduced to 20% after a negative test. Overall, these results
show a low sensitivity for HNC detection, indicating a high false negative rate. Therefore,
the salivary gene methylation evaluated in this meta-analysis presented limitations as a
screening biomarker for HNC. However, the diagnostic specificity of gene methylation for
HNC was very high, suggesting that detection in saliva may aid assessment in HNC diag-
nosis. New molecular biology techniques such as next-generation sequencing platforms
and digital PCR represent an opportunity for improving the sensitivity of methylation
assays and for discovering new methylation patterns.

Due to the fact that heterogeneity is inherent to any diagnostic accuracy meta-analysis,
an evaluation of the reasons contributing to inconsistencies across studies should be carried
out. In the present research, overall heterogeneity among studies was high, so a bivariate
random effects model was applied. This significant heterogeneity was reflected numerically
in Cochran’s Q test and the I2 statistic. Further exploration of the heterogeneity revealed
the presence of a threshold effect. The threshold effect is a major source of heterogeneity in
meta-analyses of diagnostic tests. It arises from differences in sensitivities and specificities
or likelihood ratios due to different cut-offs among studies for defining positive (or negative)
test results [27]. In the present meta-analysis, the threshold effect was suggested by the
visual inspection of accuracy estimates in forest plots where increasing specificities with
decreasing sensitivities were observed. Later, the ROC plane and the Spearman correlation
test also indicated the presence of the threshold effect. The variations in accuracy estimates
among different studies could be due to a number of reasons other than the threshold, such
as study population (anatomic tumor location, TNM staging), index test (differences in
technology, assays), reference standard, and study design. Therefore, heterogeneity should
be explored by relating study level co-variates to an accuracy measure by meta-regression
techniques [27]. In the present study, meta-regression was performed to test the effect
of sample type, sample size, anatomic tumor location, DNA methylation method, and
methylated gene profiling. The results point to anatomic tumor location and gene profiling
strategy as possible causes of heterogeneity. Stratified analysis by anatomic tumor location
showed that salivary gene methylation had a higher diagnostic accuracy for discriminating
oral (AUC = 0.88) and oropharyngeal (AUC = 0.87) tumors than overall HNC (AUC = 0.81).
The explanation for these findings may be that tumors located in the oral cavity and
oropharynx release more tumor cells directly into saliva. With respect to gene profiling
strategy, subgroup analysis showed that single genes presented low sensitivity, but were
highly specific to cancer tissue. The combination of salivary methylated genes had better
diagnostic accuracy than single gene-based tests, with a dOR of 36.97 vs. 6.02 and AUC of
0.92 vs. 0.77, respectively, demonstrating that the use of salivary methylated gene panels as
biomarkers may increase HNC detection accuracy without decreasing specificity. We also
conducted subgroup analyses based on sample type, sample size, and DNA methylation
method but no significant differences in diagnostic accuracy were observed. Future studies
should be conducted to clarify the impact of these factors on the diagnostic potential of
salivary DNA methylation.

The current meta-analysis is not free of limitations. Firstly, this meta-analysis included
case–control studies, but none was multicenter. Moreover, no randomized controlled
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trials exist on this topic. Secondly, considerable heterogeneity was observed among the
included studies. Although we examined the sources of heterogeneity in five variables,
we were not able to explore other demographic and clinicopathological factors due to
lack of information. Thirdly, studies involving saliva samples only evaluated some of the
genes methylated in HNC tissue. The remaining genes should also be tested in saliva
to determine their diagnostic potential. Lastly, confounding variables such as gender,
age, lifestyle (tobacco and alcohol), and diet were not considered in most of the included
studies. Due to these limitations, future research based on large-scale prospective diagnostic
studies involving multiple health centers would contribute to further evaluating the clinical
utility of salivary gene promoter methylation for HNC diagnosis. Furthermore, better
comparison among future studies would benefit from standardization of analytic strategies
and cut-off selection.

5. Conclusions

Our meta-analysis suggests that the detection of DNA promoter hypermethylation
in saliva is a promising biomarker for HNC diagnosis, mainly in oral and oropharyngeal
tumors. The use of salivary hypermethylated gene panels improves diagnostic accuracy
with respect to single-gene analysis. This meta-analysis could provide valuable insights
into methodology design for further research studies.
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Abstract: Aberrant methylation of tumor suppressor genes has been reported as an important epige-
netic silencer in head and neck cancer (HNC) pathogenesis. Here, we performed a comprehensive
meta-analysis to evaluate the overall and specific impact of salivary gene promoter methylation
on HNC risk. The methodological quality was assessed using the Newcastle–Ottawa scale (NOS).
Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated to evaluate the strength of
the association and Egger’s and Begg’s tests were applied to detect publication bias. The frequency
of salivary DNA promoter methylation was significantly higher in HNC patients than in healthy
controls (OR: 8.34 (95% CI = 6.10–11.39; p < 0.01). The pooled ORs showed a significant association
between specific tumor-related genes and HNC risk: p16 (3.75; 95% CI = 2.51–5.60), MGMT (5.72; 95%
CI = 3.00–10.91), DAPK (5.34; 95% CI = 2.18–13.10), TIMP3 (3.42; 95% CI = 1.99–5.88), and RASSF1A

(7.69; 95% CI = 3.88–15.23). Overall, our meta-analysis provides precise evidence on the association
between salivary DNA promoter hypermethylation and HNC risk. Thus, detection of promoter DNA
methylation in saliva is a potential biomarker for predicting HNC risk.

Keywords: DNA methylation; epigenetics; head and neck cancer; saliva; biomarkers; liquid biopsy;
meta-analysis

1. Introduction

The important role of epigenetic mechanisms in carcinogenesis has been widely re-
ported. Identification of specific genes that are altered by aberrant epigenetic processes
contributes to better understanding molecular pathogenesis in HNC [1]. As one of the
most important epigenetic alterations, DNA hypermethylation may lead to transcriptional
silencing of tumor suppressor genes and, thus, interfere in signaling pathways that control
vital cell processes, such as DNA repair, apoptosis, cell proliferation, and cell-to-cell adhe-
sion [2]. Gene promoter methylation is a common epigenetic event in early carcinogenesis,
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and therefore represents a promising biomarker for high-risk group stratification, early
cancer detection, and prognosis prediction [3]. Numerous studies have evaluated DNA
methylation as a biomarker in a wide variety of tumors [4–7]. Hypermethylation of tumor-
related genes, such as cyclin-dependent kinase inhibitor 2A (CDKN2A), E-cadherin (CDH1),
death-associated protein kinase (DAPK), phosphatase and tensin homolog (PTEN), and
O6-methylguanine-DNA methyltransferase (MGMT), have been reported in HNC [8]. Like-
wise, various studies have focused on the detection of DNA methylation in liquid biopsies
in HNC [9–11]. Although evidence suggests a potential association between aberrant sali-
vary DNA methylation patterns and HNC risk, no prior research assessing overall impact
is available. Therefore, we conducted a systematic review and meta-analysis to gain better
insight into the magnitude of the association between salivary DNA hypermethylation and
HNC risk.

2. Materials and Methods

2.1. Protocol and Registration

This study was conducted according to Preferred Reporting Items for Systematic Re-
views and Meta-analysis (PRISMA) guidelines [12], and the protocol was registered with the
International Prospective Register of Systematic Reviews (reference No. CRD42020199123).

2.2. Search Strategy, Study Selection, and Data Extraction

The search strategy and data extraction were previously described in Part I [13].

2.3. Selection Criteria

The inclusion criteria were as follows: (1) case-control studies; (2) studies based on
salivary DNA hypermethylation biomarkers for HNC; and (3) sufficient data to calculate
odds ratios (ORs) and corresponding 95% confidential intervals (CIs). The exclusion
criteria were as follows: (1) reviews, letters, personal opinions, book chapters, case reports,
conference abstracts, and meetings; (2) duplicate publications; (3) incomplete data; and (4)
in vitro or in vivo animal experiments.

2.4. Assessment of Study Quality

Independent investigators evaluated methodological quality by applying the
Newcastle–Ottawa scale (NOS) [14] to each study selected. Discrepancies were resolved
by consensus. For the interpretation of meta-analytic data, the NOS scale was used to
score the quality of non-randomized studies based on their design, content, and ease of
use. Items were scored according to a “star system” and fell under three broad categories:
study group selection, group comparability, and ascertainment of exposure/outcome for
case-control or cohort studies. The maximum quality score for each item was one star,
except for the comparability item, which had a maximum of two stars. The NOS score
ranged from 0 to 9 stars, with 8–9 stars being high quality; 6–7 stars being medium quality;
and <5 stars being low quality.

2.5. Statistical Analysis

Statistical analysis was conducted using the meta package of free R software (v.3.4.4;
https://www.r-project.org, accessed 30 November 2020). The pooled odds ratios (ORs)
and their 95% confidence intervals (CIs) were calculated to assess the strength of the
association between salivary promoter methylation and HNC. To evaluate the statistical
model applied to the meta analytic database, heterogeneity was assessed on the basis of
I-square (I2) value and Cochran’s Q statistic test-based Chi-squared test. Heterogeneity was
considered significant when I2 > 50% and/or presence of a p < 0.10 for the Cochran’s Q test.
If significant heterogeneity was detected, the DerSimonian and Laird random-effects model
was applied to calculate the pooled OR with 95% CIs; otherwise, the Mantel–Haenszel fixed-
effects model was used. Meta-regression and subgroup analyses were performed to explore
the potential sources of heterogeneity among studies insofar as anatomic tumor location,

24



J. Pers. Med. 2021, 11, 606

sample type, sample size, DNA methylation method, and methylation gene profiling.
Publication bias was assessed by Begg’s and Egger’s tests, and funnel plot inspection [15,16].
Begg’s rank test examines the correlation between the effect sizes and their corresponding
sampling variances. Egger’s test regresses the standardized effect sizes on their precisions.
In the presence of publication bias, both tests will be statistically significant. Moreover,
publication bias was based on visual funnel-plot inspection, which shows the relationship
between individual log ORs and their standard errors. The asymmetry of the funnel plot
could indicate publication bias.

p < 0.05 was considered to be statistically significant.

3. Results

3.1. Study Selection and Characteristics of Included Studies

The main characteristics of the included studies have already been described in
Part I [13].

3.2. Study Quality

Bias risk and quality were assessed according to NOS (Table S1). With respect to
the selection category, each of the included studies was considered adequate. Regarding
comparability, 5 out of the remaining 18 studies matched for age or gender, and 2 studies
matched for at least one additional risk factor. Therefore, the median NOS score in our
meta-analysis was 7.33 stars.

3.3. Association between Salivary DNA Promoter Hypermethylation and HNC Risk

A total of 7686 subjects, consisting of 4453 patients and 3233 controls, were included in
this meta-analysis. As shown in Figure 1, the pooled analysis revealed a significant associa-
tion between salivary DNA promoter hypermethylation and HNC with an OR of 8.34 (95%
CI = 6.10–11.39; p < 0.01). A random-effects model was used because heterogeneity among
the 18 studies (I2 = 72%) was identified. The shape of the Begg’s funnel plot did not reveal
potential asymmetry (p = 0.271), although publication bias was detected by Egger’s test
(p = 0.002) (Figure S1).

3.4. Meta-Regression and Subgroup Analysis

Due to the presence of significant heterogeneity in the overall analysis, meta-regression
and subgroup analysis were performed in order to reveal potential sources. The outcomes
of meta-regression analysis showed that sample type (p = 0.128), sample size (p = 0.349),
and DNA methylation method (p = 0.275) were not significant sources of heterogeneity.
However, anatomic tumor location (p = 0.002) and gene profiling (p < 0.001) were, in fact,
potential sources of heterogeneity in this study (Table S1—see Part I) [13]. As shown in
Table S2, significant heterogeneity was found in all subgroups. With respect to sample type-
based subgroup analysis, a significant association between promoter hypermethylation and
HNC was found in oral rinse samples (OR: 9.42; 95% CI = 6.30–14.08) and saliva samples
(OR: 6.33; 95% CI = 3.90–10.27). In tumor-based subgroup analysis, methylation rates were
higher in specific head and neck locations compared to studies that made no differentiation.
The pooled OR for oropharyngeal cancer was 13.26 (95% CI = 3.17–5.42) and for oral
cancer was 13.07 (95% CI = 8.19–20.88), while for HNC it was 5.78 (95% CI = 3.86–8.67). A
significant association between salivary promoter methylation and HNC was found by both
MSP (OR: 9.06; 95% CI = 6.30–13.03) and qMSP (OR: 6.81; 95% CI = 3.70–12.54) techniques.
With respect to the subgroups categorized by sample size, a significant association was
found between salivary promoter methylation and HNC in studies with N < 100 (OR: 9.58;
95% CI = 6.44–14.27) and N > 100 (OR: 8.34; 95% CI = 6.10–11.39). In subgroup analysis
based on the gene-profiling approach, salivary promoter hypermethylated gene panels
had a significantly higher association to HNC risk (OR: 36.79; 95% CI = 16.81–81.32) than
hypermethylated single genes (OR: 6.02; 95% CI = 4.46–8.13).
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Figure 1. Forest plot for the association between salivary DNA promoter hypermethylation and the
HNC risk. The squares represent the ORs for individual studies. Bars represent the 95% CIs. The
center of the diamond represents the summary effect size.
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3.5. Association between p16 Promoter Hypermethylation and HNC Risk

A total of 410 cases and 399 controls from 9 studies were included to estimate the effect of
p16 promoter hypermethylation on HNC risk. As shown in Figure 2, a significant association
was found between salivary p16 promoter hypermethylation and HNC risk (OR: 3.75; 95%
CI = 2.51–5.60). The shape of the Begg’s funnel plot did not reveal potential asymmetry (p = 1),
although publication bias was detected by Egger’s test (p = 0.040) (Figure S2).

Figure 2. Forest plot for the association between p16 promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

3.6. Association between MGMT Promoter Hypermethylation and HNC Risk

A total of 328 cases and 231 controls from 5 studies were included to estimate the
effect of MGMT promoter hypermethylation on HNC risk. As shown in Figure 3, salivary
MGMT promoter hypermethylation was associated with an increased HNC risk (OR: 5.72;
95% CI = 3.00–10.91). Visual analysis of the funnel plot revealed a symmetrical distribution
of the studies (Egger’s test, p = 0.767; Begg’s test, p = 0.624), indicating no evidence of
publication bias (Figure S3).

Figure 3. Forest plot for the association between MGMT promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

3.7. Association between DAPK Promoter Hypermethylation and HNC Risk

A total of 270 cases and 123 controls from 4 studies were included to estimate the
effect of DAPK promoter hypermethylation on HNC risk. As shown in Figure 4, the rate
of salivary DAPK promoter hypermethylation was significantly higher in HNC patients
compared to controls (OR: 5.34; 95% CI = 2.18–13.10). Visual examination of the funnel
plot revealed a symmetrical distribution of the studies (Begg’s test, p = 0.041; Egger’s test,
p = 0.187;), indicating no evidence of publication bias (Figure S4).
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Figure 4. Forest plot for the association between DAPK promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

3.8. Association between TIMP3 Promoter Hypermethylation and HNC Risk

A total of 328 cases and 236 controls from 4 studies were included to estimate the effect
of TIMP3 promoter hypermethylation on HNC risk. As shown in Figure 5, a significant
association was found between salivary TIMP3 promoter hypermethylation and HNC risk
(OR: 3.42; 95% CI = 1.99–5.88). Visual inspection of the funnel plot revealed a symmetrical
distribution of the studies (Begg’s test, p = 0.174; Egger’s test, p = 0.419), indicating no
evidence of publication bias (Figure S5).

Figure 5. Forest plot for the association between TIMP3 promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

3.9. Association between RASSF1A Promoter Hypermethylation and HNC Risk

A total of 191 cases and 192 controls from 3 studies were included to estimate the effect
of RASSF1A promoter hypermethylation on HNC risk. As shown in Figure 6, salivary
RASSF1A promoter hypermethylation was associated with an increased HNC risk (OR:
7.69; 95% CI = 3.88–15.23). Visual examination of the funnel plot revealed a symmetrical
distribution of the studies (Begg’s test, p = 0.601; Egger’s test, p = 0.858), indicating no
evidence of publication bias (Figure S6).

Figure 6. Forest plot for the association between RASSF1A promoter hypermethylation and the HNC
risk. The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of
the diamond represents the summary effect size.

3.10. Association between APC Promoter Hypermethylation and HNC Risk

A total of 156 cases and 74 controls from 3 studies were included to estimate the effect
of APC promoter hypermethylation on HNC risk. As shown in Figure 7, salivary APC
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promoter hypermethylation was not significantly associated with HNC (OR: 2.15; 95%
CI = 0.84–5.51). Visual examination of the funnel plot revealed no potential asymmetry
(Begg’s test, p = 0.601; Egger’s test, p = 0.609), indicating no evidence of publication
bias (Figure S7).

Figure 7. Forest plot for the association between APC promoter hypermethylation and HNC risk.
The squares represent the ORs for individual studies. Bars represent the 95% CIs. The center of the
diamond represents the summary effect size.

4. Discussion

Aberrant DNA hypermethylation has been recognized as an important epigenetic
mechanism involved in head and neck carcinogenesis [1], suggesting its potential as a
biomarker for evaluating cancer risk. Although prior studies have focused on the detection
of promoter DNA hypermethylation in saliva from HNC patients [10,17], the evidence of a
direct relationship is unclear and findings have been inconsistent.

To the best of our knowledge, this is the first meta-analysis evaluating the contribution
of salivary promoter hypermethylation to HNC risk. The present comprehensive analysis
included 18 studies comprising 4453 patients and 3233 controls. Overall, our results
indicate that salivary promoter hypermethylation was significantly associated with an
8.34-fold increase in HNC risk.

As significant heterogeneity was observed among studies, meta-regression and sub-
group analyses were carried out based on anatomic tumor location, sample type, sample
size, DNA methylation method, and methylation gene profiling. The stratified analysis
revealed that salivary DNA hypermethylation was associated with HNC risk in all sub-
groups. The association between salivary DNA promoter hypermethylation and HNC
risk was stronger in oral rinses compared to saliva. This could be explained by the higher
methylation proportion of oral exfoliated cells in oral rinse compared to saliva samples.
Subgroup analysis of anatomic tumor location showed that the OR was higher in oral
cancer and oropharyngeal cancer than overall HNC. These findings could be explained by
the direct contact of saliva samples with tumors located in the oral cavity and oropharynx,
which could result in an increased number of exfoliated tumoral cells during sample col-
lection. Based on the methylation detection method subgroup, the frequency of salivary
DNA promoter methylation was higher in MSP than in qMSP. This may be because MSP
was the most commonly used technique for detecting aberrant DNA methylation in saliva
samples (11 studies). In addition, the qualitative nature and lower specificity of MSP could
lead to an overestimation of methylation data compared to qMSP methods [18]. However,
quantitative approaches, such as qMSP or pyrosequencing, have shown better sensitivity
than MSP [19]. With respect to sample size, a similar significant association was found
between n < 100 and n > 100 subgroups. On the other hand, the gene profiling subgroup
revealed that HNC risk was clearly higher when aberrant gene-specific DNA methyla-
tion was analyzed using gene panels rather than single gene analysis. This suggests that
multiple tumor suppressor genes are epigenetically silenced in HNC pathogenesis, and,
therefore, gene methylation panels should be used to better identify HNC risk.

We also explored the association between gene-specific promoter DNA methylation
and HNC risk by analyzing the methylation frequency of genes reported in at least three
studies. Thus, promoter hypermethylation of p16, DAPK, TIMP3, MGMT, and RASSF1A
was significantly higher in HNC patients compared to controls, suggesting that the methy-
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lation of these tumor suppressor genes may play an important role in head and neck
carcinogenesis. The p16 gene acts as a negative cell cycle regulator that prevents the in-
activation of retinoblastoma (Rb) protein by inhibiting the cyclin-dependent kinases and,
therefore, cell cycle progression at G1/S phase [20]. Hypermethylation of p16 promoter has
been reported as a frequent epigenetic event in oral carcinogenesis [21,22]. In the present
meta-analysis, methylation of p16 promoter was significantly associated with a 3.75-fold
increase in HNC risk, which is consistent with the study by Shi et al. (OR: 3.37) based on
tissue and liquid biopsy methylation data [23]. In line with this, a more recent meta-analysis
comprising 67 case-control studies reported an OR of 6.72. However, subgroup analysis in
this study based on sample type revealed that OR was much higher in saliva (OR: 12.45)
and blood (OR: 16.40) than in tissue (OR: 6.40) [24]. Overall, these findings indicate that
hypermethylation of p16 gene promoter in saliva could be a predictive biomarker for HNC
risk. The MGMT gene is involved in the repair of O6-methylguanine in DNA sequences
originating from the carcinogenic effects of alkylating agents [25]. The inactivation of
MGMT promoter by aberrant hypermethylation has been associated with an increased
frequency of GC > AT transition mutations in TP53 and in KRAS oncogene, contribut-
ing to carcinogenesis and tumor progression [26,27]. In fact, our meta-analysis showed
that methylation of MGMT promoter leads to a 5.72-fold increase in HNC risk. DAPK
plays a critical role in the apoptotic process triggered by interferon-gamma (IFN-γ), tumor
necrosis factor (TNF)-alpha, Fas ligand, and detachment from extracellular matrix [28].
Hypermethylation of DAPK gene promoter is a frequent alteration in HNC [29,30]. The
results of the present meta-analysis show that individuals with salivary hypermethylation
of DAPK gene promoter had a 5.34-fold higher HNC risk. A previous meta-analysis also
showed that the frequency of DAPK promoter methylation was significantly higher in
HNC vs. control groups (OR: 6.72) [31]. The TIMP3 gene is a tissue inhibitor of matrix
metalloproteinases, which acts as a potential anticancer agent by inducing apoptosis and
inhibiting proliferation, angiogenesis, and metastasis [32]. The methylation of TIMP3
promoter has been associated with HNC [33,34]. Interestingly, our meta-analysis revealed a
significant association between salivary TIMP3 promoter methylation and HNC with an OR
of 3.42. The RASSF1A gene prevents tumorigenesis through multiple cellular process, such
as cell cycle arrest, migration, microtubular stabilization, and apoptosis promotion [35].
Epigenetic inactivation of RASSF1A by hypermethylation has been observed in various
cancers, including HNC [36]. Our data showed that methylation of RASSF1A promoter
led to a 7.69-fold increase in HNC risk compared to the control group. In a previous study,
Meng et al. evaluated the methylation prevalence of RASSF1A between cancerous tissues
and controls, finding a significant association (OR: 2.93) between aberrant methylation
of RASSF1A and HNC [37]. The APC gene acts as a negative regulator in the Wnt/beta-
catenin signaling pathway and its dysfunction leads to increased β-catenin transcriptional
activity, promoting the activation of downstream targets involved in tumorigenesis, such
as cyclin D1 and Myc [38]. Hypermethylation of the APC promoter has been reported as a
mechanism for APC-gene inactivation in oral carcinogenesis [39]. Our study did not reveal
a significant association between salivary APC promoter hypermethylation and HNC,
which could be explained by the low APC-gene methylation rates detected in saliva from
HNC patients. Until now, few studies have reported APC hypermethylation in saliva from
HNC patients [40–42]; however, this epigenetic alteration has been frequently observed
in head and neck tumors [29,39,43,44]. It is important to note that hypermethylation of
p16, DAPK, TIMP3, MGMT, and RASSF1A plays an important role in the carcinogenesis of
various tumors, such as lung, breast, colorectal, renal, or gastric [45–50]. In line with this,
several studies have focused on the association of cancer risk with the hypermethylation of
these tumor suppressor genes [51–55], which highlights its potential for early diagnosis of
the disease.

The present study has several strengths. It is the first meta-analysis highlighting
the association between salivary DNA promoter hypermethylation and HNC. It explores
the magnitude of the association both overall and by specific hypermethylated gene. In
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addition, it involved a comprehensive literature review without language restrictions.
However, our study is not exempt from limitations. Firstly, all included research involved
case-control retrospective studies, which could lead to selection bias. Some bias could also
stem from the fact that cases and controls were not matched for demographic variables,
such as age, sex, and lifestyle habits. Secondly, significant heterogeneity was found among
studies. Despite performing subgroup analysis by anatomic tumor location, sample type,
sample size, DNA methylation method, and methylation gene profiling, we were unable
to elucidate the potential sources of this heterogeneity. Further subgroup analysis was
hindered by the lack of original data regarding lifestyle habits or ethnicity. Thirdly, the
association of salivary DNA promoter hypermethylation and clinicopathological variables
(i.e., TNM stage, histological grade) was not explored due to insufficient data. Therefore,
well-designed prospective clinical studies with large sample sizes are necessary to validate
the results of this meta-analysis.

5. Conclusions

Overall, the findings from this meta-analysis showed that salivary DNA promoter hy-
permethylation was associated with HNC risk. Salivary hypermethylation of p16, MGMT,
DAPK, TIMP3, and RASSF1A showed an important role in HNC development. Thus, saliva
could be used as a potential source of epigenetic biomarkers for predicting HNC. The
development of HNC screening programs based on the combination of these 5-methylated
genes in saliva could be useful for identifying high-risk patients and for detecting cancer
before the occurrence of initial clinical symptoms. The clinical implementation of this
salivary panel would represent the beginning of precision medicine for HNC. To attain
this, prospective and multicenter studies should be carried out in order to validate the
present results.
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Abstract: Background: Decisions regarding the staging, prognosis, and treatment of patients with
head and neck squamous cell carcinomas (HNSCCs) are made after determining their p16 expression
levels and human papillomavirus (HPV) infection status. Methods: We investigated the prognostic
roles of p16-positive and p16-negative circulating tumor cells (CTCs) and their cell counts in HNSCC
patients. We enrolled patients with locally advanced HNSCCs who received definitive concurrent
chemoradiotherapy for final analysis. We performed CTC testing and p16 expression analysis before
chemoradiotherapy. We analyzed the correlation between p16-positive and p16-negative CTCs and
HPV genotyping, tissue p16 expression status, response to chemoradiotherapy, disease-free survival,
and overall survival. Results: Forty-one patients who fulfilled the study criteria were prospectively
enrolled for final analysis. The detection rates of p16-positive (>0 cells/mL blood) and p16-negative
(≥3 cells/mL blood) CTCs were 51.2% (n = 21/41) and 70.7%, respectively. The best responses of
chemoradiotherapy and the p16 positivity of CTCs are independent prognostic factors of disease
progression, with hazard ratios of 1.738 (95% confidence interval (CI): 1.031–2.927), 5.497 (95% CI:
1.818–16.615), and 0.176 (95% CI: 0.056–0.554), respectively. The p16 positivity of CTCs was a
prognostic factor for cancer death, with a hazard ratio of 0.294 (95% CI: 0.102–0.852). Conclusions:
The p16-positive and p16-negative CTCs could predict outcomes in HNSCC patients receiving
definitive chemoradiotherapy. This non-invasive CTC test could help stratify the risk and prognosis
before chemoradiotherapy in clinical practice and enable us to perform de-intensifying therapies.

Keywords: circulating tumor cells; p16 expression; head and neck squamous cell carcinoma; HPV
genotyping; biomarker; liquid biopsy
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1. Introduction

Human papillomavirus (HPV)-associated head and neck squamous cell carcinoma
(HNSCC) has been widely investigated and thought of as a critical biomarker in HN-
SCC [1,2]. HPV-positive HNSCC, especially with oropharyngeal-originated tumors [3,4],
has a significantly better prognosis (50% reduction of death risk) compared with those
without HPV infection [5,6]. Even though patients with HPV-associated HNSCC had a
better prognosis, primary concurrent chemoradiotherapy (CCRT) remains one of the stan-
dards of care [7]. De-intensification of CCRT has been widely investigated in very recent
years [8,9]. HPV-positive tumors can also be found in patients with cancers originating in
the head and neck region other than the oropharynx, such as the paranasal sinus [10], the
hypopharynx [11], the larynx [12], and the oral cavity [13]. Given the positive prognostic
impact of HPV infection, the p16 expression or HPV genotyping status at cancer staging
have been strongly suggested for patients presenting with neck squamous cell carcinoma,
without identified primary sites [14,15]. The importance of p16 expression or HPV infection
status in HNSCC is well established [16].

P16 expression by immunohistochemistry staining is much easier to perform than
PCR for HPV infection; therefore, p16 expression was much more widely used in clini-
cal practices considering the test’s price and accessibility. However, some investigators
reported that p16 expression does not always equal HPV infection [17]. HPV-DNA/RNA
testing is still recommended for confirming p16 results, with increased specificity and
diagnostic accuracy [17,18]. However, these tests are all tissue-based and require invasive
procedures to obtain cancer tissue [17]. Sometimes, these invasive procedures caused
unwanted complications, such as tumor bleeding [19]. However, there is no validated
blood test for detecting HPV infection or evaluating p16 expression for diagnosis or moni-
toring, except for some exploratory or small-scale observational studies [20]. Only a few
studies have reported technology detecting p16 expression levels in circulating tumor cells
(CTCs) [21,22] or circulating tumor DNA [23,24] in plasma samples in HPV-associated
HNSCC. The significance of p16 or HPV in peripheral blood remains unknown.

Therefore, we hypothesized the following: (1) that expressed p16 can be detected in
CTCs; (2) that circulating p16-negative CTCs and p16-positive CTCs might have different
effects on survival rates; (3) that p16 expression levels in the tissue and blood (CTCs) could
be correlated with each other.

2. Materials and Methods

2.1. Patient Enrollment

Our prospective study was conducted in two medical centers, Chang Gung Memorial
Hospital, Linkou, and Keelung, Taiwan. All patients provided written informed consent.
The Institutional Review Board in Chang Gung Memorial Hospital approved the study
protocols, with approval IDs 104-2620B, 103-7795B, and 201700867B0. Eligible patients
with histologically- or pathologically- confirmed head and neck squamous cell carcinomas
with p16 expression status were considered medically unfit for surgery or had surgically
unresectable, locally advanced presentation (stage IIb–IV, American Joint Committee on
Cancer [AJCC], 8th edition). In addition, patients with (1) age ≥20 years; (2) the ability
to understand the protocol and provide informed consent out of their own free will;
(3) primary HNSCC; and (4) adequate liver and renal function and white blood cell counts
before undergoing anticancer therapies, especially chemoradiotherapy, were included. The
exclusion criteria contained patients who (1) receive therapies except for CCRT, including
curative surgery without CCRT, salvage surgery, or radiation alone; (2) refused to blood
drawing in the protocol; (3) had rapidly worsened performance status to complete CCRT; or
(4) had metachronous or synchronous double cancer. Physicians performed disease staging
and management according to the standard treatment protocols detailed in institutional
guidelines. Results were reported following the REMARK guidelines [25]. Examinations for
the initial staging and response evaluation processes included magnetic resonance imaging
and positron emission tomography. In accordance with standard treatment guidelines,
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concurrent chemoradiotherapy was scheduled and delivered by medical oncologists and
radiation oncologists. In accordance with the guidelines of version 1.1 of the response
evaluation criteria in solid tumors (RECIST), the treatment response was determined based
on whether the patient exhibited complete remission (CR), partial response (PR), stable
disease (SD), or progressive disease (PD). This was determined by the multidisciplinary
head and neck cancer tumor board at Chang Gung Memorial Hospital.

2.2. Tissue Immunohistochemistry Staining for p16 Expression Analysis

Immunohistochemistry staining (IHC) was performed using a mouse monoclonal
antibody against p16 (Roche E6H4™, catalog #725-4713) on a Ventana Benchmark LT
automated immunostainer (Tucson, AZ, USA), per the standard protocol. Positive and
negative controls were included routinely. A positive signal was defined as that obtained
with nuclear and or cytoplasmic staining. If cells were stained via cytoplasmic staining
alone, the result was considered negative. In this study, the positivity of tumor samples is
defined by a result where ≥70% of cells are stained via cytoplasmatic and nuclear staining
in two medical centers [26]. In this study, we performed HPV genotyping to confirm the
HPV infection status in p16-positive cancer tissues (Supplementary Table S1).

2.3. The Isolation and Identification of Circulating Tumor Cells via Microscopy

Blood samples (8 mL for each patient, including 4 mL for microscopy and the other
4 mL for flow cytometry) were drawn before anticancer therapies, including chemotherapy
or radiotherapy. A CTC enrichment procedure was performed by red blood cell lysis
(by mixing 155 mM NH4Cl, 14 mM NaHCO3, and 0.1 mM EDTA in a 10:1 ratio with
whole blood samples) and CD45-positive leukocyte depletion, using EasySep Human
CD45 Depletion kits (Cat. NO. 18259, STEMCELL Technologies Inc., Vancouver, BC,
Canada), following the manufacturer’s instructions. A previously detailed method for CTC
enrichment and counting was used [27–29].

We further fixed CTCs, isolated from 4 mL of whole blood samples, using 4% paraform
aldehyde (Cat. No. 15710, Electron Microscopy Sciences) for 10 min at 25 ◦C. Permeabi-
lization was performed by treating cells with PBST (0.1% Triton X-100 in PBS) for 10 min
at 25 ◦C. After washing cells with PBS, they were blocked with PBS containing 2% BSA
and the HuFcR Binding Inhibitor (Cat. No. 14-9161-73, eBioscience, San Diego, CA, USA)
for 30 min at room temperature. Before the antibody reaction, 0.0025% Trypan Blue (Cat.
No. 15250061, Thermo Fisher Scientific, CA, USA) was added to block auto-fluorescence.
The antibody reaction was allowed to occur upon the addition of anti-EpCAM antibody
conjugated Alexa Fluor 488 (1:400, one hour, Cat. No. 5198, Cell Signaling, Danvers, MA,
USA) and anti-p16 antibody conjugated Alexa Fluor 647 (Cat. No. ab199819, Abcam,
Cambridge, UK). We used the Hoechst (Cat. No. 62249, Thermo Fisher Scientific, CA, USA)
stain to stain the cell nucleus. Cell fluorescence images were captured using a fluorescence
microscope (Zeiss Axioskop 2 Plus Fluorescence Microscope, Carl Zeiss Microscopy, LLC,
United States; Leica TCS SP2 Confocal Laser Scanning Microscope, Leica Microsystems,
Wetzlar, Germany). CTCs were defined as cells expressing EpCAMposHoechstposCD45neg

and were further divided into p16-positive or p16-negative status.

2.4. Analysis of p16 Expression in Circulating Tumor Cells via Flow Cytometry

To determine the status of p16 expression in CTCs, we first fixed cells enriched via
RBC lysis and CD45 depletion, using Fix & Perm Cell Permeabilization Reagents (Cat.
NO. GAS003, molecular probes by Life Technologies, Thermo Fisher Scientific, CA, USA).
Then, we added an anti-EpCAM antibody conjugated PE (Cat. No. FAB960P-100, R & D
Systems) and an anti-p16 antibody conjugated Alexa Fluor 647 (Cat. No. ab199819, Abcam)
during fixation and permeabilization. A secondary antibody, i.e., goat anti-mouse IgG
H&L conjugated Alexa Fluor 488 (Cat. No. ab150113, Abcam), was also added to exclude
the residual CD45-positive leukocytes (labeled with the CD45 antibody cocktail provided
in the CD45 depletion kit). Isotype control antibodies were used as the negative control.
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After staining, cell samples were analyzed using a Flow Cytometer (CytoFLEXTM Flow
Cytometer, Beckman Coulter, Inc., Pasadena, CA, USA).

Positive and negative controls for the analysis of p16 expression were carried out on
circulating tumor cells.

As experimental controls for p16-positive cells, we used the HeLa (cervical cancer
cells, ATCC® CRM-CCL-2TM) cells as positive controls in CTC samples; whereas, HCT116
(colorectal cancer cells, ATCC® CCL-247TM) and H1975 (non-small cell lung cancer cells,
ATCC® CRL-5908™) cells were used as negative controls to analyze p16 expression. We
cultivated these cells per the instructions provided by the American Type Culture Collection
(ATCC). Briefly, HeLa, HCT116, and H1975 cells were maintained in DMEM medium (Cat.
No. 11965092, GIBCO), McCoy’s 5A medium (GIBCO), and RPMI-1640 medium (GIBCO),
respectively, along with fetal bovine serum (Cat. NO. 10437028, GIBCO), while ensuring
that the final concentration was 10%. Cells were cultured at 37 ◦C in a humidified incubator
in a 5% CO2 atmosphere.

2.5. Human Papillomavirus Genotyping

Human papillomavirus genotyping of cancer tissues was carried out via the Roche
Cobas 4800 HPV test. Briefly, cancer cells were stored in 800 µL Cobas PCR Cell Collection
Media (Cat. No. 05619637190, Roche Molecular Systems, Inc., Branchburg, CA, USA),
and Roche Cobas X 480 instruments were used to purify the DNA. Real-time PCR was
performed using the Roche Cobas 4800 HPV Test on Roche Cobas Z 480 analyzers. The
assay was performed and validated by the Taipei Institute of pathology, Taiwan. In addition,
CTCs, isolated after negative-selection processes, were sent for HPV genotyping. All the
41 patients had p16, evidenced by immunohistochemistry staining, and had p16 CTC,
evidenced by flow cytometry and genotyping.

2.6. Statistical Analysis

The basic characteristics of enrolled patients are demonstrated using descriptive
statistics. Progression-free survival (PFS) was calculated from the date of CTC sampling,
seven days before systemic chemotherapy, to cancer-specific progression or recurrence
after CCRT or death from any causes. Overall survival (OS) was defined as the period from
the date of CTC sampling to death from any cause. We applied chi-square and Fisher’s
exact tests to determine the difference between the p16 expression status in the tissue
and blood (CTCs). We also used Kaplan–Meier survival plots with the log-rank test to
demonstrate the individual factors affecting survival. Patients who did not experience
the event (disease progression or death) were defined to be censored in the analysis.
After checking the assumptions of clinicopathological factors, we used the univariate
and multivariate Cox proportional hazard regression models to identify the independent
prognostic factors of PFS and OS. All potential predictor variables were analyzed in the
multivariate analysis, including p16-positive and p16-negative CTC status. They are
essential items in this research, although they are mutually exclusive. Statistical analysis
was performed using SPSS for Windows (version 18, SPSS Inc., Chicago, IL, USA). A
p-value of 0.05 was considered statistically significant.

3. Results

3.1. Patient Enrollment

A total of 76 subjects (including 16 healthy donors) were prospectively enrolled, and
overall, 41 patients met all the treatment criteria and were analyzed at Chang Gung Memo-
rial Hospital, Linkou, and at Keelung between August 2017 and August 2018. Figure 1
demonstrates the study flow and patient numbers at different stages of enrollment in
this prospective study. Table 1 summarizes the characteristics of the entire population.
A total of 28 (68.3%) patients had oropharyngeal cancer, while 13 (31.7%) patients had
non-oropharyngeal cancer. These 13 patients were enrolled because they had initially pre-
sented with an unknown primary cancer or a huge confluent mass in the hypopharynx and
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oropharynx area. The median age of the cohort was 55 (37–74) years old, and 78% of the
patients have relatively good performance status before the concurrent chemoradiotherapy.
Totals of 19 (46.3%) and 22 (53.7%) patients tested positive and negative, respectively, for
p16 expression, upon immunohistochemistry analysis. The stages of the enrolled patients
were relatively advanced: 16 (39.0%) were stage IV patients. With a median follow-up time
of 34.0 (3.0–44.9) months, 22 (53.7%) patients exhibited disease progression after concurrent
chemoradiotherapy, and 14 (34.1%) patients died. The detection rates of p16-positive
(>0 cells/mL blood) and p16-negative (≥3 cells/mL blood) CTCs were 51.2% (n = 21/41)
and 70.7%, respectively. The cutoff values of CTCs (3 cells/mL) were the same as those
used in previous studies [30,31].

≥

Figure 1. CONSORT algorithm.

Table 1. Patient characteristics (n = 41).

Characters n %

Age (median, range) in years 55 (37–74)

Sex

Female 8 19.5%

Male 33 80.5%

Tumor type

Oropharynx 28 68.3%

Non-oropharynx a 13 31.7%

ECOG PS

0–1 32 78.0%

2 9 22.0%

Tumor stage (AJCC 8th edition) b

II 20 48.8%

III 5 12.2%
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Table 1. Cont.

Characters n %

IV 16 39.0%

T classification

T1-2 28 68.3%

T3-4 13 31.7%

Lymph node Involvement

Negative (N0) 11 26.8%

Positive (N1-3) 30 73.2%

p16 status by IHC staining 0.0%

Negative (0–70%) 22 53.7%

Positive (>70%) 19 46.3%

CCRT completion 41 100.0%

Disease Progression after CCRT

No 19 46.3%

Yes 22 53.7%

Cancer-related death c

No 27 65.9%

Yes 14 34.1%

Circulating tumor cells (CTCs) detection rate

p16-positive CTCs (p16posEpCAMposHoechstpos) 21 51.2%

p16-negative CTCs (p16negEpCAMposHoechstpos) d 20 48.8%
a Patients with non-oropharyngeal cancer included 10 hypopharyngeal cancers, and 3 cancers of unknown
primary site. b The staging contained p16-positive and p16-negative tumors according to AJCC 8th edition staging
system. c The cancer death was updated at a median follow-up time of 34.0 (range: 3.0–44.9) months. d Circulating
tumor cell counts of ≥3 cells/mL was defined positive. Abbreviations: ECOG PS—Eastern Cooperative Oncology
Group performance status; AJCC—The American Joint Committee on Cancer; IHC—immunohistochemistry;
CCRT—concurrent chemoradiotherapy.

3.2. The Identification of p16-Positive Circulating Tumor Cells in Cancer Patients

To determine whether p16-positive CTCs could be detected in blood samples of pha-
ryngeal cancer patients, we performed immunofluorescence staining. We used HCT116
(ATCC CCL-247)—the EpCAMposp16neg human colon cancer cell line—for our analy-
sis, while HeLa (ATCC CCL-2) cells—from the EpCAMnegp16pos human cervical cancer
cell line—were used as control cells during immunofluorescence staining, as shown in
Figure 2A,B. The remaining white blood cells in the CTC samples are shown in Figure 2C,
while Figure 2D demonstrates the images of p16-positive CTCs, which were defined as
p16pos- or EpCAMpos-nucleated cells. Otherwise, CTC without any p16 expression was be
categorized as p16-negative CTCs, which have a threshold of 3 cells/mL as positive [31].
After CTC isolation, HPV genotyping was performed using commercial kits (Roche Cobas
4800 test), in accordance with the manufacturer’s instructions. Experiments involving the
spiking of human blood samples with HeLa cells enabled us to identify detection limits
(10 cells/2 mL human blood), as demonstrated in Supplementary Table S1.
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≥

Figure 2. Demonstration of p16-positive circulating tumor cells identified in patients with oropha-
ryngeal cancer. Immunofluorescence staining was used to identify cells in purified cells from
blood samples. HCT116 (A) and HeLa (B) cells positively expressed EpCAM and p16, respectively.
White blood cells (EpCAMneg/P16neg/Hoechstpos) (C) and p16-positive circulating tumor cells
(EpCAMpos/P16pos/Hoechstpos) (D) were shown. H1975 cells (E) also serve as a positive control in
this study. Abbreviations: CTC—circulating tumor cells.

We then applied flow cytometry-based CTC enumeration strategies and determined
CTC counts after identifying the p16 expression status. In the present study, flow cytometry
analysis was performed following the negative selection of CTCs, to analyze the p16-
positive CTCs and p16-negative CTC in this cohort. First, HeLa (p16-positive) and H1975
(EpCAM-positive) cells were used to determine the staining conditions and set up the
running template for flow cytometric analysis (Figure 3A–F). Then, tumor cell spike-in
feasibility tests were carried out, as demonstrated in Figure 3G. Figure 3H,I show how
p16-positive CTCs can be identified in a representative cancer patient’s blood sample. The
CTC detection (≥1 cell/mL) rate was 70.7% (n = 29/41), and the p16 positivity rate of CTCs
in the entire group was 51.2% (n = 21/41), irrespective of the tissue p16 status.

Figure 3. Cont.
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Figure 3. EpCAM+ and p16+ cell detection in blood samples. As standard controls, HeLa served as positive expression cells
for flow cytometric analysis for p16 (A–C), and H1975 cells served as EpCAM expression (D–F). Accordingly, the protocol
with controls can demonstrate p16 expression status in circulating tumor cells in one healthy individual by spiking different
control cell lines (G–I) and three cancer patients (J–L).

3.3. HPV Genotyping of Cancer Tissues and Circulating Tumor Cells

To illustrate the concordance of p16 expression in CTCs and tissue, we compared p16
expression levels in the tissue and blood (CTC) via IHC and flow cytometry analyses. The
results showed no statistical significance (p = 0.155, Table 2). The results of HPV genotyping
and tissue p16 expression analysis of cancer tissues were analyzed further—we found
that p16 positivity on CTCs was statistically related to p16 expression or a positive HPV
genotype (p <0.019, Table 2). However, the number of CTCs with HPV-positive genotypes
was zero.

Table 2. Comparison between tissue p16 and blood p16 expressions.

Tissue IHC
p16 Negative

Tissue IHC
p16 Positive

p-Value
Tissue IHC

p16 Negative AND HPV
Genotyping Negative

Tissue IHC
p16 Positive OR HPV
Genotyping Positive

p-Value

p16pos CTC
Negative 13 7

0.155
13 7

0.019 *p16pos CTC
Positive 9 12 6 15

* Fisher exact test was used for the statistical significance because numbers in some cells were less than 5.
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3.4. Effects of CTCs and p16-Positive CTCs on Survival

We used Kaplan–Meier survival curves to compare the factors that might influence sur-
vival in this cohort (Figure 4). Figure 4A showed that patients with CTC count ≥3 cells/mL
are associated with a short PFS (p = 0.002). Patients with p16-positive CTCs (p = 0.012,
Figure 4B) who exhibited disease control after concurrent chemoradiotherapy (p < 0.001,
Figure 4C) were associated with a prolonged PFS. However, tissue p16 expression was only
marginally significant for the PFS (p = 0.089, Figure 4D). A prolonged OS was associated
with patients with CTC counts <3 cells/mL (p = 0.022, Figure 4E), who exhibited p16 posi-
tivity of CTCs (p = 0.017, Figure 4F) and disease control after CCRT (p = 0.003, Figure 4G).
Nevertheless, tissue p16 did not affect OS in this cohort (p = 0.365, Figure 4H).
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Figure 4. Kaplan–Meier Curves. In this cohort, patients with circulating tumor cell (CTC)
numbers >=3 cells/mL had shown to negatively impact progression-free survival (PFS, p = 0.002) (A).
Patients are associated with prolonged PFS, for those with p16-positive CTC (p = 0.012) (B), disease
control after concurrent chemoradiotherapy was carried out (CCRT, p < 0.001) (C). However, tissue
p16 expression is only marginally significant to PFS (p = 0.089) (D). For overall survival (OS), a
prolonged OS is associated with patients harboring a CTC count of <3 cells/mL (p = 0.022) (E), p16
positivity of CTCs (p = 0.017) (F), and disease control after CCRT (p = 0.003) (G). Nevertheless, tissue
p16 expression has no significant impact on OS in this cohort (p = 0.365) (H).

We analyzed all the factors in univariate and multivariate Cox regression models
to identify independent prognostic factors. All factors involved in univariate analysis
were analyzed during multivariate analysis using the forward LR model. Table 3 shows
that the best response to CCRT, p16-negative CTC counts, and p16-positive CTCs were
independent prognostic factors of disease progression, with hazard ratios (95% confidence
interval) of 1.738 (95% confidence interval (CI): 1.031–2.927), 5.497 (95% CI: 1.818–16.615),
and 0.176 (95% CI: 0.056–0.554), respectively. Only p16-positive CTCs (positive vs. negative)
were found to be prognostic factors for cancer death, with a hazard ratio of 0.294 (95% CI:
0.102–0.852).
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Table 3. Univariate and multivariate Cox regression analysis.

Progression-Free Survival Overall Survival

Univariate Analysis Multivariate Analysis Univariate Analysis Multivariate Analysis *

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

Age 0.135 0.957 (0.904–1.014) 0.003 0.909 (0.852–0.969) 0.338 0.973 (0.920–1.029)
Sex

(female vs. male) 0.262 2.328 (0.532–10.195) 0.371 1.967 (0.447–8.659)

Tumor type
(ORX vs. non-ORX) 0.924 0.95 (0.334–2.707) 0.415 1.524 (0.553–4.198)

T classification
(cT1-2 vs. cT3-4) 0.975 0.985 (0.374–2.592) 0.548 1.350 (0.506–3.600)

N classification 0.421 1.214 (0.758–1.944) 0.968 0.991 (0.624–1.574)
ECOG PS 0.171 0.377 (0.093–1.523) 0.248 0.439 (0.109–1.775)

Best response
of CCRT

(Non-responders vs.
responders)

0.104 1.535 (0.916–2.573) 0.038 1.738 1.031–2.927 0.114 1.499 (0.907–2.475)

Tissue p16 IHC
(Positive vs.

negative)
0.099 0.415 (0.146–1.180) 0.369 0.629 (0.228–1.731)

p16neg CTC
(Positive vs.

negative)
0.005 4.029 (1.522–10.668) 0.003 5.497 1.818–16.615 0.029 3.037 (1.123–8.213)

p16pos CTC
(Positive vs.

negative)
0.018 0.300 (0.110–0.816) 0.003 0.176 0.056–0.554 0.024 0.294 (0.102–0.852) 0.024 0.294 (0.102–0.852)

* All factors in the univariate analysis were examined in the multivariate model. Abbreviations: CTC—circulating tumor cells; AJCC—The American Joint Cancer Committee; ECOG PS—Eastern Cooperative
Oncology Group performance status; CCRT—concurrent chemoradiotherapy; PD—progressive disease; SD—stable disease; PR—partial response; CR—complete remission; IHC—immunohistochemistry;
HR—hazard ratio; CI—confidence interval.
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4. Discussion

This study found that p16-positive and p16-negative CTCs were uniquely correlated
with survival in pharyngeal cancer patients. Our results have corroborated the results of
previous studies, showing that it is feasible to detect p16-expressing CTCs [21,22]. Different
methods were used to detect p16 (RT-qPCR assay [21,32,33] vs. protein expression [22]) in
various studies to identify whether p16-expressing CTCs might improve risk discrimination
in patients with early-stage oropharyngeal squamous cell carcinomas [21]. However, unlike
the study findings by Dr. Economopoulou et al. (2019), a correlation between HPV16
E6/E7 expression in CTCs and a shorter PFS was identified in ten oropharyngeal cancer
patients [21]. Hence, we hypothesized that p16-positive CTCs played a role similar to that
of expressed p16 in tissues or the HPV genotyping process (Tables 2 and 3 and Figure 4).
We hypothesized that the differences might be attributable to the relatively small case
number (n = 10) and a short period of observation in that study. Compared with other
studies’ results, our study has provided relatively long-term follow-up outcomes with a
median follow-up time of 34.0 months in pharyngeal cancer patients receiving CCRT. We
concluded that (p16-negative) CTCs were correlated with a poor prognosis in patients with
head and neck cancer: these findings were similar to those of previous studies [34–40].

The prognosis of patients with HPV-positive and HPV-negative head and neck cancers,
especially oropharyngeal cancers, is notably different [41,42]. The p16 status of patients
needs to be determined to enable clinicians to decide on the treatment plan [42,43]. Our
study has provided evidence that CTC p16 positivity was independently associated with a
prolonged PFS and OS. At the same time, p16-negative CTC counts were correlated with
rapid disease progression after CCRT. In addition, our study has provided protocols for
the identification and isolation of CTCs, and further analyzed the p16 status via a negative
selection-based flow cytometric method.

We performed IHC staining and showed that the p16-positive CTC counts in flow cy-
tometric analysis were not statistically related to the tissue p16 expression status (p = 0.155,
Table 2) but were associated with both tissue p16 expression and HPV genotyping results
(p = 0.019, Table 2). The main differences resulted from three cases with negative tissue
IHC p16 expression but positive HPV genotyping—they were all in the p16-positive CTC
group. It is well known that the discordance rate between tissue p16 expression and HPV
infection by PCR could be up to 24–32% [42,44]. Some investigators have proposed that:
(i) different HPV genotyping kits cannot fully identify all subtypes of HPV; (ii) the diagnos-
tic efficacy of IHC staining p16 across countries was variable; (iii) p16 overexpression may
be related to an Rb dysfunction, but Rb dysfunction may not be related to HPV infection;
(iv) tumor heterogeneity or sampling bias [45,46] might cause a discrepancy between tissue
p16 levels and HPV genotyping results [44]. In a meta-analysis involving 2963 patients,
the IHC staining p16 expression level was more consistent with that observed during the
in-situ hybridization test. It could prove to be prognostically more valuable in patients
with pharyngeal cancer [45]. Our findings support that p16 expression analysis remains a
cost-effective method for predicting HPV infections in daily clinical practice and makes it
feasible to detect p16 expression in CTCs.

One of the most exciting findings of this study was that we found no positive HPV
infection in CTC samples. We have several possible explanations for our findings. First,
HPV-positive CTCs, and not p16-positive CTCs, might not intravasate into the bloodstream.
Dok et al. (2017) have demonstrated that different dissemination patterns were observed in
HPV-negative and HPV-positive HNSCCs because of the dual role of p16 [47]. Though p16
might impair angiogenesis, it promotes lymphatic vessel formation in patients with HPV-
positive head and neck cancer [47], which might explain why patients with HPV-positive
oropharyngeal cancer receive a good prognosis [48]. These findings might also explain
why HPV-positive CTCs were rarely detected in the present study.

Taken together, p16-positive CTCs could provide a new risk stratification tool for
diagnosis and enable us to monitor p16 expression and CTCs after curative therapy dynam-
ically. With reference to the p16-positivity of CTCs, the de-escalation strategy in selected
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patients with baseline p16-positive CTCs could reduce the intensity of anticancer treat-
ment and prevent the unnecessary physical, mental, and economic damage resulting from
treatments. More importantly, a non-invasive test based on the p16 status in CTCs was
able to predict the prognosis (PFS and OS) in pharyngeal cancer patients receiving CCRT.
Therefore, the use of the non-invasive test could be an add-on prognostic strategy when
the tissue specimen is unavailable or serial tests are required.

5. Limitations

The limitations of the study need to be addressed before our findings can be used in
further studies or clinical practice. First, after excluding those unfit for final analysis, the
sample size was relatively small (n = 41), which could explain why tissue p16 expression
levels were not correlated to survival in the cohort. Second, the study included patients
who were eventually diagnosed with hypopharyngeal cancer. This might result in some
confusion during survival analysis because patients with p16-positive hypopharyngeal
cancer have a different prognosis from those with p16-positive oropharyngeal cancer. The
p16 expression level was found to be poorly correlated to HPV infections in patients with
non-oropharyngeal cancer [12,49,50]. Although some investigators found that patients with
HPV DNA and p16-positive hypopharyngeal cancer exhibited better clinical outcomes,
as compared to those of patients with other types of HPV-unrelated hypopharyngeal
cancers [51,52], the current consensus is that there is no clear correlation between p16
expression and survival in non-oropharyngeal cancer patients. Our findings show that,
even if the data for some patients with hypopharyngeal cancer was mixed up, p16-positive
CTCs and p16-negative CTCs could still play a positive role in prognosis. Third, the
detection rate of HPV infection in CTCs was zero. This limitation needs to be investigated
further via the analysis of HPV biology in the circulation of HNSCC patients.

6. Conclusions

The p16-positive and p16-negative CTCs could serve as prognostic markers for pha-
ryngeal cancer patients receiving CCRT. A liquid biopsy might help clinicians to perform
risk stratification before curative therapy and play a role in de-escalation trials in the future.
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Full name Abbreviations

head and neck squamous cell carcinomas HNSCC
human papillomavirus HPV
circulating tumor cells CTCs
confidence interval CI
concurrent chemoradiotherapy CCRT
American Joint Committee on Cancer AJCC
response evaluation criteria in solid tumors RECIST
complete remission CR
partial response PR
Stable disease SD
progressive disease PD
Immunohistochemistry staining IHC
Progression-free survival PFS
Overall survival OS
Eastern Cooperative Oncology Group performance status ECOG PS
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Abstract: Patients with locally advanced oropharyngeal carcinoma treated with neoadjuvant
chemotherapy are reassessed both radiologically and clinically to adapt their treatment after the
first cycle. However, some responders show early tumor progression after adjuvant radiotherapy.
This cohort study evaluated circulating tumor cells (CTCs) from a population of locally advanced
oropharyngeal carcinoma patients treated with docetaxel, cisplatin, and 5-fluorouracil (DCF) induc-
tion chemotherapy or DCF with a modified dose and fractioned administration. The counts and
phenotypes of CTCs were assessed at baseline and at day 21 of treatment, after isolation using the
RosetteSepTM technique based on negative enrichment. At baseline, 6 out of 21 patients had CTCs
(28.6%). On day 21, 5 out of 11 patients had CTCs (41.6%). There was no significant difference in the
overall and progression-free survival between patients with or without CTCs at baseline (p = 0.44 and
0.78) or day 21 (p = 0.88 and 0.5). Out of the 11 patients tested at day 21, 4 had a positive variation of
CTCs (33%). Patients with a positive variation of CTCs display a lower overall survival. Our findings
suggest that the variation in the number of CTCs would be a better guide to the management of
treatment, with possible early changes in treatment strategy.

Keywords: circulating tumor cells; predictive biomarker; HNSCC

1. Introduction

Head and neck squamous cell cancer (HNSCC) is the sixth most common cancer
worldwide [1]. Current therapeutic strategies are multimodal and use either a combina-
tion of surgery followed by radiochemotherapy, neoadjuvant chemotherapy followed by
radiotherapy, or radiochemotherapy, depending on the tumor location and stage. These
strategies have not demonstrated any superiority to date, and locoregional recurrences
and/or metastases lead to therapeutic failure with a less than 50% overall survival (OS)
at 5 years. Moreover, the onset of metastasis within 12 months following diagnosis is
responsible for nearly 88% of deaths [2].

Circulating tumor cells (CTCs) represent a heterogeneous population with wide plas-
ticity and include epithelial cancer cells, cells in the process of epithelial-to-mesenchymal
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transition, mesenchymal cells, and cancer stem cells (CSCs). CSCs are demonstrated to be
responsible for self-renewal and tumor growth in HNSCC [3,4]. In addition, the number of
circulating CTCs is correlated with poor prognoses in lung, colorectal, prostate, and breast
cancers [5–9].

In HNSCC, and in oropharyngeal carcinoma, few studies have explored the role of
CTCs before, during, or after treatments. Despite CTCs having been found in 18% to
33% of HNSCC patients [10,11], their impact on progression-free survival (PFS) and OS
remains to be established. Some studies have reported that the presence of CTCs correlates
with a poor prognosis [11–13], i.e., lower PFS and OS; however, other studies did not
find any correlation [10,14]. Therefore, further investigation is needed to determine if the
identification and numeration of CTCs could help with the management of patients with
oropharyngeal carcinoma.

Patients with locally advanced oropharyngeal carcinoma who are treated with neoadju-
vant chemotherapy are currently reassessed both radiologically and clinically after the first
cycle of chemotherapy. Patients with a response of more than a 50% response are referred
for adjuvant radiotherapy with or without surgery, whereas patients with less than a 50%
response or with tumor progression are directed to a palliative chemotherapeutic strategy.

Currently, except for HPV-driven oropharyngeal carcinoma [15,16], there are no bio-
logical markers to identify the response to neoadjuvant chemotherapy upon reassessment.
Furthermore, some responders at clinical and radiological re-evaluation show early tumor
progression after the end of adjuvant radiotherapy.

In this prospective pilot study, 21 patients with locally advanced oropharyngeal
carcinoma treated with neoadjuvant chemotherapy were enrolled, and the evolution of
CTCs during treatment was explored, both in terms of their cell number and morphological
characteristics. Our primary objective was to define whether the number of CTCs before
and after the first cycle of neoadjuvant chemotherapy could be a predictive biomarker of
therapeutic response. The secondary objective was to determine whether a variation in
the number of CTCs between the beginning and the end of the first cycle of neoadjuvant
chemotherapy could be predictive of survival.

2. Materials and Methods

Study population and sample collection. Twenty-one patients displaying a histo-
logically proven squamous cell carcinoma from the oropharynx were recruited between
May 2016 and November 2018 from the Head and Neck Department at Croix-Rousse
Hospital (Lyon, France). Tumors were not resectable. The HPV status was obtained by
PCR on a tissue biopsy analyzed by the HPV DNA test Clinical® Array Human Papil-
lomavirus Genomica (R-Biopharm, Lyon, France). All HPV-positive patients were p16
positive, except one who was p26 positive. According to our therapeutic protocol, the pa-
tients were treated with either neoadjuvant docetaxel, cisplatin, and 5-fluorouracil (DCF) or
with docetaxel, cisplatin, 5-fluorouracil, with modified dose and fractioned administration
(mDCF) chemotherapy. Some patients later received adjuvant radiotherapy. This study
(NCT02714920) was conducted in compliance with French legislation and was approved by
the local independent ethics committee in November 2015. Written consent was obtained
from each patient. The patients were followed up for 24 months, and the last follow-up
was conducted in November 2020. Blood samples were collected from every patient at
baseline, i.e., before treatment. On day 21, blood samples were collected only from patients
who received DCF chemotherapy due to the schedule of the chemotherapy administration.
Blood from one patient who received mDCF chemotherapy was also collected on day 21.
The patients’ characteristics are summarized in Table 1.
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Table 1. Patients’ characteristics.

Patients’ Characteristics Number of Patients n CTC+ at Baseline p-Value

Age (years)
<65 16 (76.2%) 5 1
>65 5 (23.8%) 1

Gender
Male 18 (85.7%) 5 1

Female 3 (14.3%) 1

T stage
T2 2 (9.5%) 0 0.57
T3 8 (38.1%) 3
T4 11 (52.4%) 3

N stage
N0 3 (14.3%) 2 0.18
N+ 18 (85.7%) 4

Tobacco
Exposed 19 (90.5%) 6 1

None 2 (9.5%) 0

Alcohol
Exposed 7 (33.3%) 3 0.29

None 14 (61.9%) 3

HPV status
Positive 5 (23.8%) 0

Negative 13 (61.9%) 4 0.12
Unknown 3 (14.3%) 2

n CTC+ at Baseline: number of patients with CTC at baseline.

Classification of patients and change in CTCs. Patients were clinically stratified into
early responders or early nonresponders according to their clinical response at 4 months
follow-up. The group of responders corresponded to clinical and radiological RECIST
remission, while the nonresponders corresponded to disease progression. Changes in CTC
number were classified into two categories, positive variation and no positive variation (i.e.,
stable and negative variation). An absence of CTCs at baseline compared with a presence
of CTCs at day 21 was considered as a positive variation. The presence of CTCs at baseline
compared with an absence of CTC at day 21 was considered as a negative variation. An
absence of CTC at baseline and day 21 was considered as stable. A positive CTC count
at baseline and day 21 with an increase in CTC was considered as a positive variation,
whereas a decrease was considered as a negative variation.

Isolation of CTCs by RosetteSepTM. Blood samples were collected in two EDTA tubes
of 10 mL and centrifuged in a 50 mL tube at 1200× g for 10 min at room temperature.
Plasma was then replaced by phosphate-buffered saline (PBS) at an equivalent volume
without mixing. A small volume of residual plasma was left on the surface of the red
blood cells to avoid collecting CTCs at the interface. The sample was then incubated with
the RosetteSep reagent (Stemcell Technologies, Vancouver, Canada) [17] at 50 µL/mL for
30 min at room temperature under slight agitation. Thereafter, the cellular separation
was achieved in SepMate 50 mL tubes containing 17 mL of Lymphoprep density gradient
medium (Stemcell Technologies). Samples were centrifuged at 1200× g for 20 min at room
temperature. The upper phase was transferred to a 50 mL tube and reconstituted to 50 mL
with PBS with 2% fetal bovine serum (FBS). After centrifugation at 1200× g for 10 min
at room temperature, the cell pellet was rinsed twice with 50 mL of PBS and 2% FBS.
Finally, the enriched cellular suspension was resuspended in 2 mL of PreservCyt (Hologic,
Marlborough, MA, USA) and transferred to a cryotube for storage at 4 ◦C until analysis.

Detection of CTCs. The cells stored in the PreservCyt were cytospined on a slide at
18 g for 4 min at room temperature. A droplet of blocking solution (100 µL; PBS with
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0.1% bovine serum albumin (BSA), 1% FBS) was dropped onto the slide. After 30 min
incubation at room temperature, blocking solution was replaced by 100 µL antibody
solution (PBS, 0.1% BSA, 1% FBS), 1:100 anti-cytokeratin-FITC (Miltenyi Biotec, 130-080-
101), 1:100 anti-CD44-APC (Miltenyi Biotec, 130-113-338), 1:100 anti-CD45-PE (Miltenyi
Biotec, 130-110-632), 1:100 anti-N-Cadherin-Cy5 (Abcam, Cambridge, UK) and 0.1 mg/mL
of 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St Louis, MO, USA). The slide
was then maintained at 4 ◦C overnight. The next day, the solution containing antibodies
was removed and 100 µL of 1:1000 AlexaFluor 594 anti-mouse antibody was added and
incubated for one hour in the dark. Then, after four washes with 200 µL PBS followed
by 5 min of drying at room temperature, the slide was mounted under a coverslip with
Fluoromount (Sigma-Aldrich) and polymerized overnight at room temperature before
analysis by fluorescence microscopy (Microscope Axio Imager Z2, Zeiss, Marly-Le-Roi,
France; Metafer, MetaSystems, Altlussheim, Germany). CTCs were defined based on
their morphology and specific staining. Expression of N-cadherin is associated with
mesenchymal phenotype, cytokeratin is associated with epithelial phenotype, and CD44
is associated with HNSCC stem cell phenotype. Antibody specificity was validated on
SQ20-CD44+ cells [18], a subpopulation of CSCs isolated from the HNSCC cell line, SQ20B,
that expresses N-cadherin, cytokeratin, and CD44 (Figure 1A). Morphological studies
enabled elimination of apoptotic bodies, cell debris, and neutrophilic polynuclear cells.
Moreover, CTC is a cell with a round nucleus and a diameter around 20 µm without a real
cut-off that can be defined. The use of anti-CD45 antibody specific for leukocytes enabled
CD45-free cells to be the focus of our analysis. The combination of both evaluations allowed
us to eliminate this population considered as false positive in contrast to the other cells
considered as CTCs. CTCs could be positive for one marker and for DAPI and associated
with the corresponding phenotype, or positive only for DAPI with an undefined phenotype.
Representative images of immunostaining of CTCs are presented in Figure 1B and 1C. Two
slides per patient per time point were analyzed. Results were reported as the number of
CTCs identified per mL of whole blood. When more than three CTCs were aggregated,
they were considered as a cluster, and each cell was counted.

Statistical analysis. Statistical analyses were performed using GraphPad Prism (v.8.4.2,
GraphPad Software, San Diego, CA, USA). The association between CTC count and clinical
characteristics described in Table 1 was evaluated using Fisher’s exact test. PFS and OS
were assessed in the groups stratified according to their clinical response to treatment at
24 months, and the association between changes in CTC count, treatment response, and
prognosis were evaluated. Survival rates were assessed using the Kaplan–Meier method.
The minimum level of significance was set at p < 0.05.
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Figure 1. Immunofluorescence stainings (X20): (A) SQ20B-CD44+ cancer stem cells expressing
cytokeratin, N-cadherin and CD44; (B) Representative CTC observed in patient #12, expressing
cytokeratin at baseline; (C) Representative CTCs observed in patient #1, expressing N-Cadherin
at baseline.

3. Results

3.1. Counting and Characterization of CTCs

Before any treatment, 6 out of 21 patients were found to have CTCs (28.6%) (Table 2).
The minimum, maximum, and median CTC counts were 0.07 CTC/mL, 3.34 CTC/mL, and
0.22 CTC/mL, respectively. No significant associations were observed between the number
of CTCs at baseline and clinical characteristics of the patients, including sex, age, clinical
stage (tumor and nodes), tobacco use, alcohol intake, and human papillomavirus status
(Table 1). On day 21, before the second course of DCF treatment, CTCs were collected from
11 patients who received DCF chemotherapy, as well as from 1 patient who received mDCF
chemotherapy. Among the 12 patients from whom blood was collected at day 21, 5 (41.6%)
had CTCs (Table 2).

The characterization of CTCs at baseline identified two patients with an epithelial CTC
phenotype (cytokeratin expression), three patients with a mesenchymal CTC phenotype (N-
cadherin), but no patients displaying stem cell CD44 expression. The six patients with CTCs
also exhibited CTCs with undefined phenotypes. The characterization of CTCs at day 21
identified one patient with an epithelial CTC phenotype, two patients with a mesenchymal
CTC phenotype, and one patient with a stem cell phenotype. The five patients with CTCs
also exhibited CTCs with undefined phenotypes, including two patients with clusters
(Table 2). No significant associations were observed between CTC phenotype at baseline or
day 21 and OS or PFS (data not shown).
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Table 2. Identification and characterization of CTC patients according to treatment protocol.

Patients

Baseline (Number of Cells) Day 21 (Number of Cells)

Variation
Epithelial Mesenchymal

Stem
Cell

Undefined
CTC/
mL

EpithelialMesenchymal
Stem
Cell

Undefined
CTC/
mL

D
C

F

#1 0 1 0 2 0.315 0 0 0 0 0 -
#2 0 1 0 2 0.255 1 1 0 20 * 1.505 +
#3 0 0 0 1 0.190 0 0 0 6 0.315 +
#4 0 0 0 0 0 0 0 0 0 0 =
#5 0 0 0 0 0 0 3 1 15 1.190 +
#6 0 0 0 0 0 0 0 0 0 0 =
#7 0 0 0 0 0 0 0 0 0 0 =

#14◦ 0 0 0 0 0 0 0 0 38 * 2.375 +
#15◦ 0 0 0 3 0.880 0 0 0 1 0.055 -
#16◦ 0 0 0 0 0 0 0 0 0 0 =
#17◦ 0 0 0 0 0 0 0 0 0 0 =
#18◦ 0 0 0 0 0 / / / / / NA

m
D

C
F

#8 0 0 0 0 0 / / / / / NA
#9 0 0 0 0 0 / / / / / NA

#10 0 0 0 0 0 0 0 0 0 0 =
#11 0 0 0 0 0 / / / / / NA
#12 1 0 0 1 0.125 / / / / / NA
#13 0 0 0 0 0 / / / / / NA
#19◦ 0 0 0 0 0 / / / / / NA
#20◦ 1 1 0 8 3.335 / / / / / NA
#21◦ 0 0 0 0 0 / / / / / NA

DCF: Docetaxel, Cisplatine, 5-Fluorouracil. mDCF: DCF modified (dose adapted). Variation: increase (+), decrease
(-) or stable (=) variation in CTCs between baseline and day 21. *: cluster of CTCs. ◦: early nonresponder patient.
/: unmeasured. NA: not applicable.

3.2. Association between the Presence of CTCs at Baseline or Day21 and the Survival Rate

Of the 21 patients, 8 were considered as early nonresponders at 4 months follow-up.
The PFS was significantly lower for early nonresponders compared to responders (p <
0.0001, hazard ratio (HR) 30.4; confidence interval (CI), 6.6–139.3), and the OS was not
statistically different (p = 0.11) (Figure 2A). Regarding CTCs, 4 early responders (patients
#1, #2, #3, and #12) and 2 early nonresponders (patients #15 and #20) had CTCs at baseline.
On day 21, 3 early responders (patient #2, #3, and #5) and 2 early nonresponders (patients
#14 and #15) had CTCs (Table 2). Regardless of responder classification, there was no
significant difference in the OS and PFS between patients with or without CTCs at baseline
(p = 0.44 and 0.78, respectively) or day 21 (p = 0.88 and 0.5, respectively) (Figure 2B,C).

Figure 2. Cont.
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Figure 2. Survival curves: (A) Overall survival and progression-free survival of early responder. (R4:
responder at 4 months post treatment, NR4: nonresponder at 4 months post treatment). (B) Overall
survival and progression-free survival of patients depending on CTC at baseline. (C) Overall survival
and progression-free survival of patients depending on CTC at day 21 (D21).

3.3. Variation in the Number of CTCs between Baseline and D21 and the Survival Rate

Of the 11 DCF patients who had a blood sample collected at day 21, 4 patients (33%)
(patients #2, #3, #5, and #14) had a positive variation of CTCs (an increase in CTCs between
baseline and day 21) and 2 had clusters at day 21 (patient #3, early responder and patient #14,
early nonresponder). Two patients (16.7%) (patients #1 and #15) had a negative variation
(decreased CTCs between baseline and day 21). There was no significant association
between a positive variation in the CTC number and CTC phenotype or cluster. Despite
the absence of a significant difference in the OS and PFS between patients with a positive
variation and negative variation in CTCs (p = 0.48 and 0.75, respectively) (Figure 3), we
observed a clear tendency in patients with a positive variation to have a lower OS.

≥

Figure 3. Survival curves. Overall survival and progression-free survival of patients depending
on CTC’s variation between baseline and day 21. Var +: positive variation of CTCs, Var -: no
positive variation.

4. Discussion

We conducted a prospective pilot study to explore the potential role of CTCs during
neoadjuvant chemotherapy to predict PFS and OS in patients with oropharyngeal cancer.
We showed that there was no significant difference in PFS or OS between patients with and
without CTCs at either baseline or day 21, but we observed a variation in the number of
detected CTCs in some patients during the first 3 weeks of treatment. Despite the positive
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variation in CTCs, meaning an increase in CTCs during chemotherapy treatment, the
change was not statistically significant because of the relatively low number of patients.
Even so, a clear tendency to poor prognosis emerged from the results.

CTCs have already been evaluated in various cancers, and some studies showed that
increased CTCs are correlated with a poorer prognosis [19,20]. A meta-analysis of CTCs
in breast cancer indicated that CTC-positive patients (≥5 CTCs/7.5 mL) displayed an
increased risk of both tumor progression and death [21]. In a recent review concerning
lung cancer, non-small cell lung cancer, and small cell lung cancer, it was shown that an
increase in CTCs correlated with a poor prognosis [22]. In a study of 216 patients with
ovarian cancer, patients exhibiting ≥ 2 CTCs at baseline presented a decreased PFS and
OS [23,24].

For HNSCC, few studies explored the role of CTCs before, during, and after treatment,
and unfortunately, they are based on small cohorts and different methods for both isola-
tion and counting CTCs. In a cohort of 73 patients with hypo- and oropharynx tumors,
Buglione et al. demonstrated that a partial or complete response to chemotherapy was
associated with the absence or disappearance of CTCs during treatment. In addition, a
decrease in the number of CTCs or their absence during treatment also appeared to be
associated with non-progressive disease. Unfortunately, in this study, the authors examined
different anatomic subsites of cancer and different histopathological types of cancers such
as squamous cell carcinoma or sinonasal undifferentiated carcinoma, which have different
clinical outcomes [25]. Another study showed that the presence of CTCs expressing mark-
ers such as, cytokeratin, vimentin, EGFR, CD44, or N-Cadherin was correlated with a poor
prognosis [26]. In a cohort of 25 patients with oropharynx cancer treated with neoadjuvant
chemotherapy, Inhestern et al. showed that there was no correlation between the presence
of CTCs and age, sex, tumor site, stage, or lymph node involvement. Furthermore, a high
number of CTCs at baseline and after the treatment was proposed as a prognostic marker
for OS [12], but an analysis of the correlation between the variations in the numbers of
CTCs and PFS and OS was not addressed in this study.

The results concerning the number of CTCs often vary between studies due to the
techniques used. The previously cited studies used CellSearch and flow cytometric assays
based on a positive epithelial cell adhesion molecule (EpCAM) expression to isolate CTCs.
Currently, only the CellSearch technique from Veridex has received approval from the Food
and Drug Administration for clinical use in colorectal, lung, prostate, and breast cancers.
The analysis is based on an immunological method that counts CD45-, cytokeratin+, and
EpCAM+ cells. However, the EpCAM protein is an epithelial marker normally found in
most carcinomas, but is weakly expressed in HNSCC tumors [27]. This explains why few
experiments that used this device mention the presence of CTCs in patients with HNSCC.

Three isolation techniques were compared by Kulasinghe et al. in patients with ad-
vanced HNSCC: the CellSearch system, ScreenCell (microfiltration device), and RosetteSep
(negative enrichment). They found that CellSearch detected CTCs in 8 out of 43 cases
(18.6%), ScreenCell in 13 out of 28 cases (46.4%), and RosetteSep in 16 out of 25 cases
(64.0%), the latter being able to also detect CTC clusters [28]. These results confirm that
RosetteSep is an appropriate tool for the isolation of CTCs in HNSCC.

Concerning the kinetics of CTCs during treatment, the French multicenter CIRCUTEC
study focused on patients with nonoperable or metastatic tumor relapse. Sixty-five patients
treated with cetuximab chemotherapy were included. CTCs were isolated and detected by
three methods: CellSearch, EPISPOT, and flow cytometry. Patients were tested at baseline
and on days 7 and 21. Median PFS time was significantly lower in patients with increasing
or stable CTC counts (36/54) from baseline to day 7 with EPISPOT and in patients with
one CTC detected with a combination of 2 tests at day 7 [29]. For patients with curative
intent, Wang et al. analyzed CTC counts before and during radiochemotherapy treatment
in patients with locally advanced HNSCC. CTCs were detected using a negative selection
strategy and a flow cytometry protocol. The positive variation in the number of CTCs
correlated with lower PFS (and OS) [30].
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Our results suggest the use of CTC kinetics during treatment is much more relevant
than the detection of CTC levels alone. Our results are encouraging because it is important
to develop predictive biomarkers for responses to neoadjuvant chemotherapy. Indeed, these
treatments are associated with complications (e.g., hematological, renal, and auditory side
effects). Thus, the early identification of nonresponding patients through an analysis of the
variation in the number of CTCs may allow an early adjustment of the therapeutic strategy.
This would improve survival while limiting the side effects of unnecessary treatments.
Moreover, we observed that responding patients at 4 months after the end of treatment
had significantly better OS and PFS. Four responder patients at 4 months (patients #2, #9,
#12, and #20) showed tumor progression in the following weeks. Patient #2 was a clinical
and radiological responder but showed tumor progression and died at 12 months. This
patient had CTCs at baseline and a positive variation in CTCs on day 21. The variation
in CTCs could not be assessed for the other three patients because they received mDCF
treatment. Adding the CTC count to clinical and radiological investigations could help to
earlier orientate the management of patients.

5. Conclusions

Our pilot study offers preliminary results that should be consolidated using a larger
prospective study. The results suggest that the evaluation of variations in CTCs could be
used as a predictive biomarker during treatment, particularly at the time of the morphologi-
cal and clinical evaluations performed to assess the response to neoadjuvant chemotherapy.
When patients show a good response to the clinical and morphological evaluation, they are
referred to adjuvant radiotherapy. Unfortunately, some patients will show tumor progres-
sion after radiotherapy with worse survival. Thus, the study of the variation in the number
of CTCs and their appearance or disappearance would be useful during treatment to better
guide management decisions with possible early changes in strategy.
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Abstract: IL6-like cytokines are a family of regulators with a complex, pleiotropic role in both
the healthy organism, where they regulate immunity and homeostasis, and in different diseases,
including cancer. Here we summarise how these cytokines exert their effect through the shared signal
transducer IL6ST (gp130) and we review the extensive evidence on the role that different members of
this family play in breast cancer. Additionally, we discuss how the different cytokines, their related
receptors and downstream effectors, as well as specific polymorphisms in these molecules, can serve
as predictive or prognostic biomarkers with the potential for clinical application in breast cancer.
Lastly, we also discuss how our increasing understanding of this complex signalling axis presents
promising opportunities for the development or repurposing of therapeutic strategies against cancer
and, specifically, breast neoplasms.

Keywords: breast cancer; cytokine signalling; IL6ST; gp130; biomarkers; translational research

1. Introduction

Breast cancer (BC) is a heterogeneous disease comprising well-characterised molecular
subtypes that differ in their underlying biology, response to treatments, and prognosis. As
with all cancer types, biomarkers with prognostic and/or predictive power are essential
tools in the clinical management of this disease, with the oestrogen receptor α (ER) and
the human epidermal growth factor 2 receptor (HER2) being the foremost biomarkers in
BC. Assessment of both receptors to help select patients likely to respond to endocrine and
HER2-targeted therapies has been established in clinical practice for many decades and has
considerably improved the prognosis and survival for patients with hormone-dependent
and HER2-overexpressing BC [1,2].

Despite said advances, many challenges remain in the management of BC, particularly
as it pertains to advanced disease. In order to meet these needs, extensive research efforts
are devoted to gaining a better understanding of the underlying complexity of the disease,
as well as to identifying and validating potential molecular markers that might enable better
patient stratification and treatment selection [2–4]. Valuable markers are typically involved
in and serve as surrogates for cancer-promoting mechanisms or biological processes known
to be altered by disease. Discovery studies continue to identify novel biomarkers predictive
of BC development and progression, which can be differentially-expressed or mutated
proteins or genes, as well as other genomic markers such as microRNAs or long non-coding
RNAs [5–8].

Here, we review the role of IL6-like cytokines in BC and summarise evidence on
the role of members of this ligand family and their receptors as biomarkers, both based
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on their expression levels or the presence of polymorphisms. Recent years have seen a
wealth of evidence reported on this, given the central role of this signalling axis in many
cancer-related processes. To our knowledge, this is the most comprehensive review to date
on the role and biomarker potential of this cytokine family in breast neoplasms.

2. The IL6-like Cytokine Family

Cytokines are a superfamily of small polypeptide regulators involved in cell signalling
and the regulation of health and disease. They are often subdivided into families according
to their features [9–11]. As interleukin-6 (IL6) is the best characterised cytokine of its kind,
the group of cytokines with similar structural features and signalling machinery is referred
to as the IL6 or IL6-like family. This is also referred to as the gp130 family, as the central
feature of this group of cytokines is the transmembrane signalling receptor glycoprotein
130, one or more molecules of which are found in all oligomeric signalling complexes. This
signal transducer is also known as CD130, IL-6 receptor subunit β (IL6Rβ) or IL6 signal
transducer (IL6ST, which is also its gene name).

Besides the eponymous IL6, other canonical members of this cytokine family are
interleukin-11 (IL11), ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF),
oncostatin M (OSM), cardiotrophin 1 (CT1), cardiotrophin-like cytokine (CLC) and neu-
ropoietin (NPN). Interleukin-31 (IL31) is often described as a member of this family,
although its signalling complex does not include gp130/IL6ST, but other related sig-
nalling and non-signalling receptors [12–14]. Other cytokines, such as interleukin-27 (IL27),
interleukin-35 (IL35) and interleukin-37 (IL37), have been described by different authors as
belonging to either the IL6 or IL12 cytokine families [15–20]. Indeed, phylogenetic analysis
has shown a close relationship between both groups [21–23].

Cytokines act as extracellular ligands, binding transmembrane receptors with high
affinity to form oligomeric protein complexes. These lead to the formation of gp130/IL6ST
homo- or heterodimers (depending on the cytokine and its respective receptors), which
trigger intracellular signalling (see graphical abstract). The diversity of ligand-receptor
complexes that can be formed, together with signalling through a shared, ubiquitously
expressed transducer [24] and interaction with varied downstream regulators, make this
cytokine group a highly pleiotropic protein family, involved in a wide range of biological
functions, both in vitro and in vivo [25].

IL6-like cytokines exhibit a long chain ‘four-helix bundle’ topology. This consists of
four tightly packed α helices of 15–22 residues in length arranged in two pairs of anti-
parallel helices connected by three polypeptide loops [9,25]. Each ligand then associates
with a specific set of receptors which can be classified as non-signalling or signalling. ‘Non-
signalling’ receptors (also known as α receptors) are only required by some ligands (namely
IL6, IL11, CNTF and CLC) and are involved in the formation of the signalling complex, but
do not actively participate in intracellular signalling; their cytoplasmic regions determine
intracellular distribution in polarised cells but lack signalling capacities [26]. ‘Signalling’
receptors (also known as β receptors) are required by all ligands, as they are transmembrane
proteins whose cytoplasmic domains activate the signalling machinery; gp130/IL6ST is
the signalling receptor common to all family members. Where both kinds of receptors are
required, the association between the ligand and the non-signalling receptor is typically
the limiting step for complex formation and the subsequent activation of downstream
signalling, as the ligand can bind a non-signalling receptor with high affinity on its own, but
only binds the signalling receptor when in the presence of said non-signalling receptor [27].

The receptors in this family are modular in form and present distinct structural motifs
in their extracellular region (or ectodomain): a single immunoglobulin-like domain, a
cytokine homology region and, in signalling receptors, a third element including several
copies of the fibronectin type III-like domain [9] (see Figure 1 and next section). While all
family members bind gp130/IL6ST, their differential affinity for other receptors to form
their respective complexes is central to the complex specificity of signalling through this
cytokine family. The receptors associated with each member of the cytokine family are
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summarised in Table 1. Cytokines in the IL6 family are characterised by the existence of
3 topologically discrete sites (I, II and III) that act as functional epitopes for interaction
with their receptors. Mutagenesis studies have shown that the specificity of these sites
is dictated by a small number of residues in close spatial proximity, some of which are
conserved across members of the family [9,25].
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Table 1. Members of the IL6-like cytokine family and their respective receptors.

Cytokine
Site I:

Non-Signalling: Receptor
Site II:

Signalling Receptor
Site III:

Signalling Receptor

IL6 IL6R (IL6Rα) gp130/IL6ST gp130/IL6ST
IL11 IL11R (IL11Rα) gp130/IL6ST gp130/IL6ST
CLC CNTFR (CNTFRα) gp130/IL6ST LIFR (LIFRβ)

CNTF CNTFR (CNTFRα) gp130/IL6ST LIFR (LIFRβ)
CT1 - gp130/IL6ST LIFR (LIFRβ)
LIF - gp130/IL6ST LIFR (LIFRβ)

NPN - gp130/IL6ST -

OSM - gp130/IL6ST LIFR (LIFRβ) or OSMR
(OSMRβ)

CLCF1, cardiotrophin-like cytokine; CNTF, ciliary neurotrophic factor; CNTFR, CNTF receptor α; CT1, car-
diotrophin 1; IL6, interleukin-6; IL6R, IL6 receptor α; IL11, interleukin-11; IL11R, IL11 receptor α; IL27, interleukin-
27; IL31, interleukin-31; gp130/IL6ST, glycoprotein 130, also known as IL6 signal transducer; LIF, leukemia
inhibitory factor; LIFR, LIF receptor β; NPN, neuropoietin; OSM, oncostatin M; OSMR, OSM receptor β.

Site I, used only by some cytokines, is a binding site for non-signalling receptors
only (e.g., IL6R for IL6 or IL11R for IL11). A recent study has reported on the different
mechanisms for complex formation, evidencing the biological specificity for each ligand-
receptor pair [28]. Consistently across all family members, site II is always the binding
site for the shared receptor gp130/IL6ST. Site III is always used for association with
a second signalling receptor, such as gp130/IL6ST, LIFR or OSMR, depending on the
ligand. IL6 and IL11 have been shown to use sites II and III to bind different regions of
the same gp130/IL6ST molecule [9]. Following this receptor recognition, higher order
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complexes are formed combining 2 ligands and their respective receptors, as described in
the following section.

3. Soluble Receptors and Signalling Modes

As the prototypical and best-characterised member of its cytokine family, IL6 repre-
sents the best model to describe the complex signalling machinery observed in this family.
Importantly for the scope of this review, IL6 also plays an important role in BC, so the
description of its specific signalling partners and modes will be informative to the sections
focusing on this disease. IL6 binds the non-signalling receptor IL6R at the cytokine’s site
I before the IL6-IL6R complex can bind the signalling receptor gp130/IL6ST using IL6′s
sites II and III. Two such complexes then dimerise to form a final ternary complex with a
hexameric conformation and stoichiometry that includes two molecules each of IL6, IL6R
and gp130/IL6ST [29–31] (see Figure 2). It is this complex that creates the gp130/IL6ST ho-
modimer necessary to activate downstream signalling in the cytoplasm. While a tetrameric
complex model (comprising one molecule each of IL6 and IL6R and two molecules of
gp130/IL6ST) has also been proposed [32], the higher order hexameric conformation, simi-
larly described in other IL6-like cytokines such as IL11 [33] and CNTF [34], has become the
canonical model for complex formation and signal activation [35].
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Figure 2. Signalling modes in IL6-like cytokine signalling. The shared signalling receptor gp130/IL6ST is ubiquitously
expressed across all cell types in its full-length, membrane-bound form. Different soluble forms (sgp130/sIL6ST) are
also produced, mainly through alternative splicing. Different cell types produce membrane-bound or soluble forms of
non-signalling receptors such as IL6R (mIL6R or sIL6R, respectively). Receptor availability will determine what signalling
mode is induced by a cytokine. In the classic signalling mode, IL6 forms a hexameric signalling complex by binding mIL6R
and gp130/IL6ST. Alternatively, circulating sIL6R can act a cytokine agonist, capturing IL6 to trigger trans-signalling,
associated with pro-inflammatory and pro-carcinogenic responses. In turn, sgp130/sIL6ST can act as a cytokine antagonist,
sequestering the sIL6R-IL6 complex and inhibiting trans-signalling.

Two different modes of IL6 signalling have been described that are determined by the
existence of two different forms of the IL6 receptor α (see Figure 2): classic IL6 signalling
involves the full-length, membrane-bound form (mIL6R), while trans-signalling involves
the soluble form (sIL6R), produced from mIL6R, mainly by ectodomain cleavage or shed-
ding by a disintegrin and metalloproteinase domain-containing protein (ADAM10 and
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ADAM17) [36,37] or, in a smaller proportion, by alternative splicing [38,39]. Recently, a
third signalling mode referred to as trans-presentation has been described, by which IL6
binds mIL6R on the surface of a dendritic cell and the resulting complex is then presented
to adjacent CD4+ T cells, leading to h17 cell differentiation [40]. However, this mechanism
has not yet been observed in human models.

As gp130/IL6ST is ubiquitously expressed in all cell types [24], the form of IL6R avail-
able will determine whether IL6 elicits signalling through the classic or trans-signalling
routes which, importantly, have been shown to have divergent functions (see Figure 2).
Classic signalling is limited to mIL6R-expressing hepatocytes, leukocytes, and immune
cells, and has been shown to control homeostasis and promote anti-inflammatory re-
sponses [41,42]. In contrast, evidence has shown that sIL6R is produced by a broad range of
cell types, including malignant types such as BC cells, which produce sIL6R endogenously.
sIL6R can circulate through the bloodstream where it binds up to 70% of the circulating
IL6, thus increasing the cytokine’s half-life and bioavailability and acting as a carrier for its
delivery to gp130/IL6ST, available in the membrane of all cell types [43,44]. In this way,
trans-signalling broadens the target cell repertoire of IL6, enabling response to the cytokine
in cells lacking mIL6R. Depending on the levels of sIL6R produced, trans-signalling can
take place as a paracrine action or at both local and systemic levels [45]. Trans-signalling
has been linked to pro-inflammatory effects and the observed role of IL6 in chronic diseases
and cancer [27,42,46,47]. Trans-signalling mechanisms have also been described for the
IL6-like cytokines IL11 and CNTF through soluble forms of their respective non-signalling
receptors, sIL11R and sCNTFR [48,49]. The soluble receptors sIL6R, sIL11R, and sCNFTR
are considered agonists, since they act as ligand-binding receptors that enable cytokine
presentation and complex formation [47].

The other essential receptor in all IL6 signalling is, obviously, gp130/IL6ST. While this
is ubiquitously expressed, its role is also complicated by the existence of circulating forms.
The extracellular portion of gp130/IL6ST consists of 6 domains (see Figure 1): 1 N-terminal
immunoglobulin-like domain (IGD), 2 cytokine-binding domains (CBD) and 3 fibronectin
type III-like (FNIII) domains. The 3 membrane-distal domains are essential for ligand
recognition, since the 2 CBDs (D2-D3) form the cytokine homology region (CHR) and the
IGD (D1) is also required for the receptor to be functionally responsive to the cytokine;
the 3 membrane-proximal FNIII domains (D4-D6) provide the right spatial orientation to
enable formation of the hexameric receptor complex and signal transduction [35,50,51]. At
least 4 soluble forms of gp130/IL6ST (sgp130/sIL6ST) have been reported, which consist of
the entire (D1-D6) or part (D1-D3 or D1-D4) of the ectodomain [39,42,52], often presenting
stabilising glycosylations [53]. These soluble receptors, found at levels of up to 400ng/mL in
the blood [54–56], are produced mainly through alternative splicing, although ectodomain
shedding might also contribute to a very small proportion of their production [39,57,58].

Unlike soluble non-signalling receptors like sIL6R, sgp130/sIL6ST acts as a cytokine
antagonist, competing with membrane-bound gp130/IL6ST to bind the circulating IL6-
sIL6R complex and, thus, selectively blocking IL6 trans-signalling [59–61] (see Figure 2).
All identified forms of sgp130/sIL6ST include the N-terminal cytokine-binding portion
of the receptor. To date, there is no clear evidence of differential antagonistic abilities
between the different known forms of sgp130/sIL6ST [42,62]. Evidence has shown that
sgp130/sIL6ST can also inhibit IL11 trans-signalling [48,63]. Soluble forms of the signalling
receptors OSMR and LIFR have also been reported [64,65], which act as antagonists for
OSM and LIF signalling, respectively.

Given the opposing effects of sIL6R and sgp130/sIL6ST on IL6 signalling, and the
fact that their plasma levels remain relatively stable (40–75 ng/mL for sIL6R [66] and
250–400 ng/mL for sgp130/sIL6ST [56,67]), these soluble forms of the receptors act as a
buffer for circulating IL6. Plasma levels of this cytokine vary broadly by up to six orders
of magnitude between health and disease and in response to different local and systemic
processes [39]. Thus, this buffering mechanism might prevent unspecific overstimulation
by IL6 trans-signalling unless systemic or local IL6 levels surpass a certain threshold.
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Research has also reported cell type-specific expression patterns for the different existing
forms of sgp130/sIL6ST, which might enable local fine-tuning of the antagonistic effect on
IL6 trans-signalling [57].

4. Shared Cytokine Signalling: Pleiotropy, Redundancy and Specificity

Cytokine-driven dimerisation of gp130/IL6ST leads to signal transduction and activa-
tion of 3 major downstream pathways: the Janus-activated kinase—signal transducer and
activator of transcription (JAK/STAT) pathway, the Ras-Raf mitogen-activated protein ki-
nase (MAPK/MERK/ERK) signalling cascade, and the phosphoinositol-3 kinase—protein
kinase B/Akt (PI3K/AKT) pathway. This versatile signalling cascade is initiated by tyrosine
kinases in the JAK family, such as JAK1, JAK2 and TYK2, which can be found constitu-
tively associated with the cytoplasmic region of gp130/IL6ST by a non-covalent bond.
Dimerisation of gp130/IL6ST causes auto-phosphorylation and activation of JAK. One
cascade can see JAK phosphorylating the signal transducer and activator of transcription 3
(STAT3), leading to its dimerisation and translocation to the nucleus, where it modulates
proliferation and cell survival. JAK can also activate the SH2 domain-containing cytoplas-
mic protein tyrosine phosphatase (SHP2), which in turn activates the Ras/Raf pathway,
leading to the hyperphosphorylation of mitogen activated protein kinases (MAPK) and
triggering its increased serine/threonine kinase activity and complex downstream cascade,
which includes various transcription factors linked to cell growth [68,69]. Thirdly, JAK
can also activate the PI3K/AKT pathway. These signalling pathways are under regulation
by a number of negative-feedback mechanisms, including temporal attenuation of the
activity of SHP2 and the induction of the suppressor of cytokine signalling (SOCS) protein
family [70].

These three main signalling pathways, with their own complex and pleiotropic effects,
lead to the wide range of functions of IL6 and related cytokines in the healthy organism
and in diseases, such as immune disorders and cancer. The tumour-promoting effects of
these cytokines include both cancer cell-intrinsic processes, such as cell proliferation, differ-
entiation, survival, invasion and metastasis, and extrinsic processes that affect the tumour
microenvironment (TME), such as modulation of inflammation and angiogenesis [71,72].
Reliance on gp130/IL6ST as a shared signal transducer enables a certain level of functional
redundancy across family members [68]. Despite relative selectivity in ligand-receptor
recognition, structural similarities still allow for some level of receptor promiscuity, which
can lead to crosstalk, where a cytokine associates with receptors other than their own with
lower affinity. In vitro studies have previously reported non-canonical cytokine-receptor
complexes such as OSM-LIFR [12] or CNTF-IL6R [73], which might widen a cytokine’s
target spectrum, enabling them to elicit effects normally associated with other ligands in
the family.

Nevertheless, there is extensive evidence of significant functional specificity for dif-
ferent cytokines in vivo, with specific members exerting unique functions or the same
cytokine being able to elicit different responses in different cell types [17]. How exactly
this cytokine family circumvents its built-in redundancy to achieve specificity remains
unclear, although a number of features in this family’s complex signalling machinery are
likely to contribute to this modulation. The expression patterns for the different cytokines
are different across cell populations and can be modulated by the extracellular matrix,
while levels or bioavailability of circulating cytokines might also vary. The same is true of
the expression levels of different receptors which, as previously mentioned, are often the
limiting factor in cytokine signalling and can determine the signalling mode triggered.

The complex formation process relies on a sophisticated network of interactions
between each cytokine and the relevant non-signalling and signalling receptors. The
complex extracellular portion of gp130/IL6ST enables additional functional complexity, as
multiple domains and regions are involved in ligand recognition and activation [35]. This
explains how, for instance, IL6 is only able to associate with gp130/IL6ST as part of a binary
IL6-IL6R complex. Research has shown that different cytokines bind different specific
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residues in gp130/IL6ST [74–76]. These differences in the complex formation mechanism
are likely to contribute to distinct changes in the intracellular portion of gp130/IL6ST.
Differential target response to signalling thresholds across cell types, as well as a range
of modifications and many potential regulatory mechanisms also likely contribute to the
plasticity and specificity in gp130/IL6ST-mediated signalling [70]. Additionally, crosstalk
with other pathways through shared signalling components and factors in the cytoplasm
adds to the modulation of a cytokine’s effect [77]. Authors have suggested that the tissue-
specific effects of cytokines might be the result of signalling orchestration, where certain cell
types can integrate the range of possibly opposing signals with interplaying mechanisms
and factors for a balanced final response [78]. Further studies are needed to better elucidate
the complex signalling machinery enabling functional specificity. In the meantime, this
poses an interesting challenge in understanding how to tackle signalling of IL6 and other
cytokines for therapeutic purposes, as effective agents would need to achieve a similar
degree of specificity to enable targeting certain deleterious processes without compromising
other essential activities (see Section 8).

5. The Role of the IL6-like Cytokine Family in BC

Among their broad range of pleiotropic functions, IL6-like cytokines are well-established
as secretory factors contributing to many pro-carcinogenic changes, including disease
progression or the development of treatment resistance, in a wide range of types of can-
cers [79–83]. This signalling axis is also involved in the regulation of homeostasis and other
essential functions such as inflammation and immunity. In fact, the complex interaction
between these functions and cancer has been thoroughly described [81,84,85]. For example,
as pro-inflammatory signals regulated by these cytokines have been shown to the play a
role in neoplastic aetiology and progression, and this could be exploited for therapeutic
purposes. In the following paragraphs, we will focus on the role of these cytokines in BC,
describing the activity and biomarker potential in this disease of different members of the
IL6-like family.

5.1. IL6 in BC

5.1.1. Signalling Role in BC

As the prototypical pro-tumourigenic member of its cytokine family, IL6 has been
shown to exert a wide range of pro-cancer effects, including promoting tumour initiation
and progression, survival, invasion, metastasis and chemo-resistance. The evidence on the
role of IL6 in cancer has been reviewed extensively [19,86,87]. Here we will summarise the
important roles of IL6, its downstream effectors and pathways in BC, as well as the role of
IL6 as a marker in this disease.

STAT3, highly active in more than 50% of BCs [88,89], has been described as a key
signalling orchestrator of many of the cancer-promoting effects exerted by IL6, but also
IL11, LIF and OSM [70,79]. Evidence has also shown that STAT3 enables cross-talk of the
JAK/STAT pathway with the other gp130/IL6ST-dependent pathways, contributing to
cancer-promoting effects of the MAPK/MEK/ERK and PI3K/AKT signalling pathways,
such as chemo-resistance and epithelial-mesenchymal transition (EMT) [90,91].

Numerous studies have assessed the effect of IL6 on proliferation in vitro [86,92], with
diverging conclusions: while most evidence has suggested that recombinant IL6 can inhibit
proliferation in ER-positive (ER+) cell line models [93–98], this has been contested by other
studies and some have also shown a divergent motility-promoting effect [96,97]. Indeed,
some mechanistic studies have shown that STAT3 can induce cell cycle progression and
inhibit various apoptotic genes [19,72,99,100], while PI3K/AKT signalling inhibits p53,
Chk-1, and transcription of tumour suppressors, and induces cyclin D1, myc, and mTOR
transcription [101,102], with these changes contributing to proliferation and cell survival.
Conversely, other studies have reported that IL6 might induce apoptosis and help inhibit
proliferation in MCF-7 cells [93,95,103]. Interestingly, one study on ER+ cells in 3D culture
found that IL6 could promote proliferation [104], while another on xenograft models found
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that IL6 increased expression of EMT-related genes through STAT3 [105]. Similarly, a study
found that the blockade of gp130/IL6ST signalling had different effects in vitro compared
to in vivo: inhibition led to higher proliferation in cell line models, but reduced malignancy
in mice models [106]. This evidence from more complex models suggests that the effect of
this cytokine on proliferation might be dependent on the TME. Another likely determining
factor is receptor expression in the different models studied, but most in vitro studies have
not considered the potential role of membrane-bound or soluble receptors [86].

The effect of IL6 on proliferation is only one of its many roles in BC. Studies have
shown that IL6 can exert a pro-metastatic effect by modulating genes related to EMT, a
process essential to the metastatic process, via STAT3 [107,108]. Transition from a stationary
to a motile phenotype is also aided by the downregulation of E-cadherin expression,
leading to loss of adhesion [97,105,107,109]. IL6 can also induce pro-angiogenic effects,
inducing VEGF expression in tumour-associated endothelial cells through STAT3 and
MAPK [110], while the IL6 inflammatory loop can activate mechanisms linked to drug
resistance [111–113].

5.1.2. Circulating IL6 Level as a Biomarker

Different sources of IL6 can induce a tumour-promoting effect in BC cells. Malignant
cells are known to be a major source of IL6, with BC cells producing much higher levels
of both the cytokines and its receptors than normal epithelial breast cells [114]. This
endogenously-produced IL6 is used as a growth factor in an autocrine manner. In addition
to production by cancer cells, tumour-associated macrophages (TAMs), helper T (Th)
cells and tumour-associated fibroblasts have been shown to be primary sources of IL6 in
the TME, suggesting these cell types enable paracrine IL6 signalling which can in turn
contribute to oncogenesis and proliferation [104,115–117]. Interestingly, an IL6 activation
signature revealed that pathway activity as measured in breast tumour samples correlated
with circulating serum IL6 levels [118]. Both local autocrine and paracrine release are
able to activate IL6 trans-signalling, thus contributing to the cytokine’s tumour-promoting
effects [119–122]. In turn, these circulating cytokines could also enable endocrine IL6
signalling in distant lesions as the disease spreads.

Although pre-clinical studies have produced diverging evidence on the effects of
IL6 and the utility of its in-tumour levels as a marker remains unclear [123–126], the role
of circulating serum IL6 levels as a negative prognosticator in BC has been well estab-
lished [79,92]. Indeed, compared to healthy women, serum IL6 levels are significantly
elevated in BC patients and correlate with the stage of disease [127,128]. Higher levels
were also observed in patients with widely dispersed metastatic BC compared to single
metastatic disease, in recurrent compared with non-recurrent disease and in progres-
sive compared to stable disease [128–133]. Elevated serum levels were also associated
with worse prognosis and survival, as well as reduced response to chemo- or endocrine
therapy [128–131]. Multivariate analysis confirmed that IL6 is an independent negative
prognosticator in metastatic BC [130]. A meta-analysis of previous studies also found that
high IL6 expression is associated with poor overall survival [134]. Although correlation
with other clinical factors or tumour characteristics was not identified, the analysis was
limited by the heterogeneity across studies in the different sources for IL6 detection (tumour
vs. serum). In short, despite diverging reports on IL6’s role from in vitro studies, clinical
evidence firmly supports that IL6 is involved in and a biomarker of BC development and
progression. Despite the evidence on its prognostic and potentially predictive value of
serum IL6 levels, prospective studies are needed before their assessment can be applied in
BC detection and monitoring or to guide treatment selection.

Studies have reported changes in IL6 levels during treatment with taxane-based
chemotherapy [135,136], but not with anthracycline-based chemotherapy [137,138] or
endocrine therapy [139]. Some effort has gone into investigating a potential role of elevated
cytokine level in the development of adverse events in patients receiving treatment for
BC. Plasma IL6 levels were found to be associated with the development of fatigue in
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early-stage BC patients receiving radiotherapy [140,141], although other studies found no
link between fatigue and IL6 levels in later stages [142,143]. Pre-treatment levels of IL6
were also higher in patients who went on to develop depression [144–146]. In long-term
survival, plasma IL6 levels were associated with reduced cognitive function and poorer
memory [147,148]. These findings suggest that anti-inflammatory therapies and, more
specifically, agents inhibiting IL6 might help alleviate some of the side effects associated
with anti-cancer treatment.

Researchers have also studied whether the systemic IL6 level could be an indicator of
BC risk in healthy women, since evidence of non-steroidal anti-inflammatory treatment
leading to reduced risk of developing cancer suggested that circulating pro-inflammatory
factors such as this cytokine might be linked to a higher predisposition to breast neo-
plasms [149]. No correlation between IL6 and breast cancer risk was found in two prospec-
tive studies in older populations, although the studies were limited by a low predictive
power [150,151].

Circulating levels of sIL6R have been found to be elevated (in comparison to healthy
individuals) in patients with different cancer types, including myeloma, leukaemia, bladder,
prostate and hepatocellular cancer, with higher levels associated with tumour grade,
volume or disease spread [152–157]. While significantly higher sIL6R levels have also been
reported in patients with BC [158,159], it has been suggested that larger sample cohorts
need to be assessed before conclusions can be drawn regarding the prognostic potential of
sIL6R levels in this cancer type [27].

5.2. Other IL6-like Cytokines in BC

Other cytokines and associated receptors have also been associated with breast dis-
ease. As previously discussed, there is a certain degree of functional redundancy through
the shared signal transducer and the 3 main downstream pathways described. For in-
stance, some studies have shown that both IL6 and OSM are capable of inducing tumour-
promoting effects through STAT3, while IL6, IL11, LIF and OSM can all promote invasion
and metastasis through the JAK/STAT3 and PI3K/AKT pathways [79,160–166]. On the
other hand, different cytokines can also trigger diverging responses through modulation
of common mediators and signalling pathways. For instance, IL6 induces numerous
cancer-promoting changes through STAT3, while IL27 or OSM can induce an opposing
effect through the related signal transducer STAT1, also activated as part of the JAK/STAT
pathway [167,168]. As is the case for IL6, other cytokines might exert a complex range
of possibly opposite effects, with evidence of anti- and pro-tumour effects. In the next
paragraphs we summarise some of the evidence to date on the role and potential clinical
implications of some of the other IL6-like cytokines in BC.

5.2.1. IL11

Having long been established as a haematopoietic growth factor, research in recent
years has highlighted the potential pro-tumourigenic role of IL11 in epithelial cancers,
with abundant evidence of its role in gastric cancer [169]. BC cell line studies have shown
that, while only some models secreted IL11 [170], most expressed its specific receptor,
IL11R [171,172]. In line with the typical signalling of cytokines in the IL6-like family, STAT3
is a central orchestrator of most of the known effects of IL11 in cancer, including promotion
of cell growth and survival [173]. For example, studies on a triple-negative BC cell line
model showed that blockade of IL11 led to increased response to chemotherapy [174]. The
same researchers reported that higher IL11 levels were associated with poorer survival in
BC patients treated with chemotherapy, suggesting this cytokine might play a similar role
in vivo.

Characterisation of a range of cancer cell lines, including a BC model, found that
IL11 and IL11R expression was induced by the development of hypoxia [175]. STAT3 has
also been shown to contribute to the effects of the hypoxia-inducible factor-1α (HIF1α)
transcription factor to promote angiogenesis, a key process in cancer progression and
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dissemination [176]. Animal studies using triple-negative human BC xenografts includ-
ing IL11-overexpressing subclones have supported the role of IL11 in tumour growth,
metastasis and angiogenesis [175,177].

The best-established role of IL11 in BC is in metastasis promotion. BC metastases to
the bone are normally osteolytic, involving the activation of osteoclasts (bone-resorbing
cells) that cause bone degradation and in turn enable tumour expansion. Recent animal
studies have shown that IL11-driven activation of JAK/STAT signalling is an essential
factor in promoting metastases-driven osteolysis [91]. Research has shown that different
IL6-like cytokines are produced by osteoblasts (bone-forming cells) in physiological con-
ditions and can be involved in normal bone remodelling [178–180]. Interestingly, IL11
is also expressed by bone marrow stromal cells and its secretion plays a central role in
osteoclastogenesis [181]. The fact that IL11 is produced endogenously by stromal cells
under physiological conditions and is essential to the formation and differentiation of
bone-deforming cells (rather than just signalling for their activation like other related
ligands) supports the notion that this cytokine plays a particularly important role in the
bone microenvironment both during normal remodelling in healthy individuals and in the
presence of colonising malignant cells [182]. Indeed, IL11 expression has been shown to
correlate with risk of developing bone metastasis [183] and is higher in both tumour and
serum samples from BC patients who presented these distant metastatic lesions [184].

Numerous other studies have investigated the clinical implications and potential prog-
nostic value of IL11 expression. One study found that IL11 was elevated in tumour samples
compared to matched normal breast tissue, regardless of subtypes and grade [172,185,186].
Another study showed higher levels of both IL11 and IL11R in clinical BC samples com-
pared to normal breast tissue. Results also showed that IL11 was higher in tumours with
node-positive status and poorer prognosis and that a higher level of the cytokine was linked
to poorer survival [187]. Higher IL11 was also observed in patients who relapsed within
3–5 years compared to those who remained relapse-free [188].

Interestingly, a meta-analysis of 26 datasets from microarray studies found that higher
IL11R expression was a positive prognosticator, associated with better survival in the
lower-risk cohort of patients with negative node status [172]. Diverging from that earlier
study, interrogation of multiple publicly-available datasets reported that IL11R was down-
regulated in most BC subtypes [172,189–192]. One notable exception is the mesenchymal
stem cell-like subgroup of triple-negative BC. This subtype does express IL11R and presents
an aggressive phenotype associated with poorer patient outcomes, suggesting the receptor
might be a negative prognosticator [174]. The contrasting evidence on the role of IL11R as
a biomarker in BC hints at the complex interaction between the receptor, its cytokine and
other related factors, as well as at the fact that this signalling might vary across different
BC subtypes.

5.2.2. LIF

Evidence exists of a range of effects of LIF in BC. The role of LIF signalling on pro-
liferation is unclear, with studies using the same ER+ cell line model reporting both
growth-promoting [193,194] and anti-proliferative effects [171,195,196] of LIF. This sug-
gests different factors might affect the role of LIF in promoting or inhibiting proliferation
and further studies are needed to better characterise its function in BC. However, the
proliferative effect of LIF has been reported in models expressing low LIFR, suggesting this
activity is likely not dependent on this receptor.

Although cell line studies have suggested that LIF can lead to increased migration and
metastasis [164,165], its receptor LIFR has been shown to act as a breast tumour and metastasis
suppressor through activation of the pro-dormancy activity of STAT3 [195,197–201]. In line
with this, cell line models with low metastatic potential have been shown to express higher
levels of LIFR and be responsive to LIF, whereas highly metastatic cells did not express the
receptor and were unresponsive to the ligand [195]. Studies in ER+ cell line models have
also shown that its knockdown leads to increased invasion, downregulation of dormancy
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genes and increased osteolytic bone destruction [195]. Overall, there is abundant evidence
of a metastasis-supressing role of LIFR, suggesting a systemic pro-dormancy role in cancer
cells disseminated to distant sites [195]. However, several cytokines (including LIF, OSM and
CNTF) can recruit LIFR to initiate their signalling, so it remains unclear what ligands might
drive this specific mechanism.

5.2.3. OSM

Several studies have reported growth-inhibitory effects of OSM in BC cell line mod-
els [196,202–205], as well as in normal human mammary epithelial cells [206]. Conversely,
cell line studies have also suggested that OSM might exert a pro-tumorigenic and pro-
metastatic effect through induction of detachment, invasiveness, bone dissemination and
EMT [160,207–209]. Studies in animal models showed that OSM knockdown reduced the
formation of metastases, with findings suggesting that autocrine and paracrine signalling
might be linked to metastasis to bone and lungs, respectively [210,211]. Data from clinical
samples showed that patients with higher OSM levels had decreased survival, further
supporting this role in metastasis.

OSM can signal through both OSMR and LIFR [179,212], with evidence suggest-
ing different downstream effects of OSM might be dependent on different signalling re-
ceptors [195,207]. Expression of OSMR has been shown to be associated with shorter
recurrence-free and overall survival in BC patients [213], while evidence suggests a
metastasis-suppressing role for LIFR. This supports the notion that OSM could have
opposing effects depending on which receptor it binds to initiate its signalling, with OSMR
potentially being involved in the cancer-promoting role of the ligand, while association
with LIFR could be linked to its growth-inhibitory effect. Nevertheless, further work is
needed before the complex signalling machinery and specific role of OSM in vivo can be
fully elucidated.

5.3. IL6ST as a Biomarker in BC

As the cornerstone of all signalling by cytokines in the IL6-like family, the shared
signal transducer gp130/IL6ST holds particular potential as both a therapeutic target and a
candidate biomarker. We recently reviewed the extensive evidence of gp130/IL6ST as a
promising predictor in BC [214]. In short, in recent years ten different independent studies
based on the analysis of clinical BC samples have shown the value of gp130/IL6ST as a
prognostic and/or predictive biomarker. Six studies reported that gp130/IL6ST serves as an
independent marker and is, specifically, a positive prognostic marker in BC; its expression
is significantly correlated with ER expression and better prognosis, and inversely correlated
with adverse events such as invasion, metastasis and recurrence [214].

We also showed that IL6ST has been included in four different multifactor signatures
(including the clinically-available EndoPredict assay), where gp130/IL6ST also served as a
positive prognostic factor for ER+ BC [214]. These multigene signatures enable stratification
of BC patients into prognostic groups with differing risks of recurrence and rates of response
to different therapeutic strategies, so they could aid treatment selection. These findings
suggest that inclusion of gp130/IL6ST, along with other molecular and clinicopathological
factors, might provide further insight into the complex underlying biology of the disease
and could, in turn, enable better patient stratification. As a result, these multifactor tools
represent a promising avenue for the potential clinical translation of gp130/IL6ST’s value
as a biomarker in BC.

6. IL6-like Cytokines and Oestrogen Signalling

Given the essential role that oestrogen and its signalling play in the majority of
BCs, extensive efforts have gone into assessing their potential interaction with cytokine
signalling. Research has shown a complex association between the oestrogen receptor and
IL6 signalling. ER+ cells have been shown to be more responsive to IL6 than hormone-
independent cells. Interestingly, an in vivo study showed that IL6 could drive engraftment
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of xenografts derived from an oestrogen-dependent BC cell line in the absence of hormonal
supplementation and this could be blocked using an IL6 inhibitor [118]. Although earlier
evidence suggested IL6 expression might correlate with ER [215], several more recent
studies have shown that ER-negative (ER-) cultured models produce higher levels of the
cytokine [216–218]; thus, ER- cells might be exposed to constant autocrine IL6 signalling,
rendering them less sensitive to fluctuations in exogenous IL6 levels when compared to
ER+ cells [219]. Research has also assessed a potential link between ER status and IL6R
expression, with diverging results: cell line studies have suggested that ER+ cells release
mainly sIL6R, whereas ER- cells express mIL6R [95]; however, a more recent study of serum
samples showed that patients with ER+ tumours had lower levels of sIL6R compared to
ER- patients [220].

IL6 can activate oestrogen-generating enzymes in both the tumour and adjacent tis-
sues [126,221–223], acting as a key modulator of the conversion of estrone to estradiol [223].
Thus, IL6 can lead to an increase in local and circulating levels of oestrogen, as well as
oestrogen sulfate, which can remain in circulation longer and acts as a hormone reservoir.
Interestingly, research has shown that the IL6-like cytokines IL11 and OSM can stimulate
aromatase expression via binding of STAT1/3, supporting the notion that cytokines secreted
locally by cells in the TME contribute to upregulation of aromatase activity [224–226].

A study of primary BC-derived cultures showed that IL6 can cause direct transcrip-
tional activation of ER [227]. This supports the notion that, even if lower levels of IL6 are
produced endogenously in ER+ tumours, the cytokine still contributes to the advancement
of ER-driven disease. Interestingly, cell line studies have reported that ER can trans-repress
the expression of IL6, suggesting a potential negative feedback loop. This could explain
why ER- cells, where this negative feedback loop is inactive, produce more IL6 [228]. In
turn, this cytokine up-regulation has been suggested as a contributing factor to the greater
invasive and metastatic potential of ER- breast cancer [92,106,228].

In vitro studies on endometrium and decidua cells have shown that oestrogen and ER
signalling might play a role in determining the balance between soluble and membrane-
bound forms of gp130/IL6ST [229]. This suggests that hormonal regulation could also
modulate expression and release of the different isoforms in BC, thus altering cytokine
signalling and its downstream effects on the disease.

Researchers have also investigated the association between hormone receptor status
and other cytokines and receptors in the IL6-like family. Studies have shown that expression
of LIFR correlates with ER in clinical samples [230] and its level and function are also higher
in ER+ cell line models [195]. Evidence has suggested that higher LIFR levels are associated
with favourable biological features and better outcome and loss of LIFR favours bone
metastasis [195,230]. In line with this, a recent study reported a metastasis-promoting
mechanism in which ER is involved in down-regulation of LIFR expression, suggesting a
potential negative feedback loop, similar to the one observed for IL6 [231].

Levels of OSM and its receptor OSMR have been shown to be inversely correlated with
expression of ER and its target genes. Studies in ER+ cell lines also showed an antagonistic
relation between ER and OSM and their associated signalling [213]. While the role of
IL6-like cytokines in BC appears to be complex and the relation between ER status and the
different cytokines in the family is heterogeneous, there is a common trend of evidence of
ER-driven mechanisms of negative regulation of IL6, LIF and OSM signalling.

Lastly, the positive correlation between gp130/IL6ST expression and ER has been
well established, as we recently reviewed [214] (also see Section 5.3). In short, evidence
suggests that gp130/IL6ST might act as a robust surrogate marker of active oestrogen-
related signalling. Importantly, its expression levels might provide an insight into the
heterogenous underlying biology of ER+ BC, helping to stratify ER+ tumours into subsets
that differ in their true level of hormone dependence and, consequently, their likelihood of
response to endocrine therapy.
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7. Polymorphisms in gp130/IL6ST-Dependent Signalling

Mutations leading to changes in the expression, activation or stability of molecules in
the gp130/IL6ST signalling axis represent potential mechanisms for the development and
progression of disease. Epigenetic alterations might also play an important role in aberrant
activation of cytokine signalling in cancer. While the evidence to date has been reviewed
extensively before [17,232], in this Section we will summarise the role polymorphisms in
this protein family specifically as it pertains to BC.

7.1. Polymorphisms in IL6-like Cytokines

While there is no evidence of naturally-occurring gain-of-function mutations in IL6,
numerous studies have reported loss-of-function mutations that might alter its expression
or downstream signalling and are linked to a range of pathologies [17]. In BC, mutations
have mainly been described in the promoter region of the IL6 gene. The best characterised
SNP, -174G/C (rs1800795), has been shown to cause IL6 overexpression at least in part by
enabling recognition by other transcription factors [233,234]. However, the potential clinical
implications of this mutation are unclear. Some studies found the mutant GG genotype
was a negative prognosticator associated with reduced disease-free survival (DFS) in ER+
patients receiving chemotherapy [235] and with increased risk of metastasis irrespective of ER
status [236]. In contrast, other studies found that a wild-type CC genotype was associated
with a more aggressive phenotype and worse overall survival [237] or with lymphovascular
invasion [238]. Another group also reported that C-carrying cancers had a higher risk of early
events; this association was observed in ER- tumours, particularly after radiotherapy, but also
irrespective of ER status for chemotherapy-treated cancers [239]. Overall, researchers have
hypothesised that this polymorphism might alter the effect of the TME on IL6 expression:
while wild-type tumours increase production of the cytokine in response of inflammatory
stimuli such as radio- or chemotherapy or in ER- disease, mutant tumours might produce
more IL6 regardless of systemic changes [239]. Other studies have suggested that hormonal
status might influence how genetic variation affects the role of IL6 in BC [240]. Another
polymorphism in the IL6 promoter is the SNP -597G>A (rs1800797), which has been linked to
worse DFS and higher risk of early events [238,239,241]. Diplotypes including both -174G>C
and -597G>A have also been associated with worse DFS (IL6-174G/C (rs1800795) [235].

Numerous studies have assessed the effect of IL6 polymorphisms on BC risk with
inconsistent conclusions. For example, while some studies found that the -174G>C SNP
led to an increased risk of disease [240,242], other studies and meta-analyses found no
association between this or other polymorphisms in IL6 or IL6R and BC risk [234,243,244].
Interestingly, a large study evaluating 16 genes for interleukins and their receptors, which
included over 100 SNPs, found that associations of polymorphisms (including some in
IL6 and IL6R) with risk differed depending on ethnic background [245]; this suggests that
heterogeneity in patient cohorts across different studies might contribute to the diverging
results seen to date. Further work is needed to better elucidate the effect of IL6 SNPs on BC
risk and progression, which most likely depends on several interacting factors.

There is less knowledge on mutations in other IL6-like cytokines. SNPs in LIF, CNTF
and OSM that lead to systemic cytokine deficiency have been linked to a broad range of
pathologies [17]. However, there is little evidence of such aberrations contributing to cancer,
although a recent study showed that polymorphisms in IL11 could affect susceptibility to
gastric cancer [246].

7.2. Polymorphisms in Non-Signalling Receptors

Numerous polymorphisms in IL6R have been identified in humans, which largely
alter the well-established role of IL6 in inflammation [247]. For example, the SNP p.D358A
(rs2228145), affecting the site of cleavage by ADAM proteinases, leads to higher levels of
sIL6R [248,249]. This has a systemic protective effect against inflammation that is trans-
lated into differential risks of inflammation-related conditions [249–251]. Another, rarer
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loss-of-function polymorphism in IL6R is linked with severe immune and inflammatory
disorders [252].

Genotypic changes in IL6R can also affect BC, with a study finding that the rs11265608
SNP was associated with worse prognosis and reduced DFS [253]. Mutations in IL11R
CNTFR have been linked to musculoskeletal alteration humans [254–257], but no aberra-
tions in these receptors have been shown to affect BC.

7.3. Polymorphisms in Signalling Receptors

As the cornerstone of signalling by IL6-like cytokines, aberrations in the signal trans-
ducer gp130/IL6ST have the potential to affect many downstream pathways and effects.
Introduction of a knock-in gp130/IL6ST mutation was shown to cause hyperactivation of
STAT3 through the disruption of a negative feedback mechanism, leading to the promotion
of the development of adenocarcinomas [258]. In an important first finding in humans,
a study of inflammatory hepatocellular adenomas reported small in-frame deletions in
gp130/IL6ST in 60% of samples [259]. These gain-of-function somatic aberrations in the
ligand-binding domain of gp130/IL6ST caused changes in intracellular distribution of the
receptor and constitutive ligand-independent activation of STAT3 [259,260], exemplifying
a novel mechanism for overactivation of pro-tumourigenic signals observed in many tu-
mours. The inflammatory phenotype of these benign cancerous lesions evidences the role
of IL6-like cytokines in both inflammation and cancer.

Further work is needed to determine the role of these or other gp130/IL6ST aberrations
in other epithelial cancers, including breast neoplasms. Interestingly, as binding of different
cytokines involves specific residues in gp130/IL6ST, mutations might affect signalling by
different ligands differently. For example, characterisation of a human mutation within a
patient report showed that the N404Y mutation affected signal transduction of IL6, IL11,
IL27 and OSM, but not LIF [261].

As for the other signalling receptors in the IL6-like cytokine family, there is no signif-
icant evidence of any activating mutations in OSMR or LIFR, although loss-of-function
polymorphisms have been reported in patients with rare genetic disorders [262–264]. Poly-
morphisms in OSMR have been shown to be associated with increased risk and differential
prognosis in different cancers [265–267], although no aberrations have been shown to play
a role in BC.

7.4. Polymorphisms in Downstream Factors

Signalling can also be affected by polymorphisms in factors involved in the main path-
ways under gp130/IL6ST modulation, as has been extensively reviewed [232]. For example,
both JAK2 mutations that lead to constitutive activation of JAK/STAT3 [268–271] and JAK2
fusion proteins [272–275] have been reported at high frequencies in patients with a range of
pathologies. JAK polymorphisms have also been reported, albeit at a lower frequency, in solid
tumours, including mutations in JAK1 and JAK3 in BC [271,276,277]. Activating mutations
in these genes appear to function similarly, by blocking mechanisms of JAK activity autoin-
hibition [270,278]. Similar aberrations in the kinase TYK2, including activating mutations
and gene fusions, have also been reported in myeloid disorders [279,280], but have not been
observed in BC.

STAT3 mutations that lead to enhanced dimerisation and the constitutive activation
of the JAK/STAT signalling cascade have been reported in leukemia [281,282] and lym-
phoma [283]. STAT3 polymorphisms have been detected in benign liver tumours [284], the
same type of lesions shown to carry activating mutations in gp130/IL6ST [259], JAK1 and
the kinase FRK [277], which also lead to constitutive activation of STAT3 [285].

Although mutations in STAT3 have not been reported in other solid tumours, there
is extensive evidence of other aberrations causing downregulation of SOCS proteins or
inhibition of SPH phosphatases that also lead to JAK/STAT dysregulation and STAT3
hyperactivity [286]. In BC, there is evidence of the expression and high signalling activity
of STAT3 [89,287], which could be driven by aberrant JAK forms (reported in some clinical
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samples) or by other mutations affecting this signalling cascade. For instance, BC cell line
models have been shown to carry activating mutations in Src kinases, which also modulate
STAT3 and its effect on proliferation [288–290], and anti-STAT3 strategies has been shown
to reduce tumour growth in animal studies [291].

These represent only some of the mechanisms that might affect the complex cytokine-
driven signalling network in BC. While genotypic changes might vary between tumour
types, it seems that alterations to the signalling cascade are a common feature across
cancers and present a potential therapeutic strategy. Although this section has focused
on polymorphisms in the main signalling axis JAK/STAT, aberrations with potential
pro-tumourigenic effects also affect other pathways modulated by gp130/IL6ST, such as
PI3K/AKT. For instance, in recent years much work has focused on the role and potential
as therapeutic targets of PIK3CA genetic alterations, which are amongst the most common
in BC [292,293].

8. Therapeutic Targeting of gp130/IL6ST Signalling

The involvement of IL6-like cytokines and their downstream signalling in many
processes considered hallmarks of cancer has highlighted their potential as therapeutic
targets. The pleiotropic role of these ligands means that blockade or inhibition of this
signalling axis must be fine-tuned to prevent unwanted dysregulations. Despite this
challenge, evidence shows that a high level of specificity can be achieved; for example,
by recognising a critical residue in site III, the IL6 inhibitor olokizumab can hinder the
interaction of gp130/IL6ST with the IL6-IL6R complex, but not other cytokines [294]. On
the other hand, this pleiotropy also means that some drugs are already available that might
be repurposed. A good example are anti-inflammatory agents that could also be used as
anti-cancer treatments (see last paragraph in this section).

Therapeutic approaches to date have included monoclonal antibodies for direct block-
ade of a ligand or receptor, recombinant cytokine regimes or small-molecule agents that in-
terfere with downstream signalling. A variety of agents are at different stages of pre-clinical
and clinical development and some are already in use. While emerging drugs targeting
IL6-like cytokines and their signalling have been reviewed recently [19,79,87,88,295,296],
in this section we will summarise the main therapeutic approaches and highlight those
agents with current or emerging applications in BC.

IL6-mediated signalling might be blocked through direct inhibition of IL6 or IL6R
using monoclonal antibodies. Promising pre-clinical evidence led to numerous clinical
trials of the anti-IL6 antibody siltuximab to treat multiple myeloma or solid tumours,
but these largely reported a lack of efficacy [79,295]. Although other novel anti-IL6 anti-
bodies are being assessed for the treatment of immune disorders [297,298] or COVID19
(NCT04348500), further work is needed to evaluate their potential against BC.

The anti-IL6R antibody tocilizumab is already used to treat inflammation-related
disorders and is currently in clinical trials to treat different cancer types. Following evidence
from BC cell line models [113], a phase I trial is currently underway to assess use of
tocilizumab in combination with HER2-targeted therapy to treat trastuzumab-resistant
HER2+ metastatic BC (NCT03135171). Other anti-IL6R antibodies such as sarilumab and
NI-1201 are currently also in development [299,300].

The characterisation of IL6-dependent signalling has suggested that specific targeting
of its trans-signalling route might be a good strategy to block this cytokine’s pro-cancer
effects without altering other important roles in homeostasis that normally rely on classic
signalling [296]. Most drugs targeting IL6 or IL6R block both the classic and trans-signalling
routes, although the emerging junctional epitope antibody VHH6, which binds the IL6-IL6R
complex, has been shown to selectively inhibit trans-signalling [301]. The most common
approach to achieve selective inhibition of trans-signalling has been the development of
fusion proteins incorporating sgp130/sIL6ST, taking advantage of the natural antagonist
role of the soluble form of the signal transducer. A prime example is olamkicept, a fusion
product including the extracellular portion of the signal transducer (sgp130/sIL6ST) and
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the Fc portion (fragment crystallisable, a constant region of an immunoglobulin heavy
chain) of a human IgG1 antibody [59]. This recombinant protein has been shown to exert
a 10-fold greater inhibitory effect than sgp130/sIL6T and completely block IL6 trans-
signalling both in vitro and in vivo [48,59,296,302]. Pre-clinical evidence has suggested the
promise of olamkicept as an agent with potential to inhibit the role of IL6 in inflammation
and cancer [79,302,303]. In theory, it could also block IL11 trans-signalling, although no
evidence has been reported to date.

Another strategy involves the direct targeting of gp130/IL6ST with small-molecule
inhibitors such as SC144, which has shown promise in preclinical ovarian cancer mod-
els [304]. A small-molecule inhibitor named LMT-28, has also been shown to directly target
gp130/IL6ST but only inhibits the effects of IL6 and not those of other cytokines in the
family [305]. This supports the notion that, as with olokizumab’s targeting of IL6′s site
III, the specific epitopes targeted by an inhibitor can determine which ligand-receptor
complexes are blocked from binding the signal transducer. This might greatly impact the
selectiveness of a given inhibitor’s effect on downstream signalling, so that finer blockade
of the effects of a specific cytokine might be achieved [305]. Also in line with this, a recent
study showed that targeted mutagenesis of different residues in CLC, which mediate
interactions in the CNTF-CNTFR-LIFR-gp130/IL6ST signalling complex, can yield novel
recombinant variants with distinct functions [306].

Of particular importance in the context of BC, the selective oestrogen receptor modula-
tors (SERMs) raloxifene and bazedoxifene have been shown to inhibit the IL6-gp130/IL6ST
interface [307]. Both agents are currently used to prevent and treat postmenopausal
osteoporosis and raloxifene is also used to prevent BC in high-risk women [308,309]. Baze-
doxifene has been shown to overcome hormone resistance in BC cells [310,311] and has a
gp130/IL6ST-inhibiting effect in preclinical models of several cancer types [169,312–315].
Several BC clinical trials are currently underway: either in conjugation with oestrogens
on benign proliferation or preinvasive breast lesions (NCT02729701, NCT02694809) or
in combination with palbociclib to treat women with hormone receptor-positive breast
tumours [316]. A recent study reported the development of novel bazedoxifene analogues
designed to improve on the drug’s affinity for and targeting of gp130/IL6ST [317]. Results
showed a lead analogue selectively inhibited IL6-dependent activation of JAK2 and STAT3
and suppressed tumour progression both in vitro and in vivo in xenograft lung cancer
models. This evidence supports the promise of repurposing bazedoxifene and, now, its
improved analogues for specific inhibition of gp130/IL6ST signalling in cancer treatment.
This is particularly interesting for the management of BC, where this anti-oestrogen is
already in clinical development and could potentially exert a double inhibitory effect.

While therapies targeting IL6-like cytokines such as IL11, OSM and CNTF are at
different stages of development for the treatment of a range of diseases [17], only the
IL11R-targeted agent BMTP-11 is being developed for its potential use in cancer treatment.
There is preclinical evidence of its effect on several cancer types [318,319] and a prostate
cancer clinical trial is currently underway [320].

Drugs might also target factors central to signalling downstream of the cytokine
signalling complex, an approach with the potential to modulate the effect of most cytokines
in the family. Pre-clinical studies have shown that JAK inhibition can inhibit growth of
a wide range of cancer types, including breast [321,322]. Several ongoing studies are
assessing the potential repurposing of ruxolitinib for cancer treatment [323], including an
early phase clinical trial using this agent in combination with HER2-targeted therapy in BC
(NCT02066532).

The key role of STAT3 in cytokine-dependent signalling also makes it an attractive
therapeutic target but the development of effective inhibitors has proven difficult, due
partly to the diffuse localisation of STAT3 in the cell and the high level of homology that
complicates specific targeting of STAT3 alone and not other STAT proteins [324]. Despite
some authors having labelled STAT3 an “undruggable” factor [79,325], several agents
have now been developed to block its expression or function that have shown promise in
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pre-clinical cancer studies [79,88,324,326]. Some of these have now gone into clinical trials,
with some promising preliminary results from a phase I study of OPB-51602, an inhibitor
targeting the SH2 domain [327]. An interesting recent study has reported a proteolysis-
targeted chimera (PROTAC) that enables potent and specific STAT3 degradation, with
results showing complete tumour regression in mouse models of blood cancers [328]. This
represents a novel strategy with potential for its application in other cancer types.

As for evidence in BC, the inhibitors G-quartet and S3I-201 have been shown to block
STAT3′s ability to bind to DNA both in vitro and in vivo, with evidence of tumour regres-
sion in BC xenograft models [329,330]. Several drugs blocking STAT3 phosphorylation
have also been shown to exert inhibitory effects in triple-negative cell line models [331–334].
However, further research is needed to better assess the therapeutic potential of any of
these agents in BC.

As previously mentioned, efforts to develop agents to block gp130/IL6ST in cancer
will benefit from a better understanding of the signalling machinery, including the struc-
ture of cytokines and receptors and the specific residues involved in the recognition of
protein partners and triggering of distinct downstream effects [324]. Better biomarkers
are also needed to help guide selection of treatment plans that including targeted agents,
either alone or in combination with other therapies. Indeed, evidence suggests that both
combination treatments and the use of repurposed agents might be particular promising
strategies [19]. For example, anti-IL6 therapies are already commonly used to manage side
effects caused by the cytokine release syndrome in patients treated with immunotherapy,
which can lead to over-activation of the gp130/IL6ST signalling and increased levels of
IL6 [335–340]. In addition to alleviating these adverse effects and enabling better treatment
adherence (see also Section 5.1.2), pre-clinical evidence has suggested that this combination
treatments might also lead to a greater overall anticancer effect [79,340]. In line with this,
research has also shown that, besides its pro-cancer effects, active JAK/STAT signalling
also suppresses antitumour immune responses within the TME, suggesting that inhibition
of this pathway might lead to a dual anticancer effect through activation of local immunity
and also that combination with immunotherapy might enhance treatment response. On the
other hand, clinical evidence has shown that IL6 inhibitors can also lead to immune-related
side effects, such as increased infections in patients receiving tocilizumab [341].

9. Conclusions

Amongst their many functions, IL6-like cytokines play important roles in breast
cancer. Both the prototypical member IL6 and the shared receptor gp130/IL6ST have been
established as biomarkers with significant clinical potential in this disease. Other cytokines
and receptors might also hold potential as predictors, as do specific polymorphisms in
these molecules that continue to be investigated.

Extensive research has led to a better characterisation of the structure and complex
interaction between these cytokines and receptors, as well as a more detailed understanding
of their intricate downstream signalling. These advances have shed light on the potential
for therapeutic targeting of this signalling axis in cancer. Evidence suggests that inhibition
of trans-signalling might be a particularly promising strategy. Although the pleiotropic
function of these cytokines means that a high level of specificity is needed to achieve
effective targeting, numerous novel or repurposed agents are currently at different phases
of assessment for their use as single or combination treatments.

Further work is still needed to validate the role of some of these molecules as biomark-
ers and bring them closer to the clinic. Translation of this biomarker potential, which could
help improve patient stratification and treatment selection, together with the potential
application of the targeted agents currently under pre-clinical and clinical development,
would represent a multi-pronged approach to exploit the central role of IL6-like cytokines
in the management of cancer and, specifically, in breast neoplasms.
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Abstract: Novel biomarkers are needed to continue to improve breast cancer clinical management
and outcome. IL6-like cytokines, whose pleiotropic functions include roles in many hallmarks of
malignancy, rely on the signal transducer IL6ST (gp130) for all their signalling. To date, 10 separate
independent studies based on the analysis of clinical breast cancer samples have identified IL6ST as
a predictor. Consistent findings suggest that IL6ST is a positive prognostic factor and is associated
with ER status. Interestingly, these studies include 4 multigene signatures (EndoPredict, EER4,
IRSN-23 and 42GC) that incorporate IL6ST to predict risk of recurrence or outcome from endocrine
or chemotherapy. Here we review the existing evidence on the promising predictive and prognostic
value of IL6ST. We also discuss how this potential could be further translated into clinical practice
beyond the EndoPredict tool, which is already available in the clinic. The most promising route
to further exploit IL6ST’s promising predicting power will likely be through additional hybrid
multifactor signatures that allow for more robust stratification of ER+ breast tumours into discrete
groups with distinct outcomes, thus enabling greater refinement of the treatment-selection process.

Keywords: breast cancer; predictive tools; prognostic tools; translational research; IL6ST; gp130;
cytokine signalling

1. Background: The Essential Role of Biomarkers in Breast Cancer

Breast cancer (BC) is a heterogeneous disease comprising well-characterised molecu-
lar subtypes that differ in their oncogenic drivers, pathogenesis and prognosis. Clinical
management and outcome have improved considerably over time, in part due to the iden-
tification and clinical application of biological markers (or biomarkers), which have been
defined as “characteristics that can be objectively measured and evaluated as indicators
of certain normal biological processes, pathogenic processes, or pharmacologic responses
to a therapeutic intervention” [1]. Biomarkers can be classified as prognostic, when they
indicate the likelihood of an event such as disease recurrence or progression, or predictive,
when they indicate the likelihood of response or resistance to a given treatment [2]. They
can be clinical or histopathological factors, such as patient or tumour characteristics, or
molecular markers, such as the expression level of a certain protein or gene or the presence
or frequency of a genomic event (e.g., a mutation).

Molecular biomarkers are often molecules playing a role in processes such as disease
progression or treatment response. Thus, they may act as surrogates for the activity of a
given driver and provide insight into the complex underlying tumour biology. A biomarker
might be utilised qualitatively or quantitatively, as a continuous variable or with discrete
cut-offs, alone or in combination with other markers in the form of multifactor tests or
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signatures. In their different capacities, biomarkers are highly valuable in disease detection,
staging, monitoring or prognosis estimation and they can guide the treatment selection
and decision-making process in the management of many cancers, including breast [3].

The foremost examples of BC biomarkers are the oestrogen receptor α (ERα or ER) and
the human epidermal growth factor receptor 2 (HER2), which indicate differences in prog-
nosis and predict responsiveness to endocrine and HER2-targeted therapies, respectively.
Assessment of ER and HER2 status has long been mandatory for all new BC diagnoses to
help guide treatment selection [4] and has considerably improved prognosis and survival
for patients with hormone-dependent and HER2-overexpressing BC. Importantly, the role
of ER and HER2 as biomarkers continues to evolve, with growing evidence on different
genomic aberrations contributing to the development of treatment resistance [5]. Research
on ER mutations in particular has been extensive, with their prevalence and clinical impli-
cations being assessed in several retrospective and currently-ongoing prospective trials,
making their translation into clinical practice in the near future a strong possibility [6,7].

Research over the last two decades has led to the identification of numerous other
molecular biomarkers. These include proteins referred to as cancer antigens, such as CA15-
3, CA19-9, CA27-29, the carcinoembryonic antigen (CEA) or mucin-like carcinoma antigen
(MCA), which can be measured in patient serum to enable early detection and prognostic
assessment [8–11]. In addition to well-established genomic markers such as BRCA1/2
mutations [12], translational studies continue to describe aberrations and rearrangements
that could serve as prognostic factors or actionable targets [13]. Recent studies have also
highlighted microRNAs as molecules with an emerging potential as biomarkers due to
their complex regulatory role in breast cancer [14–16].

Many challenges still remain in the clinical management of BC. Evidence suggests
that the current diagnostic tools and available biomarkers fail to sufficiently discriminate
the underlying heterogeneity of the disease. Both basic and translational research continue
to add to our understanding of the complex and evolving biology, shedding light on the
pathways and mechanisms involved in phenomena such as the development of acquired
resistance to treatment. Biomarker discovery studies can identify promising candidates
with prognostic or predictive value which will be essential to continue to improve BC
management and outcome. Here we will review the evidence on one molecule in particular,
the interleukin-6 signal transducer (IL6ST), which has emerged as a novel and exciting BC
biomarker in recent years.

2. The IL6-Like Cytokine Family and Its Signalling in Breast Cancer

Interleukin-6 (IL6) is the best characterised cytokine of a class that also includes
interleukin-11 (IL11), interleukin-31 (IL31), ciliary neurotrophic factor (CNTF), leukemia
inhibitory factor (LIF), oncostatin M (OSM), cardiotrophin 1 (CT1), cardiotrophin-like
cytokine (CLC) and neuropoietin (NPN). This group of cytokines, with similar structural
and functional features, are normally referred to as the IL6 or IL6-like family [17,18]. They
are also known as the gp130 family, after the shared transmembrane signalling receptor
glycoprotein 130, which acts as a signal transducer in all signalling by this cytokine family.
Each oligomeric signalling complex includes one or more gp130 molecules, depending
on the cytokine. This signal transducer is also known as CD130, IL-6 receptor subunit
β (IL6Rβ) or IL6 signal transducer (IL6ST, which is also its gene name). For naming
consistency, in this review we will refer to this cytokine group as the IL6-like family and to
the signal transducer as IL6ST.

Indeed, the common dependence on IL6ST for signalling is the defining characteristic
of this cytokine family. The signal transducer is ubiquitously expressed in all cell types [19]
and has been shown to be essential for survival in knockout in vivo studies in mice [20].
IL6-like cytokines act as extracellular ligands that bind the membrane-bound IL6ST and
different non-signalling receptors with high affinity (see Figure 1 for diagram). This
leads to the formation of signalling complexes including IL6ST homo- or heterodimers
(depending on the cytokine). The cytoplasmic portions of the dimerised transducers then
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trigger intracellular signalling primarily through tyrosine kinases in the JAK family, such as
JAK1 and JAK2, which are constitutively associated with IL6ST. JAK1/2 dimerisation and
autophosphorylation lead to signalling through 3 major pathways: (i) the Janus-activated
kinase – signal transducer and activator of transcription (JAK/STAT) pathway, (ii) the
Ras-Raf mitogen-activated protein kinase (MAPK/MERK/ERK) signalling cascade, and
(iii) the phosphoinositol-3 kinase – protein kinase B/Akt pathway (PI3K/AKT).

Figure 1. Summary of signalling by cytokines in the IL6-like family. Cytokines bind membrane-bound receptors with similar
modular structures to form signalling complexes including 2 signalling receptors, of which at least 1 is always the shared
signal transductor IL6ST. Dimerisation of these receptors leads to the activation of tyrosine kinases bound to their cytoplasmic
sections, which in turn trigger a signalling cascade that can activate 3 pathways with known roles in breast cancer: JAK/STAT,
MAPK/MERK/ERK and PI3K/AKT. Signalling complexes are different for each cytokine in the family. For example, IL6
is recruited by the non-signalling (lacking cytoplasmic domains) receptor IL6 receptor α (IL6R), leading to the formation of
a hexameric signalling complex including an IL6ST homodimer. Other cytokines in the family form complexes comprising
heterodimers (with IL6ST and a different signalling receptor) with or without the need of a non-signalling receptor, depending on
the cytokine. Members of the IL6-like family can exert specific functions due to variations in ligand and receptor concentrations
and in the activity of modulating signals across different cell and tissue types.

Through the sophisticated signalling machinery downstream of IL6ST, subject to
complex modulation by a wide range of regulatory mechanisms, interacting factors and
cross-talking pathways, IL6-like cytokines are among the most pleiotropic protein families
in the human body. They have been shown to play important roles in homeostasis, immu-
nity, inflammation and disease pathogenesis, including a well-established role in numerous
cancer types [21]. This includes breast neoplasms, where they are involved in many of the
hallmarks of cancer development and progression. As the prototypical member of this
cytokine family, the role of IL6 in particular has been extensively studied [22–24]: although
in vitro studies have reported both pro- and anti-tumourigenic effects, the role of IL6 as a
negative prognosticator in BC is firmly established [25,26], with circulating serum levels
in patients correlating with disease stage and higher levels being associated with worse
prognosis and survival and poorer response to chemo- and endocrine therapy [27–30].
Other IL6-like cytokines have been shown to play important roles in BC, including IL11
and LIF, which can promote migration and metastasis [22,23,31].

Although signalling through a shared transducer can entail some redundancy in the
roles of different IL6-like cytokines, there is also extensive evidence of functional specificity
for the different ligands in vivo: specific cytokines can exert unique functions, which
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can result from a balance of distinct, often contrasting effects; additionally, one cytokine
might elicit different responses in different cell types [32–34]. This balance of redundancy
and specificity is an inherent trait of this cytokine family and is likely made possible by
differences in the expression patterns of different ligands and receptors across varying
tissues and cell types [32,35].

The involvement of IL6-like cytokines in many BC-related processes has highlighted
their promise not only as biomarkers, but also as therapeutic targets [36]; the signal
transducer itself, its ligands, co-receptors or downstream interacting factors could be
modulated using either novel agents or re-purposed similarly-targeted drugs already
used in the clinic for the management of other pathologies. While some such agents are
currently in pre-clinical or clinical testing for their use in BC [23–25,36,37], targeting of
such a complex and pleiotropic signalling axis might prove difficult, as effective inhibition
will need to be fine-tuned to achieve sufficient specificity. The central signalling role in BC
also suggests potential for the identification of novel biomarkers, as already established
for serum levels of IL6. As the central transducer of this family, IL6ST expression could
be an indicator of overall signalling activity in this cytokine class and has been identified
as a potential predictor in several biomarker discovery studies. The next sections will
summarise the evidence to date on the role of IL6ST as a biomarker in BC, which has led to
its incorporation into several molecular signatures with prognostic and predictive value.

3. IL6ST as an Independent Predictor in BC

To date, ten independent studies based on the analysis of clinical samples by different
research groups have reported IL6ST as a predictor with potential clinical utility in BC (see
Table 1). Six of these studies assessed the role of the signal transducer as an independent
biomarker, showing an association between IL6ST expression and prognosis in BC.

In their study of primary breast carcinomas, Karczewska et al. found that 5-year
rates of both overall (OS) and disease-free survival (DFS) were significantly higher in
the IL6ST-positive (IL6ST+) compared to IL6ST-negative groups (90% vs. 9% and 88%
vs. 0%, respectively) [38]. Similar trends were observed for IL6 and its non-signalling
receptor α (IL6R), although the survival differences were more marked in relation to
IL6ST expression. Indeed, univariate analysis found significant differences in OS and
DFS associated with IL6ST status (p < 0.0001). Subgroup analysis showed IL6ST was
independent from other well-established prognostic factors, while multivariate analysis
found that IL6ST expression was the strongest positive prognostic factor. The researchers
concluded that IL6ST expression was associated with earlier stages of BC but, in advanced
stages, its active expression correlated with better prognosis. This study also showed that
IL6ST expression was negatively correlated with both lymph node status and tumour size.
These findings were consistent with a more recent study by Klahan et al., which found that
IL6ST expression was significantly downregulated in breast tumours with lympho-vascular
invasion (p = 0.037) [39].

In a study of triple-negative (negative status for ER, HER2 and progesterone receptor
(PR)) BC (TNBC) across 3 independent sample cohorts, Mathe et al. found that IL6ST was
one of only 4 genes that were differentially expressed between normal and BC tissues and
which also differed in expression between TNBC and ER-positive (ER+) BC subtypes [40].
They showed that IL6ST expression was lower in TNBC than in the ER+ group, but also that
higher IL6ST levels were significantly associated (p < 0.05) with better OS in TNBC patients.
Subsequent validation on a larger cohort of publicly-available cases also showed that higher
IL6ST expression was associated with significantly increased relapse-free survival [41].

In their assessment of cases from 2 large publicly-available BC datasets, Fertig et al.
found that IL6ST was significantly overexpressed (p = 2 × 10 − 16) in tumours classified
as luminal A or luminal B intrinsic subtypes (characterised by ER+/PR+ status) [42],
consistent with previous reports of lower levels in TNBC. Survival analysis showed a trend
towards longer survival in IL6ST-expressing luminal A tumours (p = 0.06) but not in other
subtypes (Table 1).
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Table 1. Summary of studies reporting on the role of IL6ST as a biomarker in breast cancer, including study cohorts and main findings. Studies are listed in chronological order of the
original publication. See Table 2 for further description of the multifactor signatures. All the described associations achieved statistical significance (at least p < 0.05).

Original Publication Study Type Study Cohorts Associations Reported Main Predictive or Prognostic Value

Karczewska et al. (2000)
[38] Independent biomarker 75 PBCs who received surgery +/− adjuvant therapy.

IL6ST expression strongly correlates with
earlier disease stages.

In advanced stages, IL6ST expression is
associated with better prognosis and higher OS

and DFS rates.
IL6ST negatively correlates with lymph node

status and tumour size.
IL6ST is independent from other well

established clinicopathological factors.

IL6ST is a positive prognostic factor.

Tozlu et al. (2006)
[43] Independent biomarker

PBCs who received surgery (+ ET for ER+):

- 12 in screening set.
- 36 in validation set.

IL6ST is a perfect discriminator of ER+ status. IL6ST is predictive for ER status and
likely endocrine responsiveness.

Filipits et al. (2011)
[44]

Molecular signatures:
EP and EPclin

Original cohorts of ER+/HER2- BCs treated with ET:

- 964 in training set.
- 2948 in validation sets [44–47].
- ER+/HER2- BCs chemotherapy study [48]:
- 2630 in ET alone arm.
- 1116 in ET + chemotherapy arm.

EP and EPclin scores (linked to lower IL6ST
expression) are continuous predictors of the

risk of distant recurrence.
EPclin is also prognostic for disease recurrence

in patients who received chemotherapy,
regardless of menopausal status.

Patients with higher EPclin score derive benefit
from the addition of chemotherapy to ET.

EP and EPclin stratify into risk groups
that are prognostic for risk of distant

recurrence at 5, 10 and 15 years in
ER+/HER2- patients.

EPclin is also prognostic for LRFS.
EPclin high-risk group is predictive for

chemotherapy benefit in pre- and
postmenopausal ER+/HER2- patients.

Sota et al. (2014)
[49]

Molecular signature:
IRSN-23

PBCs who received NAC:

- 58 in training set.
- 59 in validation set.
- 901 in external validation set

(publicly-available data).

Higher IL6ST is associated with lack of pCR
from NAC.

IRSN-23 classifies into Gp-R and Gp-NR
groups, with differential response to NAC.

IRSN-23 signature stratifies into groups
predictive of response to NAC,

regardless of BC subtype of
chemotherapy regimen.

Andres et al. (2014)
[50] Independent biomarker

Tumour marker analysis:

- 98 male BCs (publicly-available data).
- 18,366 female BCs (publicly-available data).
- Gene expression analysis validation:
- 12 male BCs.
- 233 female BCs.

IL6ST expression is significantly elevated in
male BCs compared to female malignancies.

IL6ST correlates with ER expression.
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Table 1. Conts.

Original Publication Study Type Study Cohorts Associations Reported Main Predictive or Prognostic Value

Mathe et al. (2015)
[40] Independent biomarker

Screening set:

- 33 TNBCs; 17/33 with matched normal tissue,
15/33 with lymph node metastases.

- Validation sets:
- 16 TNBCs; 4/16 with matched normal tissue
- 255 non-TNBC.
- Independent validation sets [41]:
- 255 (publicly-available data) TNBCs.
- 148 TNBCs.

IL6ST expression is associated with
longer survival.

IL6ST expression is lower in TNBC than
ER+ tumours.

IL6ST is prognostic for OS and RFS
in TNBC.

Fertig et al. (2015)
[42] Independent biomarker 638 + 897 PBCs from publicly-available sets.

IL6ST expression is higher in luminal tumours
(ER+/PR+) than in other BC subtypes.

Positive trend towards longer survival in
IL6ST+ luminal A tumours.

Turnbull et al. (2015)
[51]

Molecular signatures:
EER4, EA2 and EA2clin

EER4 cohort of ER+ postmenopausal IBCs treated with
NET & ET:

- 73 training set.
- 44 validation set.
- EA/EA2clin study cohort of ER+ IBCs treated with

NET & ET [52,53]:
- 186 postmenopausal.
- 51 premenopausal.

IL6ST alone is an independent predictor of
response to AIs.

EER4 predicts response to AIs with greater
accuracy and also predict RFS and BCSS.
EA2 and EA2clin predict outcome from

adjuvant ET with greater accuracy and also
predict RFS and BCSS.

EA2 also predicts outcome
in premenopausal women.

EA2clin predicts treatment response regardless
of ET regimen.

IL6ST is an independent predictive
marker for AI response in

ER+/HER2- patients.
EER4 further improves on this

predictive ability.
Models are prognostic of outcome

(RFS, BCSS) from adjuvant ET response,
regardless of menopausal status or ET

regimen in ER+/HER2- patients.

Klahan et al. (2017)
[39] Independent biomarker

108 pretreated IBCs:

- 79 LVI+
- 29 LVI-

IL6ST correlates with LVI in samples without
lymph node metastasis

and perineural invasion.

Tsunashima et al. (2018)
[54]

Molecular signature:
42GC

ER+ BCs treated with ET who recurred:

- 177 training set (from publicly-available sets);
84 LR, 93 NLR.

- 201 validation set; 137 LR, 84 NLR.

Higher IL6ST is associated with lower risk of
early recurrence but higher risk of

late recurrence.
42GC classified intro LR and NLR groups, with
differential risk of recurrence over time. could

predict late recurrence

42GC stratifies into prognostic groups
for risk of early and late recurrence in

ER+ BC intervals.

42GC, 42-gene classifier; AI, aromatase inhibitor; BC, breast cancer; BCSS, BC-specific survival; DFS, disease-free survival; EA2, EndoAdjuvant 2; EA2clin, EndoAdjuvant 2 clinical; EER4, Edinburgh
EndoResponse 4; EP, EndoPredict; EPclin, EndoPredict clinical; ER, oestrogen receptor; ET, endocrine therapy; Gp-NR, genomically-predicted non-responders; Gp-R, genomically-predicted responders; HER2,
human epidermal growth factor receptor 2; IBC: invasive BC; IRSN-23, immune-related 23-gene signature for NAC; LN+: lymph node positive status; LR, late recurrence-like; LRFR, local recurrence-free
survival; LVI, lympho-vascular invasion; NAC, neoadjuvant chemotherapy; NET, neoadjuvant ET; NLR, non-late recurrence-like; OS, overall survival; PBC, primary BC; pCR, pathological complete response;
PR, progesterone receptor; RFS, recurrence-free survival; TNBC, triple negative BC.
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Consistent with previous observations, Tozlu et al. also showed that the expression of
IL6ST and ER were significantly associated (p = 1.4 × 10−6) and positive expression of the
signal transducer was highly predictive of ER+ status, perfectly discriminating between
ER+ and ER- tumours (area under the receiver operating characteristic curve = 1) [43].
Andres et al. also reported that IL6ST expression was associated with ER+ status (p < 0.05),
in addition to finding that it was upregulated in male breast tumours compared to those
from female patients (p < 0.05) [50].

4. Molecular Signatures Incorporating IL6ST

The most relevant work in the literature comes from studies that developed molecular
signatures including IL6ST and which showed prognostic or predictive power. This section
describes the development to date of these signatures (also summarised in Table 1 and
Table 2 and Figures 2 and 3), likely to be the best avenues for the clinical application of
IL6ST as a biomarker in BC.

Figure 2. Summary of the markers included in the EndoPredict (EP) molecular signature and the EPclin hybrid signature,
which combines EP with clinical factors. Both continuous scores allow for stratification into discrete risk groups with
differential rates of distance recurrence.

Figure 3. Conts.
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Figure 3. Summary of the markers included in the different predictive models developed in Edin-
burgh: the 4-gene classifier Edinburgh EndoResponse 4 (EER4) incorporates the expression level of
2 genes at pretreament (pre) and 2 genes after 2 weeks of neoadjuvant endocrine therapy (2w); this
was simplified into the EndoAdjuvant2 (EA2) signature, which uses IHC assessment of the 2 main
classifiers to stratify cases into discrete risk groups; EndoAdjuvant2 clinical (EA2clin) combined EA2
with clinical factors to produce a more accurate hybrid model.

4.1. EndoPredict and EPclin Scores for Prediction of Risk of Distant Recurrence

In 2011, Filipits et al. presented a prognostic signature named EndoPredict (EP) that
predicted the likelihood of distant recurrence (DR) at 5 and 10-years in patients with
ER+/HER2- BC treated with endocrine therapy (ET) alone [44]. This molecular classifier
was based on the assessment of the expression level of 8 cancer-related genes (3 linked to
proliferation and 5 linked to ER signalling, including IL6ST) and 3 reference genes using
reverse transcription quantitative polymerase chain reaction (RT-qPCR). Higher IL6ST
expression led to a lower EP score and, consequently, lower associated risk of recurrence
and better prognosis. This molecular score was combined with lymph node status and
tumour size to provide a hybrid score named EPclin (see Figure 2 for diagram).

Initial independent validation showed that the continuous EP score was an indepen-
dent predictor of DR in multivariate analysis and also provided additional prognostic infor-
mation. EPclin was able to stratify patients into low (score < 3.3) and high-risk (score ≥ 3.3)
groups with significantly different 10-year rates of DR (4 vs. 22–28%, p < 0.001), outperform-
ing conventional clinicopathological parameters [44]. Further analysis of one validation
cohort also showed that the two risk groups exhibited statistically significant different rates
of local recurrence-free survival (LRFS) at 10 years, but also concluded that EPclin was
not useful to help tailor local therapy [55]. Another validation study showed that EP was
also an independent prognostic parameter in both pre- and postmenopausal patients who
received chemotherapy, although it could not predict differences in efficacy between drug
regimens [45]. Another study showed that EP was significantly associated with distant
metastasis, with higher expression of the module of genes linked to ER signalling in partic-
ular contributing to reduced risk [46]. The multigene classifier was subsequently revised,
adding 1 control gene for a final 12-gene molecular assay [56]. Subsequent studies validated
the performance characteristics and robustness of the test, supporting its reliability for
decentralised molecular assessment of luminal breast tumours [56–58].

Further work assessed the potential of EP to predict benefit from the addition of adju-
vant chemotherapy to ET in both pre- and postmenopausal ER+/HER2- BC patients [48].
EPclin was highly prognostic for 10-year DR in both patients who received ET alone and
in those that received it in combination with chemotherapy (p < 0.0001 for both groups).
Results also showed that 10-year DR risk was significantly lower among patients with a
high EPclin score who received chemotherapy, but no differences were found between the
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treatment groups for patients with low EPclin score. This suggested that a high EPclin
score can predict benefit from chemotherapy in ER+/HER2- BC patients and could be used
to guide treatment selection.

A recent study reassessed the prognostic power of the assay in the original validation
cohorts including longer clinical follow-up to assess distant recurrence-free rates at 10
and 15 years [47]. Results showed that the EPclin score also had significant prognostic
value in predicting 15-year DR, irrespective of nodal status. Additionally, they suggested
that this score could help guide treatment selection: a low EPclin score may help identify
patients with reduced risk of recurrence who could safely forgo adjuvant chemotherapy at
diagnosis (particularly any low-risk patients with nodal involvement who would be likely
to receive chemotherapy without added benefit) or extended ET at the 5-year mark.

4.2. Immune-Related 23-Gene Signature for Prediction of Response to Neoadjuvant Chemotherapy

Sota et al. constructed a signature based on gene expression microarray analysis which
included 23 probes (for 19 genes, with IL6ST being represented by 3 probes) to predict the
response to neoadjuvant chemotherapy (NAC) in BC patients [49]. The immune-related
23-gene signature for NAC (IRSN-23) classified patients into 2 groups, the genomically-
predicted responders (Gp-R) and non-responders (Gp-NR). The Gp-R group had signifi-
cantly higher rates of pathological complete response (pCR) after NAC in both the internal
(38 vs. 0%, p = 1.04 × 10−6) and external validation (40 vs. 11%, p = 4.98 × 10−23) sets.
This study did not select patients based on ER status and the results showed that IRSN-23
held prognostic power regardless of the patients’ receptor status or chemotherapy regimen.
Importantly, IL6ST was the most statistically significant marker of poorer response to NAC
in the signature, with its higher expression being associated with non-pCR (p < 0.005).
This is consistent with the previous study showing that patients with lower EP and EPclin
scores (and, thus, higher IL6ST expression) derived no benefit from NAC [41].

4.3. Edinburgh EndoResponse4, EndoAdjuvant2 and EA2clin for Prediction of Response to and
Outcome from Adjuvant Endocrine Therapy

Work from our group has led to the development of tools for the prediction of response to
ET in postmenopausal ER+ BC patients who received neoadjuvant endocrine therapy (NET).
The Edinburgh EndoResponse4 (EER4) predictive model is a 4-gene classifier incorporating
the expression level of 2 genes (including IL6ST) before treatment and another 2 genes after
2 weeks of NET to classify patients into discrete responder (R) and non-responder (NR)
groups [51] (see Figure 3 for diagram). IL6ST+ status alone could predict good clinical
response to aromatase inhibitors (AI) with high accuracy (85%). This was further improved
by EER4, which included IL6ST as its primary classifier, in both the training (96%) and
independent validation (91%) sets. EER4 was also shown to significantly predict recurrence-
free (RFS) (p = 0.029) and BC-specific survival (BCSS) (p = 0.009). We also showed that this
4-marker test could be performed using qPCR or immunohistochemistry (IHC).

Subsequent work has continued to revise this model. EndoAdjuvant2 (EA2) consisted
of an improved tool incorporating IHC-based assessment of 2 markers at different time-
points: IL6ST at diagnosis and the proliferation-related MCM4 at 2 weeks on-treatment [52].
EA2 clinical (EA2clin) is a hybrid tool combining EA2 with clinical factors, namely node
status, tumour size and grade, also included in the Nottingham Prognostic Index (NPI)
tool [59] (see Figure 3 for diagram). Interestingly, EA2 (but not EA2clin) was shown to accu-
rately predict outcome from adjuvant ET in both postmenopausal (p = 0.001 and p = 0.016
for RFS and BCSS, respectively) and premenopausal women (p = 0.002 and p = 0.016 for
RFS and BCSS, respectively). EA2clin showed the best performance in postmenopausal
patients, outperforming both EA2 and NPI and accurately predicting outcome (p < 0.001
for both RFS and BCSS) regardless of the type of adjuvant ET received [53].
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4.4. 42-Gene Classifier for Prediction Risk of Late Recurrence

The team that developed IRSN-23 also sought to generate a molecular assay for
prediction of recurrence in ER+ BC treated with ET alone [54]. Tsunashima et al. constructed
a 42-gene classifier (42GC) including 42 probes (37 genes, including IL6ST represented
by 5 probes) identified from gene expression microarray data. This signature was used
to classify patients into the late-recurrence-like (LR) and non-late recurrence-like (NLR)
groups. IL6ST was the most statistically significant marker in the 42GC signature (p < 0.005),
with the LR group presenting higher expression of the signal transducer.

Results showed that the prognosis of the 2 groups identified was different and varied
over time. The LR group showed significantly higher rates of late recurrence (5–15 years) and
significantly lower rates of early recurrence (0–5 years) when compared to NLR in both the
training (p = 0.006 and p = 1.6 × 10−13, respectively) and validation (p = 0.02 and p = 5.7 × 10−5,
respectively) sets. Based on the previously established link between IL6ST expression and
response to ET [51], the researchers hypothesised that the higher IL6ST expression in the LR
group suggested these patients would benefit from extended ET (Table 2).

5. Discussion

In the search for novel candidate biomarkers to continue to improve the management
and outcome of BC, IL6ST has emerged as a signal transducer with potential value as a
predictor. We sought to review studies to date based on patient samples and data, rather
than pre-clinical studies, in order to focus on results with greater clinical relevance and,
thus, more likely translation into practice. We identified ten independent studies to date
reporting IL6ST as a prognostic or predictive BC biomarker, either alone or as part of a
multi-marker signature. Overall, these studies analysed samples and/or data from over
30,000 patients including both prospective processing of tissue samples (n > 9000) and
analysis of publicly-available data (n > 25,000). Here we have reviewed and summarised
this research, from which several trends have emerged.

Firstly, IL6ST seems to be a positive prognostic marker, with its higher expres-
sion being associated with better prognosis and survival rates both as an independent
marker [38,40–42] and when the signal transducer is incorporated into a multi-factor signa-
ture [44,47,51]. The signal transducer has also been shown to be significantly associated
with a number of other biomarkers. One prominent association reported in numerous
studies across the literature is the correlation between IL6ST expression and ER+ sta-
tus [40,42,43,50]. IL6ST levels have also been shown to negatively correlate with tumour
size [38] and grade [51], as well as with nodal [38] or lymphovascular invasion [39].

The importance of this signal transducer in disease is well established, given its role
as the signalling cornerstone for IL6-like cytokines, whose pleiotropic functions include
regulation of cellular processes linked to the hallmarks of BC [22]. Interestingly, some
authors had previously suggested IL6ST might instead correlate with malignancy, given
its higher expression in infiltrating cancers compared with in situ or benign lesions [60].
This observation would also be in line with the fact that IL6, whose activity is dependent
on IL6ST expression, has been shown to correlate with poorer prognosis in BC. Never-
theless, the complexity of the IL6ST signalling axis and the many cross-talking pathways
modulating its downstream effects prevent a straight-forward description of the biological
and clinical significance of this signal transducer. Indeed, the literature summarised here
provides consistent evidence of IL6ST as a positive prognostic biomarker. This also includes
through its association with other markers, which suggests IL6ST expression is linked to
a lower risk of invasion, metastasis and recurrence and, thus, to better prognosis. IL6ST
expression has also been shown to be higher in luminal tumours, which are characterised
by a better clinical prognosis than other BC subtypes.
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Table 2. Summary of molecular signatures incorporating IL6ST. The markers included in each model are listed, as well as its prognostic or predictive value. See Figures 2 and 3 for further
description of the hybrid multifactor signatures.

Original Publication Signature Biomarkers Incorporated in the Signature Clinical Significance

Filipits et al. (2011)
[44]

EndoPredict

Low risk-associated (surrogates for ER signalling/cell differentiation): RBBP8, IL6ST,
AZGP1, MGP, STC2

- Stratifies into prognostic groups for risk of distant recurrence in
ER+/HER2- BC patients

- Predictive for benefit from the addition of chemotherapy in the
high-risk group in ER+/HER2- patients

High risk-associated (surrogates for proliferation/cell cycle): BIRC5, UBE2C, DHCR7

Housekeeper genes: CALM2, OAZ1, RPL37A

Control gene: HBB

EPclin

Clinical factors: Lymph node status, tumour size

Molecular factors: EndoPredict genes

LR-associated: IL6ST (5 probes), NPY1R, ELOVL5, ASAH1 (2 probes), ALDH6A1,
SYBU, RAB5C, PTP4A2, HSPA2, SLC7A8 ADRA2A, MYCBP, CX3CR1, ERCC1,
DNAJA3, NINJ1, C4orf43, IFI35, ZNF688, SNX1, CREBL2, HPN, NME3, PDHB,

NKX3-1, DEXI, GSTM3, LCMT1

Sota et al. (2014)
[49]

IRSN-23

Non-pCR-associated: IL6ST (3 probes), CX3CR1, ZEB1 (2 probes), SEMA3C, HFE, EDA

- Stratifies into groups predictive for response to NAC.pCR-associated: CARD9, IDO1, CXCL9, PNP, CXCL11 (2 probes), CEBPB, CD83, CD1D,
CTSC, CXCL10, IGHG1, VEGFA, CR2

Turnbull et al. (2016)
[51]

EER4

Pretreatment levels: IL6ST, NGFRAP1 - Predictive for response to AIs in postmenopausal
ER+/HER2- BC patients.

- Prognostic for long term outcome (RFS and BCSS) in
postmenopausal ER+/HER2- BC patients treated with AIs.

2-week levels: ASPM, MCM4

EA2
Pretreatment levels: IL6ST - Prognostic for long term outcome (RFS and BCSS) in ER+/HER2-

BC patients treated with ET, regardless of menopausal status.2-week levels: MCM4

EA2clin

Clinical factors Lymph node involvement, tumour size and
tumour grade - Prognostic for long term outcome (RFS and BCSS) in ER+/HER2-

BC patients treated with ET, regardless of ET regimen.
Molecular factors Pretreament level: IL6ST

2-week level: MCM4

Tsunashima et al. (2018)
[54] 42GC

NLR-associated: KLF7, STS, RALA, SMURF2, OXTR, ABCC10, ASAP2, CALB2, OPA1

- Stratifies into prognostic groups for risk of early and late
recurrence in ER+ BC.

LR-associated: IL6ST (5 probes), NPY1R, ELOVL5, ASAH1 (2 probes), ALDH6A1,
SYBU, RAB5C, PTP4A2, HSPA2, SLC7A8 ADRA2A, MYCBP, CX3CR1, ERCC1,
DNAJA3, NINJ1, C4orf43, IFI35, ZNF688, SNX1, CREBL2, HPN, NME3, PDHB,

NKX3-1, DEXI, GSTM3, LCMT1

42GC, 42-gene classifier; AI, aromatase inhibitor; BC, breast cancer; BCSS, BC-specific survival; EA2, EndoAdjuvant 2; EA2clin, EndoAdjuvant 2 clinical; EER4, Edinburgh EndoResponse 4; ER, oestrogen
receptor; HER2, human epidermal growth factor receptor 2; EA2, EndoAdjuvant2; EA2clin, EndoAdjuvant2 clinical; ET, endocrine therapy; IRSN-23, immune-related 23-gene signature for NAC; NAC,
neoadjuvant chemotherapy; pCR, pathological complete response; RFS, recurrence-free survival.
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Multigene signatures including IL6ST have demonstrated prognostic value. Specifi-
cally, EP/EPclin and 42GC have shown that IL6ST expression is associated with differences
in recurrence rates. The prognostic signature EPclin is already a well-established molec-
ular assay, having been validated and reviewed with longer follow-up, and is currently
commercially-available from Myriad Genetics. Expert panels in the USA and Europe have
endorsed the use of EPclin to help guide treatment selection for patients with ER+/HER2-,
node-negative early BC when the indication for adjuvant therapy is uncertain [61–63].
Most recently, the American National Comprehensive Cancer Network endorsed its use
for prognostic purposes [64], while guidelines from the UK’s National Institute of Health
and Care Excellence state that EPclin may be used for patients who had an intermediate
risk of DR in other tools such as NPI [65]. The extent of the use of EPclin will vary between
countries depending on each territory’s recommendations and health system. While it is
relatively early to assess its adoption into practice in most countries, a recent prospective
assessment estimated 63% cost-effectiveness for EP (versus usual care) within the Canadian
health system [66], although it should be mentioned that this study also reported greater
probability of cost-effectiveness for other clinically-available gene expression profiling tests.
Some research has sought to assess the potential effect on the treatment decision-making
process: two retrospective studies found that EPclin would lead to changes in therapy
recommendation, either escalation or de-escalation, in ~35% of cases [67,68]; another study
assessing how physicians’ level of experience affected the decision-making process found
that EPclin could be particularly beneficial to help less experienced physicians prevent
over or undertreatment [69].

Interestingly, EPclin and 42GC research reported some contrasting findings. Evidence
from EPclin studies was consistent with previous research [70–74] in showing that recur-
rence risk trends (low vs. high-risk) were consistent across time; as it pertains to IL6ST,
patients with higher expression (i.e., lower score) showed decreased rates of both early
and later distant recurrences. In contrast, 42GC results suggested the risk of recurrence
might change overtime; thus, higher IL6ST expression was associated with the LR group
of patients, with lower risk of early recurrence but higher risk of later recurrence. This
could be interpreted as being in line with the described correlation between IL6ST and
ER, as ER+ BC has been shown to sustain risk of recurrence over a longer period of time
post-treatment than other subtypes [75].

The 42GC study used a distinct approach that likely contributed to these diverging
findings, as the team specifically focused on the biological differences between malignancies
that lead to early and late recurrences in their study design and supervised analysis.
This differentiation in 42GC would mean a more complex prognostic role and patient
stratification, compared with the other recurrence-predicting tool EPclin, in which IL6ST
was very clearly a positive prognostic marker whose higher expression was linked to lower
rates of distant recurrence and better prognosis [44]. Interestingly, researchers also drew
different conclusions from their findings. EPclin researchers interpreted their evidence
as indicative that patients in the high-IL6ST/low-risk group may be able to safely forgo
extended ET [47], while the 42GC researchers hypothesised that the higher IL6ST expression
in the LR group suggested that these patients would benefit from extended ET, based on
the previously established link between IL6ST expression and response to ET [51]. Despite
these diverging evidence and conclusions, EPclin benefits from extensive validation and its
already-established clinical use.

Other molecular signatures incorporating IL6ST have also been shown to hold pre-
dictive power, with potential to help guide the selection of endocrine and chemotherapy.
While the pretreatment level of IL6ST alone was shown to be a good predictor of response
to AIs, this predictive ability was further improved in the EER4 model, which incorporates
IL6ST as its main classifier [51]. The revised tools EA2 and EA2clin have shown great
accuracy and robustness in prediction of outcomes from treatment with adjuvant ET across
several validation cohorts and, importantly, regardless of menopausal status and type of
ET. These tools are also advantageous in that, unlike other molecular tests such as EP, they

108



J. Pers. Med. 2021, 11, 618

are based on IHC assessment and, thus, could be easily implemented in local laboratories.
They also enable discrete risk stratification, making its interpretation for potential clinical
application more straight-forward than continuous scores.

Evidence has also shown that IL6ST expression is predictive of a lack of response
to chemotherapy. In the IRSN-23 signature, designed specifically to predict response to
NAC, higher IL6ST expression was linked to a lack of pCR. In line with this, a recent study
showed that ER+ BC patients with higher IL6ST expression and, consequently, lower EPclin
scores did not benefit from the addition of chemotherapy to ET. While these results diverge
from previous evidence in that IL6ST acts as a negative predictor, they are consistent with
the fact that different BC subtypes, as well as some subsets within the ER+ BC population,
will respond differently to chemotherapy. Indeed, while the IRSN-23 study did not select
patients according to hormone receptor status, results showed that the Gp-NR group was
significantly enriched for luminal breast tumours (p < 0.005), which would typically show
less response to chemotherapy [76,77].

Finally, IL6ST might hold particular promise as a biomarker in ER+ disease. The
link between IL6-like cytokines and oestrogen-related signalling in BC is already well
documented [26,37] and, as summarised here, numerous studies have reported a correlation
between both biomarkers. Evidence suggests that, in addition to its prognostic role, IL6ST
might be a robust surrogate marker of active oestrogen signalling and, consequently,
responsiveness to ET. Indeed, we have shown that IL6ST can identify subsets of breast
lesions with active ER-dependent signalling within larger ER+ populations [78–80]. This
suggests that the predictive value of IL6ST might partly emerge from the biomarker’s
ability to discriminate the complex underlying biology of hormone-dependent disease,
possibly enabling a finer stratification than histological assessment of ER status alone
currently allows. In this way, IL6ST might serve as a marker to identify those ER+ tumours
that are more likely to respond to readily-available endocrine therapy.

6. Conclusions

In recent years, IL6ST has emerged as a biomarker with prognostic and predictive
value in BC. Although the complex role of IL6ST signalling in the disease might prevent the
description of a simple mechanism behind this predictive value, there is extensive evidence
that expression of this signal transducer is a positive prognostic factor in BC.

While current research efforts are investigating the potential of targeting the IL6ST
signalling axis as a therapeutic approach, studies to date support the notion that the best
route for exploiting IL6ST as biomarker in the clinical setting will be as part of multifactor
hybrid signature and likely within the ER+ subset of the disease.

In this way, tools incorporating IL6ST could enable patient stratification into discrete
groups that more accurately reflect the underlying biology of the disease and, consequently,
better predict prognosis and the likelihood of treatment response. As with any tools of this
type, successful clinical translation will necessitate prospective studies to both corroborate
the prognostic and predictive ability of IL6ST and its related signatures, and to help define
any potential clinical guidelines, particularly on whether lower-risk patients might be able
to safely forgo neoadjuvant or extended therapy. Overall, with sufficient validation, tools
incorporating IL6ST as a molecular biomarker could improve the management of BC by
helping to make a better, more targeted use of the therapeutic strategies already available
in the clinic.
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Abstract: Radiotherapy (RT) is an important treatment modality for the local control of breast cancer
(BC). Unfortunately, not all patients that receive RT will obtain a therapeutic benefit, as cancer cells
that either possess intrinsic radioresistance or develop resistance during treatment can reduce its
efficacy. For RT treatment regimens to become personalised, there is a need to identify biomarkers
that can predict and/or monitor a tumour’s response to radiation. Here we describe a novel method
to identify such biomarkers. Liquid chromatography-mass spectrometry (LC-MS) was used on
conditioned media (CM) samples from a radiosensitive oestrogen receptor positive (ER+) BC cell line
(MCF-7) to identify cancer-secreted biomarkers which reflected a response to radiation. A total of
33 radiation-induced secreted proteins that had higher (up to 12-fold) secretion levels at 24 h post-2
Gy radiation were identified. Secretomic results were combined with whole-transcriptome gene
expression experiments, using both radiosensitive and radioresistant cells, to identify a signature
related to intrinsic radiosensitivity. Gene expression analysis assessing the levels of the 33 proteins
showed that 5 (YBX3, EIF4EBP2, DKK1, GNPNAT1 and TK1) had higher expression levels in the
radiosensitive cells compared to their radioresistant derivatives; 3 of these proteins (DKK1, GNPNAT1
and TK1) underwent in-lab and initial clinical validation. Western blot analysis using CM samples
from cell lines confirmed a significant increase in the release of each candidate biomarker from
radiosensitive cells 24 h after treatment with a 2 Gy dose of radiation; no significant increase in
secretion was observed in the radioresistant cells after radiation. Immunohistochemistry showed
that higher intracellular protein levels of the biomarkers were associated with greater radiosensitivity.
Intracellular levels were further assessed in pre-treatment biopsy tissues from patients diagnosed
with ER+ BC that were subsequently treated with breast-conserving surgery and RT. High DKK1 and
GNPNAT1 intracellular levels were associated with significantly increased recurrence-free survival
times, indicating that these two candidate biomarkers have the potential to predict sensitivity to
RT. We suggest that the methods highlighted in this study could be utilised for the identification
of biomarkers that may have a potential clinical role in personalising and optimising RT dosing
regimens, whilst limiting the administration of RT to patients who are unlikely to benefit.

Keywords: breast cancer; radiotherapy; radiosensitivity biomarkers; secretome; radioresistance
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1. Introduction

Radiotherapy (RT), initially utilised for cancer treatment in the 1890s [1], still has a
crucial role in the multidisciplinary management of breast cancer (BC) today, in spite of
many advances in both surgery and systemic therapy. Studies have shown that RT can
benefit up to 83% of BC patients [2] and that whole-breast RT following breast-conserving
surgery provides local control and survival rates comparable to mastectomy [3–5]. Un-
fortunately, not all BC patients obtain a therapeutic benefit from RT; although overall
five-year BC survival rates after RT are ~80%, it has been estimated that local recurrences
or metastatic disease will develop in 30% of these patients, the majority of whom will die
within 5 years [6]. In BC and other solid tumours, the clinical effects of RT are also only
observed near the end or after the treatment course has been completed; as such, patients
who do not respond to RT (due to either innate [7] or acquired radioresistance [8]), will
initially go undetected. This delay in identifying non-responding cancers exposes patients
to the risk of acquiring RT-induced side effects for no therapeutic gain [9], allows tumour
progression, impacts long-term survival and delays the delivery of alternate, more effective
treatments [10].

The precision medicine initiative is a concept that is increasingly being implemented
into BC clinical practices. It can be defined as the prevention, examination and treatment
of disease, while also considering individual variability [11]. Molecular classification
systems, based on gene expression signatures of BC tissue, are currently being used to
classify these cancers into specific subtypes that can predict prognosis and treatment
response [12–16]. While these tools have led to improvements in the systemic treatment
of BC patients, the incorporation of RT into the precision medicine initiative is lagging
behind such achievements [17]. To improve BC patient outcomes and allow RT to become
fully integrated into the precision medicine initiative, we need to identify biomarkers
that can not only predict RT response before the initiation of treatment but also allow
the evaluation of a tumour’s response to RT during treatment [18]. These biomarkers
could enable personalised RT treatment regimens to be given to individuals on the basis of
individual risk and tumour biology and also allow the identification of patients who are
unlikely to benefit from RT.

In response to this unmet clinical need, studies have attempted to produce radiation
sensitivity gene signatures that can predict tumour radiation response and identify those
resistant to conventional RT regimens [19–22]. Unfortunately, as of yet, none of these
gene signatures have been sufficiently validated for clinical use. Rather than using tissue-
based biomarkers, another method that could be used to personalise RT is the detection
and/or measurement of tumour secreted biomarkers. Several secretomic studies have used
conditioned media (CM, spent media harvested from cultured cells) from BC cell lines
cultured in vitro in an attempt to detect clinically relevant biomarkers [23–27]. While these
secretomic studies have distinguished novel biomarkers of aggressive phenotypes [23,25]
or biomarkers that act as predictors of chemotherapy response [26], no study has yet
explored the immediate impact of radiation on the secretome of cancer cells as a means of
evaluating radiation response and/or determining radiosensitivity [28].

We have previously developed and characterised radioresistant (RR) cells derived
from oestrogen receptor positive (ER+) BC cell lines [29]. In-depth genotypic, phenotypic
and functional characterisation identified several important mechanisms (including EMT,
reduced proliferation, metabolic changes and activation of PI3K, AKT and WNT signalling)
that may contribute to the development of radioresistance. In this current study, we
utilised these RR models, along with their parental cells, to describe a novel method for
the identification of gene, intracellular protein and secreted protein biomarkers that can
be used to provide prognostic and/or predictive information on a tumour’s response to
RT. Utilising secretomic data obtained through liquid chromatography-mass spectrometry
(LC-MS) with a radiosensitive ER+ BC cell line (MCF-7), we characterised the cancer
secretome and identified cancer-secreted biomarkers whose release reflected an acute
radiation response. In addition, we combined the secretomic results with data from whole-
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transcriptome gene expression experiments, using both radiosensitive and resistant cells, to
identify a signature related to intrinsic radiosensitivity. Candidate secreted and intracellular
biomarkers were then successfully validated in-lab using cell lines, BC xenograft tumours
and patient tissue samples (Figure 1). We suggest that our methods can be utilised for
the identification of biomarkers that could have a clinical role in personalising RT dosing
regimens, thus optimising treatment and limiting the administration of RT to patients who
are unlikely to benefit.

 

in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% foetal calf se-
−1 −1

Figure 1. Biomarker discovery pipeline. Outline of the methods used to identify and validate
biomarkers of BC RT response. Figure created with Biorender.com.

2. Materials and Methods

2.1. Cell Culture

Unless indicated otherwise, cell culture reagents were acquired from Gibco Thermo
Fisher Scientific (Loughborough, England). MCF-7 and ZR-751 BC cell lines were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% foetal calf
serum, 50 U mL−1 penicillin and 50 mg mL−1 streptomycin. Cells were incubated at
37 ◦C in a humidified atmosphere with 5% CO2. These cell lines were obtained from the
American Type Culture Collection (LGC Standards, Teddington, England). Cells were
authenticated by short tandem repeat profiling carried out at Public Health England
(Porton Down, Salisbury, England). Spinner flasks (Cellcontrol Spinner Flask, Integra,
Zizers, Switzerland), placed onto a magnetic stirrer platform (Cellspin, Integra, Zizers,
Switzerland), were used to produce multicellular tumour spheroids (MTS) from single
cell suspensions. MTS were allowed to form over 7 days in normal incubation conditions
before use.

117



J. Pers. Med. 2021, 11, 796

2.2. Irradiation of Cells and Development of Radioresistant Cell Lines

Radioresistant (MCF-7 RR and ZR-751 RR) cells were established from their parental
cell lines within our lab, as described previously [29]. Briefly, parental cell lines were treated
with weekly doses of radiation using a Faxitron cabinet X-ray system 43855D (Faxitron
X-ray Corporation, Lincolnshire, IL, USA). After a starting dose of 2 Gy, the radiation doses
were increased by 0.5 Gy per week over a three-month period. Cells were subsequently
maintained with additional weekly doses of 5 Gy after the development of radioresistance.

2.3. Cell Irradiation and Secretome Sample Preparation

Cells were seeded into six well plates to achieve ~40–50% confluency at 24 h. Cells
were washed three times with PBS before 2 mL of serum-free media (SFM) was added. The
cells were serum-starved for 2 h. Cells were then exposed to radiation and the CM was
harvested at appropriate time points. Secretome samples underwent processing for LC-MS
or western blot (WB) analysis immediately following collection. Following CM harvesting,
cells were routinely trypsinised and counted using a haemocytometer with trypan blue
exclusion (Sigma-Aldrich, Gillingham, England).

CM samples were centrifuged at 3000× g for 15 min at 4 ◦C to remove dead cells and
large debris. Proteins were concentrated from the supernatant using the Amicon Ultra-0.5
Centrifugal Filter Unit with Ultracel-3 membrane (Merck Millipore, Livingston, Scotland)
as per the manufacturer’s protocol. Briefly, 500 µL of the CM was added to the Amicon
Ultra filter device and the sample was centrifuged at 14,000× g for 30 min at 4 ◦C. The
filter was removed and placed upside down into a new 1.5 mL microcentrifuge tube. The
sample was centrifuged at 1000× g for 2 min at 4 ◦C to elute the concentrated protein. The
ultrafiltrate was then stored at −80 ◦C.

2.4. Liquid Chromatography-Mass Spectrometry and Secretome Analysis

In-solution digests of secretomic samples were performed for LC-MS analysis. Protein
concentrations of the CM samples were ascertained using a bicinchoninic acid assay (Sigma-
Aldrich, Gillingham, England). 50 µg of protein was added to 100 mM tris/2 M urea/10 mM
DTT and heated for 30 min at 50 ◦C; this was performed in 96 well plates with silicon
lids. 55 mM iodoacetamide was then added and incubated in darkness for 30 min at
room temperature. After this, trypsin (1:100 dilution) was added and incubation was
performed overnight at room temperature. Of this peptide solution, 10 µg was inserted
into an activated (20 µL methanol) and equilibrated (100 µL 0.1% trifluoroacetic acid (TFA))
C18 StAGE tip; washing was performed with 100 µL of 0.1% TFA. The bound peptides
were eluted into Protein LoBind tubes with 20 µL of 80% acetonitrile (ACN) and 0.1% TFA
solution. The samples were concentrated to volumes <4 µL using a vacuum concentrator.
Final sample volumes were adjusted to 6 µL using 0.1% TFA. Online LC was performed
using a Dionex RSLC Nano. After the C18 clean-up, 5 µg of the peptide solution was
injected onto a C18 packed emitter and eluted over a gradient of 2–80% ACN for 2 h with
0.1% TFA. Eluted peptides were ionised at +2 kV and data-dependent analysis was carried
out on a Thermo Q-Exactive Plus. MS1 was obtained with resolution 70,000 and mz range
300–1650 and the top 12 ions were chosen for fragmentation with a normalised collision
energy of 26 and an exclusion window of 30 sec. MS2 was collected with a resolution of
17,500. The AGC targets for MS1 and MS2 were 3 × 106 and 5 × 104, respectively. All
spectra were obtained with 1 microscan without lockmass.

Data were analysed using MaxQuant in conjunction with uniport fasta database with
matching between runs. Prior to the analysis, all data were log2 transformed. For fold
change analysis, data were normalised to untreated controls at each time point using R
(Bioconductor) software and packages [30]. Venn diagrams were generated using jvenn [31].
Heatmap and cluster analyses were performed using TM4 MeV (multiple experiment
viewer) software [32]. Heatmap clustering was carried out using Pearson correlation with
average linkage. Protein interaction networks of candidate biomarkers were generated
using the STRING protein interaction database [33] and Markov clustering algorithms [34].
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All secretomic datasets generated and/or analysed within this study are available on the
PRoteomics IDEntifications Database (PRIDE) [35,36]; these can be found with the PRIDE
project accession number PXD027572.

2.5. Lactate Dehydrogenase Assay

Lactate dehydrogenase (LDH) levels within the CM used for secretome analysis
were analysed to confirm the absence of cell death after radiation treatment. LDH levels
were measured using the CyQUANT LDH Cytotoxicity Assay Kit (Invitrogen, Inchinnan,
Scotland) as per the manufacturer’s protocol. Briefly, 50 µL of CM was transferred to
a 96-well plate, along with 50 µL of the reaction mixture. The plates were incubated at
room temperature for 30 min. 50 µL of stop solution was then added to the wells and
absorbance was measured at 490 nm and 680 nm using a Spark 20M multimode reader
(Tecan, Männedorf, Switzerland).

2.6. RNA Extraction and Whole-Transcriptome Gene Expression Analysis

Cells were seeded into 75 mm plates (3 × 106 cells/plate). Following 24 h of incubation,
cells were serum-starved for 2 h (providing the same experimental conditions as for CM
collection) and then exposed to radiation. Pellets containing up to 10,000,000 cells were
collected by trypsinisation at 0, 2 and 8 h post-radiation, snap-frozen on dry ice and
stored at −70 ◦C. RNA was extracted from the cells with the RNeasy Mini Kit using
QIAshredder technology (Qiagen, Manchester, England). Spin technology was used to
purify total RNA from the cells, as per the manufacturer’s protocol. RNA was quantified
and examined for contaminants using the NanoDropTM Spectrophotometer ND1000 and
the Qubit RNA IQ Assay (Thermo Fischer Scientific, Loughborough, England). RNA
quality was assessed by producing RNA integrity numbers (RIN) for each of the samples
using the Agilent Bioanalyzer (Agilent Technologies Ltd., Stockport, England); each sample
had RIN values above 9.7 (Supplementary Table S1). The ZR-751 2 h 2 Gy sample failed in
sequencing and was removed from further analysis. Lexogen QuantSeq 3′ FWD sequencing
technology produced full genome expression read-counts on an Illumina flow cell; these
were scanned using the Illumina HiScanSQ system (Edinburgh Clinical Research Facility,
University of Edinburgh, Scotland). Next-generation sequencing reads were generated
towards the poly(A) tail with read 1 directly reflecting the mRNA sequence. The FASTQ
files were pre-processed with the BlueBee high-performance next generation sequencing
analysis software; this uses poly(A) tail trimming and alignment to the Genome Reference
Consortium Human genome build 38 reference genome using the Spliced Transcripts
Alignment to a Reference (STAR) algorithm [37].

Filtering was carried out on the data, removing all genes that had fewer than five
reads per sample in at least 90% of samples. Overall, 17,243 genes were mapped to hu-
man Ensembl gene identifiers. Data were log2 transformed and quantile normalised in R
(Bioconductor) software and packages [30] before any analysis was carried out. Heatmap
and cluster analyses were performed with the TM4 MeV (multiple experiment viewer)
software [32]. Heatmap clustering was implemented using Pearson correlation with av-
erage linkage. Correction for batch effects was performed to integrate gene expression
data produced in this study with public datasets; this was carried out using the ComBat
package in R, as described previously [38,39]. Gene enrichment analysis was performed
in DAVID Functional Annotation Bioinformatics Microarray Analysis [40] and also using
the KEGG [41] and Reactome [42,43] databases. Differential gene expression analysis
was performed using ranked products with a false discovery rate of 0.01. All gene tran-
scriptomic datasets generated and/or analysed within this study are available in the
NCBI’s Gene Expression Omnibus [44]; these can be found with the GEO Series accession
number GSE120798.
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2.7. Protein Isolation and Detection

Whole-cell lysates were procured as previously described [45], with protein concen-
trations ascertained using a bicinchoninic acid assay. Sodium dodecyl sulphate (SDS)
polyacrylamide gel electrophoresis was used to separate proteins. After separation, pro-
teins were transferred to Immobilon-P transfer membranes (Merck Millipore, Livingston,
Scotland). Membranes were incubated in LI-COR Odyssey blocking buffer solution (1:1
with PBS) for 1 h at room temperature. The membranes were then incubated overnight at
4 ◦C with primary antibodies DKK1 (abcam ab93017), GNPNAT1 (abcam ab234981) and
TK1 (abcam ab76495). IRDye 800CW and IRDye 680LT fluorescently labelled secondary
antibodies (LI-COR, Bioscience, Cambridge, England), diluted in LI-COR Odyssey blocking
buffer solution, were used to bind to the primary antibodies. An LI-COR Odyssey Imager
was used to detect the presence of signals from the bound secondary antibodies.

2.8. Murine Xenograft Experiments

As part of a complementary study, radiation-treated mouse xenograft tissue was
available for analysis. These in vivo murine studies were undertaken under a UK Home
Office Project Licence in accordance with the Animals (Scientific Procedures) Act 1986.
All experiments received approval from the University of Edinburgh Animal Welfare
and Ethical Review Board. The recommended guidelines for the welfare and use of
animals in research were followed. CD-1 immunodeficient female nude mice (Charles
River Laboratories, Tranent, Scotland) ≥8 weeks of age were allowed at least a seven-day
period of acclimatisation to a sterile, pathogen-free environment with ad libitum access to
food and water. Mice were housed in groups of five in individually ventilated cages in a
barrier environment.

Approximately 5 × 108 MCF-7 and MCF-7 RR cells were grown routinely and re-
suspended in individual aliquots of 0.5 mL of SFM and 0.5 mL of Matrigel Matrix (Corning,
Ewloe, Wales). Under gaseous isoflurane anaesthesia, each mouse received a 0.72 mg
17B-Oestradiol pellet (60-day release, Innovative Research of America, Sarasota, FL, USA)
implanted subcutaneously in the dorsum using a 10 G trocar. 0.1 mL of either the MCF-7
or MCF-7 RR cell suspension was injected bilaterally into subcutaneous flank tissue using
a 22 G needle connected to a 1 mL syringe. Once stock tumours had grown to ~1.0 cm
in length mice were euthanised by cervical dislocation. In a sterile cabinet, xenograft
tumours were harvested and placed into DMEM with no additives and sectioned into
fragments ~1–2 mm in length. Implantation of tumour fragments into experimental mice
was performed under gaseous isoflurane anaesthesia using a 12 G trocar. Each mouse
received a 0.72 mg 17B-Oestradiol pellet as previously described and one tumour fragment
was injected into the subcutaneous tissue of the flank. Mice were monitored for the devel-
opment of xenograft tumours which occurred within 6–8 weeks post-implantation. Once
the tumours had grown to ~1.0 cm in length, they were radiated. Mice were euthanised
24 h post-radiation and the tumours harvested (n = 5). Control tumours were left untreated
and harvested at the same time (n = 5).

2.9. Human Breast Tissue Experiments

To investigate whether candidate biomarkers could predict response to RT we iden-
tified ER+ positive breast cancer patients within a unique series of patient-derived BC
tissues known as the Edinburgh Breast-Conserving Series (BCS) [46]. The Edinburgh
BCS comprises a fully documented consecutive cohort of 1812 patients treated by breast
conservation surgery, axillary node sampling or clearance and whole breast radiotherapy
between 1981 and 1998. Over the study period, patients were managed by a specialist
multidisciplinary team of surgeons, radiologists, pathologists and oncologists. Patients
were those considered suitable for breast-conserving therapy and were T1 or T2 (<30 mm),
N0 or N1 and M0 based on conventional TNM staging. Post-operative breast radiotherapy
was given over 4–5 weeks at a dose of 45 Gy in 20–25 fractions. Notably, 12.7% of patients
received no additional adjuvant therapy (chemotherapy or endocrine therapy) and of those
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37% were ER-rich tumours (n = 80). It is these cases which were selected for analysis in this
study. Clinicopathological data were available, including patient age, lymph node status,
ER and PR status, tumour size and grade (see Supplementary Table S2). To generate tissue
microarrays (TMAs) from these patients, formalin-fixed paraffin-embedded tissue blocks
were initially created from patient-derived surgical excision specimens. These blocks were
analysed by a pathologist to identify tumour regions. TMAs were then constructed in
triplicate with representative cores (diameter ~700 µm) taken from three different random
areas of the tumour. Each of the triplicates was then placed into three different TMA blocks.
For use in our study, these three blocks were stained independently to assess intracellular
protein levels of candidate biomarkers. The staining results of the three matched cores were
then averaged. Following TMA processing, between 74 and 78 cases with intact triplicate
samples were available for analysis. Recurrence-free survival data were available with
a median follow-up of 12.7 years. Ethical approval for the study was granted under the
Lothian NRS BioResource approval number 20/ES/0061.

2.10. Immunohistochemistry

Immunohistochemistry (IHC) was performed on formalin-fixed human TMAs, MTS
and murine xenograft tumours, in addition to methanol-fixed cells cultured in Lab-Tek
II chamber slides (Thermo Fisher Scientific, Loughborough, England). Formalin-fixed
samples were deparaffinised and rehydrated, after which antigen retrieval was performed.
3% H2O2 (Dako, Ely, England) was used to block endogenous peroxidase activity. All
samples were incubated with Total Protein Block (Dako, Ely, England) for 1 h at room
temperature. Primary antibodies DKK1 (abcam ab93017), GNPNAT1 (abcam ab234981) and
TK1 (abcam ab76495) were incubated for 1 h at room temperature. One drop of Envision
labelled polymer (Dako, Ely, England) was added to each sample for 30 min, after which
DAB and substrate buffer (Dako, Ely, England) was applied for 10 min. Haematoxylin was
used to counterstain the tissues, after which the slides were dehydrated and mounted with
coverslips using a DXP mountant (Sigma-Aldrich, Gillingham, England).

IHC scoring of the Breast-Conserving Series TMAs was performed independently by
two researchers. The scoring system used depended on the staining pattern observed. If
staining intensity was consistent within a sample for a candidate biomarker (DKK1 and
GNPNAT1), the scores given ranged from 0 (no staining), 1+ (weak staining), 2+ (moderate
staining) and 3+ (strong staining). If staining intensity varied within a sample (TK1), then
each sample was given a score that was dependent on the staining intensity (0, 1+, 2+ or
3+) combined with the percentage of cells with that intensity of staining, providing a final
score ranging from 0–300.

2.11. Statistical Analysis

One-way ANOVA, with Holm–Šídák multiple comparisons tests, was used to check
for differences in secretion levels of candidate biomarkers within a cell line in the western
blot CM experiments. Two-way ANOVA tests were performed to assess for differences
in intracellular levels of candidate biomarkers between parental and RR cell lines in the
western blot experiments using whole-cell lysate samples. For the Kaplan–Meier analysis
of recurrence-free survival data in relation to candidate biomarker expression levels, the
p-value was derived from log-rank (Mantel-cox) tests. The p-values ≤ 0.05 were deemed
statistically significant. Graphs and statistical analysis were generated with GraphPad
Prism 9 for Windows (GraphPad Software Ltd., San Diego, CA, USA).

3. Results

3.1. Characterisation of the MCF-7 Basal Secretome

Initial analysis was performed using CM samples procured from untreated MCF-7
cells 24 h after serum starvation to characterise the basal secretome before irradiation.
The total number of proteins identified in the untreated secretome was 808. A cut-off
of 2 was used to enable a functional analysis to be performed for the identification of
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key enriched pathways. Using this cut-off value, 318 proteins were detected within the
CM of untreated MCF-7 cells; of these, 231 were shown to interact with one another.
These secreted proteins were predominately involved in metabolic pathways, immune and
cytokine signalling and cell cycle regulation (Figure 2A). The majority of these proteins
have been reported/predicted to be secreted in exosomes/microvesicles or are released
directly; only 37 had an unknown method of secretion (Figure 2B).

 

Figure 2. Characterisation of the MCF-7 basal secretome. (A) Functional protein association network showing the subset of
231 secreted proteins with known interactions from the total 318 proteins identified in the untreated basal secretome (after
cut-offs were applied). Graph produced in STRING based on co-expression with high-confidence interaction score (0.7),
clustered using the Markov Clustering algorithm. Significantly enriched pathways from the KEGG [41] and Reactome [42,43]
databases are highlighted and labelled (lists of proteins in each pathway are provided in Supplementary Table S3). (B) Venn
diagram showing proportions of proteins identified in the basal secretome and their reported/predicted method of secretion;
(pink) unknown, (green) secreted in exosomes/microvesicles (ExoCarta [47] and Vesiclepedia [48]), and (blue) directly
secreted (Human Protein Atlas [49], SignalP [50], Phobius [51] and SPOCTOPUS [52]).

3.2. Characterisation of the MCF-7 Radiation-Induced Secretome

Following characterisation of the MCF-7 untreated secretome, we wished to identify
differentially secreted proteins in response to radiation. To achieve this, MCF-7 cells were
treated with a single dose of 2 Gy and CM samples were obtained up to 24 h post-radiation.
To ensure that radiation treatment was not causing significant cell death, cell counts (using
trypan blue exclusion) and LDH quantification (using CM from these cells) were performed.
Results demonstrated no difference in total cell numbers or LDH levels between untreated
and radiation treated groups at 24 h (Supplementary Figure S1).

The total number of proteins detected in the CM 24 h after 2 Gy was 552. A total
of 159 proteins were identified which exhibited at least a 50% increase in secretion levels
following 2 Gy of radiation compared with 24 h untreated controls. As in the basal
secretome, some of the secreted proteins were involved in immune and cytokine signalling
and metabolism, whereas proteins involved in translation, spliceosome, RNA processing,
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protein metabolism and the proteasome were found only in the secretome of irradiated
MCF-7 cells (Figure 3A). While there was some overlap between the secretomes of untreated
and treated cells, the majority of the proteins isolated in the irradiated secretome were not
found in the basal CM (Figure 3B). Like the basal secretome, most of the proteins identified
in the radiation secretome were reported/predicted to be secreted (Figure 3C).

Analysis was performed to assess differences in the enriched pathways identified
in the 24 h treated secretome across earlier time points. Secretion levels, relative to un-
treated controls at each time point, were assessed following 2 Gy of radiation at 1, 2, 4, 8
and 24 h (Figure 4). Results showed that the pathways enriched in the secretome at 24 h
were also identified at the earlier time points, but secretion levels of the proteins were
highest at 24 h. These results provided justification for focusing on the 24 h time point for
biomarker discovery.

 

Figure 3. Characterisation of radiation-induced MCF-7 secretome. (A) Functional protein association network of the subset
of 120 proteins with known interactions from the total number of 159 secreted proteins at 24 h with at least a 50% increase in
secretion level following 2 Gy of radiation compared with 24 h untreated controls. Graph produced in STRING based on
co-expression and reported STRING interactions with high-confidence interaction score (0.7), clustered using the Markov
Clustering algorithm. Significantly enriched pathways from the KEGG [41] and Reactome [42,43] databases are highlighted
and labelled (lists of proteins in each pathway are provided in Supplementary Table S4). (B) Venn diagrams showing the
overlap in secreted proteins between the basal secretome and the radiation-induced secretome in respect of all secreted
proteins and enriched pathways in both secretome profiles. (C) Venn diagram showing proportions of proteins identified
in the radiation-induced secretome and their reported/predicted method of secretion; (pink) unknown, (green) secreted
in exosomes/microvesicles (ExoCarta [47] and Vesiclepedia [48]), and (blue) directly secreted (Human Protein Atlas [49],
SignalP [50], Phobius [51] and SPOCTOPUS [52]).
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Figure 4. Comparison of secreted protein level by enriched pathways across all timepoints. Heatmap is based on log2

secretion levels following 2 Gy of radiation at 1, 2, 4, 8 and 24 h compared to untreated controls at each timepoint in respect
of pathways enriched in the radiation-induced secretome. Functional enrichment was performed in STRING using the
KEGG [41] and Reactome [42,43] databases. Clustering of proteins is based on Pearson correlation with average linkage.
Heatmap colours denote log2 change in secretion level compared to untreated controls at each time point as denoted by the
colour bar.

3.3. Gene Expression Changes Associated with Response to Radiation in Parental Radiosensitive
and Derived Radioresistant MCF-7 Cells

Global gene expression analysis was carried out to identify differences between the
parental radiosensitive MCF-7 cells and their RR derivatives at 2 and 8 h post-radiation,
time points that have previously been used to assess differences in DNA damage response
pathways between radiosensitive and RR cells [29,53]. Within the MCF-7 radiosensitive
cells, a 2 Gy radiation dose led to the upregulation of genes involved in DNA damage
repair, apoptosis and cell cycle arrest; whereas genes involved in cell cycle, gene splicing
and transcription were downregulated. The radiation response of the MCF-7 RR cells was
different from that of the radiosensitive cells, with an overall reduction in gene expression
changes being observed (Figure 5). Similar results were observed within the ZR-751
parental and RR cell lines (Supplementary Figure S2).
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Figure 5. MCF7 and MCF-7 RR gene expression changes associated with response to radiation. Heatmaps reflect log2

mean-centred gene expression changes with clustering based on Pearson correlation with average linkage (red = higher
expression, black = no change, green = lower expression). Radiosensitive MCF-7 parental cells and their RR derivatives are
shown in adjacent heatmaps. For each cell line, untreated baseline controls at 0 h are shown along with both the treated
(2 Gy radiation) and untreated controls at 2 h and 8 h. The genes shown are the most differentially expressed in sensitive
parental MCF-7 cells, with the largest gene expression differences seen between the untreated controls and the 2 Gy treated
cells at 8 h.

3.4. MCF-7 Candidate Biomarker Selection

From the 159 proteins which exhibited at least a 50% increase in secretion at 24 h
following 2 Gy of radiation, cluster analysis identified 33 proteins that had significantly
increased secretion levels (up to 12-fold) at all radiation doses tested (Figure 6A). While a
small number of these proteins exhibited increased or decreased secretion levels compared
to untreated controls at earlier time points, the secretion levels of the majority of the proteins
did not change (Figure 6B). From these 33 proteins, we identified those which were known
to be secreted and those which belonged to the previously identified enriched pathways;
we hypothesised that it might be these biomarkers that play a role in RT response. Gene
expression analysis assessing the levels of these 33 proteins in both MCF-7 and MCF-7 RR
cells showed that 5 of the 33 proteins had higher levels of expression in the radiosensitive
compared to the RR cells (Figure 6C); similar results were observed within the ZR-751
parental and RR cell lines (Supplementary Figure S3). We chose to focus on these 5 proteins
(DKK1, EIF4EBP2, GNPNAT1, TK1 and YBX3) as our candidate biomarkers.

3.5. Candidate Biomarker Expression and Intrinsic Sensitivity to Radiation

As these five candidate biomarkers had higher inherent gene expression levels within
the radiosensitive cells compared to their acquired RR derivatives, we further investigated
whether these biomarkers might be linked to intrinsic radiosensitivity. SF2 values (a
commonly used experimental indicator of cellular radiosensitivity) of parental and derived
RR cells determined within our lab [29] were combined with SF2 values of a panel of ER+

BC cell lines ascertained by others in the literature [19,54–57]. Cell lines with SF2 values
<0.4 and >0.4 were classed as radiosensitive and RR, respectively (this threshold has been
previously used to define radiosensitivity and radioresistance [58]). Gene expression levels
of our five biomarkers were observed to be higher in the more radiosensitive cell lines
than in RR models (Figure 7). These results suggest that our candidate biomarkers may be
associated with intrinsic radiosensitivity.
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Gene expression lev-
els of our five biomarkers were observed to be higher in the more radiosensitive cell lines 
than in RR models (Figure 7). These results suggest that our candidate biomarkers may be 
associated with intrinsic radiosensitivity. 

Figure 6. Candidate biomarker selection. (A) Protein secretion heatmap showing the log2 secretion level of all 159 proteins
identified from the radiation-induced secretome across all doses of radiation (2, 4, 6, 8 and 10 Gy) at 24 h. Cluster analysis,
performed using Pearson correlation with average linkage, gave rise to two clusters. The upper cluster was found to contain
33 proteins with significantly higher levels of secretion in response to radiation across all doses at 24 h. Heatmap colours
indicate log2 secretion level as denoted by the colour bar. (B) Protein secretion heatmap showing the log2 secretion level
changes of the 33 proteins from the upper cluster in Figure 3A across all timepoints and radiation doses, normalised to
untreated controls at each timepoint. Heatmap colours indicate log2 secretion level changes compared to untreated controls
at each timepoint as denoted by the colour bar (red = higher expression, green = no change, blue = lower expression).
Proteins belonging to pathways found to be enriched in the radiation-induced secretome are highlighted according to the
legend. (C) Heatmap of log2 mean-centred gene expression data from both untreated controls and radiation treated MCF-7
and MCF-7 RR cells, comparing the expression levels of the 33 secreted proteins at the gene level. Clustering was performed
using Pearson correlation with average linkage (red = higher expression, black = no change, green = lower expression).

 

–

Figure 7. Candidate biomarker expression and intrinsic sensitivity to radiation. Mean-centred gene expression heatmap
(red = higher expression, black = no change, green = lower expression) showing the levels of genes encoding the 5 lead
candidate biomarkers, ranked left to right by highest mean expression, across a panel of ER+ BC cell lines from a public
dataset (GSE50811). SF2 values of parental and derived RR cells determined within our lab [29] were combined with SF2
values of a panel of ER+ BC cell lines ascertained by others in the literature [19,54–57]. Cell lines with SF2 values <0.4
and >0.4 were classed as radiosensitive and RR, respectively [58]. The intrinsic radiosensitivity of individual cell lines is
indicated by highlighted colour (blue = sensitive, yellow = resistant).

126



J. Pers. Med. 2021, 11, 796

3.6. In Vitro and In Vivo Validation of Candidate Biomarkers

To validate the secretomic results and further investigate the potential use of these
proteins as biomarkers of radiosensitivity, the secreted and intracellular protein levels of
our candidate biomarkers were assessed through WB and IHC, respectively, using both
parental radiosensitive and derived RR cell lines. While we initially set out to validate
all five candidate biomarkers, we were unable to find suitable antibodies for two of the
proteins (EIF4EBP2 and YBX3); we therefore focused on validating DKK1, GNPNAT1
and TK1.

WB analysis was performed using CM samples to assess secreted protein levels from
MCF-7 parental and RR cell lines 24 h after the cells had received a single radiation dose of
2 Gy (Figure 8A). Compared to untreated controls, the secretion levels of DKK1, GNPNAT1
and TK1 were significantly increased in MCF-7 cells 24 h after irradiation. In comparison,
biomarker levels in the CM samples from untreated and radiation-treated MCF-7 RR cells
remained low. Increased levels of secretion of our candidate biomarkers after irradiation
was also observed in radiosensitive ZR-751 cells, with no increase in secretion detected in
ZR-751 RR cells (Supplementary Figure S4).

 

–Šíd
≤ ≤

Figure 8. In vitro validation of lead candidate biomarkers. (A) WB analysis assessing the secretion levels of lead candidate
biomarkers in MCF-7 and MCF-7 RR cell lines using CM samples obtained up to 24 h following 2 Gy of radiation. NS is
a non-specific band used to confirm equal loading (One-way ANOVA with Holm–Šídák multiple comparisons test; data
expressed as mean ± SEM, n = 3, * p ≤ 0.05, ** p ≤ 0.01). (B) WB analysis assessing the intracellular levels of lead candidate
biomarkers in whole-cell lysates of MCF-7 and MCF-7 RR cell lines obtained up to 24 h following 2 Gy of radiation (Two-way
ANOVA; data expressed as mean ± SEM, n = 3). (C) IHC assessing the intracellular levels of the lead candidate biomarkers
in MCF-7 and MCF-7 RR cells cultured in 2D and 3D environments.

Intracellular expression levels of the candidate biomarkers were assessed in both 2D
and 3D culture conditions. WB analysis of whole cell lysates of cells cultured in 2D showed
that the protein expression levels of DKK1 and GNPNAT1 were significantly higher in
the radiosensitive parental MCF-7 cells compared to the RR cells (Figure 8B). Both the 2D
ICC and 3D IHC indicated that the parental MCF-7 cells had higher basal levels of the
three candidate biomarkers compared to the RR cells (Figure 8C). Similar results were also
observed with the ZR-751 radiosensitive and RR cell lines (Supplementary Figure S4).
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We further assessed the link between the intracellular levels of these biomarkers and
radiosensitivity using mouse xenograft tumours consisting of either MCF-7 parental or
MCF-7 RR cells. IHC was performed on these mouse xenograft tumours, which were har-
vested 24 h post-radiation. Results showed that, while there was no increase in intracellular
protein expression levels 24 h after radiation, the intracellular basal levels of the biomarkers
were higher in the parental tumours compared to the RR tumours (Figure 9).

 

–

Figure 9. In vivo intracellular levels of lead candidate biomarkers. IHC assessing the intracellular levels of the lead
candidate biomarkers in mouse xenograft tumours harvested 24 h after radiation. Representative images taken from five
MCF-7 and five MCF-7 RR xenograft tumours.

3.7. Validation in a Retrospective Patient Cohort

Previous gene and protein expression analysis indicated that intracellular levels of
the candidate biomarkers may be linked with radiosensitivity. Further investigation into
whether these candidate biomarkers could predict response to RT was carried out. To do
this, we performed IHC to assess the intracellular levels of the three candidate biomarkers
using pre-treatment biopsy tissues from ER+ BC patients identified in the Breast-Conserving
Series. We hypothesised that patients exhibiting higher levels of our candidate biomarkers
would have a better response to RT compared to those with lower levels. High intracellular
levels of both DKK1 (Figure 10Ci) and GNPNAT1 (Figure 10Cii) were associated with
significantly increased recurrence-free survival (DKK1, p = 0.014; GNPNAT1, p = 0.022),
indicating that these two candidate biomarkers have the potential to predict sensitivity to
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RT. No significant differences in recurrence-free survival were observed in those patients
with either low or high intracellular TK1 levels (Figure 10Ciii). High magnification images
of the TMA samples are presented in Supplementary Figures S5–S7.

–

– others appreciate the advantages of using blood-based bi-
omarkers as they can be detected less invasively pre-, post- and during treatment; this can 
allow a patient to be continually monitored. Various clinical studies have explored the 
utilisation of blood-based biomarkers, such as carbohydrate antigen 15-3 and carcinoem-
bryonic antigen for primary cancer diagnosis and metastatic disease detection –

the association between serum human epidermal growth factor receptor 2 (HER2) 
levels and tumour HER2 status has also been studied [65–68]. 

hile this study demonstrated that protein 
secretion can increase following radiation, and that secreted proteins can relate to radio-
sensitivity, acute cancer secretome changes after radiation treatment were not assessed. It 
is these early changes that could potentially be more useful in a clinical setting. As a result 
of increased clinical interest in the use of blood-based biomarkers to evaluate pre- and on-

Figure 10. Validation in a retrospective patient cohort. (A) Frequency distribution histograms with gaussian regression
curves fitted showing distribution of IHC grading histoscores of DKK1 (Ai) and GNPNAT1 (Aii), along with the distribution
of IHC grading immunoscores for TK1 (Aiii), across a cohort (n = 78) of post-menopausal ER+ BC patients treated with
surgery and adjuvant RT alone. (B) Representative images of IHC staining for DKK1 (Bi), GNPNAT1 (Bii) and TK1 (Biii).
(C) Kaplan–Meier analysis of recurrence-free survival in relation to DDK1 (Ci), GNPNAT1 (Cii) and TK1 (Ciii) biomarker
expression in the patient cohort. Median follow-up is 12.3 years. p-value derived from log-rank (Mantel-cox) test.

4. Discussion

RT is a frequently used curative and palliative treatment for BC. However, for some
patients intrinsic and acquired radioresistance can substantially limit the efficacy of RT,
ultimately leading to local recurrence, disease progression and/or metastasis. While some
studies have investigated tissue-based gene signatures as a way of predicting tumour radi-
ation response [19–21], others appreciate the advantages of using blood-based biomarkers
as they can be detected less invasively pre-, post- and during treatment; this can allow a
patient to be continually monitored. Various clinical studies have explored the utilisation of
blood-based biomarkers, such as carbohydrate antigen 15-3 and carcinoembryonic antigen
for primary cancer diagnosis and metastatic disease detection [59–64], while the association
between serum human epidermal growth factor receptor 2 (HER2) levels and tumour
HER2 status has also been studied [65–68]. Pre-clinical studies typically focus on the cancer
secretome for the identification of secreted biomarkers. Several secretomic studies have
used it to identify biomarkers of aggressive phenotypes or predictors of chemotherapeu-
tic response [23,25,26]. Previous work has also identified secreted biomarkers related to
radiosensitivity. One study examined the secretome of BC cells 6 days after treatment
with a single dose of 10 Gy, showing that the secretion of cyclophilin A was related to
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intrinsic radiosensitivity [27]. While this study demonstrated that protein secretion can
increase following radiation, and that secreted proteins can relate to radiosensitivity, acute
cancer secretome changes after radiation treatment were not assessed. It is these early
changes that could potentially be more useful in a clinical setting. As a result of increased
clinical interest in the use of blood-based biomarkers to evaluate pre- and on-treatment
RT response [11], along with the potential of tissue-based biomarkers to predict tumour
radiosensitivity, our study aimed to develop a novel method to identify both secreted and
intracellular biomarkers of RT response.

The ER+ MCF-7 cell line was chosen as the initial model for biomarker discovery,
as it is a well-characterised cell line that has been used in many previous secretomic
studies [25,26,69–73]. The first stage of our study involved the acquisition of CM samples
from MCF-7 cells for LC-MS. For this, we used the CM of cells cultured in SFM, as serum
bovine proteins can dilute the cancer secretome and hinder the identification of secreted
proteins due to the close sequence homology of cattle proteins to many human proteins [74].
Even though the effect of serum starvation on cancer cells is disputed [75–78], studies have
demonstrated that culturing cells in SFM does not significantly alter the composition
of secreted proteins [79,80] and that cell death is minimised under appropriate culture
conditions [25,69,81]. Researchers have recommended that optimal incubation times and
cell numbers are needed to diminish the cytosolic protein contamination that arises from
cell death. Incubating cells with SFM for up to 30 h, with less than 70% cell confluency,
are considered optimal conditions for the acquisition of secretome samples; these culture
conditions were followed in all of our experiments. A washing step was also carried
out in our study before incubating the cells in SFM; previous studies have demonstrated
that washing reduces the contamination of CM with serum proteins and also increases
the quantity of secreted proteins isolated, without having any effect on cell growth or
viability [82].

All CM samples underwent centrifugation to reduce contamination by dead cells
and debris, with concentration performed to enrich secreted proteins. This approach has
been successfully used previously [83,84] and is necessary because secreted proteins are
generally present in low abundance [85]. Control secretome samples were also acquired
at each time point to account for the potential effects of serum starvation. To confirm that
radiation was not having an effect on cell number or causing significant cell death at 24 h
post-treatment, we performed cell counts and LDH assays. LDH is an intracellular enzyme
involved in metabolism, if present in the CM it indicates that plasma membrane rupture
and cell death has occurred [86]. Our results showed no significant differences in viable cell
numbers or LDH levels between the controls and radiation-treated samples. This suggests
that radiation-induced changes in secreted protein levels would be a result of changes in
secretion processes rather than altered proliferation rates or radiation-induced cell lysis.
Our results are in accordance with other secretomic studies that have demonstrated the
absence of any significant levels of cell death up to 24 h after treatment with 10 Gy [67–69].

Our secretome sample preparation method likely led to the co-collection of directly
secreted proteins and those secreted through exosome/microvesicle pathways. Using
databases such as ExoCarta and Vesipedia we identified that a proportion of our identified
secreted proteins had been previously identified within exosomes/microvesicles. Inter-
estingly, exosomal structural proteins were not present within our samples. One possible
explanation for this is that exosomes and microvesicles can differ in the composition of
their structural proteins including ALIX, TSG101, CD81, CD63 and CD9 [87]. It may be that
the primary method of secretion for the proteins we identified using ExoCarta and Vesi-
pedia (which do not differentiate between exosomes and microvesicles) is via microvesicles
or even direct secretion rather than in exosomes. Indeed, our current work is focused
on answering this important question by repeating our proteomic analysis of secreted
samples after applying specific methods to isolate exosomes, microvesicles and directly
secreted proteins.
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Our secretomic analysis initially focused on CM samples obtained 24 h after irradi-
ation. Cancer patients are typically treated with daily radiation fractions; therefore, the
measurement of biomarkers at 24 h after the first dose of fractionated RT might be appro-
priate in clinical practice. In theory, biomarker levels could be analysed just before daily
treatment, that is, 24 h after a patient’s preceding dose. Initial analysis characterised the
MCF-7 untreated basal secretome. The number of proteins isolated and the key enriched
pathways in which they function (metabolism, carbohydrate metabolism, immune and cy-
tokine signalling and cell cycle regulation) were in agreement with previous studies using
various tumour types, including BC cell lines [24,88]. The majority of the proteins detected
in the secretome 24 h after radiation differed from those of the basal secretome, specifically
those involved in translation, spliceosome and RNA processing, protein metabolism and
the proteasome. Proteins involved in some of these pathways have previously been shown
to be secreted from BC cells 6 days after a 10 Gy radiation dose [27].

In order to identify the most suitable candidate biomarkers to be taken forward for
validation, we wanted to identify biomarkers that exhibited a straightforward secretion
profile, whereby levels were minimal at earlier time points, then demonstrated a large
increase at 24 h, as this might potentially increase the probability of successful validation.
Of the proteins that had been identified in the radiation-induced secretome, 33 proteins
were found to have significantly increased secretion levels (up to 12-fold) at all radiation
doses tested at 24 h, with low secretion at earlier time points.

Further analysis of these 33 proteins focused on their gene expression levels within
the MCF-7 radiosensitive and RR cell lines. Initial comparative analysis of the two cell
lines showed differences in their gene expression patterns in response to 2 Gy treatment,
with radiosensitive cells exhibiting up-regulation of genes involved in DNA damage repair
pathways and arrest of the cell cycle, and down-regulation of genes involved in the cell
cycle. Similar gene expression changes have been found in other studies using the MCF-7
cell line [89] and patient samples [90]. These recognised radiation-induced gene expression
changes did not occur in the RR cells. DNA damage repair pathways play a crucial role in
the response of cells to radiation; previous studies have also shown there to be differences in
the expression of DNA damage related genes between radiosensitive and RR cell lines [53].
Given the differences in response to radiation, we proposed that any of our 33 secretomic
candidate biomarkers that were differentially expressed between the sensitive and resistant
cell lines could hold value as biomarkers of RT response or acquired radioresistance. Gene
expression analysis assessing the 33 proteins showed that DKK1, EIF4EBP2, GNPNAT1,
TK1 and YBX3 had higher expression levels in the radiosensitive cells. Further evidence
of a relationship between the gene expression levels of these 5 candidate biomarkers and
radiosensitivity was shown in a panel of ER+ cells, with the more radiosensitive cells
expressing higher levels of the candidate biomarkers. Validation experiments focusing
on DKK1, GNPNAT1 and TK1 showed that these biomarkers were secreted in response
to radiation treatment, but only in radiosensitive cells. These results were recapitulated
in a second ER+ cell line (ZR-751). Results from the in vitro and in vivo experiments
indicated that intracellular protein levels of these three biomarkers may also be associated
with radiosensitivity. Further evidence of the biomarkers potential to predict RT response
was seen through assessing intracellular protein expression levels using samples from
the Breast-Conserving Series. Here, survival analysis identified that patients with higher
intracellular DKK1 and GNPNAT1 expression levels were associated with significantly
increased recurrence-free survival.

Prior studies have linked our three lead candidate biomarkers with cancer. DKK1
is a soluble antagonist of Wnt/β-catenin signalling [91]. Previous work has suggested
that Wnt signalling and DKK1 are involved in bone metastasis [92] and that DKK1 can
stimulate osteoclast activity and inhibit the production and differentiation of osteoblasts.
Inhibition of the effects of Wnt on the bone can help generate a microenvironment that
allows tumours to expand [93]. DKK1’s role in stimulating osteolytic metastases has been
established in investigations of multiple myloma-associated bone disease [94,95], with
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differing studies also supporting the role of DKK1 in BC bone metastasis. Serum concen-
trations of DKK1 have also been shown to be increased in BC patients; moreover, patients
with bone metastases were shown to have significantly increased serum DKK1 levels when
compared to non-metastatic BC patients [96]. Elevated serum DKK1 concentrations have
also been correlated with more advanced disease stage and grade of BC, along with shorter
recurrence-free and overall survival times [97]. A further study demonstrated that although
DKK1 was present in 70% of BC tissues, it could be identified in all patients using serum
samples [96]. Altogether, these studies show that DKK1 is a promising intracellular and
secreted biomarker for assessing BC prognosis.

GNPNAT1 is an enzyme involved in the hexosamine biosynthetic pathway (HBP).
The HBP produces UDP-N-acetylglucosamine (UDP-GlcNAc), which is thought to be an
essential nutrient sensor [98]. UDP-GlcNAc itself is used as substrate in glycosylation
reactions; these post-translational changes are highly altered in tumour cells and can
regulate the function of proteins involved in various tumour-associated processes such as
gene regulation, metabolism, cell signalling and epithelial-to-mesenchymal-transition [98].
GNPNAT1 expression has been linked with prognosis in prostate cancer; higher expression
levels have been associated with a lower risk of biochemical recurrence [99], whereas lower
levels are typically seen in advanced, castrate-resistant prostate cancer when compared to
localised disease [100]. Studies have demonstrated that GNPNAT1 is upregulated in lung
adenocarcinoma tissues compared to normal tissues [101,102], with Liu et al. concluding
that this protein may have potential as a prognostic biomarker [101]. Our results indicate
that GNPNAT1 may additionally have a role to play in BC. This is in line with other recent
studies which have demonstrated that elevated GNPNAT1 gene expression levels are
present in BC tissue samples [103].

TK1 is involved in cell cycle regulation through the production of thymidine monophos-
phate, an essential requirement for DNA replication [104,105]. TK1 has been identified in
extracellular vesicles from numerous cancer types [106–109]. Some studies have suggested
that it could be used as a proliferation biomarker [110] with both diagnostic and prognostic
potential [104,111]. In BC, increased intracellular TK1 expression has been correlated with
disease grade and stage [112], with serum levels having been investigated for monitoring
treatment responses [113] and for predicting the risk of developing distant and/or regional
recurrence post-surgery [114].

In BC, RT is traditionally carried out in the adjuvant setting, after breast-conserving
surgery and sometimes after mastectomy to eliminate any residual cancer cells left behind
after surgery. While our results are promising, there are potential limitations to their
translatability to the clinic. A potential issue is that there could be differences in secreted
biomarker levels when RT is given neoadjuvantly to shrink in situ cancers compared with
levels seen after post-operative adjuvant RT dealing with residual tumour cells. However,
RT does also have a role in the management of BC in the neoadjuvant setting, where it
can be combined with chemotherapy in patients with locally advanced cancer [115–121].
Neoadjuvant RT alone has been used for the treatment of BCs that are unsuitable for pri-
mary conservative surgery [122]. There is also increasing interest in the use of neoadjuvant
accelerated partial breast irradiation alone to help reduce treatment-related morbidities
associated with external beam irradiation [123,124]. Recent work has additionally shown
that neoadjuvant RT alone may significantly increase disease-free survival without decreas-
ing overall survival in patients with early-stage BC; these results were most evident for ER+

BC patients [125]. As our study used ER+ BC cell lines, our results may be of particular
utility to early-stage patients suffering from this BC subtype. Recent work has also shown
that neoadjuvant RT alone, followed by radical surgery, is a feasible treatment option and
is associated with good long-term locoregional control [126]. Therefore, while pre-surgical
RT is not currently the standard treatment option for patients, neoadjuvant RT has the
potential to challenge the current treatment paradigm. This BC treatment strategy will
ultimately require biomarkers, such as ours, that can predict and monitor RT response.
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Although previous studies have shown that each of our candidate biomarkers is
secreted from BC cells [106], with some of them linked to BC prognosis, ours is the first
study to describe a link between the intracellular/secreted levels of these biomarkers
and radiosensitivity. Whilst our initial model for secreted biomarker discovery was only
performed using the MCF-7 cell line, our secretomic results have been comprehensively val-
idated using two different ER+ cell lines. Although these results are promising, additional
work is now needed to assess whether these biomarkers can be detected in blood samples
using animal models. Following on from our successful use of BC xenograft tumours
and patient tissues from the Breast-Conserving Series, we will now look to investigate
the biomarker’s ability to predict radiosensitivity in larger patient cohorts. Furthermore,
experiments will be needed to investigate the mechanisms of biomarker secretion and
elucidate what roles these biomarkers play in cellular radiosensitivity. Although our study
is particularly focused on BC, it is possible that the biomarkers we have identified are not
BC-specific but may be more generic measures of tumour radiosensitivity. The methods
we have used to identify biomarkers of radiation response are equally applicable to other
solid tumours; future studies could therefore utilise our validated methods for biomarker
discovery in other cancer types.

5. Conclusions

For clinicians to be able to deliver biologically adapted, personalised RT for BC
patients they must be able to stratify patients based on individual tumour radiosensitivity
before commencing treatment. Clinicians should also be able to monitor RT responses
during treatment. To begin to address these clinical needs we developed an integrated
secretomic and transcriptomic approach using both radiosensitive and RR cell lines to
identify biomarkers of radiation sensitivity and response. To our knowledge, we are
the first to report the use of secretomic experiments to identify radiation-induced BC
secreted biomarkers that are released within 24 h of treatment. Furthermore, we showed
that differential biomarker secretion, gene expression and intracellular protein levels can
indicate cellular radiosensitivity. Initial validation using clinical samples also suggested
that two of our selected candidate biomarkers have the potential to predict RT outcomes
in ER+ BC patients. For any of these intracellular/secreted candidate biomarkers to be
used in the clinic, further research will have to prove their validity and demonstrate
their ability to improve outcomes or refine patient selection for RT. The incorporation of
individual biomarkers and/or signatures with advanced radiation delivery techniques,
already available in the clinic, would enable the development of a precision medicine
platform that could significantly improve the efficacy of RT in the treatment of BC patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jpm11080796/s1. Supplementary Figure S1. Cell numbers and LDH cytotoxicity assays at
24 h post-radiation treatment. (A) Cell counts using trypan blue exclusion were performed with
MCF-7 and ZR-751 parental and RR cell lines to confirm that no changes in proliferation or cell
death were occurring after treatment with a single dose of up to 10 Gy radiation (one-way ANOVA
with the Holm–Šídák multiple comparisons test, comparing only values within each cell line; data
expressed as mean ± SEM, n = 3). (B) LDH cytotoxicity assays were performed with MCF-7 and
ZR-751 parental and RR cell lines to confirm that no cell death was occurring after treatment with
2 Gy of radiation (unpaired t-test performed on the control and treated cells for each cell line;
data expressed as mean ± SEM, n = 3). Supplementary Figure S2. ZR-Z51 and ZR-751 RR gene
expression changes associated with response to radiation. Heatmaps reflect log2 mean-centred gene
expression changes with clustering based on Pearson correlation with average linkage (red = higher
expression, black = no change, green = lower expression). Radiosensitive ZR-751 parental cells
and their RR derivatives are shown in adjacent heatmaps. For each cell line, untreated baseline
controls at 0 h are shown along with both treated (2 Gy radiation) and untreated controls at 2 h
and 8 h. The 2 h 2 Gy ZR-751 sample failed in sequencing and was removed from further analysis.
The genes shown are the most differentially expressed in sensitive parental MCF-7 cells, with the
largest gene expression differences seen between the untreated controls and the 2 Gy treated cells
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at 8 h. Supplementary Figure S3. Gene expression levels of the 33 candidate biomarkers within
ZR-751 parental and RR cell lines. Heatmap of log2 mean-centred gene expression data from both
untreated controls and radiation-treated parental ZR-751 and ZR-751 RR cells. Clustering was
performed using Pearson correlation with average linkage (red = higher expression, black = no
change, green = lower expression). Supplementary Figure S4. In-lab validation of lead candidate
biomarkers in the ZR-751 cell line. (A) WB analysis assessing the secretion levels of lead candidate
biomarkers in ZR-751 and ZR-751 RR cell lines using CM samples obtained up to 24 h following
2 Gy of radiation. NS is a non-specific band used to confirm equal loading (One-way ANOVA with
Holm–Šídák multiple comparisons test; data expressed as mean ± SEM, n = 3, * p ≤ 0.05, *** p ≤ 0.001,
**** p ≤ 0.0001). (B) WB analysis assessing the intracellular levels of lead candidate biomarkers in
whole-cell lysates of ZR-751 and ZR-751 RR cell lines obtained up to 24 h following 2 Gy of radiation
(Two-way ANOVA; data expressed as mean ± SEM, n = 3). (C) IHC assessing the intracellular
levels of the lead candidate biomarkers in ZR-751 and ZR-751 RR cells cultured in 2D and 3D
environments. Supplementary Figure S5: High magnification TMA images stained for DKK1. Images
are taken from those tissues presented in Figure 10. Supplementary Figure S6: High magnification
TMA images stained for GNPNAT1. Images are taken from those tissues presented in Figure 10.
Supplementary Figure S7: High magnification TMA images stained for TK1. Images are taken from
those tissues presented in Figure 10. Supplementary Table S1. RNA quality of the samples used for
gene expression analysis. RNA integrity numbers (RIN) for the gene expression analysis samples.
Supplementary Table S2. Clinicopathological data from 80 patients within the Breast-Conserving
Series were used to investigate whether the candidate biomarkers could predict response to RT.
Supplementary Table S3. List of proteins identified in each pathway from the untreated MCF-7 cell
secretome. In total, 318 proteins were identified in the untreated basal MCF-7 secretome. Proteins
involved in the significantly enriched pathways identified from the KEGG and Reactome databases
are shown. Supplementary Table S4. List of proteins identified that exhibited at least a 50% increase
in secretion level following 2 Gy of radiation compared with 24 h untreated controls. A proportion of
the secreted proteins were involved in immune signalling, metabolism, translation, RNA processing
and the proteasome.
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Abstract: Radiation resistance is a significant challenge in the treatment of breast cancer in humans.
Human breast cancer is commonly treated with surgery and adjuvant chemotherapy/radiotherapy,
but recurrence and metastasis upon the development of therapy resistance results in treatment failure.
Exosomes are extracellular vesicles secreted by most cell types and contain biologically active cargo
that, when transferred to recipient cells, can influence the cells’ genome and proteome. We propose
that exosomes secreted by radioresistant (RR) cells may be able to disseminate the RR phenotype
throughout the tumour. Here, we isolated exosomes from the human breast cancer cell line, MDA-MB-
231, and the canine mammary carcinoma cell line, REM134, and their RR counterparts to investigate
the effects of exosomes derived from RR cells on non-RR recipient cells. Canine mammary cancer
cells lines have previously been shown to be excellent translational models of human breast cancer.
This is consistent with our current data showing that exosomes derived from RR cells can increase cell
viability and colony formation in naïve recipient cells and increase chemotherapy and radiotherapy
resistance, in both species. These results are consistent in cancer stem cell and non-cancer stem cell
populations. Significantly, exosomes derived from RR cells increased the tumoursphere-forming
ability of recipient cells compared to exosomes derived from non-RR cells. Our results show that
exosomes are potential mediators of radiation resistance that could be therapeutically targeted.

Keywords: breast cancer; exosomes; chemoresistance; radioresistance; comparative oncology;
One Health

1. Introduction

Breast cancer is the most common female malignancy and the leading cause of cancer-
related deaths in women [1,2]. Similarly, naturally occurring canine mammary tumours
are the most common cause of death in intact female dogs and have been proposed as a
comparative model of the human disease [3]. Canine mammary tumours have a similar
genetic predisposition, histopathology, disease progression and clinical outcome to the
human disease. Human breast cancer is commonly classified into molecularly distinct
subtypes: normal breast-like, HER2+, luminal A, luminal B and triple negative. These
subtypes differ in clinical outcomes, patient survival and treatment strategy. However,
there is gene expression heterogeneity within these subtypes and breast cancer can be
considered as a spectrum of diseases. Kumar et al., 2012 [4] utilised microarray technology
to highlight a 163-gene expression signature associated with prognosis, highlighting that,
in the context of gene expression, this disease is highly heterogenous and individualised.
Assessing the global gene expression and proteomic profiles of each individual patient
and applying that information to a database of available treatment options may be more
successful, in terms of survival rates, than following a rigid treatment plan based on tumour
subtype [5]. This method of patient-specific therapy assignment would be more efficient in
terms of time, expense and patient side effects and may be applicable in both human and
veterinary medicine.
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The emergence of resistance to key modalities, including chemotherapy and radiother-
apy, and the subsequent re-initiation of tumour growth and relapse represent a significant
clinical problem, often with limited treatment options and increased mortality. Understand-
ing the underlying molecular mechanisms driving therapy resistance could help to identify
potential biomarkers to track the emergence of resistance and novel therapeutic targets.

Tumours comprise a heterogenous mix of cell populations including cancer stem cells
(CSCs) and non-CSCs, which make up the bulk of the tumour. CSCs are long-lived cells that
drive tumourigenesis as they can self-renew and differentiate into other cellular subtypes.
Breast CSCs are inherently resistant to conventional chemotherapy and radiotherapy [6].
Therefore, the relative size of a CSC pool within a tumour may influence the intrinsic
radioresistance of that tumour. Radiation treatment will eliminate the majority of cancer
cells; however, CSCs will survive and be able to re-initiate tumour growth and tumour
cell repopulation leading to patient relapse [7]. The development of acquired therapy
resistance can also occur due to selective pressures imposed by cancer therapies that can
result in advantageous mutations in newly forming cancer cells and lead to increased
survival by, for example, the activation of epithelial-to-mesenchymal transition (EMT),
enhanced DNA damage repair and enhanced elimination of cytotoxic content from within
the cancer cell [8] including the active chemotherapeutic agents or the reactive oxygen
species produced during radiotherapy treatment [9].

Exosomes have been implicated in the acquisition of therapy resistance [10,11]. Exo-
somes are nanovesicles secreted from most living cells. They have a size range between of
30–150 nm in diameter, and they contain a biologically active cargo consisting of nucleic
acids, miRNAs, proteins and lipids, encapsulated within their double membrane [12].
The outer surface of the membrane contains integrins, tetraspanins and cell signalling
receptors [13]. The content of exosomes is reflective of the parental cell from which it
is derived, and under non-diseased states, the role of exosomes is to mediate cell-to-cell
communication [14,15]. As the formation of exosomes within the parental cell results in
the incorporation of the contents of the parental cell, the exosome cargo can reflect the
development and progression of the diseased state of the parental cell. Further research
has shown that the active content of exosomes can result in phenotypic and genotypic
changes in recipient cells. In cancer, exosomal transfer can occur between developing
cancer cells, and between cancer cells and stromal cells, and can have a range of functions,
for example, developing cancer cells can communicate via exosomes to programme stromal
cells to provide nourishment in the form of amino acids and carbon [16–18]. As well as
programming surrounding stromal cells to provide a nurturing environment for cancer
cells, exosomes can also promote metastasis and mediate organotropism [19,20].

Exosomes have been shown to play a pivotal role in therapy resistance in
humans [21,22], but the role of exosomes in canine therapy resistance has not yet been
studied. Exosomes derived from human breast cancer cells have been shown to shuttle
chemotherapeutic agents out of the cell [23], and chemotherapy-resistant breast cancer
cells can transfer p-glycoprotein protein pumps to chemotherapy-sensitive breast cancer
cells to allow the active removal of the chemotherapeutic agents [24]. However, the role of
exosomes in the development of radiotherapy resistance in breast cancer cells and the CSC
population is poorly understood, and the mechanisms by which exosomes can mediate
chemoresistance cannot be directly applied to the development of radioresistance. We
hypothesise that exosomes derived from radioresistant (RR) cells can disseminate the
RR phenotype to non-RR cancer cells. In this study, we isolated exosomes from the hu-
man breast cancer cell line, MDA-MB-231, and the canine mammary carcinoma cell line,
REM134, and their RR counterparts to investigate the effects of exosomes derived from
RR cells on non-RR recipient cells. Our data show that exosomes derived from RR cells,
compared to exosomes derived from non-RR cells, can increase cell viability and colony
formation in recipient cells and increase chemotherapy and radiotherapy resistance. These
results are consistent in CSC and non-CSC populations. Our results show that exosomes
are potential mediators of RR that could be therapeutically targeted. Future research could
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focus on the profiling the exosomal cargo to identify emerging markers of radioresistance.
These biomarkers could be monitored throughout treatment to optimise patient-specific
treatment plans for anticancer interventions.

2. Materials and Methods

2.1. Cell Culture

The cell lines used in this study were the human breast cancer cell line, MDA-MB-
231, and the canine mammary carcinoma cell line, REM134 [25]. Radioresistant MDA-
MB-231 and REM134 cell lines were gifted by Dr. Mark Gray [26]. RR cell lines were
established over several weeks by gradually irradiating the non-RR parental cell lines
with increasing doses of Gray (Gy). MDA-MB-231 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) + 1 g/L D-glucose, L-glutamine + pyruvate (Gibco Life
Technologies, Invitrogen, UK). REM134 cells were grown in DMEM + 4.5 g/L D-glucose,
L-glutamine—pyruvate (Gibco Life Technologies, Invitrogen, UK). All cell culture media
were supplemented with 10% exosome-depleted FBS and 1% penicillin and streptomycin.
Cells were maintained at 37 ◦C in 5% CO2 in a humidified incubator. FBS was depleted
of exosomes by ultracentrifugation in an SW32 Ti rotor (Beckman Coulter, IN, USA) at
12,000× g for 18 h at 4 ◦C.

2.2. Radiation Treatment

To maintain the RR phenotype, RR cells were irradiated with 12 Gy every 3–4 weeks.
Briefly, cells were grown until 70% confluence and, after standard trypsinisation, were
resuspended as single cells in 10 mL of the appropriate media and immediately irradiated in
the gamma cell irradiator (Gammacell 1000 Elite, Best Theratronics, Ottawa, ON, Canada) in
50 mL falcon tubes. After irradiation, cells were transferred into a T75 flask and maintained
as previously described.

2.3. Exosome Isolation

Cells were seeded in T175 flasks and grown until 70% confluence. Cells were washed
in PBS, and all media were replaced with 10 mL of exosome-free DMEM and incubated
for 24 h. The medium was removed and centrifuged at 500× g for 10 min to remove cell
debris. The supernatant was then filtered through a 0.22 µm filter and ultracentrifuged
at 120,000× g for 90 min at 4 ◦C in an SW41 ultracentrifuge rotor (Beckman Coulter, IN,
USA) with swing buckets. The supernatant was removed, and the exosome pellet was
resuspended in 1 mL filtered PBS and stored at −70 ◦C until further use.

2.4. Exosome Quantification

Exosomes were lysed with RIPA buffer (50 mM Tris pH 6.8, 150 mM NaCl, 1 mM
EDTA, 1% NP40) by adding 3:1 volume of RIPA buffer to the exosome sample and mixing
thoroughly. The samples were incubated for 30 min on ice and then centrifuged at 13,000× g
for 5 min at 4 ◦C. Supernatants were transferred to 1.5 mL Eppendorf tubes and stored at
−70 ◦C. The protein concentration of samples was determined by a Bradford assay. BSA
standards at 0.1, 0.25, 0.5, 1, 2, 5 and 10 mg/mL were used as controls. Then, 1 µL of
BSA standards were added to designated wells of a 96-well plate in duplicate, and 1 µL
of protein samples were loaded in triplicate. Following this, 200 µL of Bradford reagent
(Bio-Rad Laboratories, Watford, UK) was added to each well and mixed by pipetting. The
plate was incubated at room temperature for 2 min. Absorbance at 595 nm was determined
using the Victor3 plate reader (Perkin Elmer, Beaconsfield, UK) and the relative protein
concentration of the samples was determined by comparing them to the BSA standards.

2.5. Transmission Electron Microscopy

Freshly isolated exosomes in 10 µL PBS were added in a 1:1 ratio with 2% paraformalde-
hyde and immediately processed for transmission electron microscopy (TEM). Briefly, 5 µL
of sample was placed on formvar-coated grids and incubated for 20 min at room tempera-
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ture. Grids were washed in 100 µL of PBS plus 50 µL of 1% glutaraldehyde for 5 min and
then incubated with 100 µL of ddH2O for 2 min. Wash steps were repeated eight times in
total. After washing, 50 µL of 1% uranyl-oxalate solution (pH 7) was added to the grid for
5 min, then 50 µL of methyl cellulose-UA was added for 10 min on ice. The excess fluid was
removed by blotting, and the grids were air dried for 5 to 10 min. Samples were viewed on
a JEM-1400 Plus TEM (Jeol, Welwyn, UK) operating at 80 kV. Representative images were
collected on an OneView camera (Gatan, Pleasanton, CA, USA). These experiments were
carried out at King’s Buildings at The University of Edinburgh.

2.6. Nanoparticle Tracking Analysis

Exosomes were analysed by nanoparticle tracking analysis (NanoSight LM10, Malvern
Panalytical, Malvern, UK) to determine the size range and distribution. Briefly, 1 mL of
diluted exosome sample (1:50–1:100) was loaded on to the NanoSight machine, and particle
concentration was determined and diluted in the range of 4 × 108–12 × 108 particles/mL.
Parameters were set at a detection rate of 15,000 particles per minute for capture settings,
and the smallest vesicle size was set at 30 nm, with analysis performed by NanoSight
software version 2.3 (Malvern Panalytical, Malvern, UK). The rate at which exosomes were
produced per cell per hour was calculated by dividing the total number of exosomes by the
total number of cells after exosome harvesting and then dividing by the number of hours
over which the sample was collected.

2.7. Exosome Treatment

For exosome treatment, cells were seeded depending on cell type and experimental
conditions. Generally, exosomes were added at a concentration of 50 µg/mL. To determine
this concentration, 10 µL of isolated exosomes were lysed, and their protein concentration
was quantified as in Section 2.4. From that concentration, we calculated the volume of
isolated exosomes required to make up a solution at 50 µg/mL in exosome-free media. All
exosome solutions were made up fresh prior to treatment. Controls were generated with
PBS vehicle instead of exosomes.

2.8. Cell Viability Assay

Cells were seeded in 96-well plates at 500 cells per well. Exosomes were added at
the indicated concentrations 24 h after seeding. Cell viability was determined 72 h post-
treatment using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Hampshire,
UK) according to the manufacturer’s instructions. Luminescence was measured by a
Victor3 multilabel plate reader (Perkin Elmer, Beaconsfield, UK). Data were averaged and
normalised against the average signal of the PBS control samples.

2.9. Colony Fromation Assay

MDA-MB-231 and MDA-MB-231 RR cell lines were trypsinised and seeded as single
cells at 50 cells per well in a 6-well plate. REM134 and REM134 RR were trypsinised and
seeded as single cells at 1000 cells per well in a 6-well plate. Immediately after seeding,
either PBS (vehicle control), 50 µg/mL exosomes derived from non-RR cells or exosomes
derived from RR cells were added to the appropriate well. All plates were incubated as
previously described until colonies formed in the vehicle control (approximately 10 days).
To stain the colonies, each well was washed with 5 mL PBS and then incubated with
5 mL of 100% methanol for 5 min at room temperature. The methanol was removed, and
plates were air dried. Colonies were then stained with a Giemsa stain (20% Giemsa stain
(Sigma-Aldrich, Gillingham, UK) plus 80% ddH2O) for 20 min at room temperature. After
staining, the plates were then washed twice with water and air dried. All colonies were
counted and normalised to the control.

In experiments to determine the effect of exosomes derived from RR cells on the
colony-forming ability after treatment with radiation, cells were seeded at 20,000 cells
in 1 mL of medium in a 12-well plate and incubated for 24 h with either PBS, 50 µg/mL
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exosomes derived from non-RR cells or 50 µg/mL exosomes derived from RR cells. Cells
were then seeded as single cells as described above. In addition, MDA-MB-231 CSCs and
MDA-MB-231 RR CSCs were seeded at 750 cells in 3 mL media, and REM134 CSCs and
REM134 RR CSCs were seeded at 1000 cells in 3 mL media. Single cells were immediately
irradiated at either 0, 2.5 or 5 Gy. Colonies were allowed to form and were processed as
described above.

2.10. Chemosensitivity Assays

MDA-MB-231 and MDA-MB-231 RR cells were seeded at 500 cells/50 µL per well in a
96-well plate. REM134 and REM134 RR cells were seeded at 1000 cells/50 µL per well in
a 96-well plate. CSCs were seeded at 1000 cells/50 µL per well. Cells were incubated for
24 h before treating with 25 µL exosomes (50 µg/mL). Cells were then treated 12 h later
with a dose titration of doxorubicin at the indicated concentrations in 25 µL. Cell viability
was determined 72 h post-treatment with doxorubicin as described above.

2.11. Tumoursphere-Forming Assay

Cells were seeded at 20,000 cells/mL in 1 mL of exosome-free FBS DMEM media in
12-well plates and treated with either PBS, 50 µg/mL of exosomes derived from non-RR
cells or 50 µg/mL of exosomes derived from RR cells and incubated for 24 h. Follow-
ing incubation, MDA-MB-231 and MDA-MB-231 RR cells were seeded as single cells at
3000 cells per well, and REM134 and REM134 RR were seeded at 6000 cells per well, in
3 mL N2 media in 6-well low-attachment plates (Corning, Flintshire, UK). All samples
were triplicated. N2 media was supplemented every 48 h with human EFG and human
FGF at 10 ng/mL (Peptrotech, London, UK). Sphere formation was monitored for 7 days.
Tumourspheres over 50 µm in diameter were counted in five random fields of vision using
an Axiovert 40 CFL microscope (Zeiss, Hallbergmoos, Germany) with images taken at 5×
and 10× magnification and size measurements recorded by Axiovision software version
4.7.2 (Zeiss, Hallbergmoos, Germany).

2.12. Migration Assay

Cells were seeded at 20,000 cells in 1 mL media per well in a 12-well plate and
treated with either PBS or corresponding exosomes derived from either non-RR or RR
cells at the indicated concentration and incubated for 24 h. Cells were then seeded into
Ibidi® (Munich, Germany) chamber slides according to the manufacturer’s instructions.
Briefly, cells were trypsinised and seeded at varying concentrations: MDA-MB-231 at
4.5 × 105/well; MDA-MB-232 RR at 4.75 × 105/well; REM134 at 3.45 × 105/well; and
REM134 RR at 3.75 × 105/well and incubated until confluent. Once confluent, each insert
was removed to leave a gap. Then, 1 mL of media was added to each well and the width
of the gap was measured at six points using the Axiovert 40 CFL microscope with an
AxioCAM HRm camera (Zeiss, Hallbergmoos, Germany) and pictures were taken at 5×
magnification at set time points until the gap was closed. The migration distance was
recorded at stated time points with measurements by Axiovision software version 4.7.2.
Percentage migration was calculated as (A−B)/B), with A being the size of the gap at 0 h,
and B being the gap at the designated time point.

2.13. Statistical Analysis

Data were analysed for normality using the Anderson−Darling normality test and
the appropriate parametric/non-parametric test was chosen to determine statistical signifi-
cance. All statistical analyses were performed using Minitab 19 software, with statistical
significance being defined as p ≤ 0.05.
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3. Results

3.1. Isolation of Exosomes from Canine and Human Breast Cancer Cell Lines and Their Derived
RR Counterparts

Radioresistant cell lines MDA-MB-231 RR and REM134 RR were derived by exposing
parental cells to increasing doses of radiation every week up until there was limited cell
death at 8 Gy [27]. RR cells are morphologically distinct from non-RR parental cells: RR cells
have extended cytoplasmic extensions and a spindle-like morphology (Figure 1A(ii,iv))
compared to non-RR cells (Figure 1A(i,ii)). Exosomes were isolated from all cell lines by
ultracentrifugation and visualised using TEM. All exosomes exhibited the characteristic
“cup shape” morphology [21] (Figure 1B(i–iv)) and expected size distribution as analysed
by nanoparticle tracking analysis (NTA) (Figure 1C(i–iv)). NTA was also used to calculate
the rate of exosome production per cell per hour and showed that RR cells produced more
exosomes than non-RR cells. REM 134 RR cells and MDA-MB-231 RR produced approxi-
mately sixfold and threefold more exosomes than their non-RR counterparts, respectively
(Figure 1D).

3.2. Exosomes Isolated from RR Cells Increased the Survival of Recipient Cells Compared to
Exosomes Isolated from Non-RR Cells

To determine the effect of exosomes on cell viability, cells were seeded in 96-well plates,
incubated for 24 h and then treated with exosome dilutions of 10, 20, 30, 50 and 75 µg/mL.
Cell viability was determined 72 h after treatment. Our data show that exosomes derived
from RR cell lines resulted in a significant increase in cell viability, which appeared to be
dose dependant, resulting in an increase in cell viability from 100% to 150% (Figure 2A).
To compliment the cell viability assay, we also performed colony formation assays. Single
cells were immediately treated with either 50 or 100 µg/mL of the corresponding exosomes
and incubated until colonies were visible. Exosomes derived from MDA-MB-231 RR and
REM134 RR cell lines resulted in a significant increase in the number of colonies compared
to both PBS control and exosomes derived from non-RR exosomes (Figure 2B). Based on
these results, we selected 50 µg/mL of exosomes to be used in further experiments.

Figure 1. Cont.
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Figure 1. Isolation of exosomes from canine and human breast cancer cell lines and their derived
isogenic RR counterparts. (A) Cell morphology of (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231
and (iv) MDA-MB-231 RR cells. Scale bar represents 100 µm. (B) Visualisation, using TEM, of
exosomes isolated from (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR
cells. Scale bar represents 200 nm. Characterisation of exosomes using NTA to measure (C) particle
distribution from (i) REM134 cells, (ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR
and (D) rate of exosome production per cell per hour. Data are representative of three independent
experiments.
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Figure 2. Exosomes isolated from RR cell lines increased the survival of recipient cells. Analysis of (A) cell viability and (B)
colony-forming ability were assayed after (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR cells
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were treated with the indicated dose of exosomes isolated from either corresponding non-RR or RR cells. All results are
relative to the appropriate PBS control. Three repeats were performed and analysed by a two-sample t test. Error bars
indicate ±SD. * p ≤ 0.05, ** p ≤ 0.01; *** p ≤ 0.001, **** p ≤ 0.00001.

3.3. Exosomes Isolated from RR Cells Enhanced the Migration Potential of Recipent Cells

To investigate the effect of exosomes derived from RR cells on the migration potential
of REM134 and MDA-MB-231 cells and their RR derivatives, we utilised a 2D scratch assay.
Here, cells were incubated with 50 µg/mL of exosomes for 24 h to allow for exosome uptake
prior to seeding into a chamber cell with an ibidi insert. Removal of the insert created a
defined wound in the cell monolayer. Closure of the wound was measured at the indicated
time points until the wound was fully closed (Figure 3). The vehicle control showed that
RR cells migrate inherently faster than non-RR cells: non-RR REM134 cells closed the
wound 56 h after injury (Figure 3(Ai)) compared to RR REM134 cells, which closed the
wound 24 h after injury (Figure 3(Bi)). Similar results, albeit less striking, were obtained for
the MDA-MB-231 cell line, whereby non-RR cells closed the wound at 28 h (Figure 3(Ci))
compared to RR cells, which closed the wound at 24 h after injury (Figure 3(Cii)). Exosomes
derived from both non-RR and RR cells enhanced the migration potential of recipient cells;
however, this effect was more prominent in cells treated with RR exosomes. In non-RR
REM134 cells treated with exosomes isolated from non-RR cells, the wound closed at 52 h
compared to 48 h for those treated with exosomes derived from RR cells (Figure 3(Ci)).
These results were significantly different compared to the control and between treatment
groups, such as at 24 h (p = 0.0000) for the effect of exosomes derived from RR cells when
compared to the control and exosomes derived from non-RR cells. In RR REM134 cells
treated with exosomes isolated from non-RR cells, the wound closed at 12 h compared to
8 h for those treated with exosomes derived from RR cells (Figure 3(Cii)). These results
were significantly different compared to the control and between treatment groups, such
as at 8 h (p = 0.0000) for the effect of exosomes derived from RR cells when compared to
the control and exosomes derived from non-RR cells. The human cell line showed similar
results, in non-RR MDA-MB-231 cells treated with exosomes isolated from non-RR cells,
the wound closed at 24 h compared to 12 h for those treated with exosomes derived from
RR cells (Figure 3(Ciii)). These results were significantly different compared to the control
and between treatment groups, for example at 8 h (p = 0.0000) for the effect of exosomes
derived from RR cells when compared to the control and exosomes derived from non-RR
cells. In RR MDA-MB-231 cells treated with exosomes isolated from non-RR cells, the
wound closed at 12 h compared to 8 h for those treated with exosomes derived from RR
cells (Figure 3(Ciii)). These results were significantly different compared to the control
and between treatment groups such as at the time point of 8 h (p = 0.0000) for the effect
of exosomes derived from RR cells when compared to the control and exosomes derived
from non-RR cells.
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Figure 3. RR cells migrate faster than non-RR cells, and the migration potential in all cell types was enhanced after treatment
with exosomes isolated from RR cell lines. Migration potential was assayed by an in vitro wound-healing assay in (A)
REM134, (B) REM134 RR, (C) MDA-MB-231 and (D) MDA-MB-231 RR cells. The indicated cell line was treated with either
PBS or exosomes isolated from either non-RR (50 µg/mL) or RR corresponding cells (50 µg/mL). (i) Light microscopy
images of cell migration at the indicated time points are shown. (ii) Graphical representation of relative migration compared
to the PBS control at the indicated time points. Three biological repeats were performed, and a two-sample t test was used
for the analysis of data. Error bars indicate ±SD. ** p ≤ 0.01; *** p ≤ 0.001, **** p ≤ 0.00001.

3.4. Recipient Cells of Exosomes Isolated from Estalished RR Cells Were More Resistant to
Chemotherapy and Irradiation Compared to Those Treated with Exosomes from Non-RR Cells

Adjuvant chemotherapy and radiotherapy are commonly used modalities to treat
breast cancer in both humans and dogs [22]. Doxorubicin is a common chemotherapeutic
used in the treatment of mammary carcinomas [23,24]. To determine the effect of exosomes
on the sensitivity of recipient cells to doxorubicin, cells were treated with 50 µg/mL of
exosomes isolated from either RR or non-RR cells and incubated for 24 h prior to treatment
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with the indicated dose titration of doxorubicin. Cell viability was determined 72 h post-
treatment (Figure 4A). Exosomes isolated from REM134 RR cells resulted in a significant
increase in cell viability of both types of recipient cells, REM134 RR (Figure 4(Ai)) and
REM134 non-RR (Figure 4(Aii)) compared to exosomes isolated from non-RR cells and PBS
controls, such as at 0.001 µM (p < 0.00001) in both the REM134 and the REM134 RR cell
line. The exosomes derived from the non-RR MDA-MB-231 cell line did not result in a
significant increase in percentage cell viability when compared to the PBS control when
added to the MDA-MB-231 cell line (Figure 4(Aiii)), except in the MDA-MB-231 RR cell
line (Figure 4(Aiv)) at the concentration of 0.001 µM (p < 0.01).

Figure 4. Exosomes isolated from RR cells increased the resistance of recipient cells to doxorubicin and ionising radiation.
(A) Chemosensitivity to increasing doses of doxorubicin was determined for (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231
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and (iv) MDA-MB-231 RR cells. Cells were seeded for 24 h with exosomes (50 µg/mL) isolated from either non-RR or RR
corresponding cell lines prior to treatment with the indicated dose of doxorubicin. Cell viability was assayed 72 h after
doxorubicin treatment. (B) Colony-forming ability after treatment with 0, 2.5 or 5 Gy was determined for (i) REM134,
(ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR cells. All cell lines were pretreated with exosomes (50 µg/mL)
isolated from either non-RR or RR corresponding cell lines for 24 h prior to irradiation. Three repeats were performed,
and significance was determined by a two-sample t test. Error bars indicate ±SD. * p ≤ 0.05, ** p ≤ 0.01; *** p ≤ 0.001,
**** p ≤ 0.00001.

To assay the effect of exosomes isolated from RR cells on the resistance of recipient
cells to radiotherapy, we utilised a colony formation assay to assess cell survival and
clonogenic growth. Here, non-RR or RR cells were incubated with 50 µg/mL of exosomes
isolated from either non-RR or RR cells prior to seeding as single cells at a low density and
immediately irradiating at the indicated doses. The number of colonies were counted after
10 days. Exosomes isolated from RR cells significantly increased the colony-forming ability
of recipient cells after irradiation at 2.5 and 5 Gy compared to exosomes isolated from
non-RR cells or the PBS vehicle control (Figure 4B). This effect was more striking in the
non-RR cells treated with exosomes isolated from RR cells in both canine (Figure 4(Bi)) and
human (Figure 4(Biii)) cell lines, compared to RR cells treated with exosomes isolated from
RR cell lines (Figure 4B(ii,iv)). Our results show that exosomes derived from the RR breast
cancer cell lines can alter the phenotype of recipient cells and enhance their resistance to
doxorubicin and irradiation.

3.5. Exosomes Isolated from RR Cells Can Alter the Phenotype of CSCs

CSCs are inherently more resistant to conventional cancer therapies than surrounding
bulk (non-CSC) cancer cells. To determine the effect of exosomes isolated from RR cells on
recipient CSCs, we enriched for CSCs using an established tumoursphere assay from all cell
lines [28]. CSCs were pre-incubated with exosomes isolated from either RR, non-RR cells
or PBS control for 24 h prior to treatment with the indicated dose titration of doxorubicin.
Cell viability was assayed 72 h later. Our results show that exosomes isolated from RR cells
significantly increased the percentage of cell viability for all recipient CSCs when compared
to exosomes isolated from non-RR cells or the PBS vehicle control (Figure 5A). These results
were consistent regardless of RR status and both in REM134 cell lines (Figure 5A(i,ii)) and
in MDA-MB-231 cell lines (Figure 5A(iii,iv)). We also noted that PBS-treated RR CSCs were
inherently more resistant to doxorubicin at all indicated doses than non-RR CSCs, and this
was consistent in both cell lines (Figure 5A).

To investigate the effect of exosomes isolated from RR cells on recipient CSCs af-
ter radiotherapy, we assayed their colony-forming ability after irradiation. CSCs were
pretreated with exosomes for 24 h prior to seeding as single cells at a low density and
then immediately irradiated at 0, 2.5 and 5 Gy. The number of colonies were counted
after approximately 10 days. Exosomes isolated from the REM134 RR and MDA-MB-231
RR cell lines significantly increased the number of colonies formed and, therefore, the
radioresistance of all recipient CSCs compared to treatment with exosomes derived from
non-RR cells or the PBS control (Figure 5B). To a much lesser extent, recipient cells treated
with exosomes isolated from non-RR cell lines produced relatively more colonies after
irradiation treatment compared to the PBS control. This was statistically significant in
both non-RR REM134 CSCs (p < 0.031 at 2.5 Gy and p < 0.003 at 5 Gy) and RR REM134
CSCs (p < 0.00001) (Figure 5B(i,ii)) and for non-RR MDA-MB-231 CSCs at 2.5 Gy (p < 0.05)
(Figure 5(Biii)). Significantly, our results show that exosomes derived from RR cells can
change the radioresistance potential of recipient CSCs.
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Figure 5. Exosomes isolated from RR cells can alter the resistant phenotype of CSCs. (A) Chemosensitivity to increasing
doses of doxorubicin was determined for (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR CSCs.
CSCs were pretreated for 24 h with 50 µg/mL exosomes isolated from either non-RR or RR corresponding cell lines prior to
treatment with the indicated dose of doxorubicin. Cell viability was assayed 72 h after doxorubicin treatment. (B) Colony-
forming ability after treatment with 0, 2.5 or 5 Gy was determined for (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231
and (iv) MDA-MB-231 RR CSCs. All CSCs were pretreated with 50 µg/mL of exosomes isolated from either non-RR or
RR corresponding cell lines for 24 h prior to irradiation. Three repeats were performed, and data were analysed by a
two-sample t test. Error bars indicate ±SD. * p ≤ 0.05, ** p ≤ 0.01; *** p ≤ 0.001, **** p ≤ 0.00001.
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3.6. Exosomes Derived from RR Cells Increased the Size of the CSC Pool

To observe the effect of exosomes isolated from RR cells on the tumoursphere-forming
ability of recipient cells, REM134, REM134 RR, MDA-MB-231 and MDA-MB-231 RR cells
were incubated with 50 µg/mL of exosomes isolated from the indicated cell lines for 24 h,
cells were then seeded into low-attachment plates with N2 media to allow the formation of
3D tumourspheres. REM134 and REM134 RR tumourspheres were counted after 5 days.
MDA-MB-231 and MDA-MB-231 RR tumourspheres were counted after 17 days. Our
results showed that exosomes isolated from both non-RR cell lines (MDA-MB-231 and
REM134) and RR cell lines (MDA-MB-231 RR and REM134 RR) significantly increased
tumoursphere-forming capacity, both in the number of tumourspheres formed and in the
relative size of individual tumourspheres (Figure 6A(i,iv)). Recipient cells of exosomes
isolated from non-RR cells produced approximately twice as many tumourspheres com-
pared to the PBS control. This was consistent in all cell lines (Figure 6B(i,iv)). REM134 and
REM134 RR recipient cells treated with exosomes isolated from RR cells produced a 3-fold
and 4.5-fold increase in tumoursphere formation compared to PBS control, respectively
(Figure 6B(i,ii)). Both MDA-MB-231 and MDA-MB-231 RR recipient cells treated with
exosomes isolated from RR cells produced approximately 2.5-fold increase in tumour-
sphere formation compared to PBS control (Figure 6B(iii,iv)). Recipient cells treated with
exosomes isolated from RR cells produced significantly larger tumourspheres compared to
those receiving exosomes isolated from non-RR cells or the PBS control (Figure 6C(i,iv)).
Interestingly, recipient cells treated with exosomes isolated from non-RR cells produced
significantly larger tumourspheres compared to the PBS control (Figure 6C(i,iv)). Together,
our results indicate that exosomes derived from RR cell types can significantly increase the
tumoursphere-forming ability of recipient cells and enhance the overall survival of CSCs,
indicating that exosomes derived from RR cell lines may increase the size and hardiness of
the CSC pool, and this may drive treatment failure in a clinical setting.

Figure 6. Cont.
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Figure 6. Exosomes isolated from RR cells enhanced sphere-forming ability. Spheres were characterised by (A) cell morphology,
(B) number of spheres and (C) size of spheres. (i) REM134, (ii) REM134 RR, (iii) MDA-MB-231 and (iv) MDA-MB-231 RR cells
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were treated with 50 µg/mL exosomes isolated from either non-RR or RR corresponding cell lines for 24 h prior to setting
up the sphere assay. REM134 and REM134 RR spheres were grown for 7 days, and MDA-MB-231 and MDA-MB-231 RR
spheres were grown for 17 days prior to analysis. Three repeats were performed, data were analysed by a two-sample t test
and size data was analysed by a Wilcoxon signed rank test. Error bars indicate ±SD. **** p ≤ 0.00001.

4. Discussion

Radiotherapy treatment is critical in the management of human breast cancers, with
up to 94% of invasive breast cancer patients receiving radiotherapy treatment plans after
surgery in conjugation with chemotherapy [29]. Despite progress made in the precision
delivery of radiation and personalised radiotherapy schedules, the development of ra-
dioresistance in clinical settings is a significant clinical challenge, which ultimately leads to
relapse and metastasis [27]. The tumour microenvironment plays an important role, driving
tumour progression and therapeutic response. Exosomes are small extracellular vesicles,
containing a large array of active biomolecules that are secreted by different cells into the
extracellular matrix of the tumour microenvironment. They are then internalised by recipi-
ent cells and then release their content to mediate gene expression and protein activity [12].
Cellular stresses, including radiation and hypoxia, affect exosome secretion, composition,
abundance and potential binding to recipient cells [28–31]. Previous studies have shown
that radiation can enhance the release of exosomes and change their molecular composition
and that exosomes are capable of transferring radiation-induced effects to non-irradiated
cancer cells, therefore, potentially mediating radiation bystander effects [32,33]. Most of
these reports have mainly focused on pre- and postradiation changes in exosomal proteins
and miRNAs rather than on the mechanisms involved in these changes or their effect on
biological functions [30,34,35]. In these studies, exosomes are usually harvested between 1
and 96 h after irradiation treatment [35]. In general, there is a lack of radioresistant model
systems to facilitate elucidating the mechanisms underlying the development of radioresis-
tance. In our lab, we previously developed and extensively characterised novel in vitro
radioresistant cell lines from human breast cancer (MCF-7, ZR-751 and MDA-MB-231) and
canine mammary carcinoma (REM-134) cell lines [26,36]. We found that the radioresistance
phenotype was maintained long term, even in the absence of radiation exposure, and
concluded that the acquisition of radioresistance was not transient [26]. In this study, we
utilised these radioresistant model systems to show that exosomes derived from established
RR breast cancer cell lines are capable of changing the phenotype of non-RR recipient cells
and inducing radioresistance within 24 h of uptake. Our data suggest that radioresistance
is transmittable via exosomes and that, once acquired and established, radioresistance
could potentially spread throughout a tumour and beyond. This may be reflective of
the observation that any factor affecting the phenotype of a donor cell likely affects the
molecular composition of the exosome released by that cell. Our results are consistent
with previous studies that investigated the functional role of exosomes in the response of
exosomes to radiation exposure. These studies showed that exosomes secreted from head
and neck cancer cells within 24 h of irradiation increased the proliferation, survival and
migration potential of both non-irradiated and irradiated recipient cells [31,37]. Similarly,
exosomes isolated from irradiated glioblastoma cells enhanced the migration phenotype
of recipient cells, and molecular profiling revealed an abundance of molecules important
for cell migration [38]. However, in these studies, as well as our study, conditioned media
collected from irradiated cells prior to exosome isolation were not used as a positive control
to confirm that exosomes can mediate this effect within the context of a more complex
secretome including other extracellular vesicles.

To date, no studies have mapped changes in exosome composition through the process
of acquiring radioresistance. In future studies, we aim to utilise our panel of established RR
cell lines to compare the cargo of exosomes derived from RR cells and non-RR cells. Current
knowledge in radiation-induced changes in exosome cargo is limited and refers mainly
to proteomic changes. There are several studies showing that exosomes derived from
irradiated cells can increase the levels of proteins involved in transcription and translation,
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chaperones, ubiquitin-related proteins and proteosome components and downregulate the
proteins associated with response to stress, immunity, cell adhesion and immunity [31,35].
Future research should also focus on the minutiae of exosome uptake and processing
to determine what drives the selective uptake of exosomes derived from radioresistant
cells/cancer stem cell populations, as it would be beneficial to identify the fate of exosomes
derived from radioresistant cells once they are internalised by recipient cells. Do all
recipient cells take up exosomes equivalently? Or are subsets of cells primed to take up
exosomes secreted by irradiated cells? Can we block this interaction using either small-
molecule compound inhibitors or neutralising antibodies? Do all recipient cells respond
the same once donor exosomes have been taken up? These are interesting questions that
warrant further investigation.

The use of exosomes as a minimally invasive platform for evaluating the circulating
biomarkers of a multitude of physiological and pathological processes (including cancer,
pregnancy disorders, cardiovascular diseases and immune responses) is gaining traction.
Exosomes exist in almost all body fluids and are very stable as they are encapsulated by
lipid bilayers, this enhances the clinical applicability of exosomes. Exosomes and their
cargo are also representative of parental cells and contain more biological information
than cell-free DNA or conventional serum-based biomarkers. Within the context of solid
cancers, although solid biopsy is still the gold standard for pathological diagnosis and basis
for treatment, the use of serum-based exosomes as biomarkers of cancer has been demon-
strated in gliomas [39–41], liver cancers [42,43], endometrial cancer [44] and gastrointestinal
cancers [45,46]. Exosomes in urine have also been investigated for their possible use in the
diagnosis and prognostication of prostate cancer [47,48]. As the production of exosomes
and their composition is altered by radiation treatment, exosomes could potentially be
used as non-invasive diagnostic markers for radiosensitivity and to monitor the emergence
of radioresistance.

Breast cancers are highly heterogeneous and contain a small subset of CSCs. CSCs are
inherently more resistant to radiation treatment that non-CSCs and more likely to survive
treatment and re-initiate tumour growth [27]. Here, we show that exosomes isolated
from RR breast cancer cells have similar effects on both CSCs and non-CSCs, notably
conferring resistance to radiation. Interestingly, exosomes isolated from both RR and non-
RR cells increased the sphere-forming ability of recipient cells, but this was enhanced by
the former significantly more, indicating that exosomes isolated from RR breast cancer cells
may increase the size of the CSC pool. We also showed that exosomes isolated from RR
cells increased the migratory ability of recipient cells, indicating that that these exosomes
activate an EMT, which is associated with cellular plasticity and the acquisition of CSC
characteristics [49]. Although, we have shown that exosomes isolated from RR breast
cancer cells confer a radioresistance phenotype on recipient cells and that recipient cells
have enhanced sphere-forming ability, we have not unequivocally shown that the increased
radioresistance is due to an increased proportion of inherently resistant CSCs. Further
studies will focus on confirming whether recipient cells of exosomes isolated from RR
cells activate an EMT and whether this process is the predominant underlying molecular
mechanism driving emerging radiation resistance in naïve cells.

In this study, we compared human and canine breast cancer cells as canine mammary
cancer is considered as an excellent translational model of human breast cancer. Naturally
occurring mammary tumours are the most frequently diagnosed cancer in bitches, and
these tumours represent 50% of all canine tumours, of which 50% are malignant [50].
The main treatment option for dogs is surgery alone due to a lack of receptor status
evaluation or molecular subtype classification. Previously, in our lab, we compared the RR
REM-134 cell line with a panel of RR human cell lines to investigate the mechanisms of
acquired radioresistance and identified a number of similarities including the expression
of epithelial and mesenchymal genes and WNT, PI3K and MAPK pathway activation [26].
Here, we demonstrate that exosomes isolated from human and canine RR cell lines have
similar functional effects on recipient cells and that the process of potentiating exosome-
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mediated radioresistance is comparable in humans and dogs. We believe that a “One
Health” approach is crucial to unpick tumourigenesis and to develop future treatment
strategies that will benefit both species.

5. Conclusions

Our study provides compelling evidence that exosomes can serve as an effective com-
munication tool in the development of radioresistance and can confer pro-survival signals
and promote the radioresistant phenotype to non-radioresistant cells. This study indicates
a functional role for exosomes within our models in the dissemination of aggressive cancer
characteristics. Further studies are required to map the cargo of exosomes derived from RR
cells and to identify and validate potential therapeutic targets to halt the perpetuation of
acquired radioresistance throughout a tumour.
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Abstract: Despite the existing advances in the diagnosis and treatment of breast cancer (BC), the
search for markers associated with the clinicopathological features of BC is still in demand. MiRNAs
(miRs) have potential as markers, since a change in the miRNA expression profile accompanies
the initiation and progression of malignant diseases. The receptors for estrogen, androgen, and
progesterone (ER, AR, and PR) play an important role in breast carcinogenesis. Therefore, to search
for miRNAs that may function as markers in BC, using bioinformatic analysis and the literature data,
we selected 13 miRNAs whose promoter regions contain binding sites for ER or AR, or putative
binding sites for ER, AR, and PR. We quantified their expression in MCF-7 cells treated with estradiol,
progesterone, or testosterone. The levels of miRNAs sensitive to one or more of these hormones
were quantified in BC samples (n = 196). We discovered that high expression levels of miR-190b in
breast tumor tissue indicate a positive ER status, and miR-423 and miR-200b levels differ between
patients with and without HER2 amplification. The miR-193b, -423, -190a, -324, and -200b levels were
associated with tumor size or lymph node status in BC patients, but the presence of these associations
depended on the status and expression level of ER, PR, HER2, and Ki-67. We also found that miR-21
expression depends on HER2 expression in ER- and/or PR-positive BC. The levels of miRNA were
significantly different between HER2 0 and HER2 1+ tumors (p = 0.027), and between HER2 0 and
HER2 2+, 3+ tumors (p = 0.005).

Keywords: microRNA; breast cancer; biomarker; lymph node metastasis; hormone-dependent car-
cinogenesis

1. Introduction

The choice of treatment for breast cancer (BC) depends on the expression level of
the estrogen and progesterone receptors (ER and PR), HER2 (a receptor for epidermal
growth factor), and Ki-67. The levels of these proteins in tumor tissues are determined by
immunohistochemistry (IHC). However, IHC has several disadvantages, such as type and
duration of tissue fixation, the choice of antibody, and the experience of the pathologist,
all of which affect the reproducibility of the results [1]. Axillary lymph node (ALN) status
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is another important factor in the diagnosis of BC that predicts disease-free survival and
overall survival. Conventional methods for diagnosing lymph node metastases (LNM)
at the preoperative stage, such as ultrasound, mammography, and magnetic resonance
imaging (MRI), have relatively low accuracy and sensitivity [2]. In recent years, sentinel
lymph node biopsy (SLNB) has been used to diagnose lymph node status. However, not
all medical facilities have the ability to conduct SLNB. In addition, the false-negative rate
of the procedure is estimated between 4.6% and 16.7%, which also restricts the popularity
of this method [3]. Therefore, in many regions of Russia, axillary lymph node dissection
(ALND) is performed to diagnose metastatic lesions of the lymph nodes. Both SLNB
and especially ALND can lead to a number of complications. Thus, despite the existing
advances in the diagnosis and treatment of BC, the search for new markers associated with
the clinicopathological features of BC is still relevant. MiRNAs (miRs) have great potential
as markers, since a change in the miRNA expression profile accompanies the initiation and
progression of malignant diseases.

ER, PR, and androgen receptor (AR) play important roles in breast carcinogenesis,
targeting the regulators of cell cycle, signaling, differentiation, and apoptosis [4–6]. MiRNAs
can also be targets of these receptors [7,8]. Therefore, to search for miRNA-markers of
breast carcinogenesis using bioinformatics analysis and the literature data, we selected
some miRNAs potentially regulated by ER, AR, or PR. We examined their levels in MCF-7
cells treated with estradiol, progesterone, and testosterone. The levels of those miRNAs
that significantly responded to hormone treatment were analyzed in BC samples (n = 196).

2. Materials and Methods

2.1. Cell Culture

MCF-7 cells were obtained from the Russian Cell Culture Collection (St. Peters-
burg (Russia) branch of the ETCS). Cells were cultivated in Iscove’s modified Dulbecco’s
medium (IMDM; Gibco BRL Co., Gaithersburg, MD, USA) with 10% of FBS (Gibco BRL Co.,
Gaithersburg, MD, USA), 2 mM L-alanyl-L-glutamine (Gibco BRL Co., Gaithersburg, MD,
USA), 250 mg/mL amphotericin B, and 100 U/mL penicillin/streptomycin (Gibco BRL Co.,
Gaithersburg, MD, USA). The cells were maintained in a 5% CO2 incubator at 37 ◦C. The
medium was refreshed every 2–3 days, and the cells were passaged when 65–80% confluent.
The absence of mycoplasma contamination was verified by conventional PCR assays. At
48 h prior to the addition of hormones, the culture medium was changed to phenol red-free
IMDM (Gibco BRL Co., Gaithersburg, MD, USA) to eliminate the weak estrogen-agonistic
activity of phenol red. Estradiol, progesterone, and testosterone (Sigma-Aldrich, St. Louis,
MO, USA) were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA), and then
the solutions were diluted with the culture medium so that the final DMSO concentration
was 0.1% (v/v). Cells treated with 0.1% DMSO were used as a control. The cells were
treated for 6, 24, or 48 h.

2.2. Tissue Samples

A total of 196 pairs of BC tissue samples and samples of normal adjacent tissue
from female patients who had not received preoperative pharmacotherapy, were collected
between 2017 and 2020 at Novosibirsk municipal publicly-funded healthcare institution
Municipal Clinical Hospital #1 and Novosibirsk Regional Oncological Dispensary. Tissue
samples were placed in an RNAlater™ Stabilization Solution (Invitrogen™, Carlsbad, CA,
USA) and kept at −20 ◦C until experiments were performed. Clinicopathologic information
was obtained by reviewing medical records and reports on results of immunohistochemical
assays. The following variables were determined: the T stage, N stage; IHC scores on ER, PR,
HER2, and Ki-67 (Table 1). For cases with HER2 IHC-score 2+, the determination of the final
HER2 status was carried out using FISH. All patients recruited into the study had grade 2
(G2) tumors. Breast cancer subtypes were categorized according to the St. Gallen Expert
Consensus as follows [9]: luminal A (ER+ and/or PR+, HER2−, and Ki-67 < 14%), luminal
B HER2-negative (ER+ and/or PR+, HER2−, and Ki-67 ≥ 14%) luminal B HER2-positive
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(ER+ and/or PR+, HER2+), HER2-positive (ER−, PR−, and HER2+), and triple-negative
(ER−, PR−, and HER2−).

Table 1. Characteristics of the breast tumors under study.

Characteristics ER- and/or PR-Positive (n = 156) ER- and PR-Negative (n = 40)

Age (mean and range, year) 61 (27–90) 55 (38–76)

T stage

T1 71 18

T2 81 20

T3 2 1

T4 2 1

N stage

N0 103 27

N1 37 7

N2 11 6

N3 5 -

ER score

0–2 3 40

3–5 7 -

6–8 146 -

PR score

0–2 25 40

3–5 34 -

6–8 97 -

HER2 score

0 72 18

1 47 5

2–3 37 17
Estrogen and progesterone receptors (ER and PR). ER and PR were graded by the Allred scoring method [10].

2.3. MicroRNA Isolation

Total miRNA was extracted from human tissue by a previously published protocol [11].

2.4. MiRNA Reverse Transcription and Real-Time PCR (RT-PCR)

Relative expression levels for miRNAs were measured by real-time reverse transcription-
PCR. A reverse-transcription reaction was carried out using stem-loop primers [12] and the
RT-M-MuLV-RH kit (Biolabmix Ltd., Novosibirsk, Russia). Real-time PCR was performed
with TaqMan probes and the BioMaster UDG HS-qPCR (2×) kit (Biolabmix Ltd.). To detect
PCR products, a CFX96™ Detection System (Bio-Rad Laboratories, Hercules, CA, USA)
was applied. Small nuclear RNAs U44 and U48 were used to normalize the data.

Primers for the reverse transcription were as follows: hsa-miR-190a-5p, 5′-GTCGTATCC
AGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCTAATA-3′; hsa-miR-190b-5p,
5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACCCAA-3′;
hsa-miR-23a-3p, 5′- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACG
GAAATC -3′; hsa-miR-27a-3p, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG
GATACGACTGCTCACA -3′; hsa-miR-193b-3p, 5′-GTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACAGCGGGAC-3′; hsa-miR-324-5p, 5′-GTCGTATCCAGTGCA
GGGTCCGAGGTATTCGCACTGGATACGACACACCAAT-3′; hsa-miR-423-3p, 5′-GTCGT
ATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACTGAGGG-3′; hsa-miR-
200b-3p, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTCATCAT-3′;
hsa-miR-21-5p, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTC
AACATC-3′; hsa-miR-126-3p, 5′- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG-
GATACGACCGCATTAT -3′; hsa-miR-378a-3p, 5′- GTCGTATCCAGTGCAGGGTCCGAG-
GTATTCGCACTGGATACGACGCCTTCT -3′; hsa-miR-149-5p, 5′- GTCGTATCCAGT-
GCAGGGTCCGAGGTATTCGCACTGGATACGACGGGAGTGA -3′; hsa-miR-342-3p,
5′- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGGGTG -3′;
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U44, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGTCAGTT-3′;
U48, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAGACGGTCAG-3′.

The following specific oligonucleotides were employed for RT-PCR: hsa-miR-190a-5p,
(forward primer) 5′-GCCGCTGATATGTTTGATA-3′, (probe) 5′-(R6G)-TTCGCACTGGATA
CGACACCTAATA-(BHQ1)-3′; hsa-miR-190b-5p, (forward primer) 5′-GCCGCTGATATGT
TTGATA-3′, (probe) 5′-(R6G)-TTCGCACTGGATACGACAACCCAA-(BHQ1)-3′; hsa-miR-
23a-3p, (forward primer) 5′-GCCGCATCACATTGCCAGG-3′, (probe) 5′-(R6G)-TTCGCACT
GGATACGACGGAAATC-(BHQ1)-3′; hsa-miR-27a-3p, (forward primer) 5′-GCCGCTTCAC
AGTGGCTAA-3′, (probe) 5′-(R6G)-TTCGCACTGGATACGACGCGGAAC-(BHQ1)-3′; hsa-
miR-193b-3p, (forward primer) 5′-GCCGCAACTGGCCCTCAAA-3′, (probe) 5′-(R6G)-
TTCGCACTGGATACGACAGCGGGAC-(BHQ1)-3′; hsa-miR-324-5p, (forward primer)
5′-CCCGCATCCCCTAGGGC-3′, (probe) 5′-(R6G)-TTCGCACTGGATACGACACACCAAT-
(BHQ1)-3′; hsa-miR-423-3p, (forward primer) 5′-GCCGAGCTCGGTCTGAGGC-3′, (probe)
5′-(R6G)-TTCGCACTGGATACGACACTGAGG-(BHQ1)-3′; hsa-miR-200b-3p, (forward
primer) 5′-GCCGCTAATACTGCCTGGTA-3′, (probe) 5′-(R6G)-TTCGCACTGGATACGAC
GTCATCAT-(BHQ1)-3′; hsa-miR-21-5p, (forward primer) 5′-GCCGCTAGCTTATCAGACT-
3′, (probe) 5′-(R6G)-TTCGCACTGGATACGACTCAACATC-(BHQ1)-3′; hsa-miR-126-3p,
(forward primer) 5′-GCCGCTCGTACCGTGAGTA-3′, (probe) 5′-(R6G)-TTCGCACTGGAT
ACGACCGCATTAT-(BHQ1)-3′; hsa-miR-378a-3p, (forward primer) 5′-GCCGCACTGGACT
TGGAGTC-3′, (probe) 5′-(R6G)-TTCGCACTGGATACGACGCCTTCT-(BHQ1)-3′; hsa-miR-
149-5p, (forward primer) 5′-GCCGTCTGGCTCCGTGTCT-3′, (probe) 5′-(R6G)-TTCGCACT
GGATACGACGGGAGTGA-(BHQ1)-3′; hsa-miR-342-3p, (forward primer) 5′-GCCGCTCTC
ACACAGAAATCG-3′, (probe) 5′-(R6G)-TTCGCACTGGATACGACACGGGTGC-(BHQ1)-
3′; U44, (forward primer) 5′-GCCGCTCTTAATTAGCTCT-3′, (probe) 5′-(R6G)-TTCGCACT
GGATACGACAGTCAGTT-(BHQ1)-3′; U48, (forward primer) 5′-CCCTGAGTGTGTCGCTG
ATG-3′, (probe) 5′-(R6G)-TTCGCACTGGATACGAGACGGTCAG-(BHQ1)-3′. A similar
type of reverse primer targeting the stem-loop region in the synthesized cDNAs was
5′-AGTGCAGGGTCCGAGGTA-3′. Each sample was analyzed in triplicate. Relative ex-
pression level was assessed based on threshold cycle (Ct) values taking into account PCR
efficacy (E) for both the analyzed and reference RNAs.

2.5. Bioinformatics Analysis

The list of miRNAs containing ER binding sites in their promoter regions was pre-
viously published [13]. To search for miRNAs potentially regulated by AR or PR recep-
tors, putative miRNA promoter regions were extracted from the human genome (hg38)
10,000 nucleotides upstream from the start of a precursor miRNA sequence according to
MirGeneDB [14]. AR and PR binding sites were searched in these regions using position
weight matrices (MA0007.2, MA0113.3) from Jaspar (http://jaspar.genereg.net/, accessed
on 12 December 2017) [15] (sequences of binding sites for these receptors are the same)
using Biostrings (R Bioconductor package) [16]. We additionally performed a search for
binding sites in the promoter regions of rat miRNAs (using MA0007.1 and MA0113.1). The
putative promoter regions were extracted from rat genome (Rnor_6.0), 10,000 nucleotides
upstream from the start of a precursor miRNA sequence according to miRBase v21 [17]. For
further research, miRNAs were selected that have high expression in breast tissues accord-
ing to the Human miRNA tissue atlas (https://ccb-web.cs.uni-saarland.de/tissueatlas/,
accessed on 17 October 2021) [18].

2.6. Statistical Analysis

STATISTICA software (version 12; TIBCO Software Inc., Palo Alto, CA, USA) was used
for statistical data analysis and plotting. Data are presented as median values. The Shapiro–
Wilk test was used to check data normality. Since the distribution was not normal in some
groups, the statistical analysis was carried out using the non-parametric Mann–Whitney U
test. Data with p < 0.05 were regarded as statistically significant.
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3. Results

3.1. Selection of Estradiol-, Progesterone-, Testosterone-Sensitive miRNAs

The list of microRNAs potentially regulated by ER was published earlier [13]. MiRNAs,
whose promoter regions contain sequences corresponding to the AR and PR binding sites,
were searched using Biostrings. For the study, we selected miRNAs with high expression
in breast tissues. We were interested in miRNAs containing ER binding sites in promoter
shared by the three species (human, rat, and mouse), and AR/PR binding sites in promoter
in humans and rats (Table 2). Interest in such miRNAs is due, firstly, to the possibility
of further studies of the regulation of their expression in vivo, and secondly, because the
regulation of miRNA by ER, PR, and AR in different species indicates an essential role of
such miRNAs in the signaling pathways of receptors. Thus, we chose miR-21, miR-190b,
miR-200b, miR-23a, miR-27a, miR-342, miR-190a, miR-378a, miR-324, miR-423, and miR-
149 for analysis. We also took miR-193b and miR-126 into study, since their targets are ER
and PR.

Table 2. The miRNAs potentially regulated by ER, PR, and AR.

miRNA

ESR1 and ESR2
Binding Sites in

Promoter
According to

ChipSeq Data
(Homo

Sapiens) [13]

ESR1 and
ESR2 Binding

Sites in
Promoter

According to
Position

Weight Matrix
(Homo

Sapiens) [13]

ESR1 and
ESR2 Binding

Sites in
Promoter

According to
Position

Weight Matrix
(Mus

Musculus and
Rattus

Norvegi-
cus) [13]

AR/PR
Binding
Sites in

Promoter
According to

Position
Weight
Matrix
(Homo

Sapiens)

AR/PR
Binding
Sites in

Promoter
According to

Position
Weight
Matrix
(Rattus

Norvegicus)

Comments

hsa-mir-21 + + only mouse + +

It was demonstrated that androgen induced AR
binding to the miR-21 promoter; MiR-21

expression was induced by R1881 in LNCaP and
LAPC-4 cells [19].

Mibolerone inhibited basal expression of miR-21
in MCF-7 breast cancer cells [20].

Estradiol inhibited miR-21 expression in MCF-7
cells [21].

hsa-mir-190b + + + + -

MiR-190b is the highest up-regulated miRNA in
ER+ breast cancers compared to ER− tumors.

Did not observe an increase of miR-190b
expression levels in MCF-7 or in T-47D treated

by estradiol (1 nM for MCF-7 and 10 nM for
T-47D, 6 h, 18 h, and 4 days) [22].

hsa-mir-200a/
hsa-mir-200b/
hsa-mir-429

+ + + - -

MiR-200b showed the highest fold change
under the influence of R1881 among

androgen-sensitive miRNAs (PC3-AR cells) [23].
MiR-200b expression in MCF-7 cells decreased

after 6 h of incubation with 10 nM estradiol [24].

hsa-mir-23a/
hsa-mir-24-2/
hsa-mir-27a

+ - + - -

AR is able to associate transiently with the
miR-23a/27a/24-2 promoter in response to

androgen to initiate cluster transcription.
The highest-fold change was observed for

miR-27a and miR-23a (LNCaP cells treated with
mibolerone) [25].

Estrogen induced miR-23a expression in
SNU-387 cells [26].

hsa-mir-342 + - + + - MiR-342 expression is positively correlated with
ERα mRNA expression in human BC [27].

hsa-mir-190a - - - + +

The promoter region of miR-190a contains half
of an estrogen response element. ERα binds

directly to this promoter [28].
Androgen inhibits miR-190a expression through

direct binding to the half-site of ARE in
miR-190a promoter (LNCaP cells) [29].

hsa-mir-378a - + + + +

hsa-mir-324 - + + + +

hsa-mir-423 - + only rat + +

hsa-mir-149 - + only rat + +
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Table 2. Cont.

miRNA

ESR1 and
ESR2 Binding

Sites in
Promoter

According to
ChipSeq Data

(Homo
Sapiens) [13]

ESR1 and
ESR2 Binding

Sites in
Promoter

According to
Position

Weight Matrix
(Homo

Sapiens) [13]

ESR1 and
ESR2 Binding

Sites in
Promoter

According to
Position

Weight Matrix
(Mus

Musculus and
Rattus

Norvegi-
cus) [13]

AR/PR
Binding
Sites in

Promoter
According to

Position
Weight
Matrix
(Homo

Sapiens)

AR/PR
Binding
Sites in

Promoter
According to

Position
Weight
Matrix
(Rattus

Norvegicus)

Comments

hsa-mir-365b + + only rat + -

hsa-mir-574 + - only mouse + -

hsa-mir-30a + - only mouse + -
AR does not target the miR-30a promoter; AR
activating signal may indirectly downregulate

miR-30a (MDA-MB-453 cells) [30].

hsa-mir-10a + + + - -

hsa-mir-483 + + + - -

hsa-let-7a-3/
hsa-let-7b + - + - -

hsa-mir-196a-2 + + - - - MiR-196a expression is regulated by the
estrogen receptor [31].

hsa-mir-33b + - - - -

hsa-miR-193b - + + + - Targets ER [32].

hsa-miR-126 - + + + - Targets PR (regulation confirmed using mouse
mammary epithelial cells) [33].

A plus signifies the presence of binding site in promoter region of miRNA according to the analysis performed.
The list did not include miRNAs with low expression in breast tissues.

The relative levels of selected miRNAs were determined in MCF-7 cells treated with
estradiol (E2), progesterone (P4), or testosterone by RT-PCR (Table 3). Treatment of cells
with E2 led to a significant change in the expression of miR-190b, miR-200b, and miR-193b.
The miR-190b level decreased in cells treated with 100 nM E2 for 6 h, but increased 1.4-fold
under the influence of both doses of the hormone after 24 h of incubation. Expression of
miR-200b decreased in cells treated with 100 nM E2 for 6 h, and expression of miR-193b
increased 1.3-fold after 48 h of incubation of cells with 100 nM E2. For miR-200b, the
decrease in its level in MCF-7 cells after 6 h of treatment with E2 was also reported earlier
(Table 2).

In cells treated with testosterone, the expression of miR-27a, miR-190a, miR-200b,
miR-21, miR-423, miR-193b, and miR-324 significantly changed. After 6 h of incubation
with 100 nM testosterone, the levels of miR-27a and miR-21 decreased (1.3- and 1.6-fold,
respectively). However, after 48 h, the level of miR-21 increased 1.4-fold under the influence
of both doses of testosterone. In addition, in cells treated with 10 or 100 nM testosterone,
the levels of miR-190a, miR-200b, miR-423, and miR-193b increased. The level of miR-324
increased only in cells treated with a high dose of testosterone.

Treatment of MCF-7 with P4 led to changes in the levels of miR-190b, miR-190a,
miR-21, and miR-324. The level of miR-190b increased 1.3-fold in cells treated with 100 nM
P4 for 48 h. The expression of miR-190a decreased by 1.3-times under the action of both
doses of P4 after 24 h of incubation. The level of miR-21 increased 1.4-fold after 48 h of
incubation of cells with 100 nM P4. Finally, miR-324 expression was significantly increased
1.6- and 2.2-fold in cells treated with low and high doses of P4, respectively, after 6 h
of incubation.

Thus, we identified hormone-sensitive miRNAs: miR-190b, miR-193b, miR-324, miR-190a,
miR-200b, miR-21, miR-423, and miR-27a.
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Table 3. Relative miRNA levels in MCF-7 cells treated with estradiol, testosterone, or progesterone.

miRNA Time, h

Relative Level of miRNA

Estradiol Testosterone Progesterone

10 nM 100 nM 10 nM 100 nM 10 nM 100 nM

miR-23a

6 1.12 1.08 0.96 0.86 0.84 0.84

24 0.89 0.95 0.88 1.00 0.92 0.88

48 0.89 0.85 1.02 0.94 1.11 0.92

miR-27a

6 1.12 0.88 0.92 0.76 * 0.89 0.93

24 1.07 1.10 1.09 1.08 0.93 0.92

48 0.92 0.95 1.13 1.09 1.01 1.16

miR-190b

6 0.97 0.75 ** 0.96 0.92 0.93 1.10

24 1.35 * 1.37 ** 1.13 1.09 1.02 1.03

48 1.12 1.09 1.05 1.15 1.14 1.29 *

miR-190a

6 1.05 1.01 0.91 0.88 1.01 0.90

24 1.09 1.02 0.90 0.99 0.79 0.75 *

48 1.08 1.17 1.24 * 1.38 * 0.90 0.96

miR-200b

6 1.01 0.79 ** 1.00 0.88 1.02 0.98

24 0.98 1.01 1.10 0.99 0.91 0.96

48 1.01 1.11 1.24 * 1.32 ** 0.95 1.07

miR-21

6 1.03 0.98 0.92 0.62 ** 1.17 1.36 *

24 0.97 0.98 0.89 0.91 0.92 0.90

48 1.07 1.08 1.36 ** 1.40 ** 1.11 1.08

miR-126

6 1.01 1.03 0.90 1.05 0.87 0.95

24 0.94 0.88 1.06 0.94 1.01 1.12

48 1.13 1.11 1.18 0.99 0.93 1.07

miR-378

6 1.09 1.00 0.88 0.94 0.90 1.08

24 1.05 1.05 1.11 0.97 0.95 1.04

48 1.00 1.17 1.15 1.19 0.94 1.12

miR-423

6 0.98 0.90 0.89 0.93 0.91 1.09

24 1.04 1.06 0.99 0.87 0.96 0.99

48 0.97 0.99 1.50 ** 1.42 ** 0.90 0.97

miR-149

6 1.25 1.01 0.95 0.91 0.96 1.06

24 0.98 0.94 0.99 0.95 0.90 0.94

48 0.89 1.05 1.05 0.89 1.02 1.18

miR-193b

6 1.07 1.00 0.93 0.95 0.92 1.07

24 1.02 1.10 1.05 1.08 1.00 0.89

48 1.24 1.30 ** 1.30 ** 1.40 ** 1.07 1.08

miR-324

6 1.35 * 1.21 0.91 0.95 1.61 ** 2.20 **

24 0.99 1.06 1.06 1.05 1.05 1.04

48 1.08 1.07 1.15 1.33 ** 0.94 1.09
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Table 3. Cont.

miRNA Time, h

Relative Level of miRNA

Estradiol Testosterone Progesterone

10 nM 100 nM 10 nM 100 nM 10 nM 100 nM

miR-342

6 0.83 0.96 0.89 1.10 0.92 1.12

24 0.96 1.02 1.15 1.10 0.89 0.94

48 1.07 1.08 1.17 1.19 0.90 1.18

Control cells were treated with vehicle (DMSO). Each value represents the mean of four independent experiments;
the results are normalized to the control. The statistical significance of differences in miRNA expression in MCF-7
cells treated with compounds was calculated using the Student’s t-test. * p < 0.05 as compared with the control;
** p < 0.01 as compared with the control.

3.2. Analysis of the Hormone-Sensitive MiRNAs Expression in Breast Cancer

The relative levels of identified miRNAs were determined in 196 pairs of tumors and
healthy tissues by RT-PCR. The amount of miR-190a, miR-27a, miR-193b, miR-324, and
miR-423 was reduced in BC tissues compared to normal tissues (Figure 1). In contrast,
miR-190b and miR-21 levels were increased in BC.

log2 2–ΔΔCt
Figure 1. The comparison of miRNA expression between normal and cancerous tissue groups. The Y
axis presents the expression level (log2 2–∆∆Ct).

We investigated whether the expression of an identified miRNA depends on the status
of ER, PR, HER2, Ki-67 index, or age. We observed that the amount of miR-190b and miR-21
in tissues depended on the ER and PR status, and the expression of miR-423 and miR-200b
depended on the HER2 status (Table 4). The relative level of miR-190b was significantly
higher in ER+ and/or PR+ tumors, and the level of miR-21 was significantly higher in ER−

and PR− tumors. The expression levels of miR-423 and miR-200b were significantly higher
in the tumors of patients with HER2-amplified cancer than in tumors with HER2 0 and
HER2 1+ expression scores (according to IHC). Furthermore, the amount of miR-423 and
miR-200b was associated with Ki-67 index. The levels of these miRNAs were higher in
tumors with high Ki-67 (≥14%).

Expression of miR-27a and miR-21 was lower in the tumors of patients older than
50 years compared to tumors of younger patients. MiR-193b was found to be associated
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with the status of the lymph nodes—the amount of miRNA was lower in the tumor tissues
of patients with LNM.

Table 4. Associations between the amounts of miR-190a, miR-190b, miR-27a, miR-193b, miR-324,
miR-423, miR-200b, or miR-21 in tissue samples from BC patients and ER, PR, HER2 status, Ki-67
index, age, or LN status.

Characteristics n
Relative Level * of miRNA and p-Value

miR-190a p-Value miR-190b p-Value miR-27a p-Value miR-193b p-Value

ER and
PR status

ER+ and/or PR+ 156 0.10
0.165

4.84
<0.001

0.33
0.443

0.58
0.168

ER− and PR− 40 0.33 1.13 0.44 0.36

HER2
status

HER2+ 52 0.10
0.728

3.86
0.985

0.34
0.388

0.72
0.193

HER2− 144 0.12 3.76 0.39 0.47

Ki-67
index (%)

<14 65 0.11
0.753

3.89
0.941

0.49
0.394

0.49
0.567≥14 131 0.11 3.64 0.35 0.53

Age
≤50 48 0.21

0.107
2.79

0.119
0.48

0.045
0.56

0.861
>50 148 0.11 4.26 0.33 0.52

N stage
N0 130 0.17

0.103
3.47

0.592
0.37

0.834
0.65

0.022
N1-N3 66 0.09 4.21 0.42 0.37

miR-324 p-Value miR-423 p-Value miR-200b p-Value miR-21 p-Value

ER and
PR status

ER+ and/or PR+ 156 0.48
0.129

0.65
0.800

1.77
0.676

1.78
0.004

ER− and PR− 40 0.68 0.74 1.53 3.48

HER2
status

HER2+ 52 0.60
0.180

0.80
0.004

2.99
0.024

1.62
0.342

HER2− 144 0.47 0.55 1.46 1.95

Ki-67
index (%)

<14 65 0.39
0.257

0.56
0.038

1.26
0.030

2.02
0.947≥14 131 0.60 0.71 2.04 1.88

Age ≤50 48 0.60
0.103

0.69 0.958 1.68
0.598

3.52
0.003

>50 148 0.48 0.65 1.50 1.68

N stage
N0 130 0.55

0.210
0.68

0.068
1.51

0.491
1.84

0.445
N1-N3 66 0.48 0.52 1.78 2.13

* Median of differences in miRNA levels between BC tissue and normal adjacent tissue (control) samples; the
results were normalized to the control. Significant differences are highlighted in bold.

3.3. Expression of MiR-190a, MiR-190b, MiR-27a, MiR-193b, MiR-324, MiR-423, MiR-200b,
and MiR-21 in Relation to Clinicopathologic Features of ER- and/or PR-Positive BC

Next, we evaluated the relation between the expression of miRNAs and the clinico-
pathologic features of tumors with positive ER and PR status (Table 5). We also analyzed
whether there is a relation between miRNA counts and tumor characteristics within specific
BC subtypes. In the analysis, we separately considered the group of patients with the
HER2 1+ expression score. HER2 expression is higher in HER2 1+ BC compared to HER2
0 tumors [34]. As previously shown, HER2 1+ and HER2 0 tumors differ in the expression
profile of a number of genes, and clinically, HER2-low (i.e., 1+ and lack of ERBB2 ampli-
fication) BC shows more ALN involvement compared to HER2 0 BC [35]. We have also
previously demonstrated that the relation of miRNA levels with tumor characteristics can
be different for these variants of tumors [36].

For miRNA-190a, a nearly significant tendency towards a decrease in its level was
observed in the tissues of patients with LNM compared to cases without LNM. Detailed
analysis revealed that for tumors with Ki-67 < 14%, the decrease in the level of miR-190a
in the presence of metastases was significant (Figure 2A). The miR-190a relative level was
decreased in tumor tissues of patients with high PR levels compared to those with PR IHC
scores of 0–5. However, this association with the PR level was not observed in tumors
with a Ki-67 < 14% (Figure 2B). Additionally, the amount of miRNA was decreased in the
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BC tissues of patients over 50 years old compared to younger patients with the luminal B
HER2-amplified BC subtype (Figure 2C).

Table 5. Association of miR-190a, miR-190b, miR-27a, miR-193b, miR-324, miR-423, miR-200b, and
miR-21 expression levels with clinicopathologic characteristics of ER- and/or PR-positive BC.

Characteristics n
Relative Level * of miRNA and p-Value

miR-190a p-Value miR-190b p-Value miR-27a p-Value miR-193b p-Value

ER+ and/or PR+

T stage
T1 71 0.11

0.783
4.80

0.995
0.30

0.248
0.43

0.070
T2–T4 85 0.09 4.93 0.46 0.74

N stage
N0 103 0.13

0.058
4.57

0.477
0.37

0.391
0.69

0.013
N1–N3 53 0.08 5.41 0.52 0.38

Ki-67
index (%)

<M ** 81 0.17
0.071

4.59
0.231

0.47
0.261

0.56
0.316≥M ** 75 0.09 5.42 0.32 0.66

ER score
6–8 146 0.09

0.475
5.04

0.078
0.32

0.113
0.54

0.013
0–5 10 0.19 2.12 0.52 1.74

PR score 6–8 97 0.09
0.004

4.71
0.840

0.29
0.048

0.49
0.258

0–5 59 0.21 6.41 0.49 0.81

Age
≤50 30 0.12

0.226
5.41

0.893
0.48

0.227
0.90

0.360
>50 126 0.10 4.80 0.31 0.55

miR-324 p-Value miR-423 p-Value miR-200b p-Value miR-21 p-Value

ER+ and/or PR+

T stage
T1 71 0.43

0.216
0.59

0.290
2.09

0.109
1.68

0.247
T2–T4 85 0.50 0.67 1.36 1.81

N stage
N0 103 0.53

0.313
0.68

0.039
1.64

0.832
1.74

0.802
N1–N3 53 0.46 0.49 1.77 1.95

Ki-67
index (%)

<M ** 81 0.44
0.694

0.57 0.055 1.53
0.253

1.84
0.494

≥M ** 75 0.49 0.68 2.04 1.69

ER score
6–8 146 0.48

0.467
0.62

0.756
1.88

0.006
1.69

0.106
0–5 10 0.89 0.88 0.28 2.09

PR score
6–8 97 0.45

0.211
0.63

0.600
1.85

0.858
1.76

0.336
0–5 59 0.61 0.65 1.50 1.83

Age
≤50 30 0.57

0.232
0.71

0.741
1.72

0.729
2.28

0.085
>50 126 0.46 0.62 1.73 1.65

* Median of relative differences in miRNA amounts between breast tumors and paired samples of normal adjoining
(control) tissue; the results were normalized to the control. ** M—median value. For ER- and/or PR-positive BC,
median = 18. Significant differences are highlighted in bold.

For miR-190b, there was a nearly significant tendency to an increase in its level in
tumor tissues of patients with LNM in HER2-non-expressing BC (HER2 0) (Figure 3A).
In HER2-expressing BC (HER2 score 1+, 2+, 3+), the miRNA level was increased in the
tissues of patients with Ki-67 levels above the median compared to cases with lower Ki-67
(Figure 3B).

For miR-27a, we noted the presence of an association with the level of PR expression.
Detailed analysis showed that in the luminal B subtypes, the miRNA level was reduced
in tumor tissues of patients with a high PR level (6–8 IHC score) compared to tissues of
patients with a lower level of PR (Figure 4).

For miR-193b, an association was found with the presence of LNM, the level of ER
expression, and we also observed a tendency for its level to increase with increasing tumor
size. The relation with tumor size was found to be significant for HER2-non-expressing
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tumors (Figure 5A). A lower level of miR-193b in tumor tissues of patients with LNM
was observed in all cases, except for tumors with HER2 1+ expression (Figure 5B). Since
most cases with low ER expression belong to the luminal B HER2 0 variant, we separately
assessed the association of miRNA with ER and PR expression in this BC type (Figure 5C).

190а 

–

 

190а level with the LNM 190а level 
67 ≥ 14% (right) 190а level with the 

67 ≥ 14% (left) 190а level with the 
190а level withlog2 2–ΔΔCt

Figure 2. The comparison of miR-190a expression between different cancerous tissue groups: (A)
relation of miR-190a level with the LNM in tumors with Ki-67 < 14% (left), relation of miR-190a
level with the LNM in tumors with Ki-67 ≥ 14% (right); (B) relation of miR-190a level with the PR
expression level in tumors with Ki-67 ≥ 14% (left), relation of miR-190a level with the PR expression
level in tumors with Ki-67 < 14% (right); (C) relation of miR-190a level with age of patients with
luminal B HER2-aplified BC. The Y axis presents the expression level (log2 2–∆∆Ct); the results were
normalized to the control (normal tissue).
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–

log2 2–ΔΔCt

Figure 3. The comparison of miR-190b expression between different cancerous tissue groups: (A) re-
lation of miR-190b level with the LNM in tumors with HER2 IHC score 0 (left), relation of miR-190b
level with the LNM in tumors with HER2 IHC score 1+, 2+, 3+ (right); (B) relation of miR-190b level
with Ki-67 in tissues of patients with luminal HER2-expressing BC (20% was the median value of
Ki-67 index). The Y axis presents the expression level (log2 2–∆∆Ct); the results were normalized to
the control (normal tissue).

log2 2–ΔΔCt

–

 

log2 2–ΔΔCt
Figure 4. Relation of miR-27a level with PR expression level in luminal B tumors (left) and relation of
miR-27a level with PR expression level in luminal A tumors (right). The Y axis presents the expression
level (log2 2–∆∆Ct); the results were normalized to the control (normal tissue).
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log2 2–ΔΔCt
Figure 5. The comparison of miR-193b expression between different cancerous tissue groups: (A) re-
lation of miR-193b level with the T stage in tumors with HER2 IHC score 0 (left), relation of miR-193b
level with the T stage in tumors with HER2 IHC score 1+, 2+, 3+ (right); (B) relation of miR-193b level
with LNM in tumors with HER2 IHC score 0, 2+, 3+ (left), relation of miR-193b level with LNM in
tumors with HER2 IHC score 1+ (right); (C) relation of miR-193b level with PR and ER expression
levels in luminal B HER2 0 BC. The Y axis presents the expression level (log2 2–∆∆Ct); the results were
normalized to the control (normal tissue).

MiR-324 levels have been found to be associated with tumor size in luminal B HER2-
non-amplified BC (Figure 6A). Furthermore, the amount of miRNA was lower in the tumors
of patients over 50 years old compared to younger patients in cases of the disease with
Ki-67 < 14% (Figure 6B).
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67 ≥ 14% (right). The Y axis presents the expression level log2 2–ΔΔCt
Figure 6. The comparison of miR-324 expression between different cancerous tissue groups: (A) re-
lation of miR-324 level with the T stage in luminal B HER2-non-amplified tumors (left), relation of
miR-324 level with the T stage in luminal A and luminal B HER2-amplified tumors (right); (B) relation
of miR-324 level with age of patients in tumors with Ki-67 < 14% (left), relation of miR-324 level
with age of patients in tumors with Ki-67 ≥ 14% (right). The Y axis presents the expression level
(log2 2–∆∆Ct); the results were normalized to the control (normal tissue).

We observed that the level of miR-423 is reduced in tumor tissues of patients with LNM.
This decrease was not observed only for patients with luminal B HER2 0 BC (Figure 7).

67 ≥ 14% (right). The Y axis presents the expression level log2 2–ΔΔCt

 
Figure 7. Relation of miR-423 level with LNM in luminal A, luminal B HER2-amplified, and luminal
B HER2 1+ tumors (left); relation of miR-423 level with LNM in luminal B HER2-non-expressing
tumors (right). The Y axis presents the expression level (log2 2–∆∆Ct); the results were normalized to
the control (normal tissue).
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In patients with tumors with Ki-67 < 14%, the miR-200b level was lower in cases with
tumors > 2 cm (Figure 8A). Additionally, when analyzing the general sample of patients
with ER+ and/or PR+ it was found that the level of miR-200b is associated with the level of
ER. In Figure 8B, we showed the association of the miRNA level with ER expression only
for patients with luminal B HER2 0 BC.

log2 2–ΔΔCt

 

67 ≥ 14% (right)log2 2–ΔΔCt
67 ≥ 14

–
–

Figure 8. The comparison of miR-200b expression between different cancerous tissue groups: (A) re-
lation of miR-200b level with the T stage in tumors with Ki-67 < 14% (left), relation of miR-200b
level with the T stage in tumors with Ki-67 ≥ 14% (right); (B) relation of miR-200b level with ER
expression level in luminal B HER2-non-expressing tumors. The Y axis presents the expression level
(log2 2–∆∆Ct); the results were normalized to the control (normal tissue).

For miR-21, there was a tendency to an increase in its level in cases with LNM for
patients with ER+ and/or PR+ HER2-expressing tumors with Ki-67 ≥ 14% (Figure 9A). In
luminal B HER2-non-expressing tumors, the amount of miR-21 was significantly lower in
the BC tissues of patients with PR IHC scores of 3–8 than in patients with IHC scores of 0–2
(Figure 9B).

We also analyzed whether there is a relation between the HER2 level in the tumor,
determined using IHC, and the expression levels of the studied miRNAs. We found that in
tumors with Ki-67 < 14%, miR-324 levels were significantly higher in cases where HER2
amplification was confirmed, compared to cases without HER2 amplification (p = 0.019).

The amount of miR-21 in tumor tissue was significantly different in patients with a
HER2 level estimated at a 0 score according to the IHC, from the amount of miRNA in
patients with HER2-amplified BC or HER2 1+ BC (Figure 10).
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Figure 9. The comparison of miR-21 expression between different cancerous tissue groups: (A) re-
lation of miR-21 level with LNM in HER2-expressing tumors with Ki-67 ≥ 14% (left), relation of
miR-21 level with LNM in HER2-expressing tumors with Ki-67 < 14% (right); (B) relation of miR-21
level with PR expression level in luminal B HER2-non-expressing tumors. The Y axis presents the
expression level (log2 2–∆∆Ct); the results were normalized to the control (normal tissue).

67 ≥ 14% (left)

log2 2–ΔΔCt

 

log2 2–ΔΔCtFigure 10. The relation of the miR-21 level with the HER2 expression level in ER-positive and/or PR-
positive tumors. The Y axis presents the expression level (log2 2–∆∆Ct); the results were normalized to
the control (normal tissue).
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Since an association with the level of HER2 expression was found for miR-21, we
analyzed its level in the BC subtypes (Figure 11). We found that miR-21 level in luminal A
HER2 0 tumors was significantly different from the level of this miRNA in luminal B HER2+

BC and luminal tumors with HER2 1+ expression levels. The expression of miRNA-21 in
the tissues of the luminal B HER2 0 BC was significantly different only in comparison with
its level in the tissues of the luminal HER2-amplified BC. However, we found that in ER-
and PR-negative tumors, the highest level of miR-21 was in HER2-expressing tumors. In
addition, the levels of miRNA were significantly differentiated between luminal B HER2-
amplified cancer and ER- and PR-negative HER2-amplified BC, and between luminal HER2
1+ cancer and HER2-amplified BC.

log2 2–ΔΔCt

–

Figure 11. The comparison of miR-21 expression between different BC subtypes. HER2+ = HER2
amplification. Tumors with HER2 IHC scores of 1+ were treated as a separate group. The Y axis
presents the expression level (log2 2–∆∆Ct); the results were normalized to the control (normal tissue).

3.4. Expression of MiR-190a, MiR-190b, MiR-27a, MiR-193b, MiR-324, MiR-423, MiR-200b,
and MiR-21 in Relation to Clinicopathologic Features of ER- and PR-Negative BC

Next, we analyzed the relation between the levels of the studied miRNAs and the
characteristics of tumors in patients with ER- and PR-negative BC (Table 6). We found that
miR-200b levels are significantly increased in BC tissues from patients with tumors > 2 cm.
The amount of miR-21 in tumor tissue depended on the age of the patients and was
significantly increased in patients under the age of 50.

We found that miR-190a was associated with a Ki-67 index in patients with triple-
negative BC (TNBC): miR-190a was reduced in tumors with Ki-67 ≥ 75% (Figure 12A). In
HER2-amplified BC, miR-190b was reduced in tumors with high Ki-67 (> 32%) (Figure 12B).
Finally, miR-27a was found to be associated with the age of patients with HER2-expressing
BC (Figure 12C).
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Table 6. Association of miR-190a, miR-190b, miR-27a, miR-193b, miR-324, miR-423, miR-200b, and
miR-21 expression with clinicopathologic characteristics of ER- and PR-negative BC.

Characteristics n
Relative Level * of miRNA and p-Value

miR-190a p-Value miR-190b p-Value miR-27a p-Value miR-193b p-Value

T stage
T1 18 0.33

0.372
0.90

0.629
0.40

0.240
0.57

0.176
T2–T4 22 0.37 1.26 0.57 0.35

N stage
N0 27 0.37

0.824
1.07

0.835
0.39

0.183
0.44

0.725
N1–N3 13 0.24 1.14 0.52 0.35

Ki-67
index (%)

≤M ** 19 0.39
0.162

1.45
0.191

0.45
0.779

0.47
0.272

>M ** 21 0.08 1.02 0.44 0.35

Age
≤50 18 0.34

0.228
0.64

0.275
0.55

0.091
0.37

0.617
>50 22 0.26 1.24 0.39 0.43

miR-324 p-Value miR-423 p-Value miR-200b p-Value miR-21 p-Value

T stage
T1 18 0.65

0.987
0.80

0.729
1.11

0.036
3.87

0.703
T2–T4 26 0.75 0.51 2.04 3.47

N stage
N0 27 0.69

0.391
0.70

0.969
1.33

0.349
3.33

0.101
N1–N3 13 0.62 0.80 2.04 6.68

Ki-67
index (%)

≤M ** 19 0.89
0.101

0.79
0.546

1.34
0.706

3.48
0.582

>M ** 21 0.56 0.49 2.07 3.47

Age
≤50 18 0.65

0.565
0.55

0.617
1.78

0.266
6.15

0.019
>50 22 0.68 0.80 1.32 1.95

* Medians of relative differences in miRNA levels between breast tumors and paired samples of normal adjoining
(control) tissue; the results were normalized to the control. ** M—median value. For ER- and PR-negative BC,
median = 40. Significant differences are highlighted in bold.

–

≤
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log2 2–ΔΔCt
Figure 12. The comparison of miR-190a, miR-190b, and miR-27a expression between different
cancerous tissue groups: (A) relation of miR-190a level with Ki-67 index in TNBC (75% was the
median value of Ki-67); (B) relation of miR-190b level with Ki-67 in HER2-amplified tumors (32% was
the median value of Ki-67); (C) relation of miR-27a level with age of patients with HER2-expressing
tumors. The Y axis presents the expression level (log2 2–∆∆Ct); the results were normalized to the
control (normal tissue).

4. Discussion

The most common cancer in women is BC. In the past decade, significant progress has
been made in the diagnosis and treatment of this disease. However, there are still some
problems in diagnosing the disease. For example, it was previously noted that there may
be a discrepancy between the results of the HER2 expression assessment by IHC and the
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results of fluorescence in situ hybridization, and the level of this discrepancy is higher in
small laboratories [1]. In a recent study, it was shown that the concordance rates between
the results of the IHC analysis of samples obtained during biopsy and the results of the
IHC analysis of samples obtained during surgery for HER2 and Ki-67 are 84.8% and 83.5%,
respectively [37]. In general, this is a good agreement, but it indicates that there may be
an insufficient treatment or, conversely, an over-treatment of patients at the preoperative
stage. Another problem is that the accuracy and sensitivity of the currently used imaging
tests for determining the status of ALN in the preoperative phase are relatively low [2].
Thus, the search for markers that can subsequently serve to clarify the diagnosis or identify
metastases is still in demand.

It is known that steroid receptors ER, PR, and AR play an important role in the
initiation and progression of BC. Therefore, here, in order to search for markers associated
with the clinicopathological features of tumors, we identified miRNAs sensitive to estradiol,
progesterone, or testosterone, and analyzed their level in 196 pairs of tumors and healthy
breast tissues.

For the study, we selected 13 miRNAs that are highly expressed in breast cells, and
whose promoter regions contain sequences corresponding to the ER, PR, and AR binding
sites. Of the selected miRNAs, the expression of eight were significantly altered in ER-, PR-,
and AR-positive MCF-7 cells under the influence of one or more compounds (Table 7). We
further analyzed the levels of identified hormone-sensitive miRNAs in BC samples.

Table 7. The observed changes in the expression of miRNAs potentially regulated by ER, PR, or AR
in MCF-7 cells treated with estradiol, progesterone, or testosterone.

miRNA
Regulation of miRNA Expression

According to Bioinformatic Analysis

Observed Changes

MCF-7

Estradiol Testosterone Progesterone

miR-27a ER *, AR * - down (6 h) -

miR-190b ER *, AR, PR down (6 h)
up (24 h) - up (48 h)

miR-190a ER *, AR, PR - up (48 h) down (24 h)

miR-200b ER *, AR ** down (6 h) up (48 h) -

miR-21 ER *, AR *, PR - down (6 h)
up (48 h) up (6 h)

miR-423 ER, AR, PR - up (48 h) -

miR-193b ER, PR, AR up (48 h) up (48 h) -

miR-324 ER, PR, AR up (6 h) up (48 h) up (6 h)
* The presence of a binding site was previously confirmed by chromatin immunoprecipitation or reporter assay.
** The binding site has not been identified, but the sensitivity of miRNA to androgen has been previously demonstrated.

In the analysis, we divided patients into groups depending on ER and PR status, HER2
status, or Ki-67 index. We separately analyzed a group of patients with a HER2 1+ IHC
score; as previously shown, biologically, HER2 1+ tumors are significantly different from
HER2 0 tumors [34]. In our study, there were no patients with HER2 2+ tumors with a lack
of HER2 amplification. The main identified associations between miRNA expression levels
and tumor characteristics are presented in Table 8.

We found that the expression of miR-190b and miR-21 depends on the status of ER
and PR. The differences between miR-190b levels in tumor tissues with ER IHC scores of
6–8, and in tumors with ER IHC scores of 0–5, were also close to significant. Previously, it
was demonstrated that the level of miR-190b is significantly increased in ER-positive breast
tumors [22]. Thus, the result of our study is consistent with the previously obtained data.
However, the same study reported no change in miR-190b expression in MCF-7 treated
with estradiol (incubation with 1 nM E2 for 6, 18, and 96 h). Here, we detected an increase
in the miR-190b level in MCF-7 cells treated with 10 nM and 100 nM E2 for 24 h. Thus,
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given the presence of an ER binding site in the promoter of this miRNA, according to the
ChIP-seq data, it can be expected that a high level of miR-190b in ER+ and/or PR+ breast
tumors is due to the increased expression and activity of ER.

Table 8. The identified relation between miRNAs levels and tumor characteristics.

miRNA Associated Tumor Characteristics

miR-27a Age of the patients and the level of PR expression.

miR-190b ER receptor status. Ki-67 index in ER+ and/or PR+ HER2-expressing, and Ki-67
index in ER− and PR− HER2-amplified tumors.

miR-190a Expression level of PR. LN status in ER+ and/or PR+ tumors with low Ki-67.
Ki-67 index in triple-negative tumors.

miR-200b HER2 status and Ki-67 index. Tumor size in ER+ and/or PR+ tumors with low
Ki-67. Level of ER expression in Luminal B tumors not expressing HER2.

miR-21 ER receptor status and age of the patients. Expression level of HER2.

miR-423 HER2 status and Ki-67 index. LN status in luminal A, luminal B
HER2-amplified, and luminal B HER2 1+ tumors.

miR-193b
LN status in ER+ and/or PR+ tumors (except HER2 1+ cases). Tumor size in ER+

and/or PR+ HER2-non-expressing tumors. Expression level of ER in Luminal B
HER2 0 tumors.

miR-324 Tumor size in Luminal B HER2-non-amplified tumors. Age of the patients and
HER2 status in ER+ and/or PR+ tumors with low Ki-67.

As for miR-21, earlier it was shown in smaller samples that its level is higher in
ER-positive BC [38,39]. According to our data, the expression of miRNA is higher in
tumors with a negative status of ER and PR. However, the observed dependence may be
related to HER2. So, we observed the lowest level of miR-21 expression in ER+ and/or
PR+ HER2-amplified and ER+ and/or PR+ HER2 1+ tumors. At the same time, the amount
of miR-21 was high in ER- and PR-negative HER2-amplified and ER- and PR-negative
HER2 1+ tumors. The miR-21 level in ER- and PR-negative HER2-amplified tumors was
significantly higher than in ER+ and/or PR+ HER2-amplified BC.

In addition to miR-21, miR-423 and miR-200b were associated with the HER2 status.
The levels of these miRNAs were higher in HER2-amplified tumors. The association with
HER2 was also observed for miR-324, but only in tumors with Ki-67 < 14%. We found no
association with ER and PR status for miR-200b and miR-193b; however, the levels of these
miRNAs in ER+ and/or PR+ tumors with ER IHC scores of 0–5 differed significantly from
miR-200b and miR-193b levels in tumors with higher ER expression. MiR-200b level was
lower in tumors with ER expressions estimated at 0–5 IHC scores. According to previous
studies, AR expression correlates with ER status [40]. We have also previously shown that
in luminal B HER2 0 BC, AR level is higher for tumors with ER IHC scores of 6–8 compared
to tumors with ER IHC scores of 0–5 [11]. Considering that miR-200b is an AR-regulated
miRNA, the observed decrease in its levels in tumors with lower ER levels may be due to
lower AR expression.

For miR-190a, we observed a decrease in expression in MCF-7 cells treated with
progesterone. In ER+ and/or PR+ BC with high Ki-67 (≥ 14%), the miRNA level was
significantly lower in tumor tissues with high PR expression (scores of 6–8) than in tissues
of patients with lower receptor expression. Thus, a significant decrease in miR-190a
expression in ER+ and/or PR+ BC can be caused by increased PR expression.

To test whether the identified miRNAs could be diagnostic markers in BC, we also
analyzed the relation between their expression levels and tumor size, the presence of
metastatic lymph node lesions, and the Ki-67 index. The levels of miR-193b, miR-324,
miR-423, and miR-200b were associated with tumor size in ER+ and/or PR+ BC. MiR-193b
level was higher in tissues of patients with tumors > 2 cm in HER2 0 BC; miR-324—in
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luminal B HER2-non-amplified; miR-423—in luminal A. MiR-200b expression was reduced
in tumors > 2 cm compared to smaller tumors in BC with Ki-67 < 14%. Thus, the association
of the miRNA level with tumor size depended on Ki-67 and HER2 expression.

The level of miR-190a was significantly reduced in the tissues of patients with LNM
compared with cases without metastases in ER+ and/or PR+ BC with Ki-67 < 14%. That
is, in tumors with Ki-67 > 14%, the miR-190a level depended on the PR level, while in
tumors with Ki-67 < 14%, the level of miR-190a was associated with the LNM. The level
of miR-193b was also lower in the tissues of patients with LNM in all ER+ and/or PR+

BC, except for BC with HER2 1+ status. Lower levels of miR-423 in tumor tissues of
patients with LNM was observed in all luminal BCs excluding luminal B HER2 0. The most
significant association with metastasis was for miR-193b and miR-190a. It was previously
demonstrated that a decrease in miR-193b level can lead to an increase in cellular invasion
in MDA-MB-231 and MDA-MB-435 cells, and miR-190 suppresses BC metastasis both
in vitro and in vivo [41,42]. Thus, our results are consistent with previously obtained
data. However, since we found that the miR-193b level in HER2-non-expressing tumors is
associated not only with metastases, but also with tumor size, we assume that this miRNA
is a more useful marker for predicting metastasis in luminal HER2-amplified cancer.

We have also previously shown miR-21 levels in HER2-expressing BC may be asso-
ciated with the presence of LNM [11]. Here, when using a larger sample, we observed
only a tendency to an increase in the miR-21 level in the tissues of patients with LNM
compared to cases without, in HER2-expressing BC with Ki-67 ≥ 14%. In HER2-expressing
BC with Ki-67 < 14%, we observed a tendency towards a decrease in the level of miR-21
in the tissues of patients with LNM. Further research is required on the relation between
miR-21 and LNM in BC.

No association between miRNA levels and the presence of LNM was found for ER-
and PR-negative tumors.

For miR-423, miR-200b, and miR-190b, we also found an association with Ki-67 in ER+

and/or PR+ BC. The levels of miR-423, miR-200b were higher in tissues with high Ki-67.
The miR-190b level was also higher in BC tissues with Ki-67 values above the median in
HER2-expressing tumors. However, in ER- and PR-negative HER2-amplified BC, miRNA
expression, on the contrary, was lower in patients with Ki-67 above the median value. It is
possible that this miRNA plays different roles in ER- and/or PR-positive BC and ER- and
PR-negative BC. In addition, in TNBC, the miR-190a level was significantly lower in tissues
with high Ki-67 (≥ 75%).

The levels of miR-27a and miR-21 were lower in the tissues of patients over the age of
50 compared to younger patients. Lower levels in tissues of patients over 50 years old were
also observed for miR-190a—in luminal B HER2-amplified BC—and for miR-324—in ER+

and/or PR+ BC with Ki-67 < 14%. Menopause typically occurs between the ages of 49 and
52 years [43]. Therefore, the observed differences in the levels of miRNA in patients may
be associated with hormonal changes after 50 years old.

Thus, we found that the expression of miR-190a, -190b, -27a, -193b, -324, -423, -200b,
and -21, whose promoter regions contain binding sites for ER or AR, or putative binding
sites for AR and PR, changes in MCF-7 cells when cells are treated with estradiol, proges-
terone, or testosterone. We have shown that the levels of these miRNAs may be associated
with tumor size or the presence of lymph node metastases in breast cancer patients, but the
presence of this association depends on the status and expression level of ER, PR, HER2,
and Ki-67. As a result of our study we can draw the following conclusions: high expression
levels of miRNA-190b in breast tumor tissue indicate a positive ER status; the assessment
of miR-21, miR-423, and miR-200b levels could be used to confirm the amplification of
HER2; and the levels of miR-190a (in ER+ and/or PR+ BC with Ki-67 < 14%), miR-193b
(in luminal B HER2-amplified), and miR-423 (in luminal A, luminal B HER2 1+, and lumi-
nal B HER2-amplified tumors) can potentially be used as markers to predict the absence or
presence of metastases in the lymph nodes.
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Abstract: Pre-operative (neoadjuvant) or post-operative (adjuvant) taxane-based chemotherapy is
still commonly used to treat patients with triple-negative breast cancer (TNBC). However, there
are still no effective biomarkers used to predict the responsiveness and efficacy of taxane-based
chemotherapy in TNBC patients. Here we find that guanylate-binding protein 5 (GBP5), compared
to other GBPs, exhibits the strongest prognostic significance in predicting TNBC recurrence and
progression. Whereas GBP5 upregulation showed no prognostic significance in non-TNBC patients, a
higher GBP5 level predicted a favorable recurrence and progression-free condition in the TNBC cohort.
Moreover, we found that GBP5 expression negatively correlated with the 50% inhibitory concentration
(IC50) of paclitaxel in a panel of TNBC cell lines. The gene knockdown of GBP5 increased the
IC50 of paclitaxel in the tested TNBC cells. In TNBC patients receiving neoadjuvant or adjuvant
chemotherapy, a higher GBP5 level strongly predicted a good responsiveness. Computational
simulation by the Gene Set Enrichment Analysis program and cell-based assays demonstrated that
GBP5 probably enhances the cytotoxic effectiveness of paclitaxel via activating the Akt/mTOR
signaling axis and suppressing autophagy formation in TNBC cells. These findings suggest that
GBP5 could be a good biomarker to predict a favorable outcome in TNBC patients who decide to
receive a taxane-based neoadjuvant or adjuvant therapy.

Keywords: triple-negative breast cancer; taxane; chemotherapy; GBP5; Akt/mTOR; autophagy

1. Introduction

Triple-negative breast cancer (TNBC) is a subset of breast cancer that does not express
the estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor-2 (HER2) [1], and accounts for approximately 20% of breast cancers [2]. TNBC is
most aggressive subtype of breast cancers, with a high metastatic ability and lack of specific
targeted therapeutics [3]. It has been shown that TNBC patients with the BRCA mutation,
higher levels of tumor-infiltrated lymphocytes and p53 abnormalities have a greater patho-
logical complete response (pCR) rate to anthracycline and taxane regimens [4–6]. More
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recently, TNBCs were further classified into six different molecular subtypes—basal-like 1
(BL1), basal-like 2 (BL2), immunomodulatory (IM), mesenchymal stem like (MSL) and lu-
minal androgen receptor (LAR), with a different pathological complete response rate to the
standard neoadjuvant regimens include anthracyclines, taxanes, and cyclophosphamide [7].
This classification demonstrated that TNBCs are a heterogeneous group, which explains
the lack of survival benefit for experimental drugs tested in several clinical trials. Therefore,
identifying useful markers to predict the therapeutic responsiveness in TNBC subtypes is
urgently needed in terms of precision oncology.

Guanylate-binding protein 5 (GBP5) has been known as part of the family of interferon-
gamma (IFN-γ)-inducible GTPases and is involved in many cellular functions, including
inflammasome activation [8] and innate immunity against microbial pathogens [9–12]. The
human GBP family is composed of seven different members (GBP1-7) [13]. In addition
to their immunomodulatory functions, a recent report showed that GBP1 upregulation
predicts poor prognosis and is probably associated with the mechanism for erlotinib
resistance in lung adenocarcinoma [14]. Moreover, GBP1 knockout by the CRISR/Cas9
tool dramatically suppressed the metastatic potential of prostate cancer cells [15]. In
ER-negative breast cancer patients with brain metastasis, GBP1 was up-regulated by the
stimulation of T lymphocytes, which promoted the ability of breast cancer cells to cross the
blood–brain barrier [16]. GBP1 has also been proposed as a potential drug target for treating
TNBC with elevated EGFR expression [17]. On the other hand, GBP2 appeared to correlate
with favorable prognosis in breast cancer and indicate an efficient T cell response [18]. The
methylation of GBP2 promoter was found in TNBC and associated with the malignant
evolution of breast cancer [19]. Nevertheless, the prognostic significance of GBP5 and its
roles in TNBC development remain largely unknown.

This study thus attempted to estimate the prognostic significance of GBP5 in TNBC
patients with systemic chemotherapy. Our results showed that GBP5 upregulation strongly
predicts a favorable recurrence and progression-free survival rate in TNBC patients. Par-
ticularly, GBP5 upregulation was significantly associated with a pCR rate in breast cancer
patients receiving docetaxel/paclitaxel-based neoadjuvant therapy. Cell-based experiments
revealed that GBP5 expression is negatively correlated with the 50% inhibitory concentra-
tion of paclitaxel in a panel of tested TNBC cell lines. Moreover, our results showed that
GBP5 upregulation probably activates the Akt/mTOR pathway and suppresses autophagy
formation in the paclitaxel-sensitive TNBC cells. These findings suggest a potential prog-
nostic value of GBP5 in predicting the therapeutic effectiveness of taxane-based regimens
in pre and post-operative settings for TNBC patients.

2. Materials and Methods

2.1. Clinical and Molecular Data for Breast Cancer Patients

The transcriptional profile generated by RNAseq (polyA þ Illumina HiSeq, Illumina,
CA, USA) analysis of the TCGA breast cancer cohort was also downloaded from the
UCSC Xena website (UCSC Xena. Available online: http://xena.ucsc.edu/welcome-to-
ucsc-xena/, accessed on 1 February 2021). Microarray results with accession numbers
GSE36133, GSE21997 and GSE32646 and the related clinical data were obtained from the
Gene Expression Omnibus (GEO) database on the NCBI website and Kaplan–Meier Plotter
website (http://kmplot.com/analysis/index.php?p=service&cancer=breast, accessed on 1
February 2021). The raw intensities in the .CEL files were normalized by robust multichip
analysis (RMA), and fold-change analysis was performed using GeneSpring GX11 (Agilent
Technologies, Santa Clara, CA, USA). Relative mRNA expression levels were normalized
by the median of all samples and presented as log2 values. The gene lists of detected gene
sets were obtained from the Molecular Signature Database (https://www.gsea-msigdb.
org/gsea/msigdb, accessed on 1 February 2021).
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2.2. Cell Lines and Cell Culture Condition

TNBC cell lines MDA-MB-231 and MDA-MB-468 were cultured in Leibovitz’s (L-15)
medium (Gibco Life Technologies, Grand Island, NY, USA), supplemented with 10% fetal
bovine serum (FBS, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), and incu-
bated at 37 ◦C with free gas exchange with atmospheric air. TNBC cell lines HCC2157,
HCC38, HCC1143 and HCC1937 were cultured in RPMI-1640 medium (Gibco Life Tech-
nologies, Thermo Fisher Scientific, Waltham, MA, USA) with 10% FBS and incubated at
37 ◦C with 5% CO2. TNBC cell line Hs578T and embryonic kidney cell line 293T were
cultured in DMEM with 10% FBS and incubated at 37 ◦C with 5% CO2. Human non-
malignant mammary epithelial cell lines H184B5F5/M10 and MCF10A were cultivated in
Alpha-Minimum essential medium supplemented with 10% FBS and DMEM/F-12 medium
supplemented with 5% horse serum, 20 ng/mL epithelium growth factor, 0.5 mg/mL Hy-
drocortisone, 100 ng/mL cholera toxin, and 10 µg/mL insulin, respectively. All cell lines,
except H184B5F5/M10 from Bioresource Collection and Research Center (BCRC) in Taiwan,
were obtained from American Type Culture Collection (ATCC). All cells were routinely
authenticated on the basis of short tandem repeat (STR) analysis, morphologic and growth
characteristics and mycoplasma detection.

2.3. Reverse Transcription PCR (RT-PCR)

The total RNA of detected cells was extracted by using TRIzol extraction kit (Invitro-
gen, Thermo Fisher Scientific, Waltham, MA, USA). The extracted total RNA (5 µg) were
treated with M-MLV reverse transcriptase (Invitrogen) and then amplified by PCR protocol
with a Taq-polymerase (Protech, Taipei, Taiwan) using paired primers (for GBP5, forward-
GCCATTACGCAACCTGTAGTTGTG and reverse-CATTGTGCAGTAGGTCGATAGCAC; for
PD-L1, forward-GCTGCACTTCAGATCACAGATGTG and reverse- GTGTTGATTCTCAGTGT-
GCTGGTC; for GAPDH, forward-AGGTCGGAGTCAACGGATTTG and reverse-
GTGATGGCATGGACTGTGGTC).

2.4. MTT Assay

Cells (1 × 105/mL) were cultivated in a 96-well culture plate. At the endpoint of the
designated treatments, 10 µL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (Molecular Probe, Invitrogen, CA, USA) stock solution was added into each well.
The conversion of MTT to formazan by viable cells was performed at 37 ◦C for another 4 h.
Then, to solubilize the formazan precipitates, 100 µL of DMSO solution was added into
each well. The levels of formazan were measured by optical density at 540 nm using an
ELISA reader in order to estimate cell survival rates.

2.5. Lentivirus-Driven shRNA Infection

Non-silencing and GBP5 shRNA clones (TRCN0000158813 (sh1): CCGGGCCATAATC
TCTTCATTCAGACTCGAGTCTGAATGAAGAGATTATGGCTTTTTTG; TRCN0000159924
(sh2): CCGGCAAGGTAGTGATCAAAGAGTTCTCGAGAACTCTTTGATCACTACCTTGT
TTTTTG) with a puromycin selection marker were obtained from the National RNAi Core
Facility Platform in Taiwan. Lentiviruses were produced by transfecting 293T cells with
the shRNA-expressing vector and pMDG/p△8.91 constructs using a calcium phosphate
transfection kit (Invitrogen). After incubation for 48–72 h, the media containing lentiviral
particles were collected. Cells with 50% confluence grown on six-well plates were culti-
vated in fresh media containing 5 µg/mL polybrene (SantaCruz, Dallas, TX, USA) prior to
infection overnight with a lentiviral particle-driven control or candidate gene shRNA at
2–10 multiplicity of infection (MOI). Cells were further cultivated in the presence of puromycin
(10 µg/mL) for 24 h in order to select cells stably expressing the control or candidate gene
shRNA. RT-PCR analysis was used to confirm the efficiency of gene knockdown.
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2.6. Western Blotting Analysis

Aliquots of total protein (20–100 µg) from designated experiments and TD-PM10315
TOOLS Pre-Stained Protein Marker (10–315 kDa) (BIOTOOLS Co., Ltd., Taipei, Taiwan)
were subjected to SDS-PAGE and then transferred to PVDF membranes. The membranes
were then incubated with blocking buffer (5% nonfat milk in TBS containing 0.1% Tween-
20) for 2 hours at room temperature prior to incubation with primary antibodies against
GBP5, (GeneTex, GTX118635, 1;1000), phosphorylated Akt (Thr308) (Taiclone, #tcea12931,
1:500), Akt (Cell Signaling, #4685, 1:1000), phosphorylated mTOR (Cell Signaling, #2971,
1:1000), mTOR (Cell Signaling, #2983, 1:1000), p62 (Mblintl, #PM045, 1:1000) ATG5 (Cell
Signaling, #12994, 1:1000), Beclin-1 (Cell Signaling, #3738, 1:1000), LC3-I/II (Cell Signal-
ing, #4108, 1:1000) or GAPDH (AbFrontier, #LF-PA0212, 1:5000) overnight at 4 ◦C. After
excessive washes, the membranes were incubated with peroxidase-labeled species-specific
secondary antibodies for another hour at room temperature. Immunoreactive bands were
finally visualized by an enhanced chemiluminescence system (Amersham Bioscience, GE
Healthcare, Billerica, MA, USA).

2.7. Statistical Analysis

SPSS 17.0 software (Informer Technologies, Roseau, Dominica) was used to analyze
statistical significance. Paired t-test was utilized to compare GBP5 gene expression in the
TNBC tissues. Pearson’s correlation test was performed to estimate the association among
mRNA levels of GBP5, IC50 of paclitaxel/doxorubicin and PI3K_AKT_MTOR/MTORC1
gene sets in the detected samples. Kaplan–Meier analysis and log-rank test were used
to evaluate survival probabilities. Student’s t-test was used to estimate the statistical
significance of GBP5 gene expression in clinical samples. The non-parametric Mann–
Whitney U was used to analyze the non-parametric data. p values < 0.05 in all analyses
were considered statistically significant.

3. Results

We first dissected the gene expression status of GBP1, GBP2, GBP3, GBP4, GBP5
and GBP6 in TNBC cohorts stratified into the low and high-risk groups at a minimized
log-rank p value of Kaplan–Meier analysis, a method determining the optimal cut point
in continuous gene expression [20]. In comparison with other GBPs, GBP5 upregulation
showed a great correlation with a favorable recurrence-free survival (RFS) rate in TNBC
patients from the K–M Plotter (Figure 1A) and progression-free survival (PFS) condition
in TNBC patients from the TCGA database (Figure 1B). According to the definition of
National Cancer Institute (NCI, https://www.cancer.gov/, accessed on 1 February 2021),
RFS and PFS associate with the length of time after primary treatment for a cancer ends
that the patient survives without any signs of that cancer and lives with that cancer, but it
does not get worse. Both survival conditions could reflect the therapeutic effectiveness in
TNBC patients. Moreover, Cox regression test demonstrated that a higher GBP5 level in
TNBC patients refers to a favorable hazard ratio, lower than that of other GBPs, under a
recurrence and progression-free survival condition for the K–M Plotter and TCGA cohorts,
respectively (Figure 1C). Similar views were also found in the other Kaplan–Meier analyses
(Figure S1A,B) and Cox regression (Figure S1C) test using overall survival condition.
Whereas GBP5 did not show a prognostic significance in the unclassified, ER-positive,
non-TNBC population, GBP5 upregulation served as a potential biomarker, predicting a
good outcome in TNBC patients under the conditions of recurrence- and progression-free
survival probabilities (Figure 2A,B).
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Figure 1. Guanylate-binding protein 5 (GBP5) upregulation predicts a good prognosis in triple-negative breast cancer
(TNBC). (A and B) Kaplan–Meier analyses for GBP1, GBP2, GBP3, GBP4, GBP5 and GBP6 gene expression using recurrence-
free survival condition against TNBC patients from K–M Plotter (A) and progression-free survival condition against TNBC
patients from TCGA database (B) under a minimized p value. (C) Forest plot for the hazard ratio at a 95% confidence
interval (CI), derived from Cox regression test using univariate mode for GBP1, GBP2, GBP3, GBP4, GBP5 and GBP6 against
TNBC cohorts shown in A and B.
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Figure 2. The prognostic significance of GBP5 is dominant for TNBC cohorts. (A,B) Kaplan–Meier analyses for GBP5
transcripts using recurrence-free for K–M Plotter cohort (A) and progression-free for TCGA cohort (B) survival conditions
against the unclassified (left), ER+ or non-TNBC (middle), and TNBC (right) patients that were stratified by the media of
GBP5 mRNA levels.

We next examined the endogenous mRNA levels of GBP5 in a panel of normal mam-
mary epithelial cell lines H184B5F5/M10 and MCF10A, and TNBC cell lines HCC2157,
HCC38, HCC1143, HCC1937, Hs578T, MDA-MB-231 and MDA-MB-468. The data showed
that GBP5 mRNA levels in HCC38, HCC1143, Hs578T and MDA-MB-231 cells are much
higher than that of HCC2157, HCC1937 and MDA-MB-468 cells, as well as non-malignant
H184B5F5/M10 and MCF10A cells (Figure 3A). A similar outcome was also found in
the microarray results from GSE36133 dataset for the GBP5 mRNA levels in HCC2157,
HCC38, HCC1143, HCC1937, Hs578T, MDA-MB-231 and MDA-MB-468 cells (Figure 3B).
WhileGBP5 expression was negatively correlated with the 50% of inhibitory concentration
(IC50) for paclitaxel (Figure 3C), GBP mRNA levels appeared to be positively correlated
with the IC50 for doxorubicin (Figure 3D) in those TNBC cell lines. The gene knockdown of
GBP5 (Figure 3E,F) by shRNA clone 2 (sh2) which has been validated to suppress GBP5 ex-
pression in the previous report [21] predominantly desensitizes MDA-MB-231 and Hs578T
cells to the paclitaxel treatment as shown by an increased IC50 from 0.33 µM to over 1 µM
and 0.00037 µM to 0.016 µM, respectively (Figure 3G,H).
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Figure 3. GBP5 knockdown desensitizes TNBC cells to paclitaxel treatment. (A) The mRNA levels
of GBP5 and GAPDH detected by RT-PCR in a panel of normal mammary epithelial cell lines
H184B5F5/M10 and MCF10A, and TNBC cell lines HCC2157, HCC38, HCC1143, HCC1937, Hs578T,
MDA-MB231 (MB231) and MDA-MB468 (MB468). (B) GBP5 mRNA levels in the indicated TNBC
cell lines from GSE36133 dataset. (C,D) Scatter plots for the correlation of GBP5 mRNA levels
with paclitaxel (PTX, C) and doxorubicin (DOX, D) IC50 concentrations in the tested TNBC cells
lines. Statistical significance was analyzed by Pearson correlation test. (E,F) The mRNA and protein
levels of GBP5 and GAPDH detected by RT-PCR and Western blot (WB) analyses, respectively, in
parental (PT) MDA-MB231 (E)/Hs578T (F) cells and MDA-MB231/Hs578T cells stably transfected
non-silencing (NS) control or 2 independent GBP5 shRNA clones. In A, E and F, GAPDH was used
as an internal control of experiments. (G,H) Dot plot for cell viability determined from non-silencing
control and GBP5-knockdown (GBP5-KD), using sh2 clone, MDA-MB231 (G)/Hs578T (H) cells.
Non-parametric Mann–Whitney test was used to estimate the statistical significances. The symbol
“***” denotes p < 0.001.

While a higher GBP5 level was probably correlated with no complete response in
breast cancer patients received doxorubicin neoadjuvant therapy, GBP5 upregulation
appeared to significantly (p = 0.031) predict pathologic complete response in breast cancer
patients receiving docetaxel neoadjuvant therapy (Figure 4A). Accordingly, in breast cancer
cohort received paclitaxel neoadjuvant therapy, GBP5 upregulation significantly (p < 0.001)
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referred to a pathologic complete response (Figure 4B). In the TNBC cohort receiving
adjuvant chemotherapy, GBP5 upregulation was robustly correlated with a favorable
recurrence-free survival condition (Figure 4C).

Figure 4. GBP5 upregulation predicts a good responsiveness to the taxol treatment in TNBC patients.
(A,B) Box plots for the GBP5 mRNA levels in breast cancer patients that were recorded to be
pathologic complete response (pCR) or no complete response (nCR) after neoadjuvant doxorubicin
or docetaxel therapy from GSE21997 dataset (A) and after neoadjuvant paclitaxel therapy from
GSE32646 dataset (B). In B, 229625_at and 238581_at denote the probe identifiers of GBP5 in the
commercial microarray. Student’s t-test was used to analyze the statistical significance. (C) Kaplan–
Meier analyses using recurrence-free survival condition for GBP5 mRNA levels detected by two
probes in K–M Plotter against TNBC patients receiving adjuvant chemotherapy.

To understand the possible mechanism by which GBP5 upregulation enhances the
taxane sensitivity of TNBC, we next performed a computational simulation by using Gene
Set Enrichment Analysis (GSEA) program. To obtain a GBP5-related signature, we first
performed Spearman’s Correlation tests against the co-expression of GBP5 with other
somatic genes determined by the RNA-sequencing tool in TNBC samples from the TCGA
database. Then, the ranked Spearman’s coefficient p values was used as a GBP5-related
signature for the further GSEA simulation (Figure 5A). GSEA results revealed that the GBP5
signature positively correlates with the mRNA levels of gene sets for the PI3K_AKT_MTOR
and MTORC1 pathways in TNBC (Figure 5B,D). Western blot analyses revealed that GBP5
knockdown, via its two independent shRNA clones, dramatically suppresses the protein
levels of phosphorylated Akt and mTOR, but elevates the protein levels of molecules, p62,
ATG5, Beclin1 and LC3-II, related to autophagy formation in MDA-MB-231 and Hs578T
cells (Figure 5E and Figure S2). The massive accumulation of LC3-II in the GBP5-silencd
MDA-MB-231 cells treated with chloroquine indicate a generation of autophagic flux after
GBP5 knockdown (Figure S3). Moreover, the pre-treatment with autophagy inhibitor
3-methyladenin (3-MA) dramatically restored the paclitaxel sensitivity of GBP5-sliencing
MDA-MB-231 cells (Figure 5F).
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Figure 5. GBP5 activates Akt/mTOR signaling axis and inhibits autophagy activity to the paclitaxel-
sensitive TNBC cells. (A) A histogram for the Spearman’s coefficient (p) values derived from the
Spearman correlation test against the co-expression of GBP5 with other somatic genes detected by
RNA-sequencing method in 123 TNBC samples deposited in TCGA database. (B) The enrichment
score (ES) derived from the correlation of GBP5 signature with the PI3K_AKT_MTOR (left) and
MTORC1 (right) gene sets was plotted as the green curve. The parameters of enrichment score
(NES), nominal p value and false discovery rate q value are shown as insets. (C) Heatmap for the
transcriptional profiling of GBP5 and PI3K_AKT_MTOR (left)/MTORC1 (right) gene sets detected by
RNA-sequencing tool in TNBC sample from TCGA database. (D) Scatchard plot for the expression
of GBP5 and PI3K_AKT_MTOR (upper)/MTORC1 (lower) gene sets in the TNBC samples from
TCGA database. (E) Western blot analyses for the protein levels of phosphorylated Akt (p-Akt),
Akt, p-mTOR, mTOR, p62, ATG5, Beclin-1, LC3-I/II and GAPDH in the indicated cell variants of
MDA-MB231 cells. (F) A histogram for the cell viability (percentages relative to untreated groups)
in the non-silencing control MDA-MB231 cells and GBP5-silencing MDA-MB231 cells pretreated
without or with autophagy inhibitor 3-Methyladenine (3-MA) at 1 and 3 mM prior to the treatment
with paclitaxel (PTX) at 1 µM for 72 h. Non-parametric Mann–Whitney U test was used to estimate
statistical significance. The symbol “***” denotes p < 0.001.
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We further performed Kaplan–Meier analyses using minimize p value approach for
determining the mRNA levels of PI3K_AKT_MTOR gene set in TNBC patients of TCGA
database stratified into low and high-risk groups under progression-free survival condition.
The data showed that a higher mRNA level of the PI3K_AKT_MTOR gene set refers to
a good progression-free survival condition in TNBC patients (Figure 6A). Importantly,
the signature of combining high-level GBP5 and PI3K_AKT_MTOR gene set predicted a
prolonged time interval for cancer progression in TNBC patients from the TCGA database
(Figure 6B). Collectively, we proposed that GBP5 upregulation probably enhances the
activity of Akt/mTOR signaling cascades and suppresses autophagy formation in the
paclitaxel-sensitive TNBC cells (Figure 6C).

Figure 6. The signature of combining higher levels of GBP5 and PI3K_AKT_MTOR gene set correlates with a favorable
progression-free condition in TNBC patients. (A,B) Kaplan–Meier analyses for the expression of PI3K_AKT_MTOR gene set
without (A) or with (B) the combination of GBP5 expression using progression-free survival condition under a minimized
log-rang p value against TCGA TNBC patients. (C) A possible mechanism for the GBP5-enhanced taxane sensitivity in
TNBC.
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4. Discussion

TNBC remains the breast cancer subtype with the poorest prognosis. Although tran-
scriptional profiling has identified six different TNBC subtypes with sensitivity to therapies,
the heterogeneous nature of TNBCs may point to the difficulty in the management of this
breast subtype [22]. Therefore, systemic chemotherapy remains the major regimen for
treating TNBC in current clinics, even though several targeted agents have been investi-
gated in clinical trials without demonstrating a clear survival benefit [23]. Here, we show
that GBP5 upregulation correlates with pathological complete response in TNBC patients
who received docetaxel and paclitaxel neoadjuvanttherapy and a favorable recurrence-free
survival condition in TNBC patients receiving post-operative systemic chemotherapy. In
TNBC cell lines, GBP5 expression was appeared to highly correlate with cellular sensitivity
to the cytotoxicity of paclitaxel. Robustly, GBP5 knockdown rendered the tested TNBC cells
resistant to paclitaxel treatment. These findings not only highlight a critical role of GBP5
in regulating cellular responsiveness to paclitaxel but also provide GBP5 as a potential
marker to predict the great therapeutic effectiveness of paclitaxel on TNBC patients.

Targeting the PI3K/Akt/mTOR signaling axis has been considered to be a promising
therapy for the TNBC subtypes, including basal-like 2 (BL2), luminal androgen receptor
(LAR), mesenchymal stem-like (MSL) and mesenchymal (M) [7]. The BL2 subtype has been
identified to frequently overexpress growth factor receptors, such as epidermal growth
factor receptor (EGFR), IGF1R, and myoepithelial markers and commonly exhibit the poor-
est response to chemotherapy in comparison with other TNBC subtypes [24]. Both MSL
and M subtypes were found to highly associate with epithelial–mesenchymal transition
and cell motility and frequently harbor a PI3KCA-activating mutations, which provides
a therapeutic opportunity for the PI3K/mTOR inhibitor [7]. Although the LAR subtype
expresses androgen receptors with sensitivity to an AR antagonist such as bicalutamide,
TNBC patients with LAR tumors, compared to other TNBC subtypes, showed a decreased
recurrence-free survival time [23]. Furthermore, the PI3K/AKT pathway plays a key role in
tumorigenesis and metabolism, survival and proliferation in cancer cells. Previous research
has shown that AKT activation by phosphorylation is a good predictor for paclitaxel treat-
ment but a negative predictor for anthracycline-based chemotherapy in breast cancer [25].
Here, we find that the MDA-MB-231 cell line, as well as Hs578T, has been classified as an
MSL subtype [23] and expresses enriched GBP5 levels. Moreover, the gene knockdown of
GBP5 reduced cellular sensitivity to paclitaxel treatment and suppressed the activity of the
Akt/mTOR pathway in MBA-MB-231 cells. These findings not only confirm the need for
the Akt/mTOR pathway for the biologic functions of the MSL subtype, but also provide
a predictive value of GBP5 for the therapeutic effectiveness of mTOR inhibitor on TNBC
patients with MSL subtype.

Basal-like 1 (BL1) subtype has been identified to highly express cell-cycle and DNA-
damage-response genes that suggest their great sensitivity to DNA-damaging agents such
as platinum [23] and achieve a higher pCR rate in systemic chemotherapy compared to
other subtype [24]. In this study, excepting MDA-MB-231 and Hs578T cells, other TNBC cell
lines, HCC2157, HCC38, HCC1143, HCC1937 and MDA-MB-468, are of the BL1 subtype
and express the endogenous GBP5 transcript at different levels. HCC38 and HCC1143 cells
exhibiting higher GBP5 levels displayed a great sensitivity to paclitaxel treatment compared
to HCC2157 and HCC1937 cells, which harbor a lower GBP5 expression. Conversely, the
endogenous mRNA levels of GBP5 in these TNBC cell lines with BL1 characters appeared
to be negatively correlated with the cellular sensitivity to doxorubicin treatment. Despite its
lack of significance, breast cancer patients with tumors expressing a higher GBP5 transcript
did not show a complete response to doxorubicin neoadjuvant therapy. Therefore, GBP5
may also serve as a potential marker to predict the therapeutic efficacy of DNA-damaging
agents in TNBC patients with the BL1 subtype, even though this type shows a great pCR
rate after systemic chemotherapy.

Compared to other breast cancer subtypes, TNBC was found to have the highest count
of tumor-infiltrated lymphocytes (TILs) [26,27], indicating immune modulation as the
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new treatment paradigm in TNBC. Although the role of GBP5 in modulating the immune
responses between TNBC and TIL needs to be further explored, it has been identified as an
interferon-responsive effector [10,28] and was found to promote the activation of NLRP3-
dependent inflammatory responses [8]. Cytotoxic drugs have been found to be capable of
modifying the tumor microenvironment, thereby inducing dendritic cell activation and cy-
totoxic T cells [29–31], which support the concept that the immunotherapeutic effectiveness
may be amplified by chemotherapy [32]. Besides this, it has been found that the induction of
the inflammation-related pathway promotes metastatic progression in breast cancer [33,34].
NF-κB is recognized as a key transcription factor in regulating inflammation-related gene
expression [35], as well as PD-L1 expression in lung cancer [36], thereby enhancing the
metastatic potentials of TNBC [37–39]. Therefore, further experiments are needed to ex-
plore the role of GBP5-induced activation of NLRP3-dependent inflammatory response in
the immunomodulatory capacity of TNBC after systemic chemotherapy.

5. Conclusions

Collectively, molecular subtyping provides a new era of precisely managing TNBC
patients who decide to receive systemic chemotherapy, or who are probably sensitive to
targeted therapies, e.g., Akt/mTOR inhibitors. Although the prognostic significance of p-
Akt and p-mTOR in TNBC patients receiving pre- or post-operative chemotherapy remains
controversial according to previous reports [23,40–42], in this study, the signature of com-
bining low-level GBP5 with either a high- or low-level transcript of the PI3K/AKT/MOTR
geneset predicted a poorer progression-free survival condition in TNBC patients. These
findings suggest that GBP5 may serve as a useful biomarker to predict the therapeutic
effectiveness of taxane-based chemotherapy on TNBC subtypes. Even in the BL1 subtype,
which is highly sensitive to DNA-damaging agents, e.g., doxorubicin, GBP5 expression is
able to distinguish an insensitive population. Importantly, this is the first documentation
showing that GBP5 shows prognostic significance and is capable of regulating the activity
of Akt/mTOR axis and autophagy formation in TNBC.
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Abstract: This paper investigates the expression of the CREB1 gene in ovarian cancer (OV) by deeply
excavating the gene information in the multiple databases and the mechanism thereof. In short,
we found that the expression of the CREB1 gene in ovarian cancer tissue was significantly higher
than that of normal ovarian tissue. Kaplan–Meier survival analysis showed that the overall survival
was significantly shorter in patients with high expression of the CREB1 gene than those in patients
with low expression of the CREB1 gene, and the prognosis of patients with low expression of the
CREB1 gene was better. The CREB1 gene may play a role in the occurrence and development of
ovarian cancer by regulating the process of protein. Based on differentially expressed genes, 20 small-
molecule drugs that potentially target CREB1 with abnormal expression in OV were obtained from
the CMap database. Among these compounds, we found that naloxone has the greatest therapeutic
value for OV. The high expression of the CREB1 gene may be an indicator of poor prognosis in
ovarian cancer patients. Targeting CREB1 may be a potential tool for the diagnosis and treatment
of OV.

Keywords: ovarian cancer; bioinformatics; CREB1; drug perturbation

1. Introduction

Ovarian cancer is a common malignant tumor in gynecology, with the highest mortal-
ity rate and the second highest incidence rate of gynecologic malignancies, and the 5-year
survival rate is only 25–30% [1]. Current studies have found that epigenetic modifications
play an important role in the occurrence and development of ovarian cancer [2]. Therefore,
a comprehensive study on the pathogenesis of ovarian cancer and the establishment of
effective prevention and treatment programs are the urgent issues that we should address
now. Nowadays, systematic analysis based on gene microarray technology using bioinfor-
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matics methods to study tumor-related genes and their regulatory mechanisms is one of
the main research tools in functional genomics.

CREB1 is a nuclear protein in eukaryotic cells and a nuclear factor that regulates
transcription. It is composed of 341 amino acid residues and has a molecular weight of
43 KDa. It belongs to the CREB/ATF subgroup of the leucine zipper family of transcription
factors [3]. CREB is activated by phosphorylation, forming homodimers or heterodimers,
and it is regulated by cofactors to recognize and bind the cAMP response element (CRE)
in the target gene promoter, promoting the transcriptional expression of the gene and
participating in tumor proliferation, differentiation, and metastasis [4]. Extracellular signals
interact with receptors on the cell membrane to phosphorylate and activate CREB1 via
signaling pathways such as PKA, PKC, PKB, and ERK [5]. It further regulates the cell
cycle, promotes cell proliferation, inhibits apoptosis, etc. Several studies have shown that
target genes regulated by CREB1 play an important role in cell proliferation, differentiation,
survival, and cell cycle regulation. Its overexpression contributes to cell survival and
proliferation and has an important role in the development of several tumors [6–9].

In this study, we first performed bioinformatics analysis to investigate the prognostic
and therapeutic impact of CREB1 on OV. We identified human ovarian cancer tissue
microarray and different stages of ovarian cancer cells for analysis of CREB1 protein and
mRNA levels. Finally, pharmacogenomics was used to predict potential drugs. Since
naloxone has been approved for clinical treatment of lung cancer [10], our results may
support the use of CREB1 gene status as an ovarian cancer biomarker and precision
treatment of OV patients with naloxone.

2. Materials and Methods

2.1. Cells and Cell Culture

Ovarian cancer cell lines OC-117-VGH cells (BCRC#60601, Hsinchu, Taiwan), OC-
117-VGH cells (BCRC#60602), OCPC-2-VGH (BCRC#60603), OC-3-VGH (BCRC#60599),
TOV-21G (BCRC#60407), and NIH-OVCAR-3 (BCRC#60551) were used and cultured in
DMEM/F12 supplemented with 1.5 g/L sodium bicarbonate and 10% fetal bovine serum
(Themo Fisher Scientific, Waltham, MA, USA) in a humidified atmosphere of 95% air and
5% CO2 at 37 ◦C.

2.2. RNA Extraction and Real-Time PCR

The total RNA was extracted with the EasyPrep Total RNA Kit (BIOTOOLS Co., Ltd.,
Taipei, Taiwan). A total of 1 µg of RNA was reverse-transcribed with a ToolScript MMLV
RT kit (BIOTOOLS Co., Ltd.) for cDNA synthesis. Real-time PCR was carried out using
a StepOnePlusTM system (Applied Biosystems, Foster City, CA, USA) with TOOLS 2X
SYBR qPCR Mix (BIOTOOLS Co., Ltd.). The expression levels of all the genes in cells
were normalized to the internal control RNU6-1 gene. All the samples with a coefficient of
variation for Ct value > 1% were retested.

2.3. Tissue microarrays (TMA) and Immunohistochemistry (IHC) Analysis

Tissue array slides (CJ2) containing human ovarian cancer, metastatic, and normal tis-
sues were purchased from SuperBioChips Laboratories (Seoul, Republic of Korea). For im-
munohistochemistry (IHC), assays and scoring methods were performed as described [11].
The slides were treated with anti-CREB1 antibody (1:100, A11063, ABclonal, Boston, MA,
USA). All glass slides were digitized with an Motic Easyscan Digital Slide Scanner (Motic
Hong Kong Limited, Hong Kong, China) at ×40 (0.26 µm/pixel) with high precision (High
precision autofocus). Motic Easyscan whole-slide images were viewed with DSAssistant
and EasyScanner software at Li-Tzung Pathology Laboratory (Kaohsiung, Taiwan).

2.4. Multi-Omics Analysis

TumorMap is an integrated genomics portal for visual and exploratory analysis that
biologists and bioinformaticians can use to query a rich set of cancer genomics data.
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The intuitive and interactive layout helps to identify cancer subtypes based on common
molecular activities in a set of tumor samples [12].

The gene mutations and co-expression of CREB1 were computed and analyzed using
CBio-Cancer Genomics Portal (cBioPortal) databases. Searching the term “CREB1” enabled
the acquisition of the full mutation distribution across all tumor and non-tumor tissues.
We analyzed the expression of CREB1 in 9736 tumors and 8587 normal tissues using this
tool [13].

Gene Expression Profiling Interactive Analysis (GEPIA) is an interactive network
database that can be linked and analyzed with other databases (TCGA and GTEx). Using
GEPIA, we analyzed 9736 tumors and 8587 normal tissues [13].

Metascape contains fully integrated data from multiple databases such as GO, KEGG,
UniProt, and DrugBank. With metascape, it is possible to perform a complete pathway
enrichment and biological process annotation, gene-related protein network analysis, and
drug analysis [14].

We used Reactome to compare a pathway to its homolog in another species, and
the protein–compound interactions from external databases were used to confirm our
findings [15–17]. The data contained 51,745 PPIs among 10,177 human proteins. After
filtering the PPI data for proteins encoded by genes having transcriptome data in TCGA
datasets, a network was reconstructed with 34,604 PPIs among 8322 proteins.

The CMap database collects drug-induced gene expression profiles from human
cancer cell lines, which can be used to compare the similarity and dissimilarity between
the inputted DEGs and drug-induced gene expression [18].

2.5. Statistical Analyses

All data were presented as mean ± standard deviation (SD) or case number (%).
The correlation between the clinicopathological parameters and the four gene expressions
was analyzed using the chi-square or Fisher exact tests for categorical variables, and
paired-sample t-test for continuous variables, using the GraphPad Prism 8.0 (GraphPad
Software, San Diego, CA, USA). The Spearman rank correlation test was used to analyze the
correlation results of expression of the four biomolecules. In this study, the endpoints were
overall survival (OS) and disease-free survival (DFS). The results of univariable analysis
of the variables and survival data were performed using the Kaplan-Meier method with
the log-rank test. The relationship between the variables and survival data was analyzed
via Cox’s proportional hazards regression model. Statistical significance was defined as a
p-value < 0.05.

3. Results

3.1. TumorMap and Integrated Cluster Identify Significant Features Distinguishing OV among
PanCancer-33 Tumors

First, we explored whether CREB1 is involved in multiple types of cancer and physio-
logical functions. We investigated the sample subgroups revealed by the integration of the
multi-omics platform. We categorized the inverse significance of the similarity of the data
to create an integrated graph with equal contributions from seven different data platforms.
Each group represents a different type of physiological function. Several known connec-
tions between tumor types can be seen on the result graph. We found that CREB1 is widely
expressed in reproductive system or breast disease and urinary system disease (Figure 1a).
To identify a molecular signature-based classification, we conducted an integrated tumor
map and cluster identify analysis of 9,759 tumor samples from PanCancer-33 cancers
(Figure 1b) for which Gyn disease (Figure 1c), mutation (Figure 1d), and methylation
(Figure 1e), and a smaller set of protein expression profiles were available. The integrated
map separates OV patients into distinct cytogenetic subgroups, which are characterized by
differential cancer types. The OV-like tumors are further characterized by mutations and
methylation in CREB1. Therefore, we judged the maps to be biologically relevant.
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CREB1 expression is frequently found in OV. Indeed, we mined “TCGA, PanCancer 
Atlas” data via the cBioPortal website for the genetic alterations of CREB1 gene. Among 

Figure 1. TumorMap and integrated cluster of gynecologic cancers from PanCancer-33 Analysis. (a) The distribution of
CREB1 in various cancers and physiological functions. (b) TumorMap analysis visualizing close mapping of BRCA, CESC,
OV, UCEC, and UCS among 28 PanCancer-33 islands. (c) Higher resolution view of TumorMap islands and distribution of
Gyn cancers from five sites. (d) CREB1 mutation status showing the majority of mutation BRCA and OV map around a
distinct island. (e) Methylation of Gyn cancers. Each spot in the map represents a sample. The colors of the sample spots
represent attributes as described for each panel. BRCA: Breast invasive carcinoma, CESC: cervical squamous cell carcinoma
and endocervical adenocarcinoma, OV: ovarian serous cystadenocarcinoma, UCEC: uterine corpus endometrial carcinoma,
UCS: uterine carcinosarcoma.

3.2. CREB1 Gene Mutation Predicts A Poorer Disease-Free Survival in OV Patients

CREB1 expression is frequently found in OV. Indeed, we mined “TCGA, PanCancer
Atlas” data via the cBioPortal website for the genetic alterations of CREB1 gene. Among
the 32 tumor types we used as dataset, the expression levels of these hub genes varied from
0.17% to 2.08%, and the mutation frequency of each hub gene was shown in Figure 1a. This
pan-cancer analysis also indicated that CREB1 gene alterations occurred most frequently in
OV, compared with other cancer types (Figure 2a). The alterations for the CREB1 gene was
calculated to be between 0% and 2.1% in the examined ALL samples. Genetic mutations
of CREB1 were 2.1% (Figure 2b). From the diagram of CREB1 gene and the encoded
protein, mutations occurred more frequently in the kinase inducible domain (KID) that is
responsible for heteromerization and transactivation (Figure 2c).
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g “TCGA, PanCancer Atlas” data in the cBioPortal cancer 
Figure 2. Copy number amplification of CREB1 gene in OV. (a) CREB1 gene was analyzed for gene alterations (mutation
status and copy number variation) in various cancer types using “TCGA, PanCancer Atlas” data in the cBioPortal cancer
genomics database; (b) Oncoprint table of significant signature genes. The Oncoprint table summarizes genomic alterations
in all queried genes across samples. Red bars indicate gene amplifications, blue bars are homozygous deletions, and green
squares are nonsynonymous mutations. (c) A cartoon diagram for the gene and protein structures of CREB1. This figure
was adapted from the image obtained from the cBioPortal website.
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3.3. Distribution and Expression of CREB1 in Cancer Tissues of Patients with OV

To analyze the expression pattern of CREB1 in various cancers, we accessed the TCGA
and GEPIA databases. We carried out the comparison of the transcriptional levels of CREB1
in cancers with those in the normal specimens through the use of ONCOMINE databases
(Figure 3a). The significant upregulation of the mRNA expression levels of CREB1 was
carried out in OV patients. We further acquired the experimental evidence about the
sub-localization of CREB1. Meanwhile, sub-localization of CREB1 in human cell line A-431
and U-251 MG demonstrated that CREB1 protein existed at the nucleus of A-431 and U-251
MG cells41 (Figure 3b). In addition, immunohistochemistry of pathological sections from
the Human Protein Atlas Database (HPAD) showed that the protein expression of CREB1
was substantially increased in OV tissues of different ages (Figure 3c). Next, we determined
the transcriptional expression of the target genes differentially expressed between OV and
normal tissues in TCGA. mRNA levels of CREB1 were found to be significantly increased
in OV, indicating that these proteins may have potential carcinogenic effects (Figure 3d).
Subsequently, OV patients with high levels of CREB1mRNA expression had low overall
survival (Figure 3e). GSEA analysis of RNA-seq data was performed to further explore the
involved biological pathways and cofactors of CREB1 in OV. High CREB1 expression was
defined as TPM in the 1st quartile, and low FBXW4 expression was defined as TPM in the
4th quartile. The results showed that in the patients with high CREB1 expression, the gene
sets were significantly enriched in OXPHOS (normalized enrichment score (NES) = 1.862,
p = 0.002) (Figure 3f).

3.4. Tissue Microarray Analysis of CREB1 Expression

To further confirm the accuracy of the multi-omics analysis, we evaluated CREB1
detected using immunohistochemistry in tumor tissues by using 60 OV commercial tissue
microarrays. The results of CREB1 expression in OV tissues in IHC staining are shown in
Figure 4a. The expression of CREB1 was significantly higher in early stages than in late
stages. At higher IHC scores, CREB1 expression was significantly higher in patients with
stage I than in patients with advanced stages (p < 0.05; Figure 4b). Similar to the above-
mentioned TCGA data, the overall survival rate of OV patients with high CREB1 mRNA
expression levels was lower than that of OV patients with low CREB1 mRNA expression
levels (Figure 4c). Next, we analyzed the endogenous levels of CREB1 in ovarian cancer
cell lines, and the results showed that the mRNA expression levels of CREB1 were higher
in early-stage cells than in late-stage cells in different ovarian cancer cell lines (Figure 4d).
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Figure 3. Diagnostic and prognostic value of CREB1 in OV. (a) The graphic was generated from the ONCOMINE database,
indicating the number of datasets with statistically significant (p < 0.01) mRNA overexpression (red) or downregulation
(blue) of CREB1. (b) The localization of CREB1 protein in human cells. Blue: nucleus; Green: CREB1; Red: microtubules.
(c) Comparison of immunohistochemistry images of CREB1 in OV tissues with four different patients based on the Human
Protein Atlas (+++: strong staining). (d) Plots chart showing higher CREB1 expression in OV patients. Data were obtained
from TCGA. (e) Kaplan–Meier curves was performed to determine differences in OV patients. (f) The association between
CREB1 gene mutations and OV gene signature. Gene set enrichment analysis (GSEA) was performed to enrich the OV gene
signature in the following data sets.
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Figure 4. Immunoreactivity of CREB in OV. (a) The representative photomicrographs of CREB expression for weak (+), and
strong (+++) staining in OV tissues (n = 59). (b) The IHC score of CREB expression in OV tissue. (c) Kaplan–Meier curves
were performed to determine differences in OV patients. (d) RT-PCR was used to detect the expression levels of different
ovarian cancer cells, and U6 small nuclear 1 (RNU6-1) was used as an internal control (n = 18). * p < 0.05.

3.5. Prediction of Protein–Protein Interaction of CREB1 Mutations and Copy Number Alterations

Next, we conducted Metascape Pathway and process enrichment analysis integrating
the gene ontology sources, including GO Biological Process, KEGG pathway, Reactome
Gene Sets, and Canonical Pathways. The predicted protein partners of CREB1 were ATF1,
ATF2, PRKACB, TSSK4, BARX2, ATF7, NFIL3, NFATC2, NFYA, FAM192A, DYRK1A,
ZBTB21, HIST1H2BJ, NIT2, POLR2A, PCK1, CGA, NFATC1, HLF, SOX9, FHL5, JUN, and
LAX1. Thus, these predicted interacting protein partners of CREB1 might be involved in
the regulation of CREB1-mediated cancer progression and prognosis (Figure 5a). Protein–
protein interaction clustering algorithm identified neighborhoods within the networks
where the CREB1-regulated genes were densely connected, such as ATF1, ATF2, NFATC1,
NFIL3, TP53, JUN, SOX9, etc. (Figure 5b). Top 20 clusters were defined with their represen-
tative enriched terms (Figure 5c), including MAPK signaling pathways, calcium signal, and
the EGFR pathway. Furthermore, network enrichment captured the interactions between
the 20 clusters, as visualized using Cytoscape. These results revealed the novel and essen-
tial biological functions of CREB1 in multiple molecular pathways. As shown in Figure 3d,
in addition to OV, the high alteration frequency of the CREB1 gene was also found in
pancreatic adenocarcinoma (PAAD), esophageal carcinoma (ESCA), lung adenocarcinoma
(LUAD), lung squamous cell carcinoma (LUSC), and breast invasive carcinoma (BRCA).
The cancer genomics (mutations, copy number variations, and mRNA levels) and patients’
survival data in these cancer types were analyzed for the role of CREB1.
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Figure 5. Network data improves the target prediction (a) and (b) predicted PPI essential for the functions of CREB1
generated from Pathway Commons and String website. (c) Metascape functional enrichment analysis and OV clinical
relevance of CREB1-regulated DEGs. One term per cluster, colored by p values. Log10 (p) is the p value in log base 10.

3.6. Naloxone Treatment Mimics the Gene Expression Profile of CREB1

To investigate whether naloxone could target CREB1 functional activity, we employed
the CMap analysis. The CMap database allows users to query a gene signature and explore
the connections between the queried gene signature and drug-driven gene expression [19].
We prepared the differentially expressed genes (DEGs) from CREB1-overexpressing differ-
ent cancer cells and queried the CMap database. Figure 4a shows the top 10 perturbagens
that mimicked the CREB1-driven gene signature, including naloxone with the median
connectivity score of 99.9. In contrast, the median connectivity score of fluticasone is −17.98.
Therefore, naloxone treatment may mimic the effect of CREB1 overexpression. We further
searched the OE and KD gene libraries of 2160 and 3799 oncogenes from the pharmacoge-
nomic database and searched for potential drugs for the treatment of ovarian cancer. As
shown in Figure 6b, we found a positive correlation between naloxone and CREB1 OE
score of 0.28 (p < 0.05); and CREB1 KD score of 0.15. This indicates that CREB1 gene over-
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expression is positively correlated with naloxone sensitivity. The average transcriptional
impact showed a positive correlation between CREB1 mRNA expression and naloxone
drug activity. The above result implied that naloxone may reverse the CREB1-associated
cancer hallmarks.

−

 

Figure 6. CMap analysis and drug sensitivity profiling in ovarian cancer cells. (a) The CREB1 gene signature was queried
using the CMap database to predict potential drugs to reverse this signature. (b) The correlation between CREB1 gene
overexpression and knockdown in OV cell lines (The Cancer Therapeutics Response Portal CTRP-OV data from the
CTRP database).

4. Discussion

Ovarian cancer is one of the most prevalent malignant tumors in women. With a high
degree of malignancy and a short survival period, ovarian cancer is often detected at an
advanced stage, and the current treatment is still based on surgery and chemotherapy [20].
Current studies have shown that the abnormal expression of several genes may be closely
associated with the survival of ovarian cancer patients through the screening of gene ex-
pression profiles, and that these genes are involved in the development and progression of
ovarian cancer by promoting or suppressing apoptosis, generating or reversing chemother-
apy resistance [21,22]. In this study, we used bioinformatics analysis, ovarian cancer tissue
microarray, and multiple types of ovarian cancer cell lines to screen out mRNAs that may
be related to the prognosis of ovarian cancer patients and provide a basis for future clinical
practice and scientific research.

Previous studies have demonstrated that CREB1 expression levels have an important
role in ovarian granulosa cell survival and that follicle-stimulating hormone and luteiniz-
ing hormone regulate ovarian function, at least in part, through the cAMP intracellular
signaling pathway [23]. Somers et al. found that the mutation of Ser l33 to Ala l33 in
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the CREB1 sequence, which results in an inability to be activated by phosphorylation,
significantly inhibits murine ovarian granulosa cell survival [24]. This also suggests that
CREB1 is an important protein that promotes ovarian survival and plays an important role
in the development of ovarian cancer [19,25]. Tumor development is not only about the
activation of oncogenes and inactivation of oncogenes but also about abnormal expression
of apoptosis-related genes and overexpression of growth factors and uncontrolled cell
cycle. Most tissue cells undergo malignant transformation with shortened cell cycle and
accelerated proliferation.

In addition to reducing metastasis and cell proliferation in bladder cancer cells, it also
reduces gastric cancer, esophageal cancer, and glioma by knocking down CREB1 gene levels
in tumor cells [26–29]. It is also possible to inhibit CREB1 activity through pharmacological
strategies. Previous studies have shown that treatment of cancer cells with 666-15, a CREB
inhibitor [30], has potent anticancer activity both in vitro and in vivo. Imperatorin also
directly targets CREB1 to inhibit TGFβ2-ERK signaling and inhibit esophageal cancer
metastasis [29].

Although CREB1 has been extensively studied in various tumors [31], CREB1 is
aberrantly expressed in a variety of human cancers, including solid tumors [9,31–33] and
hematologic malignancies [34,35]. In breast cancer studies, CREB1 was found to be highly
expressed in metastatic breast cancer cells compared to non-metastatic cells and promoted
breast cancer metastasis and subsequent bone destruction [9]. CREB1 was also highly
expressed in glioma tissues through the induction of oncogenic microRNA-23a expression
and increased the growth survival of glioma cells and colorectal cancer [32,36]. However,
there is still evidence that CREB1 inhibits the proliferative effects of the stress-induced
acetylcholinesterase variant AChE-R in glioblastoma [33], suggesting a controversial or
tissue-specific role for CREB1 in human cancers. In our results, more specifically, there is
a significant difference between stage I and stage III/IV, which is directly related to the
limited number of patient examinations, in addition to the heterogeneity of both patient
and tumor stage that may affect the results. In the future, more ovarian cancer specimens
should be collected for confirmation.

In this study, we observed that the expression of CREB1 is dysregulated in pan-cancer,
especially in OV. Our study has provided a more detailed picture of the relationship
between CREB1 expression and characteristics, prognosis, protein–protein interaction,
and hub genes and pathway crosstalk in OV. Our results indicate that CREB1 is highly
expressed in OV through tissue microarrays and human ovarian multiple cancer cell lines.
Kaplan–Meier analysis indicates that CREB1 may be a potential prognostic factor for OV.
Similar to our results, Xu and colleagues reported that CREB1 can be used as a predictor
of the prognosis of esophageal cancer [29]. Another study showed that CREB1 plays a
vital role in the tumor progression of upper liver cancer [37]. In addition, CREB1 has also
been reported to be directly related to the ability of colon, breast, and gastric cancer to
metastasize [28,38,39]. These findings showed that CREB1 could serve as a novel biomarker
for OV cancer diagnosis and prognosis prediction.

This study has some limitations. First, only in silico and in vitro experimental analyses
were performed. Further investigations using animal models specific for OV were required.
Second, only 59 cases of OV patients were available for TMA analyses. Third, in this
study, a gene expression signature-based approach was used in different cell lines, which
should further validate the protein levels as reflecting the results of patient IHC. The
differences of genetic mutations, epigenetics, proteomics, and metabolomics should also
be considered in future investigations. Finally, although this study was verified by multi-
omics, it still requires a large number of clinical specimens and further confirmation
through multiple centers.

5. Conclusions

In conclusion, our study shows for the first time that CREB1 is ectopically expressed
in OV and is a potential new biomarker for OV survival, providing valuable information to
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guide research on targeted treatment strategies. Our results warrant further investigation
into the mechanisms by which CREB1 promotes tumor progression and metastasis in OV.
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Abstract: Many studies have investigated the prognostic significance of peripheral blood parameters—
including lymphocyte-to-monocyte ratio (LMR)—in several cancers in recent decades. We evaluated
the prognostic factors for five-year tumor recurrence after the transurethral resection of a bladder
tumor (TURBT). In total, 151 patients with non-muscle invasive bladder tumors who underwent
TURBT under spinal anesthesia were selected for this retrospective analysis. The time to tumor
recurrence was determined by the number of days from surgery until there was a pathological
confirmation of tumor recurrence. The preoperative and postoperative laboratory values were
defined as results within one month prior to and one month after TURBT. Univariate and multivariate
Cox regression analyses were performed. Seventy-one patients (47.0%) developed recurrent bladder
tumors within five years after the first TURBT surgery. The multivariate Cox regression analysis
revealed that preoperative LMR (hazard ratio, 0.839; 95% confidence interval, 0.739–0.952; p = 0.006)
and multiple tumor sites (hazard ratio, 2.072; 95% confidence interval, 1.243–3.453; p = 0.005) were
independent recurrence predictors in patients with recurrent bladder tumors within five years after
the TURBT. A low preoperative LMR is an important predictor for the recurrence of a bladder tumor
during a five-year follow-up period after surgery.

Keywords: bladder tumor; lymphocyte-to-monocyte ratio; peripheral blood parameters; tumor
recurrence; transurethral resection

1. Introduction

A bladder tumor is among the top 10 most common tumors for both genders; in 2018,
there were 549,000 newly diagnosed cases and 200,000 deaths worldwide [1]. In particular,
a bladder tumor is associated with the ninth highest mortality rate in men. Almost three-
quarters of all bladder tumors are non-muscle invasive bladder cancers; this tumor is also
well-known for its wide range of tumor biology and heterogeneity. These heterogeneities
of non-muscle invasive bladder tumors contribute to a high recurrence rate and expensive
economic burden for patients [2]. Thus, it is important to evaluate prognostic factors and
prevent bladder tumor recurrence.

Many studies have investigated the prognostic significance of peripheral blood param-
eters in several tumors in recent decades. They revealed that the inflammatory response
is a determining factor of tumor progression and recurrence [2]. While tumors maintain
the progress of disease and promote carcinogenesis, a systemic inflammatory response is
an essential process and accomplishes the full malignant phenotype, such as tumor tissue
remodeling, angiogenesis, metastasis, and the suppression of the innate anticancer immune
response [3]. The lymphocyte-to-monocyte ratio (LMR), neutrophil-to-lymphocyte ratio
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(NLR), platelet-to-lymphocyte ratio (PLR), and red cell distribution width are valuable
prognostic markers for solid tumors [4,5]. In particular, a low LMR is associated with a
high tumor mutational burden and an insufficient immune reaction [6,7]. Furthermore, a
low LMR is associated with a poor prognosis in several cancers [8,9]. However, no studies
to date have reported the association between the LMR and tumor recurrence rate after
transurethral resection of bladder tumor (TURBT).

Our previous study found that the five-year recurrence rate was lower in patients
who underwent spinal anesthesia for non-muscle invasive bladder tumor resection than
in those who underwent general anesthesia [10]. Thus, we designed this study to include
only patients who underwent TURBT under spinal anesthesia, and evaluated independent
prognostic factors including the peripheral blood parameters for the five-year recurrence
of bladder tumor after TURBT.

2. Materials and Methods

2.1. Patient Characteristics

In total, 304 patients who underwent elective TURBT for the first time for non-muscle
invasive bladder tumors at Asan Medical Center in Seoul, Korea were selected in January
2000–December 2007. However, 153 patients who underwent general anesthesia, had a
tumor stage of T2 or higher, had suffered from other cancer, had combined other urinary
cancer, had suffered a urinary tract infection, had taken opioids or analgesics before surgery,
or had no medical records within the five-year postoperative period were excluded from the
statistical analysis. In total, data from 151 patients who underwent TURBT for the first time
were analyzed (Figure 1). The Asan Medical Center Institutional Review Board waived
written informed consent and approved this retrospective study (approval number of
2017-1155). This study was performed in accordance with the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) criteria [11].

Figure 1. Flowchart of study patients. In January 2000–December 2007, 304 patients who underwent
first-time elective TURBT at our institution were assessed. Finally, 151 patients were subjected to the
study protocol. TURBT, transurethral resection of bladder tumor.

2.2. Spinal Anesthesia

After essential basic monitoring (electrocardiography, noninvasive blood pressure, and
pulse oximetry), all patients underwent spinal anesthesia using 0.5% heavy bupivacaine
(8–10 mg). Neuraxial blockade was confirmed by the loss of temperature or pin prick
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sensation at 10 min after spinal anesthesia. If a patient requested sedation, midazolam
(2–5 mg) was administrated intravenously.

2.3. Clinical Data Collection

Tumor recurrence was defined by the pathological confirmation of a newly developed
tumor. The time to tumor recurrence was determined by the number of days from surgery
until the confirmation of tumor recurrence.

Data regarding demographics, pathologic findings to confirm the tumor grade and
histological variant, imaging studies to confirm the tumor stage, intervention methods
other than TURBT, and perioperative laboratory values were collected.

The demographic data included age, sex, body mass index, the American Society of
Anesthesiologists physical status classification, comorbidities, and smoking status. Data
regarding multiple tumor sites, tumor grade, histological variant, tumor stage, chemother-
apy, and Bacillus Calmette-Guérin therapy were also collected. The tumor grade was
assessed by the 2016 World Health Organization grading system [12]. The tumor stage
was distinguished as either multiple bladder tumors (more than two sites) or a pathologic
tumor stage. Intervention methods included chemotherapy and a Bacillus Calmette-Guérin
intravesical injection.

The perioperative laboratory values included the hemoglobin level, red cell distribu-
tion width, platelet count, absolute white blood cell count, differential white blood cell
count (neutrophils, lymphocytes, and monocytes), and the calculated NLR, PLR, and LMR.
The preoperative laboratory values were defined as the results obtained within one month
prior to TURBT. The postoperative values were defined as laboratory results obtained
within one month after surgery.

2.4. Statistical Analysis

The continuous values are presented as the mean ± standard deviation, and categori-
cal data are expressed as numbers (percentages). The student’s t-test or the Mann–Whitney
U test was used to analyze continuous variables, and the Chi-square test or Fisher’s exact
test was conducted to analyze categorical variables. We performed univariate Cox regres-
sion analysis and multivariate Cox regression analysis to determine the risk factors for
bladder tumor recurrence. The parameters with a p-value < 0.05 in the univariate Cox
regression analysis were included in the multivariate Cox regression analysis. In other
analyses, a p-value < 0.05 was considered statistically significant. IBM SPSS Statistics 21.0
software (IBM, Armonk, NY, USA) was used for data management and statistical analysis.

3. Results

In total, 151 patients were enrolled in this study and 71 patients (47.0%) developed
recurrent bladder cancer within five years after their first TURBT surgery (Figure 1).

Table 1 describes the patients’ demographic characteristics. There were significantly
more patients with multiple tumor sites and Bacillus Calmette-Guérin therapy in the
recurrent group than in the non-recurrent group.

Table 2 shows the preoperative and postoperative peripheral laboratory values within
one month prior to and one month after TURBT. The preoperative LMR and postoperative
hemoglobin differed significantly between the recurrent and non-recurrent groups.
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Table 1. Demographic data.

Non-Recurrent Group
(n = 80)

Recurrent Group
(n = 71)

p-Value

Age (years) 64.1 ± 13.4 63.1 ± 13.0 0.633
Male 71 (88.8) 56 (78.9) 0.120

Body mass index (kg/m2) 24.0 ± 3.2 23.5 ± 3.0 0.270
ASA physical status 0.191

I or II 77 (96.3) 64 (90.1)
III 3 (3.8) 7 (9.9)

Hypertension 21 (26.3) 21 (29.6) 0.717
Diabetes mellitus 8 (10.0) 8 (11.3) >0.999

Smoking 28 (35.0) 27 (38.0) 0.737
Multiple tumor sites 39 (48.8) 49 (69.0) 0.014

Tumor grade 0.633
I 9 (11.4) 10 (14.1)

II or III 70 (88.6) 61 (85.9)
Histological variant >0.999

Transitional cell carcinoma 79 (98.8) 71 (100.0)
Adenocarcinoma 1 (1.3) 0 (0.0)

Tumor stage 0.339
Ta 48 (60.0) 39 (54.9)
T1 28 (35.0) 31 (43.7)
Tis 4 (5.0) 1 (1.4)

Chemotherapy 17 (21.3) 22 (31.0) 0.195
Bacillus Calmette-Guérin

therapy 29 (36.3) 38 (53.5) 0.049

Data are presented as the mean ± standard deviation or number (percentage). ASA, American Society of
Anesthesiologists; Tis, carcinoma in situ.

Table 2. Preoperative and postoperative peripheral blood parameters.

Non-Recurrent Group
(n = 80)

Recurrent Group
(n = 71)

p-Value

Preoperative Values

Hemoglobin (g/dL) 13.8 ± 2.2 13.2 ± 1.8 0.074
Red cell distribution width (%) 13.2 ± 1.1 13.0 ± 0.9 0.242

Platelet count (103/µL) 242.4 ± 87.7 247.1 ± 125.8 0.788
White blood cell count (/mm3) 6707.5 ± 1961.2 6980.3 ± 2201.3 0.422

Neutrophils (/mm3) 4061.8 ± 1792.1 4431.1 ± 1888.0 0.220
Lymphocytes (/mm3) 1964.6 ± 616.8 1834.8 ± 613.0 0.198

Monocytes (/mm3) 432.1 ± 170.1 476.5 ± 255.6 0.206
NLR 2.3 ± 1.7 2.7 ± 1.8 0.137
PLR 134.5 ± 65.1 141.9 ± 77.2 0.522
LMR 5.1 ± 2.2 4.4 ± 1.8 0.030

Postoperative Values

Hemoglobin (g/dL) 12.7 ± 2.1 12.1 ± 1.9 0.046
Red cell distribution width (%) 13.1 ± 1.2 13.0 ± 1.0 0.394

Platelet count (103/µL) 224.1 ± 69.5 221.5 ± 79.6 0.825
White blood cell count (/mm3) 7901.3 ± 2438.6 8176.1 ± 3188.9 0.552

Neutrophils (/mm3) 5149.9 ± 2616.8 5667.4 ± 3134.6 0.271
Lymphocytes (/mm3) 1920.3 ± 849.4 1706.3 ± 707.7 0.097

Monocytes (/mm3) 481.4 ± 173.3 538.6 ± 269.0 0.119
NLR 3.5 ± 2.8 4.1 ± 3.3 0.216
PLR 133.5 ± 70.6 150.9 ± 107.8 0.239
LMR 4.4 ± 2.4 3.8 ± 1.9 0.066

Data are presented as mean ± standard deviation. NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio.
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Table 3 presents the univariate Cox regression analysis. This analysis showed that mul-
tiple tumor sites, Bacillus Calmette–Guérin therapy, the preoperative hemoglobin and LMR,
and the postoperative hemoglobin and LMR were associated with five-year recurrence
after TURBT. The multivariate Cox regression analysis showed that the preoperative LMR
(hazard ratio 0.839, 95% confidence interval 0.739–0.952, p = 0.006) and multiple tumor
sites (hazard ratio 2.072, 95% confidence interval 1.243–3.453; p = 0.005) were independent
predictors of recurrence within five years after TURBT in patients with bladder tumors
(Figure 2).

Table 3. Univariate Cox regression analysis for five-year bladder tumor recurrence.

Variables
Univariate Analysis

Hazard Ratio (95% CI) p-Value

Age 1.001 (0.983–1.019) 0.934
Body mass index 0.956 (0.887–1.030) 0.956

ASA physical status
I or II 1.0

III 1.888 (0.864–4.126) 0.111
Smoking 1.104 (0.684–1.783) 0.686

Multiple tumor sites 2.200 (1.328–3.645) 0.002
Tumor grade

I 1.0
II or III 1.104 (0.566–2.157) 0.771

Tumor stage
Ta 1.0
T1 1.488 (0.927–2.387) 0.099
Tis 0.419 (0.058–3.048) 0.390

Chemotherapy 1.382 (0.834–2.287) 0.209
Bacillus Calmette-Guérin therapy 1.726 (1.082–2.753) 0.022

Preoperative Values
Hemoglobin 0.880 (0.789–0.980) 0.020

While blood cell count 1.027 (0.921–1.145) 0.630
NLR 1.069 (0.967–1.181) 0.191
PLR 1.001 (0.998–1.004) 0.403
LMR 0.847 (0.746–0.961) 0.010

Postoperative Values
Hemoglobin 0.876 (0.784–0.979) 0.019

While blood cell count 1.037 (0.956–1.124) 0.385
NLR 1.056 (0.987–1.130) 0.117
PLR 1.001 (0.999–1.003) 0.190
LMR 0.869 (0.769–0.983) 0.025

ASA, American Society of Anesthesiologists; Tis, carcinoma in situ; NLR, neutrophil-to-lymphocyte ratio; PLR,
platelet-to-lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio; CI, confidence interval.

Figure 2. A forest plot of the multivariate Cox regression analysis to evaluate the predictors of the
five-year recurrence of non-muscle invasive bladder tumor.
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4. Discussion

Our data revealed that preoperative LMR and multiple tumor sites are valuable for
predicting five-year tumor recurrence after TURBT. This is the first study to evaluate the
association between preoperative LMR and bladder tumor recurrence in patients who
underwent TURBT.

Several studies have reported that peripheral inflammatory parameters, particularly
the NLR, are associated with a poor prognosis of bladder cancer in patients undergoing
radical cystectomy [13–15]. Current theories suggest that the systemic inflammatory
response is an important part of carcinogenesis, in which systemic circulating immune
molecules and innate immune cells are recruited, leading to the differentiation of leukocytes
and causing relative neutrophilia, monocytosis, and lymphocytopenia [16]. This process
might be associated with tumor angiogenesis and progression [17]. However, our study
showed that the preoperative LMR was more significant for predicting five-year recurrence
than the NLR. The lymphocytes in tumor progression play essential roles in anti-tumor
reactions by inducing the apoptosis of tumor cells [18,19]. This finding might be due to
the differences in the study populations, because our study enrolled only patients who
underwent spinal anesthesia.

Hoffmann et al. suggested that lymphocytopenia is related to an inappropriate im-
munologic response to tumor growth [6]. Moreover, monocytes were identified as regula-
tors in tumor growth and progression. In the early stage of tumor development, monocytes
are recruited from the bloodstream to the tumor and differentiate into macrophages. These
monocytes enhance tumor proliferation and tumor angiogenesis as immune suppressors
and promotors of tumor neovascularization [7]. Therefore, a low LMR represents high
tumor mutational burden and an insufficient immune reaction [6,7]. In accordance with
our results, Hutterer et al. reported that a low LMR was potentially associated with a
poor prognosis in nonmetastatic renal cell carcinoma [8]. Stotz et al. also showed that an
elevated LMR was correlated with a longer time to recurrence and a higher overall survival
in patients with stage III colon cancer [9].

In addition, the multiplicity of tumors was a significant, poor prognostic factor in
our study. Our analysis coincides with previous studies; it showed that the risk of tumor
recurrence in patients with multiple tumor sites was 4.8 times higher than those with a
single tumor. Numerous studies have reported that tumor multiplicity in a non-muscle
invasive bladder tumor was an independent risk factor of tumor recurrence [20–23]. Ac-
cording to the field effect in the tumors, the multiplicity of bladder tumors implied that the
overall mucosa had the potential for malignant change [24,25]. Therefore, the multiplicity
of tumors was its own factor of pathogenesis in non-muscle invasive bladder tumors and a
significant, poor prognostic factor associated with tumor recurrence.

Our study has several limitations. This single-center retrospective study enrolled
a small number of patients who underwent only spinal anesthesia. A previous study
reported that the type of anesthetic technique affects the tumor recurrence in patients with
non-muscle invasive bladder tumors [10]. In particular, spinal anesthesia is associated
with a lower recurrence rate of bladder tumors than general anesthesia. Therefore, the
recurrence rate among our study patients was limited. However, the results of our study
may provide information regarding more influential risk factors, since we validated these
risk factors in a low recurrence rate condition.

5. Conclusions

This study found that preoperative LMR is an independent recurrence predictor
within five years after TURBT. This result suggests that preoperative LMR provides useful
information on bladder tumor recurrence.
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Abstract: Worldwide, prostate cancer (PC) is the second-most-frequently diagnosed male cancer and
the fifth-most-common cause of all cancer-related deaths. Suspicion of PC in a patient is largely based
upon clinical signs and the use of prostate-specific antigen (PSA) levels. Although PSA levels have
been criticised for a lack of specificity, leading to PC over-diagnosis, it is still the most commonly
used biomarker in PC management. Unfortunately, PC is extremely heterogeneous, and it can be
difficult to stratify patients whose tumours are unlikely to progress from those that are aggressive and
require treatment intensification. Although PC-specific biomarker research has previously focused
on disease diagnosis, there is an unmet clinical need for novel prognostic, predictive and treatment
response biomarkers that can be used to provide a precision medicine approach to PC management.
In particular, the identification of biomarkers at the time of screening/diagnosis that can provide
an indication of disease aggressiveness is perhaps the greatest current unmet clinical need in PC
management. Largely through advances in genomic and proteomic techniques, exciting pre-clinical
and clinical research is continuing to identify potential tissue, blood and urine-based PC-specific
biomarkers that may in the future supplement or replace current standard practices. In this review,
we describe how PC-specific biomarker research is progressing, including the evolution of PSA-
based tests and those novel assays that have gained clinical approval. We also describe alternative
diagnostic biomarkers to PSA, in addition to biomarkers that can predict PC aggressiveness and
biomarkers that can predict response to certain therapies. We believe that novel biomarker research
has the potential to make significant improvements to the clinical management of this disease in the
near future.

Keywords: prostate cancer; precision medicine; tissue-based biomarkers; liquid-based biomarkers

1. Introduction

Prostate cancer (PC) was first reported in 1853 after a histological examination con-
ducted by Dr. J. Adams, a surgeon in The London Hospital [1]. Adams noted in his
description that it was ‘a very rare disease’, a comment that now contrasts greatly to
how significant PC has become in the field of oncology. Worldwide, PC is the second-
most-frequently diagnosed male cancer and the fifth-most-common cause of cancer-related
mortalities. Current estimates indicate that ~1.4 million new cases are diagnosed and
400,000 PC-related deaths occur every year [2]. In the United States of America PC alone
accounts for 26% of cancer diagnoses in men [3], while recently in the United Kingdom
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PC has overtaken breast cancer to become the most commonly diagnosed cancer [4]. PC is
more frequently identified in elderly men, with estimates indicating that ~60% of cases
are diagnosed in those older than 65 years of age [5]. Due to the aging nature of the
global population, it is thought that the social and economic impact of PC will increase
significantly over the coming years.

Prostate Cancer: Risk Classification, Treatment and Challenges

PC is a highly heterogeneous disease with widely varying clinical outcomes. Some PC
patients present with slow growing, localised cancers that do not pose an immediate
risk to overall health. These patients may never go onto develop clinical symptoms, and
in the absence of screening programmes they would never have known that they had
PC [6]. Other tumours, however, can grow rapidly, resist treatment, metastasise early
and can be fatal. Knowledge of PC aggressiveness is very important in determining the
most appropriate treatment for each patient. Current methods for stratifying patient risk
involve (i) staging, i.e., determining the extent of the tumour in the body. (ii) Gleason
grading, an indication of cancer aggressiveness based on the architecture or pattern of
the glands within the prostate. Scores range from 1 to 5, with the most common and
second most predominant scores combined to give the final Gleason score (low grade = 6,
intermediate grade = 7, high grade ≥ 8). (iii) The assessment of prostate specific antigen
(PSA) levels. Together, this information is used to determine whether a patient is within a
low-, intermediate- or high-risk group [7]. Typically, tumours will be histologically graded
using needle core biopsy tissue prior to the patient starting treatment. As Gleason grade
continues to be regarded as the greatest predictor of prognosis [8], there is a universal
dependence on biopsy samples for risk assessment and treatment selection. However, there
are many significant limitations associated with the use of tissue biopsies. PC is different
to many other tumour types in that at the time of diagnosis, 60–90% of patients have
multiple, separate and potentially diverse cancer foci scattered throughout the prostate.
These foci can develop independently and can differ in their aggressiveness [9]. Thus,
from a treatment perspective, tumour heterogeneity represents a significant challenge for
biopsy-based assays to determine PC aggressiveness, as it can lead to differences in the
grade observed between the diagnostic biopsy specimen and the final grade based upon
samples acquired following surgery [10]. From the patient’s perspective, the acquisition
of tissue biopsies is an invasive procedure and can lead to side effects that include rectal
bleeding, haematuria, infection and pain [11].

There are a variety of treatment options available to newly diagnosed PC patients [12].
Active surveillance (AS) is one option for low- or favourable-intermediate risk patients; this
involves regular testing to assess whether or not their cancer is growing or spreading. If
there are signs of disease progression, or if a patient is deemed higher risk, then definitive
treatments including radical prostatectomy (RP), radiotherapy (RT) and androgen depriva-
tion therapy (ADT) can be provided. About 87% of patients diagnosed with localised PC
are given some form of radical therapy [13]. Unfortunately, treatments such as RT and RP
can lead to substantial complications (including urinary, bowel and sexual dysfunction),
each of which can significantly affect patient quality of life [14,15].

The focus of PC-specific biomarker research has previously been on disease diagnosis.
There is, however, an increasing clinical need for the identification of novel prognostic,
predictive and treatment response biomarkers that can be used to provide a precision
medicine approach to PC management. Due to the significant complications associated with
definitive treatment, the identification of biomarkers at the time of screening/diagnosis
that provide an indication of the risk of aggressiveness is perhaps currently the greatest
unmet clinical need in PC management. Biomarkers that help fulfil this role would help
clinicians determine the most appropriate treatment strategy for newly diagnosed patients
(i.e., who should be considered for AS and who should undergo radical treatment).

Largely through advances in genomic and proteomic techniques, exciting pre-clinical
and clinical research is continuing to identify potential tissue, blood and urine-based
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PC-specific biomarkers that may in the future supplement or replace current standard
practices. This review will provide an overview of selected biomarkers that have the
potential to increase the likelihood of PC detection, reduce over-diagnosis, predict the risk
of progression and recurrence, and also give an indication of treatment response. We will
begin by discussing PSA, which is unique as a biomarker as it has can be used for both
PC detection, prognosis and to assess the effects of treatment. We will then go onto to
discuss other biomarkers that have a role in the pre-diagnostic and post-diagnostic settings.
Figure 1 and Table 1 outline where and how each of the biomarkers and their associated
tests, discussed in this review, can contribute to PC patient management.

 

Figure 1. Biomarker assays and their use in PC management. AR-V7, androgen receptor splice variant 7; CTLA-4, cytotoxic
T lymphocyte-associated protein-4; DRE, Digital rectal examination; mpMRI, multi-parametric magnetic resonance imaging;
PC, Prostate cancer; PD-1, programmed death-1; PORTOS, Post-Operative Radiation Therapy Outcomes Score; PSA, Prostate
specific antigen; PTEN, phosphatase and tensin homolog; TMB, Tumour mutational burden.
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Table 1. Overview of prostate cancer biomarker assays that are in development or have gained clinical approval. Pre-
diagnostic biomarkers (blue), biomarkers used in biopsy-proven prostate cancer cases (yellow), predictive biomarkers
(green). 3.4mt∆, 3.4-kb mitochondrial genome deletion; AR, androgen receptor; AR-V7, androgen receptor splice variant
7; BCR, biochemical recurrence; CTCs, circulating tumour cells; CTLA-4, cytotoxic T lymphocyte-associated protein-4;
miRNA, microRNAs; PARP, poly (ADP-ribose) polymerase; PC, prostate cancer; PD-1, programmed death-1; PORTOS,
Post-Operative Radiation Therapy Outcomes Score; PTEN, phosphatase and tensin homolog; RP, radical prostatectomy; RT,
radiotherapy; sncRNAs, small non-coding RNAs; TMB, Tumour mutational burden.

Test Analyte Analyte Source Outcome Provided by Test

SelectMDX mRNA Urine Probability of detecting PC after prostatic biopsy,
tumour grade

TMPRSS2-ERG score mRNA Urine Probability of detecting PC after prostatic biopsy,
tumour grade

miR Sentinel PCa sncRNAs Urine Distinguishes patients with PC from subject with
no evidence of PC, tumour grade

ConfirmMDx Methylated DNA Prostatic biopsy tissue Separates patients that have PC from those with
a true negative biopsy result, tumour grade

PCA3 mRNA Urine Probability of detecting PC after prostatic biopsy

Prostate Core Mitomic Test 3.4mt∆ Prostatic biopsy tissue Resolves false from true-negative prostatic
biopsy results

Oncotype DX Genomic Prostate
Score mRNA Prostatic biopsy tissue Tumour grade, BCR, metastasis, recurrence

Prolaris mRNA Prostatic biopsy tissue Tumour aggressiveness, metastasis
ProMark Protein Prostatic biopsy tissue Tumour aggressiveness

Decipher mRNA Primary tumour after RP,
prostatic biopsy tissue Tumour aggressiveness, BCR, metastasis

miR Sentinel CS/GH tests sncRNAs Urine Tumour grade

Ki67 Protein Primary tumour after RP,
prostatic biopsy tissue BCR, metastasis, survival

miR risk score miRNAs Serum Gleason score, BCR
PTEN Protein Prostatic biopsy tissue Gleason score, stage, metastasis, BCR, recurrence

PORTOS mRNA Primary tumour after RP Predict RT response
DNA repair defects mRNA Prostatic biopsy tissue Predict response to PARP inhibitors

AR-V7 Protein, mRNA Prostatic biopsy tissue, CTCs Predict resistance to AR signalling inhibitors or
sensitivity to taxanes

CTLA-4 and PD-1 receptors, TMB Protein, mRNA Prostatic biopsy tissue, CTCs Response to immunotherapy

2. Prostate Specific Antigen

Prostate specific antigen (PSA) is a blood-based biomarker that can be used in the
screening of patients for PC detection, in the surveillance of patients following diagno-
sis, to assess the risk of PC recurrence, and for monitoring treatment responses. PSA,
a kallekrein-like serine protease glycoprotein, is encoded by the prostate-specific gene
kallikrein 3 (KLK3) [16]. PSA is secreted by prostatic epithelial cells, with low levels of
this glycoprotein typically present in blood samples from healthy individuals. Its primary
function is to liquefy semen through proteolysis [16]. Although the specific mechanisms are
open to debate, raised PSA levels within the blood of men with PC are not due to amplified
expression of the protein, but instead result from increased release of PSA into the blood
due to the disruption of prostate architecture observed in prostate tumours [17]. While
there is no recognised defined cut-off for diagnosing PC, many clinicians consider PSA
levels ≤ 4.0 ng/mL as normal, with higher levels indicating a need for further investigation.
PC patients with unexpectedly high PSA levels have been encountered, with concentrations
as high as 23,126 ng/mL previously reported [18].

2.1. PSA and Screening

In the first large scale investigation of the clinical use of PSA, levels of this protein
were found to be associated with the clinical stage of PC, with increased levels correlated
with more advanced disease stages [19]. Later studies investigated the use of PSA in terms
of its ability to screen the population for disease, with a view to detecting early-stage
PC. These reports highlighted that, when used in conjunction with clinical findings, PSA
levels of ≥4.0 ng/mL resulted in improved PC detection [20–22]. The assessment of PSA
levels was approved by the US Food and Drug Administration (FDA) as a diagnostic
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tool for PC detection in 1994 [23]. Its use as a screening test among asymptomatic men
gained popularity, which in the US alone led to a dramatic increase in PC incidence [24].
The proportion of patients diagnosed at first presentation with metastatic disease also
reduced following its use in screening programmes [24]. However, a significant criticism
of the widespread use of PSA testing in the population was that it led to a PC diagnosis
in men that would never have otherwise been diagnosed with clinically significant PC;
the term “over-diagnosis” is often used to describe this situation [24]. Over-diagnosis, in
relation to PSA screening programmes, has been reported to range from 20–66% [25,26].
Decreasing the number of PC patients diagnosed with later stage disease, while also
increasing the number of patients receiving treatment, led to concerns that PC had become
over-treated [27]. As well as having cost implications, over-treating PC can have significant
effects on the mental and physical health of patients. As previously mentioned, even
diagnostic procedures such as a prostatic biopsy carry risks of complications [11], while the
side effects from RP and RT, which can occur in 50% of patients, can be severe. Recognised
side effects from these treatments include urinary incontinence, sexual dysfunction and
diminished colonic/rectal function [28,29].

Unfortunately, there is still debate on the extent to which PSA screening decreased
PC mortality rates observed in the 1990s. The Cluster Randomised Trial of PSA Testing
for Prostate Cancer (CAP) [30], the European Randomised Study of Screening for Prostate
Cancer (ERSPC) [31,32] and the Prostate, Lung, Colorectal, and Ovarian Cancer Screening
Trial (PLCO) [33] were three large randomised prospective trials that assessed the value
of PSA screening in asymptomatic men for PC diagnosis. While the ERSPC trial found
that screening for PC lowered PC-specific mortality and reduced the risk of developing
metastatic disease, the two other trials did not replicate these results. Even though each of
these trials assessed asymptomatic men between 50–60 years old, the trials differed greatly
in their design, with limitations associated with each of them (for example, a screening/no-
screening comparison was not strictly performed in the PLCO trial, as up to 90% of those
in the “control group” had at least one PSA test, either before the screening began or over
the course of the screening period) [34]. A recent systematic review for the US Preventive
Services Task Force (USPSTF) suggested that PSA screening does have the ability to lower
PC mortality risk, but it is linked with false-positive results, complications from resulting
biopsy procedures and over-diagnosis [26].

In 2018, the USPSTF stated that results from screening trials had failed to show
reductions in all-cause mortality and that there was inadequate evidence to suggest a
benefit from PSA screening to decrease PC mortality in men over the age of 70. They also
concluded that the net benefit of PSA-based screening for PC in men between 55–69 years is
small [28]. As a result of the uncertainty over the benefits of PSA in screening, most of the
guidelines that have been published are against mass screening, but advocate screening in
men over 50 years of age with greater than 10 years life expectancy, only after the potential
benefits and harms of screening have been outlined to the patient [28,35–37]. In contrast,
the European Association of Urology and the Memorial Sloan Kettering Cancer Center
both recommend that PSA screening should begin in well-informed men at 45 years of
age, with the interval of testing thereafter dependent on the levels observed in this first
test [38,39].

2.2. PSA and Prognosis

As well as having use in patient screening, PSA levels can also be utilised to estimate
prognosis in newly diagnosed PC patients. In general, the more elevated the PSA levels
are, the poorer the outcome [40–44]. Studies have shown that PSA levels > 20 ng/mL at
diagnosis lead to a significant decrease in 5-year survival rates, with PSA concentrations
above 98 ng/mL leading to a greater than 50% decrease in survival. The authors concluded
that these highly elevated PSA concentrations suggest the presence of more aggressive
or occult metastatic disease, thus indicating that these patients might benefit from more
aggressive treatments [42]. While this relationship between high PSA levels and poor
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prognosis is especially relevant in PC patients with low or intermediate grade PC, in
patients with high grade disease (Gleason score 8–10), lower PSA levels can actually
predict a poorer outcome [45,46]; 10% of PC patients with higher grade disease had PSA
readings of ≤2.5 ng/mL [46]. Additionally, reports have indicated that patients who
present with PSA levels lower than 4 ng/mL have a greater incidence of distant metastasis
than those with PSA concentrations between 4–10 ng/mL, 10–20 ng/mL or >20 ng/mL;
Zheng et al. inferred that clinicians should pay particular attention to those patients
with lower PSA levels, as their disease may be biologically aggressive [43]. Even though
there is a correlation between PSA levels at diagnosis and outcome, PSA has only limited
prognostic accuracy when utilised alone. To improve prognostic accuracy within the clinic,
tumour histological and clinical factors are assessed alongside PSA levels when predicting
outcome [34].

2.3. Use of PSA Following Initial Diagnosis

There are a variety of management options available to patients with newly diagnosed
PC. Regardless of the therapy chosen, PSA levels are commonly analysed following the
instigation of initial definitive treatment(s). The optimal frequency of PSA testing has yet to
be ascertained. After definitive therapy, PSA testing is advised every 6–12 months for the
first 5 years, which can then subsequently be reduced to once a year. PSA testing may be
carried out more regularly in those patients that are at a higher risk of recurrence (Gleason
score 8–10 or PSA > 20 ng/mL) [34]. PSA concentrations observed after therapy differ
depending on the treatment given. Within 2 months of RP in patients with localised PC, PSA
concentrations generally decrease to undetectable levels (<0.1 ng/mL) [34]. Two successive
increasing PSA measurements of >0.2 ng/mL is defined as biochemical recurrence (BCR)
after RP [47]. PSA concentrations reduce more slowly after RT or brachytherapy, with
concentrations of <0.5 ng/mL generally observed 6 months after treatment. Transient
increases in PSA levels may also occur post-RT within 3 years after treatment [48,49].
Increases in PSA levels of 2 ng/mL or more above the PSA nadir (also known as the
Phoenix definition of BCR [50]) is regarded as BCR after RT [51].

The clinical management of patients that exhibit BCR after primary treatment is a
controversial issue [52]. Even though BCR signifies a higher risk of clinical recurrence,
many men remain symptom-free after its manifestation. In one study, only 34% of patients
that exhibited BCR later showed signs of clinical recurrence. In those that did suffer
recurrence, 8 years was the median duration of time between BCR and metastasis, with
an additional median time to death of 5 years [53]. Clinicians therefore face the challenge
of preventing or delaying progression in those patients that are deemed to be at risk,
while also avoiding the over-treatment of men whose disease might never continue past
PSA-only recurrence. There have been attempts to distinguish factors linking BCR to the
risk of clinical recurrence; higher Gleason scores and shorter intervals to BCR have been
associated with recurrence risk after both RP and RT [54].

Because many patients that exhibit BCR never go on to develop signs of clinical
recurrence, there is still debate on whether ADT should be given early, or if clinicians
should delay administration until clinical evidence of disease recurrence is present [55,56].
While an initial study comparing immediate ADT (patients treated within 3 months of PSA
relapse) to deferred ADT (patients treated when they presented with clinical symptoms)
demonstrated that there was no difference in 5 year overall survival rates between the two
groups [57], more recent work indicates that prompt treatment with ADT may lead to better
outcomes [58]. PSA kinetics and time to PSA nadir are important indicators of response
to primary ADT treatment. However, the prognostic significance of PSA kinetics after
primary ADT continues to be controversial. Intuitively, many urologists expected that more
rapid PSA declines in response to primary ADT would be linked with extended survival.
Conversely, reports suggest that these rapid responses to treatment may be indicative
of more aggressive disease [59]. Even though ADT is advantageous in most patients
exhibiting BCR, there are men whose disease will still progress despite treatment. When
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this occurs in the absence of any metastatic disease, it is known as non-metastatic castrate-
resistant prostate cancer (nmCRPC). Castrate-resistant disease is often distinguished by
two successive PSA increases when testosterone levels are <0.5 ng/mL [60].

Whilst the majority of men diagnosed with localised PC may be cured, their risk of
treatment failure and death from subsequent metastatic disease increases significantly with
their risk grouping at diagnosis (for example, at least 50% of all high-risk patients will not
be cured). ADT is the standard initial treatment for those patients that develop distant
metastases [61]. Although sequential PSA measurements can be used to assess response to
ADT, validated definitions of disease progression or response to treatment with regard to
PSA levels have yet to be established for this scenario. However, studies have demonstrated
that advanced PC patients with a PSA measurement of <4 ng/mL after around 7 months
of ADT have an improved outcome compared to patients with PSA levels > 4 ng/mL [62].
Additional studies have similarly shown that lower PSA measurements after ADT lead
to better outcomes [63]. As is the case with localised disease, resistance to ADT also
occurs in the metastatic setting, leading to the formation of metastatic castrate-resistant
prostate cancer (mCRPC). PSA can be utilised to evaluate the response of mCRPC to
treatment [64–67].

3. Techniques to Improve the Diagnostic Accuracy of PC

As previously discussed, over-diagnosis and over-treatment are two well-documented
issues of the use of PSA for screening and monitoring programmes. Richard Albin, who
is credited with the discovery of PSA [68], published “The Great Prostate Hoax” in 2014,
where he discusses how he never intended for his discovery to be used in a PC screening
program, highlighting its two major limitations: (i) it is not cancer-specific and (ii) it cannot
differentiate between slow growing and aggressive cancers. The low specificity of PSA
for detecting disease can lead to a considerable number of men undergoing unnecessary
biopsies in order to exclude or verify the presence of malignancy. This situation arises
largely because various non-cancerous processes such as trauma, prostatitis and benign
prostatic hyperplasia (BPH) can lead to increased serum PSA levels [17]. BPH is a significant
confounding factor for PC diagnosis as the occurrence of this condition increases with
age, with a prevalence of 8%, 50% and 80% reported in men in their 30s, 50s and 80s,
respectively [69]. The number of false positive PSA-based diagnoses will of course depend
on the threshold used. In the ERSCP trial a PSA threshold of ≥3.0 ng/mL was used to
determine if a biopsy was required; approximately 75% of men who presented with PSA
levels ≥ 3.0 ng/mL were confirmed as PC negative following a biopsy procedure [31]. PSA
screening can also suffer from false negative results; it has been estimated that a cut off of
4.0 ng/mL will miss around 15% of PC cases, of which around 15% will have advanced
Gleason scores [70], and that a cut off value of 4.1 ng/mL will only detect ~20% of PC
cases [71]. In an attempt to overcome these limitations, studies have investigated the use of
various PSA parameters/dynamics, along with the use of additional or adjunct tests, to
improve the diagnostic specificity and prognostic potential of PSA (Table 2).
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Table 2. Overview of PSA-based diagnostic and prognostic assays. fPSA, free PSA; hK2, human kallikrein 2; iPSA, intact
PSA; PHI, Prostate Health Index; PSA, prostate specific antigen; SNPs, single nucleotide polymorphisms.

Test Fluid Target

PSA density Serum PSA
PSA dynamics Serum PSA

%fPSA Serum PSA and fPSA
PHI Serum PSA, fPSA, [2]proPSA

4Kscore Serum PSA, fPSA, iPSA, hK2
STHLM3 model Serum PSA, fPSA, iPSA, hK2, beta-microseminoprotein, macrophage inhibitory cytokine 1, 232 SNPs

PSA glycosylation Serum α2,3-sialylated PSA
epiCaPture Urine PSA and methylated GSTP1, SFRP2, IGFBP3, IGFBP7, APC, PTGS2

3.1. PSA Density

PCs can produce increased levels of PSA per volume of tissue compared to benign
prostatic conditions. To take into account prostate volume, PSA density (PSAD) was
introduced in the early 1990s by Benson et al. This was done in an attempt to improve the
accuracy of serum PSA testing to distinguish between small-volume organ-confined PC
and BPH [72]. PSAD is calculated by dividing serum PSA by the volume of the prostate
gland, measured by either transrectal ultrasound or magnetic resonance imaging. Studies
have shown that PSAD has the potential to influence biopsy decisions by helping to identify
men that harbour clinically significant PC [73–76], with PSAD becoming a better marker for
predicting clinically significant PC as PSA levels increase [77]. Further work has exhibited
the potential of PSAD to determine PC aggressiveness and predict the presence of adverse
pathology in patients undergoing RP [78,79]. These results suggest that PSAD may play a
role in risk stratification, which could be especially important when deciding which patients
may be eligible for AS [79–81]. Overall, PSAD represents a simple, inexpensive tool that, if
validated, has the potential to identify patients that may forego unnecessary biopsies.

3.2. PSA Dynamics

Changes in PSA parameters including doubling time (PSADT, time required for PSA
levels to double) and velocity (PSAV, the rate of PSA change/year) can provide additional
information over the evaluation of total PSA alone. Carter et al. introduced the concept of
PSAV in 1992, performing multiple PSA measurements on serum samples obtained from
men between 7–25 years prior to histological diagnosis or exclusion of PC; they found
that while absolute PSA levels did not significantly differ between men with BPH and
PC, the rate of change of PSA was significantly greater in those subjects with PC. They
concluded that PSAV may act as an early biomarker for the development of PC [82]. Since
this initial study, there has been some debate on the value of PSAV for diagnosing PC or
providing a prognosis for PC in patients under AS [83,84]. However, there are studies that
indicate that PSAV has potential as a prognostic/predictive biomarker in patients treated
with RP [85–88] and RT [89,90]. The evidence thus far indicates that PSAV has better value
in the post-treatment setting rather than in the pre-treatment setting. PSADT has shown
promise as a predictive biomarker for PC detection on repeat biopsy, thus exhibiting the
potential it has in the avoidance of unnecessary biopsies [91]. Studies have also assessed
the clinical significance of PSADT before definitive therapy; here patients that exhibit
longer pre-operative doubling times have been shown to have a better prognosis following
treatment [92]. PSADT can additionally be used to monitor PC recurrence/progression
following curative therapy [53,93], with a doubling time of <3 months associated with
reduced survival times [93]. More recent work has demonstrated that PSADT can predict
the occurrence of metastasis [94–96]. Although measuring PSAV and PSADT can provide
additional information over the evaluation of total PSA alone, to date there is a lack of clear
evidence to endorse the sole use of PSA dynamics in the clinic. Further prospective studies
comparing the analysis of PSAV, PSADT and PSA are required [97].
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3.3. Molecular Forms of PSA

PSA can exist in multiple forms within the blood. PSA found in serum can be clas-
sified as either free PSA (fPSA) or complexed PSA (cPSA). Whereas fPSA is unbound to
carrier molecules/proteins, cPSA is bound to protease inhibitors (α1-antichymotrypsin,
α2 macroglobulin or α1-antitrypsin) [98]. Assays that can measure these molecular forms
can provide additional information over the assessment of total PSA levels [99–101]. fPSA
levels are generally expressed as a percentage of total PSA (%fPSA). In general, men with
PC have decreased levels of %fPSA when compared against men without PC [34]. As fPSA
levels tend to decrease with PC, it can distinguish PC from BPH [99]. Unfortunately, there
are limitations to the assessment of fPSA; this free form is less stable than complexed PSA
in the blood, meaning sample processing has to be done soon after collection [102]. Addi-
tionally, DRE and biopsy procedures lead to a rise in the amount of fPSA in the blood [103].
Increasing prostate volumes have also been shown to lead to increased %fPSA values; as
such, %fPSA is thought to only provide reliable data in patients whose prostate volume
is <40 cm3 [104].

Studies have suggested that the measurement of fPSA can be most beneficial in
patients whose PSA levels are between 4–10 ng/mL, with some reporting that the use
of fPSA can provide a diagnostic sensitivity of 95% and a specificity of 93%; however,
others have reported poorer corresponding values of 75% and 32% [105]. A meta-analysis
carried out to assess the accuracy of measuring %fPSA for the diagnosis of PC in men
with PSA concentrations ranging from 4–10 ng/mL demonstrated that this test had low
sensitivity and specificity. The authors concluded that %fPSA is neither sensitive nor
specific enough to be utilised by itself, and the results of these tests need to be combined
with additional diagnostic methods in helping to inform whether a prostatic biopsy is
required [105]. Oto et al. recently explored the potential of %fPSA when merged with
other factors, demonstrating that the combination of %fPSA with total PSA and age in a
predictive model increased the diagnostic potential of total PSA [106].

To circumvent some of the issues encountered with %fPSA, studies have investigated
the use of molecular forms of PSA in diagnostic assays, including intact PSA (iPSA) and
[2]proPSA [107]. The Prostate Health Index (PHI) assay, the 4-kallikrein panel (4Kscore)
and the Stockholm-3 (STHLM3) model are each multiplex tests that incorporate various
molecular forms of PSA. Each of these assays are detailed in the subsequent sections.

3.4. Prostate Health Index

The PHI assay was developed to aid the detection of clinically significant PC. It is a
score derived from total PSA, fPSA and [2]proPSA values using the formula ([2]proPSA/
fPSA) × √

total PSA [108]. [2]proPSA is a peptide precursor to mature PSA that is prefer-
entially produced in malignant cells [109]. The perceived advantage of this test is that it
allows clinicians to evaluate individual PSA parameters in combination with the overall
score produced. The chief use of PHI within the clinic is to lower the number of unnecessary
biopsies acquired from patients with PSA levels that are considered borderline, without
losing the detection of aggressive tumours.

The PHI test was approved in 2012 by the FDA for use in patients over 50, with
PSA readings between 4–10 ng/mL and a negative DRE. Studies have shown that PHI is
superior to %fPSA and total PSA in the detection of PC [110–116]. This greater accuracy
in the detection of PC was particularly apparent in patients with PSA levels between
2–10 ng/mL [113]. PHI has also shown increased predictive accuracy for clinically signifi-
cant/aggressive disease when compared against %fPSA and total PSA [116–120]. Between
15–45% of unnecessary biopsies can be avoided using the PHI test, depending on the cut-off
values used [121]. The capacity of PHI-density (determined by dividing the PHI score by
the prostate volume) to distinguish clinically significant PC has also been shown [122,123].
The combination of PHI with multi-parametric magnetic resonance imaging (mpMRI) has
also been assessed, with PHI helping to determine the need for re-biopsy and improving
the detection of clinically significant PC [123,124].
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The PHI score has been demonstrated to impact patient management in the clinic,
leading to biopsy deferrals when the patient PHI score was low and the decision to
carry out a biopsy when the PHI score suggested that there was an intermediate/high
probability of PC being present [125]. From a health-economic perspective, the cost-
effectiveness of including PHI in the decision-making process for whether a prostatic
biopsy is required has also recently been demonstrated [126,127]. As well as lowering the
number of unnecessary biopsies, the prediction of BCR following RP is another potential
use for the PHI test [128,129]. There are, however, some difficulties associated with the
use of this test in the clinic. While it has been shown that PHI is an effective tool for risk
stratification in both Asian and European populations, reports indicate that differing PHI
reference ranges should be employed for distinct ethnic groups [130]. Like fPSA, studies
have demonstrated that [2]proPSA also has some issues with molecular instability [131].

3.5. Four-Kallikrein Panel

Human kallikrein 2 (hK2) is a serine protease that shares 80% sequence homology with
that of PSA. Studies have indicated that hK2 may have a role in distinguishing between
patients with PC and those without malignant disease, while also having the ability to
predict stage, grade and BCR in those patients treated with RP [132]. Using serum samples
from the ERSPC trial, a prediction model was produced based on a panel of 4 kallikrein
markers: total, free and iPSA in combination with hK2 levels. Commercialised by Opko
Diagnostics, the 4-kallikrein panel (4Kscore), in conjunction with patient clinical data
(age, DRE and previous biopsy results), generates a risk of the presence of high-grade PC.
This model led to a better discrimination of high-grade PC when compared against total
PSA and clinical variables alone [133–136].

Like %fPSA and PHI, the primary aim of the 4Kscore is to reduce disease over-
detection by helping clinicians decide which patients require a biopsy. Its use is currently
recommended in men undergoing either an initial or a repeat biopsy. The results from a
large, prospective multi-institutional trial showed that the 4Kscore distinguished patients
that had a Gleason score ≥7 from those that scored <7. Using a 6% cut-off value, the
authors suggested that 30% of biopsies could be avoided whilst delaying a diagnosis
of high-grade PC in only 1.3% of patients [137]. Further studies have demonstrated
the potential of the 4Kscore to predict the presence of clinically significant PC [138–143].
As with PHI, the 4Kscore test has also been assessed when used in combination with
mpMRI, with results showing that the 4Kscore improved the prediction of high-grade PC
when utilised alongside mpMRI [144]. The ability of the 4Kscore to identify the presence of
aggressive cancers across multi-ethnic populations has also recently been exhibited, thus
demonstrating its wide clinical applicability [145].

Studies have established that use of the 4Kscore has the potential to significantly
influence clinician and patient decision-making processes, leading to a reduction in the
number of biopsies performed, while also increasing the likelihood of identifying aggres-
sive PC [146]. The capacity of the 4Kscore to significantly reduce costs while also enhancing
the quality of patient care has also been shown [147,148]. Other studies have investigated
the 4Kscore for its ability to predict distant metastasis; 4Kscores from patients assessed at
50 and 60 years of age can stratify men into two cohorts in terms of their risk of developing
metastatic disease 20 years following diagnosis [149].

3.6. The STHLM3 Model

Genome-wide association studies have produced convincing evidence for a genetic
predisposition for PC in some patients. Single nucleotide polymorphisms (SNPs) have
been described which account for around 30% of the hereditary risk for PC, offering novel
areas for exploration into the pathogenesis of this disease [150]. The combination of a
genetic score centred on these SNPs with PSA to improve the specificity of PSA testing
alone has been investigated [151,152]. STHLM3 is a risk-based model for PC screening that
combines 232 SNPs, a combination of plasma protein biomarkers (PSA, iPSA, fPSA, hK2,
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beta-microseminoprotein and macrophage inhibitory cytokine 1) and clinical variables
(family history, age, prostate exam and previous biopsies) [153]. Studies have found that
this model performed better than PSA alone for the detection of high-risk PC, exhibiting its
potential to improve PC diagnosis by significantly reducing the number of unnecessary
biopsies taken, while also preserving the same sensitivity to diagnose clinically significant
PC [153–157].

3.7. PSA Glycosylation

Glycans are saccharides that can be bound to lipids, proteins and other glycans
through glycosylation. Glycosylation is thought to be the most frequent post-translational
modification and is essential to nearly all biological processes that occur in the body [158].
Aberrant glycosylation is a widespread characteristic within cancer cells that has been
identified in most cancer types, and is often referred to as a “hallmark of cancer” [159].
A SNP that has an effect on PSA glycosylation has recently been linked to PC risk [160].
Developments in mass spectrometry technology have led to further research into glycan
structures on tumour-associated proteins; differing studies have assessed whether a glycan
signature on PSA may be utilised to improve its clinical efficacy [161]. The extent to which
a protein/lipid is glycosylated is dependent on the expression of specific glycosylation
enzymes in a cell, as well as the quantity of glycosylation sites present [162]; PSA contains
a single N-glycosylation site [161]. Variations in PSA glycosylation states have been
shown to occur in both PC cell lines [163] and in blood samples from patients with and
without PC [164]. So far, around 50 PSA glycoforms have been defined, with some of
these found to be present in aggressive PC. In particular, α2–3-linked sialic acid alterations
to PSA in clinical samples have gained the most interest from researchers. The ability
of α2,3-sialylated PSA to diagnose PC has been reported [165], with further studies also
demonstrating its potential to differentiate high-risk PC from low- and intermediate-risk
PC and BPH patients [166,167].

3.8. DNA Methylation

Epigenetic processes can affect the expression of genes, leading to alterations in
malignancy-associated phenotypes including angiogenesis, growth, invasion and mi-
gration. Numerous alterations in DNA methylation have been distinguished between
cancerous and benign prostate tissues [168]. As a result, aberrant DNA methylation is
an epigenetic change that has promise as a diagnostic or prognostic PC biomarker [169].
The Epigenetic Cancer of the Prostate Test in Urine (epiCaPture) is a DNA methylation
urine test for high-risk PC. It is designed to measure DNA hypermethylation within the
regulatory regions of six PC-associated genes (GSTP1, SFRP2, IGFBP3, IGFBP7, APC and
PTGS2) [170]. Increased methylation levels within epiCaPture genes have been shown to
be associated with higher PC aggressiveness. The authors concluded that epiCaPture could
be used as an adjunct to PSA, aiding in the selection of patients that should undergo a
prostatic biopsy [170].

4. Alternative Diagnostic Biomarkers to PSA

There are biomarkers other than PSA that have a role in the pre-diagnostic setting.
The ideal biomarker here should have the ability to increase the likelihood of identifying
clinically significant PC on biopsy tissues, while also leading to the avoidance of biopsies
in men who do not require one due to the absence of clinically significant PC. These
types of biomarkers can be categorised into those employed to decide who to biopsy
(SelectMDX, TMPRSS2-ERG score and the miR Sentinel test) and those utilised to choose
when to re-biopsy (ConfirmMDx, prostate cancer antigen 3 [PCA3] and the Prostate Core
Mitomic Test).
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4.1. SelectMDx

The SelectMDx assay is a urine-based test designed to give the probability of detecting
PC after a biopsy, in addition to the likelihood of low-grade versus high-grade disease.
SelectMDx is performed after prostatic massage, with mRNA levels of DLX1 and HOXC6
genes (reported to be good predictors for the detection of high-grade PC [171,172]) mea-
sured within the urine through qRT-PCR. DLX1 and HOXC6 gene expression levels are then
combined with clinical parameters (PSA density, age, DRE and family history information).
Van Neste et al. postulated that the use of this test could lead to a 42% decrease in the
total number of biopsies carried out, with a 53% reduction in the number of unnecessary
biopsies [172]. Further studies have shown that this test can help clinicians identify men
at risk of clinically significant PC, thus aiding the initial biopsy decisions and helping to
reduce the number of unnecessary biopsies [173–175]. Analyses have indicated that the use
of SelectMDx before proceeding to biopsy could lead to an increase in quality-adjusted life
years (a measure of disease burden that takes into account both the quantity and quality of
life lived) while also saving healthcare costs [176–178]. The SelectMDx test was included
in the 2020 National Comprehensive Cancer Network (NCCN) guidelines for the early
detection of PC. While there have been reports indicating that SelectMDx outperforms
other tests such as PHI in screening for the presence of high-grade PC before biopsy [179],
more recent papers have led to questions over the worth of the SelectMDx assay [180,181].

4.2. TMPRSS2-ERG Score

Chromosomal translocations are a common occurrence in cancer [182]. Tomlins et al.
identified candidate oncogenic genomic rearrangements based on outlier gene expression;
through this method, they discovered chromosomal translocations that lead to the fusion
of the androgen-regulated gene transmembrane protease serine 2 (TMPRSS2) and ETS
transcription factors (predominantly ETS-regulated gene [ERG]), also known as TMPRSS2-
ERG [183]. Experiments indicated that the androgen-responsive promoter of TMPRSS2
facilitated the overexpression of ERG in PC [183]. This chromosomal rearrangement has
been identified in pre-cancerous prostatic conditions (e.g., intraepithelial neoplasia) and
has been shown to be specific to PC [183–187]. TMPRSS2-ERG gene fusions occur in ~50%
of PCs [186,188,189]; in those cases that overexpress ERG, up to 90% will be positive for
the gene fusion [183,190–192].

Similar to the SelectMDx test, qRT-PCR can also be used to measure TMPRSS2-ERG
mRNA in urine samples following prostatic massage. Simultaneous assessment of PSA
mRNA allows a TMPRSS2-ERG score to be generated from the TMPRSS2-ERG mRNA/PSA
mRNA ratio. Studies have illustrated that the assessment of TMPRSS2-ERG gene fusions
in urine has the potential to predict the diagnosis of PC from subsequent prostatic biopsy
samples [188,193]. Others have shown a correlation between TMPRSS2-ERG gene fusion,
grade [194,195] and stage [196] at diagnosis, with analysis of the gene fusion also demon-
strated to have the ability to predict the risk of clinically relevant PC after a prostatic
biopsy [189]. Studies have additionally investigated whether TMPRSS2-ERG gene fusions
can be utilised to assess PC aggressiveness in patients undergoing AS, thereby having use
as a prognostic biomarker when assessed in prostatic tissues samples [190].

4.3. miR Sentinel Test

Exosomes and prostate-specific exosomes (prostatosomes) are small (30–150 nm) dou-
ble lipid membrane-bound extracellular vesicles that are generated within cells through
internal budding of multi-vesicular body membranes. For endosomal contents to be re-
leased from cells, they require endocytosis and fusion of their membranes with the cellular
plasma membrane. The contents of prostatosomes can be released into urine, semen and
blood, with these prostatosomes containing various molecules including proteins, lipids
and nucleic acids [197]. These substances not only play key roles in cellular signalling, but
have also been shown to be regulators of tumourigenesis and cancer progression, including
immune suppression, angiogenesis, cell migration and invasion [198]. As such, prostato-
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somes are a rich source of biomarkers for PC diagnosis and prognosis. In comparison to
men without disease, PC patients have increased numbers of serum-detected exosomes,
with reports indicating that these higher levels may also correlate with higher Gleason
scores [199]. Prostatosomal contents including PSA and TMPRSS2-ERG have also been
detected within urine-derived exosomes from PC patients [200].

The miR Sentinel test is a recently developed platform that analyses small non-coding
RNAs (sncRNAs) acquired from urinary exosomes [201]. This platform consists of three
different tests; the Sentinel PCa test (distinguishes patients with PC from those in which
there is no evidence of PC), the miR Sentinel CS test (differentiates patients that have PC into
those with low-risk disease and those with intermediate/high-risk PC) and the miR Sentinel
GH test (classifies patients with PC into those with low- and favourable intermediate-risk
disease and those patients with high-risk PC). Each of the tests demonstrated sensitivities
and specificities above 90%, highlighting their potential to diagnose and classify PC in a
non-invasive manner with great precision [201]. Further validation of these tests is required
in other independent patient cohorts and racially diverse patient groups.

4.4. ConfirmMDx

ConfirmMDx (MDxHealth, Inc) is an assay based upon DNA methylation and is
designed to separate patients that have PC from those with a true negative biopsy re-
sult. The methylation status of Glutathione S-Transferase Pi 1 (GSTP1), Ras association
(RalGDS/AF-6) domain family member 2 (RASSF2) and Adenomatous Polyposis Coli
(APC) are evaluated using this assay [202]. The assay requires a minimum of eight core
biopsy specimens obtained from specific prostatic regions. The advantage of using this
assay is that molecular DNA alterations in prostatic cells that are adjacent to PC lesions,
which would otherwise be diagnosed as histologically benign, can be identified. This is
a result of the “halo effect” that the tumour has on surrounding normal tissues [203].
A positive ConfirmMDx result in biopsy tissue that has been labelled as cancer negative
by a pathologist indicates that tumour cells were missed in the biopsy procedure. Thus
far, its use has been validated in two different studies [202,204], exhibiting the potential
ConfirmMDx has in helping to decrease the number of unnecessary repeat biopsies. In
those patients that produce positive results, DNA methylation intensities also aid in the
identification of men with high-grade disease [205]. While previous work was predomi-
nantly carried out in Caucasian men, recent work has demonstrated that this test is also
effective in African American patients [206]. The Prostate Assay Specific Clinical Utility at
Launch (PASCUAL) study (NCT02250313) is currently underway, examining the clinical
value of the ConfirmMDx test in urologic practices within the US.

4.5. PCA3

The prostate-specific PCA3 gene encodes a non-coding RNA that exhibits up to a
66-fold upregulation in prostatic tumours, with studies showing it to be present in >90% of
PC cases [207–209]. In light of encouragingly high sensitivity and specificity results from
tissues, numerous studies investigated the assessment of PCA3 levels non-invasively using
urine [209–211]. Through qRT-PCR, PCA3 mRNA can be readily measured in urine samples
following prostate massage. A PCA3 score is calculated from the PCA3 mRNA/PSA mRNA
ratio, multiplied by 1000. Analysis of PSA mRNA levels, as performed in the TMPRSS2-
ERG score assay, is required to control for the quantity of prostate epithelial cells in the
urine. A score below the cut-off of 25 is interpreted as a negative result (there is a decreased
likelihood of PC being present), with scores ≥25 indicating an increased probability that PC
is present. However, there is debate over what PCA3 cut-off score should be used [212,213].

The PCA3 Progensa test was approved by the FDA in 2012 for use in suspect PC cases
with equivocal PSA/DRE/biopsy results. Studies have demonstrated that PCA3 has an
acceptable diagnostic accuracy and can help guide decisions on whether or not to carry out
an initial biopsy, thus reducing the number of unnecessary biopsies [214]. The addition
of PCA3 scores to individual risk estimation models, which included clinical factors, age
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and patient race, has been shown to improve PC stratification [215]. Wei et al. concluded
that PCA3 measurement can reduce the under-detection of high-grade disease in initial
prostatic biopsies, while also minimising the over-detection of low-grade PC in repeat
biopsies [215]. Other studies have also demonstrated that PCA3 can supplement PSA and
other clinical information to help give a more accurate prediction of the outcome from
repeat biopsies [216,217].

As with the previously discussed biomarkers, the combination of PCA3 score with
mpMRI has also been examined. The PCA3 score in men with a suspicious area for PC
after mpMRI was higher than that of patients with no suspicious regions post-mpMRI;
these results indicated that the PCA3 test could be used to pick those patients that should
be referred for an mpMRI scan [218]. The addition of the PCA3 score to mpMRI was also
shown to improve the predictive accuracy of mpMRI [219,220]. New methods for PCA3
detection are under development to enable PCA3 tests to be carried out in developing
countries and to allow the assay to be used as a point-of-care test [221–224].

Studies have indicated that PCA3 could be employed to influence decisions between
AS and more radical treatment options. It has been suggested that a threshold score of
20 could be used to identify men with clinically insignificant PC who would be eligible
for AS, while a threshold of 50 could identify men at higher risk of having clinically
significant PC who are good candidates for radical therapy [213]. However, the correlation
of PCA3 score and PC aggressiveness is under debate, with some studies exhibiting a
relationship between PCA3 score and Gleason score [225–229], whilst other do not [230,231].
Additionally, comparative studies indicate that PHI outperforms PCA3; PHI exhibited
increased accuracy for PC prediction in initial and repeat biopsies [232], with PHI also
superior in the detection of aggressive disease [233]. While it is improbable that PCA3 will
replace PSA as the frontline biomarker for PC, the measurement of both PCA3 and PSA
could lead to greater specificity for PC diagnosis.

4.6. Combined PCA3 and TMPRSS2-ERG Tests

Considering the significant heterogeneity seen within PCs, and the fact that not all PCs
will express PCA3 or possess TMPRSS2-ERG gene fusions, researchers have investigated
the use of multiplexed assays using both PCA3 and TMPRSS2-ERG gene fusions to improve
PC diagnosis [188,189]. The Mi-Prostate Score and ExoDx Prostate IntelliScore (EPI) test
are examples of these assays. The Mi-Prostate Score uses PCA3 and TMPRSS2-ERG urine
scores with serum PSA levels; this combination was shown to enhance the ability of serum
PSA to predict PC [234,235]. The EPI assay is an exosome-based urine assay which does not
require a prostatic massage. It assesses PCA3 and TMPRSS2-ERG mRNA levels, with the
SAM pointed domain-containing Ets transcription factor analysed for RNA normalisation.
The EPI assay has been suggested for use in men with increased PSA levels in order to give
a risk assessment for the presence of clinically significant PC at the initial biopsy [236,237].
The EPI test also has the potential to rule out the presence of high-grade disease using
repeat biopsy tissues [238]. Results from the EPI test have been shown to influence biopsy
decision making within the clinic [239]. Trials to confirm the performance of the EPI
assay in men presenting for initial (NCT04720599) and repeat (NCT04357717) biopsies are
currently underway.

4.7. Prostate Core Mitomic Test

Various cumulative genetic and epigenetic alterations within a cell contribute to the
process of cell transformation. Although some of these genetic changes lead to cancer
formation, early genetic alterations can lead to the growth of pre-neoplastic daughter cells
in a particular area of the tumour field. While changes in cellular morphology enable the
transformed cells to be diagnosed through histopathology, a population of pre-neoplastic
daughter cells may be present that would not be diagnosed using this method, illustrating
the concept of field cancerisation [240]. In PC, molecular field characterisation has been
described for gene expression profiles and genomic instability. One study demonstrated
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that a 3.4-kb mitochondrial genome deletion (3.4mt∆) had potential as a biomarker for
PC detection using biopsy samples. As a result of field cancerisation, the levels of 3.4mt∆
in clinical samples from malignant biopsy specimens were similar to the levels that were
acquired from samples close to the malignant tissue. The authors concluded that large-scale
mitochondrial DNA deletions may have use in the diagnosis of PC through their ability
to define benign, malignant and proximal to malignant tissue, thereby helping resolve
false from true-negative results [241]. The utility of this 3.4mt∆ in identifying men who
do not need a repeat biopsy has been shown [242]. The Mitomic Prostate Core Test was
subsequently developed for use in existing negative prostate biopsy tissue to assess if PC
was missed in the initial biopsy. Further studies have demonstrated the usefulness of this
assay in addressing sampling error issues encountered with prostate needle biopsies, with
the test contributing to the earlier detection of PC when clinicians included the test in their
re-biopsy decision-making process [243].

5. Biomarkers That Can Predict PC Aggressiveness

Definitive treatment for PC can lead to significant complications. Biomarkers that
give an indication of disease aggressiveness in patients who have already been diagnosed
would help clinicians decide who should be considered for AS and who should undergo
radical treatment. This would assist in the identification of patients who could benefit from
treatment, while also reducing the treatment risks and economic costs for those who are
unlikely to benefit.

5.1. Oncotype DX Genomic Prostate Score Assay

Predictive gene expression signature assays have been developed to help identify
cohorts of patients that gain specific benefits from certain therapies. Signatures of breast
cancer RT and chemotherapy response [244,245], and also treatment-predictive signatures
for lung cancer [246] are successful, clinically useful examples of these. The Oncotype
Dx assay, developed by Genomic Health, is a commercial gene signature assay that has
gained significant popularity for identifying cohorts of breast cancer patients that gain
benefit from adjuvant chemotherapy [247]. As a result of successful studies in breast,
the applicability of an adapted test to PC has been examined. The Oncotype DX Genomic
Prostate Score assay is carried out on prostatic biopsy tissue. It was designed to aid
treatment selection at the time of diagnosis in patients with low- or intermediate-risk
disease, enabling both patients and clinicians to make more informed choices between
AS and immediate radical treatment [248]. This test is based on the expression pattern of
12 genes that characterise four separate pathways known to be involved in PC development
and progression (proliferation, cellular structure/organisation, stromal interactions and
androgen signalling), along with five housekeeper genes. A final Genomic Prostate Score
(GPS) ranging from 0–100 is calculated. This GPS can provide predictive information
regarding the risk of identifying adverse pathology after RP (higher grade and stage
disease) [248–252], aids in determining the risk of PC recurrence after surgery [250], and can
also ascertain the risk of BCR and distant metastasis [250,252–254]. The cost-effectiveness
of the GPS assay in directing treatment decisions (AS versus immediate treatment) has also
been reported [255,256].

However, more recent work has highlighted some limitations of the Oncotype DX GPS.
Lin et al. tested the value of the GPS in predicting the presence of higher-grade disease
at surgery in low-risk PC patients who were treated with RP after initial surveillance.
They found that GPS did not significantly improve the stratification of risk for adverse
pathology over the measurement of PSAD and diagnostic Gleason Grade alone [257].
Another study showed that the histopathological features which are present in PC biopsies,
but are not usually reported, correlated with the GPS score. The authors suggest that more
comprehensive analysis of PC histopathology could be used as a substitute for some of the
information obtained from this test [258].
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5.2. Prolaris

The Prolaris assay, developed by Myriad Genetics, is a tissue-based test intended for
use in patients with newly diagnosed localized low- or intermediate-risk PC. This test is
designed to enable clinicians to better define a monitoring/treatment strategy for these
patients, identifying those who can be directed safely to AS and those that would benefit
from treatment intensification. It is based on the expression patterns of 31 genes involved
in cell cycle progression (CCP), in addition to 15 housekeeper genes. Overexpression of the
CCP genes suggests that the cancer cells are rapidly dividing, while decreased expression
signifies slower growth and a less aggressive cancer [259]. The Prolaris score or CCP score
is reported on a scale ranging from 0 to 10, where higher scores are indicative of a more
aggressive tumour [260]. The CPP score has been shown to give significant pre-treatment
prognostic information that can be used to help determine which patients can be managed
conservatively [261,262], with additional studies demonstrating that this assay has the
ability to provide prognostic information for men undergoing either RP [259,263–266] or
RT [267]. Higher CCP scores have also been shown to be linked with a higher risk of
systemic disease [268] and can predict metastasis after either RT or surgery [269]. Results
from the Prolaris assay have influenced therapy decisions within the clinic; there has been
an increase in the proportion of patients undergoing AS in those that have been classified
as low-risk by the Prolaris test, and intensification of treatments in those whose test results
indicted the presence of more aggressive cancer [270–272]. While the potential benefits of
the Prolaris assay have been exhibited, its value is limited by the retrospective nature of
many of the studies performed; largescale, prospective trials are needed [260]. Additionally,
the cost-effectiveness of the Prolaris test is still under debate [273,274].

5.3. ProMark

The ProMark quantitative immunofluorescence test was developed in an attempt to
give clinicians the ability to predict PC aggressiveness, irrespective of whether biopsy cores
came from low- or high-grade tumour regions, therefore accounting for sampling variation
and PC heterogeneity. In a study carried out by Shipitsin et al., tissue regions with the
lowest and highest grades were isolated in prostatectomy samples from the same patients;
a panel of protein biomarkers was identified that predicted PC aggressiveness and outcome
from both low- and high-grade areas [275]. This test is based on the expression patterns
of eight proteins (DERL1, CUL2, SMAD4, PDSS2, HSPA9, FUS, pS6 and YBOX1) with
known functions related to proliferation, tumour-associated signalling pathways and stress
response, altogether providing information about tumour aggressiveness from formalin-
fixed, paraffin-embedded (FFPE) tissues [276]. The primary function of the ProMark test is
to separate candidates for AS from those that require RP, in addition to ascertaining those
patients with favourable/non-favourable pathology. Although not yet validated, the test
has the potential to accurately stratify low- and high-risk PC patients using biopsy samples.

5.4. Decipher

The Decipher test, developed by GenomeDx, is a genomic signature that was devel-
oped to help identify aggressive PC and improve the prediction of early PC metastasis
using information from the primary tumour after RP. This test analyses the RNA expression
levels of 22 genes (involved in cellular differentiation, proliferation, cell cycle, motility,
adhesion, immune modulation and androgen signalling) detected in the primary tumour
and was developed by modelling differential RNA expression patterns in early metastatic
tissues versus controls [277]. The final Decipher score ranges from 0–1, with higher scores
(0.61–1) associated with a higher probability of metastasis. This genomic classifier has
gained interest for its use in patients after RP and can predict both the 5- and 10-year
metastatic risk [278–280]. A recent meta-analysis conducted by Spratt et al. showed that
Decipher can improve the prognostication of patients post-RP; the 10-year cumulative
metastatic incidence rates after RP were 5.5%, 15.0% and 26.7% for patients that were
deemed low-, intermediate- and high-risk using the Decipher test [281]. These results
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are supported by another study showing that transcriptional profiles can stratify patients
into cohorts, separating those who will develop metastasis after RP from those who will
not [282]. A recent study highlighted how Decipher, in combination with standard clini-
copathologic variables, can lead to better risk-stratification when combined with current
guidelines [283]. While the test was developed from the analysis of primary tissue after RP,
the ability of the Decipher test to predict metastasis using biopsy tumour tissue has also
been shown [284,285].

The potential of Decipher to predict BCR after surgery has also been established [286].
Patients exhibiting BCR after RP often have varied outcomes and thus present a manage-
ment dilemma to clinicians; initial studies showed the ability of the Decipher test to predict
metastasis in these patients, exhibiting its potential to identify men who require earlier ini-
tiation of treatment after BCR [287]. More recent studies have demonstrated that Decipher
can be used to predict the absence of adverse pathology in low- and intermediate-risk PC
patients, with the authors suggesting that Decipher may have a role in predicting which
newly diagnosed patients are good candidates for AS [288]. Furthermore, Decipher scores
have been shown to have potential in determining those patients who are most suitable
for RT following RP [289,290]. The ability of the Decipher test to alter clinical decisions
regarding the use of adjuvant treatments has been reported [291,292]. Altogether, data from
several studies has demonstrated the clinical usefulness of the Decipher test, exhibiting its
potential to significantly improve the personalisation of PC treatment [293].

5.5. Ki67

Ki67 is a nuclear protein related to ribosomal RNA synthesis. This protein is used
as a marker for tumour proliferation, with analysis of Ki67 levels typically carried out
through immunohistochemistry on FFPE tissues. Staining is described as the percentage of
Ki67-positive cells within the total number of cancer cells present. Ki67 has been shown
to be a prognostic and predictive biomarker in breast cancer [294]. Within PC, a higher
percentage of Ki67-positive cells seems to have prognostic value for BCR, distant metastasis
and survival in patients treated with either surgery or RT [295–298]. A recent meta-analysis
incorporating 21 studies, comprised of 5419 patients, demonstrated that after curative-
intent treatments, high Ki67 expression was a poor prognostic factor for disease-specific
survival, disease-free survival, rate of distant metastases and overall survival. The authors
concluded that Ki67 should be integrated into the clinic for use in PC patients [299].
However, despite the fact that Ki67 is one of the best validated prognostic markers that
has been in use for over 30 years, some maintain that this protein is not yet ready for use
in the clinic. High levels of variability in scores have been observed between different
cohorts of PC patients, with scores ranging from 2.1% to 28% [300]. This issue seems to be
particularly relevant in high-risk patients, in whom significant inter- and intra-prostatic
Ki-67 heterogeneity has been reported [301]. The cut-offs used to distinguish a negative
from a positive score also differ greatly between studies; this lack of standardisation across
pathology laboratories contributes to the limitations of Ki67 as a PC biomarker [302].

5.6. MicroRNAs

MicroRNAs (miRNAs) are single stranded, small non-coding RNA molecules (~20 nu-
cleotides in length) that function as post-transcriptional gene regulators through their
ability to bind to complementary base pairs within specific mRNAs [303]. Alterations
in miRNA profiles have been identified in PC. It has been suggested that miRNAs can
regulate PC stem cells, cellular proliferation and differentiation, thereby influencing dis-
ease development and progression [304,305]. Studies showing that miRNAs are present in
human blood in a very stable form [306] led to the development of miRNA signatures from
blood samples in an attempt to improve the accuracy of PC diagnosis and prognosis. One
such study identified a panel of 14 miRNAs, known as the miR risk score, which was able
to discriminate Gleason grade and predict BCR following RP [307]. A further study showed
that miR-16, miR-195 and miR-148a expression was correlated with Gleason scores ≥8, and
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that these three miRNAs could stratify patients into intermediate- and high-risk Gleason
scores [308]. Several PC studies have also investigated miRNA signatures from urine
samples to differentiate healthy patients or those with BPH from those with PC [309,310]

5.7. Phosphatase and Tensin Homolog

Phosphatase and tensin homolog (PTEN) is a well characterised tumour suppressor
gene involved in the regulation of the phosphatidylinositol 3-kinase (PI3K) pathway. Loss
of function of PTEN and the resulting de-regulation of the PI3K pathway is regarded as
one of the most common driver events in PC development [311]. Loss of PTEN function
has been shown to occur in ~40% of PC cases, especially in those with TMPRSS2-ERG gene
fusions [312]. Although immunohistochemistry is typically used to evaluate PTEN loss,
fluorescence in situ hybridisation (FISH) can be utilised where ambiguous immunohisto-
chemistry results have been obtained [313]. Several studies have examined the use of PTEN
loss as a biomarker in PC; one study suggested that patients exhibiting PTEN loss in Glea-
son score 6 tumours, identified from biopsy tissue, were at higher risk of having their score
upgraded using samples obtained at RP [314]. Other investigations have demonstrated
that loss or even just a decrease in PTEN expression is correlated with higher Gleason
scores, more advanced disease stage, metastasis, BCR and disease recurrence [315–319].
Furthermore, shorter survival times have been reported in advanced PC with PTEN loss
when treated with abiraterone acetate [320]. Apart from the removal of the tumour sup-
pressive function, PTEN loss has also been associated with AR signalling suppression and
inhibition of androgenic genes [321]; this may drive PC into an androgen-independent
phenotype, ultimately reducing the efficacy of ADT.

6. Predictive Biomarkers

Predictive biomarkers indicate the likelihood of a particular treatment providing a ther-
apeutic benefit. These biomarkers can therefore be used to aid treatment selection, enabling
the identification of patients that are most likely to gain benefit from a particular therapy,
whilst sparing others from the side effects of ineffectual treatment. Here, we provide an
overview of a selection of predictive biomarkers that are currently being researched.

6.1. Post-Operative Radiation Therapy Outcomes Score

Although RT post-RP can significantly improve clinical outcomes, recent work does
not support the routine administration of adjuvant RT post-RP [322]. It has been suggested
that certain patient cohorts are more likely to gain benefit from its use; identification of
these patients will improve their outcome while sparing the risk of developing radiation-
induced side effects in those unlikely to gain a clinical benefit. Unfortunately, as of yet no
gene signature has been clinically validated to predict RT response in PC patients. To begin
to address this clinical issue, one study has developed and initially validated a 24 gene
signature to predict RT response. This Post-Operative Radiation Therapy Outcomes Score
(PORTOS) was developed using gene expression data from prostatic adenocarcinomas
in patients who received a RP with or without adjuvant RT. Results demonstrated that
the distant metastatic rate at 10 years for patients with a high PORTOS who received
RT was lower than that observed for patients with a high PORTOS who did not receive
RT (4% vs. 35%). While the authors suggested that PORTOS could be used to predict
outcomes post-RT, thereby identifying which patient cohort should receive RT, they also
demonstrated that other prognostic tools such as Decipher and the CCP score did not
predict RT response [323].

6.2. DNA Repair Defects

Both pre-clinical and clinical reports indicate that DNA damage response pathways
have a significant part to play in the progression of PC [324]. DNA repair defects are
thought to be relatively frequent in more advanced PC, with genetic abnormalities that
inhibit DNA repair shown to be present in mCRPC tumours [325]. It is thought that the
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identification of alterations in DNA repair pathways may be predictive of response to
certain therapies. Poly (adenosine diphosphate [ADP]–ribose) polymerase (PARP) has
a part to play in numerous aspects of DNA repair. PARP inhibitors are a class of anti-
cancer agents that work through inducing synthetic lethality; this is a process where the
PARP inhibitor, in combination with either an inherent genetic defect or another therapy
(such as RT), cause irreparable DNA damage and cell death [326]. PARP inhibitors initially
demonstrated their potential as an anti-cancer therapy in patients with BRCA1/2 mutations
and they have become a standard treatment for patients suffering from ovarian and breast
cancer. Olaparib and rucaparib are PARP inhibitors that have been approved by the FDA
for the treatment of mCRPC [326]. The identification of DNA repair defects in mCRPC
patients has been shown to predict response to PARP inhibitors; however, not all DNA
repair defects have the same impact on the efficacy of treatment [327]. While the majority
of data for PARP inhibitors has been generated for mCRPC patients, there will be interest
among the scientific and clinical communities on the results of studies concentrating on
earlier disease stages.

6.3. Androgen Receptor

The androgen receptor (AR) is a nuclear hormone receptor transcription factor that
plays a significant role in the function of prostatic cells through its ability to bind sex
steroids and control transcription of androgen-dependent genes [328]. ADT is a common
treatment for PC; however, although nearly all PCs respond to this treatment in the begin-
ning, tumour recurrence and progression into castrate-resistant prostate cancer (CRPC)
typically occurs [329]. While the progression of androgen-dependent PC to CRPC likely
involves various mechanisms, AR and its signalling have been shown to play important
roles in disease development, including the acquisition of acquired resistance to various
ADT drugs [330]. Within CRPC, AR alterations have been shown to occur through over-
expression of wild-type or constitutively active variants (AR-Vs), gene amplification and
mutations [331]. AR-Vs, generated from alternative splicing or gene rearrangements, have
the ability to regulate transcription. Although these AR-Vs are truncated proteins that lack
the AR ligand-binding domain, they still have functional DNA-binding and transcriptional
activation domains, resulting in ligand-independent constitutive activation that is not
constrained by anti-androgen treatment [331]. The AR-V7 form is frequently detected in
mCRPC and has gained clinical interest for its use as a biomarker to help select the most
appropriate treatments [332]. A crucial decision in mCRPC management is when to ad-
minister an AR signalling inhibitor or a taxane; studies have shown that AR-V7 expression
is associated with the resistance of mCRPC to enzalutamide and abiraterone [333–335],
while its expression also appears to correlate with increased response to taxane chemother-
apies [336]. AR-V7 in CRPC patients can be detected within both prostatic tissue samples
and circulating tumours cells (CTCs) [332,337]; however, conflicting findings have been
observed between CTC AR-V7 results and AR-V7 protein expression in biopsy samples
acquired from the same patient [338]. The OncotypeDX AR-V7 Nucleus Detect (Epic Sci-
ences) and the AdnaTest AR-V7 assay (Qiagen) have been developed for the assessment of
the constitutively active AR variant in CTCs.

6.4. Immune Checkpoint Inhibition

Monoclonal antibodies targeting immune checkpoint inhibitors are being considered
as a new therapeutic strategy for the treatment of mCRPC. Immune checkpoint inhibitors
(cytotoxic T lymphocyte-associated protein-4 (CTLA-4) receptor and programmed death-1
(PD-1) receptor) are present on T lymphocytes; these receptors act as negative regulators of
the immune response, setting a balance between an effective immune response (including
the response of the immune system to cancer cells) and tolerance to antigens produced
by normal cells of the body [339]. The over-expression of ligands for these receptors on
cancer cells (leading to the activation of immune checkpoint inhibitors and the inactivation
of immune cells) has been observed in PC, contributing to the escape of these cancer cells
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from the host’s immune response [339]. The concept that the CTLA-4 and PD-1 receptors
might be utilised by cancer cells to avoid the immune system led to the development of
monoclonal antibodies that could inhibit these receptors, with the hope that targeting
them would lead to a more effective anti-tumour response from T lymphocytes. Although
some studies have demonstrated that Ipilimumab (an anti-CTLA-4 monoclonal antibody)
and Nivolumab (an anti-PD-1 monoclonal antibody) are effective treatments for advanced
PC [340,341], others have shown mixed results from the use of these agents [339]. It is
thought that only certain patients are eligible for immunotherapy: those presenting with
either high expression levels of CTLA-4 and PD-1 receptor ligands on cancer/stromal
cells, or increased amounts of the immune checkpoint inhibitor receptors on immune cells.
As such, it is believed that these proteins may act as biomarkers that could predict/monitor
immunotherapy effectiveness [342,343].

Research into the predictive potential of genomic biomarkers for immunotherapy
is also ongoing. Tumour mutational burden (TMB) can be used to describe the number
of mutations in a tumour cell. Patients suffering from advanced PC have been shown
to exhibit higher levels of TMB [344,345]. While the prediction of PC patient reaction
to immunotherapy is complex, increased levels of TMB have been linked to better re-
sponse [346]. It is believed that a higher TMB causes the production of increased levels of
neoantigens (mutated antigens that are only expressed by cancer cells), which leads to a
higher probability of an effective T-cell-dependent anti-cancer response [347]. Additional
genomic predictive biomarkers for response to immunotherapy have also recently been
identified; mutations within cyclin-dependent kinase 12 (CDK12), a tumour suppressor
protein with roles connected to genomic stability [348], have also been demonstrated to
lead to the creation of neoantigens [349]. It is thought that CDK12-altered PCs may respond
favourably to immune checkpoint inhibitors [350].

7. Limitations and Future Perspectives of PC Biomarker Assays

The function of the prostate is to perform as a secretory gland, secreting proteins
including PSA into seminal fluid. As such, liquid-based biomarkers, such as those acquired
from the blood or urine, are well placed to act as PC-specific biomarkers. The identification
of biomarkers in liquid biopsies has significant advantages over tissue-based techniques as
they can be obtained easily in a less invasive manner. Liquid biopsies can also be routinely
taken pre-, post- or on-treatment, meaning continual patient monitoring can be achieved,
while tissue biopsies give only a limited snapshot of the tumour. Tumour heterogeneity is
a significant problem for tissue-based biopsy tests, as results can only be determined from
the area that the tissue samples are acquired from [351,352]. Liquid biopsies, in comparison,
have the potential to give a comprehensive view of both primary and metastatic cancers.
Urine samples in particular have specific advantages in PC management; as a result of
the proximity of the bladder to the prostate, urine can contain biomarkers that reflect PC
development and progression.

Of the liquid-based assays, PSA is the best validated and most widely used biomarker
employed by clinicians. This is likely to remain the case for the present, despite limitations
associated with its use. To overcome some of these issues, studies have examined the use
of different PSA parameters/dynamics. The combination of PSA with adjunct tests is also
being studied in an attempt to enhance the diagnostic specificity and prognostic potential
of PSA. Of the tissue-based biomarker tests discussed, Oncotype DX Prostate, ProMark,
Decipher and Prolaris are the best validated thus far. While these tissue-based biomarker
assays have the potential to influence the management of PC patients, there are a number of
issues that are currently restricting their use: (i) Direct comparison of Oncotype DX, Prolaris
and Decipher to one another has shown that prognostic outcomes can differ depending on
the test used [353,354]. (ii) Many of these assays were developed and initially validated in
cohorts of patients who were mostly white European or white American men, with limited
initial research performed into the value of these tests in African American men, who are
recognised as having poorer outcomes. While some of the assays have been validated
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and shown to provide benefit in diverse racial groups [250,355–357], racial differences
across the gene expression panels used for PC prognosis have been identified [358]. (iii)
Lastly, the clinical usefulness of these multigene signatures has yet to be prospectively
validated in a randomised clinical trial. Regardless of these shortcomings, present NCCN
recommendations assert that Prolaris, Decipher, ProMark and Oncotype DX Prostate can
be used for risk stratification in patients with either low- or favourable intermediate-risk
PC [359].

8. Conclusions

Significant advances continue to be made in the field of PC. Although the widespread
use of PSA levels for PC diagnosis and management led to criticisms of over-diagnosing
and over-treating patients, its use undoubtedly paved the way for investigations into
more specific PC biomarkers. The biomarkers discussed in this review have the potential
to contribute immensely to PC patient management by (i) cutting down on unnecessary
biopsies, (ii) enhancing patient risk assessment and therefore treatment selection and (iii)
leading to more selective treatments for PC patients with higher-risk disease.

For any biomarker-based assay to become translated into the clinic and used routinely,
studies need to demonstrate specificity, sensitivity and their potential to improve upon
current clinical practices. That said, PC biomarker research holds much promise; linking
novel PC-specific biomarkers with other techniques, such as clinical data, PSA levels,
Gleason grading, disease staging and imaging would undoubtedly help improve the
management of PC patients. Ultimately, we need implementation of many of the assays
discussed into well designed randomised clinical trials in order to validate them; hopefully
it is only a matter of time before this can be achieved.
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Simple Summary: In clinically localized prostate cancer, risk stratification (low-, intermediate- and
high-risk) is crucial for the management of such a heterogenic disease, and it is based only on
clinicopathologic features (i.e., baseline prostate-specific antigen (PSA), Gleason score and clinical
stage of the tumor). New prognostic tools have been developed, mainly based on genomic tissue
analysis. The aim of the present overview report is to focus on commercially available tissue-based
biomarkers and more specifically on mRNA-based gene expression classifiers: Decipher (GenomeDX
Biosciences), Prolaris (Myriad Genetics), and Oncotype Dx (Genomic Health). These new prognostic
tests are going to be incorporated in clinicopathologic nomograms to better design the individualized
treatment strategy for the cure of localized prostate cancer.

Abstract: In localized prostate cancer clinicopathologic variables have been used to develop prog-
nostic nomograms quantifying the probability of locally advanced disease, of pelvic lymph node
and distant metastasis at diagnosis or the probability of recurrence after radical treatment of the
primary tumor. These tools although essential in daily clinical practice for the management of such
a heterogeneous disease, which can be cured with a wide spectrum of treatment strategies (i.e.,
active surveillance, RP and radiation therapy), do not allow the precise distinction of an indolent
instead of an aggressive disease. In recent years, several prognostic biomarkers have been tested,
combined with the currently available clinicopathologic prognostic tools, in order to improve the
decision-making process. In the following article, we reviewed the literature of the last 10 years and
gave an overview report on commercially available tissue-based biomarkers and more specifically
on mRNA-based gene expression classifiers. To date, these genomic tests have been widely investi-
gated, demonstrating rigorous quality criteria including reproducibility, linearity, analytical accuracy,
precision, and a positive impact in the clinical decision-making process. Albeit data published in
literature, the systematic use of these tests in prostate cancer is currently not recommended due to
insufficient evidence.

Keywords: localized prostate cancer; prognostic factors; tissue-based biomarkers

1. Introduction

In clinically localized prostate cancer (PCa), risk stratification (low-, intermediate-
and high-risk) is based on baseline prostate-specific antigen (PSA), Gleason score and
clinical stage of the tumor [1]. These clinicopathologic variables have been used to develop
nomograms (e.g., Partin tables, Briganti nomogram) quantifying the probability of locally
advanced disease (i.e., extracapsular extension, seminal vesicles involvement), and of
pelvic lymph node and distant metastasis at diagnosis of localized PCa [2–4]. Some other
calculators such as the Cancer of the Prostate Risk Assessment (CAPRA) or the Stephenson
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nomogram are used in the post-operative setting to predict the probability of recurrence
after radical prostatectomy [5,6]. In the localized setting, these risk assessment tools are
of pivotal importance for the management of PCa patients who can be cured with a wide
spectrum of treatment strategies including active surveillance (AS), radical prostatectomy
(RP) and radiation therapy (RT) [1,7]. Although essential in the daily clinical practice,
nomograms based on clinical parameters do not allow the precise distinction of an indolent
instead of an aggressive disease [8]. Prognostic biomarkers estimating the likelihood of an
adverse outcome, combined with the currently available prognostic tools, might help in the
decision-making process providing more tailored treatment for an individual patient. In
recent years, several urine, blood, and tissue-based biomarkers have been introduced. In
the following overview report, we focus on commercially available tissue-based biomarkers
and more specifically on mRNA-based gene expression classifiers: Decipher (GenomeDX
Biosciences, San Francisco, CA, USA), Prolaris (Myriad Genetics, Salt Lake City, UT, USA),
and Oncotype Dx (Genomic Health, Redwood City, CA, USA).

2. Materials and Methods

We reviewed the current literature and gave an overview report on commercially
available genomic tissue-based biomarkers in patients affected by localized PCa. We limited
the scope of our search to Decipher, Prolaris, and Oncotype Dx because of the current
availability of data in the literature about these genomic tests demonstrating rigorous
quality criteria, including reproducibility, linearity, analytical accuracy, and precision [9,10].
We performed a PubMed literature search according to the preferred reporting items and
meta-analysis (PRISMA) guidelines [11] of the available data for each selected biomarker.
Keywords used were: “prostate cancer” or “prostatic cancer” or “prostatic carcinoma” or
“prostate carcinoma” and “tissue-based biomarker” or “genetic tissue-based biomarker”
or “genomic tissue-based biomarker” or “tissue-based markers”. Our inclusion criteria
were as follows: full articles in the English language published within the last 10 years
up to 31 May 2021. Titles and abstracts were used to screen for initial study inclusion.
Clinical studies published in English language journals were identified and screened
for duplicates. Reference lists of the retrieved reports were also manually searched and
cross-referenced to ensure completeness. Once a comprehensive list of abstracts has been
retrieved and reviewed, any studies meeting inclusion criteria were obtained and reviewed
in full. Reviews, commentaries, letters, and conference abstracts were excluded. Two
authors (E.A. and S.M.) independently performed the study selection. Disagreements were
resolved by consensus with two authors (G.I. and C.A.). We reviewed the full version of
each article. The flowchart of the systematic review is reported in Figure 1. Data extraction
was completed independently by two reviewers (E.A. and S.M.) to establish inter-rater
reliability using a standardized form to obtain: (1) general information, author name, year
and type of publication, literature source; (2) clinical data, including number of patients,
patients’ subset, analyzed tissue-type, and follow-up; (3) study endpoints and statistical
methods. Disagreements were resolved by discussion and re-review of the literature. Data
were summarized in evidence tables and described in the text.

For risk of bias assessment, we used the star-based Newcastle Ottawa Scale (NOS)
(Table S1). A maximum of one star can be given for each item, except for comparability, for
which one or two stars can be given. The risk of bias was considered as low, intermediate,
or high for the scores ≥ 7–9, 4–6, and <4, respectively (Table S1, Supplemental material).

Data about the predictive power of each single tissue-based biomarker were extracted
and reported in tables. These included concordance index (c-index), which is a measure of
goodness of fit for binary outcomes in a logistic regression model, corresponding to the area
under the receiver operating characteristic (ROC) curve (ranges from 0.5 to 1). Hazard ratios
(HRs) were also used in several studies to define the prediction of biochemical recurrence
or prostate cancer specific survival. Eventually, we performed the weighted average of
c-indices and of HRs to summarize results.
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Figure 1. Flowchart of inclusion of studies in the systematic review.

3. Data Synthesis

3.1. Decipher

Decipher (Decipher Biosciences, San Diego, CA, USA) is a genomic classifier (GC) of a
22-gene panel predicting the probability of metastatic progression after primary treatment
for localized PCa (Table 1). It is a tissue-based assay obtained from formalin-fixed paraffin
embedded (FFPE) primary prostate cancer [12], which was developed using a high-density
transcriptome-wide microarray analysis.

More specifically, PCa cancer tissue specimen from 545 patients undergone RP at Mayo
Clinic between 1987 and 2001 were analyzed profiling the expression of about 1.4 million
RNA features. After training and validation sets, selected features were assembled into a
classifier using a random forest algorithm. The final GC was based on the expression of
22 RNA biomarkers involved in cell proliferation and differentiation, cell cycle progres-
sion, androgen receptor signaling, cell structure and adhesion, immune response (LASP1,
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IQGAP3, NFIB, S1PR4, THBS2, ANO7, PCDH7, MYBPC1, EPPK1, TSBP, PBX1, NUSAP1,
ZWILCH, UBE2C, CAMK2N1, RABGAP1, PCAT-32, GLYATL1P4, PCAT-80, TNFRSF19).
The analysis performed after a median follow-up of 16.9 years demonstrated that the GC
could better predict metastasis onset than clinical variables alone, and that it could be
used as a prognostic tool assessing the probability of systemic progression after primary
treatment with a score range between 0 and 1, patients with a score > 0.6 having a high-risk
of developing metastatic disease.

Table 1. Tissue-based mRNA genomic classifiers.

Tissue
Biomarker

Laboratory Tested Genes Score Report Clinical Use

Decipher
22 genes

GenomeDx (San
Diego, CA, USA)

LASP1, IQGAP3, NFIB, S1PR4,
THBS2, ANO7, PCDH7,

MYBPC1, EPPK1, TSBP, PBX1,
NUSAP1, ZWILCH, UBE2C,

CAMK2N1, RABGAP1,
PCAT-32, GLYATL1P4,
PCAT-80, TNFRSF19

GC score: 0–1

Post-RP: to predict the
probability of disease

recurrence after primary
treatment.

At localized PCa diagnosis:
to categorize patients into

risk groups and better define
for AS vs. treatment and
treatment intensification.

Prolaris
31 genes

Myriad Gentics (Salt
Lake City, UT, USA)

FOXM1, CDC20, CDKN3,
CDC2, KIF11, KIAA0101,

NUSAP1, CENPF,
ASPM, BUB1B, RRM2,

DLGAP5, BIRC5, KIF20A,
PLK1, TOP2A, TK1, PBK,

ASF1B, C18orf24, RAD54L,
PTTG1, CDCA3, MCM10,

PRC1, DTL, CEP55, RAD51,
CENPM, CDCA8, ORC6L

CCP score: 0–6

To predict the risk of
metastasis and CSM. To

better define for treatment
after primary therapy.

Oncotype Dx 17
genes

Genomic Health,
Redwood City, CA,

USA

ARF1, ATP5E, CLTC, GPS1,
PGK1, AZGP1, KLK2, SRD5A2,
FAM13C, FLNC, GSN, TPM2,
GSTM2, TPX2, BGN, COL1A1,

SFRP4

GPS score: 0–100
To predict the risk of adverse
pathological features (EPE,

SVI) after RP.

RP: radical prostatectomy; PCa: prostate cancer; AS: active surveillance; CSM: cancer-specific survival; EPE:
extra-prostatic extension; SVI: seminal vesicles involvement.

In the post-RP setting, Decipher has been tested by several researchers to predict the
development of distant metastases (Table 2) compared with clinical variables and with
clinical-derived nomograms such as the Stephenson and the CAPRA. Many of the studies
are retrospective and monocentric focusing on the subset of high-risk disease, like the one
by Karnes et al. [13] evaluating the efficacy of Decipher in the 5-year metastasis prediction
after RP in 219 high-risk patients, compared with clinical variables. Using survival receiver
operating characteristic (ROC) curves assessing classifier discrimination, the c-index for
Decipher was 0.79 (95%CI, 0.68–0.87) outperforming clinical variables.

In the study by Karnes [13] (Table 2) as well as in the others reported in the litera-
ture [12–19], Decipher was the predominant predictor of metastasis at multivariate analysis.
In the series by Thomas Jefferson University [14], the GC has been retrospectively tested in
139 patients affected by adverse risk factors (pT3 stage or positive margins) after RP and
treated with post-operative radiotherapy. The c-index for distant metastasis endpoint was
0.78 (95%CI, 0.64–0.91) for Decipher compared with 0.70 (95%CI, 0.49–0.90) for the post-RP
Stephenson model and 0.65 (95%CI, 0.44–0.86) for CAPRA-S. Stratifying patients by the
three GC risk-groups (low-risk: <0.4; intermediate-risk: 0.4–0.6; high-risk: >0.6), the 8-years
cumulative incidence of distant metastases was 0%, 12% and 17%, respectively (p = 0.032).
Eventually, high-risk (score > 0.6) patients with undetectable PSA ( ≤ 0.2 ng/mL) before
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post-operative RT had a distant metastasis cumulative incidence of 3% compared with a
rate of 23% for those with detectable PSA (p = 0.03).

Taking into account all the c-indices of retrospective studies on the post-operative
setting, the weighted average of c-indices was 0.77.

Table 2. Decipher studies.

Study Type
No of

Pts
Setting

Tissue
Type

Disease
State

Median
Fu

Endpoint
Decipher
c-Index
(95%CI)

Erho 2013
[12]

Retrospective,
nested-case control

(Mayo Clinic)
545 Post-RP RP All risk

classes 16.9 year Metastasis prediction 0.75
(0.67–0.83)

Karnes
2013 [13]

Retrospective
(Mayo Clinic) 219 Post-RP RP High-risk 6.7 year

5-year metastasis
prediction compared
with clin. variables

0.79
(0.68–0.87)

Cooperberg
2014 [14]

Retrospective
(Mayo Clinic) 185 Post-RP RP High-risk 6.4 year

PCSM prediction
compared with

CAPRA-S

0.78
(0.68–0.87)

Ross 2014
[15]

Retrospective
(Mayo Clinic) 85 BCR after

RP RP High risk
with BCR NA

Metastasis prediction
compared with clin.
variables, CAPRA-S

and Stephenson

0.82
(0.77–0.86)

Den 2014
[16]

Retrospective
(Thomas Jefferson

University)
139 Post-RP +

PORT RP
adverse risk
factors after

RP
NA

Metastasis and BCR
prediction compared
with CAPRA-S and

Stephenson

0.78
(0.64–0.91)

Klein 2015
[17]

Retrospective
(Cleveland Clinic) 169 Post-RP RP High-risk NA

5-year metastasis
prediction compared
with CAPRA-S and

Stephenson

0.77
(0.66–0.87)

Ross 2016
[18]

Retrospective (John
Hopkins) 260 Post-RP RP

Intermediate
and

high-risk
9 year Metastasis prediction 0.76

(0.66–0.84)

Den 2015
[19]

Retrospective
(Bi-institutional) 188 Post-RP +

PORT RP
adverse risk
factors after

RP
8 year

Metastasis prediction
compared with

CAPRA-S

0.83
(0.27–0.89)

RP: radical prostatectomy; PORT: post-operative radiotherapy; PCSM: prostate cancer-specific survival;
BCR: biochemical recurrence; NA: not available.

3.2. Decipher Role in Clinical Practice

After RP, the use of effective prognostic tools in clinical practice might have an im-
portant impact on decision-making for therapy intensification based on the estimated risk
of disease recurrence. For instance, Gore et al. [20] prospectively evaluated the effect of
Decipher on treatment recommendation in the adjuvant (ART) and salvage (SRT) settings,
revealing that high Decipher score was associated with treatment intensification. Eventu-
ally, the GC score was an independent predictor for change in management for ART and
SRT, at multivariate analysis [20].

Decipher has also been tested in localized PCa to improve prognostication for primary
treatment decision-making.

Recently, the applicability of this genomic test in biopsy-derived tissue has been
demonstrated, with a high correlation between information derived from RP and biopsy
specimens [21]. Klein et al. [17] evaluated at eight years of follow-up the ability of the GC
in predicting metastasis from needle biopsy-derived tumor tissue of 57 patients affected by
localized PCa (Table 2). The combination of Decipher and National Comprehensive Cancer
Network (NCCN) predictive models had an improved c-index of 0.88 (95%CI, 0.77–0.96)
compared to NCCN alone (C-index 0.75, 95%CI 0.64–0.87). On multivariate analysis, the
GC was the only significant predictor of metastasis when adjusting for age, preoperative
PSA and biopsy Gleason score [17].
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In 2018, Spratt et al. [22] proposed a three-tier clinical-genomic risk grouping system
of distant metastasis and PCa-specific mortality (PCSM) based on genomic and clini-
copathological features, demonstrating that Decipher consistently improves prognostic
performance over clinicopathological (NCCN classification, and CAPRA-score) variables
alone. On a total cohort of 6928 patients studied for development and validation of the
prognostic scoring system, c-indices for the three-tier (low-, intermediate-, and high-risk)
clinical-genomic risk grouping system significantly outperformed those of NCCN and
CAPRA, with 30% of patients being reclassified.

Testing Decipher on biopsy cores, a multi-institutional study on 855 patients affected
by localized PCa showed that a high-risk GC score was independently associated with
shorter time to treatment in those undergone AS, and with a worse time to failure in those
undergone radical therapy [22].

3.3. Prolaris

The Prolaris (Myriad Genetics, Salt Lake City, UT, USA) is a multigene test commer-
cially available in the USA and in Europe which uses prostate tissue samples from biopsy
or prostatectomy to give prognostic information about PCa (Table 1). It measures the
expression of 31 cell cycle progression (CCP) genes with a score range from 0 to 10, a high
score correlating with tumor aggressiveness and with the risk of progression. Cuzick et al.
first tried to build a CCP score by a gene signature in order to improve PCa patients’
stratification risk [23]. The rationale for the development of such a CCP score is based on
the assumption that the measurement of actively growing cells (showing high CCP score)
within a tumor gives information about disease aggressiveness and prognosis [10,23].

In the study by Cuzick et al. [23], 126 CCP genes from the Gene Expression Omnibus
database were tested on 96 commercially available FFPE PCa sections, creating a gene sig-
nature with 31 selected cell cycle genes (FOXM1, CDC20, CDKN3, CDC2, KIF11, KIAA0101,
NUSAP1, CENPF, ASPM, BUB1B, RRM2, DLGAP5, BIRC5, KIF20A, PLK1, TOP2A, TK1,
PBK, ASF1B, C18orf24, RAD54L, PTTG1, CDCA3, MCM10, PRC1, DTL, CEP55, RAD51,
CENPM, CDCA8, and ORC6L), and a predefined score of disease outcome prediction.
The genetic signature was then assessed retrospectively in two localized PCa patients’
cohorts (366 patients undergone RP, and 337 patients with PCa diagnosis performed by
transurethral resection of the prostate (TURP) undergone watchful waiting).

In the post-prostatectomy setting, the increase in hazard ratio (HR) for a 1-unit change
in CCP score proved to be predictive of biochemical recurrence in both univariate (HR
1.89 95%CI 1.54–2.31, p = 5.6 × 10−9) and multivariate analysis (HR 1.77 95%CI 1.40–2.22,
p = 4.3 × 10−6). Similarly, in the TURP setting the CCP score was strictly related to cancer
specific survival (HR 2.57 95%CI 1.93 to 3.43, p = 8.2 × 10−11) [23]. Up to date, several
research works have focused on the use of CCP as a prognostic tool for PCa management
and it has been tested on tissue samples deriving not only from RP or TURP but also from
biopsies. Bishoff et al. [20–24] retrospectively tested the CCP score on biopsy specimens
from three cohorts (283 patients from Martini Clinic, 176 from Durham Veterans Affairs
Medical and 123 from Intermountain Healthcare), with a total of 582 localized PCa patients
treated with RP (Table 3). For each cohort, at multivariate analysis the CCP score proved to
be a strong predictor of biochemical recurrence and metastatic disease (Table 3). One of
the limitations of this study was the use, in one of the three cohorts, of simulated biopsies
resulting from post-operative tissue blocks. However, the combined analysis carried
out excluding this cohort confirmed the CCP score as a strong predictor of biochemical
recurrence (BCR), both at univariate (HR 1.45, 95%CI 1.18–1.79, p = 5.7 × 10−4) and
multivariate analyses (HR 1.40, 95%CI 1.1–1.74, p = 0.0032). A strong association was also
found for metastatic disease but only on univariate analysis (HR 4.69, 95%CI 2.28–9.64,
p = 1.6 × 10−5) [24].

Similar results in terms of BCR prediction were reported by Freedland et al. evaluating
the Prolaris test on biopsy samples from 141 localized PCa patients treated with external
beam radiotherapy as primary curative therapy (Table 3). The authors obtained a strong
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correlation between high CCP score and biochemical recurrence (HR for BCR of 2.55 for
1-unit increase in CCP score), which was confirmed at multivariate analysis after adjust-
ments for pretreatment PSA level, Gleason, percent positive cores, and concurrent androgen
deprivation therapy (Table 3) [25].

As the stratification risk of localized PCa patients is mainly based on clinical parame-
ters such as preoperative PSA, pathologic Gleason score and pathologic parameters, several
authors tried to find an association between the Prolaris test and clinical nomograms such
as CAPRA score in order to improve the therapeutic decision-making process. Cooper-
berg et al. showed in 413 patients undergone RP the usefulness of CCP score to stratify
patients with low clinical risk defined by CAPRA score ≤ 2 (HR 2.3, 95%CI 1.4–3.7), more-
over they validated a combined CAPRA + CCP score that proved to be more predictive
than the CAPRA score alone (p < 0.001) [26]. Another validation study conducted on biopsy
samples from 585 patients affected by localized PCa reported at multivariate analysis ad-
justed for clinical parameters a strong correlation of CCP score with cancer-specific survival
evaluated as primary endpoint (HR 2.17, 95%CI 1.83–2.57, p < 0.0001) (Table 3). The authors
also validated the clinical-cell-cycle-risk (CCR) score, which resulted from a combination
of CAPRA and CCP score showing a strict relation with death from prostate cancer (HR
for a 1-unit change in CCR score 2.17, 95%CI 1.83–2.57; p = 4.1 × 10−21) [27]. Recently,
Canter et al. evaluated CCP and CCR scores as predictive factors for clinical outcomes
after prostate cancer treatment. They analyzed 4 cohorts with 1062 patients undergone RP,
using biopsy or simulated biopsy samples for Prolaris testing. The authors showed that
CCP and CCR score were strictly related to progression to metastatic disease at univariate
and at multivariate analysis adjusted for all significant variables (HR for a 1-unit change in
CCP score 2.21, 95%CI 1.64–2.98, p = 1.9 × 10−6; HR for a 1-unit change in CCR score 3.63,
95%CI 2.60–5.05, p = 2.1 × 10−16) [28]. Regarding BCR, the weighted average of HRs of
available studies was 1.68.

Table 3. Prolaris studies.

Study Type
No of

Pts
Setting Tissue Type

Median
Fu

Endpoint CCP Results

Cuzick 2011
[23]

Retrospective
monocentric

366
337

Post-RP
Post-TURP

RP
TURP NA BCR

CSS

MVA: HR for a 1-unit change
in CCP score 1.77 95%CI
1.40–2.22, p = 4.3 × 10−6

MVA: HR for a 1-unit change
in CCP score 2.56 95%CI
1.85–3.53, p = 1.3 × 10−8

Bishoff 2014
[24]

Retrospective
multicentric 582 Clinically

localized Biopsy 61-88 mo BCR
DMS

MVA: HR 1.47 95%CI
1.23–1.76, p < 10−4

MVA: HR 4.19 95%CI
2.08–8.45, p < 10−5

Freedland 2013
[25]

Retrospective
monocentric 141 Clinically

localized Biopsy BCR
MVA: HR for a 1-unit change

in CCP score 2.11, 95%CI
1.04–4.25, p < 0.034

Cuzick 2015
[27]

Retrospective
multicentric 585 Clinically

localized Biopsy 9.52 mo PCSM

MVA adjusted for CAPRA
score: HR for a 1-unit change

in CCR score 2.17, 95%CI
1.83–2.57; p = 4.1 × 10−21

Cooperberg
2013 [26]

Retrospective
multicentric 413 Post-RP RP 85 mo

Biochemical/
clinical

recurrence

MVA adjusted for CAPRA
score: HR for a 1-unit change

in CCP score 1.7, 95%CI
1.3–2.3; p < 0.001

Canter 2020
[28]

Retrospective
multicentric 1062 Post-RP

Biopsy or
simulated

biopsy

Progression
to metastatic

disease

MVA adjusted for CAPRA
score: HR for a 1-unit change

in CCP score 2.21, 95%CI
1.64–2.98; p = 1.9 × 10−6

RP: radical prostatectomy; CSS: cancer-specific survival; BCR: biochemical recurrence; PCSM: prostate cancer-
specific survival; MVA: multivariate analysis; NA: not available.
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3.4. Prolaris Role in Clinical Practice

Many studies support the hypothesis that Prolaris test could be used to stratify PCa
patients and to guide the therapeutic approach. Several outcomes have been tested, such
as BCR and distant metastasis survival (DMS) and a strict association with CCP score has
been reported. Prolaris was evaluated on different specimen types (biopsy or RP samples)
with no reported differences in terms of predictive utility of the test, although it seems of
pivotal importance to adequately perform prostate biopsy in order to reduce the risk of
under-sampling errors, which might affect the GC validity [29,30].

In localized PCa, Prolaris might be used as a treatment decision-making tool for
primary therapy. For instance, it might help in the better definition of low-risk patients
otherwise defined as intermediate or high-risk according to purely clinical variables such
as Gleason score, PSA, Ki67 or CAPRA score and this is crucial for the therapeutic decision-
making process because an active treatment could be avoided, limiting adverse events and
improving patients’ quality of life without neglecting the curative intent.

3.5. Oncotype

Oncotype DX (Genomic Health, Redwood City, CA, USA) platform is made up of
multi-gene real-time polymerase chain reaction (RT-PCR) assays (Oncotype DX® Assays)
used in the treatment-decision process for patients affected by breast or colon cancer. It
was first evaluated on a retrospective series of hormone-responsive breast cancer patients
with negative lymph nodes, randomly assigned to placebo vs. tamoxifen or tamoxifen vs.
cyclophosphamide, methotrexate, fluorouracil, and tamoxifen (CMFT) [31,32]. The risk (i.e.,
low-, intermediate- and high-risk) of relapse in these 2 cohorts was evaluated based on the
expression level of 21 genes on reverse transcriptase-polymerase chain reaction (RT-PCR)
from tissue blocks of the primary tumor [32].

In prostate cancer, Oncotype DX (Table 1) integrates with traditional clinical and
pathological diagnostic features (PSA, Gleason score, cTNM) in order to better discriminate
between indolent and aggressive disease. Compared with the Oncotype DX platform
used for breast cancer, the multiplex preamp step has been introduced to create more
copies of the initial RNA prior to quantitative evaluation of gene expression allowing
the processing of very small samples (5 µm sections). The test analyzes the expression
of 17 genes (five housekeeping genes and 12 genes related to prostate cancer) through
RT-PCR on fixed, FFPE prostate needle biopsy tissue. The five housekeeping genes (ARF1,
ATP5E, CLTC, GPS1, and PGK1) were selected for their low inter-patient variability, lack of
relationship to clinical outcome, and robust analytical performance. The 12 cancer-related
genes belong to four distinct biological pathways with a role in prostate tumorigenesis:
the androgen pathway (AZGP1, KLK2, SRD5A2, and FAM13C), cell organization (FLNC,
GSN, TPM2, and GSTM2), proliferation (TPX2) and stromal response (BGN, COL1A1 and
SFRP4) (Table 1). The combination of the expression of these genes is used to calculate the
Genomic Prostate Score (GPS), which ranges from 0 to 100.

Knezevic et al. demonstrated that Oncotype DX is able to reliably and accurately
measure gene expression over a wide range of PCa populations and using very small
amounts of RNA, based on the average amplification efficiency of the 17 gene tests (93%), a
high analytical sensitivity, and a wide linear range and low bias (less than 9.7%) [33].

In localized PCa, Oncotype DX has been clinically validated to predict the risk of
disease recurrence and of prostate cancer death [34]. In the clinical validation study, On-
cotype DX was tested using three cohorts of patients: a prostatectomy (n = 441), a biopsy
(n = 167), and a prospectively designed, independent clinical validation cohort (n = 395).
GPS predicted high-grade (odds ratio [OR] per 20 GPS units: 2.3; 95% confidence interval
[CI], 1.5–3.7; p < 0.001) and high-stage (OR per 20 GPS units: 1.9; 95%CI, 1.3–3.0; p = 0.003)
at RP pathology [34]. Cullen et al. demonstrated that Oncotype DX predicts time to bio-
chemical recurrence at univariate analysis (hazard ratio per 20 GPS units [HR/20 units]: 2.9;
p < 0.001) and time to metastases (HR/20 units: 3.8; p = 0.032) after primary treatment [35].
In a RP retrospective cohort of 279 localized PCa patients, Van Den Eeden et al. assessed the
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association between Oncotype DX and time to metastases and PCSM (Table 4). Analyzing a
total of 259 GPS valid results, they demonstrated a strong correlation of GPS score with the
two endpoints. Moreover, at the time of analysis (median follow-up 9.8 years) no patient
with low- or intermediate risk and GPS score < 20 developed metastases or died of PCa. At
ROC analysis, the combination of Oncotype DX with CAPRA score significantly improved
the c-statistic of CAPRA alone from 0.65 to 0.73 for metastasis prediction and from 0.78 to
0.84 for CSM [36].

Table 4. Oncotype DX studies.

Study Type
No of

Pts
Setting

Tissue
Type

Disease
State

Median Fu Endpoint
Oncotype

DX AUC at
ROC Curve

Klein 2014
[34] Retrospective 441 Post-RP Biopsy All risk

classes NA Clinical recurrence, adverse
pathology, PCSM NA

Van Den
Eeden

2018 [36]
Retrospective 279 Post-RP Biopsy All risk

classes 9.8 year
Metastasis and PCSM

prediction compared with
clinical variables only

Metastasis:
0.73

PCSM: 0.84

Brooks
2021 [37] Retrospective 428 Post-RP RP index

lesion
All risk
classes 15.5 year

Metastasis and PCSM
prediction compared with

clinical variables only

Metastasis:
0.82

PCSM: 0.82

Covas
Moschovas
2021 [38]

Retrospective 749 Post-RP biopsy All risk
classes

Median time
between GPS
test and RP:

176 days

Prediction of adverse
pathology features (EPE,

PSM, SVI) compared with
clinical variables only

EPE: 0.70
SVI: 0.78

PCSM: not
improved

Cullen
2021 [35] Retrospective 431 Post-RP Biopsy

Low-,
intermediate-

risk
5.2 year BCR, adverse pathology

Adverse
pathology:

0.72
BCR: 0.68

RP: radical prostatectomy; BCR: biochemical recurrence; PCSM: prostate cancer-specific survival; NA: not
available.

In a retrospective analysis testing GPS on 428 patients undergone RP between 1987
and 2004, GPS score was significantly associated with the risk of distant metastasis and
CSM at 20 years of follow-up. Eventually, GPS score < 20 indicated a low risk of both
outcomes, whereas a score > 40 indicated a high-risk of developing distant metastases and
of dying of PCa [37]. For PCSM, the weighted average of AUC at ROC curves was 0.81 and
for adverse pathology after RP was 0.76.

3.6. Oncotype DX Role in Clinical Practice

Oncotype DX has been used to better discriminate between indolent and aggres-
sive disease in the primary setting as well as in the post-operative setting. For instance,
Moschovas et al. investigated the capability of Oncotype DX in predicting adverse patholog-
ical features (ie extraprostatic extension (EPE), positive surgical margin (PSM) and seminal
vesicle invasion (SVI)) in patients treated with RP for localized PCa (Table 4). Multivariate
analysis assessing the odds ratio per 20-points change in Oncotype DX genomic score
showed that GPS is an independent predictor of adverse pathological features after RP, and
specifically for EPE and SVI. At ROC analysis, GPS score did not increase the area under
the curve (AUC) of PCSM [38].

Recently, Oncotype DX has been tested as a predictor of outcome for patients in active
surveillance. In the PASS trial, GPS scores available in 432 patients were evaluated for the
association with adverse pathological features at RP after a period of active surveillance.
At the time of analysis, on total of 101 RP with central pathology review Oncotype DX was
not significantly associated with adverse pathological features neither with upgrading in
surveillance biopsy [39].
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4. Conclusions

A prognostic biomarker must estimate the likelihood of a disease characteristic being
present or absent more accurately determining the prognosis. Molecular information, pro-
viding specific insights into the underlying tumor biology, combined with clinicopathologic
features might improve the decision-making process and clinical outcomes. In recent years,
tissue-based mRNA-GC have been widely investigated as new tools for localized PCa
prognosis. More specifically, they have been tested in the context of newly diagnosed
prostate cancer and of surgically treated patients, in order to better define risk stratification
and to guide clinical management especially in borderline scenarios such as AS for specific
subsets of localized PCa patients or treatment intensification after RP.

In our systematic review, Decipher, Prolaris, and Oncotype Dx, which are commercially
available tissue-based biomarkers demonstrating rigorous quality criteria, seem to be reli-
able prognostic tools for the prediction of biochemical recurrence or prostate cancer specific
survival. Despite advances in tissue-based mRNA-GC validation and data published in
literature, the systematic use of these tests in prostate cancer is currently not recommended
due to insufficient evidence. About validation, many of the results are based on White
Caucasian cohorts. About data published in the literature, evidence of efficacy derives
from retrospective monocentric studies with short median follow-up and low number of
events. Prospective randomized trials are needed for the safe and effective use of these
tools in clinical practice [10]. Moreover, tissue-based biomarkers results have an important
intrinsic limitation coming from their dependence on the sampled tumor, showing PCa
multifocality and high intratumoral heterogeneity [30]. To date, no comparison studies
between tissue-based GCs have been published and there is currently uncertainty regarding
the potential specific role of each available biomarker. The American Society of Clinical
Oncology (ASCO) guidelines on molecular biomarkers in localized PCa, which have been
recently published, recommend the use of tissue-based biomarkers “only in situations in
which a specific assay result, when considered in combination with routine clinical factors,
will clearly affect the management decision” [40].

In the future, it is likely these prognostic biomarkers will be incorporated in clinico-
pathologic nomograms to better design the personalized diagnostic and treatment strategy
for each single patient.
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Abstract: De novo metastatic or recurrence of prostate cancer (PC) remains life-threatening. Circu-
lating tumor cells (CTCs) are noninvasive biomarkers and provide unique information that could
enable tailored treatment. This study evaluated the impact of CTCs in PC patients eligible for peptide
vaccine therapy. Twenty-seven patients were tested for CTCs with the CellCollector® device (Detector
CANCER01(DC01)) during short-term androgen deprivation therapy (ADT) before cancer vaccine
treatment (cohort 1) or salvage radiation (cohort 2). CTC counts were compared to clinicopathological
parameters. In cohort 1, CTCs were correlated to immune responses, serum protein profiles, and
clinical outcomes. In cohort 2, captured CTCs were further profiled for expression of PSMA, PAP, and
PD-L1. Nine out of 22 patients (40.9%) in cohort 1 were CTC positive. These patients demonstrated
vaccine-specific immune response (p = 0.009) and long-term prostate cancer-specific survival (log-
rank, p = 0.008). All five patients in cohort 2 had CTCs at recurrence (count range 18–31), and 4/5 had
CTCs positive for PSMA, PAP, and PD-L1. The DC01 CTC detection provides information beyond
current clinical practice. Despite the small size of cohort 1, a correlation between CTC detection and
outcome was shown.

Keywords: circulating tumor cells; prostate cancer; cancer vaccine; immune response; biomarker

1. Introduction

Prostate cancer is among the most common occurring malignancies globally, and
despite the high effectiveness of definitive treatments in the primary setting, the disease
will recur in 20–30% of patients [1]. Moreover, owing to the lack of screening programs for
early detection of PC, emerging worrying statistics demonstrate that a larger proportion
of patients present with more advanced PC and metastatic PC [2]. In Norway, PC is the
second leading cause of cancer-related deaths after lung cancer. One man out of seven
will develop PC during his lifetime, and more than 100,000 men die of prostate cancer in
Europe each year. The probability of developing PC sharply increases in the sixth decade
of life and further increases after age 70 [3]. The aging of the current population means
that the disease will become an even more significant public health issue in the future.

Additional predictive biomarkers are urgently needed to improve the standard clinical
decision model used in the routine staging of this disease (T stage, Gleason score, serum
prostate-specific antigen (PSA), and bone scan) [4].
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Several studies have confirmed the predictive and prognostic value of circulating
tumor cell (CTC) detection as a monitoring method for treatment response in castration-
resistant PC patients [5,6].

Recent reports have shown the efficacy of an in vivo capture device (CellCollector®,
Detector CANCER01, DC01, Gilupi GmbH, Potsdam, Germany) in men with high-risk
non-metastatic PC treated with definitive therapy [7]. This novel antibody-coated medical
assay captures epithelial cell adhesion molecule (EpCAM) positive circulating cells that
allow enumeration and further characterization of these cells.

We have applied the DC01 to detect CTCs in patients enrolled in two different studies
with de novo metastatic PC (mPC, cohort 1) receiving ADT and a synthetic long peptide
vaccine that targets telomerase (UV1®), and with biochemical relapse after radical prostate-
ctomy (bPC, cohort 2) (Figure 1). Here, we report the prevalence of CTCs and evaluate the
associations to immune responses, serum protein, and long-term clinical outcome (cohort
1) and explore molecular features of CTCs present in biochemically relapsed PC before
salvage radiation (cohort 2).

 
Figure 1. Overview of study. Two independent patient cohorts has been investigated for the presence
of CTC. Figure created with Biorender.com.

2. Materials and Method

2.1. Patients

2.1.1. Cohort 1 (mPC)

In the mPC cohort, twenty-two patients participated in a phase I study with a ther-
apeutic cancer vaccine (UV1®, Ultimovacs, Oslo, Norway), a second-generation hTERT
peptide-based cancer vaccine [8]. The primary objective of this study was to determine the
maximum-tolerated dose and safety. CTC capture and enumeration were performed at
enrollment and blood samples were biobanked for biomarker discovery. The study was
approved by the institutional protocol board, the Ethical Committee (EudraCT 2012-002411-
26), and the National Medical Agents Authority (NoMA), and the study was registered at
clinicaltrials.gov (NCT01784913) [9]. The study was approved by the Ethics Committee of
Health Region South-East (protocol code A 2013/112 of date 17.03.2013). Written consent
was obtained from all participants.
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2.1.2. Cohort 2 (bPC)

This pilot study consisted of five men (bPC) referred to salvage radiotherapy after
prostatectomy with high-risk features defined by the EAU guidelines [4]. The study was
initiated to test the possible utility of the DC01 to detect CTCs in a planned first-in-man
phase I study with a new therapeutic peptide vaccine (TENDU101®, EudraCT 2020-000918-
15, NCT04701021). The study was approved by the Ethics Committee of Health Region
South-East (protocol code D 2020/143561 of date 9 September 2020). Written consent was
obtained from all participants.

2.2. Laboratory Analyses

2.2.1. Capture of CTCs

The detection of CTCs was performed utilizing the novel in vivo device CellCollector®

CANCER01 (DC01) (Gilupi GmbH, Potsdam, Germany) that captures and enables enu-
meration of EpCAM positive tumor cells in the circulation [7]. An intravenous catheter
(20-gauge, BD-Venflon™, Stockholm, Sweden) was placed into a cubital vein, and the DC01
was inserted into the catheter, dwelling for 30 min in the bloodstream. After being applied
in patients, the tip of the CellCollector® (DC01) was washed three times in phosphate-
buffered saline (PBS) (Gibco) including 1.6 mg/mL (final) ethylenediaminetetraacetic acid
(EDTA) (Roth). Bound cells were fixed with Acetone (VWR) for 10 min at room temperature,
dried, stored at −20 ◦C, and transferred on dry ice to Gilupi GmbH, Potsdam, Germany
for further processing.

2.2.2. Immunocytochemical Analysis and CTC Enumeration in Cohort 1

All procedures were performed by an experienced operator who was blinded to
patient characteristics. In brief, the cells were blocked and permeabilized with 3% bovine
serum albumin (BSA) (Roth) and 0.1% Triton X-100 (Fluka) in PBS for 30 min. Primary
antibodies, including anti-pan-cytokeratin-Alexa 488 (CK4, 5, 6, 8, 10, 13, 18) (C-11) (Exbio),
anti-CK19-Alexa 488 (A53-B/A2) (Exbio), anti-CK7- fluorescein isothiocyanate (LP5K)
(FITC) (Millipore), anti-EpCAM- fluorescein isothiocyanate (FITC) (HEA125) (Acris), and
anti-CD45- Alexa 647 (MEM-28, Exbio), were added for 30 min. The DC01 was then rinsed
three times with 3 mL of PBS, and the nuclei were counterstained with Hoechst 33342
(Invitrogen). CTCs were identified using a Zeiss Axio imager fluorescent microscope with
a 20× objective. Fluorescent images were recorded with a Zeiss MRm camera. A cell
was considered to be a CTC if it was positively stained for cytokeratin and/or EpCAM,
it was negative for CD45, and certain morphological criteria for tumor cells were met:
the presence of a nucleus with a round or ellipsoid shape and a cell size ranging from 4
to 50 µm. Leukocytes were defined as nucleated (Hoechst-positive), CD45-positive, and
cytokeratin and/or EpCAM-negative cells, and were not counted.

2.2.3. Immunofluorescence Staining for PSMA, PD-L1, and PAP in Cohort 2

Immunocytology was combined with immunofluorescence (IF) staining for PSMA,
PAP, and PD-L1. The following criteria defined tumor cells: intact morphology, diverse
cells (large cell bodies, irregular cell shapes, several cells next to each other/cluster), cell
diameter ≥ 4 µm, distinct and positive nuclei staining by Hoechst, and at least one positive
marker (PAP or PD-L1 or PSMA). Nucleated cells with tumor cell-like morphology, but
lacking IF staining were reported, but counted as negative.

Cells attached to the DC01 were permeabilized in 1× PBS/0.1% GIBCO™ for 10 min,
washed three times in 1× PBS, and blocked with 1× PBS/3% BSA (Roth) for 30 min. Cells
were further blocked with PBS/3% normal goat serum (Invitrogen) for 30 min. Immuno-
labeling was performed for 30 min at room temperature in 45 µL of PBS/3% BSA (Roth)
containing primary antibodies (mouse IgG1-anti PSAP/PAP (clone PASE/4LJ, unconju-
gated, Invitrogen, dilution 1:25) and rabbit-anti-PD-L1 XP® (clone E1L3N®, unconjugated,
Cell Signaling Technology, dilution 1:300)). Afterwards, samples were washed with PBS
(Life Technologies: Carlsbad, CA, USA) twice for 10 min at room temperature with agitation
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and subsequently incubated for 30 min at room temperature with secondary antibodies
protected from light. Goat-anti-mouse IgG1, Alexa Flour®647 (Invitrogen, diluted 1:300),
and goat anti-rabbit IgG (H + L), Alexa Flour®555 (Life Technologies, dilution 1:400), were
also prepared in 45 µL of PBS/3% BSA. Following two wash steps in PBS for 10 min at room
temperature with agitation, the samples were incubated for 30 min at room temperature
protected from light with the conjugated antibody solution PSMA-Alexa Flour®488 (clone
k1h7, Novus Biological, diluted 1:100) in PBS/3% BSA. After washing with PBS for 1 min
at room temperature, cells were counterstained with Hoechst 33342 (Sigma Aldrich, final
concentration: 1 µg/mL in PBS/3% BSA) for 5 min at room temperature, washed with PBS
for 1 min at room temperature, and air-dried for 5 min each (all steps protected from light).
Images of stained cells were acquired using a fluorescent microscope (Axio Imager Carl
Zeiss AG, Jena, Germany) combined with a monochrome camera. Filter set (Carl Zeiss AG)
numbers used for microscopic evaluation were 49 (Blue), 52 (Green), 43 (Orange), and 50
(Dark.RED).

2.2.4. Detection of UV1® Vaccine-Specific T-Cell Response in Cohort 1

Peripheral blood in acid citrate dextrose (ACD) tubes was taken from patients before
UV1®-vaccination, two weeks after vaccination, and then monthly until week 26, then
every three months. A detailed description of the procedures mentioned herein can be
reviewed in Lilleby et al., 2017 [9]. Peripheral blood mononuclear cells (PBMCs) were
isolated, frozen, and stored before further analysis. PBMCs were then thawed and pre-
stimulated with the three UV1® vaccine peptides, and the UV1®-specific T cell proliferative
response was tested. Briefly, PBMCs were pre-stimulated with UV1® peptide at 10 µM for
10–12 days, and cytokines (IL-2, IL-7) were added on day 3. On day 10–12, the T cells were
then re-stimulated with irradiated, peptide-loaded autologous antigen-presenting cells
(APCs), and T-cell proliferation was determined in 3H-Thymidine incorporation assays.
The stimulation index (SI) was calculated by dividing the counts of wells with either the
mix of UV1®-peptides or the three single peptides comprising the vaccine by the mean
count of wells containing no peptide. An SI ≥ 3 was considered a positive, peptide-specific
response.

2.2.5. Targeted Serum Profiling in Cohort 1

Relative quantification of serum proteins known to be implicated in the interplay
between the immune system and tumorigenic processes was performed by proximity
extension assay (PEA) technology (Olink Bioscience Service Center Uppsala, Uppsala,
Sweden) [10]. Briefly, one microliter serum drawn at study inclusion was profiled by
the Immuno-Oncology panel (v.1). All sample handling and laboratory analyses were
performed blinded. Data were normalized to minimize both intra- and inter-assay variation
and presented as normalized protein expression values (NPX), an arbitrary unit on a log2
scale. NPX values of the different proteins within each patient were then analyzed to
associate CTC findings and immune response.

2.3. Statistical Analysis

All statistical analyses were performed using SPSS (version 20) or R (version 3.3.1).
All tests were two-sided, and a p-value < 0.05 was considered to be statistically significant.
CTC counts were stratified as negative or positive, with positive meaning at least one cell
to meet the criteria as CTC: In cohort 1, a CTC was defined as EpCAM+/panCK+/CD45-,
whereas a CTC was defined as PSMA+/PD-L1+/PAP+ in cohort 2. In addition, all cells had
to show normal morphology by Hoechst. Mann–Whitney U test (MWU) was used to assess
differences in continuous variables between CTC positive and CTC negative patients. Chi-
square test and Fisher’s exact test were used to evaluate associations between categorical
coded variables. Spearman rank correlations were used to determine correlations between
the number of CTCs detected, serum levels of proteins, and the number of peptides
involved in immune reactivity towards the cancer vaccine. Kaplan–Meier survival analysis
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with prostate cancer specific survival (PCSS) and overall survival (OS) as endpoints was
used to evaluate surviving proportions of patients stratified by CTC status. Log-rank
test was used to test for statistical differences in surviving proportions. Univariate Cox
proportional hazards (Cox PH) modelling was used to calculate crude hazard ratios (HRs)
and evaluate the individual association of CTC with PCSS and OS.

3. Results

Two cohorts of patients were investigated (Figure 1). Patients’ characteristics are
summarized in Table 1. The median age of cohort 1 was 67 years and 66 years in cohort 2.

Table 1. Clinical characteristics of patients with metastatic prostate cancer (mPC) or bPC stratified by circulating tumor cell
(CTC) status.

Cohort 1 (mPC) Cohort 2 (bPC)

CTC Status CTC Status

Positive Negative p= Positive Negative

n (%) 9 (40.9) 13 (59.1) <0.001 5 (100) 0 (0.00)
Time FU

(month, median [IQR]) 77.6 [52.6, 82.5] 46.6 [30.2, 76.9]

Age (yr, median [IQR]) 66.9 [59.2, 75.4] 66.8 [63.9, 73.9] 0.85 65.8 [57.4, 74.7]
T stage (%) 0.72 *

cT2 1 (11.1) 1 (7.7)
cT3 6 (66.7) 7 (53.8)
cT4 2 (22.2) 5 (38.5)
pT2 2 (40.0)
pT3 3 (60.0)

Gleason grade group (%) 0.61 **
2 + 3 0 (0.00) 0 (0.00) 3 (60.0)

4 3 (33.3) 2 (14.3) 1 (20.0)
5 6 (66.7) 11 (84.6) 1 (20.0)

PSA values
(ng/mL, median [IQR])

PSA at diagnosis 26.0 [12.0, 72.0] 33.0 [12.0, 58.0] 0.95
PSA after ADT 1.10 [0.40, 7.60] 3.00 [0.60, 9.20] 0.66
PSA at relapse 0.26 [0.20,0.54]

Time ADT/DC01
(mo., median [IQR]) 3.42 [1.74, 3.72] 2.30 [1.64, 4.77] 0.92

Time RP/DC01
(mo., median [IQR]) 13.2 [7.02, 14.5]

No. reactive peptides in IR (%) 0.009 *
0 0 (0.0) 3 (23.1)
1 1 (11.1) 6 (46.2)
2 5 (55.6) 3 (23.1)
3 3 (33.3) 1 (7.7)

ADT: Androgen-deprivation therapy; IQR: interquartile range; FU: follow-up; IR: immune reaction; mo.: months; PSA: prostate-specific
antigen; RP: radical prostatectomy; yr: years. * Chi-square test, ** Fisher’s exact test.

3.1. CTC Presence Predicts Long-Term Survival Benefit of a Therapeutic Cancer Vaccine

3.1.1. CTC Detection Predicts Broad Immune Response to Therapeutic Cancer Vaccine

In cohort 1, the median PSA was 3 ng/mL after starting with ADT (median duration
on ADT 3.2 months, IQR 1.7–3.72) and 9 out of 22 patients (40.9%) had detectable CTCs.
CTC positivity was associated with immunity towards two out of three UV1® vaccine
peptides (p = 0.009, Figure 2A). There was a direct correlation between the number of
CTCs detected and the number of peptides involved in the immunity (Spearman rho 0.59,
p = 0.004, Figure 2B).

In order to assess the circulatory immune microenvironment for CTCs, a targeted
serum profiling by Olink technology was performed on samples collected in parallel of
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CTC capture. Both serum levels of CXCL5 and CD70 were significantly elevated in patients
with CTC detected, whereas IL-18, ADGRG1, and HO1 were all downregulated (Table S1).
Intriguingly, when assessing the relationship between a broad immune response (defined
as reactivity to two or more peptides in the UV1®vaccine) and serum protein levels (Table
S2), CXCL5 was also elevated in patients with a broad immune response. CXCL5 levels
correlated positively both to the number of CTCs detected and to the number of peptides
involved in the immune response (Figure 2C,D, respectively).

Figure 2. Assessment of association between circulating tumor cell (CTC) status, immune response,
and serum proteins in cohort 1. (A) Percentage of CTC-positive patients according to the number
of reactive UV1®vaccine peptides in immune response (IR). p-value reported on Chi-square test.
Dot plot to assess the distribution of (B) the number detected CTCs according to the number of
reactive peptides in immune response (IR) in vaccinated patients, (C) serum levels of CXCL5 across
the number of CTCs detected, and (D) CXCL5 according to the number of reactive peptides in IR.
Correlation coefficient and p-values are reported on the Spearman rank test (B–D).

3.1.2. Patients with CTC Show Survival Benefit of Therapeutic Cancer Vaccination

Next, patients were categorized based on their CTC status and the long-term survival
was assessed. Despite a small cohort, patients with CTC positivity illustrated long-term
PCSS, with only 1 out of 9 succumbing to the disease at 80 months follow-up, whereas 10
out of 13 patients negative for CTC had PC-specific death (p = 0.008, Figure 3A). Overall
survival was also improved for CTC-positive patients, with 3 out of 9 dead within the
patient group positive for CTC and 10 out of 13 among the CTC negative patient group
(p = 0.058, Figure 3B).
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Figure 3. Survival estimates of patients stratified by CTC status. Kaplan–Meier plot and crude hazard ratio (HR) with
confidence intervals (CIs) for PCSS (A) and OS (B) in cohort 1 (mPC) grouped according to CTC detection. PCSS: prostate
cancer-specific survival, OS: overall survival.

3.2. CTCs are Present at Biochemical Relapse and Express PSMA, PD-L1, and PAP

In a pilot study, CTC presence was assessed in five men referred to salvage radio-
therapy after prostatectomy. All five patients presented with CTCs at biochemical relapse
(range 18–31). Two out of the five patients had a negative PSMA-PET scan. Membrane
staining of PSMA, PAP, and PD-L1 was assessed on the captured CTCs, as well as clusters
(Table 2 and Figure 4). Four CTC samples were positive for all three markers, and patients
with high Gleason grade group (4 and 5) had fewer CTCs with clusters (range 0–1), whereas
patients with grade group 2 and 3 had CTCs with more clusters (range 3–4) (p < 0.0001).
Further, the proportion of CTCs stained with all three markers increased with the Gleason
grade (p = 0.005). In all samples, nucleated cells negative for PSMA, PD-L1, and PAP were
found (Figure 4A).

Table 2. Summary of immunofluorescence stained cells in individual patients.

p= *

Patient ID 1 3 5 2 4

Gleason Grade Group 2 3 3 4 5
PSMA-PET status + - + - +
Total no. CTC 31 19 18 27 29
PSMA, n (%) 0 (0.0) 0 (0.0) 5 (27.8) 0 (0.0) 0 (0.0) 0.96
PD-L1, n (%) 20 (64.5) 3 (15.8) 3 (16.7) 0 (0.0) 0 (0.0) <0.001
PAP, n (%) 0 (0.0) 6 (31.6) 4 (22.2) 3 (11.1) 2 (6.9) 0.92
PSMA/PD-L1, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) -
PSMA/PAP, n (%) 6 (19.4) 3 (15.8) 6 (33.3) 0 (0.0) 0 (0.0) 0.005
PD-L1/PAP, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) -
PSMA/PD-L1/PAP, n (%) 5 (16.1) 7 (36.8) 0 (0.0) 24 (88.9) 27 (93.1) 0.005
Clusters (no.) 4 (12.3) 3 (15.8) 4 (22.2) 1 (3.7) 0 (0.0) <0.0001
Nuclei+ cells
(no. PSMA/PD-L1/PAP) † 4 5 8 11 0 -

* Chi-square test for trend; † not counted as positive CTC.
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Figure 4. Immunofluorescence staining for PSMA, PD-L1, and PAP on captured CTCs in men with
biochemical failure post-prostatectomy (cohort 2). (A) Examples of stained CTCs captured in patients
with Gleason grade group 2; (B) examples of stained CTCs captured in Gleason grade group 5.

4. Discussion

In the present study, we assessed the prevalence of CTCs in two clinically relevant
settings: (a) patients with de novo metastatic PC and (b) patients with biochemical relapse
PC referred to postoperative radiation. In both groups, we found considerable context-
dependent evidence of CTCs even after ADT had been commenced (cohort 1) or when
low serum PSA levels signaled tumor recurrence (cohort 2). Notably, targeting EpCAM
is currently recognized as the only FDA-approved marker for detecting CTCs [11] and is
recommended by the prostate cancer working group (PCWG3) guidelines [12]. Cancer
cells of epithelial origin can retain stem cell-like features and constitute to further insight
into the development of phenotypes and therapy failure [13,14]. The PCWG emphasizes
the importance of clinical trials with a biomarker context. In the present study, CTC
enumeration, immune response, and serum proteins were embedded in the disease state
model.

Here, we could show that CTCs were detectable in 40.9% of patients with onset
metastatic disease treated short-term with ADT and a detection rate of 100% in patients with
biochemical relapse after prostatectomy. In both scenarios, patients had low serum PSA
owing to ADT or resection of the prostate. The results give new insights into the biological
behavior of PC, in patients with low serum PSA both due to ADT or prostatectomy.

It has been established that CTC is a prognostic marker in metastatic castration-
resistant prostate cancer [6,9]. Surprisingly, patients positively stained for CTCs after the
onset of ADT and before initiating the UV1® vaccine had a survival benefit at median
six-year FU post-vaccination. This is contrary to recent findings where a high count of
CTCs signaled poor outcomes in those treated with life-long ADT [15]. We speculate that
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CTCs with epithelial features could be a source to antigens and act synergistically with the
therapeutic peptide vaccine in stimulating cancer-specific immune cells, improving the
outcome in some patients.

In support of this unexpected observation, we found that the number of CTCs de-
tected in cohort 1 patients correlated to the broadness of the vaccine IR, demonstrated
by the number of vaccine peptides involved [8]. Goldkorn et al. found that telomerase
activity independently predicted overall survival in men with detectable CTCs [16]. The
CTC presence could thus potentially boost the induction of an anti-telomerase IR by the
UV1®vaccine. This opens up for further investigation on whether CTCs can be used to
predict patients that will have a favorable response to arising immune therapies in prostate
cancer [17].

The high prevalence of CTCs in cohort 1 during ADT raises some intriguing questions.
It is well established that immunosenescence in older men leads to thymic involution and is
related to the predominantly significant clinical detection of cancer [18]. However, ADT can
reverse thymic involution, thereby recruiting naïve T-cells capable of forming lymphocyte
infiltrates in the primary tumor [19,20]. Of note, the typical immune-pathological cell
picture is governed by suppressed immunity in prostate cancer patients when treated with
ADT [21]. However, ADT can lead to androgen receptor amplification and programmed
cell death. Increased antigen presentation can assist in the often-seen sustained response in
biochemical responding patients [22].

On the other hand, in those with a negative CTC finding (59.1% in cohort 1), ADT
could reset cancer cells to senescence, shedding typical epithelial surface markers con-
tributing to an immune mimicry. It has been recently described that secretory stimuli in
the microenvironment of minimal residual disease can induce senescence [23]. Moreover,
depending on the driver-mutation, the senescence-associated secretory phenotype of senes-
cent tumor cells can have pro- and antitumorigenic effects [24]. Besides, cancer-associated
fibroblasts producing CXCL5 are involved in promoting PD-L1 upregulation in tumor
cells [25]. CXCL5 is often elevated in metastatic PC patients, increases with tumor apop-
tosis, and is thus considered as a relevant therapeutic target [26]. CXCL5 is involved in
recruiting immune cells to the tumor, including myeloid-derived suppressor cells, con-
tributing to tumor immunoresistance (reviewed in [27]). Our study found the chemokine
CXCL5 to be associated with the number of CTCs and immune response. In line with
previous reports, this could be the response of the cancer and its microenvironment to an
immune attack, suggesting that CXCL5 is a potential Achilles’ heel. Combination treatment
could be required to overcome such resistance mechanisms and to have a sustained and
broad immune response.

In cohort 2, the number of CTCs detected was independent of PSA, and could also be
detected at low PSA levels. CTCs survive only for a short time in the blood circulation [28].
Chen et al. showed that the finding of CTCs by the DC01 was reproducible at different time-
points [29]. The in vivo DC01 device, previously tested in men after surgery, had a detection
rate of 34% obtained three months after prostatectomy. In our study, a significant number
of CTCs were detected more than one year after surgery in a prognostic high-risk group.
Therefore, they likely originate from clinically significant minimal residual disease after
primary radical resection of the prostate. In line with this, the CTC positivity in our study
was supported by observing that CTC count was independent of PSA. Many recent basic
science findings point toward the possible early genesis of a so-called immune tolerance [30].
This is in line with Benko et al., who found higher expression of EpCAM positivity in
patients with high-grade Gleason score and T stage, and that EpCAM expression was
a significant predictor of shorter biochemical recurrence-free survival [31]. Despite the
normally long tumorigenesis of primary PC, CTCs may have accelerated clonal evolution,
enabling them to spread.

Interestingly, CTCs from cohort 2 stained positively for PSMA with PD-L1 and PAP.
The presence of CTCs was independent of PSA values or PSMA-PET findings. This is in
line with the findings of Cieslikowski et al., who found presence of CTCs in patients with
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no evidence of metastasis by imaging [32]. PSMA is a transmembrane glycoprotein with
catalytic properties, named glutamate carboxypeptidase II. It is not specific to prostate
cancer, but has proven useful as it is highly overexpressed in prostate cancer cells in about
95% of the patients [33,34]. PSMA-PET has a sensitivity level that depends on the tumor
volume. Sensitivity ranged from 42 to 98% and specificity from 71 to 99%. Thus, in patients
with early biochemical relapse, not all will have sufficient minimal residual disease to be
detected by PSMA-PET.

The expression of PD-L1 on CTCs has been linked to tumor immune evasion [10]. In
the present study, Gleason grade and IF markers were correlated. The finding of a distinct
phenotype in CTCs could provide a protective mechanism of CTC survival outside the
tumor microenvironment.

Our study has limitations. Apart from the small sample size and the lack of baseline
CTC measurement before initiation of ADT (cohort 1), CTCs are heterogeneous and might
not at all express the epithelial marker. Using EpCAM as a positive selection marker may
introduce a bias, but the prolonged in vivo detection time can lead to favorable enrichment
of CTCs. Thus, by a pre-defined set of criteria, the probability of a false positive CTC
decreased. Longitudinal observation of CTCs using the DC01 will be performed in the
ongoing phase I TENDU101 study (NCT04701021).

In cohort 2, some nucleated cells captured by the DC01 were suspicious, but did not
stain for either PSMA, PD-L1, or PAP and were disregarded as CTC. As these cells were
not counterstained with CD45 or pan-cytokeratin, leukocyte origin cannot be excluded.

Although the survival data reported herein show great potential in the small study of
the UV1®vaccine (cohort 1), we cannot exclude that immune responses triggered by other
prostate antigens not covered by our assay contribute to improved clinical outcome in this
cohort.

5. Conclusions

Our results indicate that implementation of the CTC detection could improve the
shared decision-making process addressing targeted therapy for men with de novo and
relapsed PC after prostatectomy. Notably, presence of CTCs during the onset of ADT and
before the start of peptide vaccine was correlated to outcome. We found a substantial
number of CTCs with the DC01 device, which could be a valuable clinical tool for assessing
relapse, contextual treatment efficacy, and tailored therapy in men with PC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jpm11070605/s1, Table S1: Targeted serum profiling for differences between CTC status;
Table S2: Targeted serum profiling for differences in immune response.
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Z.T.; et al. In Vivo Detection of Circulating Tumor Cells in High-Risk Non-Metastatic Prostate Cancer Patients Undergoing
Radiotherapy. Cancers 2019, 11, 933. [CrossRef]

30. Klein, C.A. Parallel progression of primary tumours and metastases. Nat. Rev. Cancer 2009, 9, 302–312. [CrossRef]
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Abstract: Nuclear grade is important for treatment selection and prognosis in patients with clear cell
renal cell carcinoma (ccRCC). This study aimed to determine the ability of preoperative four-phase
multiphasic multidetector computed tomography (MDCT)-based radiomics features to predict the
WHO/ISUP nuclear grade. In all 102 patients with histologically confirmed ccRCC, the training
set (n = 62) and validation set (n = 40) were randomly assigned. In both datasets, patients were
categorized according to the WHO/ISUP grading system into low-grade ccRCC (grades 1 and 2)
and high-grade ccRCC (grades 3 and 4). The feature selection process consisted of three steps,
including least absolute shrinkage and selection operator (LASSO) regression analysis, and the
radiomics scores were developed using 48 radiomics features (10 in the unenhanced phase, 17 in the
corticomedullary (CM) phase, 14 in the nephrographic (NP) phase, and 7 in the excretory phase).
The radiomics score (Rad-Score) derived from the CM phase achieved the best predictive ability,
with a sensitivity, specificity, and an area under the curve (AUC) of 90.91%, 95.00%, and 0.97 in
the training set. In the validation set, the Rad-Score derived from the NP phase achieved the best
predictive ability, with a sensitivity, specificity, and an AUC of 72.73%, 85.30%, and 0.84. We con-
structed a complex model, adding the radiomics score for each of the phases to the clinicoradiological
characteristics, and found significantly better performance in the discrimination of the nuclear grades
of ccRCCs in all MDCT phases. The highest AUC of 0.99 (95% CI, 0.92–1.00, p < 0.0001) was demon-
strated for the CM phase. Our results showed that the MDCT radiomics features may play a role as
potential imaging biomarkers to preoperatively predict the WHO/ISUP grade of ccRCCs.

Keywords: clear cell renal cell carcinoma; radiomics; WHO/ISUP nuclear grade; multiphasic multi-
detector computed tomography

1. Introduction

Clear cell renal cell carcinoma (ccRCC) encompasses around 70% of all renal cell
carcinomas, making it the most common pathological subtype [1,2]. It has the worst
prognosis of all types of RCC, and its biological aggressiveness significantly changes the
prognosis [3].
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Tumor grading is among the most important prognostic factors as an independent
predictor of cancer-specific survival for ccRCC stages [4]. The World Health Organi-
zation/International Society of Urological Pathology (WHO/ISUP) grading system for
ccRCC [5] has improved interobserver reproducibility compared to the former Fuhrman
grading system, being easier to apply and more clinically relevant. This four-grade system
is based primarily on nucleolar prominence assessed to determine grades 1–3. Grade 4
is defined by the presence of highly atypical “pleomorphic” cells and/or sarcomatoid or
rhabdoid morphology. Grades 1–2 are classified as low grades, and grades 3–4 are classified
as high grades. Patients with low-grade ccRCC may be candidates for less invasive pro-
cedures, such as nephron-saving surgery, radiofrequency ablation, or active surveillance,
whereas radical interventions are acceptable in patients with high-grade ccRCC [6].

Percutaneous renal mass biopsy is an accurate procedure that can identify the histology
of the lesions [7]. Due to the heterogeneity of ccRCCs, the accuracy of tumor grading
through biopsy is controversial, as the biopsy shows some discrepancies of the resection
sample for grading systems. Some studies focusing on renal tumor biopsies and tumor
grading [8–11] have reported that biopsies usually underestimate the final grade and
less often overestimate the final grade. The percentage of accurate biopsy grading was
reported between 43% and 75%, and the percentage of differentiation between low and
high grade was reported between 64% and 87%. Moreover, different parts of a tumor
have distinct molecular characteristics and such differences change over time. Thus,
optimal characterization of tumor grading by percutaneous biopsy cannot be obtained
properly because it is not possible to biopsy each part of a tumor at different times [12,13].

The field of medical and biological image analysis has recently grown exponentially,
and a new method called radiomics has been developed [14–16]. Radiomics is a promis-
ing technique that extracts and analyzes large numbers of imaging features to provide
more information than only human imaging evaluation can offer. This method uses high-
throughput extraction of large numbers of quantitative radiomics features obtained from
medical images using advanced mathematical algorithms to determine tumor pheno-
types [17–19]. Thus, the heterogeneity of the entire tumor volume is assessed compared to
biopsies that assess the heterogeneity in a small portion of the tumor and at a single anatom-
ical site [20–24]. Several previous studies [25–32] have shown that radiomics features based
on multiphasic multidetector computed tomography (MDCT) images perform efficiently
in differentiating between high-/low-grade ccRCC tumors. Given these promising results,
we assume that MDCT-based radiomics features may play a feasible role in predicting
high-/low-grade ccRCCs. This study aims to evaluate if radiomics features extracted from
a four-phase MDCT study may be helpful to preoperatively differentiate the WHO/ISUP
nuclear grades of ccRCCs.

2. Materials and Methods

The ethical approval for this retrospective study was obtained from the Institutional
Review Board of Clinical Municipal Hospital of Cluj-Napoca (Approval Code: No. 15/2020;
Approval Date: 11 June 2020). No formal written consent was required for this study.

2.1. Study Population

We performed a retrospective analysis of the medical database for patients with patho-
logically proven ccRCC from January 2018 to February 2020. The inclusion criteria were as
follows: patients with four-phase MDCT scan before surgery; WHO/ISUP nuclear grades,
which were available from the pathology reports. The exclusion criteria were: significant
artifacts on images (motion or metal artifacts), previous tumor treatment, and patients with
cystic lesions. Our study comprised 102 patients (mean age: 61.92 ± 13.03), which were
divided into two groups: the training set (62 patients) and the validation set (40 patients).
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2.2. Image Acquisition

MDCT scans were performed with a 64-row scanner (Somatom Sensation, Siemens,
Erlangen, Germany) using: a 120 kV variable tube current (variable setting from 200 to
400 mAs based on patient size); section collimation, 0.6 mm; table feed, 5 mm/s; slice thick-
ness, 3.0 mm; and a pitch of 1. Nonionic contrast material was injected via an antecubital
vein at a rate of 3.0 mL/s using a CT-compatible power injector with a total volume of
80–150 mL. A region of interest (ROI) in the thoracoabdominal aorta junction was placed,
with a trigger set to begin at 150 HU. The renal mass protocol consisted of a four-phase
study: an unenhanced (UN) scan followed by contrast-enhanced acquisitions during the
corticomedullary (CM, 30 s delay), nephrographic (NP, 90 s delay), and excretory (EX,
8 min delay) phases.

2.3. Histopathological Assessment of Nuclear Grade

WHO/ISUP nuclear grades were obtained from the pathology reports of the histopatho-
logical examination. The samples were obtained from the partial nephrectomy of 22 pa-
tients, total nephrectomy of 13 patients, and radical nephrectomy of 67 patients. All tumors
were divided into low-grade ccRCC (WHO/ISUP grades 1 and 2) and high-grade ccRCC
(WHO/ISUP grades 3 and 4).

2.4. Tumor Segmentation, Preprocessing, and Radiomics Feature Extraction

From the pictured archiving and communication system (PACS, Carestream, Canada),
all MDCT acquisitions were exported and transferred to a workstation to be segmented
using the open-source 3D Slicer software, version 4.10.2 (www.slicer.org). For each renal
mass, the volume of interest (VOI) segmentation was manually and slightly delineated
slice by slice by a radiology resident (Claudia-Gabriela Moldovanu), in accordance with a
senior radiologist with 9 years of experience in urogenital imaging (Attila Tamas-Szora)
to ensure the accuracy of the tumor boundaries. The two radiologists were blinded to the
pathological results. To minimize the partial volume effect from surrounding structures,
the segmentations were carefully delineated, reducing the size of the tumors by 1 mm
from the current visible edge. The nephrographic phase was used for segmentation
because it provides an adequate delimitation between the tumor and uninvolved adjacent
parenchyma (Figure 1).

Prior to radiomics features extraction, the images of each patient were preprocessed:
first, the images and VOIs were resampled to an isotropic voxel size of 1 × 1 × 1 mm3 using
B-Spline interpolation; then, normalization of the images was performed by centering in
the chosen place by division through standard deviation; finally, image discretization was
performed of the gray level by a fixed bin width of 25 in the histogram.

A total of 4184 radiomics features of the four-phase MDCT study per patient (1046 fea-
tures per phase) were extracted from the VOIs and divided into four groups: (1) image
intensity (first-order statistics features); (2) shape and size-based features; (3) second-order
statistics features (textural features); and (4) higher-order statistical features (obtained after
applying filters and mathematical transforms to the images). We used Laplacian transforms
of Gaussian-filter- and wavelet-transformed images. The Laplacian of Gaussian (LoG)
filter was used with values of 2 mm, 4 mm, and 6 mm, representing fine, medium, and
coarse patterns, respectively. Wavelet-based texture features were generated using eight
different frequency band combinations, applying either a high- or low-pass filter in each of
the three dimensions including high–high–high, high–high–low, high–low–low, high–low–
high, low–high–low, low–high–high, low–low–high, and low–low–low. Radiomics features
were extracted from images with and without preprocessing filters from all four MDCT
phases separately. PyRadiomics version 2.1.2. was used for both preprocessing and feature
extraction.
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Figure 1. Example of volume of interest (VOI) segmentation in the nephrographic (NP)
phase of a pathologically proven clear cell renal cell carcinoma (ccRCC).

2.5. Reliability Validation of Texture Features

According to previously published guidelines [33–35], the reproducibility of texture
features was calculated using the interclass correlation coefficient (ICC) of the radiomics
features. Another radiologist (Andrei Lebovici, with 8 years of experience in urogenital
imaging) independently resegmented all renal masses and extracted radiomics features,
also blinded by the pathological results. Thus, for each extracted texture features, the ICC
was calculated. For the feature selection process, the features with an ICC value of ≥0.75
were included, indicating excellent reproducibility, resulting in a total of 3429 features
(826 in the UN phase, 861 in the CM phase, 864 in the NP phase, and 878 in the EX phase).

2.6. Statistical Analysis

Statistical analysis was performed using SPSS Statistics software for Windows, ver-
sion 18.0 (SPSS Inc., Chicago, IL, USA) and R software version 3.6.3 using the “glmnet”
package. The Mann–Whitney U-test was used for univariate analysis to identify the fea-
tures with a significant difference between low/high-grade ccRCC groups. The Benjamini–
Hochberg (BH) correction method was applied to control the false discovery rate in multiple
hypothesis testing. BH-adjusted p-values < 0.05 were considered significant. Spearman’s
correlation coefficient was used to assess the correlation between all radiomics features.
This was performed between any two features, and when the Spearman coefficient was >
0.9/< −0.9, the feature with the higher p-value in the univariate analysis was eliminated.
For standard comparison and mitigating the effects of the data splitting, the radiomics
scores were built using the least absolute shrinkage and selection operator (LASSO) per-
formed by 10-fold cross-validation. The radiomics score (Rad-Score) was computed for
each MDCT phase of each patient through a linear combination of features weighted by
their LASSO coefficients. To evaluate the predictive performance of the radiomics score
for the differentiating ability of low/high-grade ccRCC in the training and validation
sets, the area under the receiver operating characteristic (ROC) curve (AUC) was used,
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and p < 0.05 was considered statistically significant. Multivariate analysis using binary
logistic regression (enter method) was conducted to detect independent predictors of the
WHO/ISUP nuclear grade of ccRCCs, including the clinicoradiological characteristics and
radiomics score as independent variables.

3. Results

3.1. Patients Characteristics

A total of 102 patients (mean age: 61.92 ± 13.03) were included in this study, divided
into training sets and validation sets based on the random split method. Thus, 62 patients
constituted the training set (40 men, 22 women; mean age: 61.09 ± 12.64), whereas 40
patients constituted the validation set (27 men, 13 women; mean age: 63.2 ± 13.66). In the
training set, 40 patients were classified according to the WHO/ISUP grading system as
low-grade ccRCC, and the remaining 22 patients were classified as high-grade ccRCC.
The validation set comprised 29 patients with low-grade ccRCC and 11 patients with
high-grade ccRCC. The baseline characteristics of training and validation sets are provided
in Table 1.

Table 1. Demographic and clinicoradiological characteristics of the study population. * p < 0.05 was considered statistically significant.

Training Set Validation Set

Characteristic Low Grade High Grade p-Value Low Grade High Grade p-Value

Number 40 22 29 11

Age (years) 58.2 ± 12.92 66.36 ± 10.45 0.009 * 61.89 ± 13.30 66.63 ± 14.66 0.36

Gender 0.91 1.00
Male 26 (65%) 14 (35%) 20 (74.1%) 7 (25.9%)

Female 14 (63.6%) 8 (36.4%) 9 (69.2%) 4 (30.8%)

Tumor size (mm) 46.65 ± 28.53 73.22 ± 26.25 0.001 * 53.17 ± 22.68 79.45 ± 25.15 0.008 *

Tumor stage (n) 0.001 * 0.01 *
1 30 (85.7%) 5 (14.3%) 18 (94.7%) 1 (5.3%)
2 3 (50%) 3 (50%) 6 (100%) -
3 7 (35%) 13 (65%) 5 (35.7) 9 (64.3%)
4 - 1 (100%) - 1 (100%)

Vein thrombosis 0.02 * 0.009 *
No 33 (73.3%) 12 (26.6%) 22 (88%) 3 (12%)
Yes 7 (41.1%) 10 (58.8%) 7 (46.6%) 8 (53.3%)

Tumor necrosis 0.47 1.00
No 7 (77.7%) 2 (22.2%) 2 (66.6%) 1 (33.3%)
Yes 33 (60%) 22 (40%) 27 (72.9%) 10 (27.0%)

Perinephritic
invasion 0.009 * 0.49

No 34 (73.9%) 12 (26.0%) 12 (80%) 3 (20%)
Yes 6 (37.5%) 10 (62.5%) 17 (68%) 8 (32%)

Intratumoral
neovascularity 0.003 * 0.29

No 30 (78.9%) 8 (21.0%) 11 (85.6%) 2 (15.3%)
Yes 10 (41.6%) 14 (58.3%) 18 (66.6%) 9 (33.3%)

Hemorrhage 0.01 * 0.48
No 32 (74.4%) 11 (25.5%) 16 (80%) 4 (20%)
Yes 8 (42.1%) 11 (57.8%) 13 (65%) 7 (35%)

Lymphadenopathy 0.05 0.12
No 35 (71.4%) 14 (28.5%) 27 (77.1%) 8 (22.8%)
Yes 5 (38.4%) 8 (61.5%) 2 (40%) 3 (60%)
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No significant difference in the gender of the patients, N stage, and intratumoral
necrosis between low- and high-grade ccRCC in both the training and validation sets
was observed. However, significant differences were observed in the ages of the patients,
tumor size, tumor stage, vein thrombosis, perinephric fat invasion, intratumoral neo-
vascularity, and intratumoral hemorrhage in the training set. These results are partially
confirmed in the validation set, where tumor size, tumor stage, and vein thrombosis were
the only significantly different characteristics.

3.2. Feature Selection and Radiomics Score Building: Training Set

Feature selection and radiomics score building were separately performed on each
MDCT phase of each patient. According to the standard of ICC ≥ 0.75 in the inter-reader
agreement evaluation, 826 radiomics features from the UN phase, 861 features from the
CM phase, 864 features from the NP phase, and 878 features from the EX phase were highly
reproducible and selected for further analysis.

To develop the radiomics signature, univariate analysis was performed to assess the
potential of the radiomics features to differentiate between the low- and high-grade ccRCC
groups. Excluding those with an adjusted p-value > 0.05, the number of features was
further decreased to 1241 features (228 in the UN phase, 387 in the CM phase, 340 in the
NP phase, and 286 in the EX phase). These features were included in the further selection
process.

After applying the Spearman correlation analysis, these features were secondly re-
duced to 302 potential predictors (46 in the UN phase, 110 in the CM phase, 85 in the NP
phase, and 61 in the EX phase). Furthermore, the LASSO binary logistic regression algo-
rithm was used to reduce the dimensionality of the above high-dimensional features; thus,
the best features were selected based on the optimal λ parameters. Forty-eight radiomics
features with nonzero coefficients were then selected to construct the radiomics scores
across all MDCT phases (10 in the UN phase, 17 in the CM phase, 14 in the NP phase,
and 7 in the EX phase). Most of the features included in the radiomics scores were obtained
from filtered images using LoG and wavelet-transformed filters, being mainly texture and
first-order features (Table 2).

Table 2. List of selected radiomics features and their coefficients for calculating the radiomics score.

Radiomic Group Radiomic Feature Associated Filter Coefficient

UN phase

Intercept −0.872

Texture feature JointAverage LoG filter (2 mm) 0.409
Texture feature SizeZoneNonUniformity LoG filter (2 mm) 0.010
Texture feature DependenceVariance LoG filter (4 mm) 0.362

First-order Minimum LoG filter (4 mm) −0.296
Texture feature LongRunEmphasis LoG filter (4 mm) 0.477
Texture feature SmallAreaHighGrayLevelEmphasis LoG filter (4 mm) 0.091
Texture feature LargeAreaLowGrayLevelEmphasis Wavelet-LHL 0.039
Texture feature LongRunLowGrayLevelEmphasis Wavelet-LLH −0.431
Texture feature SmallAreaLowGrayLevelEmphasis Wavelet-LLH −0.349
Texture feature LongRunLowGrayLevelEmphasis Wavelet-HHL 0.343

CM phase

Intercept −1.184

Texture feature SmallAreaLowGrayLevelEmphasis Original −0.387
First-order Skewness LoG filter (2 mm) −0.311
First-order Minimum LoG filter (2 mm) −0.052
First-order 10Percentile LoG filter (2 mm) 0.303

Texture feature LowGrayLevelEmphasis LoG filter (4 mm) −0.373
Texture feature LongRunHighGrayLevelEmphasis Wavelet-HLL 0.306
Texture feature LowGrayLevelZoneEmphasis Wavelet-HLL −0.076
Texture feature Imc2 Wavelet-LHL 0.797

First-order Mean Wavelet-LHL 0.516
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Table 2. Cont.

Radiomic Group Radiomic Feature Associated Filter Coefficient

Texture feature GrayLevelNonUniformity Wavelet-LHL −0.153
Texture feature SmallAreaEmphasis Wavelet-LHL 0.823
Texture feature LongRunLowGrayLevelEmphasis Wavelet-LLH −0.429

First-order Maximum Wavelet-HLH 0.583
Texture feature GrayLevelVariance Wavelet-HHL 0.084

First-order Entropy Wavelet-HHL 0.049
Texture feature RunVariance Wavelet-HHL 0.064
Texture feature ShortRunLowGrayLevelEmphasis Wavelet-LLL −0.379

NP phase

Intercept −0.765

Texture feature HighGrayLevelRunEmphasis Original 0.325
Texture feature ShortRunHighGrayLevelEmphasis LoG filter (6 mm) −0.087
Texture feature Imc2 Wavelet-HLL 0.191
Texture feature ShortRunHighGrayLevelEmphasis Wavelet-HLL 0.225
Texture feature Contrast Wavelet-LHL 0.192
Texture feature SmallAreaHighGrayLevelEmphasis Wavelet-LHL 0.353
Texture feature ZoneEntropy Wavelet-LHL 0.049

First-order Entropy Wavelet-LHH 0.070
Texture feature DependenceNonUniformityNormalized Wavelet-LLH 0.013
Texture feature SumEntropy Wavelet-HLH −0.190
Texture feature Imc2 Wavelet-HLH 0.331
Texture feature GrayLevelVariance Wavelet-HHL 0.019
Texture feature Idn Wavelet-LLL 0.223
Texture feature SmallAreaLowGrayLevelEmphasis Wavelet-LLL −0.189

EX phase

Intercept −0.653

Texture feature DependenceVariance LoG filter (4 mm) −0.234
First-order Kurtosis LoG filter (4 mm) 0.139

Texture feature RunVariance LoG filter (4 mm) 0.163
Texture feature SizeZoneNonUniformity LoG filter (4 mm) 0.032
Texture feature DependenceNonUniformityNormalized Wavelet-HLL 0.165
Texture feature SmallDependenceLowGrayLevelEmphasis Wavelet-HLL −0.046
Texture feature SmallAreaHighGrayLevelEmphasis Wavelet-LHL 0.028

A significant difference in the radiomics scores between low- and high-grade ccRCCs
in all MDCT phases, with patients from the second group having higher values (Table 3),
was observed. Rad-Score was calculated according to the following formula:

Rad − Score =

a

∑
c=0

Cc ∗ Xc + b

where a is the number of radiomics features with nonzero coefficients for each MDCT phase
(10 for the UN phase, 17 for the CM phase, 14 for the NP phase, and 7 for the EX phase),
Cc is the coefficient of the cth feature, Xc the cth feature, and b the intercept.

3.3. Performance of the Radiomics Scores: Training Set

To compare the detection performance, the Rad-Scores were validated in terms of ROC
curve and AUC in the training set (Figure 2). Sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) were also calculated. The radiomics
scores showed a favorable predictive efficacy for differentiating low- from high-grade
ccRCC based on each phase of the MDCT protocol. The results are summarized in Table 4.
In the training set, the Rad-Scores derived from the UN and CM phases achieved the best
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predictive ability, with a sensitivity, specificity, and an AUC of 81.82%, 92.50%, and 0.89 in
the UN phase and 90.91%, 95.00%, and 0.97 in the CM phase.

Table 3. Difference of the radiomics score (Rad-Score) between low- and high-grade ccRCC in the
training and validation sets.

WHO/ISUP Nuclear Grades
Radiomic Score

Mean ± SD
p-Value MDCT Phase

Training set

Low grade (n = 40)

−1.68 ± 1.16 p < 0.001 UN
−2.50 ± 1.95 p < 0.001 CM
−1.26 ± 0.68 p < 0.001 NP
−0.92 ± 0.53 p < 0.001 EX

High grade (n = 22)

0.60 ± 1.34 p < 0.001 UN
1.21 ± 1.29 p < 0.001 CM
0.15 ± 1.18 p < 0.001 NP
−0.16 ± 0.51 p < 0.001 EX

Validation set

Low grade (n = 29)

−1.18 ± 1.70 p = 0.051 UN
−2.21 ± 2.42 p < 0.001 CM
−1.12 ± 0.72 p = 0.001 NP
−0.80 ± 0.62 p = 0.009 EX

High grade (n = 11)

−0.03 ± 1.32 p = 0.051 UN
1.53 ± 3.43 p < 0.001 CM
0.19 ± 1.56 p = 0.001 NP
−0.24 ± 0.45 p = 0.009 EX

Table 4. Radiomic score performance in the training and validation sets in all MDCT phases.

Variable
AUC

(95% CI)
Se

(95% CI)
Sp

(95% CI)
PPV

(95% CI)
NPV

(95% CI)
Cut-Off Value p-Value

Training set

Radiomic score:
UN phase

0.89
(0.796–0.961)

81.82
(59.7–94.8)

92.50
(79.6–98.4)

85.7
(63.7–97.0)

90.2
(76.9–97.3) −0.34 <0.001

Radiomic score:
CM phase

0.97
(0.89–0.99)

90.91
(70.8–98.9)

95.00
(83.1–99.4)

90.9
(70.8–98.9)

95.0
(83.1–99.4) −0.25 <0.001

Radiomic score:
NP phase

0.87
(0.76–0.94)

81.82
(59.7–94.8)

92.50
(79.6–98.4)

85.7
(63.7–97.0)

90.2
(76.9–97.3) −0.55 <0.001

Radiomic score:
EX phase

0.85
(0.73–0.92)

72.73
(49.8–89.3)

87.50
(73.2–95.8)

76.2
(52.8–91.8)

85.4
(70.8–94.4) −0.34 <0.001

Validation set

Radiomic score:
UN phase

0.72
(0.56–0.85)

72.73
(39.0–94.0)

72.41
(52.8–87.3)

50.0
(24.7–75.3)

87.5
(67.6–97.3) −0.43 0.0157

Radiomic score:
CM phase

0.81
(0.66–0.92)

72.73
(39.0–94.0)

75.90
(56.5–89.7)

53.3
(26.6–78.7)

88.0
(68.8–97.5) −0.85 <0.001

Radiomic score:
NP phase

0.84
(0.69–0.93)

72.73
(39.0–94.0)

85.30
(68.3–96.1)

66.7
(34.9–90.1)

89.3
(71.8–97.7) −0.58 <0.001

Radiomic score:
EX phase

0.77
(0.61–0.89)

100.0
(71.5–100.0)

51.72
(32.5–70.6)

44.0
(24.4–65.1)

100.0
(78.2–100.0) −0.88 <0.001

Using the variables with a significant difference among low- and high-grade ccRCCs
in the training set (including age, tumor size, vein thrombosis, perinephric invasion, tu-
mor stage (2–4), intratumoral neovascularity, and hemorrhage), we conducted a multivari-
ate logistic regression analysis to develop a clinicoradiological model for the preoperative
prediction of the WHO/ISUP nuclear grade of ccRCCs (Table 5). Further, we constructed
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four complex models, adding the radiomics score of each phase to the clinicoradiological
model (Table 6).

1 

  

Figure 2. ROC curves of radiomics scores of all MDCT phases in the training and valida-
tion sets. ROC, receiver operating characteristic, AUC area under the curve.
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Table 5. Multivariate logistic regression analysis for the preoperatively prediction of the WHO/ISUP nuclear grade of ccRCCs:
clinicoradiological model.

Variable Coefficient Std. Error p-Value Odds Ratio (OR)

Age (years) 0.05 0.03 0.10 1.05
Tumor size (mm) 0.006 0.01 0.74 1.00

Vein thrombosis: positive −1.32 1.22 0.27 0.26
Perinephric invasion: positive 1.60 1.39 0.25 4.98

Tumor stage (2, 3, or 4) 2.09 1.07 0.05 8.13
Intratumoral neovascularity: positive 1.04 0.99 0.29 2.85

Hemorrhage: positive −1.81 1.55 0.24 0.16
Constant −5.55

Table 6. Multivariate logistic regression analysis for the preoperative prediction of the WHO/ISUP nuclear grade of ccRCCs:
complex model.

Variable Coefficient Std. Error p-Value Odds Ratio (OR)

UN phase

Age (years) 0.03 0.05 0.4997 1.03
Tumor size (mm) −0.02 0.02 0.4156 0.97

Vein thrombosis: positive 1.64 1.81 0.3653 5.16
Perinephric invasion: positive −0.17 1.73 0.9176 0.83

Tumor stage (2, 3, or 4) 0.99 1.42 0.4860 2.70
Intratumoral neovascularity: positive 0.07 1.17 0.9485 1.07

Hemorrhage: positive −1.75 1.87 0.34 0.17
Radiomic score: UN phase 1.83 0.59 0.0021 6.27

Constant −0.90

CM phase

Age (years) 0.12 0.09 0.1772 1.13
Tumor size (mm) −0.08 0.07 0.2576 0.91

Vein thrombosis: positive 1.13 16.78 0.9460 3.11
Perinephric invasion: positive 2.76 17.36 0.8735 15.86

Tumor stage (2, 3, or 4) 3.62 3.38 0.2837 37.59
Intratumoral neovascularity: positive −2.36 2.85 0.4075 3.11

Hemorrhage: positive −4.07 17.52 0.8161 0.01
Radiomic score: CM phase 4.92 2.37 0.0384 137.75

Constant −1.50

NP phase

Age (years) 0.11 0.05 0.03 1.12
Tumor size (mm) −0.03 0.02 0.2121 0.96

Vein thrombosis: positive −3.15 1.68 0.0610 0.04
Perinephric invasion: positive 3.88 2.23 0.0827 48.76

Tumor stage (2, 3, or 4) 2.19 1.50 0.1449 8.98
Intratumoral neovascularity: positive 0.34 1.24 0.7830 1.41

Hemorrhage: positive
Radiomic score: NP phase 2.78 0.91 0.0023 16.17

Constant −4.64

EX phase

Age (years) 0.05 0.04 0.2408 1.05
Tumor size (mm) −0.05 0.03 0.0879 0.94

Vein thrombosis: positive −0.24 1.42 0.8639 0.78
Perinephric invasion: positive 1.01 1.57 0.5184 2.77

Tumor stage (2, 3, or 4) 1.87 1.19 0.1170 6.49
Intratumoral neovascularity: positive 0.09 1.07 0.9263 1.10

Hemorrhage: positive −1.20 1.71 0.4832 0.29
Radiomic score: EX phase 4.64 1.75 0.0081 103.88

Constant 1.40
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The ability of the clincoradiological model and the complex model to categorize nu-
clear grades was evaluated by the AUC of the ROC curves (Figure 3). The clincoradiological
model showed a high performance in the discrimination of low- and high-grade ccRCCs
with an AUC of 0.83 (95% CI, 0.71–0.91, p < 0.0001). We found that the addition of radiomics
score to the clincoradiological characteristics improved their performance in all MDCT
phases: AUC = 0.93 (95% CI, 0.84–0.98, p < 0.0001) vs. AUC = 0.89 (95% CI, 0.79–0.96,
p < 0.0001) in the UN phase, AUC = 0.99 (95% CI, 0.92–1.00, p < 0.0001) vs. AUC = 0.97
(95% CI, 0.89–0.99, p < 0.0001) in the CM phase, AUC = 0.91 (95% CI, 0.81–0.97, p < 0.0001)
vs. AUC = 0.87 (95% CI, 0.76–0.94, p < 0.0001) in the NP phase, AUC = 0.87 (95% CI,
0.77–0.94, p < 0.0001) vs. AUC = 0.85 (95% CI, 0.73–0.92, p < 0.0001) in the EX phase.

–
–

–

–

Figure 3. ROC curves of the clincoradiological model and complex models to categorize the nuclear
grades of ccRCC.

3.4. Validation of the Radiomics Score

The performance of the Rad-Scores for the discrimination of low- and high-grade
ccRCCs was confirmed in the validation set in each MDCT phase of each patient (Table 3).
ROC curve analysis was conducted, and the AUC, sensitivity, specificity, PPV, and NPV for
the determined cut-off values were calculated. The results are presented in Figure 2 and
Table 4. Compared with the training set, in the validation set, the Rad-Scores derived from
the CM and NP phases achieved the best predictive ability, with a sensitivity, specificity,
and an AUC of 72.73%, 75.90%, and 0.81 in the CM phase and 72.73%, 85.30%, and 0.84 in
the NP phase.

4. Discussion

In this study, we evaluated if radiomics features extracted from a four-phase MDCT
study may be helpful to preoperatively differentiate the WHO/ISUP nuclear grades of
ccRCC. In the era of personalized medicine, radiomics features, along with metabolic,
histopathologic, and genetic datasets, may be useful to improve patient management,
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a biomarker that could be useful in tumor characterization, treatment selection, and prog-
nosis [36–39]. Many radiomics features have proven to be useful in differentiating between
early- and advanced-stage diseases of various types of cancers [40–43]. In recent years, con-
cerning renal imaging, little research [25–32] has investigated the radiomics potential based
on MDCT to predict the ccRCC nuclear grade. Regarding the histologic tumor grading
system, the majority of studies used the Fuhrman classification system as a pathological
reference. Although the Fuhrman and WHO/ISUP grading systems are linboth used in
current medical practice for ccRCC grading, some studies [44–47] have reported that the
Fuhrman grading system has poor interobserver reproducibility compared to the new
WHO/ISUP grading system.

In recent years, the WHO/ISUP grading system has been accepted in current medical
practice, replacing the former Fuhrman grading system. To the best of our knowledge,
there are only a few published papers that have studied radiomics features based on MDCT
for predicting the ccRCC WHO/ISUP nuclear grade [29,48–51]. However, no previous
work used parameters extracted from a four-phase MDCT study to develop the prediction
model, as our study does.

Our results show that our constructed MDCT-based radiomics scores using a four-
phase protocol achieved a considerably promising performance in differentiating high-
from low-grade ccRCCs. The Rad-Scores derived from the UN and CM phases achieved
the best predictive ability in the training set. However, in the validation set, the Rad-Scores
from the CM and NP phases achieved the best predictive ability. We found that the best
predictive ability with an AUC of 0.94 was for the CM phase in the training dataset and 0.84
was for the NP phase in the validation datasets. This diversity illuminates that the CM and
NP phases are valuable and necessary for ccRCC grading. Our results are in concordance
with the results of previous studies on ccRCC grading using texture analysis or machine
learning (ML), which reported an accuracy between 0.78 and 0.82 and an AUC between
0.71 and 0.98 [29,48,49].

Our feature selection results showed that the first-order features and second-order
statistics features were significantly associated with the WHO/ISUP grade. In building
our radiomics scores, most of the features included were obtained from filtered images,
especially from wavelet-transformed filters. Shu et al. [50] used two predictive models
constructed by radiomics features extracted from the nephrographic and medullary phases
and reported no significant difference in the AUC between them to differentiate low-
from high-grade ccRCC. Conversely, they showed that the combined model of radiomics
features from two certain phases had the highest differential diagnostic efficiency (AUC:
0.82 (95% CI: 0.76–0.86). A recent study [51] showed that the value of the NP phase is limited
in predicting the ISUP grade. This may be due to two reasons: firstly, regarding tumor
delineation, Sun et al. used a single-slice approach (largest cross-section diameter of
the tumor) and did not perform data analysis of the entire tumor VOI. Although VOIs
segmentations are time-consuming processes, we believe that the single-slice approach
does not fully reflect the heterogeneity of the tumor, and the information obtained from the
VOI might be more reliable for the characterization of the tumor. Secondly, their features
extraction algorithm is different; they extracted the radiomics features from original and
wavelet-filtered images, without the use of LoG filters. It is known that filtered-based
images can limit the impact of technical noise [52]. More and more studies are using them,
but a current technical standardization regarding their use has not yet been established [53].

MRI-derived ADC values are useful in characterizing tumor activity [54]. Some stud-
ies [55,56] that evaluated the utility of ADC to differentiate low- from high-grade ccRCC
reported that MRI has a favorable predictive accuracy in detecting high-grade ccRCC
(AUC = 0.80). With all its advantages, MRI is not as widely used as MDCT for the analysis
of renal masses, being used only in selected cases. Cui et al. [48] used MRI- and CT-based
radiomics models to differentiate low- from high-grade ccRCCs, and then the authors
compared their performance. They reported that radiomics models based on a three-phase
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MDCT performed better than the radiomics model based on a single-phase MDCT, with an
ACC ranging from 77 to 79% in internal validation and 61 to 69% in external validation.

Similarly, the radiomics model based on all-sequence MRI was also superior to the
radiomics model based on single-sequence MRI, with an ACC ranging from 71 to 73% in
internal validation and 64 to 74% in external validation. When comparing the performance
between MDCT and MRI, they found that the MRI-based radiomics model had performed
better than the MDCT-based radiomics model for diagnosing low-grade ccRCC and showed
a similar ability for diagnosing high-grade ccRCC.

Regarding the statistical approach, our study included one classification method:
the binary logistic regression method. This algorithm is used to predict the probability of
the class of a categorical dependent variable [57]. Several studies [58,59] have assessed
the performance of quantitative MDCT texture analysis combined with different machine-
learning-based classifiers to discriminate low- from high-grade ccRCC. It was observed
that the highest predictive performance was obtained by the support vector machine
classifier. However, these results were obtained for the Fuhrman grading system of ccRCC.
Despite differences in the procedure followed, we believe that all studies support each
other with the same conclusion that MDCT-based radiomics features may be a promising
noninvasive method in predicting preoperative ccRCC grades.

In this study, the radiomics scores combined with the clinicoradiological characteristics
showed a high performance in the discrimination of ccRCC grades. Two characteristics
(age and tumor stage) were consistent with previous studies [29,56]. Li et al. proved a
correlation between radiological characteristics and the ccRCC nuclear grade [28]. Shape,
margin, and necrosis may be independent predictors of high-grade ccRCC, whereas a
regular shape can often be seen in low-grade ccRCC lesions [28]. Another paper [60]
demonstrated statistically significant differences in WHO/ISUP grading and pT staging
between ccRCCs. In addition, they found that coagulative necrosis often occurs in high-
grade and high-stage tumors.

This study may have important practical implications. The new WHO/ISUP grading
system is a prognostic factor for ccRCCs. ccRCC grades were strongly related to patient
outcomes and tumor biological behavior [61,62]. If low-grade tumors can be identified
preoperatively, the treatment would consist of less invasive procedures. Moreover, par-
tial nephrectomy can preserve partial renal function, thus reducing overall mortality and
the incidence of cardiovascular disease [63]. Therefore, medical images can become a
valuable source of information, and radiomics features may be used as a noninvasive
method for characterizing and classifying lesions. However, further larger prospective
studies to validate the performance of our proposed radiomics model in differentiating
high from low-grade ccRCC are necessary for the future.

The present study has some limitations. (1) It was a single-center retrospective study
with a small sample size of patients. (2) The statistical approach included one classification
method, the binary logistic regression method, and advanced classifiers may offer better
prediction performance. (3) External validation in more centers with more samples size
is needed to overcome these limitations and validate the results in order to improve
generalization and evaluate the potential for clinical translation of our radiomics models.
(4) Volume effect interference cannot be completely avoided due to the fact that the tumor
boundary was manually drawn. (5) The four-phase MDCT renal mass protocol involves
a high dose of radiation to the patient and should be performed where it is necessary to
discriminate the lesions before treatment selection.

5. Conclusions

Although there are limitations with regard to sample size, we have shown that ra-
diomics features extracted from the four-phase MDCT study may play a role as a potential
imaging biomarker to predict preoperatively the WHO/ISUP grade of ccRCCs, help-
ing urologists to better stratify patients and choose the best treatment.
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Abstract: Previously, we reported a close relationship between type II IL4Rα and IL13Rα1 complex
and poor outcomes in renal cell carcinoma (RCC). In this study, we investigated the clinicopathologi-
cally significant oncogenic role of IL13Rα2, a kind of the independent receptor for IL13, in 229 RCC
patients. The high expression of IL13Rα2 was closely related to relapse-free survival in specific
cancers in univariate and multivariate analysis. Then, the oncogenic role of IL13Rα2 was evaluated
by performing in vitro assays for cell proliferation, cell cycle arrest, and apoptosis in A498, ACHN,
Caki1, and Caki2, four kinds of RCC cells after transfection of siRNA against IL13Rα2. Cell pro-
liferation was suppressed, and apoptosis was induced in A498, ACHN, Caki1, and Caki2 cells by
knockdown of IL13Rα2. Interestingly, the knockdown of IL13Rα2 decreased the phosphorylation of
JAK2 and increased the expression of FOXO3. Furthermore, the knockdown of IL13Rα2 reduced the
protein interaction among IL13Rα2, phosphorylated JAK2, and FOXO3. Since phosphorylation of
JAK2 was regulated by IL13Rα2, we tried to screen a novel JAK2 inhibitor from the FDA-approved
drug library and selected telmisartan, a clinically used medicine against hypertension, as one of
the strongest candidates. Telmisartan treatment decreased the cell proliferation rate and increased
apoptosis in A498, ACHN, Caki1, and Caki2 cells. Mechanistically, telmisartan treatment decreased
the phosphorylation of JAK2 and increased the expression of FOXO3. Taken together, these results
suggest that IL13Rα2 regulates the progression of RCC via the JAK2/FOXO3-signaling path pathway,
which might be targeted as the novel therapeutic option for RCC patients.

Keywords: IL13Rα2; renal cell carcinoma; JAK2; FOXO3; telmisartan

1. Introduction

Every year, there are more than 300,000 new renal cell carcinoma cases (RCC) diag-
nosis globally [1]. Among them, about 30% of patients were diagnosed with metastatic
RCC [2]. Moreover, the 5-year survival rate of patients with metastatic RCC is lower than
10% [3]. The prognosis of RCC patients is divided into several categories, such as favorable,
intermediate, and poor-risk disease according to well-characterized clinical and labora-
tory risk factors [4]. Approximately 75% of patients with RCC have a poor-risk disease,
and their prognosis is worse than that with a favorable-risk disease [5,6]. Over the past
decade, there have been marked advances in the treatment of metastatic RCC. Sorafenib,
sunitinib, bevacizumab, and axitinib are effective inhibitors of vascular endothelial growth
factor (VEGF) and its receptor (VEGFR) [7]. Everolimus and temsirolimus inhibited the
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mechanistic target of rapamycin complex 1 (mTORC1) [8]. However, the mortality rate
of metastatic RCC is still high because of resistance to conventional chemotherapy and
the side effect of radiation therapy [9]. Therefore, we still need to consider the efficient
treatment option for RCC.

IL13Rα2 is a membrane-bound protein encoded by the IL13Rα2 gene [10]. IL13Rα2
is closely associated with IL13Rα1, a subunit of type II IL4Rα and IL13Rα1 complex [10].
IL13 binds IL13Rα2 with high-affinity [10]. Recently, IL13Rα2 has been considered an
important target for cancer treatment in various clinical studies [11]. A recent study in-
dicated that IL13Rα2 is a potential marker and therapeutic target for human melanoma
treatment [12]. It was reported that IL13Rα2 was overexpressed in metastatic colorectal can-
cer and inhibition of IL13 binding to IL13Rα2 showed the therapeutic activity in colorectal
cancer by reducing metastatic spread [13]. Furthermore, it was demonstrated that targeting
IL13Rα2 depletion suppressed breast tumor growth and IL13Rα2 activated IL13-mediated
STAT6-signaling pathway, and knockdown of IL13Rα2 suppressed breast cancer metastasis
into the lung [14]. Therefore, IL13Rα2 could be a potential biomarker to diagnose various
cancers. However, there is not enough study for the clinical analysis, biological function,
and molecular mechanisms of IL13Rα2 in RCC development.

Drug repositioning means the application of the drugs that have been clinically used
to other diseases by elucidating the novel activities and target proteins [15]. Since the
clinically used drugs were approved by the US Food and Drug Administration (FDA),
drug repositioning has many advantages, such as no need to test toxicity and to evaluate
pharmacokinetics. Furthermore, there are many previous reports and patents for studying
the metabolism and interactions of the old drug, which could help researchers to examine
the possible working mechanism of the old drug in the new application. Thus, drug reposi-
tioning could considerably save the cost and time for researchers to develop efficient drugs
leading to improve the success rate [16]. For the proof-of-concept trial, we successfully
selected telmisartan, a clinically used medicine against hypertension, as the strongest JAK2
inhibitor. Telmisartan is known as an agonist of angiotensin II receptor, but not reported
on the possible involvement of-signaling pathway, including the regulation of JAK2 [17].

In this study, we investigated the clinical implication and oncogenic role of IL13Rα2
in RCC progression. Interestingly, IL13Rα2 seemed to increase the phosphorylation of
JAK2 and decrease the expression of FOXO3. These results suggest that IL13Rα2 regulates
RCC progression through JAK2/FOXO3-signaling pathway. Since JAK2 was regulated by
IL13Rα2 and type II IL4Rα and IL13Rα1 complex, we tried to screen an FDA-approved
drug library with a JAK2 kinase assay kit to identify the novel candidates that were
possibly inhibiting JAK2 in RCC cells. Here, we show that telmisartan has the potential
for antiproliferative activity in RCC cells, which could broaden the therapeutic options for
RCC patients.

2. Materials and Methods

2.1. RCC Patients and Tissue Samples

RCC patients who operated between July 1998 and August 2011 at Jeonbuk National
University Hospital were analyzed in this study. Medical records, histologic and tissue
samples were available in 229 cases and included in this study. The clinicopathologic
information for patients with RCC was obtained by analyzing medical records and original
histologic slides. Tumor stage and histopathologic factors were re-evaluated according to
the World Health Organization classification of the renal tumor [18] and the 8th edition of
the staging system of the American Joint Committee on Cancer [19]. Histological subtypes
of RCCs included in this study were 201 cases of clear cell RCC (CCRCC), 16 cases of
chromophobe RCC, and twelve cases of papillary RCC. This study obtained institutional
review board approval from Jeonbuk National University Hospital (IRB No., CUH 2019–11–
039) 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.
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2.2. Immunohistochemical Staining and Scoring

Immunohistochemical staining in RCC tissue was performed using tissue microarray
sections. One 3.0 mm core per case was arrayed in tissue microarray. The tissue microarray
core was obtained from the area of the original paraffin-embedded tissue block, mainly
composed of tumor cells with the highest histologic grade. The histologic sections were
deparaffinized and boiled with the microwave oven for 20 min in pH 6.0 antigen retrieval
solution (DAKO, Glostrup, Denmark) to induce antigen retrieval. Thereafter, the tissue
sections are incubated with anti-IL13Rα2 primary antibody (1:100 dilution, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and visualized using the enzyme-substrate 3-amino-9-
ethylcarbazole. Immunohistochemical staining scoring was performed by two pathologists
(HSP and KYJ) with consensus by observing in a multi-viewing microscope. The scoring
was performed without clinicopathologic information. The score obtained by adding
staining intensity point (point 0; no staining, point 1; weak, point 2; intermediate, point 3;
strong) and staining area point (point 0; no staining, point 1; 1%, point 2; 2–10%, point 3:11–
33%, point 4; 34–66%, point 5; 67–100%) [20–22]. Therefore, the immunohistochemical
staining score ranged from zero to eight.

2.3. Chemical Reagents, Antibodies, and Plasmid DNAs

The FDA-approved drug library (SCREEN-WELL FDA-approved drug library V2,
821 drugs) was purchased from Enzo Life Sciences (Farmingdale, NY, USA). Mouse anti-
β-actin antibody, mouse anti-Myc antibody, mouse anti-HA antibody, protease inhibitors,
phosphatase inhibitors, AZD1480, telmisartan, the following chemicals, and solvents
(non-fat dry milk powder, dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic acid
(EDTA), glycerol, glycine, sodium chloride, Trizma base, Triton X-100, sodium dodecyl
sulfate (SDS), crystal violet, 4% paraformaldehyde solution, 4′,6-diamidino-2-phenylindole
(DAPI), propidium iodide (PI), and Tween-20) were from Sigma (St. Louis, MO, USA).
Control siRNA, siRNA against IL13Rα2, protein A or G-agarose beads, rabbit anti-IL13Rα2,
and rabbit anti-FOXO3 antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Rabbit anti-JAK2, rabbit anti-phospho-JAK2 (pJAK2), rabbit anti-cleaved
PARP1, rabbit anti-cleaved caspase3, and rabbit anti-p27 antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA). Goat anti-rabbit and goat anti-mouse
horseradish peroxidase (HRP)-conjugated IgG (heavy/light or light chain-specific) were
from Jackson ImmunoResearch (West Grove, PA, USA). Enhanced chemiluminescence
(ECL) reagent was from GE Healthcare (Little Chalfont, United Kingdom). pCMV3-C-HA
and pCMV3-JAK2-C-HA plasmid DNA were from Sino Biological (Wayne, PA, USA).
pCMV6-C-Myc-Flag and pCMV6-IL13Rα2-C-Myc-Flag plasmid DNA were from OriGene
(Rockville, MD, USA).

2.4. Cell Culture

A498, ACHN, Caki1, Caki2, and 293T cells were purchased from ATCC (Manassas,
VA, USA) and were grown in Dulbecco’s modified Eagle’s media (DMEM, Invitrogen,
Carlsbad, CA, USA) media containing 10% fetal bovine serum (FBS, Invitrogen) and
1% streptomycin/penicillin. The cells were cultured in a humidified incubator (5% CO2,
37 ◦C). We performed all experiments with early passages cells (passages 4–10).

2.5. Transfection of siRNA and Plasmid DNA

Cells were plated (5.0 × 105 cells/well) in 60 mm cell culture dishes and incubated
for 18 h in an incubator. After 18 h of incubation, cells were transfected with siRNAs
(siRNA against IL13Rα2: sc-63339, control siRNA: sc-37007 from Santa Cruz, 1 µL) or
plasmid DNAs (pCMV3-C-HA empty/HA-JAK2 plasmid DNA, 1 µg). siRNAs or plasmid
DNAs were mixed with 3 µL of lipofectamine 2000 (Invitrogen), respectively, in 600 µL of
serum-free media for 20 min. After PBS washing twice, the cells were incubated with the
media containing siRNAs or DNAs for 6 h in a humidified incubator. After 6 h, cell culture
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media was removed, and fresh media containing 10% FBS was added. After then, the cells
were incubated for 18 h.

2.6. WST-1 Assay

Cells were plated (1 × 103 cells/well) in 96-well plates and incubated for 18 h in
a humidified incubator. After incubation, cells were transfected with control/IL13Rα2
siRNA or treated with DMSO (0.1%) control/the indicated treatment for 24, 48, or 72 h.
After incubation, 20 µL of EZ-Cytox (DoGenBio, Republic of Korea) was added to the
medium. After 4 h, absorbance was measured at 460 nm wavelength by a microplate reader
(Bio-Rad Laboratories, Hercules, CA, USA).

2.7. Cell Counting Assay

Cells were plated (2 × 104 cells/well) in 60 mm culture dishes and incubated for 18 h
in an incubator. After incubation, cells were transfected with control/IL13Rα2 siRNA or
treated with DMSO (0.1%) control/the indicated treatment for 14 days. The number of
cells was counted by a hemocytometer.

2.8. Colony Formation Assay

Cells were plated (5 × 102 cells/well) in 60 mm culture dishes and incubated for 18 h
in a humidified incubator. After incubation, cells were transfected with control/IL13Rα2
siRNA or treated with DMSO (0.1%) control/the indicated treatment for 2 weeks. Cells were
transfected with IL13Rα2 or control siRNA every other day, changing cell culture media.
Similarly, Cells were treated with telmisartan or the same volume of DMSO vehicle every
other day, changing cell culture media. The cells were fixed with 4% formaldehyde (Sigma)
and stained using 1% crystal violet (Sigma). The number of colonies was counted.

2.9. Cell Cycle Analysis

Cells were plated (5 × 105 cells/well) in 60 mm cell culture dishes and incubated for
18 h in a humidified incubator. After incubation, cells were transfected with control/IL13Rα2
siRNA or treated with DMSO (0.1%) control/the indicated treatment for 48 h. Then,
the cells were trypsinized and fixed in 70% ice-cold absolute ethanol overnight at −20 ◦C.
After then, centrifugation was carried out (1000 rpm, 5 min), and the cells were suspended
with propidium iodide (PI) solution for 30 min at 37 ◦C. After staining, cell cycle distribution
was analyzed by a FACSCalibur (BD Biosciences, San Jose, CA, USA), and the data were
analyzed using the FlowJo program (De Novo Software, Glendale, CA, USA).

2.10. TUNEL Assay

Cells were plated (5 × 105 cells/well) in 60 mm cell culture dishes and incubated for
18 h in a humidified incubator. After incubation, cells were transfected with control/IL13Rα2
siRNA or treated with DMSO (0.1%) control/the indicated treatment for 48 h. After trans-
fection, the cells were fixed in 4% formaldehyde solution at 4 ◦C for 20 min. After fixation,
the cells were permeabilized with 0.2% Triton X100 (Sigma). DNA strand breaks labeling
was performed using a TUNEL assay kit (Promega, Madison, WI, USA). Nuclei were dyed
with DAPI.

2.11. Annexin V Staining Analysis

Cells were plated (5 × 105 cells/well) in 60 mm culture dishes and incubated for 18 h
in a humidified incubator. After incubation, cells were transfected with control/IL13Rα2
siRNA or treated with DMSO (0.1%) control/the indicated treatment for 48 h. The cells
were trypsinized and resuspended in annexin V-binding buffer. The percentage of apoptotic
cells was evaluated by a FITC annexin V apoptosis detection kit I (BD Biosciences) with
PI according to the manufacturer’s protocol. 1 × 104 events were collected for each run.
Cells were analyzed by a FACSCalibur (BD Biosciences), and FlowJo software (De Novo
Software) was used to analyze the data.
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2.12. Western Blotting Analysis

Cells were lysed in lysis buffer (RIPA buffer, Cell Signaling Technology, USA) contain-
ing protease and phosphatase inhibitors. Centrifugation (10,000× g, 4 ◦C, 10 min) was car-
ried out, and protein lysates were separated on 10% NuPAGE pre-casting gels (Invitrogen)
and transferred to nitrocellulose membranes (Bio-Rad Laboratories). The membranes were
blocked with 3% defatted dry milk powder at room temperature for 1 h, and immunoblot-
ting was performed with specific primary antibodies (overnight, 4 ◦C). Membranes were
incubated with HRP-conjugated anti-mouse or anti-rabbit IgG in 3% defatted dry milk
powder at room temperature for 1 h. Finally, the bands were detected using ECL solution
(GE Healthcare, Chicago, IL, USA) and ChemiDoc system (Bio-Rad Laboratories).

2.13. Immunoprecipitation Analysis

Cells were lysed in lysis buffer (RIPA buffer, Cell Signaling Technology) containing
protease and phosphatase inhibitors. Centrifugation (10,000× g, 4 ◦C, 10 min) was carried
out, and protein lysates were separated. The protein lysates were incubated with a specific
primary antibody by rotating at 4 ◦C overnight. After then, 20 µL of 50% protein A or
G-agarose slurry (Santa Cruz) was added to the lysates and rotating for 2 h at 4 ◦C. Protein
A or G-agaroses containing antigen–antibody complexes were collected and rinsed with
PBS. Immunoprecipitants were analyzed by Western blotting.

2.14. JAK2 Kinase Inhibition Assay

Inhibitory activity of AZD1480 and telmisartan against JAK2 was evaluated by JAK2
kinase assay kit (BPS Bioscience, San Diego, CA, USA) and Glo-Max kinase assay kit
(Promega). Briefly, according to the manufacturer’s instructions, recombinant JAK2 protein
was incubated with the indicated concentration of AZD1480 or telmisartan, peptide sub-
strate, and ATP for 30 min at 37 ◦C. After incubation, the reaction mixture was incubated
with Glo-Max solution for 30 min at room temperature to stop the reaction. Then, the re-
maining ATP level in each reaction was measured by a microplate reader for luminescence
(Bio-Rad Laboratories).

2.15. Statistical Analysis

The immunohistochemical staining score for IL13Rα2 in the RCC tissue sample was
grouped into negative and positive cases with receiver operating characteristic curve anal-
ysis [22–24]. The cutoff point for IL13Rα2 immunostaining score to discriminate negative
or positive cases was determined at the point that significantly estimates patients’ death
from RCC. The cutoff point has the highest area under the curve in the receiver operating
characteristic curve analysis. The survival analysis was conducted for cancer-specific sur-
vival (CSS) and relapse-free survival (RFS) through December 2013. The duration for CSS
was calculated from the date of diagnosis to the date of the patient’s last contact or death.
The event in CSS analysis was the death of patients from RCC. The death of patients from
other causes or alive of patients finally contact was censored in CSS analysis. The duration
for RFS was calculated from the date of diagnosis to the date of the last contact without
relapse, the date of the first relapse, or patients’ death. The event in RFS analysis was a
relapse of RCC or death of patients from RCC. Patients’ death from other causes or alive
of patients finally contact without relapse were censored in RFS analysis. The survival
analysis was performed with univariate and multivariate Cox proportional hazards regres-
sion analyses and Kaplan–Meier survival analysis using SPSS software (version 20.0, IBM,
CA, USA). The association between clinicopathological factors was analyzed by Pearson’s
chi-squared test using SPSS software, and all statistical tests were two-sided. The values of
P lower than 0.05 were considered statistically significant.
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3. Results

3.1. Immunohistochemical Expression of IL13Rα2 Is Associated with Poor Prognosis of
RCC Patients

The immunohistochemical staining for IL13Rα2 was seen in tumor cells of all histo-
logic subtypes of RCC (Figure 1A). The cut-off point for IL13Rα2 immunostaining was
seven in receiver operating characteristic curve analysis (Figure 1B). The cases have im-
munohistochemical staining scores equal to, or greater than, seven were grouped as positive
for IL13Rα2 staining. In this cut-off value, IL13Rα2-positivity was significantly associated
with tumor size (P = 0.004), tumor stage (P = 0.002), histologic nuclear grade of tumor
cells (P < 0.001), and histologic subtype of RCC (P = 0.005) in 229 cases of RCCs (Table 1).
CCRCC is the major histologic subtype of RCC, and there were 201 cases of CCRCC in this
study. Therefore, we also evaluated in CCRCC subgroup of RCCs. In CCRCC subgroup,
IL13Rα2-positivity was significantly associated with tumor size (P = 0.005), tumor stage
(P = 0.003), and histologic nuclear grade of tumor cells (P < 0.001) (Table 1). In 229 overall
RCCs, the factors significantly associated with CCS or RFS in univariate analysis were age
(CSS, P < 0.001; RFS, P = 0.005), tumor size (CSS, P < 0.001; RFS, P < 0.001), tumor stage
(CSS, P < 0.001; RFS, P < 0.001), lymph node metastasis (CSS, P = 0.615; RFS, P < 0.001),
histologic nuclear grade (CSS, overall P = 0.032; RFS, overall P = 0.008), tumor necrosis
(CSS, P < 0.001; RFS, P = 0.004), and IL13Rα2-positivity (CSS, P = 0.002; RFS, P < 0.001)
(Table 2). The IL13Rα2-positivity showed a 3.726-fold (95% confidence interval [95% CI];
1.636–8.489, P = 0.002) greater risk of death and a 3.625-fold (95% CI; 1.806–7.278, P < 0.001)
greater risk of relapse or death of RCC patients (Table 2). The Kaplan–Meier survival curves
for CSS and RFS according to IL13Rα2-positivity in overall RCC are presented in Figure 1C.
In 201 CCRCCs, the factors significantly associated with CCS or RFS in univariate analysis
were age (CSS, P = 0.004; RFS, P = 0.012), tumor size (CSS, P < 0.001; RFS, P < 0.001),
tumor stage (CSS, P < 0.001; RFS, P < 0.001), lymph node metastasis (CSS, P = 0.721;
RFS, P = 0.011), histologic nuclear grade (CSS, overall P = 0.170; RFS, overall P = 0.028),
tumor necrosis (CSS, P = 0.005; RFS, P = 0.063), and IL13Rα2-positivity (CSS, P = 0.003;
RFS, P < 0.001) (Table 2). The IL13Rα2-positivity had a 3.591-fold (95% CI; 1.546–8.342,
P = 0.003) greater risk of death from CCRCC and a 3.518-fold (95% CI; 1.724–7.181, P < 0.001)
greater risk of relapse or death from CCRCC (Table 2). The Kaplan–Meier survival analysis
also showed significant prognostic significance of IL13Rα2 expression for CSS and RFS
in CCRCC subgroups (Figure 2A). However, in chromophobe RCC and papillary RCC,
despite relatively shorter survival of IL13Rα2-positive subgroups compared with IL13Rα2-
negative subgroups, there was no significant difference in survival of patients (Figure 2B,C).
Multivariate analysis was performed with the factors significantly associated with CSS
or RFS in univariate analysis. The factors included in multivariate analysis were age,
tumor size, tumor stage, lymph node metastasis, histologic nuclear grade, tumor necrosis,
and immunohistochemical expression of IL13Rα2. In 272 overall RCCs, age (CSS, P = 0.018),
tumor stage (CSS, P = 0.005; RFS, P < 0.001), tumor necrosis (CSS, P = 0.005; RFS, P = 0.015),
and IL13Rα2 expression (CSS, P = 0.025; RFS, P = 0.004) were significantly associated
with CSS or RFS (Table 3). The IL13Rα2-positivity had a 2.627-fold (95% CI; 1.132–6.097)
greater risk of death and a 2.801-fold (95% CI; 1.3795.688) greater risk of relapse or death of
RCC patients (Table 3). In 201 CCRCCs, age (CSS, P = 0.042), tumor stage (CSS, P = 0.010;
RFS, P < 0.001), tumor necrosis (CSS, P = 0.006; RFS, P = 0.054), and IL13Rα2 expression
(CSS, P = 0.019; RFS, P = 0.005) were significantly associated with CSS or RFS (Table 3).
The IL13Rα2-positivity showed a 2.792-fold (95% CI; 1.182–6.595) greater risk of death and
a 2.838-fold (95% CI; 1.372–5.870, P < 0.001) greater risk of relapse or death of CCRCC
patients (Table 3). Taken together, we investigated the clinicopathologically significant
oncogenic role of IL13Rα2 in 229 RCC patients and the high expression of IL13Rα2 was
significantly associated with cancer-specific survival and relapse-free survival in univariate
and multivariate analysis.
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Table 1. Clinicopathologic variables and the expression status of IL13Rα2 in renal cell carcinomas.

Characteristics Overall Renal Cell Carcinoma (n = 229) Clear Cell Renal Cell Carcinoma (n = 201)

No.
IL13Rα2
Positive

P No.
IL13Rα2
Positive

P

Sex Male 156 86 (55%) 0.411 140 71 (51%) 0.530
Female 73 36 (49%) 61 28 (46%)

Age, y ≤55 95 46 (48%) 0.215 82 35 (43%) 0.122
>55 134 76 (57%) 119 64 (54%)

Tumor size, cm ≤7 193 95 (49%) 0.004 169 76 (45%) 0.005
>7 36 27 (75%) 32 23 (72%)

TNM stage I 183 88 (48%) 0.002 163 72 (44%) 0.003
II-IV 46 34 (74%) 38 27 (71%)

LN metastasis Absence 226 119 (53%) 0.103 199 97 (49%) 0.149
Presence 3 3 (100%) 2 2 (100%)

Nuclear grade 1 45 17 (38%) <0.001 36 10 (28%) <0.001
2 134 67 (50%) 123 59 (48%)

3 and 4 50 38 (76%) 42 30 (71%)
Necrosis Absence 196 102 (52%) 0.362 174 85 (49%) 0.772

Presence 33 20 (61%) 27 14 (52%)
Histologic type Clear cell 201 99 (49%) 0.005

Chromophobe 16 13 (81%)
Papillary 12 10 (83%)

Table 2. Univariate Cox regression analysis of cancer-specific survival and relapse-free survival in renal cell carcinoma patients.

Characteristics. No. CSS RFS

HR (95% CI) P HR (95% CI) P

Overall RCC (n = 229)
Sex, male (vs. female) 156/229 0.564 (0.258–1.234) 0.152 0.513 (0.255–1.030) 0.060
Age, y, >55 (vs. ≤55) 134/229 4.386 (1.828–10.524) <0.001 2.537 (1.319–4.880) 0.005

Tumor size, >7 cm (vs. ≤7 cm) 36/229 3.415 (1.736–6.715) <0.001 3.984 (2.218–7.155) <0.001
TNM stage, I (vs. II-IV) 46/229 4.231 (2.219–8.068) <0.001 5.166 (2.930–9.018) <0.001

LN metastasis, presence (vs. absence) 3/229 1.670 (0.226–12.308) 0.615 17.410 (3.874–78.249) <0.001
Nuclear grade, 1 45/229 1 0.032 1 0.008

2 134/229 0.943 (0.347–2.564) 0.909 1.172 (0.476–2.883) 0.730
3 and 4 50/229 2.327 (0.836–6.476) 0.106 2.846 (1.128–7.179) 0.027

Necrosis, presence (vs. absence) 33/229 3.620 (1.842–7.114) <0.001 2.542 (1.345–4.807) 0.004
Histologic type, clear cell 201/229 1 0.654 1 0.328

chromophobe 16/229 0.808 (0.193–3.382) 0.771 0.585 (0.141–2.421) 0.460
papillary 12/229 1.570 (0.553–4.462) 0.397 1.802 (0.711–4.565) 0.214

IL13Rα2, positive (vs. negative) 122/229 3.726 (1.636–8.489) 0.002 3.625 (1.806–7.278) <0.001
Clear cell RCC (n = 201)
Sex, male (vs. female) 140/201 0.541 (0.222–1.319) 0.177 0.523 (0.241–1.132) 0.100
Age, y, >55 (vs. ≤55) 119/201 4.152 (1.593–10.822) 0.004 2.491 (1.220–5.084) 0.012

Tumor size, >7 cm (vs. ≤7 cm) 32/201 3.977 (1.928–8.204) <0.001 4.773 (2.560–8.900) <0.001
TNM stage, I (vs. II-IV) 38/201 3.964 (1.953–8.049) <0.001 5.199 (2.814–9.604) <0.001

LN metastasis, presence (vs. absence) 2/201 0.049 (0.000–7.516 × 105) 0.721 14.681 (1.841–117.039) 0.011
Nuclear grade, 1 36/201 1 0.170 1 0.028

2 123/201 1.028 (0.344–3.075) 0.961 1.122 (0.423–2.978) 0.817
3 and 4 42/201 2.111 (0.661–6.739) 0.207 2.655 (0.955–7.380) 0.061

Necrosis, presence (vs. absence) 27/201 3.044 (1.401–6.617) 0.005 2.016 (0.962–4.225) 0.063
IL13Rα2, positive (vs. negative) 99/201 3.591 (1.546–8.342) 0.003 3.518 (1.724–7.181) <0.001

Abbreviations: CSS, cancer-specific survival; RFS, relapse-free survival; HR, hazard ratio; 95% CI, 95% confidence interval; RCC, renal cell
carcinoma; LN, lymph node.
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Table 3. Multivariate Cox regression analysis of cancer-specific survival and relapse-free survival in renal cell carcinoma patients.

Characteristics CSS RFS

HR (95% CI) P HR (95% CI) P

Overall RCC (n = 229) *
Age, y, >55 (vs. ≤55) 2.941 (1.200–7.209) 0.018

TNM stage, I (vs. II-IV) 2.600 (1.331–5.077) 0.005 4.036 (2.260–7.209) <0.001
Necrosis, presence (vs. absence) 2.686 (1.350–5.345) 0.005 2.240 (1.172–4.278) 0.015
IL13Rα2, positive (vs. negative) 2.627 (1.132–6.097) 0.025 2.801 (1.379–5.688) 0.004

Clear cell RCC (n = 201) **
Age, y, >55 (vs. ≤55) 2.779 (1.036–7.453) 0.042

TNM stage, I (vs. II-IV) 2.616 (1.255–5.451) 0.010 4.214 (2.257–7.867) <0.001
Necrosis, presence (vs. absence) 3.002 (1.361–6.618) 0.006 2.088 (0.988–4.414) 0.054
IL13Rα2, positive (vs. negative) 2.792 (1.182–6.595) 0.019 2.838 (1.372–5.870) 0.005

Abbreviations: CSS, cancer-specific survival; RFS, relapse-free survival; HR, hazard ratio; 95% CI, 95% confidence interval; RCC, renal cell
carcinoma. * The variables included in the multivariate analysis were age, tumor size, tumor stage, histologic nuclear grade, tumor necrosis,
and the expression of IL13Rα2. ** The variables included in the multivariate analysis were age, tumor size, tumor stage, histologic nuclear
grade, tumor necrosis, and the expression of IL13Rα2.

Figure 1. Immunohistochemical expression and survival analysis for the expression of IL13Rα2
in renal cell carcinomas. (A) Immunohistochemical expression of IL13Rα2 in clear cell renal cell
carcinoma, chromophobe renal cell carcinoma, and papillary renal cell carcinoma tissue. Original
magnification, ×400. (B) Receiver operator characteristic curve analysis to determine the cutoff
point of IL13Rα2 immunostaining. The cutoff point is determined to predict cancer-specific survival
of renal cell carcinoma patients. The cutoff point has the highest area under the curve (AUC).
Arrow indicates a cutoff point for the IL13Rα2 immunostaining. (C) Kaplan–Meier survival analysis
for cancer-specific survival and relapse-free survival according to the immunohistochemical positivity
for IL13Rα2 in 229 cell renal cell carcinomas.
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Figure 2. Kaplan–Meier survival analysis in histologic subtypes of renal cell carcinomas. Kaplan–
Meier survival curves for cancer-specific survival (CSS) and relapse-free survival (RFS) according to
the expression of IL13Rα2 in clear cell renal cell carcinoma (A), chromophobe renal cell carcinoma (B),
and papillary renal cell carcinoma (C).

3.2. Knockdown of IL13Rα2 Displays the AntiProliferative Activity in A498, ACHN, Caki1,
and Caki2 Cells

In 229 cases of human RCC, a significant association between the expression IL13Rα2
and poor prognosis was observed by tissue microarray. Hence, as the next step, we tried to
investigate the possible oncogenic role of IL13Rα2 by performing in vitro assays for cell
proliferation, cell cycle arrest, and apoptosis in RCC cells after transfection of siRNA against
IL13Rα2. WST-1 and cell counting assay were conducted to evaluate the antiproliferative
activity of the knockdown of IL13Rα2. Cells were transfected with control or siRNA against
IL13Rα2 and incubated for the indicated time. As shown in Figure 3A,B, compared to the
control, cells transfected with siRNA against IL13Rα2 showed a decreased proliferation rate,
which was confirmed by performing colony formation assay (Figure 3C). Cell cycle analysis
showed that knockdown of IL13Rα2 with siRNA increased G2/M population in A498,
ACHN, Caki1, and Caki2 cells compared to control siRNA (Figure 3D). TUNEL and annexin
V staining assay results showed that knockdown of IL13Rα2 with siRNA increased the
apoptosis in A498, ACHN Caki1, and Caki2 cells compared to control siRNA (Figure 3E,F).
Western blotting analysis indicated that knockdown of IL13Rα2 with siRNA increased
the expression of cleaved PARP1, cleaved caspase3, FOXO3, and p27 (Figure 3G). Overall,
these results indicate that knockdown of IL13Rα2 with siRNA transfection could regulate
proliferation, cell cycle arrest, and apoptosis in A498, ACHN, Cak1, and Caki2 RCC cells.
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Figure 3. Antiproliferative effect by transfection of siRNA against IL13Rα2 in A498, ACHN, Caki1,
and Caki2 cells. Cell viability and proliferation rate were determined by WST-1 (A), cell counting
assay (B) for 24, 48, and 72 h, and Colony formation assay for 14 days (C). This result is representative
data of at least three independent experiments, and the error bar indicates mean ± standard error
(STE). * stands for the P-value < 0.05. Cell cycle arrest for 48 h after transfection was determined
by cell cycle analysis (D). Apoptosis for 48 h after transfection was determined by Annexin V
staining analysis (E) and Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (F). This result represents at least three independent experiments (G) Western blotting analysis
of proteins related to cell cycle arrest and apoptosis for 48 h after transfection. β-actin was used for a
gel-loading control.

3.3. Knockdown of IL13Rα2 Attenuates the Protein Interaction Among IL13Rα2, pJAK2,
and FOXO3 in A498, ACHN, Caki1, and Caki2 Cells

In the previous report, we found that pJAK2 interacts with FOXO3, which was reg-
ulated by type II IL4R and IL13Rα1 heterodimeric receptor complex [21]. Since IL13Rα2
can accept IL13 as the same ligand with type II IL4R and IL13Rα1 complex, we examined
whether the phosphorylation level of JAK2 was regulated by knockdown of siRNA against
IL13Rα2 in RCC cells. When A498, ACHN, Caki1, Caki2, and 293T cell lysates were
analyzed by Western blotting for IL13Rα2, pJAK2, JAK2, and FOXO3, there seemed the
correlation pattern between IL13Rα2 and pJAK2 except for Caki2 cell lysates (Supplemen-
tary Figure S1A). In contrast, the expression of pJAK2 and FOXO3 was reversely correlated.
In addition, as shown in Figure 3G, the expression of pJAK2 was significantly downreg-
ulated by transfection of IL13Rα2 with siRNA in A498, ACHN Caki1, and Caki2 cells
compared to control siRNA. Then, to investigate the protein interaction among IL13Rα2,
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pJAK2, and FOXO3, we performed co-immunoprecipitation experiments with an antibody
against IL13Rα2, JAK2, and FOXO3 followed by immunoblot analysis with an antibody
against IL13Rα2, pJAK2, JAK2, and FOXO3 in A498, ACHN Caki1, and Caki2 cells trans-
fected with siRNA against IL13Rα2. As shown in Figure 4A–C, the protein interaction
among IL13Rα2, pJAK2 and FOXO3 was weakened in RCC cells transfected with siRNA
against IL13Rα2 compared to the control siRNA. Furthermore, we could observe that
the level of protein interaction between IL13Rα2 and JAK2 was increased in 293T cells
co-transfected with overexpression plasmid DNA for IL13Rα2 or JAK2 (Figure 3D). Collec-
tively, these results implicate that IL13Rα2 interacts with JAK2, which may regulate the
protein expression level of FOXO3.

Figure 4. Protein interaction between IL13Rα2 and JAK2. Knock-down of IL4Rα2 in A498, ACHN,
Caki1, and Caki2 cells reduced the interaction between IL13Rα2 and JAK2. Cells were transfected
with siRNA against IL4Rα2 or control siRNA. Then cell lysates were immunoprecipitated with
antibodies against IL4Rα2 (A), JAK2 (B), or FOXO3 (C). The immunoprecipitated proteins were
immunoblotted by IL4Rα2, pJAK2, JAK2, and FOXO3 antibodies. Light chain of IgG was used for
the loading control. (D) 293T cells were co-transfected with Myc-IL4Rα2 and HA-JAK2 (O.E.) or a
control plasmid DNA (pCMV6-C-Myc-Flag and pCMV3-C-HA, Con.) as indicated. Then cell lysates
were immunoprecipitated with antibodies against Myc or HA. The immunoprecipitated proteins
were immunoblotted by Myc, HA, IL4Rα2, JAK2 antibodies. Light chain of IgG and Coomassie Blue
staining of SDS–PAGE were used for the loading control.

3.4. Telmisartan Suppresses Cell Proliferation and Induces Apoptosis and Cell Cycle Arrest in
A498, ACHN, Caki1, and Caki2 Cells Via Inhibition of JAK2

Previously, we reported that type II IL4Rα and IL13Rα1 complex are involved in
RCC progress through regulation JAK2/FOXO3 pathway [21]. In addition, in this study,
we showed that JAK2 was regulated by IL13Rα2. Thus, we thought that JAK2 was the
common downstream-signaling kinase under the type II IL4Rα and IL13Rα1 complex
and IL13Rα2. Hence, we tried to find the novel chemical inhibitor against JAK2 as the
therapeutic way to treat RCC by screening an FDA-approved drug library (821 drugs)
with a JAK2 kinase assay kit. After narrowing down the possible candidates, telmisartan,
a clinically used medicine against hypertension, could be selected as one of the strongest
JAK2 inhibitors from 821 drugs. As shown in Supplementary Figure S1B, telmisartan
reduced ATP consumption in a dose-dependent manner in vitro. In fact, telmisartan treat-
ment decreased the phosphorylation level of JAK2 in A498, ACHN, and 293T transfected
with JAK2 overexpression plasmid DNA (Supplementary Figure S1C). To determine the
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anti-carcinogenic effect of telmisartan, we conducted in vitro assays for cell proliferation,
cell cycle arrest, and apoptosis in RCC cells after telmisartan treatment. Cells were treated
with 0, 20, and 40 µM of telmisartan and incubated for the indicated time. As shown in
Figure 5A–C, telmisartan treatment decreased cell proliferation rate in a dose and time-
dependent manner. We found that telmisartan treatment increased the G2/M population in
A498, ACHN, Caki1, and Caki2 cells compared to DMSO control (Figure 5D). TUNEL and
annexin V staining assay results showed that telmisartan treatment increased the apoptosis
in A498, ACHN Caki1, and Caki2 cells compared to DMSO control (Figure 5E,F). Western
blotting analysis indicated that telmisartan increased the expression of cleaved PARP1,
cleaved caspase3, FOXO3, and p27, whereas decreased the expression of IL13Rα2 and
pJAK2 (Figure 5G). Overall, these results indicate that telmisartan treatment could regulate
proliferation, cell cycle arrest, and apoptosis in A498, ACHN, Cak1, and Caki2 RCC cells
via inhibition of JAK2.

Figure 5. Antiproliferative effect by telmisartan treatment in A498, ACHN, Caki1, and Caki2 cells. Cell viability and
proliferation rate were determined by WST-1 (A), cell counting assay (B) for 24, 48, and 72 h, and Colony formation assay for
14 days (C) after treatment of telmisartan (0, 20, and 40 µM). This result is representative data of at least three independent
experiments, and the error bar indicates mean ± standard error (STE). * stands for the P-value < 0.05. Cell cycle arrest for
48 h after treatment of telmisartan (40 µM) was determined by cell cycle analysis (D). Apoptosis for 48 h after treatment
of telmisartan (40 µM) was determined by Annexin V staining analysis (E) and Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay (F). This result is representative data of at least three independent experiments.
(G) Western blotting analysis of proteins related to cell cycle arrest and apoptosis for 48 h after treatment of telmisartan
(40 µM). β-actin was used for a gel-loading control.
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4. Discussion

It has been reported that IL13Rα2 was overexpressed in various cancers, such as
glioblastoma, metastatic colorectal cancer, and ovarian cancer, which suggests that IL13Rα2
can play crucial roles in the development of various cancer types [25,26]. A recent study
revealed that IL13Rα2 might be an important therapeutic target in a perineural invasion,
the invasion of cancer to nerves [27]. In another study, IL13Rα2 was closely related to
cancer cell migration, which indicated that IL13Rα2 might be a key factor in metastasis in
cancers [28]. It was reported that IL13Rα2 was a functional receptor-mediating-signaling
pathway in human pancreatic cancer cell lines [29]. They showed that IL13 induced the
activation of transforming growth factor-β (TGFβ) through the AP-1 pathway, which can
promote tumorigenesis caused by immunosuppression. In another study using the mouse
model, it was demonstrated that two kinds of humanized scFv based chimeric antigen
receptor (CAR) T cells targeting IL13Rα2 inhibited tumor growth in vitro and in vivo [30].
Sunitinib is an agent for treating metastatic or unresectable clear cell RCC, and IL13Rα2
can be a potential target to overcome sunitinib resistance [31]. However, the exact mech-
anism related to IL13Rα2 has not been investigated in RCC development. As shown in
Figures 1 and 2, immunohistochemical expression of IL13Rα2 was highly associated with
cancer-specific survival and relapse-free survival by univariate and multivariate analysis
in 229 RCC patients. In addition, the oncogenic role of IL13Rα2 was confirmed by the
in vitro cell assay. Knock-down of IL13Rα2 showed the antiproliferative activity in A498,
ACHN, Caki1, and Caki2 cells (Figure 3). As shown in Figure 3G, the expression of pJAK2
was significantly downregulated by transfection of IL13Rα2 with siRNA in RCC cells.
Mechanistically, IL13Rα2 seemed to interact with JAK2 in RCC cells to activate the phos-
phorylation of JAK2, which may downregulate FOXO3, a representative tumor-suppressive
transcriptional factor. To the best of our knowledge, this is the first research to demonstrate
the IL13Rα2/JAK2/FOXO3-signaling pathway in cancer development.

Atopic dermatitis (AD) has been the most common type of chronic inflammatory skin
disease [32]. JAK2 inhibitors have been identified as effective reagents for the treatment of
atopic dermatitis [33]. A recent study showed that JTE-052, which is a novel JAK inhibitor
suppressed skin inflammation and had therapeutic effects on chronic dermatitis in rodent
models [34]. Interestingly, the recent clinical report has shown that cream containing
ruxolitinib that is JAK1/JAK2 inhibitor alleviated AD symptoms and itch effectively in AD
patients [35]. These studies suggested that JAK2 inhibitor could be a promising reagent
for developing effective drugs for AD treatment. Furthermore, JAK2 inhibitor has been
considered a promising therapeutic reagent for arthritis treatment [36]. A recent study has
reported that ferulic acid showed anti-arthritic activity in rats induced arthritis through
inhibition of the JAK/STAT pathway [37]. It was also reported that the Ershiwuwei Lvxue
pill (ELP) that is Tibetan traditional medicine, reduced collagen-induced arthritis through
JAK2/STAT3-signaling pathway inhibition [38]. These studies indicated that JAK2 inhibitor
also could be considered an effective reagent for arthritis treatment.

IL-13 has been known as a crucial cytokine in chronic airway inflammation, and it
plays an important role in AD pathogenesis [39,40]. Because IL-13 is a pivotal cytokine
involved in allergic responses, it is important to find an effective way to alleviate immune
responses by inhibiting IL-13 [41]. A recent study demonstrated that inhibition of IL-13 for
AD is a new pathway, which suggested that IL-13 inhibitors could be an effective reagent
for AD treatment [42]. It was reported that lebrikizumab is an IL-13 inhibitor that has
the potential to treat moderate-to-severe AD with fewer side effects [43]. A clinical report
showed that tralokinumab is the other IL-13 inhibitor that shows promising results of
alleviating moderate-to-severe AD in adult patients. In short, these results supported that
IL-13 inhibitor appears to have the potential to be a promising reagent for the development
of new drugs for AD treatment.

Janus kinases, often referred as JAK, have been known as cytoplasmic tyrosine ki-
nase combined with intracellular domains of various cytokine receptors [44]. JAK family
member is divided into JAK1, JAK2, JAK3, and TYK2 [45]. According to recent studies,
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JAK2/STAT3 signaling pathway played critical roles in metastasis and progression of
cancers, which implied that JAK2 might be a crucial therapeutic target for treatment of can-
cer [46–49]. Recent study showed that salidroside had anti-cancer effects and suppressed
RCC proliferation through inhibition of JAK2/STAT3 signaling pathway [50]. The data
presented in this study indicated that salidroside decreased the levels of phosphorylated
STAT3 and JAK2 in A498 and 786-0 RCC cells. It was also reported that thymoquinone,
a natural compound extracted from black seed oil, possessed anti-cancer effects in RCC
cells [51]. According to them, inhibition of JAK2/STAT3 signaling pathway was observed
after treatment of thymoquinone in Caki2 cells. Furthermore, recent studies have re-
ported that the synthetic JAK2 inhibitor was considered as the therapeutic agent for other
cancer types [52–54]. It was reported that treatment of JAK inhibitors CEP-33779 and
NVP-BSK805 helped vincristine work effectively by sensitizing drug-resistant KBV20C oral
cancer cells [55]. AG490, JAK2 inhibitor, also inhibited the proliferation and invasion of
gallbladder cancer cells through inhibition of JAK2/STAT3 signaling pathway [54]. Thus,
our current study supported that JAK2 has a potential to be an important target for various
cancer treatment.

Telmisartan is angiotensin II receptor blocker and selectively inhibits the binding
of angiotensin II into AT1 receptor [56]. Telmisartan was approved by FDA in 1998 and
it has been used to treat high blood pressure and heart failure [57–59]. It also has been
reported that telmisartan has anti-cancer effect against several cancer cell lines [60–62].
Recent study showed that telmisartan has cytotoxic effect through generation of reac-
tive oxygen species (ROS) and upregulation of death receptor 5 (DR5) in human lung
cancer A549 cells [63]. It was reported that telmisartan inhibited cancer cell growth and
induced DNA damage in HHUA human endometrial cancer cells [64]. In another study,
telmisartan downregulated Bcl-2 and induced apoptosis in 786-0 RCC cells [65]. Also,
recent study has shown that telmisartan exhibited anti-cancer effect in MKN74 gastric
cancer cells in vitro and in vivo [66]. Interestingly, this study showed that telmisartan
inhibited tumor growth through cell cycle arrest in a mouse xenograft model of gastric
cancer. Furthermore, growth inhibitory effect of telmisartan was observed in esophageal
squamous cell carcinoma xenograft mouse model [67]. Similar with the previous studies,
we observed that telmisartan treatment suppressed cell proliferation and induced cell cycle
arrest and apoptosis via inhibition of JAK2 in human RCC cells. However, we still need
to perform in vivo experiments using RCC mouse model to prove the anti-cancer activity
of telmisartan. We selected telmisartan as one of the strongest JAK2 inhibitors from 821
FDA approved drugs. Since we adopted the screening way based on the assay to measure
ATP consumption by JAK2, we thought that telmisartan might compete with ATP to bind
the ATP binding site in JAK2. We are planning to conduct the competitive enzyme assay
and simulate in silico docking model to prove this hypothesis. As shown in Figure 5G,
interestingly, telmisartan treatment caused the downregulation of IL13Rα2. It seems that
inhibition of JAK2 by telmisartan might induce the transcriptional downregulation of
IL13Rα2 through inhibition of the phosphorylation of STAT3 transcriptional factor. So,
we plan to perform other experiments demonstrating that STAT3 bind to the promoter
region of IL13Rα2 and whether the binding affinity of STAT3 on the promoter region was
weakened by JAK2 inhibition or not.

Since telmisartan has been used to treat heart disease for 22 years, there are lots of
previous reports for researcher to examine the possible working mechanism of telmis-
artan in terms of anti-cancer activity. The relationship between JAK2 and angiotensin
II signaling pathway has been investigated in various studies [68–71]. It has been re-
ported that angiotensin II activates STAT3 through the IL6/gp130/JAK2 signaling pathway
in cardiomyocytes [72]. AG490, well-known JAK2 inhibitor, inhibited angiotensin II-
induced differentiation of bone marrow-derived mesenchymal stem cells (BM-MSCs) into
keratinocytes, which suggested that JAK2 is associated with angiotensin II signaling path-
way [73]. Recent study has shown that angiotensin II upregulated nitroxidative stress via
JAK2/STAT3 signaling pathway leading to the hyperproliferation of vascular smooth mus-
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cle cells (VSMCs) [74]. In another study, it is demonstrated that inhibition of angiotensin
II through JAK2/STAT3 signaling pathway suppressed tubular epithelial myofibroblast
trans-differentiation mediated by hepatocyte growth factor (HGF) [75]. Thus, we thought
that blocking of angiotensin II binding into AT1 receptor by telmisartan might cause the
inhibition of JAK2 through direct or indirect signaling pathway in RCC cells. We might
need to investigate the change of the phosphorylation status of JAK2 under knock-down
of AT1 receptor in RCC cells. Peroxisome proliferator-activated receptor γ (PPARγ) is
also well-known agonistic target of telmisartan. PPARγ is a member of nuclear receptor
family and it plays an important role in regulating lipid metabolism [76]. According to
a previous research, activation of JAK2/STAT3 signaling pathway was associated with
downregulation of PPARγ, which promoted fibrosis in rats [77]. Furthermore, PPARγ
decreased the protein expression of suppressor of cytokine signaling 3 (SOCS3) through
inhibition of JAK2/STAT3 signaling pathway leading to alleviation of hepatocyte steato-
sis [78]. Additionally, it was reported that pioglitazone, one of PPARγ agonists, inhibited
breast cancer growth by regulating JAK2/STAT signaling pathway in vitro and in vivo [79].
For the further study, we are trying to examine that rosiglitazone, FDA approved hypo-
glycemic agent as PPARγ agonists, has anti-cancer activity against RCC through inhibition
of JAK2 phosphorylation.

In this study, we demonstrated the clinicopathologically significance of IL13Rα2,
a kind of the independent receptor for IL13, in RCC progression. Mechanistically, down-
regulation of IL13Rα2 in RCC cells seemed to decrease the phosphorylation of JAK2 and
increase expression of FOXO3, suggesting that IL13Rα2 probably is involved in the pro-
gression of RCC through JAK2/FOXO3 pathway (Figure 6). In addition, we screened an
FDA approved drug library to identify the novel candidates inhibiting JAK2 in RCC cells
and selected telmisartan as the one of strongest JAK2 inhibitors. Telmisartan displayed the
anti-proliferative activity in RCC cells, which could be one of the therapeutic options for
RCC patients.

Figure 6. A diagram for the possible oncogenic role of IL13Rα2 in renal cell carcinoma (RCC) by
activation of JAK2 and inhibition of FOXO3.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jpm11040284/s1, Figure S1: (A). The correlation pattern between expression of IL13Rα2,
pJAK2, JAK2, and FOXO3 in A498, ACHN, Caki1, and Caki2 cells. Western blotting analysis of
IL13Rα2, pJAK2, JAK2, and FOXO3 in each cell line. β-actin was used for a gel-loading control;
(B) Reduction of ATP consumption by telmisartan in a dose-dependent manner in vitro. JAK2
protein was incubated with the indicated concentration of AZD1480 or telmisartan, peptide substrate,
and ATP for 30 min at 37 ◦C. After incubation, the reaction mixture was incubated with Glo-Max
solution for 30 min at room temperature to stop the reaction. Then, the remaining ATP level in each
reaction was measured by a microplate reader for luminescence; (C). Reduction of phosphorylation
of JAK2 by telmisartan. Western blotting analysis of pJAK2 and JAK2 after telmisartan treatment (0,
10, 20, and 40 µM). β-actin was used for a gel-loading control.
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Abstract: Development of an anastomotic leak (AL) following intestinal surgery for the treatment of
colorectal cancers is a life-threatening complication. Failure of the anastomosis to heal correctly can
lead to contamination of the abdomen with intestinal contents and the development of peritonitis.
The additional care that these patients require is associated with longer hospitalisation stays and
increased economic costs. Patients also have higher morbidity and mortality rates and poorer
oncological prognosis. Unfortunately, current practices for AL diagnosis are non-specific, which
may delay diagnosis and have a negative impact on patient outcome. To overcome these issues,
research is continuing to identify AL diagnostic or predictive biomarkers. In this review, we highlight
promising candidate biomarkers including ischaemic metabolites, inflammatory markers and bacteria.
Although research has focused on the use of blood or peritoneal fluid samples, we describe the use of
implantable medical devices that have been designed to measure biomarkers in peri-anastomotic
tissue. Biomarkers that can be used in conjunction with clinical status, routine haematological and
biochemical analysis and imaging have the potential to help to deliver a precision medicine package
that could significantly enhance a patient’s post-operative care and improve outcomes. Although no
AL biomarker has yet been validated in large-scale clinical trials, there is confidence that personalised
medicine, through biomarker analysis, could be realised for colorectal cancer intestinal resection and
anastomosis patients in the years to come.

Keywords: colorectal cancer; intestinal anastomosis; anastomotic leak; biomarkers; precision medicine

1. Introduction

Colorectal cancer is the fourth most commonly diagnosed cancer in the world, with
~1.8 million new cases and ~0.7 million cancer-related deaths occurring per year. The
disease accounts for 10% of all newly diagnosed cancers, meaning it is a significant social
and economic burden for many countries throughout the world [1]. In this review, we
briefly discuss disease staging, colorectal cancer treatments, pathophysiology of normal
intestinal healing and the consequences of abnormal intestinal healing. We then go on
to describe in depth how this knowledge has led to the identification of diagnostic and
predictive biomarkers of anastomotic leakage, which could be used to provide a precision
medicine approach for managing colorectal cancer patients.

2. Colorectal Cancer Staging and Treatment

Before instigating treatment, patients undergo investigations to define the stage of
the cancer. This is typically done using the tumour, node, metastasis (TNM) classification
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system (developed by the Union for Interventional Cancer Control) whereby data are
collected from physical examinations, imaging and endoscopy. Pathological classification
will be based on histopathology from biopsy samples typically obtained during endoscopy.
Depending on disease stage, various treatment options are available; however, for curative
intent strategies, surgery will be the treatment of choice. UK estimates indicate that 66% of
colon cancer and 63% of rectal cancer patients will receive surgery as part of their primary
care [2]. Surgery encompasses the excision of diseased intestinal segments containing
the tumour (resection) with the subsequent re-joining of the disease-free intestinal ends
(anastomosis). This intestinal resection and anastomosis procedure can be performed
either with hand-placed sutures, automatic stapling devices or through robotically assisted
techniques. Regardless of which technique is used, the procedure aims to re-establish
luminal and mural intestinal continuity. Records from the Association of Coloproctol-
ogy of Great Britain and Ireland (ACPGBI) have shown that, within Ireland and the UK,
~20,000 patients undergo a large bowel resection and anastomosis every year. The majority
of these procedures are performed to treat colorectal cancers. Colorectal cancer patient
outcomes have improved over the years through advances in peri-operative management,
the use of neoadjuvant and adjuvant radiotherapy and chemotherapy and through modifi-
cations of the surgical procedure. These advancements have undoubtably contributed to
the improved 5-year survival rate, which is now almost 60% [2]. Unfortunately, no matter
how safe the surgical procedure is regarded to be, complications can still occur. One such
life-threatening complication that typically occurs following failure of the anastomotic site
to heal correctly is termed an anastomotic leak (AL).

3. Anastomotic Leaks

The exact definition of what an AL is continues to be debated in the literature. The
UK Surgical Infection Study Group defined an AL as ‘a leak of luminal contents from a
surgical join between 2 hollow viscera’ [3]. However, a subsequent review of 97 papers
highlighted a lack of definition consistency between studies, with 56 different terms being
identified [4]. The lack of standardised terminology creates problems when comparing
results generated between different studies. A more recent attempt by the International
Multispecialty Anastomotic Leak Global Improvement Exchange Group has re-defined
an AL as ‘a defect of continuity localised at the surgical site of the anastomosis, which
creates a communication between intra-luminal and extra-luminal compartments.’ Using
this classification method, three grades of AL, increasing in severity from A to C, have been
described. Whereas grade A can be left untreated, grade B requires medical management
and grade C requires revision surgery [5,6].

Whatever the definition used, an AL is typically diagnosed 5–8 days post-surgery,
although some case reports have demonstrated that a delayed presentation beyond 30 days
is possible [7]. While AL can occur in up to 24% of patients undergoing distal rectal
surgery, combined rates for surgery performed at any level of the intestinal tract are
accepted to be ~6–7% [8,9]. The development of an AL not only results in increased
morbidity [10–12] and 30-day mortality rates [13], but in cancer patients, it has also been
associated with higher local recurrence rates and decreased long-term survival, but not
with distant recurrence [8,14–17]. One large study involving 1984 colorectal cancer patients
showed that 5-year cancer-specific survival was 57.4% in those that developed an AL
compared with 72% that recovered uneventfully. The 5-year local recurrence rates were
also increased from 1.9% to 4.7% in those that developed an AL [18]. Several explanations
for these poorer survival times and increased local recurrence rates have been proposed.
As viable cancer cells have been identified within the intestinal lumen and on staple/suture
lines, it is possible that, following an AL, these cells could exfoliate to extra-luminal tissues.
Implantation of these cells in the serosal surface of the intestine, peritoneum or pelvis could
lead to the development of local recurrence [19–25]. The inflammatory response related
to an AL has been proposed to stimulate tumour proliferation and evolution to distant
metastasis [26–30], with elevated levels of inflammatory markers such as C-reactive protein
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(CRP) associated with higher recurrence rates and impaired disease-free survival [31,32].
Intra-abdominal bacterial infections have also been suggested to stimulate neoangiogenesis,
which may increase the risk of disease recurrence [33].

Revision surgery will be required in ~85–95% of AL patients, with 50% of symptomatic
AL cases requiring permanent stoma formation [34]. Complications such as multi-organ
failure, pneumonia, renal and cardiac issues, localised/generalised sepsis, wound infec-
tions and surgical site dehiscence are also commonly encountered secondary to an AL [11].
The intensive care and revision surgery needed to manage these conditions, as well as
the AL itself, increases hospitalisation periods [35,36] and total treatment costs [36–41].
If a patient develops an AL, then early diagnosis is essential to decrease mortality rates
and achieve a positive outcome [7,42–45]. One study suggested that a 2.5-day delay in
instigating AL-specific treatments increased mortality rates from 24 to 39% [13], while a
further study identified that a 7.6% decrease in survival was associated with every hour of
delay from septic shock onset to when antibiotics were administered [46].

4. Intestinal Healing

Research into anastomotic healing and AL development has been acknowledged
as a priority by numerous healthcare providers, including the National Health Service,
National Institute for Health Research, the ACPGBI and the Colorectal Therapies Healthcare
Technology Co-operative. Following a resection and anastomosis, intestinal healing has
been described to occur in four stages [47–49].

➢ Stage 1. Haemostasis. Occurring immediately after intestinal injury, this stage in-
volves platelet and coagulation cascade activation.

➢ Stage 2. Inflammation. Occurring within 10 days after intestinal injury, this stage
involves surgical site recruitment of lymphocytes, neutrophils and macrophages.

➢ Stage 3. Proliferation. Occurring from 5 to 21 days after intestinal injury, this stage
involves intestinal re-epithelisation through fibroblast recruitment and endothelial
cell proliferation.

➢ Stage 4. Remodelling. The final stage of intestinal healing occurs from 21 days after
intestinal injury and continues for up to 1 year. Here, collagen deposition and tissue
remodelling can restore intestinal integrity.

5. Anastomotic Leak Pathophysiology and Risk Factors

In contrast to the well-documented and characterised stages of uneventful intestinal
healing, relatively little is known about AL pathophysiology. Studies, however, have iden-
tified several surgical and patient-related risk factors that can influence AL development
(Table 1) [8,9].

Table 1. Risk factors associated with the development of an anastomotic leak.

Patient Factors Surgical Factors

Age
Malnutrition
Steroid use

Diabetes
Hypertension
Tobacco use

Cardiovascular
disease
Gender

Alcohol use
ASA fitness score

Diverticulitis
Leukocytosis

Poor anastomotic blood supply
Concurrent surgical procedures

Poor colonic preparation
Peri-operative blood transfusion

Anastomotic ischaemia or tension
Emergency resection

Intra-operative sepsis
Peritonitis

Operative time >3 h
Pre-operative
radiotherapy

Anastomotic location
Bowel obstruction

5.1. Patient-Related Factors

Patient age as well as gender have been identified as AL risk factors, with men and
patients of either sex >60 years old being at increased risk of AL. Although the exact reason
for this is unknown, it is thought that the narrower male pelvis and androgenic hormonal
effects on the intestinal microvascular blood supply may play roles in AL development
in male patients [50–55]. Multiple studies have also shown that the American Society of
Anaesthesiologists (ASA) fitness score is also an independent AL risk factor. Patient scores
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≥III are associated with a 2.5-fold increased AL risk [55,56]. ASA scores are generated
using multiple patient-specific factors including nutritional status and medical history,
which have themselves been identified as independent AL risk factors.

Adequate nutrition is an important factor for intestinal healing as it contributes to
collagen synthesis and immune responses. Various studies have shown that patients
who are malnourished (including obese patients), have pre-operative weight loss [57–59],
anaemia or low albumin levels are at increased risk of AL [60,61]. Neo-adjuvant, pre-
operative chemo-radiotherapy has also been shown to be an independent risk factor for AL.
Radiotherapy causes poor intestinal healing and increased fibrosis by damaging the local
intestinal vascular system and impairing fibroblast function [51,62–64]. Pre-operative blood
transfusions, advanced tumour stage and tumours >5 cm have also been identified as AL
risk factors [56,65]. Currently, there is no consensus as to whether metabolic diseases, such
as diabetes mellitus, increase AL risk through impaired wound healing [66,67]; however,
patients with pre-existing renal disease, or those that smoke or drink alcohol excessively,
have been identified as high-risk for AL development [67–70].

Although the intestinal microbiome plays an important role in the health, physiology
and healing of the intestine [71], specific bacterial infections have been demonstrated to
increase AL risk. One early study exhibited that rats inoculated with Pseudomonas aeruginosa,
24 h following gastrectomy and oesophagoduodenostomy, demonstrated higher AL rates
compared with rats that were also inoculated with Pseudomonas aeruginosa but received peri-
operative antibiotics (95% vs. 6%) [72]. A subsequent human clinical trial supported these
pre-clinical results by showing that reduced AL incidence (10.6% vs. 2.9%) and mortality
rates (10.6% vs. 4.9%) were achieved in gastrectomy and oesophagojejunostomy patients
treated with peri-operative antibiotics [73]. The authors suggested that antibiotics may play
a protective role against AL development. Although the mechanisms by which bacterial
infections contribute to AL development are not fully understood, matrix metalloprotease
(MMP) activation and collagenolytic substances produced by anastomotic site bacteria may
play a role [74]. Using a pre-clinical rat model, one study demonstrated that antibiotics,
with efficacy against Enterococcus faecalis (a bacterial strain with high collagen-degrading
activity), placed topically at the colorectal anastomotic site, reduced AL incidence, whereas
intravenous antibiotics failed to eliminate anastomotic site Enterococcus faecalis and reduce
AL rates [75]. Following these results, MMP inhibitors have undergone investigations
for their ability to prevent AL. One meta-analysis concluded that although anastomotic
strength in animal models can be improved through MMP inhibitors, human clinical trials
have yet to demonstrate a role in decreasing AL rates [76].

5.2. Surgery-Related Factors

A significant AL risk factor is the anatomical location of where the anastomosis is
performed in the gastrointestinal tract [77]. One systematic review identified that the
highest rate of AL occurred in coloanal and colorectal anastomoses (5–19%). This rate
was significantly greater than that seen in enteroentero (1–2%), ileorectal (3–7%), ileocolic
(1–4%) and colocolic (2–3%) anastomoses [78]. Multiple studies have also shown that
anastomotic position in relation to the anal verge is important; cancer resections performed
in the mid/low rectum [79] or <6 cm from the anal verge [80] have been associated with
significantly higher AL rates. Patients that require an emergency resection and anastomosis
at any level of the gastrointestinal tract are also at higher risk [55].

When considering the surgical procedure itself, studies have failed to show AL rate
differences between hand-sewn or stapled anastomoses [81,82] or between open abdominal
procedures or laparoscopic surgery [83–85]. Studies investigating the advantages of roboti-
cally performed colorectal anastomoses have failed to show AL rate differences compared
with laparoscopic resections [86–88]. Conflicting results have been reported as to what
extent surgical experience can influence AL rates. Whilst one study demonstrated that
surgery performed by high-volume colorectal surgeons may reduce AL, another failed to
demonstrate AL rate differences when surgeon experience was taken into account [89,90].
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Multiple firings of the stapling device and surgical times >3 h have also been identified as
AL risk factors [56,65].

Poor intestinal tissue oxygenation (partial pressure of O2 in tissue; ptO2) has also been
suggested to contribute to AL development. Iatrogenic surgical disruption of the peri-
anastomotic microvascular blood supply or tension at the anastomotic site can compromise
intestinal tissue perfusion. If local blood supply is unable to meet intestinal O2 require-
ments, this situation can lead to peri-anastomotic ischaemia and necrosis [48,49,91,92].
Adequate ptO2 is also required for collagen production, with O2 levels <15–20 mmHg
associated with compromised synthesis. As submucosal collagen is the predominant tissue
layer for anchoring sutures/staples in the early stages of anastomotic healing, inadequate
collagen production could contribute to AL incidence [93].

6. Diagnosis

As already mentioned, early AL diagnosis and subsequent management is essential to
reduce patient morbidity and mortality. Unfortunately, early diagnosis can be extremely
difficult as there are no pathognomonic signs which can be specifically attributed to an
AL. Patients can initially be asymptomatic while non-specific clinical signs can range
from abdominal pain, ileus, pyrexia and cardiorespiratory issues to acute organ failure
and sepsis. These wide-ranging clinical symptoms can be difficult to distinguish from
those caused by normal post-operative inflammatory and physiological responses [94].
Based on clinical assessments, one study demonstrated that 69% of AL patients had a
delayed diagnosis, of which the majority of patients presented with only cardiovascular
symptoms [95]. Clinical assessment, regardless of experience and training, is therefore
regarded as an inadequate technique for identifying high-risk AL patients or for its early
diagnosis [96].

As clinical signs cannot be relied upon for AL diagnosis, clinicians use a variety of
blood tests assessing inflammatory markers such as CRP and leukocytes. Unfortunately,
these markers are again non-specific, with raised levels commonly occurring secondary to
various post-operative complications, including chest, urinary and surgical site infections.
Rather than using individual markers, one study assessed leukocyte number, creatinine
levels, CRP levels, core temperature, urine production and systemic inflammatory response
syndrome components. This combined approach was able to reduce the delay in AL
diagnosis from 4 to 1.5 days [13]. Scoring systems have also been designed to predict
AL risk. One study generated a scoring system based upon data from 1060 patients
who underwent an anterior resection. Using known AL risk factors (intra-operative
haemorrhage, gender and level of anastomosis), this study classified patients into low-
(0–1), intermediate- (2–3) and high-risk (4–5 score) cohorts with AL rates of 1.9%, 8% and
16.1%, respectively [97]. The Colon Leak Score, which incorporates surgical and patient-
specific risk factors, has also been developed to predict AL risk [98]. As well as these
predictive scoring systems, others have looked to diagnose AL. The Dutch Leakage Score
and the Modified Dutch Leakage Score have, unlike the previously mentioned predictive
scoring systems, undergone clinical validation. Using clinical and physiological data with
laboratory results, the derived Dutch Leakage Score has been shown to have a sensitivity of
97%, specificity of 53.5%, positive predictive value (PPV) of 16.1% and negative predictive
value (NPV) of 99.5% for AL diagnosis (depending on the score cut-off values used).
Meanwhile, the much simpler Modified Dutch Leakage Score, again depending on the
score cut-off, could still produce a sensitivity of 97%, specificity of 56.8%, PPV of 17.2% and
NPP of 99.5% for AL diagnosis [13,99,100].

Current clinical practices for AL diagnosis rely on abdominal imaging (plain radio-
graphs, computed tomography (CT) scans or water-soluble contrast enemas (WSCE)), in
conjunction with clinical and biochemical evaluation. Although CT is perhaps the most
commonly used imaging modality for AL diagnosis, studies have shown it to have variable
sensitivity and specificity. One retrospective study reported that only 47% of CT scans per-
formed within 72 h of a patient requiring repeat surgery were diagnostic for an AL [101]. CT
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and rectal contrast radiography have been shown to have comparable sensitivity (57–60%)
and specificity (100%) rates for AL diagnosis, greater than those of using clinical assess-
ments alone (50% sensitivity and 89% specificity). The authors of this study suggested that
whilst these imaging techniques gave false negative results, both were equally good for AL
diagnosis [102]. Another large study in the 1970s analysed data from almost 2000 anterior
resection patients. From the results, the authors suggested that although contrast studies
could provide an indication of leak severity, they offered no diagnostic advantage over
sigmoidoscopy and/or digital rectal examination, especially in patients that received a
low anastomosis [103]. WSCE have also been shown to have higher false positive rates
compared with digital rectal examination (6.4% vs. 3.5%) [104]. As plain abdominal X-rays
can identify disrupted staple lines, a further study suggested that WSCE may only be
required when intact staple lines, identified on radiographs, occur in conjunction with
unrelenting clinical signs [105]. Another study demonstrated that WSCE used in colorectal
or left-sided colonic anastomoses had sensitivity and specificity values of 52.2% and 86.7%,
respectively, leading the authors to suggest that the test had little impact on improving
early patient morbidity [106]. A retrospective study using data from colorectal patients
demonstrated that WSCE detected ~83% of leaks, whereas only ~15% were identified using
CT. This difference was most apparent for distal ALs, leading the authors to conclude
that WSCE may be more beneficial in evaluating low anastomoses [107]. Several studies
have highlighted that CT-based AL diagnosis is challenging [107,108]. These studies have
indicated that the only reliable CT sign of an AL was the presence of peri-anastomotic
liquid and air; extravasated contrast material from the intestinal luminal into the abdomen
was not always present. Similarities in CT data between patients with and without AL
were also observed. These results indicated that CT interpretation requires an experienced
radiologist, and that radiological interpretation should be performed with knowledge of
clinical data.

As a result of these conflicting findings, there is still no definitive consensus on which
imaging modality should be used for AL diagnosis. Furthermore, a reluctance by clinicians
to perform multiple scans due to cost, logistics and patient radiation exposure, combined
with inherent delays incurred from the time of imaging to the interpretation of results, can
significantly hinder prompt AL diagnosis. As a result of these imaging-based limitations,
researchers and clinicians are looking at novel AL predictive and diagnostic methods that
could lead to a more refined, precision medicine approach to patient management (Table 2).

Table 2. Peri-operative techniques for AL risk prediction and diagnosis.

Pre-Operative Intra-Operative Post-Operative

Surgical factors
Patient factors

Predictive scoring systems
Blood samples
Urine samples

Tissue appearance
Air leak test
Endoscopy

Intestinal tissue perfusion
Intestinal tissue oxygenation

Scoring systems
Clinical assessment
Routine bloodwork

Imaging
Biomarkers: ischaemic,
inflammatory, bacterial

7. Precision Medicine, Prognostic, Predictive and Pharmacodynamic Biomarkers

Current post-operative management of intestinal resection and anastomotic patients
is principally focused on improving global and local tissue perfusion [109]. Post-operative
preservation of normovolaemia [110], normothermia [111], delivering supplemental O2 [112]
and goal-directed intravenous fluid therapy [113,114] can all reduce morbidity and improve
outcomes. A pig model has also shown that intravenous colloids can increase perfusion
and ptO2 in normal and peri-anastomotic colonic tissue [115]. Although these generic
peri-operative patient management strategies may help to promote anastomotic healing
and decrease AL rates, patient outcomes are likely to be improved by clinicians adopting a
precision or personalised peri-operative treatment strategy.

Precision and personalised medicine encompass the idea that optimal patient manage-
ment requires patient- and/or disease-specific factors to be considered. Although similar,
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specific personalised and precision medicine definitions highlight key differences in their
concepts; whereas personalised medicine considers individual patient genetics, patient
beliefs, social background, preferences and attitudes, precision medicine emphasises the
importance of data collection and analysis [116]. Although both concepts have subtle
differences, the term ‘precision medicine’ has become more extensively used. This has
principally been due to unease amongst clinicians thinking that patients might misinterpret
‘personalised medicine’ as a technique by which drugs are developed for specific individ-
uals [117,118]. Perhaps the clearest definition of what precision medicine is came from
The National Research Council in America, who described it as ‘the tailoring of medical
treatment to the individual characteristics of each patient . . . to classify individuals into
subpopulations that differ in their susceptibility to a particular disease or their response to
a specific treatment. Preventative or therapeutic interventions can then be concentrated on
those who will benefit, sparing expense and side effects for those who will not’ [118]. To
achieve the aims of this precision medicine concept, research has largely focused on the
use of patient- or disease-specific biomarkers.

A biomarker can be any measurable tissue or bodily fluid biological substance that
represents normal or abnormal physiological processes or pathological conditions [119].
There are four classical biomarker categories [120–122]:

1. Diagnostic. Identifies the presence of disease;
2. Predictive. Indicates the likely benefit of a specific treatment;
3. Prognostic. Indicates patient outcome, irrespective of treatment;
4. Pharmacodynamic. Allows monitoring treatment effectiveness.

A clinically useful biomarker is one that is obtained non-invasively, is easily assayed
and provides results that have high sensitivity and specificity. Broadly speaking, for AL,
these can be biomarkers of ischaemia, inflammation, tissue repair and the presence of
bacterial contamination (Figure 1). All these potential biomarkers can be assessed through
either blood or peritoneal fluid samples. These types of biomarkers have the potential to be
assessed either intra-operatively, to predict which patients are at high risk of complications,
or post-operatively, to identify which patients may require additional management to
prevent an AL from developing or allow for its early diagnosis. In conjunction with clinical
status, physiological parameters and imaging results, these types of biomarkers could
be used to achieve a precision medicine approach for patients undergoing a resection
and anastomosis.

 
 
 

 

Figure 1. Patient samples used for biomarker assessment following a colorectal anastomosis in the
treatment of colon cancer. (IL; interleukin, CRP; C-reactive protein, PCT; procalcitonin, WBCC; white
blood cell count, I-FABP; intestinal fatty acid binding protein, MMP; matrix metalloproteinases, TIMP;
tissue inhibitor of metalloproteinases, VEGF; vascular endothelial growth factor, EGF; epidermal
growth factor, PDGF; platelet-derived growth factor, LPS; lipopolysaccharide). Figure created
in Biorender.
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8. Intra-Operative Techniques

During surgery, immediately following anastomosis, surgeons evaluate intestinal
integrity through assessment of anastomotic doughnut completeness, air leak testing
and/or endoscopic visualisation. Although air leak testing alone can reduce post-operative
AL rates from 14% to 4% [123,124], intra-operative endoscopy can be performed with an
air leak test and allows the surgeon to assess for vascular insufficiency, staple line bleeding,
adequate tumour margins, iatrogenic intestinal injury and missed pathology [125–127].
One study demonstrated that routine intra-operative endoscopy identified anastomotic
issues that required correcting in 10% of patients [125].

Further intra-operative assessment techniques have predominantly focused on intesti-
nal ptO2 levels as a way of predicting which patients are at high risk of AL. Although
surgeons evaluate macroscopic tissue appearance (colour, intestinal bleeding and palpable
mesenteric pulses) as a surrogate for intestinal perfusion, these subjective techniques are
unable to predict AL risk. To overcome this issue, various techniques have been developed
to objectively measure intestinal tissue oxygen saturation (StO2) (visible light and near
infrared spectroscopy) [128,129], tissue perfusion (laser fluorescence angiography, laser
Doppler flowmetry) [130,131] and arterial haemoglobin O2 saturation (wireless handheld
pulse oximeters) [132].

Visible light spectroscopy used in colorectal anastomoses has demonstrated that
reduced tissue O2 saturation immediately after resection can predict AL. Interestingly, this
study also showed that patients who recovered uneventfully demonstrated a significant
intra-operative rise in StO2 in the proximal part of the anastomosis, which was not seen in
those who developed an AL [128]. Animal studies have supported these results through
comparing intestinal tissue oxygenation with staple size and by using wireless pulse
oximeters [132,133]. In a recent human study, intra-operative colonic O2 saturation was
measured with a pulse oximetry device placed on the colonic wall and evaluated for
its ability to assess tissue viability and predict AL in colorectal anastomotic patients.
The results showed that the risk of developing an AL was 4.2 times higher when post-
anastomotic colonic StO2 was ≤90% of the pre-resection values. The authors suggested
that low intra-operative colonic StO2 values were associated with AL occurrence [134].
Laser fluorescence angiography has also been shown, in a retrospective clinical trial of
402 patients, to reduce the number of patients that developed an AL. Out of the 22 patients
that developed an AL, only seven (3.5%) were in the imaging group, compared with 15
(7.5%) in the control group [130]. Near infrared (NIR) fluorescent imaging has also been
investigated for its intra-operative use as the energy range it uses is capable of penetrating
deep into the intestinal walls and mesenteric tissues without causing thermal damage [135].
Coupled with indocyanine green, veins, arteries and capillaries can be identified, with
vascular streams being used as an approximation of tissue perfusion. In animal models,
this technique has been shown to predict the viability of ischaemic intestine [136] and an
ongoing human clinical trial is assessing the use of NIR laparoscopy–indocyanine green to
minimise leak occurrence compared with conventional white-light laparoscopy [137].

Clark O2 electrodes have also been investigated for their ability to measure intra-
operative intestinal ptO2. In pre-clinical animal models, gradual intestinal perfusion
reduction through sequential accurate intestinal artery ligation demonstrated that intestinal
ptO2 measured before performing an anastomosis could predict AL occurrence [93,138,139].
In humans, Clark O2 electrodes have been used to provide intra-operative ptO2 reference
values for the majority of the gastrointestinal tract [140]. Clinical trials have also shown
that colonic ptO2 of less than either 20 mmHg, 50% of pre-resection values, 15% of arterial
oxygen partial pressure (PaO2) or 40% of ptO2 at a control site were all associated with
AL development. This study provided evidence that Clark O2 electrodes could be used to
measure peri-anastomotic colonic ptO2 before, during and immediately after performing a
resection and anastomosis and that, using defined cut-off values, the risk of developing an
AL could be predicted [93].
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Although these intra-operative techniques are well established, there are no standard
guidelines as to which should be used. As a result of this, there is considerable variation
between surgeons and hospitals [141]. To begin to address this, the European Society of
Coloproctology Safe-anastomosis Programme in Colorectal Surgery (EAGLE) has been set
up. Launched in 2019, this is an international, multicentre, cluster randomised controlled
sequence study. EAGLE aims to recruit at least 2000 surgeons from 300 hospitals in order
to collect data from >4500 patients who have undergone a right colectomy and ileocecal
resection. The study results will be used as a quality improvement programme aimed
at pre-operative risk stratification and standardising surgical techniques used for these
patients [142].

9. Post-Operative Techniques

Many pre-clinical and clinical research studies have provided clear evidence that intra-
operative assessment of anastomotic integrity and peri-anastomotic tissue perfusion can
predict AL risk. Unfortunately, these techniques ultimately fail to encompass a precision
medicine approach to patient care as they cannot be used to assess intestinal healing in the
post-operative period. To overcome this, researchers are now looking at biomarkers which
can be used post-operatively that allow continual patient monitoring and assessment of
intestinal healing. These techniques have the goal of identifying high-risk patients and
provide a means of early AL diagnosis.

10. Biomarkers of Ischaemia

Under aerobic conditions, adenosine triphosphate (ATP) is efficiently generated during
the conversion of glucose to pyruvate through glycolysis and the Krebs cycle. However,
when O2 and glucose supply are limited and unable to meet the metabolic demands
of a tissue, cells have to rely on anaerobic metabolism. Here, ATP is generated less
efficiently from pyruvate being converted into lactate, with CO2 being released in the
process. Ischaemic tissue microenvironments are therefore typically regarded as having low
glucose and pyruvate levels in the presence of high lactate concentrations. Accumulated
amounts of CO2 will also cause a reduction in tissue pH. If ischaemic conditions are
prolonged, cells become damaged and, with the breakdown of their cell membranes,
phospholipids are released, generating glycerol and free fatty acids. Although these
individual ischaemic biomarkers can be measured, calculating lactate/pyruvate ratios
(LP ratio) can characterise the aerobic/anaerobic metabolic balance, with higher values
signifying ischaemia. Unfortunately, assessment of ischaemic biomarkers in blood has
been shown to lack specificity for AL diagnosis [143]. To address this, ischaemic biomarker
levels in peritoneal fluid have been investigated. Animal studies using microdialysis
catheter fluid (small probes with dialysis membranes inserted into/onto the intestine)
have shown that lactate, glucose and glycerol levels change with the metabolic alterations
that occur in hypoxic [144] and ischaemia [145] conditions. Most human clinical studies
have now focused on assaying ischaemic biomarkers in microdialysis catheter fluid or
peritoneal fluid from abdominal drains. In a pilot study of eight patients undergoing right
hemicolectomy, metabolic changes consistent with visceral ischaemia were identified in
microdialysis catheter fluid several hours before clinical signs of AL became apparent [146].
A subsequent study characterised microdialysis catheter fluid reference ranges for the first
45 h following surgery in patients that recovered uneventfully from a variety of elective
gastrointestinal operations [147].

10.1. Lactate/Pyruvate Ratio

High peritoneal LP ratios have been associated with AL in multiple clinical studies.
In one study, patients undergoing anterior rectal resections had their LP ratio and glucose
levels assessed for the first 6 days following surgery. Results indicated that the LP ratio
in patients that developed an AL was significantly higher on days 5 and 6 following
surgery. Unfortunately, due to low patient numbers, LP ratio cut-off values for predicting
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an AL could not be determined [148]. A further study using microdialysis catheters in
45 low anterior resection patients obtained fluid samples from the anastomotic site every
4 h. Lactate and LP ratios were found to be significantly raised in the four patients that
developed an AL. Interestingly, in three patients who developed an AL >10 days following
surgery, raised lactate and LP ratios were detected several days before clinical symptoms
developed. Lactate levels in the remaining AL patient increased 18 h before clinical signs,
with LP ratios only becoming elevated once clinical symptoms became evident [149]. A
similar study again using microdialysis catheters obtained peritoneal fluid samples from
patients every 2 h for the first 2 days, then every 4 h until 7 days following colorectal
surgery. Higher peritoneal lactate and LP ratios and lower glycerol levels were seen
immediately following surgery in patients that went on to develop an AL. These levels
became significantly raised by the 4th day following surgery [150]. In another study that
contained colorectal anastomoses, abdominal aortic aneurysm repairs, gastric procedures
and cholecystectomy, results showed that increased peritoneal LP ratios and decreased
glycerol levels were associated with ‘major intra-abdominal complications’ [151]. A further
study involving 88 patients who underwent various abdominal procedures, including an
intestinal resection and anastomosis, had their post-operative peritoneal and serum lactate
levels assessed. Patients that had peritoneal/serum lactate level >4.5 or peritoneal lactate
level >9.1 mM in the presence of pyrexia (>38.3 ◦C), raised white cell count (>12 × 109/L),
delayed passage of flatus (>72 h) and abdominal pain by the 4th day post-surgery were
significantly associated with post-operative complications that required revision surgery
(AL were included in this group) [152]. In slight contrast to these results, a further study
which measured lactate, pyruvate, glycerol and glucose levels every 4 h for 5 days after
patients underwent a left-sided colorectal anastomosis demonstrated that, in the three AL
patients, lactate levels but not LP ratios were significantly elevated. Interestingly, in all
the patients which developed an AL, the raised lactate levels occurred in the first 3 days
following surgery [153].

A recent prospective study has also compared peritoneal lactate, pyruvate, glucose
and glycerol assessment with daily clinical scoring (leak scores and the Dutch Leakage
Score system). This study showed that, in cases of AL, peritoneal lactate concentration
increases over time and its assessment can have greater sensitivity, specificity and better
PPV and NPV than clinical scoring systems. The median day for an AL diagnosis with
a change in lactate ≥6.3 mM was 1.6, whereas for leak scores and for the Dutch Leakage
score system, it was 3.3 and 7 days, respectively [154].

10.2. pH

To investigate pH as an ischaemic AL biomarker, one study has measured intestinal
mucosal pH with tonometry. pH measurements were taken using a catheter placed at a
colorectal anastomosis site through the anus. Imaging performed on the 6th day following
surgery was used for symptomatic and asymptomatic AL diagnosis. Results indicated that
in the first 24 h, mucosal pH values were significantly reduced in patients who subsequently
developed an AL. Using a pH cut-off value of <7.28 in the first 24 h was associated with
a 22-times greater risk of AL, with a sensitivity of 28% and specificity of 98% for AL
prediction [155]. A further study measured peritoneal drain fluid pH in the first 12 days
following colorectal surgery. Similar to the previous study, results indicated that pH values
were significantly lower in patients which developed an AL that needed revision surgery.
Using a cut-off pH value of <6.978 on the 3rd day following surgery had a sensitivity of
98.7% and specificity of 94.7% for predicting an AL. Interestingly, a decline in pH was seen
in all patients preceding their AL diagnosis [156].

10.3. Tissue Oxygenation

The intra-operative use of Clark O2 electrodes, as previously described, has been inves-
tigated for their ability to predict AL. However, these studies overlooked their applications
for post-operative use. The concept of using miniaturised Clark O2 sensors to provide post-
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operative intestinal ptO2 measurements has begun to be investigated by the Implantable
Microsystems for Personalised Anti-Cancer Therapy (IMPACT) programme. Our group
has developed novel implantable miniaturised Clark-type electrochemical O2 sensors [157]
and methylene blue-based electrochemical and ion sensitive field-effect transistor (ISFET)
pH sensors [158]. The idea that these sensors could be placed intra-operatively around the
anastomotic site and be left in situ would allow clinicians to continuously monitor peri-
anastomotic intestinal ptO2 and pH throughout the post-operative recovery period. This
type of continuous monitoring system would help to identify patients at risk of developing
an AL due to poor or deteriorating peri-anastomotic intestinal ptO2. It would also allow
clinicians the ability to assess the efficacy of interventions designed to improve intestinal
ptO2 and prevent a leak from occurring. The electrochemical O2 sensor has undergone
initial in vivo validation in a rat model [159]. The results from this study showed that sen-
sors, placed on intestinal serosal surfaces, were able to provide continuous, real-time ptO2
readings. These sensors also recognised and reported dynamic intestinal ptO2 changes
that occurred with hypoxaemic and ischaemic challenges. The authors suggested that
although further research is required, this pre-clinical study demonstrated the potential
use of miniaturised implantable medical devices for intestinal surgery.

11. Biomarkers of Inflammation

A wide range of inflammatory mediators, such as acute-phase proteins, cytokines
and growth factors, are released into the peritoneal cavity and bloodstream following
abdominal surgery [160]. If these substances are to be used as part of a precision medicine
approach in intestinal surgery, then studies have to show their ability to differentiate the
normal physiological responses to surgery from clinically important complications such
as AL.

11.1. C-Reactive Protein, Albumin and Procalcitonin

CRP, a hepatic acute-phase reactant with a half-life of 19 h, is typically found at low
levels (0.8 mg/L) in the blood of healthy individuals. CRP levels can rise dramatically in
response to inflammatory cytokines such as interleukin (IL)-6 (IL-6), tumour necrosis factor-
α (TNF-α) and IL-1β. This can occur as part of an acute-phase inflammatory response due to
infection, tissue damage and neoplasia [161]. Post-operative serum CRP levels are routinely
assessed as part of standard care practices to provide information on clinically significant
inflammation and post-operative complications. Unfortunately, its use in resection and
anastomotic patients is still contentious, with studies demonstrating poor CRP specificity
for AL diagnosis, with levels only becoming significantly raised when clinical symptoms
become apparent [162–164].

In contrast to these results, recent research has shown that serum CRP levels can
become elevated several days before clinical AL diagnosis and are significantly raised
in comparison to patients who have an uneventful post-operative recovery [165–177].
Currently, the main issue with using serum CRP levels for AL prediction or diagnosis is
the lack of definitive cut-off values. Cut-off values in these studies alone ranged from
123 to 245 mg/L, which were measured between 3 and 5 days following surgery. In a
meta-analysis of seven clinical trials which included 2483 patients, results suggested that
serum CRP cut-off values of 172 mg/L, 124 mg/L and 144 mg/L on the 3rd, 4th and 5th
days following surgery possessed an NPV of 97% for excluding an AL [178]. Furthermore,
in a recent prospective international study of 933 colorectal resection and anastomosis
patients, of which 41 developed an AL, serum CRP levels were assessed pre-operatively
and continued for 5 days post-surgery. Results indicated that a change in CRP levels
>50 mg/L over any 2 post-operative days had a sensitivity of 85% for diagnosing an AL
and an NPV of 99% for ruling it out. A change in CRP >50 mg/L between days 3 and 4 or
4 and 5 had an even higher specificity of 97%. The authors highlighted the value of CRP
trajectory assessment for its ability to rule out an AL [179].
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Albumin, also an acute phase protein, has been proposed as an indicator of surgical
stress and can be used to predict the development of post-operative complications [180].
Hypoalbuminemia has also been suggested to be an AL risk factor for colorectal resec-
tions as part of treatment for ovarian cancer [181]. A novel indicator, the C-reactive
protein:albumin ratio (CAR), has been used to identify patients at risk of post-operative
complications after colorectal surgery [182]. This study showed that CAR measurement
provided greater diagnostic accuracy than assessing CRP or albumin levels alone. In one
recent retrospective study of 1068 elderly colorectal anastomotic patients, the AL predictive
value of CAR was investigated. Using a pre-operative CAR cut-off value of 2.44, the assay
had a sensitivity of 61% and specificity of 80% for predicting an AL. Surgical time and
pre-operative CAR were also both identified as independent AL risk factors [183].

Procalcitonin (PCT), the prohormone of calcitonin, is produced by thyroid parafollic-
ular C-cells. PCT is typically found in low levels (<0.05 ng/mL) in the blood of healthy
individuals. Bacterial infections have been shown to induce PCT release from all differ-
entiated cell types, which can occur within 2–3 h following infection and is related to
the presence of bacterial endotoxins and inflammatory cytokines such as TNF and IL-6.
Patients with serum PCT levels >2 ng/mL have been associated with bacterial infections,
but levels >700 ng/mL can be seen in cases of severe sepsis [184]. Serum PCT levels, in
contrast to CRP, do not become raised secondary to inflammation of a non-infectious origin
and its use for early AL diagnosis has been investigated.

One study involving 157 colorectal resection and anastomotic patients demonstrated
that serum PCT levels in the range of 1.4–4.62 ng/mL measured on the 1st day following
surgery predicted those that subsequently developed an AL. These values were significantly
higher than that seen in patients who recovered uneventfully (0.09–0.44 ng/mL). Using
a PCT cut-off value of 1.09 ng/mL on the 1st day following surgery gave sensitivity and
specificity values of 87% for AL prediction. The authors suggested that PCT could be used
at this early post-operative time point to identify high-risk patients [185]. A similar study,
again involving colorectal cancer resection and anastomosis patients, demonstrated that
PCT measured on the 3rd day following surgery could identify patients at low risk of AL
development. Using 3.83 ng/mL as a PCT cut-off value gave a sensitivity of 75% and
specificity of 100% for AL prediction [168]. These results are supported by another study
that also concluded that PCT levels measured over the first 5 days following surgery are a
reliable predictor of AL after colorectal surgery. Using a PCT cut-off value of 0.31 ng/mL
on the 5th day following surgery was shown to have 100% sensitivity, 72% specificity, 100%
NPV and 17% PPV for AL. The authors suggested that patients with elevated serum PCT
levels on post-operative days 3–5 warranted further assessment before discharge [186].
These results have been supported in other studies [166,170].

Many of these studies assessed both CRP and PCT levels simultaneously and it has
been proposed that measuring both can improve AL diagnosis. In the recent PREDICS
study involving 504 colorectal resection and anastomosis patients, the study demonstrated
that a PCT cut-off value of 2.7 ng/mL had an NPV of 96.9% and specificity of 91.7% on
the 3rd day following surgery, whereas a cut-off value of 2.3 ng/mL on day 5 had an NPV
of 98.3% and specificity of 93% for AL diagnosis. CRP also exhibited good NPV 96.4% on
the 3rd day (cut-off value 169 mg/L) and 98.4% on the 5th day (cut-off value 125 mg/L).
Combined CRP and PCT assessment further improved AL diagnosis [170]. These results
have been supported by a more recent study that suggested that CRP and PCT levels were
higher on post-operative days 1–3 in patients who subsequently developed an AL. The
authors suggested that these markers could be used to allow early patient discharge in
those with low risk of developing an AL [187].

11.2. Cytokines, Tumour Necrosis Factor-α and Growth Factors

Cytokines such as IL-1, IL-6, IL-10 and TNF-α are polypeptides with known roles in
immune responses. In response to surgical trauma, they regulate physiological responses
and induce the production of hepatic acute-phase proteins, whilst, in response to sepsis,
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they can mediate systemic inflammatory responses [188–190]. Raised IL-1b, IL-6 and TNF-
α levels have also been associated with surgical stress, including lengthier operating times,
haemorrhage and high peritoneal bacterial counts [191–193]. Within the first few hours
following abdominal surgery, these substances are released from the surgical site. During
this period, studies have shown that peritoneal cytokine levels are raised to a greater
degree than serum levels. This provides evidence, similar to the ischaemic biomarkers,
that peritoneal rather than serum biomarker levels are more representative of localised
tissue changes [194,195]. In patients that have uncomplicated post-operative recoveries,
peritoneal cytokine levels typically decrease within 24 h following surgery [195]. However,
cytokine dynamics that occur with an AL follow a significantly different course.

Raised peritoneal levels of IL-6 and TNF-α have been shown in numerous studies
to occur as early as the 1st day following surgery in patients who go on to develop an
AL [148,196–199]. Further studies, however, have demonstrated that their levels only
become elevated from the 3rd post-operative day [200,201]. An important observation
from all these studies was that, in AL patients, IL-6 and TNF-α levels for the first 5 post-
operative days remained elevated, whereas, in patients that recovered uneventfully, their
levels remained low or even decreased. Although a further study observed no differences
between a control group and patients who developed an AL in their IL-6 and TNF-α levels
over the first 7 days following surgery, the results demonstrated that TNF-α levels rapidly
rose 24 h before a surgical diagnosis of AL was made [202]. A more recent case–control
study investigated serum and peritoneal IL-6 levels on the 2nd and 4th days following
colorectal surgery. In total, 30 AL and intra-abdominal abscesses (infection group) were
compared with 30 uneventful recovery patients (control group). These results demonstrated
that higher peritoneal levels in the infection group were seen on the 2nd and 4th days,
whereas serum levels only became significantly elevated on the 4th day [203]. A further
study identified that serum IL-6 levels on the 3rd post-operative day were significantly
elevated in AL patients with similar sensitivity to that of CRP. Interestingly, the relative
change in pre-operative to post-operative IL-6 levels was significantly higher in AL patients,
with granulocyte-colony stimulating factor also showing similar changes [204]. Increased
peritoneal levels of IL-1, IL-10, vascular endothelial growth factor, epidermal growth factor
and platelet-derived growth factor have also been suggested to occur in patients who
develop an AL and sepsis following colorectal surgery [148,193,196–198,201,203].

11.3. Leukocytes, Neutrophils and Intestinal Damage Markers

White blood cells (WBC) play a crucial role in wound healing through microorganism
elimination. It had been proposed that the WBC count (WBCC) can reflect the extent of
inflammation within the body or surgical site. As an AL creates significant inflammatory re-
sponses, several studies have investigated whether assessing leukocyte and/or neutrophil
numbers in blood can aid AL diagnosis.

In one retrospective study of 1187 colorectal cancer patients, CRP levels and WBCC
were assessed for the first 5 days following surgery. CRP levels, in line with other studies,
measured on the 4th day provided the highest diagnostic accuracy for identifying post-
operative complications, whereas WBCC contributed little information [174]. These results
were supported by other retrospective [176] and prospective studies [170]. A further study
demonstrated that in patients who developed an AL, increased WBCC only occurred after
6 days following surgery [165]. In a smaller study of 129 laparoscopic colorectal surgery
patients, systemic CRP levels and WBCC were assessed. Using a CRP cut-off value of
>200 mg/L on the 3rd day following surgery had a sensitivity of 68% and a specificity of
74% for predicting septic complications, whilst using a WBCC cut-off value of >12 × 109

on the 2nd day had a sensitivity of 90% and a specificity of 62%. The authors concluded
that systemic CRP levels and WBCC were poor early diagnostic markers for predicting
post-operative septic complications (including AL) [164]. Assessing neutrophil:lymphocyte
ratios (NLR) has also been described as a method for AL prediction. One study demon-
strated that NLR on the 4th day following surgery had prognostic value, with higher NLR
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identified in AL patients. An NLR cut-off value of 6.5 had a sensitivity of 69%, specificity
of 78%, PPV of 49% and NPV of 88% for AL diagnosis. NLR were also significantly higher
at this time point in patients who subsequently died in the post-operative period [171].

Calprotectin makes up ~60% of the cytosolic proteins found within neutrophils and
is a recognised marker of neutrophil activation [205]. Studies have begun to investigate
calprotectin as an inflammatory biomarker for early AL diagnosis. In one retrospective
study of 84 colorectal cancer patients, serum CRP and calprotectin levels were assessed
for 5 days following surgery. In patients that developed an AL, calprotectin levels became
significantly elevated on the 2nd day following surgery (588 ng/mL) compared to those
that went on to recover uneventfully (366 ng/mL). Calprotectin levels in AL patients also
remained elevated throughout the 5 days. Although the authors suggested that calprotectin
levels could be used to diagnose an AL, improved diagnostic accuracy was obtained when
combined calprotectin and CRP assessment was performed on the 3rd day following
surgery. This assay provided a sensitivity of 100%, specificity of 89%, positive likelihood
ratio of 9.09 and negative likelihood ratio of 0.00 [167]. Similar results have been seen in a
further study which identified raised pre-operative and post-operative calprotectin levels
on the 1st, 3rd and 5th days following surgery in patients which developed an AL, whereas
CRP levels only became elevated on the 3rd and 5th days, with no WBCC changes being
observed. The authors again suggested that combined calprotectin and CRP assessment
might aid early AL diagnosis [206].

Faecal calprotectin has also been used for assessing inflammation secondary to col-
orectal cancer and inflammatory bowel disease and its role in predicting AL has been
investigated. In one study of 100 colorectal anastomotic patients, in which 11 developed
an AL, faecal calprotectin levels were assessed 4 days after surgery. Results indicated that
faecal calprotectin was significantly higher (>300 µg/g) in patients who developed an AL
compared with those that recovered uneventfully (<90 µg/g). Faecal calprotectin levels
assessed in combination with CRP using a cut-off value of 120 mg/L provided a sensitivity
of 85%, specificity of 95% and an NPV of 95% for AL diagnosis [207].

Plasma markers of intestinal damage, such as liver, ileal bile acid and intestinal fatty
acid-binding proteins, have also been investigated as predictive AL biomarkers. Using a
pre-clinical intestinal resection and anastomosis rat model, post-operative serum intestinal
fatty acid-binding protein level was shown to be raised as early as the 3rd day following
surgery in those that developed an AL [208]. One human study demonstrated that pre-
operative intestinal fatty acid-binding protein levels >882 pg/mL had a sensitivity of
50% and specificity of 100% for predicting AL [167]. A further study demonstrated that
urinary intestinal fatty acid-binding protein and the urinary intestinal fatty acid-binding
protein:creatinine ratio on the 3rd day following colorectal surgery were significantly
elevated in patients with an AL. The authors suggested that this urine-based assay could
be used as a non-invasive assay for AL diagnosis [209].

11.4. Macrophage Biomarkers

Produced by macrophages, lysozyme is a substance which disrupts the cell wall of
Gram-negative bacteria. As lysozyme plays an important role in the inflammatory response
to sepsis and trauma, studies have begun investigating whether it could be used as an AL
biomarker. One study demonstrated that peritoneal lysozyme levels in patients on the 1st
day following a low anterior resection who had an uneventful post-operative recovery
were 5.5 mg/L. Significantly higher levels were seen in patients with clinical (180 mg/L)
and radiological (153 mg/L) evidence of AL [210]. Although the authors suggested that
lysozyme could be used for early AL diagnosis, the electrophoretic technique used had
significant practical restraints in terms of its usefulness as a rapid AL diagnostic test as the
gel required overnight soaking.

Neopterin, also produced by macrophages, is recognised as a biomarker of T helper cell
activation and plays a significant role in mediating inflammatory responses. Neopterin pro-
duction is stimulated by interferon-γ and can be detected in urine, cerebrospinal fluid and
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blood. Increased neopterin levels have been associated with viral, bacterial and parasitic
infections, autoimmune diseases, cancer [211], sepsis [212] and multiple organ dysfunc-
tion syndrome [213]. In terms of AL, one study has investigated pre- and post-operative
blood, urine and peritoneal fluid neopterin levels in colorectal resection and anastomosis
patients [214]. Results demonstrated that the pre-operative urinary neopterin:creatinine
ratio was significantly higher in patients that went on to develop an AL compared to those
that recovered uneventfully (139.5 µmol/mol vs. 114.8 µmol/mol). Patients that developed
complications also had higher urinary and peritoneal neopterin levels following surgery.
The authors suggested that high pre-operative levels of urinary neopterin could identify
AL high-risk patients and that monitoring post-operative urinary and peritoneal fluid
neopterin levels could be useful for early AL diagnosis.

11.5. Hyponatraemia

Hyponatremia, although a commonly diagnosed electrolyte disorder, has been pro-
posed as an inflammatory biomarker and a potential indicator of peritonitis [215]. Sodium
levels are predominantly maintained via osmotic vasopressin release mediated by intra-
vascular volume. However, research has shown potential immune-neuroendocrine path-
ways involving IL-6 which may have a role in non-osmotic driven vasopressin release
in response to inflammation [216,217]. Hyponatremia (<136 mmol/l) and leukocytosis
(>10 × 109/l) have subsequently been investigated as predictive AL biomarkers following
colorectal surgery [218]. Results from this study of 1025 patients identified that 23% (n = 19)
of AL patients and 15% (n = 69) of patients who recovered uneventfully had hyponatremia.
Leukocytosis was identified in 12 of the 19 patients with hyponatremia and an AL. Hy-
ponatraemia on the 5th day following surgery had a sensitivity of 23%, specificity of 93%,
NPV 97% and PPV of 5% for AL diagnosis. The combined presence of hyponatremia and
leukocytosis had a sensitivity of 68%, specificity of 75%, PPV of 18% and NPV of 97%.
The authors suggested that, due to low sensitivity (23%), hyponatremia absence cannot
exclude the presence of an AL. However, as the specificity of hyponatremia for an AL
was high, especially when it occurred in the presence of leucocytosis, this result should
raise suspicion of an AL being present. Further prospective trials are needed to confirm
these results.

12. Biomarkers of Tissue Repair

MMPs are a group of zinc-dependent endopeptidases that are involved with extracel-
lular matrix (ECM) remodelling. Secreted as an inactive pro-enzyme, they become active
following proteolytic cleavage [219]. Physiological and pathological processes involving
tissue repair and regeneration depend on the balance between MMP proteolysis and its
prevention by tissue inhibitors of metalloproteinase (TIMP) [220]. MMPs have been sug-
gested to play a role in AL development through inhibition of collagen synthesis. Although
collagen type I and III genes are normally overexpressed at anastomotic sites, in a rat model,
maximal gene expression was not reached until 7 days following surgery [221]. Further
animal models have demonstrated that colonic peri-anastomotic healing (as shown by
higher bursting pressures, improved structural layers and increased collagen production)
was improved through MMP inhibition [222–225]. Furthermore, human colonic tissue from
patients with poor anastomotic healing has demonstrated higher mucosal MMP-1 and
MMP-2 expression and higher submucosal MMP-2 and MMP-9 expression. Interestingly,
colonic samples from AL sites demonstrated a significantly lower collagen type I:III ratio
compared to uncomplicated anastomotic sites [226].

In a study of 58 colorectal anastomotic patients, peritoneal levels of MMP-1, 2, 3, 8 and
9 and TIMP-1 and 2 were assessed for 8 days following surgery. Differential levels of MMP
and TIMP were assessed on each day along with total MMP activity. Their levels were
shown to vary depending on the operation type and duration, amount of haemorrhage
and with the occurrence of post-operative complications. Only MMP-2 and MMP-9 levels
positively correlated with the development of post-operative complications, whereas
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TIMP-1 and TIMP-2 levels demonstrated a negative correlation. The authors suggested
that peritoneal MMP and TIMP may act as biomarkers of intestinal wound healing and
surgical outcome. However, as the patient cohort within the study was heterogeneous
and because the types of post-operative complications were not specified, further studies
are required [227]. In contrast to these results, a pilot study of 29 low anterior resection
patients had their peritoneal fluid levels of MMP-1, 2, 3, 7, 8, 9 and 13 assessed every 4 h
following surgery. Only MMP-8 and 9 were significantly increased in the 10 patients who
developed an AL compared with the 19 patients who had an uneventful post-operative
recovery [228].

In a recent systematic review, which included animal and human studies, the role of
tissue, blood and peritoneal MMP levels in the development of AL was investigated. The
results from 12 studies suggested that elevated MMP-9 levels were the most consistent
finding in patients that developed an AL [229]. The authors claimed that although these
studies suggested that tissue or peritoneal fluid levels of MMP and/or TIMP could act
as biomarkers for AL, the number of studies and number of patients used were small. In
addition, the inconsistent results for specific MMPs suggests that further investigations
are required.

13. The Intestinal Microbiome and Bacterial Contamination

The intestinal microbiome has been shown to play a role in the development of AL
and can be influenced by multiple peri-operative factors [71]. During intestinal surgery,
inadvertent spillage of intestinal contents can cause bacterial contamination of the ab-
dominal/pelvic cavities. In the majority of patients, immune responses deal with this
contamination and their post-operative recovery is not compromised. However, in patients
that develop anastomotic dehiscence, irrespective of its cause, significant and ongoing
bacterial contamination can overwhelm the patient’s immune system. A 5-year prospective
trial of patients diagnosed with abdominal sepsis syndrome (inflammatory response with
organ failure secondary to digestive tract perforation) identified multiple micro-organisms
to be present within their abdominal fluid. The peritoneal microbial flora composition
of these critically ill patients also varied depending on site of the intestinal perforation.
Following a colorectal perforation ~70% of intra-operative fluid samples contained aerobic
Gram-negative bacteria (Escherichia coli, Klebsiella and Pseudomonas species) whilst the
predominant anaerobic species was Bacteroides. Gram-positive bacteria (Enterococci and
Staphylococci) were found in ~50% of colorectal perforation cases. Antibiotic treatment
was also shown to change the microbial flora, causing Gram-negative bacterial counts to
drop whilst Gram-positive bacterial counts increased [230]. These results are supported by
another study which identified similar peritoneal microbial flora constituents following
intestinal perforation [231].

Bacterial Load

Assessment of peritoneal bacterial contamination has been investigated as an early
AL diagnostic biomarker. One study obtained post-operative peritoneal fluid samples for
microbial culture from 56 low anterior resection patients. In eight patients that had an AL
confirmed by imaging, Escherichia coli, Bacteroides, Klebsiella and Pseudomonas species were
identified on the 1st, 3rd and 5th days following surgery. Unfortunately, the specificity of
using culture results as an AL diagnostic test was low as several false positive cases occurred
in which all four bacterial species were identified in a patient without an AL [200]. The
clinical applicability and usefulness of peritoneal microbial cultures for rapid AL diagnosis
is also severely limited by the time required to grow laboratory cultures. To overcome this
issue, studies have investigated other techniques in which bacteria or bacterial components
can be identified.

In a pilot study of 17 colorectal anastomotic patients, a reverse transcription-polymerase
chain reaction (RT-PCR) assay designed to identify Escherichia coli and Enterococcus faecalis
was performed on 10 culture-positive and 7 culture-negative peritoneal fluid samples.
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While the RT-PCR results agreed with microbiological culture results, the assay suffered
from a lack of specificity, with four false positive results being identified. Although these
false positives all resulted from samples originating from a single patient with a surgical
site infection, the authors suggested that RT-PCR may be too sensitive for AL diagnosis,
leading to over-diagnosis and over-treatment [232]. To further investigate this, the authors
used the same Escherichia coli and Enterococcus faecalis RT-PCR assay in a multicentre study
involving 243 left-sided colonic anastomotic patients. In the 19 patients that developed a
symptomatic AL, Escherichia coli concentration was significantly increased on the 4th and
5th days following surgery, whereas Enterococcus faecalis was significantly increased on
days 2, 3 and 4. The authors suggested that Enterococcus faecalis on the 3rd day had the
highest diagnostic accuracy, with a sensitivity of 92.9% and NPV of 98.7% of AL diagnosis.
Although a number of false positives were still identified, the authors further suggested
that the absence of Enterococcus faecalis on day 3 could potentially exclude the presence of
an AL [233].

The use of online infrared absorption to spectroscopically detect bacteria in peritoneal
fluid samples has also been investigated as a means of identifying bacterial contamina-
tion. To provide proof-of-principle, one study demonstrated that this technique could
differentiate between peritoneal fluid samples obtained from a patient who recovered
uneventfully from those of a patient who developed post-operative complications with
highly contaminated peritoneal fluid. A significant increase in infrared absorption occurred
as contamination levels increased. The authors suggested that although the technique
cannot provide information on the source of the contamination, it has the potential to be
used as a bedside AL early-warning system [234]. Further studies are required to assess
the use of optical systems as AL diagnostic tools.

Peritoneal levels of endotoxins and lipopolysaccharide (LPS), which forms part of the
cell wall of Gram-negative bacteria (including intestinal commensals), have been suggested
as diagnostic biomarkers of peritonitis and AL [235]. One study measuring peritoneal LPS
levels from 22 colonic resection patients demonstrated significantly raised LPS levels on the
1st and 3rd days following surgery in three patients that developed an AL. Although LPS
differences between patients that recovered uneventfully and those that developed an AL
were great, standard deviations between patient groups were large. Two patients also had
surgery for perforated sigmoid diverticulitis, so elevated LPS levels may have been due
to pre-existing bacterial contamination [236]. Currently, LPS is not routinely measured in
clinical laboratories and further studies are required before its usability as an AL biomarker
can be determined.

14. Limitations of Biomarkers of Anastomotic Leakage and Future Perspectives

Biomarkers that can monitor intestinal healing, identify patients at high risk of devel-
oping an AL or provide early AL diagnosis, have the potential to significantly change how
we manage resection and anastomosis patients. Although pre-clinical and clinical research
continues to identify novel biomarkers for these purposes, none have made it into clinical
use. Stumbling blocks for the translation of study results into practice changing policies is
complicated but can be related to study design and the usability of the assay itself.

Direct comparison between biomarker studies is difficult, not only because many
use heterogeneous patient populations, but also because of a lack of a single, clearly
defined AL definition. Some studies use asymptomatic patients with diagnosis based on
imaging, whilst others only use patients exhibiting clinical signs. These clinical signs can
also be wide-ranging, from non-specific to the presence of a faecal fistula or multi-organ
failure. A significant number of studies are also retrospective in nature. Although this
means large sample sizes can be obtained, studies can run for several years, over which
time the surgical team, surgical techniques and post-operative management practices can
change significantly. Studies also differ in the timings of blood tests and/or peritoneal
fluid analysis, with biomarker levels rarely evaluated specifically in terms of anastomotic
position (colonic and rectal resections) or the underlying disease process. They also fail
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to account for medications or treatments that may alter inflammatory responses, such as
statins, steroids, chemotherapy or radiotherapy. All these considerations are especially
important when AL cut-off values are determined from study results; these differences will
undoubtably have contributed to the significant variations in AL cut-off values reported
across these studies. Standardised, multicentre prospective studies are needed to overcome
these issues.

A large number of studies suggest that peritoneal fluid samples obtained from ab-
dominal drains provide a better indication of the peri-anastamotic tissue environment
than blood samples. Although this may be true, studies typically fail to document drain
location and type, which makes comparing results from different studies challenging. It has
also been shown that drain location can influence drain fluid composition [237]. As gross
body movements, including coughing, can affect drain location, this means that changes
in drain fluid biomarker levels may be solely due to changes in drain location rather than
fluctuations in patient status or intestinal healing. The clinical value of using peritoneal
drains after a resection and anastomosis also remains a contentious issue. Several studies
and meta-analyses have not shown any benefit of peritoneal drainage in decreasing AL
incidence [238–240]. If surgeons are unwilling to routinely place them at surgery, then
basing a biomarker assay on drain fluid will ultimately fail to reach clinical use. Strong
clinical evidence proving that peritoneal drain fluid analysis is useful for the management
of these patients is needed to allow peritoneal drainage to become routine and no longer
controversial.

In terms of developing a clinically usable assay, certain biomarkers have inherent
problems. Biomarkers such as cytokines and MMP are labile, meaning that peritoneal fluid
analysis has to be performed immediately. Expensive and labour-intensive assays such
as enzyme-linked immunosorbent assays (ELISA) or PCR technologies also have clinical
limitations as laboratory processing, even if available in the hospital, incurs inherent time
delays in reporting results. Studies that have investigated bacterial contamination have
also shown a lack of clinical usability, either through time delays associated with growing
cultures or through high false positive rates with RT-PCR assays.

Researchers are continuing to investigate methods to overcome these issues. Multidis-
ciplinary projects involving engineers, chemists and clinicians are looking at ways in which
implantable medical devices and sensor technologies could be utilised for such purposes.
Studies such as the IMPACT project have already provided initial results regarding the
development of miniaturised O2 and pH sensors. Further research will undoubtably lead
into the creation of sensors for the detection of the most promising AL biomarkers, such
as CRP, lactate and pyruvate (Figure 2). Wireless technology also creates the possibility
of producing a biodegradable implant, which could be fixed around the anastomosis to
remotely provide information about the tissue environment. Although this research is still
in its infancy, technological advancements may ultimately deliver a simple, acceptable
and low-cost method of measuring known AL biomarkers from peritoneal fluid directly
surrounding an anastomosis or from peri-anastamotic serosal surfaces on which the sensors
are placed.

340



J. Pers. Med. 2021, 11, 471

Figure 2. Future applications of advanced technologies for measuring anastomotic leak biomark-
ers. Implantable sensors placed intra-operatively around the anastomotic site could be left in situ
throughout the post-operative recovery period. This concept would allow clinicians to continuously
monitor peri-anastomotic biomarkers such as O2, pH, C-reactive protein, lactate and pyruvate levels.
This type of continuous monitoring system would help to identify patients at risk of developing an
AL due to poor or deteriorating peri-anastomotic intestinal ptO2. It would also allow clinicians the
ability to assess the efficacy of interventions designed to improve intestinal ptO2 and prevent a leak
from occurring. Figure created in Biorender.

15. Conclusions

In the field of colorectal cancer research, significant advancements have been made in
the identification of diagnostic and predictive biomarkers of AL. This research is driven
by the clinical need to identify patients at high risk of developing an AL and to diagnose
AL earlier than current protocols allow. The ideal biomarker would allow for rapid,
cost-effective and reliable prediction or detection of an AL in a time frame that allows
clinicians to instigate interventions that minimise patient morbidity and mortality. Here,
we have highlighted the current, most promising potential candidate biomarkers, including
ischaemic metabolites, inflammatory markers and bacterial components. Although none
of these biomarkers have yet been validated in large-scale clinical trials, with none in
routine clinical use, ongoing biomarker research in the field of intestinal surgery holds
much promise. The incorporation of such biomarkers outlined in our review with other
techniques, such as clinical status, routine haematological and biochemical analysis and
imaging, has the potential to deliver an overall precision medicine package that could
significantly enhance the effectiveness of a patient’s post-operative care. There is a need,
now more than ever, to utilise our knowledge of these biomarkers in carefully designed
prospective, multicentre studies. These trials should be designed to investigate whether
proactive post-operative patient management based on predictive biomarker levels can be
used to reduce AL rates. There is confidence within the scientific community that precision
medicine, through the incorporation of biomarker analysis, will finally be realised for
intestinal resection and anastomosis patients in the decades to come.
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185. Zielińska-Borkowska, U.; Dib, N.; Tarnowski, W.; Skirecki, T. Monitoring of procalcitonin but not interleukin-6 is useful for the

early prediction of anastomotic leakage after colorectal surgery. Clin. Chem. Lab. Med. 2017, 55, 1053–1059. [CrossRef] [PubMed]
186. Garcia-Granero, A.; Frasson, M.; Flor-Lorente, B.; Blanco, F.; Puga, R.; Carratalá, A.; Garcia-Granero, E. Procalcitonin and

C-reactive protein as early predictors of anastomotic leak in colorectal surgery: A prospective observational study. Dis. Colon

Rectum 2013, 56, 475–483. [CrossRef] [PubMed]
187. Muñoz, J.L.; Alvarez, M.O.; Cuquerella, V.; Miranda, E.; Picó, C.; Flores, R.; Resalt-Pereira, M.; Moya, P.; Pérez, A.; Arroyo,

A. Procalcitonin and C-reactive protein as early markers of anastomotic leak after laparoscopic colorectal surgery within an
enhanced recovery after surgery (ERAS) program. Surg. Endosc. 2018, 32, 4003–4010. [CrossRef] [PubMed]

188. Dinarello, A.C. Role of pro- and anti-inflammatory cytokines during inflammation: Experimental and clinical findings. J. Boil.

Regul. Homeost. Agents 1997, 11, 91–103.
189. Lin, E.; Calvano, S.E.; Lowry, S.F. Inflammatory cytokines and cell response in surgery. Surgery 2000, 127, 117–126. [CrossRef]

[PubMed]
190. Hack, C.E.; Aarden, L.A.; Thus, L.G. Role of Cytokines in Sepsis. Dev. Funct. Myeloid Subsets 1997, 66, 101–195. [CrossRef]
191. Tsukada, K.; Katoh, H.; Shiojima, M.; Suzuki, T.; Takenoshita, S.; Nagamachi, Y. Concentrations of cytokines in peritoneal fluid

after abdominal surgery. Eur. J. Surg. 1993, 159, 475–479. [PubMed]
192. Tsukada, K.; Takenoshita, S.-I.; Nagamachi, Y. Peritoneal interleukin-6, interleukin-8 and granulocyte elastase activity after

elective abdominal surgery. APMIS 1994, 102, 837–840. [CrossRef] [PubMed]
193. Baker, E.A.; Gaddal, S.E.-; Aitken, D.G.; Leaper, D.J. Growth factor profiles in intraperitoneal drainage fluid following colorectal

surgery: Relationship to wound healing and surgery. Wound Repair Regen. 2003, 11, 261–267. [CrossRef]
194. Wiik, H.; Karttunen, R.; Haukipuro, K.; Syrjälä, H. Maximal local and minimal systemic cytokine response to colorectal surgery:

The influence of perioperative filgrastim. Cytokine 2001, 14, 188–192. [CrossRef]
195. Jansson, K.; Redler, B.; Truedsson, L.; Magnuson, A.; Matthiessen, P.; Andersson, M.; Norgren, L. Intraperitoneal cytokine

response after major surgery: Higher postoperative intraperitoneal versus systemic cytokine levels suggest the gastrointestinal
tract as the major source of the postoperative inflammatory reaction. Am. J. Surg. 2004, 187, 372–377. [CrossRef] [PubMed]

196. Herwig, R.; Glodny, B.; Kühle, C.; Schlüter, B.; Brinkmann, O.A.; Strasser, H.; Senninger, N.; Winde, G. Early Identification of
Peritonitis by Peritoneal Cytokine Measurement. Dis. Colon Rectum 2002, 45, 514–521. [CrossRef] [PubMed]
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Abstract: Biomarker discovery would be an important tool in advancing and utilizing the concept of
precision and personalized medicine in the clinic. Discovery of novel variants in local population
provides confident targets for developing biomarkers for personalized medicine. We identified the
need to generate high-quality sequencing data from local colorectal cancer patients and understand
the pattern of occurrence of variants. In this report, we used archived samples from Saudi Arabia
and used the AmpliSeq comprehensive cancer panel to identify novel somatic variants. We report
a comprehensive analysis of next-generation sequencing results with a coverage of >300X. We
identified 466 novel variants which were previously unreported in COSMIC and ICGC databases.
We analyzed the genes associated with these variants in terms of their frequency of occurrence,
probable pathogenicity, and clinicopathological features. Among pathogenic somatic variants, 174
were identified for the first time in the large intestine. APC, RET, and EGFR genes were most
frequently mutated. A higher number of variants were identified in the left colon. Occurrence of
variants in ERBB2 was significantly correlated with those of EGFR and ATR genes. Network analyses
of the identified genes provide functional perspective of the identified genes and suggest affected
pathways and probable biomarker candidates. This report lays the ground work for biomarker
discovery and identification of driver gene mutations in local population.
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1. Introduction

Colorectal cancer (CRC) is a heterogeneous disease. Inter-patient heterogeneity has
been one of the major obstacles towards developing therapeutic strategies. Different popu-
lations have been found to show varied response towards standard of care regimens [1].
This variation has largely been attributed to the difference in underlying gene mutations
and genetic changes which determines the progression of CRC. CRC progresses with
continuing accumulation of genomic and epi-genomic alterations, which eventually induce
oncogenic transformation of the normal colon cell into tumor cells followed by metastasis.
Pathways responsible to initiate CRC are well known, based on the evidence of muta-
tions and chromosomal changes observed in patients. The mechanistic role of signaling
pathways in causing CRC has constantly been enriched with better understanding of the
underlying gene mutations. These gene mutations have been used as biomarkers to predict
disease progression and outcome of therapeutic regimens.

KRAS mutation status is routinely used for administering antibodies to inhibit epi-
dermal growth factor receptor (EGFR). Successful use of these antibodies (cetuximab and
panitumumab), only in KRAS wild-type patients, had set the stage of precision and per-
sonalized medicine. However, not all patients with the wild-type KRAS gene respond to
anti-EGFR therapy. Therefore, there is a pertinent need to identify biomarkers that can
capture the population heterogeneity and facilitate the practice of precision and person-
alized medicine. Earlier studies have taken up population-based mutational profiling of
CRC to develop the concept of precision medicine [2,3]. Population-specific mutational
analysis of colorectal cancer is scarce in Saudi Arabia but highly pertinent to develop the
precision and personalized medicine paradigm [4–6]. With the technological advancement
in detecting mutations at an unprecedented scale, the possibility of practicing precision
medicine through biomarkers has further increased. Precision medicine in colorectal cancer
is more relevant than in other cancers, owing to its heterogeneity in development as well as
response to therapy. Colorectal cancer metastasis has been largely unimproved with new
developments in therapeutics, and precision medicine holds optimism especially for these
patients [7,8]. There is better precision and accuracy in detecting mutations in patients that
can be used as predictive and prognostic biomarkers. Use of non-invasive biomarkers for
colorectal cancers is one of the most promising strategies in treating CRC [9].

Next-generation sequencing (NGS) technology can be used with DNA-enrichment
methods to generate deep sequencing of target genes or genomic regions of interest, such as
the exome or identified cancer hotspots. For the targeted detection of mutations in known
cancer genes, a comprehensive cancer panel (IonAmpliSeq) is available. Gene panels allow
simultaneous detection of relevant mutations with unprecedented accuracy and sensitivity.
This comprehensive cancer panel (CCP) is designed to target coding DNA sequences
(CDS) and splice variants from 409 tumor suppressor and onco-genes that are frequently
mutated. The requirement of small amount of input DNA (only 40 ng) per reaction enables
challenging analysis of formalin-fixed, paraffin-embedded (FFPE) tissues. The use of the
IonAmpliSeq™ Cancer Panel and NGS using the IonTorrent platform provides a fast, easy,
and cost-effective sequencing workflow for detecting genomic hotspot regions that are
frequently mutated in human cancer. A previous study from Jeddah, Saudi Arabia used
the Ion AmpliSeq™ Cancer Hotspot Panel v2 which spans only 50 frequently mutated
genes [10].

In this study, we used IonAmpliSeq™ CCP to sequence samples from 99 archived
patient samples from two hospitals in Riyadh, Saudi Arabia, over a duration of two years.
The confirmation of well-known mutations point towards the chromosomal instability
pathway as the predominant mechanism of the development of CRC in this cohort. We
provide comprehensive analyses of novel variants that can be useful for biomarker discov-

354



J. Pers. Med. 2021, 11, 535

ery and identification of driver genes. Discovery of biomarkers and identification of driver
genes from local population is critical in developing precision and personalized medicine
approach towards addressing colorectal cancer.

2. Materials and Methods

2.1. Patient Description and Sample Collection

A total of 100 patient tumor samples were retrospectively recruited in this study,
and, after exclusion of 1 sample due to low DNA quality, we sequenced 99 samples, and
clinicopathological characteristics were available from 95 patients. Sequencing data from
90 of these samples qualified for coverage requirement and was used for further analyses.
All samples were collected in the period between 2016 and 2018 at King Abdulaziz Medical
City (KAMC) and King Fahad Medical City (KFMC), Riyadh, Saudi Arabia. All samples
were diagnosed as primary colorectal adenocarcinoma at histopathology level. Patients
were excluded if: (i) they had been treated with chemotherapy or radiotherapy prior to
tumor resection, (ii) they had familial adenomatous polyposis (FAP) or hereditary non-
polyposis colorectal cancer (HNPCC), or (iii) the formalin-fixed, paraffin-embedded tissue
(FFPE) samples, patients’ clinical and pathological data, or written informed consent form
signed by patient to access the archival samples were not available.

The formalin-fixed, paraffin-embedded tissues (FFPE) blocks from patients with col-
orectal adenocarcinomas were retrieved from the archives of the Department of Anatomical
Pathology Laboratory in KAMC and KFMC. All slides were revised and marked by a
histopathologist before DNA extraction. We selected only marked tissue with tumor per-
centage more than 40% and used 1–2 slides for extraction based on tissue size. Chart
reviews were done after obtaining the ethical approval to collect the demographic and clin-
icopathological features from the hospital information system BESTCare 2.0 A at KAMC,
including age at diagnosis, gender, tumor stage, site, and metastasis grade.

2.2. Ethical Approval

Full Institutional Review Board (IRB) approval was given by King Abdullah International
Medical Research center (KAIMRC), Ministry of National Guard, Health Affairs (IRB protocol
#RC13/249/R). All patients’ data were secured and accessed only by research investigators.

2.3. DNA Extraction

Genomic DNA was extracted from FFPE samples that were assessed by a pathologist
to select the appropriate block to assure presence of colorectal cancer cells and excluded
the insufficient necrotic tissue for NGS. DNA was extracted either from slide sample using
Ion AmpliSeq ™ Direct FFPE DNA Kit (Thermo Fisher Scientific Inc, Toronto, ON, Canada)
according to the manufacturer’s instructions. In case of FFPE block samples, DNA was
extracted from FFPE blocks using 8µm of tissue ribbon using QIAamp DNA FFPE Tissue
Kit (QIAGEN) following manufacturer’s instruction. Measurement of the DNA quality
and concentration was done by using Qubit® 3.0 Fluorometer (Life Technologies).

2.4. Comprehensive Cancer Panel (CCP) and Data Availability

The pre-designed comprehensive cancer panel (CCP) from Ion AmpliSeq™ (Life
Technologies) was used. This panel comprises 16,000 primer pairs in four primer pools
for 409 genes, which covers approximately 15,749 somatic mutations reported in The
Catalogue of Somatic Mutations in Cancer (COSMIC). For the complete list of 409 genes,
see Supplementary Table S1. All sequencing data generated from 90 patients is deposited in
SRA database (reference PRJNA685957, https://www.ncbi.nlm.nih.gov/sra/PRJNA685957
Last accessed on 1 June 2021)

2.5. Library Preparation and NGS Data Analysis

The library was constructed using Ion AmpliSeq™ (CCP) Library Kit 2.0 (Life Tech-
nologies) and Ion Xpress™ Barcode Adapter 1–16 Kit (Life Technologies) according to
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manufacturer’s instructions. Library quantification was done using the Ion Library TaqMan
Quantitation Kit (Life Technologies) following standard procedure available. The qualified
library was sequenced by the use of Ion S5XL Semiconductor Sequencer following the
manufacturer’s user guide.

2.6. Variant Calling and Annotation

Variants were called by Torrent Suite Variant (TSV) (version 5.8) [11]. Variants with
a coverage of more than 300X and read quality more than 50 were included in this study
to enhance the quality of identified somatic variants. Variants that passed this quality
metrics were annotated by using Ensemble Variant Effect Predictor (VEP) tool (version 102).
This tool uses gnomAD (version r2.1) and the Catalogue Of Somatic Mutations (COSMIC)
databases (version 90) [12]. We excluded common variants previously reported in Ensemble
(v102) and only included variants classified as confirmed somatic or pathogenic by COSMIC
database. This classification is based on functional analysis through hidden Markov
models (FATHMM). Further, variants were classified into colorectal cancer associated
or other organ sites. The potential damaging effect at protein level of the variants were
assessed using prediction software using Sorting Intolerant From Tolerant (SIFT; v5.2.2)
and Polymorphism Phenotyping v2 (PolyPhen2; v2.2.2) scores [13,14]. These scores predict
the impact of detected missense variants on the human protein structure. All variants
which showed as deleterious on SIFT and/or damaging on PolyPhen2 were included for
downstream analysis.

2.7. Molecular Profiling and Statistical Analysis

Descriptive statistics were applied to summarize patient characteristics based on
clinicopathological features. Summary statistics of the identified genetic variants were
carried out in PLINK [15] to calculate the minor allele frequencies (MAF) and Hardy–
Weinberg equilibrium p-value [3]. Associations between mutations and CRC or histological
features were determined using Fisher’s exact test. Due to the limited sample size, tumor
stages were grouped into early (stage I–II) and late (stage III–IV). Site of tumor was classified
as left, right, and others. The involvement of lymph nodes and secondary metastases were
analyzed as a dichotomous trait. All analyses were conducted using JMP Prostatistical
software (JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989–2019). Sequence Kernel
Association—Optimal unified test (SKAT-O) was used to perform gene-based association
analysis [16]. The association of rare variants with tumor stage (defined as late versus
early), gender (female versus male), age group (young < 50 years versus old), and tumor
location (left versus right) was analyzed. The variants were weighted based on their allele
frequency, where rare variants were assigned higher weight than common variants. To
account for multiple testing, an adjusted p-value of 0.0001 was considered as a significant
threshold, reflecting the Bonferroni correction of 409 genes.

2.8. Ingenuity Pathway Analysis

The networks for mutated genes were generated through the use of IPA (QIAGEN Inc.,
https://www.qiagenbio-informatics.com/products/ingenuity-pathway-analysis. Last ac-
cessed on 1 June 2021) [17]. Networks were created using following filter: Species = Human
AND Disease = Cancer AND mutation = hemizygous OR in-frame OR gain-of-function OR
frameshift OR missense OR homozygous OR null mutation OR silent OR heterozygous OR
loss of function OR knockout OR nonsense. Two networks were generated—one with the
27 most frequently mutated genes and another with 75 genes harboring pathogenic muta-
tions reported in large intestine. The connect function was used to investigate the known
interactions among these genes. The overlay function was used to find the association of
these genes with canonical pathways and finding candidate biomarkers.
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3. Results

3.1. Cohort Characteristics

The baseline characteristics of the analyzed samples are shown in Table 1. The median
age of patients was 62 years, with 58 of them being male (61%). According to TNM
staging system, 65% of the patients were classified as T3, with 59% showing no spread
to regional lymph node (T0), and 96% were without distant metastases. The highest
proportion of patients were diagnosed as stage III (39%), and more tumors were located in
left colon (52%).

Table 1. Clinicopathological features of CRC patients.

Age, Years (SD) 62 (14)

Male, n (%) 58 (61%)

Stage

I, n (%) 17 (18%)

II, n (%) 32 (34%)

III, n (%) 37 (39%)

IV, n (%) 8 (9%)

Primary Tumor

T1, n (%) 2 (2%)

T2, n (%) 18 (19%)

T3, n (%) 61 (65%)

T4, n (%) 13 (14%)

Lymph Node

N0, n (%) 55 (59%)

N1, n (%) 33 (35%)

N2, n (%) 6 (6%)

Distant Metastasis

M0, n (%) 90 (96%)

M1, n (%) 4 (4%)

Site

Left colon, n (%) 47 (52%)

Right colon, n (%) 30 (33%)

Rectum, n (%) 13 (14%)
T, tumor; N, node (0, no nodes; 1, 1 node; 2, 2 nodes); M, metastasis (0, no metastasis; 1, metastasis); SD, standard
deviation.

3.2. Novel Variants Identified in Colorectal Cancer Patient Cohort

From a panel of 409 genes, we identified 4256 variants. Among these, 483 variants
were classified as novel, as they were not found in the COSMIC database. However, 17
of these variants were reported in the international cancer genome consortium (ICGC)
database. All novel variants are provided in Supplementary Table S2. We checked for
the probability of these variants to be germline by analyzing their variant allele frequency
(VAF). A total of 69 variants presented in at least one patient with a VAF between 49–51 or
99–100, indicating that they could be germline mutations, which is also supported by the
MAF (>1%) among 45 of these variants (Supplementary Table S3).

Among the 4256 identified variants, 299 variants were classified as pathogenic. A total
of 174 variants from 299 pathogenic variants were found to be identified for the first time
in the large intestine, representing novel variants in colorectal cancer (Figure 1 and Supple-
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mentary Table S4). We employed two different methods (SIFT and PolyPhen) for classifying
561 somatic variants. Both methods suggest the detected variants to be either synonymous
(n = 240) or missense (n = 247) (Figure 2A). According to the PolyPhen scoring method,
143 mutations were predicted to be benign, and the rest could be pathogenic (Figure 2B).
The SIFT prediction method also provided similar categorization, with 111 variants listed
as tolerated, and 130 variants were classified as deleterious (Figure 2C).

Figure 1. Variant filtration analysis workflow. Schematic illustration of variants identified in this
study. A total of 483 novel variants were identified, and 561 somatic variants were observed. This
study focused on pathogenic variants that were identified as novel in the large intestine.
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Figure 2. Classification of somatic variants. A total of 561 variants were classified by consequence
(A), PolyPhen score (B), and SIFT score (C).

3.3. Novel Variants Identified in Most Commonly Mutated APC, RET, and EGFR Genes

The highest mutated genes (n = 20) among the patients were identified based on
the presence of at least one confirmed pathogenic variant and arranged according to
decreasing trend of frequency in the patient cohort (Table 2). A total of 96% of the patient
samples had at least one confirmed pathogenic variant within the APC gene. We identified
5 novel (defined as previously unreported in COSMIC database) variants out of total
38 variants detected in the APC gene. These novel variants include c.1696G>A (p.V566I)
missense mutation at exon 14, c.1697delT (p.V566X) frame shift mutation at exon 14,
c.2680_2681delGTinsTA (p.Val894Ter) stop gain mutation at exon 16, c.3917delA (p.E1306X),
frame shift mutation at exon 16, and c.4320-4341del ACCACCTCCTCAAACAGCTCAA
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(p. PPPPQTAQ1440-1447X). A total of 23 of 38 variants were confirmed as somatic variants
in COSMIC. Of the 23 variants, 15 were confirmed as pathogenic, and 12 were confirmed as
tissue-specific pathogenic variants for the large intestine. RET gene mutations were found
in 53% of the patient samples. Out of 13 detected variants in RET gene, 3 were somatic and
one of was pathogenic (p.L769 = 0.53% patient samples harbored EGFR gene mutation. A
total of 17 variants were detected, of which 6 were somatic, and 2 variants were specific for
the large intestine. One of these variants was a high-impact nonsense mutation (p.R1068*).
This comprehensive analysis and finding of novel variants within known genes could open
up avenues to develop biomarkers that will be relevant for local population.

Table 2. List of twenty genes with variants in order of frequency in the sample cohort.

Description of Variants
Variants and Individuals for the Top 20 Genes

Gene

Variants Individual a

Total Novel

Pathogenic

Somatic
PolyPhen
Damaging

SIFT
Deleterious

Non-
Synonymous

Pathogenic
%

Somatic
%All

Tissue
Tissue-
Specific

APC 38 5 15 12 23 1 2 30 0.96 0.99
RET 13 0 2 0 3 3 3 6 0.53 0.83

EGFR 17 0 4 2 6 0 0 7 0.53 0.69
LRP1B 70 12 10 1 22 3 1 48 0.52 0.86
ERBB2 14 3 3 3 4 1 2 10 0.51 0.52

ATR 31 6 4 2 11 1 0 19 0.46 0.68
CSMD3 42 5 4 0 8 5 3 34 0.44 0.52
RALGDS 13 1 2 1 3 1 2 6 0.36 0.42
HIF1A 8 0 3 0 3 0 0 6 0.36 0.36
FGFR3 18 2 2 2 3 1 0 11 0.33 0.34
KRAS 7 1 1 1 2 0 1 5 0.28 0.28

PIK3CG 14 1 4 1 5 1 4 7 0.22 0.23
TP53 24 1 16 16 18 1 9 23 0.21 0.31

HNF1A 13 0 5 3 4 0 0 9 0.20 0.27
PIK3R1 10 2 2 0 3 0 0 6 0.19 0.30
KDM6A 11 1 3 2 3 1 0 8 0.19 0.19

ATM 31 3 6 3 3 0 4 26 0.17 0.16
MLH1 9 1 2 1 3 0 1 8 0.16 0.17

PRDM1 5 0 2 0 2 0 1 3 0.16 0.16
JAK1 11 0 3 0 7 0 0 3 0.14 0.44

a Percentage of samples with at least one pathogenic or somatic variant within the gene.

3.4. Colorectal-Cancer-Specific Variants Mapped to Twenty-Seven Genes

The distribution of pathogenic mutations found in the large intestine across gender,
age, tumor stage, site, lymph node, and metastasis is described in Figure 3. A total of
73 variants specific for colon and rectum were identified within 27 genes. Tissue-specific
pathogenic variants in the studied population show that the APC gene was the highest
mutated, with variants detected in 66% of the samples, followed by ERBB2 (51%), ATR
(45%), EGFR (40%), and FGFR3 (30%) genes. It is known that APC gene mutation is the
initial event in CRC progression and is well depicted in our results. We observed variants in
APC, ATR, KRAS, ATM, and KIT genes in the left colon of young female patients (<50 years
age) in stage 1. However, no mutation was observed in young male patients in the left colon
in early stage (I and II), but mutations were observed in these patients in the right colon
and rectum. This detailed catalogue of variants analyzed according to clinicopathological
features could be further used for molecular classification of patients.
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Figure 3. Mutation distribution based on gender, age, stage, site, lymph node, and metastasis. This figure shows only
variants reported as pathogenic and located in the large intestine in COSMIC database and found in three individuals
or more.

3.5. Left Colon Exhibits Higher Mutation Load

We identified 27 genes with at least one confirmed pathogenic variant presented
in at least three patients. We found that patients with left side of the colon had higher
prevalence of mutated genes, with the exception of ATR, MLH1, ATM, MTOR, PDGFRA,
EP300, COL1A1, PTEN, and TSHR genes (Figure 4A). A significantly higher number of
mutations were observed in FGFR3 gene in the left side and EP300 and TSHR genes on the
right side of the colon. While comparing the early- and late-stage tumors, the prevalence of
mutated genes were almost similar except for significantly higher COL1A1 gene mutations
among patients in early stage when compared to late stage (Figure 4B).

3.6. Pathogenic Variants in ERBB2 Were Significantly Correlated with Mutations in EGFR
and ATR

Gene correlation analysis showed that occurrence of pathogenic gene mutations was
correlated (Figure 5). Presence of pathogenic variants at ERBB2 was significantly correlated
with mutations in EGFR and ATR (r2 = 0.39 and 0.26; p-values = 0.0001 and 0.01, respec-
tively). High correlation was found between KDM6A and UBR5 gene mutations (r2 = 0.47,
p-value = 2.3 × 10−6). FGFR3 gene was the most correlated. It was found positively
correlated with HNF1A and TP53, whereas EGFR and ATR were negatively correlated.
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Figure 4. Frequency of variants in 27 genes among samples with at least one confirmed pathogenic variant for the large
intestine. Frequency of variants based on tumor location (A) and stage (B). Y-axis denotes the number of samples with at
least one confirmed pathogenic variant for the large intestine for that particular gene. For location, each bar is divided into
left, right, and other categories, whereas for stage, they were grouped into early (stage I and II) and late (stage III and IV).
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Figure 5. Correlation between mutated genes. The Pearson correlation between presence of a tissue-specific pathogenic
variant between genes. Significant correlations are noted with * for p-values < 0.05, ** for p-values < 0.01, and *** for p-values
less than 0.001. Color and size of the square denotes the value of correlation as indicated in the bar legend.

We tested the association of mutated genes with clinicopathological variables and
found a significant association between ERBB2 mutation and tumor late stage (Fisher’s
exact t-test; p value = 0.04). Mutations in EP300 and TSHR mutations were found to be
significantly associated with right colon tumor (chi-square; p = 0.02 and 0.01; respectively).
Increased FGFR3 mutations was observed in the left colon (chi-square; p = 0.01)

For the gene-based rare variants analysis (SKAT-O), no gene was associated with
clinicopathological variable at the significant threshold. However, suggestive significance
was found between PIK3CB and colorectal cancer on the left side (p = 0.0007), androgen
receptor (AR) and female gender (p = 0.0002), TGM7 and young patient (p = 0.002), and
EXT1 and late stage (Table 3).
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Table 3. Association of mutated genes with clinicopathological.

Top genes
associated with

female versus male
(232).

SetID p.Value N.Marker.All N.Marker.Test MAC m Method.bin MAP

AR 0.0002 5 5 37 19 QA −1

BTK 0.003 1 1 5 5 ER 0.003523

SAMD9 0.003 14 14 66 30 QA −1

PAX7 0.006605 6 6 41 26 QA −1

KDM6A 0.010983 11 11 58 27 QA −1

Top genes
associated with

young group
(<50 years old)

versus old (285).

5TGM7 0.002186 4 4 85 43 QA −1

MRE11A 0.006959 8 8 177 62 QA −1

NBN 0.011436 11 11 171 47 QA −1

VHL 0.015733 2 2 2 2 ER 0.015733

IDH1 0.019368 7 7 16 12 ER 1.32 × 10−10

Top genes
associated with left

colorectal cancer
versus right (204).

PIK3CB 0.0007 9 9 9 8 ER 8.76 × 10−5

PIK3CA 0.001 12 12 86 39 QA −1

RNF213 0.001 61 56 709 78 MA −1

AURKB 0.003 5 5 101 39 QA −1

ERBB4 0.005 11 11 41 27 QA −1

Top genes
associated with late
stage versus early

stage (180).

EXT1 0.003027 7 7 73 51 MA −1

RNASEL 0.013275 4 4 34 29 ER.A −1

CDH5 0.018248 8 8 135 62 MA −1

BUB1B 0.021125 18 18 178 48 MA −1

MUTYH 0.027108 11 11 108 51 MA −1

N.Marker.All, number of all variants within that gene; N.Marker.Test, number of variants entered the analysis (in our case, we did not
exclude common variants, but we assigned them lower weight, so it will be similar as N.Marker.All); MAC, total minor allele count (MAC);
m, the number of individuals with minor alleles; method.bin, a type of method to be used to compute the p-value; MAP, minimum possible
p-values. The number in the bracket shows the number of effective tests (we chose to select a p value that is equal to 0.05/409).

3.7. Network Analysis of Mutated Genes

Using ingenuity pathway analysis, we created an information-based network of
27 highly mutated genes and found TP53 was the most connected node (Figure 6A). This
network identified 16 druggable target genes. A network of 75 genes with pathogenic
mutations in the large intestine also exhibited TP53 as a highly connected node. Thirty-
three of these network genes were identified as target molecules (Figure 6B). Both networks
identified the TSHR gene as a potential druggable target (Supplementary Table S5).
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Figure 6. Network analyses of genes with reported variants. Network of 27 most frequently mutated genes (A). Network
of 75 genes harboring pathogenic mutations reported in the large intestine (B). Association of 75 genes with canonical
signaling pathways (C). Possible biomarker candidates for diagnosis, prognosis, efficacy, and response to drugs for colon
and colorectal cancer (D).

Genes with pathogenic mutations in the large intestine were found to be associated
with hepatic fibrosis signaling, CRC metastasis, senescence, NF-kB, and regulation of
epithelial-to-mesenchymal transition pathways. Genes associated with these pathways are
shown in Figure 6C. Biomarker analysis of these 75 genes revealed 16 candidate molecules,
some of which are already in clinical use (Figure 6D and Table 4). These biomarkers have
potential use in determining diagnosis, prognosis, efficacy, and response to drugs.
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Table 4. Candidate biomarkers from the list of 75 genes with pathogenic mutations in the large intestine.

Symbol Entrez Gene Name Location Family
Entrez Gene ID for

Human

APC APC regulator of WNT signaling
pathway Nucleus Enzyme 324

BRAF B-Raf proto-oncogene,
serine/threonine kinase Cytoplasm Kinase 673

CTNNB1 Catenin beta 1 Nucleus Transcription
regulator 1499

EGFR epidermal growth factor receptor Plasma membrane Kinase 1956

ERBB2 Erb-b2 receptor tyrosine kinase 2 Plasma membrane Kinase 2064

FLT1 Fms-related receptor tyrosine
kinase 1 Plasma membrane Kinase 2321

IGF1R Insulin-like growth factor 1
receptor Plasma membrane Transmembrane

receptor 3480

KDR Kinase insert domain receptor Plasma membrane Kinase 3791

KIT KIT proto-oncogene, receptor
tyrosine kinase Plasma membrane Transmembrane

receptor 3815

KRAS KRAS proto-oncogene, GTPase Cytoplasm Enzyme 3845

MLH1 MutL homolog 1 Nucleus Enzyme 4292

PDGFRA Platelet-derived growth factor
receptor alpha Plasma membrane Kinase 5156

PIK3CA
Phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic
subunit alpha

Cytoplasm Kinase 5290

PTEN Phosphatase and tensin homolog Cytoplasm Phosphatase 5728

SMAD4 SMAD family member 4 Nucleus Transcription
regulator 4089

TP53 Tumor protein p53 Nucleus Transcription
regulator 7157

4. Discussion

Tumorigenesis and progression of cancer is suggested to be driven and supported
by gene mutations [18–23]. Somatic mutations that are observed in cancer cells help to
understand the cause and severity of the disease. Colorectal cancer is well known to have
specific gene mutations associated with particular stages of the disease. In the present
study, we aimed to provide comprehensive analysis of gene variants as studied in a cohort
of patients in Riyadh, Saudi Arabia. We employed NGS on the eAmpliSeq comprehensive
cancer panel to unravel the information locked in FFPE samples. This study provides
successful evidence to support the use of archived samples and sequencing technology
to generate information that is relevant for the local population. While we aimed to
understand the mutational profile in the local population, we found results that confirmed
existing evidence supporting the initiation and progression of CRC. We also report novel
variants in our population, which is suggestive of a unique genomic landscape of patients
and supports the idea of precision and personalized medicine [5,6,24].

As determined by two separate prediction methods (PolyPhen [14] and SIFT [25]),
most of the detected mutations were missense and synonymous. This is in conformity
with a recent pan-cancer analysis [26] and opens up avenues to further study the effect of
point mutations in CRC. These point mutations could be responsible for changes in gene
expression and mRNA secondary structures. Similar studies from other populations have
also reported the predominance of synonymous and missense mutations [2]. However, the
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challenge to separately identify driver mutations from passenger mutations with precision
and accuracy is still an ongoing area of intense research [27–29].

We identified the APC gene as highly mutated in our cohort, with less-common
mutation frequency for RET, EGFR, LRP1B, and ERBB2 genes. The APC gene mutation is
well known to be one of the very early events in initiation of CRC. RET gene fusions have
been associated with a subtype of CRC on the right side of the colon. EGFR was earlier
identified as one of the highest mutated genes in a cohort of patients from Jeddah, Saudi
Arabia, and confirms our results [10]. This study adds to the evidence of detected variants
in a previous similar study from a different geographical location. More studies from
different regions of the country are needed, as there is an observed disparity in incidence
and mortality of CRC in other regions within Saudi Arabia [4]. Identification of novel
mutations in APC, RET, and EGFR mutations may lead us to develop predictive and/or
prognostic biomarkers for CRC. Mutations in these genes were earlier studied in detail
for their use as biomarkers [30–33]. Most of the previous studies are associated with the
common mutation of the APC gene except two studies on an Arab cohort that showed APC
mutation frequency was the second highest (34%) after P53 gene. Another study from gulf
region patients showed 27.3% mutation frequency and higher mutation of TP53 (52.5%).

We found more CRC cases are localized at the left site compared to the right side or
rectum site. This is suggestive of the involvement of the CIN pathway and is evident from
our results, which show APC, KRAS, and P53 as highly mutated genes. However, PIK3CA
do not appear among the highly mutated genes, but three pathogenic mutations were
identified among PIK3CA (p.R88Q, p.I102F, and p.PI04L). All these mutations are reported
in the large intestine except (p.I102F mutation). This could be due to the population-specific
nature of the mutations and suggest further study to understand the mechanism of CRC
progression in these patients. Left-sided colorectal cancers have better prognosis and
response to 5-Fluorouracil-based and targeted therapies [34]. Our results are therefore very
significant in understanding and predicting the prognosis of local patients who primarily
exhibited mutations suggesting left-sided CRC. KRAS mutations, EGFR/HER2 amplifica-
tions, and a high level of amphiregulin and epiregulin expression has been observed in
left-sided CRC [35,36]. Treatment strategies widely differ according to the location of the
tumor, and hence understanding the molecular differences in local population is pertinent.

Increasing incidence of CRC cases in early ages has caused the guidelines for screen-
ing to be revised [37]. Our observation regarding young patients suggests presence of
mutations in the left colon of female patients in stage I, whereas young male patients did
not show any mutations in left colon in stage I and II. This can be an important finding that
can be studied further in larger cohorts to develop early diagnostic tests. Our catalog of
reported variants have enriched the database for CRC and would be useful in building up
larger studies for finding actionable targets and biomarkers. Information regarding these
variants will need to be complemented with further levels of evidence to prove their role
in CRC or identify them as drug targets. Multiomics approach is therefore recommended
to be carried out on the same samples for further proof of evidence [38,39].

The gene correlations observed in our cohort and network analysis could provide clues
for the possible mechanism of CRC development. These networks and correlation analyses
should be done at gene-expression level to further understand the mechanistic details
and effect of variants [40]. Network analyses confirms the probable effect of the detected
variants through well-known pathways. We report mutations that can be associated with
senescent pathway and point towards development of therapeutic strategies. Targeting
senescent pathways has been suggested as an anticancer therapy and point towards their
role in senescence and metastasis. Biomarker candidate molecules need to be further
validated and tested for advancing into a clinical setting.

Though our study is limited with a smaller number of patient samples, it does exhibit
the heterogeneous nature of CRC [41]. Another major limitation of our study is lack
of matched normal samples to account for possible germline mutations. This is one
of the bargains for utilizing the treasure of formalin-fixed samples. Using a matched
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normal sample is a requirement for accurately classifying somatic mutations and ruling
out germline mutations. However, the availability of matched normal tissue is a limitation
when using archived and fresh samples [42]. Computational methods have been developed
that are arguably better than matched normal tissue [43]. Most of the studies have relied
on increasingly rich databases to identify novel mutations in absence of matched normal
samples [44]. In order to address this issue, we used public databases and also employed
an earlier reported method where the VAF corresponding to 50 or 100% may indicate their
probability to be germline mutation [45].

This study provides evidence that can be useful for developing biomarker-based
precision medicine as well as allowing us to appreciate the heterogeneity in CRC and hence
develop strategies accordingly.
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Abstract: Preoperative chemoradiotherapy (CRT) is a standard treatment for locally advanced
rectal cancer (RC) patients, but its use in non-responders can be associated with increased toxicities
and resection delay. LincRNA-p21 is a long non-coding RNA involved in the p53 pathway and
angiogenesis regulation. We aimed to study whether lincRNA-p21 expression levels can act as a
predictive biomarker for neoadjuvant CRT response. We analyzed RNAs from pretreatment biopsies
from 70 RC patients treated with preoperative CRT. Pathological response was classified according to
the tumor regression grade (TRG) Dworak classification. LincRNA-p21 expression was determined
by RTqPCR. The results showed that lincRNA-p21 was upregulated in stage III tumors (p = 0.007)
and in tumors with the worst response regarding TRG (p = 0.027) and downstaging (p = 0.016). ROC
curve analysis showed that lincRNA-p21 expression had the capacity to distinguish a complete
response from others (AUC:0.696; p = 0.014). LincRNA-p21 was shown as an independent marker
of preoperative CRT response (p = 0.047) and for time to relapse (TTR) (p = 0.048). In conclusion,
lincRNA-p21 is a marker of advanced disease, worse response to neoadjuvant CRT, and shorter TTR
in locally advanced RC patients. The study of lincRNA-p21 may be of value in the individualization
of pre-operative CRT in RC.

Keywords: lincRNA-p21; rectal cancer; chemoradiotherapy; colorectal cancer; long non-coding RNA;
p53; predictive biomarker

1. Introduction

Rectal cancer (RC) accounts for approximately one-third of all colorectal tumors (CRC)
and remains the third most common cancer worldwide and the second leading cause of
cancer-related death in the world [1]. RC differs in etiologies and risk factors due to odd
environmental exposures [2,3] and may have unique genetics and epigenetics factors [4].
However, during the past decade, reduction in mortality for RC has slowed [1] owing
to a high rate of distant metastasis (29–39%) [5,6]. Long-term analysis has shown that
preoperative chemoradiotherapy (CRT) followed by surgery of primary tumor results in
persistent local control [5] and has become the standard of care for locally advanced tumors
(T3-T4 or N+) [7]. The most frequently used chemotherapy agent is 5-fluorouracil in combi-
nation with concurrent fractionation radiotherapy [7]. Preoperative CRT achieves a higher
radiosensitivity of tissues before surgery, a lower rate of toxicities, and a higher probability
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of sphincter preservation due to tumor downstaging [8]. Of note, the rate of pathological
response after neoadjuvant treatment has been associated with prognosis [8,9]. Patho-
logical complete response (pCR; ypT0N0), which occurs in 15–25% of patients, has been
linked with lower rates of local recurrences [9,10]. Indeed, to achieve a complete response
after preoperative CRT has been associated with better disease-free survival (DFS) and
overall survival (OS) rates [9]. Nonetheless, survival outcomes of patients with an assessed
pCR compared to those without have not been properly compared; therefore, selection
of patients to avoid unnecessary toxicities and to perform suitable management remains
uncertain. Furthermore, despite the adoption of adjuvant postoperative chemotherapy,
patients are more than twice as likely to present with a distant recurrence rather than
tumor regrowth at the primary site [5,6]. This situation emphasizes the urgency of devising
upfront treatment strategies aimed at controlling obscure micro-metastases. Identifying
patients who will not respond to treatment is crucial to avoid unnecessary treatment,
potential toxicities, and a delay of surgery. Biomarkers to identify patients at high risk of
relapse or lack of response are needed to guide treatment options and improve survival
rates [11], and non-coding RNAs are promising candidates [12,13].

Non-coding RNAs comprise 97% of the transcriptome, while protein-coding messen-
ger RNAs (mRNA) account for only 3% [14]. Long non-coding RNAs (lncRNAs) have
been related to the main hallmarks of cancer [15] and have been described as key in the
tumorigenesis of different solid tumors, including RC [16,17]. Indeed, lncRNAs have been
shown to be highly tissue specific [18,19], being able to discriminate between tumor and
normal cells [20]. The long intergenic non-coding RNA p21 (lincRNA-p21) acts as a regu-
lator for p53-mediated apoptosis [21], angiogenesis [22], and HIF1A-mediated response
to hypoxia in cancer cells [23]. However, the role of lincRNA-p21 in RC remains poorly
understood and explored only in vitro or using small cohorts of patients [24,25]. In this
setting, lncRNAs, and especially lincRNA-p21, could serve as predictive biomarkers to
select the most optimal treatment in each case in order to individualize therapy. We aimed
to evaluate whether lincRNA-p21 can act as a predictive biomarker for CRT response in a
70-patient cohort of RC treated before resection.

2. Materials and Methods

2.1. Study Population

Seventy patients diagnosed from December 2006 to October 2016, with RC and avail-
able baseline endoscopy biopsy from Mutua Terrassa University Hospital, were included
in the present study. All selected patients suffered with rectal adenocarcinoma in a clinical
stage II or III (uT3-T4 and/or uN+) and were consecutively treated at Mutua Terrassa
University Hospital. Although the study population was collected in Barcelona (Europe),
ethnical information was not considered for patient inclusion within the study. All samples
were stored as paraffin-embedded blocks until use. All patients had received neoadjuvant
chemotherapy with 5-fluorouracil 225 mg/m2/day × 7 days in continuous infusion and
in combination with pelvic locoregional radiotherapy (45–50 Gy). Six to eight weeks after
completion, all patients underwent surgery. All surgical specimens were evaluated and
classified according to TNM 7th edition, and the pathological response was graded ac-
cording to the tumor regression grade (TRG) Dworak classification [26]. Approval for the
study was obtained from the Institutional Review Board of the Mutua Terrassa University
Hospital, Barcelona, Spain.

2.2. RNA Extraction and lincRNA-p21 Quantification

Total RNA was extracted from formalin-fixed, paraffin-embedded, tumor tissues
from pretreatment endoscopy biopsies using a RecoverAll Total Nucleic Acid Isolation
Kit (Ambion, ThermoFisher Scientific, Waltham, MA, USA) as previously reported [27]
and quantified using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Total cDNA was obtained from 250 ng of RNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). LincRNA-
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p21 expression was determined as previously described [22]. LincRNA-p21 expression
was calculated using 2−∆∆Ct using B2M (beta-2-microglobulin) (Hs99999907_m1) (Applied
Biosystems) as endogenous control.

2.3. Statistical Methods

Assumptions of distributional normality were tested using the Shapiro–Wilk test
and quantile–quantile plot. Continuous data were tested with the T-test (two groups) or
ANOVA (more than two groups) when normally distributed and the Mann–Whitney U-test
or Kruskal–Wallis test when not normally distributed. ROC curves were calculated using
R package pROC [28]. The multivariate analysis for treatment response was performed by
using binary logistic regression. Time to relapse (TTR) was defined as the time between
resection and recurrence or last follow-up. Overall survival (OS) was calculated from the
time of resection to the date of death or last follow-up. Optimal cutoffs of lincRNA-p21
expression data for TTR and OS were obtained using X-Tile software [29]. Kaplan–Meier
curves for TTR and OS were plotted and compared with log-rank test. The multivariate
analysis was performed using the stepwise proportional hazard Cox regression model to
determine hazard ratios (HR) with their 95% confidence intervals (CI). Statistical signifi-
cance was set at p ≤ 0.05. All statistical analyses were performed using IBM SPSS Statistics
26 (SPSS Inc., IBM, Chicago, IL, USA), R 4.0.2 and GraphPad Prism v9.1.0.

3. Results

3.1. Patient Characteristics

Samples from 70 patients were analyzed, most of whom were males (n = 49, 70%).
Median age at diagnosis was 66 (range: 38 to 82) years. Sixty-one (87.1%) patients reported
stage III and 9 (12.9%) stage II; 52 (74.3%) patients were assessed for TRG 0–3, and 18
(25.7%) reported pathological complete response (TRG 4, ypT0N0); 64.3% of downstaging
was shown. Finally, 43 (66.2%) patients received adjuvant chemotherapy after primary
tumor resection. Table 1 shows further main characteristics of the 70 patients included in
the study. Median follow-up time was 105.40 months (IQR: 78.63–127.33).

Table 1. Main clinical characteristics of the 70 patients included in the study with their associated time to relapse (TTR) and
overall survival (OS) according to the univariate analyses (log rank). Significant p-values are shown in bold. RC: rectal
cancer; CRT: Chemo-radiotherapy.

Characteristic Number of Patients (%)
TTR

p-Value
OS

p-Value

Sex Male 49 (70) 0.203 0.269

Female 21 (30)

Median age (range) 66 (38–82)

<60 19 (27.1) 0.679 0.815

>60 51 (72.9)

Clinical stage pre-CRT II 9 (12.9) 0.585 0.497

III 61 (87.1)

Adjuvant therapy No 27 (33.8) 0.776 0.130

5-FLU 7 (8.7)

FOLFOX 40 (50)

Other 6 (7.5)
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Table 1. Cont.

Characteristic Number of Patients (%)
TTR

p-Value
OS

p-Value

ypT ypT0 18 (25.7) 0.015 0.051

ypT1–2 18 (25.7)

ypT3–4 34 (48.6)

ypN ypN0 48 (68.6) 0.003 0.044

ypN1–2 22 (31.4)

Pathological stage after
neoadjuvant CRT ypT0N0 17 (24.2) 0.024 0.133

I 16 (22.9)

II 14 (20)

III 23 (32.9)

Downstaging No 25 (35.7) 0.001 0.010

Yes 45 (64.3)

Tumor regression grade
(TRG) 0–3 52 (74.3) 0.324 0.161

4 18 (25.7)

3.2. LincRNA-p21 Expression Levels

The correlation of lincRNA-p21 levels in tumor tissue with the main clinicopathologi-
cal characteristics showed a significant association with disease stage, ypT, ypN, patho-
logical stage (ypTNM), downstaging, and pathological response. LincRNA-p21 was up-
regulated in stage III compared to stage II tumors (p = 0.007) (Figure 1A). Significant
differences in lincRNA-p21 levels were observed according to ypT, where the ypT0 group
had the lowest levels (p = 0.0493, Figure 1B). Patients with ypN1–2 showed higher levels
of lincRNA-p21 (p = 0.02). Furthermore, patients with pathological stage III had higher
lincRNA-p21 levels (p = 0.0171). Tumors with the worst response to CRT regarding negative
downstaging and TRG 0–3 showed higher levels of lincRNA-p21 than tumors with positive
downstaging (p = 0.0165; Figure 1E) and TRG4 (TRG0–3, n = 52 vs. TRG4, n = 18, p = 0.027;
Figure 1F).

3.3. Predictive Ability of lincRNA-p21 for Response to CRT

Receiver operating characteristic (ROC) curves were generated to investigate the
potential of lincRNA-p21 as a marker for neoadjuvant treatment response. The area under
the curve (AUC) value showed that lincRNA-p21 expression had capacity to distinguish
patients with complete response (TRG4) from others (AUC: 0.696; 95% confidence interval
(CI) = 0.558–0.833; p = 0.014). In the optimum truncation point (−0.1), the sensitivity
and specificity were 83.3% and 57.7%, respectively (Figure 2A). Using the best threshold
identified by the ROC curve analysis, we divided the patients into two groups, observing
that there were differences in TRG proportions allocation between low or high lincRNA-p21
levels (p = 0.026, Figure 2B). Among patients with low levels of lincRNA-p21, 39.5% had a
TRG 4 vs. only 9.4% in the group with a high lincRNA-p21 expression value.
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Figure 1. LincRNA-p21 levels and clinicopathological characteristics. (A) LincRNA-p21 expression in (A) stage III vs.
stage II; (B) ypT0 vs. ypT-1–2 vs. ypT3–4; (C) ypN0 vs. ypN1–2; (D) ypT0N0 vs. I-II vs. III; (E) downstaging no vs. yes;
(F) TRG 0–3 vs. TRG 4.

−

−

Figure 2. Predictive analyses for response to neoadjuvant treatment. (A) ROC curve analyses to evaluate the potential utility
of lincRNA-p21 to distinguish patients with maximum response to neoadjuvant treatment (TRG4) from others (TRG 0–3).
(B) Percentage of patients with each TRG according to low vs. high lincRNA-p21 expression, dichotomized using optimum
truncation point obtained in the ROC curve analysis (−0.1). AUC, area under the curve. TRG, tumor regression grade.

Finally, we performed a multivariate analysis of response to neoadjuvant treatment
including sex, age, pre-CRT stage, CEA levels pre-CRT, and lincRNA-p21 levels (Table 2).
Only lincRNA-p21 levels emerged as an independent marker of neoadjuvant treatment
response (odds ratio (OR): 0.485; 95% CI: 0.237–0.992; p = 0.047).
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Table 2. Results obtained in the multivariate logistic analysis for complete response to neoadjuvant
treatment (TRG4 vs. others).

Factors OR (95% CI) p-Value

Stage II at diagnosis 1.703 (0.363–8.003) 0.500
Age 0.980(0.918–1.046) 0.549

Gender male 2.756 (0.682–11.137) 0.155
CEA at baseline 0.930 (0.809–1.068) 0.301

LincRNA-p21 levels 0.485 (0.237–0.992) 0.047
Constant 0.307 <0.001

3.4. LincRNA-p21 Expression and Survival

In our cohort, overall, median TTR and median OS were not reached (NR). Overall,
mean TTR was 136.5 months (95% CI: 127.8–145.2) and mean OS was 124.3 months (95%
CI: 114–134.6).

Using the optimal cutoff values identified by X-Tile, the patients were classified in two
groups as having high or low lincRNA-p21 levels. Among the 70 RC patients, 26 were classified
as low, and 44 as high. Patients with high lincRNA-p21 levels had significantly shorter TTR
(p = 0.014). TTR for patients with high levels was 104.4 months (95% CI 86.4–122.5), while it
was 126.2 months (95% CI 115.7–136.6) for those with low levels (Figure 3A). No significant
differences were observed for OS (p = 0.284), but patients with high lincRNA-p21 levels
had shorter OS (116.9 vs. 129.5 months; Figure 3B).

 
Figure 3. Kaplan–Meier curves for time to relapse (TTR) (A) and overall survival (OS) (B) according to lincRNA-p21
expression levels in 70 rectal cancer patients. The log-rank test was used to calculate whether significant differences in
survival times between high or low lincRNA-p21 levels were achieved.

3.5. Multivariate Analysis of TTR and OS

In the univariate analysis, there were statistically significant differences in TTR and OS
related to tumor pathological stage (ypT), lymph node pathological stage after CRT (ypN),
pathological stage after CRT (ypTNM), and downstaging. The p-values are summarized in
Table 1. Since ypT and ypN are included in the calculation of pathological stage, ypTNM,
we decided to include only the pathological stage, downstaging, and the lincRNA-p21
expression in the Cox multivariate analysis (Table 3). The multivariate analysis showed that
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lincRNA-p21 levels (HR, 4.458;95% CI, 1.014–19.603; p = 0.048) and stage (HR, 4.430; 95% CI:
1.266–15.497; p = 0.020) were independent prognostic factors for TTR, while downstaging
(HR, 3.512; 95% CI: 1.275–9.673; p = 0.015) was the unique independent prognostic factor
for OS.

Table 3. Multivariate analysis for TTR and OS.

Time to Relapse HR (95% CI) p-Value

Pathological stage > I 4.430 (1.266–15.497) 0.020
No downstaging 1.737 (0.350–8.621) 0.499

High lincRNA-p21 4.458 (1.014–19.603) 0.048

Overall Survival HR (95% CI) p-Value

Pathological stage > I 2.020 (0.362–11.273) 0.423
No downstaging 3.512 (1.275–9.673) 0.015

High lincRNA-p21 1.387 (0.411–4.679) 0.598

4. Discussion

We showed the potential use of lincRNA-p21 expression levels in tumor tissue from
baseline biopsies of RC patients as a predictive marker of CRT response and as a prognostic
biomarker for TTR. Firstly, we observed that higher lincRNA-p21 levels were found in
patients with stage III pre-CRT, and, interestingly, after CRT treatment, the highest lincRNA-
p21 levels were reported for patients presenting pathological stage III, and the lowest levels
were found in patients with ypT0N0. Indeed, higher lincRNA-p21 levels were observed
in patients with ypT3–4 and in ypN1–2 patients. These results are in line with previous
reports in CRC [17,25]. In a cohort of 66 patients with CRC, including 39% (26/66) of
RC [25], higher lincRNA-p21 levels were associated with poor prognostic factors, such as a
poorer stage (stage III vs. I), tumor size (pT), and vascular invasion [25]. In another study,
Li et al. analyzed 177 CRC tumors samples from surgical resection, of which 81 (45.7%)
were RC; lincRNA-p21 was found as a marker of advanced disease, as higher lincRNA-p21
levels were observed in stage III patients and in N+ patients, and worse survival [17].
However, although these reports are in line with our results, we must take into account that
we studied a different RC population, namely, patients receiving neoadjuvant treatment
before surgery. Of note, this group of patients was excluded from both previous reports.

Secondly, we observed that lower lincRNA-p21 levels were found in patients who
underwent tumor downstaging and complete pathological response after CRT treatment.
Locally advanced rectal cancer patients are commonly explored with a rectal endoscopy,
which provides sufficient tissue samples for diagnosis and biomarker analyses. Currently,
there are no clinically validated biomarkers to correctly identify those patients that will not
respond. LincRNA-p21 emerged as a predictive biomarker for CRT response, and when it
was compared to other predictive factors at diagnosis such as baseline stage or CEA levels,
it was shown as an independent predictor factor. The neoadjuvant CRT treatment in our
cohort was based on 5-fluorouracil combined with locoregional radiotherapy. Wang et al.
carried out an in vitro study aiming to evaluate the role of lincRNA-p21 in radiotherapy
response [24]; in contrast to our results, they described that lincRNA-p21 expression level
may affect the sensitivity to radiotherapy. In this study, the authors observed that after
X-ray treatment, the levels of lincRNA-p21 became upregulated in two colorectal cancer cell
lines, SW1116 and LOVO. When researchers overexpressed lincRNA-p21 in the SW1116
cell line and treated the cells with X-rays, they noted a higher apoptosis rate than in control
cells; nonetheless, this result was not validated by the authors when they silenced lincRNA-
p21 before X-ray treatment on the same cell line (no differences in apoptosis rate were
observed between the silenced and control group). Our group has reported results in this
line; however, we used a different cohort of patients (resected CRC patients not receiving
neoadjuvant treatment) [17]. We observed that patients with tumors with high expression
of lincRNA-p21 demonstrated an increased benefit of CRT as an adjuvant therapy (longer
OS compared to those patients not receiving CRT after surgical resection [17]). Nonetheless,
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these results are not comparable with the present work since our correlation was obtained
in tumor tissue isolated prior to adjuvant CRT treatment administration. Moreover, the
two previous references focused on the potential role of lincRNA-p21 and radiotherapy
response in relation to its role in the p53 pathway [21,30–32]; nonetheless, we cannot
ignore that rectal cancer patients included in the cohort also received 5-fluorouracil. Lee
and colleagues analyzed the pattern of lncRNAs in 5-fluorouracil-resistant colon cancer
cell lines and observed that lincRNA-p21 was significantly upregulated in SNU-C5 5-FU-
resistant cells compared to its parental cell line [33]. This provides an important insight into
the involvement of lincRNA-p21 within 5-FU resistance of colon cancer cells and allows us
to speculate the following: the better response rates observed in patients with low levels
of lincRNA-p21 could be associated with, at least partially, an enhanced sensitivity to
5-fluorouracil. The role of lincRNA-p21 in 5-fluorouracil resistance and its effect when
5-FU is combined with radiotherapy deserves further study, but this is out of the scope of
the present paper.

Finally, we found a correlation between high expression of lincRNA-p21 levels and
shorter TTR. In this regard, high lincRNA-p21 levels have been previously related to a
worst outcome in CRC [17] and also in other solid tumors such as non-small-cell lung
cancer [22], bladder carcinoma [34], or hepatocellular carcinoma [35]. In CRC, Li et al.
observed that lincRNA-p21 was found as a marker of advanced disease and worse survival
outcomes, especially for RC where high lincRNA-p21 levels were linked to shorter DFS
and shorter OS [17].

We are conscious that the present study has several limitations, including the small
number of samples analyzed (n = 70), which can affect the robustness of the multivariate
analysis. The results obtained in the multivariate analysis, despite being informative, need
to be validated in a larger cohort. Moreover, an additional limitation is that lincRNA-p21
was analyzed in a retrospective cohort of paraffin-embedded samples. Nonetheless, no
related studies have been published for RC patient cohorts in neoadjuvant settings, and our
study may provide new evidence of epigenetic pathways behind the tumor response to CRT.
LincRNA-p21 may be a promising predictive biomarker of CRT benefit, avoiding delay of
resection and unnecessary comorbidities for those patients with tumors and reporting high
expression levels of lincRNA-p21 at baseline.

5. Conclusions

LincRNA-p21 is a marker of advanced disease, worse response to neoadjuvant CRT,
and shorter TTR in locally advanced rectal cancer patients. The study of lincRNA-p21 in
endoscopy samples obtained prior to treatment decision may be of value in the individual-
ization of pre-operative CRT in rectal cancer.
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Abstract: Gastric cancer is a frequently occurring cancer and is the leading cause of cancer-related
deaths. Recent studies have shown that aberrant glycosylation of serum haptoglobin is closely
related to gastric cancer and has enormous potential for use in diagnosis. However, there is no
platform with high reliability and high reproducibility to comprehensively analyze haptoglobin
glycosylation covering microheterogeneity to macroheterogeneity for clinical applications. In this
study, we developed a middle-up-down glycoproteome platform for fast and accurate monitoring of
haptoglobin glycosylation. This platform utilizes an online purification of LC for sample desalting,
and an in silico haptoglobin glycopeptide library constructed by combining peptides and N-glycans
to readily identify glycopeptides. In addition, site-specific glycosylation with glycan heterogeneity
can be obtained through only a single MS analysis. Haptoglobin glycosylation in clinical samples
consisting of healthy controls (n = 47) and gastric cancer patients (n = 43) was extensively investigated
using three groups of tryptic glycopeptides: GP1 (including Asn184), GP2 (including Asn207 and
Asn211), and GP3 (including Asn241). A total of 23 individual glycopeptides were determined
as potential biomarkers (p < 0.00001). In addition, to improve diagnostic efficacy, we derived
representative group biomarkers with high AUC values (0.929 to 0.977) through logistic regression
analysis for each GP group. It has been found that glycosylation of haptoglobin is highly associated
with gastric cancer, especially the glycosite Asn241. Our assay not only allows to quickly and easily
obtain information on glycosylation heterogeneity of a target glycoprotein but also makes it an
efficient tool for biomarker discovery and clinical diagnosis.

Keywords: gastric cancer; middle-up-down; haptoglobin; glycopeptide; biomarker; mass spectrometry

1. Introduction

Gastric cancer caused by genetic factors, dietary habits, smoking, alcohol consumption,
and infection with Helicobacter pylori is one of the most frequently occurring cancer, with ap-
proximately 1,000,000 new cases each year and more than 750,000 deaths worldwide [1–3].
Serum protein markers, such as CEA (carcinoembryonic antigen), CA19-9 (carbohydrate
antigen 19-9), CA72-4 (carbohydrate antigen 72-4), and CA125 (carbohydrate antigen 125)
have been widely used in clinical practice for gastric cancer detection [4,5]. However, since
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these serological markers do not have sufficient sensitivity and specificity, an apparent but
invasive gastroscopy is often used for gastric cancer diagnosis. Therefore, there is a need
in clinic for a new analytical platform that is fast, accurate, and non-invasive with high
sensitivity and high specificity [6].

Glycosylation is one of the most important post-translational modifications (PTMs)
and plays a pivotal role in various biological processes, such as protein function and
cell–cell interaction [7,8]. In addition, glycosylation has great potential as a biomarker for
cancer and infectious diseases because it is highly sensitive to biological environments [9].
Therefore, studies based on serum and cell glycomic profiling have been conducted for
biomarker discovery and cancer diagnosis [10–12]. In particular, cancer progression,
including angiogenesis, cell–cell adhesion, and tumor metastasis, is known to be associated
with glycosylation in various cancers [13–15]. For example, high mannose type N-glycans
have been found to be specific molecules in breast cancer patients, and sialylated O-glycans,
such as Tn antigen, sialyl- Lex, and sialyl-Lea, on the surface of tumor cells are known to be
one of the important molecules for metastasis [16–20]. Recently, glyco-biomarker studies
are moving towards in-depth glycosylation characterization of a target glycoprotein that
can improve diagnostic specificity and sensitivity for efficient clinical applications [21–24].

Haptoglobin is one of the major serum components that accounts for 0.4–2.6% of total
blood proteins, and a highly sialylated glycoprotein containing four N-glycosylation sites
(Asn184, 207, 211, and 241) on β-subunit [25], whose glycosylation changes in several types
of cancer, such as hepatic, prostate, ovarian, and pancreatic [26–29]. Interestingly, recent
studies clearly suggest that there is an overt correlation between aberrant glycosylation of
haptoglobin and gastric cancer through glycomic and glycoproteomic approaches [30–33].
Despite the tremendous potential of haptoglobin glycosylation as a cancer biomarker, there
is no clinically compatible assay platform that offers high reliability and reproducibility
based on extensive characterization of haptoglobin glycosylation, including the distribution
of glycans present at a specific site (microheterogeneity) and the occupancy of glycans at
individual sites (macroheterogeneity) [34].

Mass spectrometry (MS) is a powerful tool used in various omics, from proteomics
to glycomics [35–37]. The introduction of MS in glycomics has accelerated the study of
biomarkers [38–42]. Initially, biomarkers of several types of diseases, particularly immune-
related diseases and cancers, have been successfully determined through overall glycan
profiling [43–48]. In recent years, the target of analysis is shifting from the conventional
global glycan profiling to the target glycoprotein, and various MS-based analytical tools
have been developed to monitor abnormal glycosylation of a glycoprotein. It ranges from
glycopeptide analysis, which provides information about site-specific glycosylation, to
complete intact glycoprotein analysis, which provides intuitive information on the degree
of glycosylation of the whole protein [31,32,49–51]. In particular, glycoproteomic analysis at
the glycopeptide level is an effective method that can simultaneously acquire information
on glycans and glycosylation sites [52–54], but it is not utilized in clinics due to the time
required for the sample preparation step, difficulties of tandem MS analysis, and complex
data interpretation. Therefore, there is a need for an easy and fast glycoproteomic analysis
tool that can be used in the clinical field [7].

In this study, we developed a new middle-up-down glycoproteome platform that
can quickly and accurately monitor the abnormal glycosylation on the target glycoprotein,
haptoglobin, for the diagnosis of gastric cancer. With this approach, samples can be
purified online in LC and then directly separated and detected on a diphenyl column
without further purification of the glycopeptide, resulting in faster sample analysis. In
addition, the in silico glycopeptide library allowed us to obtain information ranging from
microheterogeneity to macroheterogeneity of the target glycoprotein without tandem
MS analysis. For biomarker discovery, a middle-up-down glycoproteome platform was
applied to gastric cancer patients (n = 43) and healthy controls (n = 47), and apparent
differences in glycosylation were found even in a small sample set. A total of 23 individual
glycopeptide biomarkers that were statistically significant were determined, which showed
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high sensitivity and specificity (AUC 0.783 to 0.901). Interestingly, most of the markers
were complex type N-glycan decorated with sialylation, of which more than half were
simultaneously fucosylated. In addition, potential biomarkers were classified into three
groups according to the peptide sequence to determine the biological association between
haptoglobin glycosylation heterogeneity and gastric cancer, indicating that the glycosite
Asn241 is more closely related. The middle-up-down glycoproteoform approach enables
easy and fast analysis of site-specific glycosylation as well as glycan heterogeneity for
specific target glycoprotein, making it a powerful platform for biomarker discovery and
diagnosis through large clinical samples.

2. Materials and Methods

2.1. Materials and Reagents

Commercial human serum, ammonium bicarbonate (NH4HCO3), and iodoacetamide
(IAA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sequencing grade
modified trypsin and dithiothreitol (DTT) were purchased from Promega (Madison, WI,
USA). Anti-human haptoglobin was obtained from Dako (Carpinteria, CA, USA). All
other solvents used in LC–MS analysis were purchased from Sigma-Aldrich, which were
analytical grade or higher.

2.2. Serum Samples from Gastric Cancer Patients and Healthy Control Subjects

The clinical information of the serum samples is summarized in Table S1. A total
of 90 serum samples were used, and the population consisted of 47 healthy controls
and 43 gastric cancer patients (Stage IV, adenocarcinoma type). The research design and
protocol were reviewed and approved by the Institutional Review Board of the participating
hospital, the Samsung Medical Center, Seoul, Republic of Korea (IRB# SMC2015-07-146-
001). Cancer diagnoses and stage determinations were examined based on endoscopic
ultrasound, biopsy, and gastrectomy for each patient. All participating subjects, including
the healthy control, were Korean and provided informed consent for obtaining the serum
samples. The samples were stored at −80 ◦C until further processing.

2.3. Haptoglobin Purification from Serum Samples

Serum haptoglobin was purified using an anti-haptoglobin immunoaffinity column
as described in a previous study [30]. In brief, 450 µL serum from each sample subject was
diluted with 4.5 mL phosphate-buffered saline (PBS: 10 mM phosphate buffer, 2.7 mM potas-
sium chloride, 137 mM sodium chloride, pH 7.4), and then applied to the anti-haptoglobin
immunoaffinity column. After a binding reaction, the unbound components were washed
by 30 mL PBS, the haptoglobin was eluted with elution buffer (0.1 M glycine, 0.5 M NaCl,
pH 2.8), and the eluent was fractionated into a tube containing neutralization buffer (1.0 M
Tris-HCl, pH 9.0). A centrifugal filter (MWCO 10,000, Amicon Ultra, Millipore; Billerica,
MA, USA) was used to remove the detergent from the eluent and the quantification of the
purified haptoglobin was assayed using a Quanti-iT Assay Kit (Invitrogen; Carlsbad, CA,
USA). To confirm the purity of the haptoglobin, the eluent was randomly applied to 12.5%
SDS-PAGE with Coomassie Brilliant Blue staining. Each purified sample was lyophilized
and kept at −80 ◦C until enzymatic digestion.

2.4. Enzymatic Digestion for Glycopeptide Production

The purified serum haptoglobin (20 µg) was dissolved in a buffer, which consisted of
50 mM NH4HCO3 and 10 mM DTT. The haptoglobin dissolved in the buffer solution was
placed in a 95 ◦C water for 10 min to reduce the disulfide bond and separate the α- and
β-subunits of the haptoglobin, and then alkylated with 50 mM IAA to prevent reassembly
of the disulfide bond. Finally, trypsin was added to the digestion and the mixture was
incubated in a 37 ◦C water bath for 16 h.
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2.5. LC–MS Analysis of Haptoglobin Glycopeptide

After trypsin digestion, 6.0 µL of haptoglobin peptides (corresponding to 2 µg protein)
were directly injected by an autosampler into the LC–MS system, which consisted of a
6550 iFunnel Q-TOF coupled to a 1290 Infinity II UHPLC system (Agilent Technologies,
San Jose, CA, USA). First, the samples were desalted on a 2.1 × 12.5 mm narrow-bore
C8 guard column and delivered to a 2.1 × 100 mm Rapid Resolution High Definition
(RRHD) diphenyl column (Agilent Technologies) for separation. A rapid elution gradient
for haptoglobin peptides was applied at 200 µL/min using mobile phases of (A) 0.3%
formic acid in nanopure water, and (B) 0.3% formic acid in acetonitrile, ramping up from
5 to 95% over the course of 27 min. The column was flushed with 95% solvent B for
10 min and then re-equilibrated for 3 min before analyzing the next sample. The column
temperature was maintained at 30 ◦C during the analysis. Following LC separation, the
haptoglobin peptides were ionized and detected on the positive ion mode over a mass
range of m/z 500 to 3200, with an acquisition rate of 2 spectra per second.

2.6. Data Processing, Glycopeptide Identification, and Statistical Analysis

All raw LC–MS data were processed by a molecular feature extraction algorithm
included in the MassHunter Qualitative Analysis software (version B.07.00 SP1, Agilent
Technologies). MS peaks were filtered with a signal-to-noise ratio of 5.0 and glycopeptide
compounds were founded from deconvoluted masses by the theoretical accurate mass
of the in silico haptoglobin glycopeptide library with a 10 ppm mass tolerance. The in
silico glycopeptide library was built by the combination of theoretical tryptic peptides
of haptoglobin and N-glycans obtained experimentally. An individual t-test analysis by
Microsoft Excel 2016 (Microsoft, Seattle, WA, USA) was used to identify the statistical
differences between gastric cancer patients and healthy controls, and all p-values were
applied with a two-tailed analysis. The receiver operation characteristic (ROC) curve of
each potential glycopeptide biomarker and logistic regression analysis for the combined
biomarkers were performed by IBM SPSS Statistics (version 24, IBM, Armonk, NY, USA).
Hierarchical Clustering Explorer (version 3.5, HCIL, University of Maryland, College Park,
MD, USA) was used to confirm the reproducibility.

3. Results and Discussion

3.1. Analytical Strategy Using a Middle-Up-Down Glycoproteome Approach

The overall experimental workflow for middle-up-down glycoproteomic analysis is
shown in Figure 1: (i) purification of the targeted serum haptoglobin via immunoaffinity
chromatography; (ii) trypsin treatment of haptoglobin for glycopeptide generation; (iii) gly-
copeptide profiling via UHPLC Q-TOF MS with online purification; (iv) glycopeptide
identification through in silico haptoglobin library; (v) biomarker discovery by a group
of glycopeptides based on glyco-heterogeneity. The most notable points of this platform
are three things. First, haptoglobin glycopeptides were injected into LC–MS without fur-
ther enrichment and purification and desalted directly online through a C8-packed guard
column by a quaternary pump, and then transferred to the diphenyl analytical column
by valve switching [31]. This online enrichment allows the analysis of large numbers
of samples with minimal preparation steps and saves time, cost, and labor, which are
important considerations in clinical applications. Second, the glycan microheterogene-
ity and macroheterogeneity of the haptoglobin were quickly and accurately monitored
through tryptic glycopeptides analyzed by only a single MS. We created an in silico hap-
toglobin glycopeptide library to facilitate the identification of glycopeptide by combining
the theoretical tryptic peptides of haptoglobin with the experimentally obtained mass
values of 41 N-glycans (Table S2). Site-specific glycopeptides, including four individual
glycosylation sites via trypsin treatment, cannot be fully produced compared with a multi-
ple enzyme reaction or non-specific protease treatment. However, this approach has the
distinct advantage of significantly reducing the time, cost, and labor required for sample
preparation, and further simplifying data processing by facilitating the identification of
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glycopeptides of Hp via an in silico library. Finally, unlike the discovery of individual
molecular markers in typical biomarker studies, we reclassified individual potential mark-
ers according to their glycosylation site and determined group biomarkers to monitor
changes in the glycosylation site of haptoglobin in gastric cancer. Group-by-group analysis
of glycopeptides not only enables efficient detection of gastric cancer markers but also
provides information on the glycosylation site that is biologically more sensitive to gastric
cancer. In summary, the middle-up-down glycoproteomic platform analyzes the target
glycoprotein at the glycopeptide level (middle-up) with minimal sample preparation and
single MS analysis and also provides glyco-heterogeneity information (middle-down) as
well as biological links between cancer and glycosylation sites.

Figure 1. The overall experimental workflow of the middle-up-down glycoproteomic approach for aberrant glycosylation
monitoring and gastric cancer diagnosis.

Prior to the analysis of clinical samples for biomarker discovery, the reproducibility
of our platform was validated with standard haptoglobin purified from a commercial
human serum. As shown in Figure S1, the Pearson correlation coefficient (R) values for
the comparison of replicates were 1.000 for GP1 (16 pairs) and GP3 (19 pairs), and from
0.984 to 0.998 for GP2 (36 pairs), indicating high reproducibility and reliability.

3.2. Identification of Glycopeptides Using In Silico Haptoglobin Glycopeptide Library

In order to facilitate the interpretation of MS data and to efficiently identify gly-
copeptides, the in silico haptoglobin glycopeptide library was constructed by the com-
bination of haptoglobin N-glycans obtained experimentally and the theoretical mass of
tryptic peptides. The top 41 N-glycans, accounting for 99% of the total haptoglobin N-
glycan quantity, were used for the library [30]. The peptide sequence of haptoglobin
was referenced from the UniProt human protein database (P00738) and the theoreti-
cal mass of haptoglobin peptides was calculated using PeptideMass tool of ExPASy
(https://www.expasy.org/, accessed on 9 December 2020). The amino acid sequence
of the protein may be generated isoform by alternative splicing [55], but the isoform
of haptoglobin does not change the sequence of β-subunit where the glycosylation site
exists. Therefore, the in silico haptoglobin library was constructed using only a canoni-
cal sequence. Four potential N-glycosylation sites in the β-subunit of haptoglobin were
divided into groups of three kinds of tryptic glycopeptide classified by the same peptide se-
quence: GP1 (Asn184, MVSHHN184LTTGATLINEQWLLTTAK), GP2 (Asn207 and Asn211,
NLFLN207HSEN211ATAK), and GP3 (Asn241, VVLHPN241YSQVDIGLIK). Based on 41 N-
glycan compositions, each GP1 and GP3 with one glycosylation site could have 41 possible
glycoforms. Since GP2 has two glycosylation sites, Asn207 and Asn211, there are theoreti-
cally 902 glycoforms possible. However, if the total composition of N-glycans that may be
present in the two glycosylation sites is the same (e.g., Asn207-Hex6HexNAc5Fuc1NeuAc3 +
Asn211-Hex5HexNAc4NeuAc2 and Asn207-Hex5HexNAc4Fuc1NeuAc2 + Asn211-Hex6Hex
NAc5NeuAc3), they were recognized as duplicates and excluded from the glycopeptide
library. As a result, GP2 could have a total of 416 possible glycoforms in the library. The full
list of the in silico haptoglobin glycopeptide library is provided in Table S3. Representative
extracted compound chromatograms (ECCs) and their mass spectra of three glycopeptide
groups of haptoglobin purified from a commercial serum are shown in Figure 2. Glycopep-
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tide groups were detected in the order of GP2, GP3, and GP1, and the elution times of
each group were completely separated without overlapping. Each elution time was 10 to
11 min for GP2, about 16 min for GP3, and 17 to 18 min for GP1. The diphenyl column
employed in this study separates and elutes tryptic glycopeptide according to the charac-
teristics of the peptide, like the C18 reverse phase column commonly used in proteomics.
Thus, even if the glycans were different, glycopeptides with the same peptide sequence
were co-eluted at adjacent retention times. In addition, glycopeptides were somewhat
separated according to the properties of the glycans even within the same peptide group
under the diphenyl column [56]. On average, 16 and 23 glycopeptides were detected in
the GP1 and GP3 groups, respectively. For GP2, since it contains two glycosylation sites,
an average of 52 glycopeptides were identified. In all GP groups, most glycopeptides
had sialylated N-glycans, of which the bi-antennary di-sialylated glycan was the most
abundant (Figure 2(A-1,B-1,C-1)). Other N-glycopeptides containing undecorated or fuco-
sylated/sialylated complex type glycans are not abundant, but are sufficiently identifiable
in the magnified spectra (Figure 2(A-2,B-2,C-2)). In the deconvoluted spectrum, each peak
represents a glycopeptide, and the spacing between adjacent peaks corresponds to the
glycan residue difference. This clearly indicates that glycosylation within the same group
is interrelated in the process of biosynthesis (Figure 2(A-3,B-3,C-3)).

Figure 3 shows a schematic diagram of site-specific glycosylation mapping of the
haptoglobin purified from commercial sera. From the viewpoint of macroheterogeneity,
glycosylation was the most abundant in GP3 and least detected in GP2. Bi-/tri-antennary
sialylated complex types N-glycans were abundantly present in all glycosylation sites
and mono-fucosylated glycans were also significantly observed, albeit in small amounts.
Interestingly, the glycans of the glycopeptide are consistent with those obtained from
the glycan profiling of the haptoglobin. Site-specific glycan mapping of the haptoglobin
was implemented through the middle-up-down glycoproteome platform that provides
information on glycan microheterogeneity and macroheterogeneity.

3.3. Gastric Cancer Biomarker Discovery via Middle-Up-Down Glycoproteome Platform

Based on the frequency and abundance of individual glycopeptides, we discovered
potential biomarkers that could differentiate gastric cancer patients from healthy controls.
Student’s t-test was performed using 71 glycopeptides detected with a frequency of 70% or
higher in all the samples tracked in the glycan heterogeneity monitoring. Subsequently,
significant glycopeptides were selected according to two criteria, the p-value (p < 0.00001)
and frequency (more than 90% in all samples). A total of 23 potential biomarkers were de-
termined from three different glycopeptide groups (Table 1). Each glycopeptide biomarker
presented an area under the curve (AUC) of 0.783 to 0.901 in the receiver operation char-
acteristic (ROC) analysis. As a result of classifying according to the glycopeptide group,
6 markers were found in GP1, 8 markers in GP2, and 9 markers in GP3. Interestingly, the
markers with the highest and lowest AUC values all belonged to the GP3 group. From the
number of glycopeptide markers found and the AUC values, it can be expected that the
glycosite Asn241 present in GP3 is most associated with gastric cancer. To complement
and improve the sensitivity and specificity of the markers, we applied a logistic regression
model to potential biomarkers and calculated a combined ROC curve [57–59]. The AUC
improved significantly to 0.950 (GP1), 0.929 (GP2), and 0.977 (GP3), respectively (Figure 4).
In particular, the abundance of all potential glycopeptide biomarkers was increased in gas-
tric cancer patients, and most of the markers had differences in monosaccharide residues,
clearly indicating that they correlated with each other. Changes in the glycan composi-
tions of the haptoglobin glycopeptide suggested that in gastric cancer, the composition of
one specific glycan not only changes independently but also affects the glycan synthesis
itself. Compared with previous haptoglobin studies for gastric cancer biomarkers [33],
the middle-up-down approach simultaneously provides the middle-up-down approach
simultaneously provides information on the microheterogeneity and macroheterogeneity

386



J. Pers. Med. 2021, 11, 575

of glycosylation, enabling the discovery of potential biomarkers with high sensitivity and
high specificity.

 

Figure 2. Representative extracted compound chromatograms (ECCs) and deconvoluted spectra of GP1 (A), GP2 (B), and
GP3 (C) of haptoglobin purified from a commercial serum. The peptide sequence of each GP is inserted in the figure. The
left column, (A-1), (B-1), and (C-1), represents the ECCs of Hp glycopeptides identified using the in silico haptoglobin
glycopeptide library. The middle column, (A-2), (B-2), and (C-2), shows magnified views of low abundant glycopeptides
on ECCs. The right column, (A-3), (B-3), and (C-3), represents deconvoluted spectra of the retention time range that
glycopeptides are eluted. Glycans on GP2 were represented by composition rather than structure since there are two
glycosylation sites in one peptide. For feasible interpretation and visualization of low abundant glycans, the y-axes of GP1
and GP3 are displayed at about 3× magnification. Purple color—only sialylation; blue color—fucosylation and sialylation.
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Figure 3. Site-specific glycosylation mapping of the haptoglobin standard purified from commercial
human sera. For GP1 and GP3, the top 10 representative major glycoforms for each glycosylation
site were indicated. Bi-antennary di-sialylated N-glycan occupies more than 50% of the total for
each site. The sizes of N-glycan cartoon on GP1 and GP3 represent their relative abundance in each
glycopeptide group. The biggest is more than 10%; medium is more than 1%; the smallest is less
than 1%. In GP2 with two glycosylation sites, the denoted N-glycan cartoon is the composition
most probable to constitute the top 10 glycopeptides of GP2 based on the abundance of haptoglobin
glycan profiling.

Table 1. The list of glycopeptides found in serum haptoglobin representing a significant difference between healthy controls
and gastric cancer patients. Glycopeptides were selected based on the Student’s t-test (p < 0.00001). A complete list of
glycopeptides is included in Table S4.

GP Group a Mass
N-Glycan Composition b

p-Value AUC
Hex HexNAc Fuc NeuAc

GP1 4226.930 4 3 0 1 3.11 × 10−11 0.895
4738.120 5 4 1 1 1.17 × 10−8 0.873
4754.115 6 4 0 1 8.63 × 10−11 0.864
4883.157 5 4 0 2 3.13 × 10−11 0.887
5394.348 6 5 1 2 1.19 × 10−7 0.831
5685.443 6 5 1 3 1.12 × 10−6 0.803

GP2 5722.234 10 8 1 3 3.28 × 10−9 0.828
5867.271 10 8 0 4 8.18 × 10−8 0.818
6013.329 10 8 1 4 2.32 × 10−8 0.814
6378.461 11 9 1 4 9.32 × 10−11 0.848
6669.557 11 9 1 5 6.78 × 10−9 0.820
6743.593 12 10 1 4 1.74 × 10−7 0.805
7034.689 12 10 1 5 1.86 × 10−9 0.823
7325.784 12 10 1 6 7.50 × 10−10 0.846

GP3 3051.453 4 3 0 0 3.23 × 10−7 0.803
3342.549 4 3 0 1 1.19 × 10−8 0.840
3545.628 4 4 0 1 1.33 × 10−7 0.827
3707.681 5 4 0 1 3.25 × 10−6 0.783
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Table 1. Cont.

GP Group a Mass
N-Glycan Composition b

p-Value AUC
Hex HexNAc Fuc NeuAc

3869.734 6 4 0 1 9.63 × 10−9 0.849
3998.776 5 4 0 2 5.54 × 10−9 0.844
4144.834 5 4 1 2 3.51 × 10−9 0.844
4160.829 6 4 0 2 7.82 × 10−12 0.901
4801.062 6 5 1 3 1.75 × 10−6 0.805

a GP group refers to a set of glycopeptides having the same tryptic peptide sequence with different glycan moieties. The peptide se-
quence of GP1 is MVSHHN184LTTGATLINEQWLLTTAK, of GP2 is NLFLN207HSEN211ATAK, and of GP3 is VVLHPN241YSQVDIGLIK.
b The monosaccharides of N-glycan composition represent Hex = Hexose; HexNAc = N-acetylhexosamine; Fuc = Fucose;
NeuAc = N-acetylneuraminic acid.

 

Figure 4. Individual and combined ROC curves using statistically significant glycopeptides. The
small ROC curves on the left side are statistically significant individual glycopeptides in each gly-
copeptide group. On the right is the combined ROC curves derived using statistically significant
individual glycopeptides for each glycopeptide group. The ROC curves of individual glycopep-
tides were calculated using their absolute abundances and combined ROC curves were derived
using the logistic regression of glycopeptides. (A)—6 individual glycopeptides and their combined
biomarker from GP1; (B)—8 individual glycopeptides and their combined biomarker from GP2;
(C)—9 individual glycopeptides and their combined biomarker from GP3.
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In addition, in order to verify the association between the glycan class of serum
haptoglobin glycopeptides and gastric cancer, their expression levels were compared
through a log2 fold change (Figure 5A). N-glycan can be classified into five biosynthetic
groups: high mannose (HM) glycans; undecorated complex/hybrid (C/H) glycans; fucosy-
lated complex/hybrid (C/H-F) glycans; sialylated complex/hybrid (C/H-S) glycans; and
fucosylated-sialylated complex/hybrid (C/H-FS) glycans. The changes in the glycopep-
tides decorated with C/H-FS were particularly noticeable in all glycopeptide groups. The
fucosylated/sialylated glycoforms increased regardless of the glycopeptide group, and the
t-test also showed statistically significant values (Figure 5B).

Figure 5. Comparison of N-glycosylation on haptoglobin between the healthy control and gastric cancer patient samples.
(A) The radar chart of log2 fold changes (the ratio of cancer to control) for glycan classes of each glycopeptide group.
(B) The relative abundance and p-value of glycoforms with both fucosylation and sialylation. HM—high mannose type;
C/H—complex/hybrid type without fucose or sialic acid; C/H-S—complex/hybrid type with only sialic acid; C/H-F—
complex/hybrid type with only fucose; C/H-FS—complex/hybrid type with fucose and sialic acid.

Haptoglobin primarily binds to hemoglobin, but this binding is not related to glycans
because the peptide sequence of hemoglobin subunits does not contain a glycosylation
site. On the other hand, haptoglobin binds to at least four receptors on leukocytes, includ-
ing CD163, CD22, CCR2, and CD11b/CD18. These ligand–receptor interactions are one
of the major roles of glycosylation and are reported to be affected by fucosylation and
sialylation [47,48]. The fucosylated and sialylated glycans of haptoglobin were identified
in a previous study as sLex (sialyl-Lewis x) or sLea (sialyl-Lewis a) epitope [30], which
is the terminal structure of fucosylation and sialylation. These sLe epitopes have been
reported to be associated with cancer progression [48,60]. The high expression of fuco-
sylation/sialylation in the haptoglobin of gastric cancer patients found in our study can
also be expected to have a strong correlation with cancer progression. In addition, our
findings show significant consistency with previous studies of glycosylation changes in
haptoglobin, suggesting that the middle-up-down glycoproteome approach is sufficient to
monitor haptoglobin glycosylation.

4. Conclusions

Glycosylation is of particular interest in the field of diagnostic biomarker research
because it is highly sensitive to various diseases, especially cancer. In particular, research
and applications related to glycosylation are accelerating with the advancement of mass
spectrometry, a high-sensitivity and high-resolution instrument. Of the various glycoform
characterization methods, in-depth information of glycosylation can be obtained from
site-specific glycopeptide profiling using tandem MS, but multi-step sample preparation
and complex data interpretation make it difficult to expand into clinical use. We developed
a middle-up-down glycoproteome platform that can rapidly and accurately obtain the
microheterogeneity and macroheterogeneity of a targeted glycoprotein without tandem
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MS analysis. Based on this platform, we were able to discover potential glycopeptide
biomarkers with high sensitivity and high specificity that exhibit high AUC (0.783 to 0.901)
at the molecular level required for actual clinical diagnosis. In addition, the biological
association between specific glycosylation sites of haptoglobin and gastric cancer could be
identified through glycopeptide grouping. This glycoproteome assay is a highly effective
non-invasive platform that can be applied to the analysis of haptoglobin, as well as other
glycoproteins with multiple glycosylation sites. Although marker validation using large-
scale samples is required, this new analysis platform is expected to be widely used for
biomarker discovery and clinical diagnosis based on a variety of targeted glycoprotein
associated with diseases. In addition, the understanding of disease through biological
association with changes in the glycosite of protein could be utilized for glycosylation-based
drug development and personalized medicine.
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10.3390/jpm11060575/s1, Figure S1: Pearson correlation coefficient (R) of three glycopeptides of
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GP3, Table S1: Clinical information of samples involved in this study, Table S2: The list of 41 N-
glycans of haptoglobin used for construction of in-silico glycopeptide library, Table S3: The list
of in silico haptoglobin glycopeptide library, Table S4: A complete list of glycopeptides found in
serum haptoglobin.
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Abstract: Early diagnosis is essential for improving the prognosis and survival of patients with
hepatocellular carcinoma (HCC). This study aims to explore the clinical value of lipoprotein sub-
fractions in the diagnosis of hepatitis B virus (HBV)-related HCC. Lipoprotein subfractions were
detected by 1H-NMR spectroscopy, and the pattern-recognition method and binary logistic regres-
sion were performed to classify distinct serum profiles and construct prediction models for HCC
diagnosis. Differentially expressed proteins associated with lipid metabolism were detected by
LC-MS/MS, and the potential prognostic significance of the mRNA expression was evaluated by
Kaplan–Meier survival analysis. The diagnostic panel constructed from the serum particle number
of very-low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL), and low-density
lipoprotein (LDL-1~LDL-6) achieved higher accuracy for the diagnosis of HBV-related HCC and
HBV-related benign liver disease (LD) than that constructed from serum alpha-fetoprotein (AFP)
alone in the training set (AUC: 0.850 vs. AUC: 0.831) and validation set (AUC: 0.926 vs. AUC: 0.833).
Furthermore, the panel achieved good diagnostic performance in distinguishing AFP-negative HCC
from AFP-negative LD (AUC: 0.773). We also found that lipoprotein lipase (LPL) transcript levels
showed a significant increase in cancerous tissue and that high expression was significantly pos-
itively correlated with the poor prognosis of patients. Our research provides new insight for the
development of diagnostic biomarkers for HCC, and abnormal lipid metabolism and LPL-mediated
abnormal serum lipoprotein metabolism may be important factors in promoting HCC development.

Keywords: lipidomics; 1H-NMR; LC-MS/MS; lipoprotein subfractions; lipoprotein lipase; cancer
biomarkers; hepatocellular carcinoma

1. Introduction

Hepatocellular carcinoma (HCC) is increasingly recognized as a serious, worldwide
public health concern. It is the sixth-most common malignancy and the fourth leading cause
of cancer death in the world, with approximately 841,000 new cases and 782,000 deaths
worldwide each year. The most common risk factors for HCC are chronic infection with
hepatitis B virus (HBV) and hepatitis C virus (HCV); in the vast majority of cases, HCC
occurs in individuals with cirrhosis caused by chronic infection with HBV in China [1].
China has the largest liver disease patient population in the world; according to a statistical
study of Chinese HCC patients, HBV-related cirrhosis is the most important cause of HCC
in China, and more than 80% of HCC patients have varying degrees of HBV infection [2].

Unfortunately, due to a lack of typical clinical manifestations, HCC is difficult to
diagnose in the early stage. It has been reported that the overall median survival time of
advanced-stage HCC is only 6–10 months; however, for early-stage HCC, surgical treat-
ments such as radiofrequency ablation, selective hepatectomy, and liver transplantation
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can increase the 5-year survival rate to 60–80% [3]. Therefore, early diagnosis and timely
surgical treatment are crucial for better patient outcomes. Pathological examination is
the gold standard for diagnosing HCC; however, this method is invasive and is accompa-
nied by risks of bleeding and needle track seeding, which are not recommended before
surgery [4]. To date, alpha-fetoprotein (AFP) is the most commonly used serological test
for the early diagnosis and monitoring of the development of HCC; however, owing to a
lack of sensitivity and specificity, the application of AFP in the diagnosis and prognosis
monitoring of HCC is limited [5].

Metabolic reprogramming is recognized as a hallmark in cancer development. Tumor
cells must adjust their own metabolic states to maintain excessive proliferation rates;
compared with normal cells, the metabolic activities of tumor cells are more vigorous,
increasing tumor cell growth and invasion [6]. The associated changes in the metabolite
network structure of tumor cells indicate that cancer biomarkers should not be assessed
with regard to changes in one or several biochemical indicators but rather to changes
in a set of metabolite indicators [7]. The emergence of metabolomics, a discipline that
studies the small-molecule intermediates of metabolism in organisms at a certain time [8],
has promoted the study of cancer metabolism. As an important branch of metabolomics,
lipidomics describes spatial and temporal alterations in the content and composition
of different lipid molecules and serves as a powerful tool in the development of lipid
biomarkers for studying disease states [9]. Lipidomics has an extremely important position
in cancer research; through the high-throughput detection and quantitative analysis of
biological fluids (blood, urine, saliva, and fecal extracts), lipidomics can be used to study
the mechanism of disease occurrence and development [10].

1H-nuclear magnetic resonance (1H-NMR) is one of the most commonly used high-
throughput platforms in metabolomics research. 1H-NMR spectroscopy provides an
alternative method of measuring lipoprotein levels in serum, and quantitative detection by
1H-NMR can determine the quality, particle number, and particle size of lipoprotein subfrac-
tions by detecting the terminal methyl protons of phospholipids, unesterified cholesterols,
cholesterol esters and triglycerides [11]. As potential risk factors for HCC development,
hepatitis and liver cirrhosis are often associated with serum lipid and lipoprotein aber-
rations, and a number of reports have illustrated that the serum levels of many kinds of
lipids, lipoproteins and apolipoproteins show obvious changes in HCC patients [12,13].
Lipoprotein particle distributions have great potential for helping improve the diagnostics
of metabolic disorders [14]; however, studies estimating subfractions of lipoproteins have
been restricted to patients with cardiovascular disease and are rarely extended to the
exploration of cancer research [15–17]. Previous serum and urine metabolomics studies
have illustrated that compared with those of patients with cirrhosis or healthy controls,
several small-molecule metabolites, such as glucose, glutamine, citrate, creatine, creatinine,
carnitine, glycine, and acetate, show remarkable changes in HCC patients [18–21]. How-
ever, few studies have focused on lipid metabolism disturbances and serum lipoprotein
subfraction changes in HBV-related HCC patients. Therefore, this study aims to develop
novel diagnostic lipid biomarkers of HBV-related HCC.

In this article, we utilized 1H-NMR to detect collected serum samples and performed
multivariable and univariable statistical analysis to study the serum lipoprotein subfraction
in patients with HBV-related HCC, patients with benign liver disease (including HBV-
related hepatitis and HBV-related cirrhosis) and healthy patients. The aim of our study
was to identify serum lipidome-based biomarkers as a diagnostic multivariable model
for early-stage HCC. Furthermore, we obtained paired cancerous tissues and matched
paracancerous tissues from HCC patients to search for differentially expressed proteins
involved in lipid metabolism and explore the association with prognosis in patients with
HBV-related HCC.

396



J. Pers. Med. 2021, 11, 1143

2. Results

2.1. Clinical Characteristics

The demographic and clinical characteristics of the study participants with HCC
and LD are summarized in Table 1. In the training set, the serum levels of AFP, alanine
transaminase (ALT), aspartate transaminase (AST), and total protein (TP) were significantly
different between the HCC and LD groups (p < 0.05). In the validation set, compared with
those of patients with LD, the serum AFP levels of the HCC patients were significantly
different (p < 0.05). The clinical characteristics of the normal controls (NCs) and AFP-
negative patients are summarized in Tables S2 and S3.

Table 1. Clinical characteristics of the HCC group and LD group.

Training Set Validation Set

Characteristics HCC Liver Disease p-Value HCC Liver Disease p-Value

n 51 37 24 17
Age (years) 58 (33.00 to 71.00) 59 (43.00 to 66.00) 0.889 60.50 (51.75 to 66.00) 49.00 (45.50 to 58.00) 0.010

Sex (male/female) 37/14 21/16 0.123 16/8 8/9 0.209
AFP (ng/mL) 23.88 (4.80 to 126.20) 2.69 (1.68 to 4.64) <0.001 60.50 (3.42 to 481.00) 2.66 (1.98 to 3.55) <0.001
ALT (IU/L) 36.00 (22.00 to 48.00) 25.00 (16.00 to 36.50) 0.018 24.00 (15.25 to 31.75) 21.00 (14.00 to 35.00) 0.937
AST (IU/L) 37.00 (26.00 to 59.00) 28.00 (19.00 to 36.50) 0.002 29.00 (21.50 to 38.50) 21.00 (16.00 to 29.00) 0.095
ALB (g/L) 41.60 (39.40 to 45.50) 43.50 (37.50 to 46.95) 0.422 42.55 (36.50 to 45.08) 44.90 (41.45 to 47.60) 0.058
TP (g/L) 74.50 (70.90 to 77.20) 68.40 (53.50 to 77.65) 0.016 70.45 (64.60 to 75.93) 74.40 (66.25 to 76.25) 0.404

TBIL (µmmol/L) 16.50 (13.90 to 23.60) 14.50 (11.05 to 18.63) 0.154 14.70 (11.08 to 20.98) 12.40 (9.80 to 18.25) 0.375
CRE (µmol/L) 61.00 (53.00 to 69.00) 62.00 (52.00 to 79.50) 0.244 61.50 (56.00 to 78.00) 60.00 (51.50 to 68.00) 0.255

BCLC stage

stage 0 9 / 1 /
stage A 42 / 23 /

Child-Pugh class

A 46 33 22 16
B-C 5 4 2 1

Tumor diameter
(cm)

≤3 25 / 10 /
>3 26 / 14 /

p-values: Mann–Whitney U test for continuous variables and Pearson’s chi-square test for categorical variables. Continuous data are
presented as medians with interquartile ranges (IQRs). Abbreviations: AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST,
aspartate transaminase; ALB, albumin; TP, total protein; TBIL, total bilirubin; CRE, creatinine.

2.2. NMR Spectroscopic Multivariable Analysis

For comprehensive observation of the lipoprotein subfractions, PCA and PLS-DA
were employed to explore the intrinsic differences between different groups. The score plot
of PCA and PLS-DA (Figure S2) showed that lipoprotein subfractions of the three groups
could be distinguished, and the model parameters of PCA (R2X = 0.99, Q2 = 0.944) and
PLS-DA (R2Y = 0.447, Q2Y = 0.402, CV-ANOVA p < 0.0001) indicated that the constructed
models have favorable robustness.

To further filter the variables, the 1H-NMR serum spectra of the patients with HCC
and NCs were discriminated with the OPLS-DA model, as shown in a score plot (Figure 1a),
which illustrates that this model can significantly discriminate between HCC patients and
NCs. The predictive ability was calculated through 7-fold cross-validation (R2Y = 0.843,
Q2Y = 0.821, CV-ANOVA p < 0.0001), suggesting that the model possessed a satisfac-
tory fit with good predictive power. The loading plot indicated a brief overview of the
contribution of each lipoprotein subfraction to the OPLS-DA model (Figure 1b), and the
variables responsible for significantly contributing to the separation of the two groups are
indicated in the corresponding S-plot (Figure 1c) and S-line plot (Figure 1d). Using the
variable importance in projection (VIP) score (>1.0) from the OPLS-DA model, a total of
17 lipoprotein subfractions were selected (Figure 1e). To further assess the robustness of
the constructed OPLS-DA model and prevent it from overfitting, a 999-permutation test
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(Figure 1f) was performed, and the results (intercepts: R2 = 0.138, Q2 = −0.313) indicated
that this OPLS-DA model had high discriminability.

−

 

Figure 1. The serum lipidomic profile discriminates between HCC patients and normal controls (NCs). (a) Score plot
was generated by the OPLS-DA model. The horizontal coordinate (1.00484 * t [1]) represents the score value of the
main component, and the vertical coordinate (1.22277 * to [1]) represents the score value of the orthogonal component.
(b) Loading plot was generated by the OPLS-DA model. The horizontal coordinate (0.99337 * pq [1]) represents the predicted
principal component, and the vertical coordinate (0.817815 * poso [1]) represents the orthogonal principal components.
The corresponding (c) S-plot and (d) S-line plot for the model displaying the discriminant variables and the associated
predictive loadings. The red circles indicate selected lipoprotein subfractions with VIP scores >1.0, and other variables
with no difference are referred to as green circles in (b,c). (e) The selected lipoprotein subfractions with VIP scores >1.0.
(f) Permutation test (999 times) of the OPLS-DA model.

Then, we applied another OPLS-DA model to distinguish HCC patients from LD
patients, and the score plot indicated that the group of HCC patients could be excellently
separated from the LD patient group (Figure 2a). A loading plot (Figure 2b) illustrated
the contribution of each lipoprotein subfraction in distinguishing HCC patients from
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LD patients, and the S-plot (Figure 2c) and S-line plot (Figure 2d) showed the variables
significantly contributing to the separation. According to the VIP score (>1.0), a total of
15 lipoprotein subfractions were selected (Figure 2e). The results of the internal validation
(R2Y = 0.530, Q2Y = 0.343, CV-ANOVA p < 0.001) and the results of the permutation test
(intercepts: R2 = 0.004, Q2 = −0.158) suggested that the constructed OPLS-DA model has
favorable robustness and could be used in the next step of analysis (Figure 2f). The relevant
lipoprotein subfractions and their statistical details are listed in Table 2.

−

 

Figure 2. The serum lipidomic profile discriminates between HCC patients and liver disease (LD). (a) Score plot was
generated by the OPLS-DA model. The horizontal coordinate (1.00795 * t [1]) represents the score value of the main
component, and the vertical coordinate (1.27104 * to [1]) represents the score value of the orthogonal component.
(b) Loading plot was generated by the OPLS-DA model. The horizontal coordinate (0.96422 * pq [1]) represents the
predicted principal component, and the vertical coordinate (0.786795 * poso [1]) represents the orthogonal principal compo-
nents. The corresponding (c) S-plot and (d) S-line plot for the model displaying the discriminant variables and the associated
predictive loadings. The red circles indicate selected lipoprotein subfractions with VIP scores >1.0, and other variables
with no difference are referred to as green circles in (b,c). (e) The selected lipoprotein subfractions with VIP scores >1.0.
(f) Permutation test (999 times) of the OPLS-DA model.
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Table 2. Summary of the lipoprotein subfraction statistical data from OPLS-DA analysis from HCC patients, liver disease
patients, and normal controls.

HCC vs. LD HCC vs. NCs

Index Description Unit VIP p (corr) VIP p (corr) p-Value

TPCH Total Cholesterol mg/dL 1.045 −0.026 1.030 0.165 0.596
HDCH HDL-C mg/dL 0.414 0.120 1.032 0.703 2.931 × 10−14

TPA1 Apo-A1 mg/dL 1.089 0.202 1.146 0.631 3.742 × 10−10

TBPN Total Particle Number nmol/L 3.451 −0.006 3.512 0.107 0.775
VLPN VLDL Particle Number nmol/L 1.083 0.014 1.329 0.310 0.003
IDPN IDL Particle Number nmol/L 2.514 −0.347 1.379 0.277 6.318 × 10−5

LDPN LDL Particle Number nmol/L 3.465 0.069 2.772 −0.016 0.339
L1PN LDL-1 Particle Number nmol/L 3.743 −0.310 3.024 −0.512 1.399 × 10−9

L2PN LDL-2 Particle Number nmol/L 2.612 −0.209 2.118 −0.511 1.712 × 10−4

L3PN LDL-3 Particle Number nmol/L 1.451 −0.032 3.144 −0.838 <0.001
L4PN LDL-4 Particle Number nmol/L 2.708 0.221 1.645 −0.443 2.148 × 10−10

L5PN LDL-5 Particle Number nmol/L 3.232 0.296 2.737 0.643 5.121 × 10−8

L6PN LDL-6 Particle Number nmol/L 2.971 0.218 5.050 0.934 <0.001
HDA1 HDL Apo-A1 mg/dL 1.037 0.167 1.227 0.644 1.538 × 10−11

L1CH LDL-1 Cholesterol mg/dL 1.201 −0.316 0.993 −0.563 2.456 × 10−9

L6CH LDL-6 Cholesterol mg/dL 0.942 0.227 1.324 0.936 <0.001
L6AB LDL-6 Apo-B mg/dL 0.802 0.218 1.184 0.934 <0.001
H1A1 HDL-1 Apo-A1 mg/dL 1.229 0.230 0.146 −0.271 0.011
H4A1 HDL-4 Apo-A1 mg/dL 0.811 −0.083 1.306 0.773 <0.001

The characteristics of significantly different variables in the OPLS-DA model. p (corr) is the OPLS-DA loading scaled as a correlation
coefficient. The significance of the values was assessed using the Kruskal–Wallis test. VIP, variable importance in projection; HCC,
hepatocellular carcinoma; LD, liver disease; NCs, normal controls.

Next, the PCA and PLS-DA analysis of the serum AFP-negative patients showed that
lipoprotein subfractions of the three groups could be distinguished (Figure S3), with param-
eters of PCA (R2X = 0.992, Q2 = 0.947) and PLS-DA (R2Y = 0.430, Q2Y = 0.390, CV-ANOVA
p < 0.0001). The 1H-NMR serum spectra of the patients with AFP-negative HCC and NCs
were discriminated with the OPLS-DA model, as shown in a score plot (Figure 3a), and the
predictive ability was calculated through 7-fold cross-validation (R2Y = 0.848, Q2Y = 0.827,
CV-ANOVA p < 0.0001). The loading plot (Figure 3b) illustrated the contribution of each
lipoprotein subfraction in distinguishing AFP-negative HCC patients from NCs, and the
S-plot (Figure 3c) and S-line plot (Figure 3d) showed the variables significantly contributing
to the separation. Using the VIP score (>1.0) from the OPLS-DA model, a total of 18 lipopro-
tein subfractions were selected (Figure 3e). Meanwhile, the results of the permutation test
(intercepts: R2 = 0.00827, Q2 = −0.167, Figure 3f) suggested that the constructed OPLS-DA
models have favorable robustness.

Next, we applied another OPLS-DA model to distinguish AFP-negative HCC patients
from AFP-negative LD patients (Figure 4a). The loading plot (Figure 4b) illustrated the
contribution of each lipoprotein subfraction in distinguishing these two groups, and the S-
plot (Figure 4c) and S-line plot (Figure 4d) showed the variables significantly contributing
to the separation. According to the VIP score (>1.0) and S-line plot (Figure 4e) of the
OPLS-DA model, a total of 15 lipoprotein subfractions were selected. The results of the
internal validation (R2Y = 0.142, Q2Y = 0.0893, CV-ANOVA p = 0.057) and the results of
the permutation test (intercepts: R2 = 0.058, Q2 = −0.0842) suggested that the constructed
OPLS-DA model has favorable robustness and could be used in the next step of analysis
(Figure 4f). The relevant lipoprotein subfractions and their statistical details are listed in
Table 3.
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Figure 3. The serum lipidomic profile discriminates between AFP-negative HCC patients and NCs. (a) Score plot
was generated by the OPLS-DA model. The horizontal coordinate (1.00453 * t [1]) represents the score value of the
main component, and the vertical coordinate (1.2866 * to [1]) represents the score value of the orthogonal component.
(b) Loading plot was generated by the OPLS-DA model. The horizontal coordinate (0.993661 * pq [1]) represents the
predicted principal component, and the vertical coordinate (0.777245 * poso [1]) represents the orthogonal principal compo-
nents. The corresponding (c) S-plot and (d) S-line plot for the model displaying the discriminant variables and the associated
predictive loadings. The red circles indicate selected lipoprotein subfractions with VIP scores >1.0, and other variables
with no difference are referred to as green circles in (b,c). (e) The selected lipoprotein subfractions with VIP scores >1.0.
(f) Permutation test (999 times) of the OPLS-DA model.
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Figure 4. The serum lipidomic profile discriminates between AFP-negative HCC patients and AFP-negative LD patients.
(a) Score plot was generated by the OPLS-DA model. The horizontal coordinate (1.03844 * t [1]) represents the score value of
the main component, and the vertical coordinate (1.12386 * to [1]) represents the score value of the orthogonal component.
(b) Loading plot was generated by the OPLS-DA model. The horizontal coordinate (0.946694 * pq [1]) represents the predicted
principal component, and the vertical coordinate (0.889789 * poso [1]) represents the orthogonal principal components.
The corresponding (c) S-plot and (d) S-line plot for the model displaying the discriminant variables and the associated
predictive loadings. The red circles indicate selected lipoprotein subfractions with VIP scores >1.0, and other variables
with no difference are referred to as green circles in (b,c). (e) The selected lipoprotein subfractions with VIP scores >1.0.
(f) Permutation test (999 times) of the OPLS-DA model.
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Table 3. Summary of the lipoprotein subfraction statistical data from OPLS-DA analysis from AFP (-) HCC patients, AFP (-)
liver disease (LD) patients, and normal controls (NCs).

AFP (-) HCC vs. AFP (-) LD AFP (-) HCC vs. NCs

Index Description Unit VIP p (corr) VIP p (corr) p-Value

TPCH Total Cholesterol mg/dL 1.160 0.105 0.836 0.281 0.463
TPTG Total Triglycerides mg/dL 1.456 −0.450 1.047 0.060 0.075
LDCH LDL-C mg/dL 1.274 0.373 0.204 −0.013 0.214
HDCH HDL-C mg/dL 0.414 0.261 1.207 0.763 <0.001
TPA1 Apo-A1 mg/dL 0.690 0.294 1.307 0.655 5.091 × 10−14

TBPN Total Particle Number nmol/L 3.986 0.138 2.477 0.163 0.594
VLPN VLDL Particle Number nmol/L 1.794 −0.490 1.850 0.271 0.005
IDPN IDL Particle Number nmol/L 1.919 −0.537 2.066 0.309 1.076 × 10−5

LDPN LDL Particle Number nmol/L 4.282 0.350 0.463 0.035 0.084
L1PN LDL-1 Particle Number nmol/L 3.702 −0.747 3.206 −0.422 9.240 × 10−8

L2PN LDL-2 Particle Number nmol/L 1.467 −0.354 1.715 −0.465 1.573 × 10−4

L3PN LDL-3 Particle Number nmol/L 1.137 −0.110 3.224 −0.849 <0.001
L4PN LDL-4 Particle Number nmol/L 2.181 0.382 2.018 −0.511 1.325 × 10−11

L5PN LDL-5 Particle Number nmol/L 3.338 0.746 2.940 0.610 7.372 × 10−9

L6PN LDL-6 Particle Number nmol/L 3.419 0.685 5.325 0.939 <0.001
HDA1 HDL Apo-A1 mg/dL 0.703 0.298 1.418 0.675 4.663 × 10−14

LDAB LDL Apo-B mg/dL 1.004 0.350 0.109 0.035 0.084
L1CH LDL-1 Cholesterol mg/dL 1.149 −0.738 1.013 −0.475 1.382 × 10−8

L6CH LDL-6 Cholesterol mg/dL 0.942 0.717 1.398 0.930 <0.001
L6PL LDL-6 Phospholipids mg/dL 0.709 0.757 1.006 0.932 <0.001
L6AB LDL-6 Apo-B mg/dL 0.802 0.685 1.249 0.939 <0.001
H4A1 HDL-4 Apo-A1 mg/dL 0.811 0.421 1.335 0.760 <0.001

The characteristics of significantly different variables in the OPLS-DA model. p (corr) is the OPLS-DA loading scaled as a correlation
coefficient. The significance of the values was assessed using the Kruskal–Wallis test. VIP, variable importance in projection; AFP (-) HCC,
AFP-negative hepatocellular carcinoma; AFP (-) LD, AFP-negative liver disease; NCs, normal controls.

To further determine which lipoprotein subfractions could be used as biomarkers for
HCC diagnosis, the common variables in these OPLS-DA models (VIP scores > 1.0 and
p-values < 0.05) were selected for the subsequent analysis, including VLPN, IDPN, and
L1-L6PN (Table 4 and Figure 5). Detailed information on all lipoprotein subfractions is
listed in Tables S4 and S5. The absolute numbers of each lipoprotein subfraction are listed
in Table S6.

Table 4. Changes in relative levels of lipoprotein subfractions in serum samples from HCC patients, liver disease patients
and normal controls.

HCC vs. LD HCC vs. NCs
AFP (-) HCC vs.

AFP (-) LD
AFP (-) HCC vs.

NCs

Index VIP Trend VIP Trend p-Value VIP Trend VIP Trend p-Value

VLPN 1.083 up 1.329 down 3.023 × 10−3 1.794 up 1.850 down 4.733 × 10−3

IDPN 2.514 up 1.379 down 6.318 × 10−5 1.919 up 2.066 down 1.076 × 10−5

L1PN 3.743 up 3.024 up 1.398 × 10−8 3.702 up 3.206 up 9.240 × 10−8

L2PN 2.613 up 2.118 up 1.712 × 10−4 1.467 up 1.715 up 1.573 × 10−4

L3PN 1.451 down 3.144 up <0.001 1.137 down 3.224 up <0.001
L4PN 2.708 down 1.645 up 2.148 × 10−10 2.181 down 2.018 up 1.325 × 10−11

L5PN 3.232 down 2.737 down 5.121 × 10−8 3.338 down 2.940 down 7.372 × 10−9

L6PN 2.971 down 5.050 down <0.001 3.419 down 5.325 down <0.001

The common variables between the two constructed OPLS-DA models were selected if their VIP scores > 1.0 and univariable p-values < 0.05.
HCC, hepatocellular carcinoma; NCs, normal controls; VIP, variable importance in projection.
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Figure 5. Comparisons between the groups of diagnostic biomarkers. Histograms indicate the median, upper, and lower
quartiles of the eight lipoprotein particle numbers used to construct the diagnostic panel. The significance of the values was
assessed using the Kruskal–Wallis test (* p < 0.05, ** p < 0.001, *** p < 0.0001). HCC, all HCC patients in the training set; LD,
all liver disease patients in the training set; AFP (-) HCC, serum AFP-negative expression HCC patients; AFP (-) LD, serum
AFP-negative expression liver disease patients; NCs, normal controls.

2.3. Biomarker Selection and Validation of the Diagnostic Model

To judge the diagnostic performance of selected variables, binary logistic regression
analysis was employed to construct the best diagnostic model. Meanwhile, the correlation
analysis showed that serum AFP levels had no significant correlation with the selected
variables, indicating that lipoprotein particles and AFP are independent of each other
(Figure S4). Meanwhile, we analyzed the correlation of selected variables with clinical
features by the nonparametric Spearman correlation test. According to the results, L1PN,
L2PN, and L3PN were strongly positively associated with age (the range of Spearman’s rank
correlation coefficient was from 0.3 to 0.5, p-value < 0.05) and negatively associated with
male gender (the range of Spearman’s rank correlation coefficient was from −0.3 to −0.5,
p-value < 0.05). Furthermore, VLPN was strongly positively associated with tumor size
(Spearman’s coefficient r = 0.326, p = 0.004) and negatively associated with liver cirrhosis
(Spearman’s coefficient r = −0.372, p = 0.001). IDPN was strongly positively associated with
tumor size (Spearman’s coefficient r = 0.306, p = 0.008). The results are shown in Figure S5
and Table S7. According to the results of ROC curve analysis, the panel composed of VLPN,
IDPN, and L1-L6PN reached excellent diagnostic performance in discriminating HCC
patients from NCs with an AUC of 1.000 (95% CI: 0.964–1.000) (Figure 6a). Furthermore,
the panel showed better diagnostic performance than serum AFP alone in discriminating
HCC patients from LD patients, as indicated by an AUC of 0.850 (95% CI: 0.758–0.917) vs.
0.831 (95% CI: 0.736–0.902), respectively, in the training set, and combining the lipidomic
biomarkers with AFP increased the AUC to 0.861 (95% CI: 0.771–0.926) (Figure 6b).
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Figure 6. ROC curve analysis following binary logistic regression. The diagnostic performance of the lipidomic biomarker
panel in discriminating HCC from (a) normal controls (NCs) in the training set. Comparison of the diagnostic performance
of the lipidomic biomarker panel with that of serum alpha-fetoprotein (AFP) and their combination in discriminating HCC
from liver disease (LD) in the (b) training set and (c) validation set. The ROC curve of the lipidomic biomarker panel also
showed excellent discriminability in discriminating AFP-negative HCC patients from (d) NCs and (e) AFP-negative LD
patients. The red-, green-, and blue-colored lines indicate lipid biomarkers, AFP, and lipid biomarkers with AFP, respectively.

The diagnostic performance of the panel was further confirmed in the external valida-
tion set. The diagnostic accuracy of this panel in the validation cohort also demonstrated
a superior performance to serum AFP alone (AUC: 0.926; 95% CI: 0.800–0.984 vs. AUC:
0.833; 95% CI: 0.684–0.931), and their combination increased the AUC to 1.000 (95% CI:
0.914–1.000) (Figure 6c). Meanwhile, this panel also achieved good diagnostic accuracy
in discriminating AFP-negative HCC patients from NCs and AFP-negative LD patients,
with AUCs of 1.000 (0.964–1.000) (Figure 6d) and 0.773 (0.680–0.850) (Figure 6e), respec-
tively. The ROC results are shown in Table 5. Furthermore, to investigate whether the
diagnostic panel can more realistically reflect the diagnostic approach in regular patient
care, we unified LD patients and NCs into the non-HCC group (n = 104) and performed
a differential diagnosis analysis of the non-HCC group versus the HCC group (n = 75).
According to binary logistic regression and ROC curve analysis, the panel constructed by
these eight indicators achieved good diagnostic accuracy (AUC: 0.842; 95% CI: 0.780–0.892).
Meanwhile, we unified AFP-negative LD patients and NCs into the AFP (-) non-HCC
group (n = 100) and compared them with AFP-negative HCC patients (n = 52). The panel
constructed by these eight indicators also achieved good diagnostic accuracy (AUC: 0.837;
95% CI: 0.769–0.892) in determining serum AFP-negative expression populations. The ROC
results are shown in Table S8 and Figure S6.

These results indicate that the panel constructed by VLPN, IDPN, and L1-L6PN has
strong potential in the diagnosis of HBV-related HCC. 1H-NMR-based quantitative analysis
of serum lipoprotein subfractions thus has potential in clinical applications for discovering
specific novel diagnostic biomarkers of HBV-related HCC.
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Table 5. Test performance characteristics for the signature panel.

Experiment Set Group Dataset AUC (95% CI) Sensitivity (%) Specificity (%)

Training set HCC vs. LD AFP 0.831 (0.736 to 0.902) 74.51 81.08
panel 0.850 (0.758 to 0.917) 88.24 72.97

Panel + AFP 0.861 (0.771 to 0.926) 88.24 75.68
HCC vs. NCs panel 1.000 (0.964 to 1.000) 100.00 100.00

Validation set HCC vs. LD AFP 0.833 (0.684 to 0.931) 66.67 100.00
panel 0.926 (0.800 to 0.984) 83.33 100.00

Panel + AFP 1.000 (0.914 to 1.000) 100.00 100.00

AFP-negative HCC vs. LD panel 0.773 (0.680 to 0.850) 69.23 76.00
HCC vs. NCs panel 1.000 (0.964 to 1.000) 100.00 100.00

AUC, area under the receiver operating curve; CI, confidence interval; HCC, hepatocellular carcinoma; LD, liver disease; NCs, normal controls.

2.4. Lipoprotein Lipase (LPL) Is Upregulated in HCC and Associated with Poor Prognosis

VLDL is hydrolyzed by LPL to generate smaller denser particles and subsequently IDL
in the peripheral circulation, which is converted to LDL by further hydrolysis. Our results
showed that the serum VLDL and IDL levels of HCC patients decreased significantly, while
the serum LDL1, LDL2, LDL3, and LDL4 levels of HCC patients increased significantly.
The reason for this phenomenon may be related to the increased secretion of LPL into
the peripheral blood by tumor cells in HCC patients. We analyzed the LPL transcript
level data of HCC patients in the TCGA database and found that LPL mRNA expression
level in cancerous tissues of HCC patients showed a significant increase compared with
paracancerous tissues (Figure 7a), and the high expression of LPL showed a significant pos-
itive correlation with the poor prognosis of patients (Figure 7b), suggesting that abnormal
lipoprotein metabolism due to upregulation of LPL mRNA expression in liver tissues may
be related to the development of HCC.

 

Figure 7. LPL levels are upregulated in HCC tissues and associated with poor prognosis. (a) LPL mRNA levels in HCC
(red circle) and adjacent normal (blue square) tissues in the TCGA-LIHC dataset. The p-value was assessed using the
Mann–Whitney U test (*** p < 0.0001). (b) Overall survival analysis was plotted using the TCGA database at the threshold
p-value of < 0.05.
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2.5. Identification of Differentially Expressed Protein and Lipid Metabolism-Related Pathways

Through LC-MS/MS platform analysis, a total of 5393 proteins were identified in
eight cancerous and paracancerous tissue samples. By employing an FDR adjusted p-value
of 0.01, a fold-change value >1.5 or <0.5 and a p-value < 0.05 as cutoff values, a total of
11 differentially expressed proteins (DEPs) associated with lipid metabolism were detected.
Among these, four proteins were significantly upregulated in HCC tissue, including ACSL4,
MBOA7, ACLY, and GPDM. In contrast, seven proteins were downregulated, including
GPDA, ACOX2, ECHM, ACADS, CP2C9, H17B6, and CP39A (Figures S7 and S8). Through
further pathway enrichment analysis, we found that the genes that regulate these dif-
ferential proteins were highly enriched in fatty acid biosynthesis, glycerophospholipid
metabolism, primary bile acid biosynthesis, arachidonic acid metabolism and steroid
hormone biosynthesis (Figure S9 and Table S9). Moreover, we evaluated the potential
prognostic significance of the mRNA expression of the genes encoding these proteins using
data from the GEPIA database (http://gepia2.cancer-pku.cn/ accessed on 23 August 2021).
Kaplan–Meier survival analysis revealed that high expression of MBOAT7 and GPD2 and
low expression of ACADS were associated with a poor prognosis (Figure S10).

3. Discussion

A definite differential diagnosis between early-stage HBV-related HCC and HBV-
related benign LDs, such as HBV-related hepatitis and HBV-related cirrhosis, is often
difficult due to a lack of obvious clinical, serological, or radiological evidence. At present,
AFP remains a widely used tumor-specific serological biomarker in the diagnosis and man-
agement of HCC. However, high AFP expression may be detected in certain pathological
conditions, such as deterioration of chronic liver disease, pregnancy, and the presence of
germ cell tumors or gastric cancer [5].

1H-NMR spectroscopy is the most commonly used detection platform in the appli-
cation of lipidomics; despite its lower sensitivity, NMR spectroscopy has several unique
advantages over mass spectrometry (MS). 1H-NMR is a noninvasive testing technology that
has excellent cross-laboratory reproducibility and does not require elaborate sample prepa-
ration or fractionation [8,22]. Routine lipid detections (such as the tests of serum levels of
total cholesterol (TC), triglycerides (TG), LDL cholesterol (LDL-C), and HDL cholesterol
(HDL-C)) are conventionally used in the clinical analysis of circulating lipid metabolites.
1H-NMR spectroscopy is a rapid, alternative method for quantifying lipoproteins; through
the detection of amplitudes of spectral signals emitted by lipoprotein subfractions, one can
obtain a direct indication of subclass particle concentration [11]. In this study, we utilized
a 1H-NMR high-throughput platform to detect serum lipoprotein subfractions in HBV-
related HCC patients with BCLC stage 0-A, at-risk populations (HBV-related hepatitis and
cirrhosis) and a healthy control population. In the selection of biomarkers and validation
of the diagnosis model, OPLS-DA showed a distinct separation of HCC patients from
benign LD patients and NCs. Furthermore, the OPLS-DA model achieved good accuracy
for HCC patients relative to normal controls. However, in the OPLS-DA model constructed
by the HCC and LD subjects, the Q2 value failed to reach the desired cutoff level, which
might be because of the fewer differences in the metabolic patterns due to the similarity
of liver function status between early-stage HCC and LD patients. After multivariable
and univariable statistical analyses, a total of eight lipoprotein particle numbers, including
VLPN, IDPN, L1PN, L2PN, L3PN, L4PN, L5PN, and L6PN, were selected to build the
diagnostic panel. Compared with the serum AFP level alone, the panel constructed from
the different lipoprotein particle numbers achieved a higher accuracy in discriminating
HCC in the training set and validation set than AFP alone. We also found that the panel
achieved excellent diagnostic performance in discriminating AFP-negative HCC patients
from AFP-negative LD patients and NCs.

The liver is the major organ of energy metabolism and plays a central role in lipopro-
tein metabolism by regulating the balance between β-oxidation and lipid synthesis [23].
Most serum endogenous lipids and lipoproteins are synthesized in the liver. The main
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function of lipoproteins is to transport lipids between cells, which are critical in maintain-
ing energy homeostasis as well as the pathogenesis of atherosclerosis [24]. Under normal
physiological conditions, the liver ensures homeostasis of lipid and lipoprotein metabolism,
which depends on the structural and functional integrity of hepatocytes [25,26]. However,
due to their increased demand for lipids, tumor cells show increased extracellular lipid
uptake and a high de novo lipid synthesis rate, which is necessary for HCC tumorigenesis,
survival, and progression [27]. De novo lipogenesis starts with the conversion of citrate to
oxaloacetate and acetyl-coenzyme A (CoA), which is mediated by ATP-citrate lyase (en-
coded by ACLY) [28]. Acetyl-CoA is converted to malonyl-CoA via acetyl-CoA carboxylase
(ACC) and then to saturated fatty acids (FAs) through the action of fatty acid synthase
(encoded by FASN) [28]. HCC is typically characterized by the aberrant overexpression of
enzymes in this process, such as ACLY, ACC, and FASN [28,29]. The mass spectrometry
results showed that ACLY and MBOA7 were significantly elevated in HCC patients’ can-
cerous tissues, indicating that the upregulation of de novo lipid synthesis was associated
with HCC tumorigenesis [30]. In particular, we noted that the level of long-chain ACSL4
expression in HCC cancerous tissue was significantly higher than that in paracancerous
tissue (fold change = 15.59), and members of the ACSL family are key enzymes involved
in the initial steps of FA metabolism, converting FA to fatty acyl-CoA esters [31]. As a
member of the ACSL family, ACSL4 is poorly expressed in the organs of the gastrointestinal
system, such as the liver. Chen et al. found that ACSL4 is frequently upregulated in HCC
tissues compared with normal samples and promotes HCC progression via c-Myc stability
mediated by the ERK/FBW7/c-Myc axis [32].

Under physiological conditions, lipid components such as triglycerides and choles-
terol are transported as lipoproteins in the peripheral blood. Among them, exogenous
lipids are absorbed through the intestinal epithelium and synthesized as celiac particles
(CMs), endogenous lipids entering the liver and synthesized as VLDL, both collectively
known as triglyceride-rich lipoproteins (TRLs) [33,34]. The newly secreted TRL enters the
bloodstream and needs to be marginalized along the luminal surface of capillaries and
hydrolyzed by lipoprotein lipase (LPL) expressed on the surface of vascular endothelial
cells from TG within the neutral core of CMs and VLDL to produce CMs residue and IDL,
respectively, and release free fatty acids (FFA) for use by peripheral tissues, where IDL
can be absorbed by the liver or through further TG hydrolysis to LDL [35,36]. Adipocytes,
cardiomyocytes, and skeletal muscle cells are the main sites for producing LPL. Because
these cells are far away from the capillary cavity and need to be transported through the
subendothelial space, recent studies have shown that glycosylphosphatidylinositol anchors
high-density lipoprotein binding protein 1 (GPHIBP1), which captures LPL and binds to
form the LPL–GPDIBP1 complex to mediate LPL entry into the lumen through capillary
endothelial cells and specifically binds to ApoCII in TRL to exert a hydrolytic effect [36,37].
Recent studies have shown that LPL expression appears upregulated in several types of
tumor cells and is associated with cancer progression and poor prognosis. In our study, the
serum VLDL and IDL levels of HCC patients decreased significantly, while the serum LDL1,
LDL2, LDL3, and LDL4 levels of HCC patients increased significantly. We speculated that
this phenomenon may be related to the increased secretion of LPL into the peripheral
blood by tumor cells in HCC patients. Therefore, we analyzed and found that the LPL
mRNA expression level in cancerous tissues of HCC patients showed a significant increase
compared with paracancerous tissues, and the high expression of LPL showed a significant
positive correlation with the poor prognosis of HCC patients from TCGA database. Cao
et al. found that the mRNA and protein expression levels of LPL were upregulated in
mouse and human HCC tissues and positively correlated with poor prognosis, and in vitro
experiments further showed that culturing cells in the absence or silencing of LPL signifi-
cantly reduced cell proliferation [38]. This is consistent with our findings. Wu et al. found
that the expression of the antioncogene ZHX2 was significantly reduced in nonalcoholic
fatty liver disease (NAFLD)-associated HCC and that overexpression of ZHX2 inhibited
the uptake of exogenous lipids and the ability of HCC cells to proliferate by suppressing
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LPL promoter activity, thereby delaying the progression of NAFLD-associated HCC [39].
Manupati et al. found that LPL transcript levels were upregulated 16-fold in CD44-positive
breast cancer stem cells. LPL, as a unique downstream target of CD44 signal transduction,
can activate endothelial cell-mediated angiogenesis during tumor growth. In addition,
knockdown of CD44 or intratumoral injection of tetrahydrolipostatin (LPL inhibitor) can
inhibit breast cancer progression and angiogenesis [40]. LPL also plays an important role
in the production of IDL and LDL in the human body. This suggests that the significant
differences in some indicators between the HCC group and the control group may be
related to LPL expression, such as VLPN, IDPN, L1PN, L2PN, L4PN, and L5PN. We will
explore the correlation in the future study.

The diagnostic panel constructed from serum lipoprotein particle numbers effectively
improved the detection of patients with early-stage HCC, illustrating that 1H-NMR lipopro-
tein subfraction testing plays an important role in the diagnosis of early-stage HCC. Lu et al.
observed that the L1 and L5 subfractions of LDL and VLDL promoted breast cancer cell
migration and invasion through increased Akt Ser473 phosphorylation [41]. Further an-
giogenic assays in vitro indicated that the L1 and L5 subfractions and VLDL enhanced the
secretion of angiogenic factors and promoted angiogenic activity [41]. There are few studies
on the mechanisms of lipoprotein subfractions in the tumorigenesis and development of
hepatocarcinoma, and we will explore this aspect in the future.

In addition, we recognize some limitations in our research. First, the sample size of the
external validation set was relatively small, and the patients were not equally distributed
between the HCC and LD groups. Therefore, a sufficiently sized external validation set is
required to further confirm our research conclusions. Second, since lipidomics is a branch
of systems biology, circulating lipoprotein subfractions mainly reflect an overall metabolic
shift in cancer patients and may not reflect the metabolic states of the tumor cells alone.
Therefore, in future studies, we plan to determine the relationship between abnormal
lipoprotein metabolism and HCC development at the cellular level.

4. Materials and Methods

4.1. Ethical Statement

Prior to commencing the study, ethical approval was sought from the Research Ethics
Committee of Tianjin Medical University Cancer Institute and Hospital in accordance with
the 1964 Helsinki Declaration ethical standards (NO. bc2020098). Written informed consent
was obtained from all participants, and the study was approved by the local Ethical Board.

4.2. Patients and Sample Collection

A total of 197 serum samples were enrolled at Tianjin Medical University Cancer
Institute and Hospital (Tianjin, China) from July 2018 to December 2020. All serum samples
were collected from 7:00 to 8:00 in the morning after the participants had fasted for at
least 6 h. The samples were collected from all the patients who were initially diagnosed
without liver disease-related treatment. The Barcelona Clinic Liver Cancer (BCLC) staging
system was used to assess tumor stage. In the training set, we collected 51 patients with
early-stage HBV-related HCC (BCLC stage 0-A) before surgical treatment, 37 patients with
HBV-related hepatitis and HBV-related cirrhosis (hereafter referred to as liver disease,
LD), and 50 NCs (with normal liver biochemistry, no type of malignancy or history of
other benign disease, alcohol abuse and viral hepatitis). To identify the lipoprotein profile
and establish a diagnostic model of HCC, a validation set was built from independent
early-stage HCC (n = 24) and LD (n = 17) patient serum samples collected in the same way
as those used in the training set. In addition, we selected serum AFP-negative patients
(AFP level < 20 ng/mL) in the HCC and LD groups and collected 18 HCC patients with
negative serum AFP expression for the next analysis. Next, eight pairs of cancerous
and paracancerous tissue samples of HBV-related HCC patients from the validation set
were obtained from surgical resections at Tianjin Medical University Cancer Institute and
Hospital from May 2020 to August 2020. The inclusion and exclusion criteria, sample
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collection and storage are shown in the Supplementary Materials and methods. The
collected test tube containing the blood sample was placed in a centrifuge at 4 ◦C and
centrifuged at 3000 rpm for 15 min. Then, 400 µL of serum was collected from the upper
layer of the test tube and stored at −80 ◦C until required for NMR detection. Tissue samples
were fixed in 10% formalin and embedded in paraffin. The paraffin-sectioned tissues were
serially cut into 5 µm sections and preserved at room temperature until required for mass
spectrometric measurement.

4.3. Inclusion Criteria and Exclusion Criteria

The diagnoses of HCC, hepatitis and cirrhosis were based on the American Association
for the Study of Liver Diseases (AASLD) Practice Guidelines.

The inclusion criteria were as follows:

1. Primary HCC diagnosed by histological or cellular examination.
2. Single tumor (regardless of size) or the number of tumors is less than 3 and the

maximum diameter is ≤ 3 cm, and no history of portal invasion or extrahepatic spread.
3. HCC, cirrhosis and hepatitis with a history of HBV infection confirmed by virologi-

cal assay.
4. Age > 18 years.
5. No previous treatment for HCC.
6. Knowledge of the study and agreement to follow-up.

Participants were excluded from the study if they met any of the following conditions:

1. History of other diagnosed malignancies.
2. History of anticancer treatment for HCC.
3. History of hepatitis virus infection without HBV.
4. Factors can cause abnormal elevation of serum AFP in normal controls, including

pregnancy and any type of liver disease.
5. Participants with severe illnesses, including cardiovascular disease, endocrine disease

and renal impairment.
6. Participants with lactation, current smoking and drug dependence.
7. Participants were taking lipid-lowering, hyperglycemic, anti-inflammatory, antithrom-

botic medications, dietary supplements, or antihypertensive treatment.

4.4. Magnetic Resonance Experiments

A Bruker 600 MHz NMR spectrometer was applied to estimate the lipoprotein sub-
fractions. The Bruker IVDr lipoprotein subclass analysis (B.I.-LISA) method was used to
predict the subfractions of lipoproteins for the analysis. Bruker’s Quant Ref manager within
Top Spin was used to normalize the spectra to the same quantitative scale, and the spectral
intensity was normalized to the proton concentration in units of millimoles per liter. First,
Topspin 3.6.0 was used to calibrate the chemical shift to the methyl signal of trimethylsilyl
propanoic acid (TSP), and then the alanine doublet was calibrated to 1.48 ppm; this method
requires integration of the lipoprotein -CH3 and CH2- signals appearing in the 1D 1H NMR
spectrum with chemical shifts of 0.8 and 1.25 ppm, respectively (Figure S1). The 1H-NMR
platform has good intralaboratory repeatability and interlaboratory repeatability [11], and
all tests were blind to the disease status of participants.

Lipoprotein subfractions were determined based on one-dimensional nuclear Over-
hauser effect spectroscopy (NOESY) magnetic resonance (MR) spectra using a partial
least-squares regression model. Each lipoprotein class was further subdivided into sub-
fractions according to its density: very-low-density lipoprotein (VLDL) was divided into
VLDL 1–5, low-density lipoprotein (LDL) into LDL 1–6 and high-density lipoprotein (HDL)
into HDL 1–4, with larger numbers indicating increasing density. Serum lipoprotein par-
ticle numbers (PNs) and serum concentrations of TG, cholesterol (CH), free cholesterol
(FC), phospholipids (PL), apolipoprotein A1 (Apo-A1), apolipoprotein A2 (Apo-A2), and
apolipoprotein B (Apo-B), as well as in each of the lipoprotein classes of VLDL, LDL,
intermediate-density lipoprotein (IDL) and HDL, were estimated using a regression model
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developed by Bruker BioSpin. Finally, a dataset constructed from 112 variables was used
in this study. Four-letter abbreviations were used to represent the variables; for example,
the estimated VLDL-1 content of phospholipids was named V1PL, and the estimated total
serum cholesterol was named TPCH. The NMR lipoproteins and subfractions are shown in
Table S1.

4.5. Nanoscale Liquid Chromatography-Tandem Mass Spectrometry (Nano-LC-MS/MS) Analysis

Orbitrap Q-Exactive HF mass spectrometry (Thermo Fisher Scientific, Waltham, MA, USA)
accompanied by a Thermo Scientific UltiMate 3000 UHPLC system was used to acquire
lysed peptide sample data. Peptides were redissolved in loading buffer (2% ACN) with
iRT standards (Biognosys, Schlieren, Switzerland) and separated using a 150-min gradient
method (0–3 min, 3 to 9% buffer B; 3–127 min, 9 to 63% buffer B; 127–131 min, 63%
buffer B; 131–149 min, 63 to 3% buffer B). The digested peptides were ionized at 2 kV,
and mass spectrometry analysis data were collected using data-independent acquisition
(DIA) mode. Full-scan MS1 acquisition was performed by an Orbitrap mass analyzer (scan
range 300–1400 m/z) at a high resolution of 120,000. For MS2 acquisition, the spectra were
recorded in top speed mode with a duty cycle time of 3 s. Precursor ions were selected
and fragmented using higher-energy collisional dissociation (HCD) with 32% normalized
collision energy. The maximum ion injection time for the MS2 scan was set to 35 ms, and
the dynamic exclusion for the selected ions was 60 s. All tests were blind to the disease
status of participants.

4.6. Statistical Analysis

4.6.1. Multivariable and Univariable Statistical Analysis of NMR Data

Due to the hypothesized biological mechanisms between lipid fractions and HCC
development, multivariable data analysis based on the projection principle was applied
for statistical analysis of the 1H-NMR dataset. A pattern-recognition method that can dis-
criminate between groups even in the presence of highly structured noise or confounding
factors, unsupervised principal component analysis (PCA) and supervised partial least
squares-discriminant analysis (PLS-DA), were implemented to analyze the raw data and
classify the samples. Then, orthogonal partial least-squares discriminant analysis (OPLS-
DA) was used to extract the correlated variables and optimize the maximum separation by
using the Simca version 14.1 software package (UmetricsAB, Umea, Sweden).

The models were validated using 7-fold cross-validation to quantitatively assess their
generalization ability and acquire robust statistical models. In 7-fold cross-validation,
the dataset is split into seven equal-sized subsets. In each round, one subset is used for
validation, and the remaining six subsets are used for training; this process is repeated
seven times. The goodness-of-fit parameters and R2 and Q2 values calculated with 7-fold
cross-validation as well as with cross-validated analysis of variance (CV-ANOVA, where
p < 0.05 suggests the model is superior to one chosen at random) were obtained to measure
the robustness and quality of the models. The associated R2 and Q2 parameters represent
the interpretation rate of the matrix and model predictive capability; the closer the metrics
are to 1, the larger the variance explained by the model and the more reliable its predictive
power. Furthermore, a permutation test (999 permutations) was performed to validate
the degree of overfitting based on the values of the R2-intercept and Q2-intercept. The
reproducibility and robustness of each model were validated by the Q2-intercept; the more
negative the value of the Q2-intercept was, the better the performance of the model.

In the OPLS-DA model, most of the variables related to the classification were concen-
trated in the direction of the first predicted principal component. To identify the differential
lipoprotein subfractions, the VIP scores calculated by the OPLS-DA model were used to
reflect the most influential contribution of each variable to the model. When VIP > 1.0, the
variable was considered potentially relevant. Differences in lipoprotein subfractions be-
tween the three groups were assessed by the Kruskal–Wallis test (nonnormally distributed
data) in the training sets, and p < 0.05 was considered statistically significant. Lipoprotein
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subfractions with VIP scores > 1.0 and p < 0.05 were selected and entered into a binary
logistic regression model to design the best lipoprotein subfraction combination. To fur-
ther evaluate the diagnostic performance of the potential biomarkers, receiver operating
characteristic (ROC) curves were analyzed to evaluate the accuracy of this model. Each
biomarker panel’s diagnostic performance was evaluated by using the area under the ROC
curve (AUC) and the sensitivity and specificity at the optimal cutoff point defined by the
minimum distance to the top-left corner of the ROC curve graph. For the participants’ clin-
ical characteristics, the Mann–Whitney U test was used to compare continuous variables,
and Pearson’s chi-square test was used to compare categorical variables. Correlations were
calculated by Spearman rank correlation analysis, and p < 0.05 was considered statistically
significant. Logistic regression and statistical analysis were performed by using IBM SPSS
version 26.0 (SPSS Inc., Armonk, NY, USA).

4.6.2. Quantification and Statistical Analysis of LC-MS/MS Data

The DIA data were searched using the Human-specific UniProt database
(20,365 sequences), and LC-MS/MS data were analyzed by Spectronaut (v14.5.200813.47784).
The library was generated using the default settings for trypsin/P digestion rules and
high protein and peptide confidential levels [false discovery rate (FDR) = 0.01]. The
output-quantified protein intensities were processed using Spectronaut, and a median
normalization procedure was applied to normalize the data. Proteins with at least 30%
appearance in all samples were chosen for the subsequent analysis, and missing values
were replaced with half of the minimum value of each protein intensity. A fold-change
of >1.5 or <0.5 and a p-value < 0.05 (The Mann–Whitney U test) were set as cutoff values
for the differential proteins. The protein corresponding gene and OS information of 371
cancer samples from TCGA were applied to generate survival curves with the survival
and survminer packages in the R package (version 3.6.0). Gene Ontology (GO) functional
annotations and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
were performed using the R package (clusterProfiler, v3.16.1) and the org.Hs.eg.db (v3.11.4)
annotation database. The background genes were set to all quantified genes, and the
differential genes were input to generate the enrichment pathway list and figures.

5. Conclusions

In conclusion, this study aimed to objectively assess the clinical applicative value of
serum lipoprotein subfraction testing in the diagnosis of HBV-related HCC patients with
BCLC stage 0-A. The results clearly indicate that the lipidomic biomarker panel constructed
with the particle numbers of VLDL, IDL, LDL-1, LDL-2, LDL-3, LDL-4, LDL-5, and LDL-6
could be used in the diagnosis of HCC. Meanwhile, we found that LPL transcript levels in
cancerous tissues of HCC patients showed a significant increase compared with paracancer-
ous tissues, and the high expression of LPL showed a significant positive correlation with
the poor prognosis of patients by bioinformatic analysis. Moreover, LC-MS/MS analysis
indicated that abnormal lipid metabolism is an important influential factor in potentially
promoting HBV-related HCC development. Our study focuses on an innovative combi-
nation of alterations in the lipid profile of cancer patients and 1H-NMR-based lipidomics
research, which provides new insight for the development of diagnostic and prognostic
biomarkers for HBV-related HCC with BCLC stage 0-A.

However, several limitations to this pilot study need to be considered. For example,
this study lacks a large number of external verification samples to further verify the
generalizability of the diagnostic panel. Despite the relatively limited sample size, the
study certainly adds to our understanding of the use of serum lipoprotein biomarkers in
the diagnosis of HCC. Further large prospective studies with external validation should
be undertaken to determine whether this lipidomic panel may improve surveillance and
management strategies in patients with HCC.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11111143/s1. Figure S1: Stacked view of the 1H-NMR spectra of lipoprotein subfractions.
HCC patient (blue), benign liver disease patient (green) and normal control (red). Figure S2: The PCA
and PLS-DA score plot in the training set. HCC patient (red), benign liver disease patient (green)
and normal control (yellow). Figure S3: PCA and PLS-DA score plot of serum AFP-negative patients.
HCC patient (red), benign liver disease patient (green) and normal control (yellow). Figure S4:
The correlation of serum AFP and selected lipoprotein particles was analyzed using Spearman
rank correlation analysis. Figure S5: The correlation of selected lipoprotein particles and clinical
features was analyzed using Spearman rank correlation analysis. Figure S6: ROC curve analysis
following binary logistic regression in distinguishing HCC patients from non-HCC patients. The
diagnostic performance of the lipidomic biomarker panel in discriminating (a) HCC from non-HCC
patients and (b) AFP (-) HCC from AFP (-) non-HCC patients. Figure S7: Comparison of DEPs
associated with lipid metabolism between cancerous and paracancerous tissue samples. In eight
patients, 11 differential proteins showed significant differences. The Mann–Whitney U test was
performed to determine whether the differences were statistically significant. N: paracancerous HCC
tissues, T: cancerous HCC tissues. Figure S8: Relative expression levels of 11 differentially expressed
proteins between cancerous and paracancerous HCC tissues. The data are expressed as medians
with interquartile ranges and were analyzed by the Mann–Whitney U test (* p < 0.05, ** p < 0.001,
*** p < 0.0001). N: paracancerous HCC tissues, T: cancerous HCC tissues. Figure S9: Results of KEGG
pathway enrichment analysis. The enriched pathways of upregulated (red) and downregulated
(blue) DEPs associated with lipid metabolism. Figure S10: The prognostic value of DEPs for HCC
patients. The overall survival curves (a) and disease-free survival curves (b) for HCC patients with
high (red) and low expression levels of (blue) MBOAT7, GDP2, and ACADS were plotted using
the GEPIA database (http://gepia2.cancer-pku.cn/ accessed on 23 August 2021) at the threshold
p-value of < 0.05. Table S1: NMR lipoproteins & subfractions. Table S2: Clinical characteristics of
the HCC group and normal control group. Table S3: Clinical characteristics of the AFP-negative
HCC group and AFP-negative LD group. Table S4: List of calculated parameters in the training set
from multivariable and univariable statistical analysis. Table S5: List of calculated parameters of
AFP-negative patients from multivariable and univariable statistical analysis. Table S6: The absolute
numbers of each lipoprotein subfraction. Table S7: Correlation between selected variables and clinical
features of HCC patients. Table S8: Test performance characteristics for the signature panel. Table S9:
Differentially expressed proteins between cancerous tissues and paracancerous tissues.
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