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Colorectal cancer (CRC) is the third most diagnosed cancer worldwide, and the second
leading cause of death in patients with cancer. Lifestyle, diet factors, obesity, family history,
or even pre-existing inflammatory diseases lead to increased risks of developing this
heterogeneous malignant disease.

Carcinogenesis steps have commonly involved the growth and expansion of adenoma-
tous polyps from normal colorectal epithelium to adenoma through a multistep process of
several years. Many signaling pathways are altered during this transformation course that
involves, certainly, hereditary factors, but mainly somatic sporadic mutations affecting both
tumor suppressor genes and oncogenes (P53, APC, and KRAS from the most common
recurrent somatic mutations). Chromosomal instability, CpG island methylation phenotype,
and microsatellite instability (MSI) frequency are the three main routes leading to tumor
transformation and progression.

The most common tumor-node-metastasis (TNM) staging system driving CRC patient
treatment is not completely satisfactory because patients with similar histopathology may
have various therapeutic responses and relapse frequencies due to differential genetic
and epigenetic profiles. New biomarkers such as Immunoscore ®, gene signatures, and
postoperative circulating tumor DNA or extracellular vesicles are promising tools used to
identify patients with a high risk of recurrence after primary tumor resection.

Patient prognosis has improved over the past few decades in developed countries,
due to an improved health path and better awareness of the population to diagnosis, earlier
and regular screening, and access to more extensive surgery and more effective targeted
therapies. However, the 5-year survival rate of patients with stage IV remains under
10%. Drug development efforts are therefore mainly focused on patients with stage IV
metastatic CRC (mCRC). Although surgery is the primary curative treatment of early-
stage patients and resectable metastasis, current treatments for unresectable mCRC involve
cytotoxic chemotherapies and targeted therapies, either alone or as a combination treatment.
Approved targeted therapy includes angiogenesis inhibitors (bevacizumab, aflibercept,
and regorafenib), anti-EGFR monoclonal antibodies (cetuximab and panitumumab) in RAS
wild-type tumors, and tyrosine kinase BRAF/MEK inhibitors (binimetinib and encorafenib)
in BRAF-mutated tumors.

The emergence and success of immunotherapies in other indications could change the
game. Despite a wide variety of immunotherapy approaches in early-phase clinical trials,
clinical benefits are currently limited to mCRC patients with a microsatellite instability-high
(MSI-H) or mismatch repair-deficient (AMMR) profile, representing approximately 15%
of patients. However, recent data also suggest an upfront role for immunotherapy in
resectable early-stage MSI-H/dMMR CRC.

A better understanding of the specific clinical and /or molecular features in CRC should
therefore improve patient stratification and follow-up, together with treatment algorithms,
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especially when there is a significant unmet medical need. This will require the identification
of new biomarkers and therapeutic targets to overcome current barriers and limitations.

Through original articles, this Special Issue provides novel findings on biomarkers of
prognostic relevance. Interestingly, PD-L1 expression succeeds in discriminating patients
with differential prognosis in the consensus molecular subtype (CMS)2/3 [1], considering
overall and disease-free survival [2]. Regarding metastasis-driving protein biomarkers,
PD-L1 as well as 231 integrin, CD44v6, IGF-1R, and EGF-R exhibit distinct expression
patterns depending on the metastatic organ site [3]. Selective pharmacological targeting
based on these molecular signatures could thus faciliate the differential treatment of distant
metastases according to their specific metastatic locations.

The expression of discoidin domain receptors (DDRs), i.e., collagen receptors with
tyrosine kinase activity, was furthermore investigated in a large cohort of CRC patients [4].
DDRs were found highly expressed in colon adenocarcinoma and associated with a molec-
ular profile that could be integrated within the CMS4 group. While its role as a prognosis
marker remains uncertain, DDR expression was found to be associated with shorter event-
free survival in CRC patients.

By developing a comprehensive liquid biopsy profile in mCRC patients, Sachin
Narayan et al. [5] have also highlighted and characterized heterogeneous populations
of oncosomes and CTCs. Although studies including larger numbers of patients are needed
for clinical validation, this work supports the predictive benefit of liquid biopsy in the
follow-up of mCRC. In a complementary view, the study by Izabela Papiewska-Pajak
et al. [6] emphasized the importance of the miRNA content of extracellular vesicle released
by CRC for supporting tumor progression, which may be useful as a biomarker indicating
the stage of CRC.

In addition, an original study analyzed the contribution of the genetic component
to CRC risk in the Basque population with a specific genetic history [7], while another
assessed the importance of routine immunohistochemistry screening for MMR status in
CRC patients in the identification of Lynch syndrome patients [8].

Considering the prognosis heterogeneity of CRC patients with stage II or III, David
Vifial and colleagues [9] proposed a simple score using three clinico-pathological parameters
available in routine clinical practice (T4, N2, and high tumor budding) to stratify the
recurrence risk and patient prognosis.

In a precision medicine approach, the potential of HER-2 targeting in mCRC was
reviewed [10], and a comprehensive update was provided on the CXCL12/CXCR4/CXCR7
axis, including pharmacological perspectives [11]. Finally, the review by Rami Rhaiem and
colleagues [12] discussed data on the role of RAS mutational status in tailoring the surgical
and/or thermal ablation approach of colorectal liver metastases.

Thanks to advances in molecular biology identifying theranostic biomarkers from
tissues but also liquid biopsies, the future lies in increasingly personalized management for
the therapeutic choice and monitoring of patients with mCRC.
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Simple Summary: Colorectal cancer (CRC) is a very heterogeneous disease. Efforts to characterize
and search for biomarkers for these patients are currently ongoing in the hope of establishing a
more targeted therapeutic approach. The role of PD-1 ligand (PD-L1) expression as a biomarker has
not yet been fully elucidated. The Consensus Molecular Subtype classification has been delineated,
but although already acknowledged in the most recent international guidelines, it has yet to be
implemented in clinical practice. We investigate PD-L1 expression as a biomarker of prognosis in
the early-stage setting and integrate it with the Consensus Molecular Subtype (CMS), in an effort to
differentiate those patients with a worse prognosis who could potentially benefit from an early, more
aggressive treatment. Our results suggest PD-L1 as an independent prognostic factor in early stage
setting when assessed by immunohistochemistry. Additionally, PD-L1 expression appears to be a
viable biomarker to differentiate patients in the CMS (CMS2/CMS3) who lack a clear prognosis.

Abstract: Background. There is a patent need to better characterize early-stage colorectal cancer (CRC)
patients. PD-1 ligand (PD-L1) expression has been proposed as a prognostic factor but yields mixed
results in different settings. The Consensus Molecular Subtype (CMS) classification has yet to be
integrated into clinical practice. We sought to evaluate the prognostic value of PD-L1 expression overall
and within CMS in early-stage colon cancer patients, in the hope of assisting treatment choice in this
setting. Methods. Tissue-microarrays were constructed from tumor samples of 162 stage II/III CRC
patients. They underwent automatic immunohistochemical staining for PD-L1 and the proposed CMS
panel. Primary endpoints were overall survival (OS) and disease-free survival (DFS). Results. PD-L1
expression was significantly and independently associated with better prognosis (HR = 0.46 (0.26-0.82),
p = 0.009) and was mostly seen in immune cells of the tumor-related stroma. CM$S4 five-folds the risk of
mortalitycompared with CMS1 (HR = 5.58 (1.36, 22.0), p = 0.034). In the subgroup CMS2/CMS3 analysis,
PD-L1 expression significantly differentiated individuals with better OS (p = 0.004) and DFS (p < 0.001).
Conclusions. Our study suggests that PD-L1 expression is an independent prognostic factor in patients
with stage II/III colon cancer. Additionally, it successfully differentiates patients with better prognosis
in the CMS2/CMS3 group and may prove significant for the clinical relevance of the CMS classification.

Keywords: PD-L1; CMS; colon cancer
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1. Introduction

Colorectal cancer (CRC) is currently the third most commonly diagnosed cancer and
the second leading cause of cancer death worldwide [1], due in part to it being a highly
heterogeneous disease. A classification of CRC patients is needed to provide the basis for
better treatment decisions and targeted therapies, particularly in early-stage settings [2].
Through transcriptomics the Consensus Molecular Subtype (CMS) classification has been
delineated and proposed as a prognostic tool with predictive capabilities and therapeutic
implications [3]. However, these types of techniques require specialized resources that are
not within the reach of most hospitals.

In a first effort to address this issue, a subrogated panel of four proteins (CDX2,
FRMD6, HTR2B and ZEB1) has been validated through immunohistochemistry (IHC) [4].
This panel allows a classification of CRC patients that is reproducible and more easily
accessible to hospitals and laboratories. The proposed panel classifies patients into CMS4
and CMS2/CMS3 subtypes, with CMS1 being defined by the mismatch repair (MMR)
proteins panel: CDX2 is a homeobox transcription factor expressed in early intestinal
development, where it regulates proliferation, differentiation, cell adhesion and migration
of intestinal epithelial cells [5]. Pilati et al. reported that lack of CDX2 expression in
the CMS classification is useful for identifying poor prognosis patients (CMS4/CDX2-
negative), whereas CMS2 and CMS3 tumors rarely show total loss of CDX2 [6]. HTR2B
is a G-protein coupled receptor subtype of the serotonin family that is overexpressed
in various solid tumors [7,8] and has a higher level of expression in mesenchymal-like
tumors [4]. FRMDE6 is an Ezrin/Radixin/Moesin family protein that is part of the Hippo
signaling pathway kinase cascade [9]. Its loss of expression contributes to the epithelial-to-
mesenchymal transition (EMT) while its overexpression antagonizes the yes-associated
protein 1 (YAP) activity [10]. ZEBI is a transcription factor regulated by a variety of
signaling pathways including WNT [11]. It promotes invasion and metastasis by inducing
EMT and is frequently observed in mesenchymal-like carcinoma cells that confer resistance
to cancer therapy [12].

MMR protein expression (MLH1, MSH2, MSH6, PMS2) is studied to determine mi-
crosatellite instability (MSI) or deficient MMR (dMMR), which accounts for 15-20% of
CRCs [13-15]. In the current ESMO and NCCN colon cancer guidelines, AMMR status is
acknowledged as being a valid prognostic biomarker of CRC in some settings, although
other major and minor prognostic tools, especially TNM staging, must be used when de-
ciding whether to offer adjuvant therapy [16,17]. Recently, anti-PD1 treatment has proven
to be beneficial in MSI high patients [18].

The aforementioned four-biomarker IHC panel and the MMR panel can identify the
CMS4 and CMS1 subtypes, which have the worst and best prognosis, respectively. CMS2
and CMS3 account for more than 50% of the population and are indistinguishable from
each other by these panels. This CMS2/CMS3 group includes patients with very different
molecular characteristics [19] and survival [20-23]. Therefore, there is a need for new
biomarkers that can provide clear expectations about prognosis, particularly for this group
of patients.

Programmed cell death protein 1 (PD-1, also known as PDCD1 and CD279) is an
inhibitory receptor that is expressed by T cells during activation. It regulates T cell effector
functions during various physiological responses, including acute and chronic infection,
cancer and autoimmunity, and in immune homeostasis [24]. Some cancer cells can develop
PD-1 ligand (PD-L1) expression, which potentially shields it from immune attack by
inhibiting T cell effector functions [25]. Its expression has been associated with the serrated
pathway of colorectal carcinogenesis, with the presence of BRAF mutation, AMMR and
poor differentiation [26]. The potential activation of the WNT/3-catenin pathway by this
receptor has also been linked to progression [27]. Additionally, a recent study has reported
the regulation of PD-L1 by the Zinc finger E-box binding homeobox 1 (ZEB1), an EMT
inhibitor [28].
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PD-L1 expression has been proposed as being a biomarker of prognosis in early
CRC, but has yet to be fully devised, probably due to the lack of standardization in IHC
assessment and homogenization for the studied population [29].

PD-L1 was first studied as a predictive tool in CRC, although early published studies
yielded some apparently contradictory results [26,30,31]. More recently, it has proved to be
of predictive value for anti-PD-1 therapy for overall survival (OS), and especially for overall
response rate (ORR) and progression-free survival (PFS) [18,32]. This has been achieved
mainly by post hoc analysis, which proposes, among other things, a different cut-off value
for PD-L1 expression and a different methodology for the pathological assessment (>1%,
>5%, >50%) [25,29,33,34].

We hypothesize that PD-L1 expression, when assessed by IHC using a standardized
methodology, is a strong candidate for assessment as a potential biomarker. Furthermore,
when added to the panel for CMS classification, it could prove helpful for patients whose
immune response is not as clear as in those of the CMS2/CMS3 subtypes. Therefore, the
objective is to first corroborate the possibility of classifying a large cohort of early-stage
CRC patients into CMS subtypes through the proposed IHC panel, and then to investigate
the prognostic role of PD-L1 expression in addition to the previous panel, specifically for
patients in the CMS2/CMS3 subgroup. We expect to obtain clearer expectations about the
CMS2/CMS3 subgroup that might inform physicians’ choice of treatment for early-stage
patients in routine clinical practice.

2. Materials and Methods

This study was performed in accordance with the World Medical Association Dec-
laration of Helsinki. The study was approved by the Regional Clinical Research Ethics
Committee (CEIC) Pyt02017/51 Cod. MOL_CRC, 15 May 2018. Patient consent was
waived due to the use of stored tumor samples for research purposes in compliance with
the current Spanish and European Union legislation (resolution 1387/2017 (08/11) and
resolution 193/2018 (06/03) of the Navarra Health Service—Osasunbidea).

2.1. Patients

The cohort of this retrospective study consists of 162 patients diagnosed with stage
II/1II CRC consecutively surgically resected with curative intention in the Hospital Com-
plex of Navarra between 2009 and 2013. All patients were diagnosed by the Department
of Pathology, following the standardized treatment protocol established by the Colorec-
tal Committee. Participants were then followed until death or last medical consultation,
with a cut-off date of 1 October 2018, when the clinical data were retrieved, anonymized
and analyzed.

The clinical follow-up protocol included a medical visit and carcinoembryonic antigen
monitoring every three months for two years and then every six months for three more
years. Computed tomography (CT) was performed annually, at the same time in years one
and five as a colonoscopy. A CT of the abdomen and chest x-ray or CT was performed
preoperatively to rule out distant metastases in all patients. The data retrieved subsequently
included age, gender, localization (the right and left colons were, respectively, defined as
proximal and distal to the splenic angle [35]), differentiation grade (defined as exhibiting
less than 50% or at least 50% of glandular formations), lymph node ratio, histological type,
and lymphatic, blood vessel and perineural invasion. Tumors were classified according to
the TNM Classification of Malignant Tumors (TNM), 7th edition [36].

Only patients with stage II/III CRC and a confirmed pathological diagnosis of adeno-
carcinoma were included in the study. Patients who had insufficient tumor material, were
lost to follow-up for at least three years or had died, had fewer than two IHC-stained blocks
for evaluation, or whose information about their baseline characteristics was missing were
then excluded. To further homogenize the study population, we decided to include only
cases with colon carcinoma (CC).
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One hundred and forty-four patients from the original cohort were included in the
statistical analyses.

2.2. Pathological Study

Hematoxylin-eosin sections representative of the invasive carcinoma from the Formalin-
fixed paraffin-embedded (FFPE) tissue specimens were selected for each patient. Four
spots/areas were annotated per case in the infiltrating tumor, two from the tumor periph-
ery or invasion front, and two from the central tumor area to minimize the heterogeneity
within the tumor. Areas of abscess or necrosis were avoided.

Corresponding donor tissue cores were then transferred to the tissue microarray
(TMA) recipient blocks using a manual Tissue Arrayer MTA-1 (Beecher Instruments Silver
Spring, MD, USA). Four representative 1-mm-diameter cores were obtained in sequence
for each tumor after confirmation of each annotation in selected areas. Each TMA block
consisted of two sections containing 10 x 5 cores, and four tissue cores from benign colon
and ovary tissue selected as controls and for orientation (Figure S1). Each TMA block was
divided into two halves: the first half contained a pair of consecutive TMA samples for
each patient; the second half also contained the second pair of consecutive TMA samples
but in a different order, with each half containing a control. This method was adopted to
reduce possible evaluator bias when analyzing consecutive samples from the same patient.

The constructed TMAs blocks were then sectioned in 4um slides, stained, scanned
and finally scored as described below.

2.3. Immunohistochemical Analysis

The TMAs sections underwent immunohistochemical staining against CDX2, FRMD6,
HTR2B, and ZEB1 for the CMS classification. This IHC-based screening panel was used as
a surrogate for gene expression profiling [37].

The antibodies used were anti-FRMD6 (Clone HPA001297; 1:50; Sigma), anti-HTR2B
(Clone HPA012867; 1:50; Sigma), anti-ZEB1 (Clone HPA027524; 1:50; Sigma), using Roche’s
BenchMark Ventana automatic immunostainer. The anti-CDX2 (Clone PA0535; RTU; Novo-
castra), anti-cytokeratin (Clone PA0909; RTU; Leica), and the MMR proteins MLH1 (Clone
PA0610; RTU; Biocare), MSH2 (Clone FE-11; 1:100; Calbiochem), MSH6 (Clone PM265AA;
RTU; Biocare) and PMS2 (Clone PM344AA; RTU; Biocare), were used to determine dMMR
status using Leica Biosystems” Bond automatic immunostainer, and the BRAF V600E
mutation was determined through anti-BRAF (Clone VE1, 1:1, Roche) by IHC.

Finally, to determine PD-L1 expression, TMAs underwent staining using the antibody
anti-PD-L1 (SP142; RTU; Roche) following the specifically approved protocol. Staining
was performed in each section, after antigenic recovery and endogen peroxidase blockage,
by sequentially incubating the specific primary and secondary antibodies, and revealed
with the Optiview Universal DAB Detection Kit using an automatic BenchMark XT (VEN-
TANA /Roche).

Each stained TMA array was then scanned and digitalized using the VENTANA
iScan HT Slide scanner. Images were processed using the integrated Virtuoso image and
workflow management software (VENTANA /Roche).

2.4. IHC Scoring and Evaluation

Once digitized, each individual sample from the TMA slide was scored by two inde-
pendent evaluators (a trained senior scientist and an expert pathologist), both of whom
were blinded to the patients’ clinical data. In the event of discordant results, a wash-out
period of three weeks was imposed, after which the evaluators scored the samples again
and, with the aid of reference images of each antibody, arrived at a consensus score.

The CMS assessment was assessed according to published methodology [37]. The
scores obtained were then uploaded to the online IHC classifier (https://crcclassifier.
shinyapps.io/appTesting, accessed on: 2 September 2020) and the CMS2/CMS3 and CMS4
subtypes were established.
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The status of MMR was determined as proficient (pMMR) or deficient (AMMR). A
case was considered to be pMMR when any focus of the tumor exhibited positive nuclear
staining for all MMR proteins (MLH1, PMS2, MSH2 and MSHS6). If the tumor showed a
total loss of staining for any of these proteins in all tumor cells, it was considered to be
dMMR. The latter were first used to define patients as belonging to the CMS1 subtype.
Lymphocytes were used as an internal control for evidence of positive staining. BRAF
V600E was classified dichotomously as mutated (pathological) or wild type, also with a
known mutated colon adenocarcinoma control for positive staining.

The expression of PD-L1 was measured when at least 50 viable tumor cells were
present. A sample of the amygdala was used as a control in each TMA. For the IHC
assessment, the SP142 antibody guidelines state that the determination of PD-L1 status
evaluation is based on the percentage area of positive immune cells within the total area of
inflammation and tumor-related stroma (%) of any intensity and the percentage area of
PD-L1 expressing tumor cells within the total tumor area (%) of any intensity [29,38].

In our study, the presence of discernible PD-L1 staining of any intensity was discernible
in immune cells (lymphocytes, macrophages and dendritic cells) in the tumor-related
stroma (Figure 1). The assessment was performed using a four-level score based on
the percentage stained, as follows: 0 when <1%; 1 between 1% and <5%; 2 between 5%
and <50%; and 3 when >50%. To maximize sensitivity and specificity, a score of 0 was
considered as negative, 1 or more as low expression (PD-L1-L) and 2 or more as high
expression (PD-L1-H).

—— 200 pm

(b)

. 200pum - ., 200pm
(c) (d)

Figure 1. Inmunohistochemistry (IHC) scan of PD-1 ligand (PD-L1) expression on immune cells at
the tumor-stroma interface (Scanned images core X4). (a) PD-L1 < 1% (score 0); (b) PD-L1 of > 1-5%
(score 1); (c) PD-L1 > 5%—< 50% (score 2); (d) PD-L1 > 50% (score 3).
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2.5. Statistical Analysis

The primary endpoint OS was defined as time from surgery to death due to any cause
and disease-free survival (DFS) was defined as time from surgery to relapse or death due
to any cause. A predetermined subgroup analysis of OS and DFS for the expression of
PD-L1 in the CMS2/CMS3 population was performed.

The statistical analysis was performed by using the SPSS 24.0 software (IBM, New
York, USA). Associations between variables among groups were determined using the
t-test, Mann—Whitney U test or ANOVA for quantitative variables and using Fisher’s exact
test and the x? test for categorical ones. Univariate and multivariate Cox proportional
hazard regression models were used for OS and DFS analysis. The multivariate model
was adjusted for the factors that proved significant with survival in the univariate analysis,
which included baseline clinical variables such as age and sex. The survival curves were
calculated using the Kaplan-Maier method and the log-rank test. Statistical significance
was set at two tailed p-value of <0.05.

3. Results

To assess the prognostic value of PD-L1 expression in addition to the CMS classifi-
cation in early-stage CC patients, 144 patients were analyzed. Only patients with colon
adenocarcinomas were included in the analysis. The majority of patients were men (68.1%),
with stage II (55.6%), well or moderately differentiated (81.9%) and right-sided (54.9%)
tumors. Patient baseline characteristics and main clinical parameters are summarized
in Table 1.

Table 1. Demographic and pathological characteristics.

Variable N (%) n =144
Age (years) * 72.2 (9.6)
Range 48-93
Gender
Female 46 (31.9)
Male 98 (68.1)
Localization
Right 79 (54.9)
Left 65 (45.1)
Differentiation grade
<50% 26 (18.1)
>50% 118 (81.9)
Lymph node ratio
Mean * (SD) 6.7 (12.1)
Median (Q1-Q3) 0.0 (0-9.3)
Histologic type
Colloid 18 (12.5)
Adenocarcinoma 125 (86.8)
Sign.et ring cell 1(07)
carcinoma
TNM Stage
11 80 (55.6)
111 64 (44.4)
Lymphatic vascular invasion
Negative 108 (75.0)
Positive 36 (25.0)
Blood vessel invasion
Negative 102 (70.8)
Positive 42 (29.2)
Perineural invasion
Negative 112 (77.8)
Positive 32 (22.2)

* Values are means. SD: Standard deviation. Q1-Q3: Quartiles 1-3.
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In the IHC analysis CMS2/CMS3 represents the largest subgroup (81.3%), whereas
the CMS1/dMMR subgroup represented 12.5% and CMS4 made up 6.3% of the cohort.
The expression of PD-L1-L (more than 1% of immune cells) was present in 55.5% of
patients, and PD-L1-H (more than 5% of immune cells) was present in 20.1% of patients.
Distributions of CMS subtypes, PD-L1 expression, BRAF expression and MMR protein
deficiency, according to IHC analysis, are presented in Table 2.

Table 2. Prevalence of study variables.

Variable N (%) n =144
MMR status
pPMMR 126 (87.5)
dMMR 18 (12.5)
IHC BRAF (V600 mutation) *
Negative 125 (89.3)
Positive 15 (10.7)
CMS classification
CMS1 18 (12.5)
CMS2/CMS3 117 (81.3)
CMS4 9 (6.3)
IHC PD-L1 expression
Negative 64 (44.4)
>1-<5% 51 (35.4)
>5%, >50% 29 (20.1)

* Not assessable in 4 tumor samples. p/dMMR: Mismatch repair proficient or deficient. CMS: Consensus
Molecular Subtype. IHC: Immunohistochemical.

Patients were followed for a median of 65.0 months (95% CI (62.2-67.7)), during which
time 27 patients (18.8%) relapsed and 51 patients (35.4%) died. The number of outcome
events (relapse and death, respectively) in the CMS subgroups were as follows: CMS1
subgroup 1 (5.6%) and 4 (22.2%), CMS2/3 subgroup 22 (18.8%) and 42 (35.9%), CMS4
subgroup 4 (44.4%) and 5 (55.6%).

3.1. Comparative Analysis

Mismatch repair deficiency (AMMR) was significantly more frequent in the right-
sided tumors (p = 0.002) and was also significantly more frequently associated with PD-L1
expression (p < 0.001).

The CMS classification showed a significant difference in the expression of both
PD-L1-L (p = 0.038) and PD-L1-H (p < 0.001). The differences were mainly due to the
overexpression in CMS1 and under expression in CMS4. For PD-L1-L the expression was
found in 77.8% of the CMS1 group, in 22.2% of the CMS4 group and in almost half (49.6%)
of the CMS2/CMS3 group.

A statistically significant difference was found for TNM stage and CMS (p = 0.016).
Stage II and III patients were more frequently classified into CMS1 and CMS4, respectively,
but similar numbers of stage II and III patients were classified as CMS2/CMS3. Differences
were also found with respect to localization and CMS; right-sided tumors were more often
classified into CMS1, whereas there were no differences for CMS2/CMS3.

PD-L1 expression was more often expressed in stage II tumors (p = 0.014) and was
found concomitantly with BRAF mutation (p = 0.002). A full comparative analysis is
presented in Table 3.

11
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Table 3. Comparative analysis.

. MMR pMMR 7 CMS1n  CMS2/CMS3 CMS4n PD-L1-L Neg PD-L1-H Neg
Variable (%) dMMR 1 (%) P (%) 1 (%) (%) P (%) Pos (%) P (%) Pos (%) P
72.2 (9.5) 723 66.0 72.7 (10.4) 71.8 (9.6)
Age Mean (SD) 725 (106) 0,948 1 (10/6) 726 (9.2) 11.2) 0.1341 71.8 (9.0) 0.5833 739 (9.4) 02963
86 (68.3) 41 (64.1) 77 (67.0)
Men 12 (66.7) 12(66.7) 79 (67.5) 7(77.8) 57 (71.3) 21 (72.4)
Gender 40 (31.7) 23 (35.9) 38 (33.0)
Women 6(33.3) 0.8932 6(33.3) 38 (325) 2(22) 0.8844 23 (28.7) 03582 8(27.6) 05732
) 63 (50.0) 29 (45.3) 61 (53.0)
e Right 16 (88.9) 16 (88.9) 57 (48.7) 6 (66.7) 50 (62.5) 18 (62.1)
Localization 63 (50.0) 35 (54.7) 54 (47.0)
Left 2 (11.1) 0.0022 2(11.1) 60 (51.3) 3(33.3) 0.003 4 30 (37.5) 0.039 2 11 (37.9) 04122
68 (54.0) 30 (46.9) 58 (50.4)
I 12 (66.7) 12(66.7) 67 (57.3) 1(11.1) 50 (53.1) 22 (75.9)
TNM Stage 58 (46.0) 34 (62.5) 57 (49.6)
m 6(333) 03102 6By S0@27) - 8E8) g4 30 (37.5) 0.0612 7(241) 0.0142
92 (73.0) 47 (73.4) 83 (72.2)
Lymphatic No ;’2 ggg; 16 (88.9) 87 (74.4) 5 (55.6) % ggg; gg E§ %;
vascular invasion Yes 2 (11~i) 0.2434 2@y 30256 4049 0.169 4 19 (23i8) 0.699 2 4 (13~$> 0.1192
88 (69.8) 40 (62.5) 79 (68.7)
Blood vessel No é g gg% 14 (77.8) 90 (68.4) 8 (88.9) 22 ggg; %2 g?g;
mvasion . B .
Yes 4(222) 04882 +222) 37316) 1D 03734 18 (22.5) 0.049 2 6(20.7) 02612
9 (76.2) 47 (73.4) 85 (73.9)
Perineural No 16 (88.9) 16 (88.9) 91(77.8) 5 (55.6) 65 (81.3) 27 (93.1)
invasion 30 (23.8) 17 (26.6) 30 (26.1)
Yes 2(11.1) 0.363 4 21 26(222) 404D 0.146 % 15 (18.8) 0.2622 2(6.9) 0.026 2
) 118 (94.4 } 1 .
wild 78( 12‘7) ) 7 (46.7) 109 (94.0) 9.(100) P ggg; 105 ((79’1? 48))
BRAF IHC* 7(5.6) 6(9.7) 7(62)
Mutant 8(53.3) <0.001 883 760 000 <0.001 4 9(11.5) 07242 8(28.6) 0.0022
PMMR - 0(0.0) 117 (100) 9.(100) P gg:g; 11%7(%9;5%)
MMR status AMMR . 18 (100) 0(00) 0(0.0) 4(6.3) 8(7.0)
- ’ ’ <0.001 4 14 (17.5) 0.043 2 10 (34.5) 0.001 2
Neg ?(2427-2(3) 4(222) 58 (49.6) 2(22.2) - -
PD-LI-L 66 (30.4) ] )
Pos 14(778) 00432 14 (77.8) 59 (50.4) 7 (77.8) 0038 4 i
Neg 127(32)9) 8 (44.4) 99 (84.6) 8 (88.9) - -
PD-L1-H 19 (15.1) . .
Pos 10 (55.6) <0.001 4 10(356) 18(154) 1ay <0.001 4 - -

1 ANOVA, 2 Chi-square test, 3 t-test, 4 Fisher’s exact test, two-tailed, > t-test. * Not assessable in 4 tumor samples. p/dMMR: Mismatch-
repair proficient or deficient. CMS: Consensus Molecular Subtype. IHC: Immunohistochemical. Neg/Pos: Negative/Positive. SD: Standard

deviation. Statistically significant p values are presented in bold.

3.2. Univariate Analysis

The univariate analysis showed that the risk of mortality increased with age by about
9% per year (HR = 1.09 95% CI (1.04, 1.14)), p < 0.001), and, as expected, a relapse event
significantly increased the risk of mortality (HR = 7.93 (95% CI 3.05, 20.6), p < 0.001),
as seen in Table 4. Finally, perineural invasion also showed a tendency towards poor
prognosis (HR = 2.20 (95% CI 0.99, 4.90), p = 0.050). The expression of PD-L1 was related to
a reduced risk of death, especially for PD-L1-L (HR = 0.40 (95% CI 0.20, 0.81), p = 0.010).
No significant difference was found in mortality between stage II and stage III patients
(HR =1.51 (95% CI0.76, 2.99), p = 0.242).

Table 4. Univariate analysis of overall survival.

Variable (Reference) Hazard Ratio 95% CI p Value

Age (Mean) 1.09 1.04-1.14 <0.001
Gender (Male/Female) 0.96 0.46-2.00 0.913
Localization (Right/Left) 0.78 0.39-1.55 0.479
Stage (II/1II) 1.51 0.76-2.99 0.242
Lymphatic vascular invasion 0.88 0.40-1.96 0.763
Blood vessel invasion 1.81 0.86-3.78 0.114
Perineural invasion 2.20 0.99-4.90 0.050
BRAF THC * (wt/mutant) 0.25 0.05-1.14 0.056
MMR status (p/d) 0.48 0.15-1.54 0.211
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Table 4. Cont.

Variable (Reference) Hazard Ratio 95% CI p Value
CMS1-CMS2/CMS3 1.96 0.61-6.34
CMSCMS1-CMS4 4.38 0.78-24.5 0.224
PD-L1-L 0.40 0.20-0.81 0.010
PD-L1-H 0.41 0.15-1.07 0.064

* Not assessable in four tumor samples. p/dMMR: Mismatch repair proficient or deficient. CMS: Consensus
Molecular Subtype. IHC: Immunohistochemical. Statistically significant p values are presented in bold.

3.3. Multivariate Analysis

The expression of PD-L1-L was associated with good prognosis in the univariate
analysis and was confirmed as being independently associated with better OS in the
multivariate analysis (HR = 0.46 (95% CI 0.26-0.82), p = 0.009) and DFS (HR = 0.48 (95%
CI0.28-0.83), p = 0.012). A high expression of PD-L1-H also showed a tendency towards
statistical significance for better OS (HR = 0.42 (95% CI 0.17-1.02), p = 0.054) and DFS
(HR = 0.46 (95% CI 0.20-1.05), p = 0.064).

CMS4 patients had five times greater risk of mortality and six times the risk of DFS
compared to the CMS1 group (HR = 5.58 (95% CI 1.36, 22.0), p = 0.034 and HR = 6.33 (95%
CI 1.68, 23.8), p = 0.012, respectively). CMS2/CM3 exhibited an intermediate prognosis
with no statistically significant difference.

Independent variables associated with worse prognosis of mortality were age (HR = 1.09
(95% CI 1.05-1.13), p < 0.001) and perineural invasion (HR = 2.25 (95% CI 1.19-4.26),
p =0.012). Similar results for age and perineural invasion were found for DFS, but no
significant differences were noted between the sexes.

3.4. Survival

The Kaplan—-Meier curves (Figure 2) for OS and DFS are consistent with previous
results. With respect to OS and DFS, the CMS1 group displayed the longest survival,
followed by the CMS2/CMS3 and finally the CMS4, which had the poorest outcome.
In the subgroup analysis of CMS2/CMS3, PD-L1 expression significantly differentiated
patients with good and poor prognosis for OS and time to relapse or death (p = 0.004 and
p < 0.001, respectively).

DISEASE FREE SURVIVAL
CMS % CMS

20

lohg-rink p = 0,209

CLASIFICATION CLASIFICATION
I cmst 10 \"1.".1‘_‘ I cmst
I M2/ - cmsa
—L cise Lk_L‘-._ cms4
0.6
F 0.4
04
02
0.0
80 100 Months 0 20 0 40 80 100 Months
TIME 10 EVENT
long-rank p = 0.014
(a) (b)

Figure 2. Cont.
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Figure 2. Survival analysis. Kaplan-Meier curves for (a) overall survival (OS) by CMS in the overall population; (b)
disease-free survival (DFS) by CMS in the overall population; (c) OS for PD-L1-L in the CMS2/CMS3 group; (d) DFS
for PD-L1-L in the CMS2/CMS3 group; (e) OS for PD-L1 - H in the CMS2/CMS3 group; (f) DFS for PD-L1-L in the
CMS2/CMS3 group.

4. Discussion

Our findings suggest that PD-L1 expression is an independent prognostic factor in
patients with cancer in the CMS2/CMS3 group. Patients in this group with positive
expression of PD-L1-L (>1%) and of PD-L1-H (>5%) in immune cells in tumor-related
stroma had longer OS and DFS than patients with a lower or null level of expression. After
adjustment for known clinical prognostic factors, the prognostic effect of PD-L1 remained
significant in the multivariate analysis for both OS and DFS. The CMS1 group provided
the best prognosis, whereas the CMS4 group exhibited the worst outcome.

Consistent with the findings of similar studies, patients with a diagnosis of rectal
cancer were excluded from our analysis in an effort to homogenize the patient population,
since rectal cancer differs from colon cancer with respect to the therapeutic approach,
tumor biology and prognosis [29,39-41]. Furthermore, through the use of IHC, some
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studies have revealed elevated PD-L1 expression in rectal cancer after chemo-radiotherapy
in the perioperative setting [42,43].

PD-L1 expression depends on various factors and their possible interactions, for
example the type of tumor, pathological assessment, tumor stage, and technical issues
related to IHC (e.g., the type of clone, scoring method, cut-off values for positivity, etc.).
CRC is considered to be a cold tumor with a low PD-L1 expression compared with other
solid tumors such as lung cancer, renal cell carcinoma and urothelial carcinoma. PD-L1
expression in CRC is not frequently observed in tumor cells [29,38,44-46], although this
may not be the case for all clones. Accordingly, the PD-L1 expression in our study with the
SP142 clone mostly occurred in the immune cells of the tumor-related stroma, and not in
any tumor cells (Figure S2a,b). In a few cases, the expression was initially thought to occur
in the tumor epithelium, but, on closer assessment, it was found to be due to infiltration
of intratumoral lymphocytes [38]. In these few cases of intertumoral expression, they all
co-existed with positivity at the tumor-stroma interface.

It has been suggested that overexpression of PD-L1 in CRC is fundamentally related to
an extrinsic/adaptive mechanism that drives PD-L1 expression in immune cells, highlight-
ing the role of the tumor microenvironment, rather than being associated with an intrinsic
gene alteration [44,47-49]. One example is the MSI in CRC, where an “extrinsic” immune
cell-mediated PD-L1 upregulation mechanism has been hypothesized to be exerted by
the induction of an active immune microenvironment by this instability on two fronts:
an immune-stimulatory effect by increased cytotoxic effector T lymphocytes on one side,
and immune inhibitory effect that includes PD-1/PD-L1 checkpoint on the other [38,44,50].
Likewise, our results showed that AMMR tumors were significantly associated with PD-L1
expression in immune cells. Furthermore, the level of expression of PD-L1 was also signifi-
cantly related to dMMR tumors since more cases were assessed as being PD-L1-H than
PD-L1-L (34.5% vs. 17.5%). The exosomes are another example supporting the “extrin-
sic/adaptive” mechanism. As recently reported by Tang et al., exosomes may play a role in
immunosuppression and avoiding an anti-tumor immune response [51]. Overall, it has
been suggested that there is a lack of evidence supporting “intrinsic” mechanisms in CRC,
unlike other solid tumors [38].

We used the SP142 clone because it has proved useful in other tumor types with
clinical implications and with a particular sensitivity of expression in immune cells (e.g.,
breast, urothelial and non-small cell lung cancer [52-55]). Special attention is required with
the scoring method and the cut-off values defining positivity when comparing results, since
there is no established consensus. Contradictory results can be found in other studies using
different cut-off levels to determine the scoring method and PD-L1 positivity [49,56,57].
However, similar studies concur in setting the low level of expression of PD-L1 (PD-L1-L)
as >1% and the high level of expression of PD-L1 (PD-L1-H) as >5%, since very few cases
occur with >50% overexpression [26,29,47]. These studies also reported a similar overall
incidence of PD-L1 for patients in stage II/III CRC as in our study:.

Although some studies suggest that PD-L1 expression is a negative prognostic factor,
this is mainly due to the assessment of expression in tumor cells [33,58,59] and tumor
staging. The contradictory results from the metastatic setting and from the early-stages [60]
are probably due to temporal and spatial differences in the microenvironment and PD-L1
expression [61-64].

Patients with dMMR express significantly higher levels of PD-L1 in the early
stages [26,47,48,65,66], which is consistent with the findings of our study (p = 0.043 for
PD-L1-L and p < 0.001 for PD-L1-H). With respect to survival, patients in the CMS1 group,
defined by dAMMR, have the best prognosis in early-stage CRC [2,29,67,68] independent
of the degree of PD-L1 expression. Further, the value of PD-L1 expression as an immuno-
histochemical biomarker of good prognosis when assessed in immune cells has been
suggested by several studies and meta-analyses [33,47,63,69]. It is independent of MMR
status [28,29,67,70,71]. Thus, patients with positive PD-L1 expression in the CMS2/CMS3
or CMS4 groups might also be expected to have a better prognosis.
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This probably explains why our findings suggest that PD-L1 can separate those
patients in the CMS2/CMS3 group with good and bad prognoses, since positive PD-L1
expression is significantly associated with better prognosis, as illustrated by the Kaplan—
Meier curves for OS and DFS. This analysis was not carried out in the CMS4 group given
the small number of statistical events upon which to draw relevant conclusions.

These results seem to be valid for other advanced GI tumors in general. Some re-
cently published data suggest that PD-L1 expression has prognostic and predictive value
and patients are being considered for anti-PD-1/PD-L1 therapy in CRC and other solid
tumors [18,52,53,72-74].

As mentioned previously, CMS1 and CMS4 show very different intrinsic biological
characteristics that translate into better and worse patient prognosis, respectively, in early-
stage CRC [2,67,68]; this is not so clear for CMS2 and CMS3. As noted above, CMS2
displays epithelial differentiation and strong upregulation of WNT and MYC downstream
targets, and CMS3 is characterized by multiple metabolism signatures. However, they
sometimes share these characteristics with CMS4 or with CMS1 without distinction and
this may be the reason for their unclear or intermediate prognosis [68]. For example, CMS2
shares with CMS4 a high frequency of somatic copy-number alterations and WNT/MYC
pathways, and shares with CMS1 PD-1 activation and immune cell infiltration, whereas
CMS3 shares with CMS4 higher KRAS mutation rates and sugar metabolic signatures, and
shares with CMS1 a hypermutated profile and caspase pathways [3,19,75]. The results
of our study could be a first step towards integrating the use of biomarkers like PD-L1
expression to differentiate the prognosis in CMS2 and CMS3. As such, it may significantly
help with the clinical relevance of this classification.

Adjuvant chemotherapy in stage II and stage III CC patients remains controversial.
For stage II despite several randomized trials [76,77], there is still a need for robust evidence
concerning the addition of adjuvant chemotherapy for all patients [68]. For stage III, some
studies have been able to establish a basis for treatment decisions [56,78,79]. Overall, some
early-stage CRC patients benefit from adjuvant chemotherapy, although their long-term
response rate is still suboptimal, particularly in the elderly population [68,80]. According
to the ESMO and NCCN guidelines, the TNM is the main factor when deciding between
observation or chemotherapy treatment. Nevertheless, other histopathological and clinical
factors are sometimes taken into consideration, even though their prognostic value has not
been fully validated [16,17].

Therefore, further characterization of patients with clinical implications is urgently
needed in the context of early-stage settings. Our results, with PD-L1 expression used as a
biomarker in combination with the CMS classification, could be a response to this need
and possibly help with the decision to provide adjuvant therapy in the early setting.

Certain limitations of this study should be acknowledged when interpreting our
results. Firstly, there were relatively few mortality events during the follow-up period,
as expected during the design of the study. We used DFS because it is a good indicator
in the Kaplan-Meier curves when mortality events are limited. Secondly, we assumed
treatment to be homogeneous among all patients during the full course of their disease,
since it was established and monitored by the same cross-functional committee of the
same hospital. However, the lack of consistent data across patient records regarding
the full details of the treatments received, treatment dosage, treatment duration, and/or
any modifications, meant that the design of the study could not accommodate treatment
stratification. Finally, the known limitations for a single center and retrospective study
should also be acknowledged.

As mentioned previously, there is a clear need for better tools and characterization
strategies for early-stage CRC patients. The early-stage setting has been less widely studied
than the metastatic setting, probably due to its complexity and variability, even though
the overall benefits to patients could be greater. With current emerging data and newly
available targeted therapies, we call for a continuation of efforts towards devising validated

16



Cancers 2021, 13, 1943

prognostic biomarkers. Furthermore, a multi-center prospective study should follow our
findings to confirm a hypothesized predictive value of PD-L1 expression.

5. Conclusions

In conclusion, our study demonstrates that PD-L1 expression is an independent
prognostic factor in patients with stage II/1II colon cancer in the CMS2/CMS3 group. The
PD-L1 expression of stromal-related immune cells (tumor microenvironment) in colon
cancer (CC) provides valuable information of prognostic value. The CMS classification
itself is also of prognostic utility for early-stage CC patients. The assessment of CMS and
PD-L1 expression through IHC, when performed in early-stage CC patients, may also
have predictive value, with the potential to guide physicians concerning the addition of
adjuvant treatment.

We expect this study to be a first step towards integrating the use of biomarkers like
PD-L1 expression into a unified IHC panel, which may significantly help with the clinical
relevance and implementation of the CMS classification.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ cancers13081943/s1, Figure S1: Scanned image of TMA (hematoxylin-eosin stain), Figure S2:
IHC scan detail on high power field of PD-L1 staining in immune cells (core X20).

Author Contributions: Conceptualization, P.A. and M.L.G.-D.; methodology, P.A., M.L.G.-D. and
M.M.; software, A.G.; validation, P.A., D.G.S., ].S.A. and M.L.G.-D.; formal analysis, P.A., M.M. and
R.V,; investigation, P.A., M.L.G.-D. and LE,; resources, L.E., D.G.S. and M.M,; data curation, A.G. and
J.S.A.; writing—original draft preparation, P.A., M.L.G.-D. and LE.; writing—review and editing, PA.,
LE., D.G.S. and R.V,; visualization, R.V. and ].S.A.; supervision, M.L.G.-D.; project administration,
M.L.G.-D. and L.E,; funding acquisition, D.G.S. and M.L.G.-D. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was partly funded by European Union Regional Development Fund ((17-
20, RefBioll, Trans-Pyrenean cooperation network program 20162018, INTERREG-POCTEFA)
https:/ /ec.europa.eu/regional_policy/en/funding/erdf/ (accessed on 19 May 2020).

Institutional Review Board Statement: The study was approved by the Regional Clinical Research
Ethics Committee (CEIC) Pyto2017/51 Cod. MOL_CRC, 15/05/2018.

Informed Consent Statement: Patient consent was waived due to usage of stored tumor samples for
research purposes in compliance with the current Spanish and European Union legislation (resolution
1387/2017 (08/11) and resolution 193/2018 (06/03) of the Navarra Health Service—Osasunbidea).

Data Availability Statement: Full data for this study are available from the Corresponding Authors
upon request.

Conflicts of Interest: P.A. is an employee of Servier Medical Affairs, although there were no affilia-
tions or financial involvement with this or any other organization or entity, with financial or scientific
interest, with the subject matter or materials discussed in the manuscript. All other authors declare
no conflicts of interest. The funders had no role in the design of the study, in the collection, analyses,
or interpretation of data, in the writing of the manuscript, or in the decision to publish the results.

References

1. Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394—424. [CrossRef] [PubMed]

2. Puccini, A.; Berger, M.D.; Zhang, W.; Lenz, H.-J]. What We Know About Stage II and III Colon Cancer: It’s Still Not Enough. Target.
Oncol. 2017, 12, 265-275. [CrossRef]

3. Guinney, J.; Dienstmann, R.; Wang, X.; de Reynies, A.; Schlicker, A.; Soneson, C.; Marisa, L.; Roepman, P.; Nyamundanda, G.;
Angelino, P.; et al. The consensus molecular subtypes of colorectal cancer. Nat. Med. 2015, 21, 1350-1356. [CrossRef] [PubMed]

4. Trinh, A.; Trumpi, K.; De Sousa, F.; Wang, X.; de Jong, ].H.; Fessler, E.; Kuppen, P.; Reimers, M.; Swets, M.; Koopman, M.; et al.
Practical and Robust Identification of Molecular Subtypes in Colorectal Cancer by Immunohistochemistry. Clin Cancer Res. 2017,
23,387-398. [CrossRef] [PubMed]

5. Olsen, J.; Eiholm, S.; Kirkeby, L.; Espersen, M.; Jess, P.; Gogentir, L.; Troelsen, J.; Espersen, M.L.M. CDX2 downregulation is

associated with poor differentiation and MMR deficiency in colon cancer. Exp. Mol. Pathol. 2016, 100, 59-66. [CrossRef] [PubMed]

17



Cancers 2021, 13, 1943

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

Pilati, C.; Taieb, J.; Balogoun, R.; Marisa, L.; De Reynies, A.; Laurent-Puig, P. CDX2 prognostic value in stage II/III resected colon
cancer is related to CMS classification. Ann. Oncol. 2017, 28, 1032-1035. [CrossRef] [PubMed]

Soll, C.; Riener, M.-O.; Oberkofler, C.E.; Hellerbrand, C.; Wild, PJ.; DeOliveira, M.L.; Clavien, P.A. Expression of Serotonin
Receptors in Human Hepatocellular Cancer. Clin. Cancer Res. 2012, 1, 5902-5910. [CrossRef] [PubMed]

Henriksen, R.; Dizeyi, N.; Abrahamsson, P.-A. Expression of Serotonin Receptors 5-HT1A.; 5-HT1B.; 5-HT2B and 5-HT4 in Ovary
and in Ovarian Tumours. Anticancer Res. 2012, 32, 1361-1366.

Xu, Y.; Wang, K.; Yu, Q. FRMD6 inhibits human glioblastoma growth and progression by negatively regulating activity of receptor
tyrosine kinases. Oncotarget 2016, 25, 70080-70091. [CrossRef]

Angus, L.; Moleirinho, S.; Herron, L.; Sinha, A.; Zhang, X.; Niestrata, M.; Dholakia, K.; Prystowsky, M.B.; Harvey, K.F;
Reynolds, P; et al. Willin/FRMD6 expression activates the Hippo signaling pathway kinases in mammals and antagonizes
oncogenic YAP. Oncogene 2011, 31, 238-250. [CrossRef]

Zhang, P.; Wei, Y.; Wang, L.; Debeb, B.G.; Yuan, Y.; Zhang, J.; Yuan, ]J.; Wang, M.; Chen, D.; Sun, Y.; et al. ATM-mediated
stabilization of ZEB1 promotes DNA damage response and radioresistance through CHK1. Nat. Cell Biol. 2014, 16, 864-875.
[CrossRef]

Zhang, P; Sun, Y.; Ma, L. ZEB1: At the crossroads of epithelial-mesenchymal transition, metastasis and therapy resistance. Cell
Cycle 2015, 14, 481-487. [CrossRef]

Zhang, B.Y,; Jones, J.C.; Briggler, A.M.; Hubbard, ].M.; Kipp, B.R.; Sargent, D.]J.; Dixon, J.; Grothey, A. Lack of Caudal-Type
Homeobox Transcription Factor 2 Expression as a Prognostic Biomarker in Metastatic Colorectal Cancer. Clin. Colorectal Cancer
2017, 16, 124-128. [CrossRef]

Gatalica, Z.; Vranic, S.; Xiu, J.; Swensen, J.; Reddy, S. High microsatellite instability (MSI-H) colorectal carcinoma: A brief review
of predictive biomarkers in the era of personalized medicine. Fam. Cancer 2016, 15, 405-412. [CrossRef] [PubMed]

Vilar, E.; Gruber, S.B. Microsatellite instability in colorectal cancer—The stable evidence. Nat. Rev. Clin. Oncol. 2010, 7, 153-162.
[CrossRef]

National Comprehensive Cancer Network (NCCN). NCCN Clinical Practice Guidelines in Oncology. Colon Cancer Version
4.2019 [Internet]. National Comprehensive Cancer Network. 2019. Available online: https://www.nccn.org/professionals/
physician_gls/pdf/colon.pdf (accessed on 14 July 2020).

Argilés, G.; Tabernero, J.; Labianca, R.; Hochhauser, D.; Salazar, R.; Iveson, T.; Laurent-Puig, P.; Quirke, P; Yoshino, T,;
Taieb, J.; et al. Localised colon cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol.
2020, 31, 1291-1305. [CrossRef]

Andre, T.; Shiu, K.-K.; Kim, T.W.; Jensen, B.V.; Jensen, L.H.; Punt, C.J.A.; Smith, M.; Garcia-Carbonero, R.; Benavides, M.;
Gibbs, P; et al. Pembrolizumab versus chemotherapy for microsatellite instability-high /mismatch repair deficient metastatic
colorectal cancer: The phase 3 KEYNOTE-177 Study. J. Clin. Oncol. 2020, 20 (Suppl. 18), LBA4. [CrossRef]

Dienstmann, R.; Vermeulen, L.; Guinney, ].; Kopetz, S.; Tejpar, S.; Tabernero, J. Consensus molecular subtypes and the evolution
of precision medicine in colorectal cancer. Nat. Rev. Cancer 2017, 17, 79-92. [CrossRef]

De Sousa, E.; Melo, E; Wang, X.; Jansen, M.; Fessler, E.; Trinh, A.; de Rooij, L..M.H.; Jong, H.; de Boer, O.; van Leersum, R.; et al.
Poor-prognosis colon cancer is defined by a molecularly distinct subtype and develops from serrated precursor lesions. Nat. Med.
2013, 19, 614-618. [CrossRef]

Roepman, P; Schlicker, A.; Tabernero, J.; Majewski, I.; Tian, S.; Moreno, V.; Snel, M.H.; Chresta, C.M.; Rosenberg, R.;
Nitsche, U.; et al. Colorectal cancer intrinsic subtypes predict chemotherapy benefit, deficient mismatch repair and epithelial-to-
mesenchymal transition. Int. J. Cancer 2014, 134, 552-562. [CrossRef]

Song, N.; Pogue-Geile, K.L.; Gavin, P.G.; Yothers, G.; Kim, S.R;; Johnson, N.L.; Lipchik, C.; Allegra, C.; Petrelli, J;
O’Connell, M.; et al. Clinical Outcome From Oxaliplatin Treatment in Stage II/III Colon Cancer According to Intrinsic Subtypes:
Secondary Analysis of NSABP C-07/NRG Oncology Randomized Clinical Trial. JAMA Oncol 2016, 1, 1162. [CrossRef]

Fontana, E.; Eason, K.; Cervantes, A.; Salazar, R.; Sadanandam, A. Context matters—consensus molecular subtypes of colorectal
cancer as biomarkers for clinical trials. Ann. Oncol. 2019, 30, 520-527. [CrossRef]

Sharpe, A.H.; Pauken, K.E. The diverse functions of the PD1 inhibitory pathway. Nat. Rev. Immunol. 2018, 18, 153-167. [CrossRef]
Oliveira, A.E; Bretes, L.; Furtado, I. Review of PD-1/PD-L1 Inhibitors in Metastatic dMMR /MSI-H Colorectal Cancer. Front.
Oncol. 2019, 14, 396. [CrossRef]

Rosenbaum, M.W.; Bledsoe, ].R.; Morales-Oyarvide, V.; Huynh, T.G.; Mino-Kenudson, M. PD-L1 expression in colorectal cancer is
associated with microsatellite instability, BRAF mutation, medullary morphology and cytotoxic tumor-infiltrating lymphocytes.
Mod. Pathol. 2016, 29, 1104-1112. [CrossRef]

Ruan, Z,; Liang, M.; Lai, M.; Shang, L.; Deng, X.; Su, X. KYA1797K down-regulates PD-L1 in colon cancer stem cells to block
immune evasion by suppressing the 3-catenin/STT3 signaling pathway. Int. Immunopharmacol. 2020, 78, 106003. [CrossRef]
Shen, Z.; Gu, L.; Mao, D.; Chen, M,; Jin, R. Clinicopathological and prognostic significance of PD-L1 expression in colorectal
cancer: A systematic review and meta-analysis. World . Surg. Oncol. 2019, 17, 1-9. [CrossRef]

Wyss, J.; Dislich, B.; Koelzer, V.H.; Galvan, J.A.; Dawson, H.; Hadrich, M.; Inderbitzin, D.; Lugli, A.; Zlobec, I.; Berger, M.D.
Stromal PD-1/PD-L1 Expression Predicts Outcome in Colon Cancer Patients. Clin. Color. Cancer 2019, 18, e20-e38. [CrossRef]

18



Cancers 2021, 13, 1943

30. Droeser, R.A.; Hirt, C.; Viehl, C.T.; Frey, D.M.; Nebiker, C.; Huber, X.; Zlobecc, I.; Eppenberger-Castorid, S.; Tzankovd, A.;
Rosso, R.; et al. Clinical impact of programmed cell death ligand 1 expression in colorectal cancer. Eur. ]. Cancer 2013, 49,
2233-2242. [CrossRef]

31. Song, M.; Chen, D.; Lu, B.; Wang, C.; Zhang, ].; Huang, L.; Wang, X.; Timmons, C.L.; Hu, J.; Liu, B.; et al. PTEN Loss Increases
PD-L1 Protein Expression and Affects the Correlation between PD-L1 Expression and Clinical Parameters in Colorectal Cancer.
PLoS ONE 2013, 8, €65821. [CrossRef]

19



Cancers 2021, 13, 1943

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Mettu, N.B.; Twohy, E.; Ou, E-S.; Halfdanarson, T.R.; Lenz, H.]J.; Breakstone, R.; Boland, PM.; Crysler, O.; Wu, C.; Grothey, A.; et al.
BACCI: A phase Il randomized, double-blind, multicenter, placebo-controlled study of capecitabine (C) bevacizumab (B) plus
atezolizumab (A) or placebo (P) in refractory metastatic colorectal cancer (mCRC): An ACCRU network study. Ann. Oncol. 2019,
30, 203. [CrossRef]

Li, Y.; He, M.; Zhou, Y.; Yang, C.; Wei, S.; Bian, X.; Christopher, O.; Xie, L. The Prognostic and Clinicopathological Roles of PD-L1
Expression in Colorectal Cancer: A Systematic Review and Meta-Analysis. Front. Pharm. 2019, 10, 139. [CrossRef] [PubMed]
Bae, S.U.; Jeong, WK_; Baek, S.K; Kim, N.K,; Hwang, I. Prognostic impact of programmed cell death ligand 1 expression on
long-term oncologic outcomes in colorectal cancer. Oncol. Lett. 2018, 16, 5214-5222. [CrossRef]

Lee, M.S.; Menter, D.G.; Kopetz, S. Right Versus Left Colon Cancer Biology: Integrating the Consensus Molecular Subtypes. |.
Natl. Compr. Canc. Netw. 2017, 15, 411-419. [CrossRef] [PubMed]

Sobin, L.H.; Gospodarowicz, M.K.; Wittekind, C. TNM Classification of Malignant Tumours, 7th ed.; Wiley-Blackwell: Hoboken, NJ,
USA, 2011; p. 336.

Hoorn, S.; Trinh, A.; de Jong, J.; Koens, L.; Vermeulen, L. Classification of Colorectal Cancer in Molecular Subtypes by Immuno-
histochemistry. In Colorectal Cancer; Beaulieu, J.-F,, Ed.; Humana Press: New York, NY, USA, 2018; pp. 179-191.

Liu, S.; Gonen, M.; Stadler, Z.K.; Weiser, M.R.; Hechtman, ]J.E; Vakiani, E.; Wang, T.; Vyas, M.; Joneja, U.; Al-Bayati, M.; et al.
Cellular localization of PD-L1 expression in mismatch-repair-deficient and proficient colorectal carcinomas. Mod. Pathol. 2019, 32,
110-121. [CrossRef]

Berger, M.D.; Yang, D.; Sunakawa, Y.; Zhang, W.; Ning, Y.; Matsusaka, S.; Okazaki, S.; Miyamoto, Y.; Suenaga, M.;
Schirripa, M.; et al. Impact of sex, age, and ethnicity/race on the survival of patients with rectal cancer in the United States from
1988 to 2012. Oncotarget 2016, 7, 53668-53678. [CrossRef] [PubMed]

Salem, M.E,; Yin, J.; Weinberg, B.A.; Renfro, L.A.; Pederson, L.D.; Maughan, T.S.; Adams, R.A.; Van Custem, E.; Falcone, A.;
Tebbutt, N.C.; et al. Clinicopathological differences and survival outcomes with first-line therapy in patients with left-sided colon
cancer and rectal cancer: Pooled analysis of 2879 patients from AGITG (MAX), COIN.; FOCUS2, OPUS.; CRYSTAL and COIN-B
trials in the ARCAD database. Eur. J. Cancer 2018, 103, 205-213.

Tamas, K.; Walenkamp, A.M.E.; de Vries, E.G.E.; van Vugt, M.A.T.M.; Beets-Tan, R.G.; van Etten, B.; de Groota, ].A.; Hospersa,
G.A.P. Rectal and colon cancer: Not just a different anatomic site. Cancer Treat. Rev. 2015, 41, 671-679. [CrossRef]

Tominaga, T.; Akiyoshi, T.; Yamamoto, N.; Taguchi, S.; Mori, S.; Nagasaki, T.; Fukunaga, Y.; Ueno, M. Clinical significance of
soluble programmed cell death-1 and soluble programmed cell death-ligand 1 in patients with locally advanced rectal cancer
treated with neoadjuvant chemoradiotherapy. PLoS ONE 2019, 26, e0212978. [CrossRef]

Shao, L.; Peng, Q.; Du, K.; He, J.; Dong, Y.; Lin, X,; Li, J.; Wu, J. Tumor cell PD-L1 predicts poor local control for rectal cancer
patients following neoadjuvant radiotherapy. Cancer Manag. Res. 2017, 9, 249-258. [CrossRef]

Llosa, N.J.; Cruise, M.; Tam, A.; Wicks, E.C.; Hechenbleikner, E.M.; Taube, ].M.; Blosser, R.L.; Fan, H.; Wang, H.; Luber, B.S,; et al.
The Vigorous Immune Microenvironment of Microsatellite Instable Colon Cancer Is Balanced by Multiple Counter-Inhibitory
Checkpoints. Cancer Discov. 2015, 5, 43-51. [CrossRef]

Marginean, E.C.; Melosky, B. Is There a Role for Programmed Death Ligand-1 Testing and Immunotherapy in Colorectal Cancer
With Microsatellite Instability? Part II—The Challenge of Programmed Death Ligand-1 Testing and Its Role in Microsatellite
Instability-High Colorectal Cancer. Arch. Pathol. Lab. Med. 2018, 1, 26-34. [CrossRef]

Elfishawy, M.; Abd-ELaziz, S.A.; Hegazy, A.; El-Yasergy, D.F. Immunohistochemical Expression of Programmed Death Ligand-1
(PDL-1) in Colorectal carcinoma and Its Correlation with Stromal Tumor Infiltrating Lymphocytes. Asian Pac. |. Cancer Prev. 2020,
21,225-232. [CrossRef] [PubMed]

El Jabbour, T.; Ross, ].S.; Sheehan, C.; Affolter, K.; Geiersbach, K.B.; Boguniewicz, A.; Ainechi, S.; Bronner, M.P; Jones, D.M.; Lee,
H. PD-L1 protein expression in tumour cells and immune cells in mismatch repair protein-deficient and -proficient colorectal
cancer: The foundation study using the SP142 antibody and whole section immunohistochemistry. J. Clin. Pathol. 2018, 71, 46-51.
[CrossRef] [PubMed]

Kim, J.H.; Park, H.E.; Cho, N.-Y.; Lee, H.S.; Kang, G.H. Characterisation of PD-L1-positive subsets of microsatellite-unstable
colorectal cancers. Br. J. Cancer 2016, 115, 490—496. [CrossRef]

Masugi, Y; Nishihara, R.; Mingyang, S.; Mima, K.; Da Silva, A.; Shi, Y; Inamura, K.; Cao, Y.; Song, M.; Nowak, J.A ; et al. Tumour
CD274 (PD-L1) expression and T cells in colorectal cancer. Gut 2017, 66, 1463-1473. [CrossRef] [PubMed]

Le, D.T,; Uram, ].N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, D.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. |. Med. 2015, 372, 2509-2520. [CrossRef]

Tang, Y.; Zhang, P.; Wang, Y.; Wang, J.; Su, M.; Wang, Y.; Zhou, L.; Xiong, W.; Zeng, Z.; Zhou, Y.; et al. The Biogenesis, Biology,
and Clinical Significance of Exosomal PD-L1 in Cancer. Front. Immunol. 2020, 11, 604. [CrossRef]

Fehrenbacher, L.; Spira, A.; Ballinger, M.; Kowanetz, M.; Vansteenkiste, ].; Mazieres, J.; Park, K.; Smith, D.; Artal-Cortes, A.;
Lewanski, C.; et al. Atezolizumab versus docetaxel for patients with previously treated non-small-cell lung cancer (POPLAR): A
multicentre, open-label, phase 2 randomised controlled trial. Lancet 2016, 387, 1837-1846. [CrossRef]

Rittmeyer, A.; Barlesi, F.; Waterkamp, D.; Park, K.; Ciardiello, F; von Pawel, J.; Gadgeel, S.M.; Hida, T.; Kowalski, D.M.;
Dols, M.C,; et al. Atezolizumab versus docetaxel in patients with previously treated non-small-cell lung cancer (OAK): A phase 3,
open-label, multicentre randomised controlled trial. Lancet 2017, 389, 255-265. [CrossRef]

20



Cancers 2021, 13, 1943

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.A.; Shaw Wright, G.; et al.
Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N. Engl. . Med. 2018, 379, 2108-2121. [CrossRef]
[PubMed]

Eckstein, M.; Erben, P.; Kriegmair, M.C.; Worst, T.S.; Weifs, C.-A.; Wirtz, RM.; Wach, S.; Stoehr, R.; Sikic, D.; Geppert, C.L; et al.
Performance of the Food and Drug Administration/EMA-approved programmed cell death ligand-1 assays in urothelial
carcinoma with emphasis on therapy stratification for first-line use of atezolizumab and pembrolizumab. Eur. J. Cancer 2019, 106,
234-243. [CrossRef]

Shi, Q.; Sobrero, A.E,; Shields, A.F,; Yoshino, T.; Paul, J.; Taieb, ]J.; Sougklakos, I.; Kerr, R.; Labianca, R.; Meyerhardt, ].A.; et al.
Prospective pooled analysis of six phase III trials investigating duration of adjuvant (adjuv) oxaliplatin-based therapy (3
vs. 6 months) for patients (pts) with stage III colon cancer (CC): The IDEA (International Duration Evaluation of Adjuvant
chemotherapy) collaboration. J. Clin. Oncol. 2017, 35 (Suppl. 18), LBAL.

Zhu, J.; Chen, L.; Zou, L,; Yang, P.; Wu, R.; Mao, Y.; Zhou, H.; Li, R.; Wang, K.; Wang, W.; et al. MiR-20b, -21, and -130b inhibit
PTEN expression resulting in B7-H1 over-expression in advanced colorectal cancer. Hum. Immunol. 2014, 75, 348-353. [CrossRef]
[PubMed]

Lee, L.H.; Cavalcanti, M.S.; Segal, N.H.; Hechtman, J.F.; Weiser, M.R.; Smith, ] .J.; Garcia-Aguilar, J.; Sadot, E.; Ntiamoah, P;
Markowitz, A.J.; et al. Patterns and prognostic relevance of PD-1 and PD-L1 expression in colorectal carcinoma. Mod. Pathol.
2016, 29, 1433-1442. [CrossRef]

Shan, T.; Chen, S.; Wu, T,; Yang, Y.; Li, S.; Chen, X. PD-L1 expression in colon cancer and its relationship with clinical prognosis.
Int. J. Clinc. Exp. Pathol. 2019, 12, 1764-1769.

Ni, X.; Sun, X.; Wang, D.; Chen, Y.; Zhang, Y.; Li, W.; Wang, L.; Suo, J. The clinicopathological and prognostic value of programmed
death-ligand 1 in colorectal cancer: A meta-analysis. Clin. Transl. Oncol. 2019, 21, 674—-686. [CrossRef]

Zhou, K.I; Peterson, B.; Serritella, A.; Thomas, J.; Reizine, N.; Moya, S.; Tan, C.; Wang, Y.; Catenacci, D.V.T. Spatial and Temporal
Heterogeneity of PD-L1 Expression and Tumor Mutational Burden in Gastroesophageal Adenocarcinoma at Baseline Diagnosis
and after Chemotherapy. Clin. Cancer Res. 2020, 26, 6453-6463. [CrossRef] [PubMed]

Yamashita, K.; Iwatsuki, M.; Ajani, J.A.; Baba, H. Programmed death ligand-1 expression in gastrointestinal cancer: Clinical
significance and future challenges. Ann. Gastroenterol. Surg. 2020, 4, 369-378. [CrossRef]

Shklovskaya, E.; Rizos, H. Spatial and Temporal Changes in PD-L1 Expression in Cancer: The Role of Genetic Drivers, Tumor
Microenvironment and Resistance to Therapy. Int. |. Mol. Sci. 2020, 21, 7139. [CrossRef]

Chen, B.J.; Dashnamoorthy, R.; Galera, P.; Makarenko, V.; Chang, H.; Ghosh, S.; Evens, A.M. The immune checkpoint molecules
PD-1, PD-L1, TIM-3 and LAG-3 in diffuse large B-cell lymphoma. Oncotarget 2019, 10, 2030-2040. [CrossRef]

Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, LK,; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S,; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409—413. [CrossRef] [PubMed]
Jung, D.H,; Park, H].; Jang, H.H.; Kim, S.-H.; Jung, Y.; Lee, W.-S. Clinical Impact of PD-L1 Expression for Survival in Curatively
Resected Colon Cancer. Cancer Investig. 2020, 38, 406-414. [CrossRef] [PubMed]

Huang, C.-Y.; Chiang, S.-F; Ke, T.-W.; Chen, T.-W.; You, Y.-S.; Chen, W.T.-L.; Chao, K.S.C. Clinical significance of programmed
death 1 ligand-1 (CD274/PD-L1) and intra-tumoral CD8+ T-cell infiltration in stage II-III colorectal cancer. Sci. Rep. 2018,
8, 15658. [CrossRef]

Chakrabarti, S.; Peterson, C.Y.; Sriram, D.; Mahipal, A. Early stage colon cancer: Current treatment standards, evolving paradigms,
and future directions. World . Gastrointest. Oncol. 2020, 12, 808-832. [CrossRef] [PubMed]

Zhao, T,; Li, C.; Wu, Y,; Li, B.; Zhang, B. Prognostic value of PD-L1 expression in tumor infiltrating immune cells in cancers: A
meta-analysis. PLoS ONE 2017, 12, e0176822. [CrossRef]

Yang, L.; Xue, R.; Pan, C. Prognostic and clinicopathological value of PD-L1 in colorectal cancer: A systematic review and
meta-analysis. Oncotargets 2019, 12, 3671-3682. [CrossRef] [PubMed]

Wang, L.; Liu, Z.; Fisher, KW.; Ren, E; Lv, ].; Davidson, D.D.; Baldridge, L.A.; Du, X.; Cheng, L. Prognostic value of programmed
death ligand 1, p53, and Ki-67 in patients with advanced-stage colorectal cancer. Hum. Pathol. 2018, 71, 20-29. [CrossRef]
[PubMed]

Yaghoubi, N.; Soltani, A.; Ghazvini, K.; Hassanian, S.M.; Hashemy, S.I. PD-1/ PD-L1 blockade as a novel treatment for colorectal
cancer. Biomed. Pharm. 2019, 110, 312-318. [CrossRef] [PubMed]

Overman, M.J.; McDermott, R.; Leach, J.L.; Lonardi, S.; Lenz, H.-J.; Morse, M.; Desai, J.; Hill, A.; Axelson, M.; Moss, R.; et al.
Nivolumab in patients with metastatic DNA mismatch repair-deficient or microsatellite instability-high colorectal cancer
(CheckMate 142): An open-label, multicentre, phase 2 study. Lancet Oncol. 2017, 18, 1182-1191. [CrossRef]

Kluger, HM.; Zito, C.R.; Turcu, G.; Baine, M.K.; Zhang, H.; Adeniran, A.; Szonl, M.; Rimm, D.L.; Kluger, Y.; Chen, L.; et al.
PD-L1 Studies Across Tumor Types, Its Differential Expression and Predictive Value in Patients Treated with Immune Checkpoint
Inhibitors. Clin. Cancer Res. 2017, 23, 4270-4279. [CrossRef]

Miiller, M.F,; Ibrahim, A.E.K.; Arends, M.]. Molecular pathological classification of colorectal cancer. Virchows Arch. 2016, 469,
125-134. [CrossRef] [PubMed]

Iveson, T.; Sobrero, A.F.; Yoshino, T.; Sougklakos, I.; Ou, E-S.; Meyers, ].P; Shi, Q.; Saunders, M.P,; Labianca, R.; Yamanaka, T.; et al.
Prospective pooled analysis of four randomized trials investigating duration of adjuvant oxaliplatin-based therapy (3 vs 6 months)
for patients with high-risk stage II colorectal cancer. J. Clin. Oncol. 2019, 37 (Suppl. 15), 3501. [CrossRef]

21



Cancers 2021, 13, 1943

77.

78.

79.

80.

Tournigand, C.; André, T.; Bonnetain, F.; Chibaudel, B.; Lledo, G.; Hickish, T.; Tabernero, J.; Boni, C.; Bachet, ].-B.; Teixeira, L.; et al.
Adjuvant Therapy With Fluorouracil and Oxaliplatin in Stage II and Elderly Patients (between ages 70 and 75 years) With Colon
Cancer: Subgroup Analyses of the Multicenter International Study of Oxaliplatin, Fluorouracil, and Leucovorin in the Adjuvant
Treatment of Colon Cancer Trial. J. Clin. Oncol. 2012, 30, 3353-3360. [PubMed]

Grothey, A.; Sobrero, A.F,; Shields, A.F,; Yoshino, T.; Paul, ].; Taieb, J.; Souglakos, J.; Shi, Q.; Kerr, R.; Labianca, R.; et al. Duration
of Adjuvant Chemotherapy for Stage III Colon Cancer. N. Engl. ]. Med. 2018, 378, 1177-1188. [CrossRef] [PubMed]

André, T.; De Gramont, A.A.; Vernerey, D.; Chibaudel, B.B.; Bonnetain, F; Tijeras-Raballand, A.A.; Scriva, A.A.; Hickish, T.T,;
Tabernero, J.; Van Laethem, J.L.; et al. Adjuvant Fluorouracil, Leucovorin, and Oxaliplatin in Stage II to IIT Colon Cancer: Updated
10-Year Survival and Outcomes According to BRAF Mutation and Mismatch Repair Status of the MOSAIC Study. J. Clin. Oncol.
2015, 33, 4176-4187. [CrossRef] [PubMed]

Sargent, D.J.; Marsoni, S.; Monges, G.; Thibodeau, S.N.; Labianca, R.; Hamilton, S.R.; French, A J.; Kabat, B.; Foster, N.R,;
Torri, V.; et al. Defective Mismatch Repair As a Predictive Marker for Lack of Efficacy of Fluorouracil-Based Adjuvant Therapy in
Colon Cancer. J. Clin. Oncol. 2010, 28, 3219-3226. [CrossRef] [PubMed]

22



cancers

Article

High Dual Expression of the Biomarkers CD44v6/x231 and
CD44v6/PD-L1 Indicate Early Recurrence after Colorectal
Hepatic Metastasectomy

Friederike Wrana !, Katharina Détzer 1, Martin Priifer !, Jens Werner 12 and Barbara Mayer 1,2,%

Citation: Wrana, F.; Dotzer, K.; Priifer,
M.; Werner, J.; Mayer, B. High Dual
Expression of the Biomarkers
CD44v6/«231 and CD44v6/PD-L1
Indicate Early Recurrence after
Colorectal Hepatic Metastasectomy.
Cancers 2022, 14, 1939. https://
doi.org/10.3390/ cancers14081939

Academic Editor: Stephane Dedieu

Received: 9 March 2022
Accepted: 7 April 2022
Published: 12 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of General, Visceral, and Transplant Surgery, Ludwig-Maximilians-University,
Marchioninistrafle 15, 81377 Munich, Germany; friederike.schlueter@med.uni.muenchen.de (FW.);
katharina.doetzer@muenchen-klinik.de (K.D.); martin.pruefer@dritter-orden.de (M.P);
jens.werner@med.uni-muenchen.de (J.W.)

2 German Cancer Consortium (DKTK), Partner Site Munich, Pettenkoferstrafe 8a, 80336 Munich, Germany
*  Correspondence: barbara.mayer@med.uni-muenchen.de; Tel.: +49-89-4400-76438; Fax: +49-89-4400-76433

Simple Summary: Distant metastasis in colorectal cancer still correlates with poor prognosis, empha-
sizing the high need for new diagnostic and therapeutic strategies. In the present study, liver and
lung metastases revealed profound differences in the expression pattern of metastasis-driving protein
biomarkers. This suggests the adaption of the therapy to the biology of the metastatic organ site. High
expression of the cell adhesion molecule CD44v6 and high dual expression of CD44v6, combined
with the cell adhesion molecules integrin x231, as well as the checkpoint inhibitor molecule PD-L1,
correlated significantly with early recurrence after hepatectomy, in a substantial number of liver
metastatic patients. These findings suggest the need for the implementation of biological risk factors
into clinical risk scores, aiming to make the prognosis of the individual patient more precise. Further,
dual expression of protein biomarkers that are druggable, such as CD44v6/a2(31 and CD44v6/PD-L1,
can identify high-risk patients for targeted therapy that might provide a survival benefit.

Abstract: Considering the biology of CRC, distant metastases might support the identification of
high-risk patients for early recurrence and targeted therapy. Expression of a panel of druggable,
metastasis-related biomarkers was immunohistochemically analyzed in 53 liver (LM) and 15 lung
metastases (LuM) and correlated with survival. Differential expression between LM and LuM
was observed for the growth factor receptors IGFIR (LuM 92.3% vs. LM 75.8%, p = 0.013), EGFR
(LuM 68% vs. LM 41.5%, p = 0.004), the cell adhesion molecules CD44v6 (LuM 55.7% vs. LM 34.9%,
p = 0.019) and «2p31 (LuM 88.3% vs. LM 58.5%, p = 0.001) and the check point molecule PD-L1
(LuM 6.1% vs. LM 3.3%, p = 0.005). Contrary, expression of HGFR, Hsp90, Muc1, Her2/neu, ERx
and PR was comparable in LuM and LM. In the LM cohort (1 = 52), a high CD44v6 expression was
identified as an independent factor of poor prognosis (PFS: HR 2.37, 95% CI 1.18-4.78, p = 0.016).
High co-expression of CD44v6/«2p31 (HR 4.14, 95% CI 1.65-10.38, p = 0.002) and CD44v6/PD-L1
(HR 2.88, 95% CI 1.21-6.85, p = 0.017) indicated early recurrence after hepatectomy, in a substantial
number of patients (CD44v6/a231: 11 (21.15%) patients; CD44v6/PD-L1: 12 (23.1%) patients). Dual
expression of druggable protein biomarkers may refine prognostic prediction and stratify high-risk
patients for new therapeutic concepts, depending on the metastatic location.

Keywords: colorectal cancer; liver metastases; lung metastases; protein biomarker; dual expression;
early recurrence; poor prognosis

1. Introduction

According to international guidelines [1-3], metastasectomy currently offers the best
chance for long-term survival for selected colorectal cancer patients. Additional standard
chemotherapy for patients with resectable liver metastases resulted in the prolongation of
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disease-free survival (DFS) and progression-free survival (PFS) but revealed no significant
improvement in overall survival (OS) [4,5]. In patients with resectable pulmonary metas-
tases, the outcome of peri-operative chemotherapy is inconclusive [6,7]. However, despite
curative-intent metastasectomy, more than half of the patients suffer recurrence [8,9]. This
highlights the urgent need for the implementation of new strategies to identify high-risk
patients suitable for personalized therapy, aiming to improve treatment outcome and
survival [10].

Colorectal cancer preferentially metastasizes to the liver, followed by the lung and
the peritoneum and, more rarely, in bone, ovary and the brain [11-13]. The metastatic
pattern depends on the sidedness of the primary colorectal tumor. Elucidating the under-
lying mechanisms of the metastatic organotropism, profound molecular differences were
observed between right-sided and left-sided CRC cancers. Similarly, the tumor microen-
vironment seems to have a deep impact on the metastatic site [14]. Indeed, for primary
metastatic colorectal cancer, a growing body of molecular data is available, resulting in the
continuous development of targeted therapies and improvement in survival [15,16].

Comparative analysis of primary CRC and corresponding metastatic sites revealed
maintenance of the main driver mutations in both liver and lung metastases, some of
which are approved for CRC therapy, such as RAS, BRAF and MSI [17-19]. In contrast,
genomic [20-22], transcriptomic [23] and proteomic [24] profiling identified molecular
differences between primary tumor, liver and lung metastases that might have potential
therapeutic implications for specific metastatic sites. Moreover, distant metastases in
different organs revealed discordant responses to standard chemotherapy [25], all together,
supporting the concept of inter- and intratumor heterogeneity, which is one of the key
factors in tumor progression, therapeutic resistance, and poor patient outcome.

In the present study, a panel of protein biomarkers was selected, which drive the
complex metastatic process of primary colorectal cancer and lead to poor prognosis. In
contrast, little information is available on the expression pattern of these prognostic factors
in liver and lung metastases. The protein biomarker panel encompassed the growth factor
receptors epidermal growth factor receptor (EGF-R) and hepatocyte growth factor receptor
(HGF-R) [26], human epidermal growth factor receptor (Her2 /neu) [27], insulin-like growth
factor 1 receptor (IGF-1R) [28], estrogen receptor alpha (Erc) [29] and progesterone receptor
(PR) [30], the cell adhesion molecules CD44v6 [31], Mucl [32] and integrin o231 [33],
the chaperone heat shock protein 90 (Hsp90) [34], and the immune checkpoint molecule
programmed death ligand 1 (PD-L1) [35]. Interestingly, the protein biomarkers selected are
drug targets, for which drugs are already approved or for which clinical trials are ongoing,
in primary colorectal cancer or other cancer types. This could open up new options for
second and further line treatments in colorectal cancer.

The present study aimed (1) to identify the phenotypic heterogeneity in tumor biology
between colorectal liver and lung metastases and (2) to stratify patients with a high risk for
early recurrence after hepatic metastasectomy.

2. Materials and Methods
2.1. Patient Cohort

The patient cohort consists of 68 patients with metastatic colorectal cancer, receiving
metastasectomy with curative intent at the Department of General, Visceral, and Trans-
plant Surgery, Ludwig-Maximilians-University, Munich, Germany. A liver metastasis
(LM, n = 53) or a lung metastasis (LuM, n = 15) was analyzed from each patient. Double-
coded tissues and the corresponding data used in this study were provided by the Biobank
of the Department of General, Visceral, and Transplant Surgery, Ludwig-Maximilians-
University Munich, Munich, Germany. This Biobank operates under the administration
of the Human Tissue and Cell Research (HTCR) Foundation. The framework of HTCR
Foundation, which includes obtaining written informed consent from all donors, has been
approved by the ethics commission of the Faculty of Medicine at the LMU (approval num-
ber 025-12) as well as the Bavarian State Medical Association (approval number 11142) in
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Germany. All liver metastases were diagnosed as the first relapse of the individual patient.
Lung metastases represented first (n = 3), second (n = 8) and later stage relapse (1 = 4).
Survival analysis was performed for 52 patients diagnosed with liver metastases. One
patient was lost to follow up. Follow-up period of the patient cohort was from December
2010 until February 2018.

2.2. Immunohistochemistry and Evaluation of Biomarker Expression

Fresh tumor samples including adjacent benign reference tissue were collected ac-
cording to international biobanking standards. After surgery the tumor samples were
immediately snap frozen in liquid nitrogen. Serial cryosections (5 pm) were performed and
air dried over night at room temperature. Sections were either fixed in acetone, or for the
ERx und PR staining in formalin solution (10%). Immunohistochemistry was performed
using the standard avidin-biotin-peroxidase complex method [36-38]. Briefly, unspecific Fc
receptors were blocked with 10% AB-serum in D-PBS, pH 7.4 for 20 min. Endogenous biotin
was blocked using the Avidin-/Biotin-blocking Kit for 15 min. The primary antibodies
(Table 1) were incubated for one hour. Some antibodies were detected with the secondary
biotinylated antibody (111-065-114; wc 7.0 ng/mL; JacksonImmunoResearch, West Grove,
PA, USA for anti-rabbit and 315-065-048; wc 0.75 pg/mL; JacksonImmunoResearch for
anti-mouse) for 30 min, followed by the peroxidase-conjugated streptavidin (016-030-084;
wc 1.0 ug/mL; affymetrix eBiosciences, Santa Clara, CA, USA) for another 30 min. Other
primary antibodies were detected with the amplification Kit ZytoChem Plus (HRP060;
Zytomed Systems, Bargteheide, Germany) according to the instructions of the manufacturer
(marked in Table 1 with Kit: +). For visualization of the antigen—-antibody reaction all slides
were developed in a 3-Amino-9-ethylcarbazole solution containing 35% hydrogen perox-
ide (AEC staining) for eight minutes in darkness. Counterstaining was performed with
Mayer’s hemalum solution. All incubation steps were performed in a humid chamber at
room temperature. Specificity of the staining was controlled by the corresponding isotype
controls (Table 1). Cancer cells were visualized by EpCAM and pan-cytokeratin expression.

For the evaluation of biomarker expression, the size of the measurement field was
standardized using a normalized grid at 100 x magnification (Olympus microscope BX50,
Olympus, Hamburg, Germany). The biomarker-positive tumor area was determined
in relation to the total tumor area. The percentage of biomarker-positive tumor cells
was expressed by semiquantitative estimation in 10% increments. Staining results were
evaluated by two independent observers (FW, BM). External monitoring was performed by
local pathologists (Institute of Pathology, LMU Munich, Munich, Germany, T. Kirchner)
and for Her2 /neu expression by ]. Riischoff (Institute of Pathology Nordhessen, Kassel,
Germany, Riischoff) [39].

For some biomarkers standardized cut-off values are given, namely ERo and PR [40],
Her2/neu [39,41], Mucl [42,43], and PD-L1 [36,44]. In the absence of standardized cut-
offs for other biomarkers, cut-offs were assessed using the biphasic distribution, which
was statistically defined using the mean antigen expression in liver or lung metastases.
Biomarker expression below the calculated cut-off was defined as low expression, and
biomarker expression above the calculated cut-off was defined as high expression. The
same cut-off values were used for single biomarker analysis and the evaluation of dual
biomarker expression. In addition to the tumor tissue, antigen expression was evaluated
on the adjacent benign liver and lung tissues.
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Table 1. Antibody Panel for Imnmunophenotyping of Colorectal Liver and Lung Metastases.

Working
Biomarker Antibody/Clone Species Isotype Concentration Kit Source
(ug/mL)
. Spring Bioscience/Biomol,
HGF-R Sp44 rabbit IgG1 2.12 - Pleasanton, CA, USA
Invitrogen, Carlsbad,
IGF1-R 24-31 mouse IgG1 4.0 + CA, USA
EGR-R H11 mouse 1gG1 2.94 - Dako, Santa Clara, CA, USA
. Ventana, Roche, Basel,
Her2/neu 4B5 rabbit IgG1 1.5 - Switzerland
Ero ID5 mouse IgG1 2.5 + Dako
PR PgR 636 mouse IgG1 2.5 + Dako
Monosan, Uden, The
Mucl Mab55.2 mouse IgG1 0.5 - Netherlands
CD44v6 VFF-18 mouse IgG1 1.0 - eBioscience Affymetrix
Millipore, Burlington,
o2p1 BHA2.1 mouse IgG1 2.5 - MA, USA
Hsp90 AC88 mouse IgG1 10.0 + Abcam, Cambridge, UK
PD-L1 MIH1 mouse IgG1 10.0 + Affymetrix
Positive controls
Epcam Ber-EP4 mouse IgG1 5.0 - Dako
Pan Cytokeratin KL-1 mouse IgG1 0.32 - Zytomed Systems
isotype controls
Sigma-Aldrich, St. Louis,
MOPC-21 MOPC-21 mouse IgG1 5.0 - MO, USA
MOPC-21 MOPC-21 mouse 1gG1 4.0 + Sigma-Aldrich
MOPC-21 MOPC-21 mouse IgG1 10.0 + Sigma-Aldrich
Rabbit mAb DAIE rabbit 1gG1 212 - Cell Signaling, Danvers,

MA, USA

2.3. Statistical Analysis

All statistical analyses were performed with IBM SPSS v. 23. Mean biomarker ex-
pression between liver and lung metastases was compared using the Mann—-Whitney
U-test. The prognostic impact of single and dual biomarker expression was evaluated
using Kaplan—-Meier analysis (log rank test, “‘pairwise over strata’) and multivariate Cox
regression analysis (biomarker expression used as ‘categorical covariate’, ‘First’ as reference
category). OS was defined as the time from metastasectomy until the last follow-up or
death of the patient. PFS was defined as the time from metastasectomy until the next
progression. A p-value of <0.05 was considered as significant.

3. Results
3.1. Patient Characteristics

In the present study, 53 liver metastases and 15 lung metastases surgically resected
from colorectal cancer patients were analyzed. Men were more frequently affected than
women (LM: ratio 1.79:1; LuM: ratio 4:1). Most (66.04%) liver metastases were detected at
primary diagnosis (synchronous), whereas all lung metastases were documented at a later
time (metachronous). Liver and lung metastases were diagnosed as single organ metastases.
However, at the organ site, tumor disease was frequently extensive (number of nodules
within the metastatic organ >1; LM: 64.15%, LuM: 53.33%; multilobular involvement; LM:
56.6%, LuM: 66.67%). Still, most patients were resected with curative intent (R0; LM: 73.58%,
LuM: 80%). Further, 32 of 53 (60.38%) patients diagnosed with liver metastases received
first-line chemotherapy (5-FU as single agent: 34.38%, oxaliplatin-based: 43.75%, irinotecan-
based: 15.63%, others: 6.25%) and 23 of 53 (43.40%) received neoadjuvant chemotherapy
before liver metastasectomy. Of these, 10 of 15 (66.67%) patients were treated with front
line chemotherapy (5-FU as single agent: 10%, oxaliplatin-based: 80%, others: 10%) and
8 of 15 (53.33%) patients received neoadjuvant chemotherapy, right before surgery of the
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lung metastasis studied. Complete treatment records were not available for all patients
with lung metastases.
Patient characteristics are summarized in detail in Table 2.

Table 2. Patient Characteristics.

Parameters Liver Metastases Lung Metastases
n Y% n %

patient related

sex
male 34 64.15 12 80.00
female 19 35.85 3 20.00
age (years)
median 64 62
mean 64 59
range 30-89 37-74
metastasis related
grading
G1/G2 39 81.25 11 73.33
G3 9 18.75 4 26.67
missing 5 0
number of metastases *
1 19 35.85 7 46.67
>1 34 64.15 8 53.33
diameter of the largest
metastases (cm)
median 35 1.8
mean 4.29 2.25
range 1.3-21.7 0.9-3.3
type of metastasis
synchronous 35 66.04 0 0.00
metachronous 18 33.6 15 100.00
R-status
RO 39 73.58 12 80.00
R1 14 26.42 3 20.00
distinction of metastasis
unilobular 23 434 5 33.33
multilobular 30 56.6 10 66.67
anatomical site
left sided 7 13.21 7 46.67
right sided 15 28.30 8 53.33
both sided 31 58.49
neoadjuvant chemotherapy #
yes 23 43.40 8 53.33
no 30 56.60 7 46.67
therapy options
oxaliplatin-based 11 47.83 1 12.5
irinotecan-based 7 30.43 5 62.5
others 5 21.74 2 25.0

n, number of patients; R-status, residual status after surgery; *, nodules within the metastatic organ; # adminis-
tered directly before metastasectomy.

Survival analysis was performed in the patient cohort with liver metastases but was
omitted in patients with lung metastases because of small sample size. Patients diagnosed
with multiple (>1) LM had a significantly shorter PFS compared to patients diagnosed with a
single liver metastasis (multiple metastases, PFS: 6.5 months; single metastasis, PFS: 10 months;
log-rank, p = 0.014). Patients with synchronous LM relapsed much faster compared to patients
with metachronous LM (synchronous, PFS: 7 months; metachronous, PFS: 16 months; log
rank, p = 0.001). None of the patient characteristics revealed an impact on OS.
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3.2. Differential Biomarker Expression in Colorectal Liver and Lung Metastases

Liver and lung metastases were comparatively analyzed with a panel of metastasis-
related protein biomarkers. A differential expression pattern between liver and lung
metastases was observed for the growth factor receptors IGF-1R (LuM 92.3% vs. LM 75.8%,
p = 0.013) and EGF-R (LuM 68% vs. LM 41.5%, p = 0.004), showing a significantly higher
fraction of positive cancer cells in the lung metastases, respectively. Similar results were
obtained for the cell adhesion molecules CD44v6 (LuM 55.7% vs. LM 34.9%, p = 0.019)
and integrin 231 (LuM 88.3% vs. LM 58.5%, p = 0.001), as well as for the check point
molecule PD-L1 (LuM 6.1% vs. LM 3.3%, p = 0.005). In contrast, no significant difference
was observed for the growth factor receptor HGF-R and the chaperon molecule Hsp90, both
showing a high fraction of positive cancer cells in almost all distant metastases. Conversely,
all but one metastatic lesion were found negative for the hormone receptors ERx and PR.
One individual liver metastasis demonstrated 30% ER« positive cancer cells. Moreover,
in colorectal liver and lung metastases, a minor fraction of the cancer cells were found
positive for the cell adhesion molecule Mucl and growth factor receptor Her2 /neu. In fact,
only one liver metastasis (60% Her2/neu positive cancer cells) qualified for anti-Her2/neu
therapy. The number of biomarker-positive lesions and the means of biomarker expression
are given in Table 3. The distribution of biomarker expression is shown for liver and lung
metastases (Figure 1).

Table 3. Positivity and Distribution of Biomarkers in Liver and Lung Metastases.

Number of Positive Lesions Number of Positive Cancer Cells (%) Number of Positive Lesions above Cut-Offs
Biomarker Liver Lung Median Mean Liver Lung
n=>53 % n=15 % Liver Lung p-Value Liver Lung Cut Off * n=>53 % n=15 %
HGF-R 52 98.1 15 100 95 95 0.166 87.7 95.3 nt
IGF-1R 50 94.3 15 100 90 100 0.013 75.8 92.3 >80 29 54.7 12 80
EGF-R 45 84.9 15 100 40 70 0.004 415 68.0 >50 25 472 12 80
Her2/neu 19 358 8 533 0 1 0.575 57 17 >50 1 1.9 0 0
ER«x 1 19 0 0 0 0 nt 0.6 0 >1 nt
PR 0 0 0 0 0 0 nt 0 0 >1 nt
Mucl 26 49.1 9 60 0 1 0.614 6.8 59 +/— 26 49.1 9 60
CD44v6 45 84.9 15 100 30 60 0.019 349 55.7 >30 23 43.4 10 66.7
«2pB1 46 86.8 15 100 70 90 0.001 58.5 883 >80 20 37.7 11 733
Hsp90 51 96.2 15 100 75 80 0.475 68.7 739 >70 26 49.1 9 60
PD-L1 24 453 13 86.7 0 1 0.005 6.1 325 >1 24 45.3 11 73.3

n, number of patients; n.t., not tested; *, calculation of the cut-offs is given in the Materials and Methods Section.
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Figure 1. Biomarker Expression Pattern of Liver and Lung Metastases. horizontal bars, Means. Each
dot represents a metastatic lesion; empty dots represent liver metastases (LM); filled dots represent
lung metastases (LuM).
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Biomarker analysis showed most of the benign liver tissues positive for HGF-R, EGF-R,
and Hsp90. IGF-1R and PD-L1 were detected in a fraction of benign liver samples (IGF-1R:
11 out of 52, 21.2%; PD-L1: 10 out of 52, 19.2%). Interestingly, benign liver tissue was
negative for Mucl, CD44v6 and the integrin a231. In contrast, all biomarkers tested were
detected on benign lung tissue, although the integrin 231 (10 out of 15, 66.6%) and Mucl
(8 out of 15, 53%) were observed on a reduced number of adjacent lung tissues. Data
obtained in benign tissue samples are summarized in Table S1. Figure 2 demonstrates the
significantly different staining patterns by each biomarker of liver and lung metastases.

3.3. Prognostic Impact of Biomarker Expression in Colorectal Liver Metastases

The prognostic impact of the biomarkers was analyzed in patients with liver metas-
tases. CD44v6, but none of the other biomarkers tested, was identified as an indicator for
early recurrence. Liver metastases with a high fraction (>30%, n = 22) of CD44v6+ tumor
cells significantly correlated with a shorter (median 7.0 months) PFS compared to LM
with a low CD44v6 expression (<30% CD44v6+ cells, n = 30; median 15.5 months; log
rank p = 0.01). Recurrent liver metastases with a high proportion of CD44v6+ cancer cells
showed more frequent multi-organ metastases (6 out of 19, 31.58%), compared to liver
metastases with a low proportion of CD44v6+ cancer cells (3 out of 22, 13.65%). Almost
all multi-organ metastases involved liver and lung, regardless of the extent of CD44v6 ex-
pression. Cox regression analysis confirmed the independent prognostic impact of CD44v6
on PFS (Table 4). No significant correlation was found between CD44v6 expression in LM
and OS.

Table 4. Multivariate Survival Analysis of CD44v6 Expression in Colorectal liver Metastases.

Cox Regression

Variable Gl‘Ol.lpS HR p-Va]ue 95% CI
age (median >64/<64 1.424 0.357 0.671-3.021
in years)
number of >1/<1 1.221 0572 0.610-2.454
metastases
type of metastases  synchronous/metachronous 4.206 0.004 1.572-11.254
CD44v6 expression >30%/<30% 2.369 0.016 1.175-4.777

HR, Hazard ratio; p-value was calculated for progression free survival; CI, confidence interval;
*, nodules within the metastatic organ.

3.4. CD44v6-Related Dual Biomarker Expression in Colorectal Liver Metastases

Co-expression analysis was performed on CD44v6 and the metastasis-related biomark-
ers. Univariate analysis identified three pairs of highly expressed biomarkers associated
with short PFS. Patients with liver metastases with strong expression of CD44v6 and in-
tegrin o231 showed a shorter mean PFS (3 months) compared to the group with only
high expression of CD44v6 (7 months) (Table 5, Figure 3). Multivariate Cox regression
analysis identified the combination of a high CD44v6 and a high integrin «231 expres-
sion (HR: 4.135, 95% CI: 1.648-10.375, p = 0.002) and the combination of a high CD44v6
and a high PD-L1 expression (HR: 2.882, 95% CI: 1.213-6.848, p = 0.017), as independent
prognostic factors for short progression-free survival (Table 6). High co-expression was
detected in a substantial number of patients; i.e., CD44v6 high (>30% positive tumors cells)
combined with integrin o231 high (>80% positive tumor cells) in 11 out of 52 (21.15%)
patients, CD44v6 high combined with Hsp90 high (>70% positive tumor cells) in 14 out of
52 (26.92%) patients and CD44v6 high combined with PD-L1 high (>1% positive cells) in 12
out of 52 (23.1%) patients.
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Figure 2. Inmunohistochemical Staining of Different Biomarkers. Differential biomarker expression
between liver (1) and lung (2) metastases demonstrated by immuno-histochemistry. (A), CD44v6;
(B), x231; (C), PD-L1; (D), IGF-1R; (E), EGFR; Tu, tumor tissue; BT, Benign tissue.
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Table 5. Univariate Survival Analysis of CD44v6-Related Dual Biomarker Expression in Colorectal
Liver Metastases.

Combination Number of Patients (n) Log Rank p-Value Median PFS (month)
CD44v6 high * 22 0.01 7
CD44v6 low 30 : 15.5
CD44v6 high/IGF1-R high 15 7
CD44v6 high/IGF1-R low or 20 0.142 9
CD44v6 low /IGF1-R high
CD44v6 low /IGF1-R low 17 17
CD44v6 high/EGF-R high 11 6
CD44v6 high/EGF-R low or o 0.217 115
CD44v6 low/EGF-R high ’
CD44v6 low /EGF-R low 17 9
CD44v6 high/Mucl high 11 8
CD44v6 high/Mucl low or 23 0.574 11
CD44v6 low /Mucl high
CD44v6 high/Mucl low 18 7.5
CD44v6 high/ «231 high 11 3
CD44v6 high/ x231 low or 18 0.002 9
CD44v6 low/ 231 high
CD44v6 low/ 231 low 23 24
CD44v6 high/Hsp90 high 14 7
CD44v6 high/Hsp90 low or 21 0.022 9
CD44v6 low /Hsp90 high
CD44v6 low /Hsp90 low 17 17
CD44v6 high/PD-L1 high 12 7
CD44v6 high/PD-L1 low or 21 0.023 14

CD44v6 low/PD-L1 high
CD44v6 low/PD-L1 low 19 11

PFS, progression-free survival; cut-off values defining high and low for the individual biomarker are given in
Table 3; *, calculation of the cut-offs is given in the Materials and Methods Section.

Table 6. Multivariate Survival Analysis of CD44v6-Related Dual Biomarker Expression in Colorectal
Liver Metastases.

. Cox Regression (PFS)
Variable Groups HR p-Value 95% CI

age (median in years) >64/<64 1.561 0.256 0.724-3.366
number of metastases * >1/<1 1.398 0.358 0.684-2.855
type of metastases synchronous/metachronous 3.813 0.008 1.407-10.332
CD44v6/a2B1 expression ﬁl.lg}? //lhlgh z(si 1low // 1110\/\}71 4.135 0.002 1.648-10.375
187/ ow anc, ow/g 1.784 0.145 0.819-3.886

vs. low/low
age (median in years) >64/<64 1.129 0.773 0.496-2.568
number of metastases >1/<1 1.321 0.460 0.632-2.762
type of metastases synchronous/metachronous 3.345 0.013 1.289-8.680
CD44v6/Hsp90 high/high vs. low /low 2.039 0.085 0.906-4.586
expression high/low and low /high 1412 0.443 0.585-3 404

vs. low/low
age (median in years) >64/<64 1.290 0.493 0.623-2.675
number of metastases >1/<1 1.341 0.418 0.659-2.728
type of metastases synchronous/metachronous 4.154 0.004 1.584-10.893
CD44v6/PD-L1 high/high vs. low /low 2.882 0.017 1.213-6.848
expression high/low and low /high 0.872 0723 0.409-1.860

vs. low/low

HR, Hazard ratio; PFS, progression free survival; CI, confidence interval; *, nodules within the metastatic organ;
cut-off values defining high- and low-level expression for the individual biomarker are given in Table 3.
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Figure 3. Kaplan-Meier Curves of CD44v6-Related Biomarker Expression in Colorectal Liver Metas-
tases. Blue lines, low/low expression; green lines, high/high expression; red lines, high/low
and low /high expression; log-rank p-values are given; cut-off values defining high- and low-level
expression for the individual biomarker are given in Table 3.

4. Discussion

It is well published that primary colorectal cancer differs in its biology, depend-
ing on sidedness [45]. This also includes treatment-relevant characteristics, such as the
RAS [46,47], MSI [48] and BRAF status [49]. In the present study, biomarker heterogeneity
was identified between colorectal liver and lung metastases, namely for the cell adhesion
molecules x2p31, CD44v6, the growth factor receptors IGF-1R, EGF-R and the immune
checkpoint biomarker PD-L1. These site-specific differences in biomarker expression might
reflect the complex multifactorial interactions between disseminated cancer cells and the
target organ microenvironment [50]. Cancer cells with a unique tumor biology are hom-
ing to metastatic niches with a microenvironment promoting colonization, survival, and
proliferation [51,52]. Liver and lung metastases reveal biological differences; for example, in
the cellular composition of the microenvironment [36,52-54], the ECM signature [52,55,56]
and the secretome profile [52,57]. Quantitative differences in protein biomarker expression
were found between liver and lung metastases, showing a significantly higher propor-
tion of IGF-1R-, EGR-R-, CD44v6-, «231-, and PD-L1-positive cancer cells in the lung.
This observation confirms published data, showing a higher frequency of genetic drivers,
such as KRAS alterations and MET amplification in lung metastases [20,58]. At the same
time, lung metastases exhibit an increased immunosuppressive microenvironment and
prometastatic inflammation [36,59]. These findings suggest distinct colonization mecha-
nisms, involving both specific cancer cells with a higher propensity to metastasize to the
lung and a lung-specific environment that facilitates metastasis of specific cancer cells.
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Targeting metastasis-relevant biomarker expression will open up new therapeutic opportu-
nities, adjusted to specific metastatic localizations. This is in deep contrast to the current
guideline, which recommends the concept of treating distant metastasis with the same
therapy, independent from the metastatic organ site.

The protein biomarker expression pattern in liver metastases was tested for prognostic
relevance. A high (>30%) fraction of CD44v6+ liver metastatic cells was identified as an
independent prognostic factor mediating short progression-free survival. This finding
supports CD44v6 as a metastatic driver. Multiple underlying molecular mechanisms
have been described for CD44v6-mediated progression in colorectal cancer. Examples are
interactions with the extracellular matrix components osteopontin and hyaluronic acid and
the binding of different cytokines, such as HGF, EGF and VEGEF [31,60]. Co-expression
analysis identified two new independent risk factors associated with poor prognosis of
CRC patients with liver metastases. Most interesting, high dual expression of CD44v6 and
integrin o231 represents an indicator of early recurrence, defined as tumor relapse within
six months after liver resection for colorectal metastases [61,62]. Direct and extracellular
matrix-mediated molecular crosstalk between CD44v6 and various integrins, including
231, was found to promote cancer cell proliferation and invasion, tumor angiogenesis
and chemoresistance, all involved in a considerable shortening of progression-free survival
compared to the single CD44v6 expression [63-65]. In addition, dual expression of CD44v6
and PD-L1, indicating the crosstalk between tumor cells and the tumor microenvironment,
significantly correlated with short survival. The subset of CD44v6+ colorectal cancers
simultaneously expressing PD-L1 might represent stem-like properties and contributes
to immune evasion mediating poor prognosis [66,67]. Similarly, co-mutations in RAS,
TP53 and SMAD4, as well as in APC and PIK3CA, resulted in a worse outcome after
hepatectomy compared to single mutations [19]. Therefore, our findings support the
strategy of combining prognostic protein biomarkers to render the prediction of outcome
more precise [68,69]. Further, these new factors might be included in clinical risk scores,
similar as reported for the KRAS status in the GAME score [70] and the KRAS/NRAS/BRAF
status in the CERR score [71], which resulted in the refinement to predict recurrence after
resection of CRC liver metastases. In contrast to some of the most investigated therapeutic
biomarkers, namely BRAF, MSI-high, and Her2/neu, all detected in a very small patient
cohort [19,20], dual expression of the druggable targets CD44v6/«2(31 and CD44v6/PD-L1
was identified in about 20% of the liver metastatic patients.

In addition, these novel findings might have an impact on the development of new ther-
apeutic strategies for liver metastatic CRC patients. Currently, new anti-CD44v6 treatment
strategies, such as half antibodies conjugated nanoparticles [72], peptides (NCT03009214)
and CD44v6-specific CAR gene-engineered T cells (NCT04427449, [73]) are under investi-
gation and might also become a treatment option for CRC patients with CD44v6-positive
liver metastases. Combination of two biomarkers might help to stratify patients more
precisely for targeted therapy compared to single biomarker expression. For example,
Shek et al., 2021, reported that only a subgroup of PD-L1-positive mCRCs responded to
checkpoint inhibitor therapy [74]. In addition, dual expression of druggable biomarkers
will further promote the promising concept of multiple target inhibition, aiming to improve
treatment outcome and reduce the risk of drug resistance. Recently, the combination of
the BRAF inhibitor Encorafenib with the EGF-R inhibitor Cetuximab has been reported
as the new standard for the treatment of metastatic BRAF-mutated colorectal cancer [75].
Currently, a number of clinical trials are ongoing in advanced colorectal cancer, simul-
taneously inhibiting different targets. This includes combination therapy of the EGF-R
inhibitor Panitumumab with the multi-kinase inhibitor Cabozantinib [76]. Further, anti-PD-
L1 checkpoint inhibitors have been combined with targeted therapies, aiming to improve
the response to immunotherapy [77]. In the present study, dual expression of PD-L1 and
CD44v6 was found to correlate with poor prognosis and might represent a new therapeutic
option for combination therapy. The second interesting pair of therapeutic targets identified
in the present study was the co-expression of CD44v6 and the integrin «2f31. Both cell ad-
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References

hesion molecules were found to mediate chemoresistance [65,78]. Simultaneous inhibition
of both targets might result in the circumvention of chemoresistance and represent a new
anti-metastatic strategy of targeted therapy. Consideration of metastasis-driving protein
biomarkers that predict early recurrence after hepatectomy might play a critical role in the
clinical management of patients diagnosed with liver metastases [79]. The findings in the
present study need to be confirmed in a larger, prospective trial.

5. Conclusions

A differential expression pattern of the druggable protein biomarkers 231, CD44v6,
IGF-1R, EGF-R and PD-L1 was identified between colorectal liver and lung metastases.
High expression of CD44v6, CD44v6/ 231, and CD44v6/PD-L1 correlated significantly
with early recurrence after hepatic metastasectomy. Dual biomarker expression may render
the prognostic prediction more precise and stratify high-risk patients for new therapeutic
concepts, depending on the metastatic organ site.
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Simple Summary: Colorectal cancer (CRC) is the third leading cause of cancer death in both sexes.
Identification of the influencing factors and molecular mechanisms in CRC progression could improve
patient survival. This study aimed first to characterize the expression of Discoidin Domain Receptor
1 (DDR1), a receptor tyrosine kinase for collagens in a large cohort of CRC patients, and second to
establish in vitro whether DDR1 expression level is linked to CRC aggressiveness potential. Our
immunohistochemical study indicated that DDR1 is highly expressed in colon cancer compared to
normal colonic mucosa and its expression is associated with shorter event-free survival. In vitro, the
invasive properties of several CRC cell lines seem to be correlated with the expression level of DDR1.
Taken altogether, our results show that DDRI is highly expressed in most colon adenocarcinomas
and appears as an indicator of worse event free survival.

Abstract: Extracellular matrix components such as collagens are deposited within the tumor
microenvironment at primary and metastatic sites and are recognized to be critical during
tumor progression and metastasis development. This study aimed to evaluate the clinical and
prognostic impact of Discoidin Domain Receptor 1 (DDR1) expression in colon cancers and its
association with a particular molecular and/or morphological profile and to evaluate its potential
role as a prognosis biomarker. Inmunohistochemical expression of DDR1 was evaluated on 292
colonic adenocarcinomas. DDR1 was highly expressed in 240 (82.2%) adenocarcinomas. High
DDRI1 immunostaining score was significantly associated, on univariate analysis, with male sex,
left tumor location, BRAF wild type status, KRAS mutated status, and Annexin A10 negativity.
High DDR1 immunohistochemical expression was associated with shorter event free survival
only. Laser capture microdissection analyses revealed that DDR1 mRNA expression was mainly
attributable to adenocarcinoma compared to stromal cells. The impact of DDR1 expression
on cell invasion was then evaluated by modified Boyden chamber assay using cell types with
distinct mutational profiles. The invasion capacity of colon adenocarcinoma is supported by
DDR1 expression. Thus, our results showed that DDR1 was highly expressed in most colon
adenocarcinomas and appears as an indicator of worse event free survival.
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1. Introduction

Colorectal cancer (CRC) is ranked among the most common cancers in the world and
is a significant public health issue in developed countries. Recent data indicated that CRC
is the third most common cancer and the second leading cause of cancer death in both
sexes [1]. The important mortality in CRC patients is highly correlated to its potential of
metastasis reported in 50% of patients after surgery [2]. Indeed, about 39% of CRC patients
are diagnosed at early stage with localized-stage disease. For these patients, the 5-year
survival rate is 90%, while for the patients diagnosed with stage IV CRC, the survival
declines to 12% [3].

However, at the same stage, all CRC do not have the same prognosis. Some parameters
set by the tumor stage could refine the prognosis prediction and some histoprognosis factors
have been identified: lymphovascular invasion, perineural invasion, tumor differentiation,
or molecular profiles [2]. Treatment decisions could be influenced by these factors. In fact,
many studies have been recently conducted to find new molecularly based prognostic
markers, which are complementary to the data obtained by pathological diagnosis and
therefore may increase the patient’s survival. However, new biomarkers able to stratify the
prognosis groups of patients and improve treatment strategies remain necessary. For this
purpose, several studies investigate the signaling pathways that promote the metastatic
process in CRC in order to identify new key players in this process that could constitute
potential targets [4].

Receptor tyrosine kinases (RTKs) play an important role in several cellular processes
in tumors including growth, migration, invasion, and the response to therapies [5]. For
instance, the mitogen-activated protein kinase (MAPK) pathway and the phosphoinositide-
3-kinase-protein kinase B/ Akt (PI3K-PKB/Akt) pathway, two main intracellular pathways
activated by the epidermal growth factor receptor (EGFR), were the most used therapeutic
targets in metastatic colon cancer [6].

Discoidin domain receptors (DDRs) are collagen receptors with tyrosine kinase activity.
The expression of the two members of this family, DDR1 and DDR?2, is different: DDR1 is
preferentially located in epithelial cells whereas DDR2 is expressed more importantly in
connective tissues of the embryonic mesoderm [7]. Both DDR1 and DDR2 are activated by
fibrillar collagens such as type I collagen [8]. Several studies have suggested a pivotal role
of DDRs in tumor progression [9-11]. DDR1 expression appears to be increased in a variety
of tumors and is correlated to poor prognosis [9-11]. Indeed, high level of DDR1 expression
has been observed in several tumors such as prostate [12], lungs [13], breast [14], and
ovary [15], suggesting a potential role of DDR1 in tumorigenesis and tumor progression.
Moreover, experimental models have demonstrated that DDR1 plays an important role in
cell proliferation and the metastasis process [16-19].

However, its role appeared to be tumor dependent. DDR1 overexpression was associ-
ated with advanced tumor stages in esophageal cancer [20], brain tumors [21] and with
poor survival, in lung adenocarcinoma [22] and serous ovarian cancer [15].

In colon carcinoma, the role of DDR1 remains incompletely elucidated. The prognosis
impact of DDR1 in CRC had not been studied much until now. High DDR1 expression
seemed to be associated with poor overall survival [23-25]. Moreover, Sirvent and co-
workers have shown that DDR1 plays a key role in the invasion potential of CRC [26]. The
pharmacological inhibition of DDR1-BCR signaling axis using nilotinib has indeed been
reported to decrease invasion and metastatic processes in CRC. These results suggest that
DDRI1 could represent a potential target in CRC treatment [26].
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In the present study, we evaluated the expression of DDR1 in a cohort of CRC that,
to our knowledge, is the largest set of CRC specimens studied for this receptor up to
date. Specifically, we assessed the association between DDR1 expression and associated
clinicopathological and molecular characteristics and its potential value as a prognosis
marker. Finally, we examined in vitro the role of DDR1 in cell invasion in several CRC cell
lines to establish whether DDR1 expression level is linked to CRC aggressiveness potential.

2. Materials and Methods
2.1. Culture Cells

HCT116, SW480, SW620 and HT-29 colorectal carcinoma cell lines were purchased
from American Type Culture Collection (ATCC, Rockville, MD, USA). HT-29DDR1-GFP
and HT-29GFP were obtained as previously described [27]. All cell lines were grown
in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose (4.5 g/L) (Thermo
Fisher Scientific, Villebon sur Yvette, France) containing 10% (v/v) fetal bovine serum (FBS)
(Dutscher, Bernolsheim, France) and 1% penicillin-streptomycin (v/v, Invitrogen). Cells
were regularly controlled for the absence of mycoplasma by PCR methods.

2.2. RNA Isolation from Cell Culture

Total RNA from cells was extracted as described previously [28] and single-stranded
cDNA was synthesized from 250 ng total mRNAs using VERSO cDNA kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Determination
of the mRNA of DDR1 was carried out by real-time PCR as described [27].

2.3. Total Protein Extraction and Immunoblotting

Seventy-two hours after seeding, cells were washed with ice-cold phosphate-buffered
saline (PBS) and harvested in lysis buffer (10 mM Tris, 150 mM NaCl, 5 mM EDTA, 1% triton,
protease inhibitors (Roche Diagnostics, Indianapolis, IN), and 5 mM Na orthovanadate).
Cell lysates were then centrifugated at 14,000 g for 10 min at 4 °C. Protein concentra-
tion was quantified by BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA). Proteins were separated on acrylamide gels and electroblotted onto nitrocellulose
membranes (Amersham Biosciences, Little Chalfont, UK). The blots were incubated with
primary antibodies (DDR1 (D1G6), GFP (D5.1) and GAPDH (14C10)) and corresponding
peroxidase conjugated secondary antibody as previously indicated [27].

2.4. Invasion Assay

Cell invasion was evaluated using type-I collagen-coated 24-well cell culture inserts
with an 8 um pore size (Dustscher, Bernolsheim, France). The Boyden chambers were
coated with 25 pg cm~2 type-I collagen and then washed twice with PBS. A total of
5 x 104 cells were seeded into the upper chambers in a 200 uL DMEM culture medium,
supplemented with 2% FBS, 1% penicillin—streptomycin. DMEM culture medium with
10% FBS and 1% penicillin—-streptomycin was added in the lower chamber. After 24 h,
the chambers were washed with PBS, fixed with methanol and stained with Di Aminido
Phenyl Indol (DAPI, Santa Cruz Biotechnology). Cells remaining on the upper face of the
membranes were suppressed by scraping, and those on the lower side were counted after
being imaged on the EVOS® FL Auto Imaging System using a 40x objective (Thermofisher
scientific, Waltham, MA, USA). Experiments were reproduced three times in triplicates.

Concerning experiments using Nilotinib and DDR1-IN-1 inhibitors, 7.5 x 10% cells
were seeded into the upper chambers in a 200 pL. DMEM culture medium, supplemented
with 2% FBS, 1% penicillin-streptomycin in the presence or not of Nilotinib (100 nM,
No0.51033) or DDR1-IN-1 (10 uM, N0.57498, Selleckchem). DMEM culture medium with
10% FBS and 1% penicillin-streptomycin was added in the lower chamber. After 24 h, the
chambers were washed with PBS, fixed with methanol, and stained with crystal violet.
Cells remaining on the upper face of the membranes were suppressed by scraping. Upon
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solubilization in acetic acid (10%), the amount of dye on the filter was quantified by
spectrophotometry at 560 nm.

2.5. Patients

Patients and selection were clarified in paper from Boulagnon-Rombi et al. [29].

The study was conducted on adult patients who underwent surgery for sporadic colon
cancer in the Digestive Surgery Department of the University Hospital of Reims between
September 2006 and December 2012. Patients with rectal cancer were excluded.

Clinical data including age at the time of surgery, sex, performance status, surgical cir-
cumstances (tumor perforation, occlusion), tumor location, synchronous or metachronous
metastases, tumor recurrence, treatment, death and pathological and molecular data includ-
ing adenocarcinoma type, grade, and pTNM stage were collected. Patients were classified
as having a right colonic cancer if the primary tumor was located in the caecum, ascending
colon, hepatic flexure or transverse colon, and left colonic cancer if the tumor site was
within the splenic flexure, descending colon, sigmoid colon, or rectosigmoid junction.

2.6. Pathology

All colon adenocarcinomas were classified and subtyped according to The World
Health Organization criteria [30] and staged according to the International Union Against
Cancer 2009 guidelines [31]. Tumor budding was assessed on Hematoxylin- Eosin-Saffron
slides and classified as low budding rate if less than 5 buds were present in the 0.785 mm?
hot spot [32].

2.7. Immunohistochemistry

Tissue samples were analyzed via tissue microarrays (TMA). For each tumor, 3 cores
were punched in the central part and 3 cores at the invasive front of the tumor from the
same original formalin-fixed paraffin-embedded tumor block. The cores were 2 mm in
diameter and were precisely arrayed into a recipient paraffin block using the MiniCore
Tissue Arrayer (Excilone, Elancourt, France). Sections of 4-pm thickness were cut and
mounted on SuperFrost Plus Gold adhesive slides (Thermofisher Scientific, Waltham, MA,
USA). Immunohistochemistry (IHC) was performed using DDR1 (D1G6) XP® Rabbit mADb,
rabbit Monoclonal antibody (1/100, Cell Signaling ref: #5583) after heat-induced epitope
retrieval in citrate pH 6 buffer (95 °C, 40 min) and overnight antibody incubation at 4 °C
and then visualized using 3-Amino-9-Ethylcarbazole (AEC).

2.8. Scoring

Immunostaining intensity (SI) was graded independently by two pathologists (CBR,
KBBA).

Immunopositivity was defined as a brown cytoplasmic color in the tumor cells. Stain-
ing intensity was scored as follows: 0, negative staining signal in >50% of tumor cells; 1+,
weak staining signal detected in >50% of tumor cells; 2+, moderate staining signal in >50%
of tumor cells; 3+, strong staining signal in >50% of tumor cells (Figure 1). The staining
intensity was then divided into score 0/1+ for low DDR1 expression or score 2+/3+ for
high DDR1 expression as previously described [23].

2.9. Molecular Analyses

Tumor DNA was extracted and the mutation profile (BRAF, KRAS, and MSI status) of
the samples was determined as described earlier [33].

2.10. Laser Capture Microdissection

Laser capture microdissection was performed on fresh frozen colon cancer specimens
cut into 12 um serial sections and mounted on PALM membrane slides (Zeiss, Oberkochen,
Germany) as previously noticed [29].
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Figure 1. Representative images of DDR1 immunolabeling in colon adenocarcinoma. A. Strong
and diffuse staining (red) in adenocarcinoma cells (arrow), (magnification x10), scored 3+ /high; B.
Moderate and diffuse staining (red) in adenocarcinoma cells (arrow), (magnification x20), scored
2+/high; C. Faint staining (red) in adenocarcinoma cells (arrow), (magnification x10), scored 1+/low.
Stromal cell highlighted by an asterisk (*) was weak (A) or negatively (B,C) stained in all cases.

RNA from tumor and stromal microdissected tissues were isolated and purified as
indicated [29].

2.11. DDR1 mRNA Expression

Analysis of mRNA expression was performed as previously described [29]. Only
RNAs with RQI values >5 were used for further analyses. Determination of the mRNA of
DDR1 was carried out by real-time PCR as described [27].

2.12. Data Mining and Bioinformatic Analyses

Survival analyses were performed using publicly available data from TCGA, Mar-
tineau and SieberSmith gene expression dataset in the R2 microarray analysis and visual-
ization platform (http://r2.amc.nl; last access date: 5 November 2021). The scan online
algorithm was used to determine the cut-off values for separating high and low DDR1
expression groups.

2.13. Statistical and Survival Analyses

Statistical analyses and factors associated with immunohistochemical expression of
DDR1 were clarified in paper from Boulagnon-Rombi et al. [29].

3. Results
3.1. Association of DDR1 Immunohistochemical Expression with Clinico-Pathological Features

The relationship between DDR1 expression and disease aggressiveness was investi-
gated in a cohort of 292 colon cancer patients. The clinicopathological features are summa-
rized in Table 1. The population consisted of 166 (57%) men and 126 (43%) women, whose
mean age was 70.8 & 10.8 years. Tumors were right-sided in 123 cases (42%), left-sided in
164 cases (56%), and multifocal in 5 cases (2%). The mean follow-up time was 43 months
(£32 months).

Figure 1 illustrates representative IHC patterns of DDR1 expression. The immunos-
taining showed the localization of DDR1 mostly in the cytoplasm. The immunostaining
intensity was strong in 144 (49.3%) samples, moderate in 96 (33%), and weak in 52 (17.8%),
and no samples were found negative for DDR1 staining (score 0). DDR1 immunostaining
was diffuse (>50% of positive tumor cells) in all cases. DDR1 immunolabeling in tumor
stroma was weak or negative in all cases. For the statistical analysis, patients were divided
into two groups: low expression of DDRI for patients with immunostaining intensity
scored 1 and high DDRI1 expression for patients with immunostaining intensity scored
2 or 3. Thus, DDRI1 expression by IHC was rated high in 240 (82.2%) cases. In case of
samples presenting heterogeneity in immunostaining, the highest intensity was considered
for scoring.
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Table 1. Clinicopathological features of the cohort.

Total (%) n =292

Clinicopathological Features
Gender
Male 166(57)
Female 126 (43)
Age (Mean =+ standard deviation) years 70.8 +-10.8
UICC stage
Stage I 34 (11.8)
Stage 11 109 (37.8)
Stage III 72 (24.9)
Stage IV 74 (25.6)
Tumor location
Left colon 164 (56)
Right colon 123 (42)
Multifocal 52)
Occlusion
Yes 34 (12)
No 258 (88)
Tumor perforation
Yes 17 (6)
No 275 (94)
Differentiation grade
Grade 1-2 245 (84)
Grade 3 47 (16)
Annexin A10
Positive 36 (12)
Negative 255 (88)
KRAS status
Wild type 95 (67)
Mutant 46 (33)
BRAF status
Wild type 246 (86)
Mutant 40 (14)
Microsatellite status
MSS 250 (87)
MSI 37 (13)
CIMP status
No CIMP 20 (35.7)
CIMP-Low 30 (53.5)
CIMP-High 6(10.7)

The relationship between DDR1 immunohistochemical expression and different clini-
copathological and molecular characteristics was analyzed. Data are detailed in Table 2. In
univariate analysis, a high DDR1 immunostaining score was significantly associated with

44



Cancers 2022, 14,928

male sex (p = 0.0195), left tumor location (p = 0.0114), BRAF wild-type status (p < 0.0001),
KRAS mutated status (p = 0.0041), and absence of expression of the serrated markers
Annexin A10 (p = 0.0097). In multivariate analysis, high DDR1 immunostaining score was
independently associated with BRAF wild-type status only (p < 0.0001).

Table 2. Relationship between DDR1 expression and clinical and molecular characteristics.

n DDR1 Univariate Analysis Multivariate Analysis
Paticeﬁ: :ai?eii:ltlirczors High Low p-Value OR [IC 95%] p-Value
n (%) n (%)
Age (Years) 70.23 +10.6 73.59 £ 11.2 0.052 *
Gender 0.0195% ns
Female 126 96 (40) 30 (57.7)
Male 166 144 (60) 22 (42.3)
Tumor location 0.0114 ¥ n.s
Left colon 164 143 (59.6) 21 (40.4)
Right colon 128 97 (40.4) 31 (59.6)
UICC stage 0.3240 *
I 34 30 (12.5) 4(8)
II 109 90 (37.7) 19 (38)
I 72 55 (23) 17 (34)
v 74 64 (26.8) 10 (20)
Differentiation grade 0.0540 *
1-2 245 206 (85.8) 39 (75)
3 47 34 (14.2) 13 (25)
Vascular invasion 0.2694
Yes 115 90 (38.3) 15 (30)
No 180 145 (61.7) 35 (70)
Perineural invasion 0.6%
Yes 71 60 (25.5) 11 (22)
No 214 175 (74.5) 39 (78)
Budding score 1t
High 14 12 (5.4) 2(42)
Low 254 208 (94.5) 46 (95.8)
CDX2 0.0565 *
Positive 268 223 (94.9) 45 (86.5)
Negative 19 12 (5.1) 7 (13.5)
KRAS status 0.0041 * ns
Wild type 95 69 (61.6) 26 (89.7)
Mutant 46 43 (38.4) 3(10.3)
BRAF status <0.0001 ¥ 7.5 [4.11-13.67] <0.0001
Wild type 246 212 (90.2) 34 (66.7)
Mutant 40 23(9.8) 17 (33.3)
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Table 2. Cont.

n DDR1 Univariate Analysis Multivariate Analysis
Patients and Tumors . o
Characteristics High Low p-Value OR [IC 95%] p-Value
1 (%) n (%)
Microsatellite status 0.0909 *
MSS 250 210 (89) 40 (78.4)
MSI 36 25 (10.6) 11 (21.6)
CIMP status 0.5488 ¥
No CIMP 20 18 (39.1) 2 (20)
CIMP-L 30 23 (50) 7 (70)
CIMP-H 6 5 (10.88) 1(10)
Annexine A10 0.0097 ¥ n.s
Negative 255 215 (90) 40 (76.9)
Positive 36 24 (10) 12 (23.1)
n.s: not significant; ¥: khi-2; T: Fisher test; *: Satterthwaite.
3.2. Survival Analysis
We next investigated the relation between DDR1 expression and prognosis. Univariate
analysis demonstrated that age, tumor stage, vascular invasion, and metastasis were
predictors of overall survival (OS) in our cohort (Table 3).
High DDR1 immunostaining was not correlated with overall survival in all stages
(p = 0.5832, Figure 2A) nor in metastatic (stage IV) patients (p = 0.8376, data not shown).
Regarding event-free survival (EFS), univariate analysis revealed that occlusion, stage,
vascular invasion, lymphatic invasion, differentiation grade, RAS status, CIMP status, and
the level of DDR1 immunostaining scores were associated with shorter EFS (Table 3). High
DDR1 expression was a predictor of shorter EFS in the entire cohort (p = 0.0391, Figure 2B).
Stage specific analyses showed that DDR1 was not a predictor of EFS in stage II (p = 0.1181,
Figure 3A), stage III (p = 0.3389, Figure 3B) and in metastatic patients (p = 0.9102, Figure 3C).
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Figure 2. DDRI1 value as a prognosis indicator in colon cancer patients from our cohort. Kaplan-Meier
curves of overall survival (A) and event free-survival (B) probability for low (blue line) and high (red
line) DDR1 immunohistochemical expression in adenocarcinoma cells from all tumor stages.
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Table 3. Analysis of factors associated with overall and event-free survival.

Variables n Overall Survival Event Free Survival
p-value p-value
Age 281 0.0046 0.3824
Perforation (yes vs. no) 281 0.0003 <0.0001
Occlusion (yes vs. no) 281 <0.0001 <0.0001
T4 (T4 vs. T1, T2, T3) 281 <0.0001 <0.0001
N (0, 1a vs. 1b and N2) 281 <0.0001 <0.0001
Vascular invasion (yes vs. no) 274 0.0002 <0.0001
Lymphatic invasion 273 0.0622 0.0264
(yes vs. no)
Stage UICC 278 <0.0001 <0.0001
Differentiation grade (yes vs. no) 283 0.0032 0.00018
CDXZ(YIESS:."EZ?SK’“ 276 0.0245 0.8486
Metastasis (M0 vs. M+) 276 <0.0001 <0.0001
KRAS mutation (yes vs. no) 135 0.0689 0.0010
BRAF mutation (yes vs.no) 276 0.7616 0.2882
CIMP status (low vs. High) 53 0.0644 0.0003
Mi?ﬁ;gtig?t&ztsms 72 0.4009 0.2294
DDR1 IHC tumor score 281 0.5832 0.0391

(low vs. High)

In our cohort DDR1 mRNA expression levels successfully evaluated in 66 patients
were not correlated with OS (p = 0.86) nor EFS (p = 0.46), whatever the CCR stage (data not
shown).

To corroborate our previous results, we next performed survival analyses in Sieber-
Smith (n = 286), Martineau (n = 124) [34] and TCGA cohorts (n = 174) obtained from R2
database [35,36]. In these cohorts, DDR1 mRNA expression was not correlated with overall
nor relapse free survival (Figure 4).

3.3. DDRI1 Is More Expressed in Tumor Cells Compared with Stromal Cells

DDR1 mRNA expression has been determined by RT-qPCR on 65 colonic adenocar-
cinoma samples and 78 colonic mucosa samples. Surprisingly, data showed a significant
decrease in DDR1 expression within tumor samples when compared with normal colon
samples (Figure 5A). Due to the difference observed in DDR1 expression between stromal
and malignant cells when evaluated by IHC analysis, we used Laser Capture Microdissec-
tion (LCM) to thereafter quantify DDR1 mRNA expression in tumoral and stromal areas of
each sample as previously described [29]. LCM was performed on 25 colon adenocarcinoma
samples and RT-qPCR revealed that DDR1 mRNA expression was higher in the tumoral
area than in the stroma (Figure 5B).
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Figure 3. Stage specific event free survival analysis in colon cancer patients from our cohort according
to DDR1 immunohistochemical expression. Kaplan-Meier curves of event free-survival probability
for low (blue line) and high (red line) DDR1 immunohistochemical expression in cells in stage I (A),
stage III (B) and stage IV patients (C).

3.4. DDR1 Mediates the Invasion of CRC Cells

We then investigated the possible role of DDR1 in CRC aggressiveness in vitro. We
used HCT116, HT-29, SW480, and SW620 cell lines, which express different levels of
DDR1 expression, and analyzed their ability to invade type I collagen as one of the main
extracellular matrix components. These cell lines harbor different KRAS/BRAF statuses and
their main characteristics are summarized in Supplementary Figure S2. The level of DDR1
expression was analyzed by both RT-qPCR and immunoblotting (Figure 6A,B, uncropped
western blot images in Supplementary Figure S1). Data showed that the expression of
DDRI1 at the mRNA and protein levels was higher in HCT116 cells than in the other cell
lines. In order to investigate deeply the impact of DDR1 on invasive properties of CRC
cells, we used HT-29 cells expressing DDRI1 at a basal level (HT-295FF) and overexpressing
the receptor (HT-29PPRI-GFP) - A5 shown in Supplementary Figure S2, HT-29PPRI-GFP
expressed a high level of DDR1 when compared to wild-type HT-29 or HT-29%FT cells. The
invasion potential of CRC cell lines was evaluated based on modified Boyden chamber
assay using type I collagen coating. Data showed that HCT116 cells exhibited a higher
invasion rate than SW480 and SW620 cells. When DDR1 was overexpressed in HT29 cells
(HT-29PPRI-GFP) “the invasion rate was significantly increased compared to the control
(HT-29FP) (Figure 6C). Interestingly, the invasion rate positively correlated with DDR1
expression level. To confirm the role of DDRI in the invasion process of colorectal cells,
nilotinib (100 nM) and DDR1-IN-1 (10 uM) have been used to inhibit specifically DDR1. As
shown in Figure 6D, significant inhibition of cell invasiveness was observed when the cells
were treated with nilotinib or DDR1-IN-1 compared with the control ones. Overall, these
data suggest that DDR1 is involved in CRC invasion phenotype and could be associated in
this way with the worse event free survival.
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Figure 4. Survival analysis according to DDR1 mRNA expression profile in independent colorectal
cancers patients’ cohorts. Kaplan-Meier curves of overall survival (A,B) and relapse or progression
free-survival (C,D) probability for low (red line) and high (blue line) DDR1 mRNA expression in
all stages colorectal cancers patients and in stage IV (metastatic) patients (C,D). Survival analysis
and Kaplan Meyier curves of the TCGA, Martineau and SieberSmith gene expression dataset were
obtained from R2 platform (http://r2.amc.nl; last access date: 5 November 2021). All p-values were
calculated using R2 online tools.
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Figure 5. Comparison of DDR1 mRNA expression between tumor cells, normal colon and stromal
cells. (A) Real-time PCR analysis of the DDR1 mRNA expression performed in colon adenocarcinoma
and in normal colon mucosa fresh frozen samples. Values are represented as dCt normalized with
RPL32. (B) Real-time PCR analysis of the DDR1 mRNA expression performed in adenocarcinoma
cells and in stromal cells after laser capture microdissection. Values are represented as dCt normalized
with RPL32. * p < 0.05, *** p < 0.0001, Mann Whitney test.
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HT-29, SW480, and SW620 cells. Quantitative analysis of DDR1 protein was obtained by densitometry:
the amount of DDR1 was normalized to GAPDH expression level (bottom panel). (C) HCT-116,
HT-29, SW480, and SW620 were seeded into the collagen type I coated chambers for 24h. Cells
were then fixed with methanol and stained with DAPI. Results are expressed as mean + SD of three
independent experiments. Statistical significance was analyzed by a one-way ANOVA test using
Dunnett’s multiple comparisons. * p = 0.05, ** p = 0.01, *** p = 0.001 as compared to HCT-116 cells
or HT-29 cells. Correlation between DDR1 expression and cell invasion (right panel). (D) HT-29,
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and stained with crystal violet. Results are expressed as mean =+ SD of three independent experiments.
Statistical significance was analyzed by a one-way ANOVA test using Dunnett’s multiple comparisons.
**p =0.01,** p = 0.001 as compared to HT-29, HT-29PPRI-GFP | o HT-29GFP cells.
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4. Discussion

Many cancers are characterized by dysregulated expression of one or more RTKs.
Such alteration has functional consequences at the cellular level which directly impact
tumor progression, especially cell invasion and metastasis. DDRs play a key role in tumor
progression, in part by regulating the reciprocal interplay between cancer cells and stromal
collagens [37]. One of their major roles in the literature is their involvement in tumor
invasion and metastasis [38].

In this study, we investigated the expression of DDR1 using immunohistochemistry in
colon adenocarcinoma and studied the link between DDR1 expression with clinicopatho-
logic and molecular parameters, including overall and event-free survival. Because DDR1
seems to play a role in CRC cell invasion and metastasis [5], we also investigated the impact
of DDR1 on invasion properties of CRC cell lines in vitro using type I collagen as a main
extracellular matrix component.

In this work, we showed that DDR1 expression was higher in adenocarcinoma cells
than in normal colonic epithelium. DDR1 was highly expressed in a large majority (82.2%)
of colon cancers. These results corroborate previous data showing a high DDR1 overexpres-
sion in 94% of colon cancer samples [23] and in tumor tissues from patients with primary
CRC and hepatic CRC metastasis [24].

Our results demonstrated in univariate analysis that the clinico-pathological and
molecular characteristics associated with DDR1 expression in colon adenocarcinoma were:
male sex, left colon tumor localization, BRAF wild-type status, and absence of the expression
of the serrated marker Annexin A10.

To our knowledge, no study had investigated these clinico-pathological and molecular
characteristics in association with DDR1 expression in colon adenocarcinoma, especially
the potential association with the serrated pathway highlighted by its markers Annexin
A10. The molecular profile associated with DDR1 high expression could be integrated
into the CMS4 molecular subtype of colorectal cancer. These tumors are characterized
by strong stromal infiltration and show clear upregulation of genes playing a role in
epithelial mesenchymal transition and associated to transforming growth factor 3 (TGF
) signaling pathway, angiogenesis, matrix remodeling pathways, and the complement-
mediated inflammation. These CMS4 tumors presented worse overall survival and relapse-
free survival [39]. Indeed, DDR1 mRNA expression was not associated with any CMS
subtype [25]. Our bioinformatic analyses revealed that high DDR1 mRNA expression was
independently associated with worse OS and PFS in stage IV patients. Moreover, any
significant association between DDR1 mRNA expression and OS or EFS has been found in
our cohort of patients undergoing surgery for colonic adenocarcinoma. However, divergent
results showed that DDR1 high mRNA expression was associated with worse OS whatever
the tumor stage [24].

The major limitations of our study were its retrospective and single-center design and
that few patients had DDR1 mRNA expression data. However, our results were validated
with bioinformatic analyses in three other patients’ cohorts. In our patients” cohort, DDR1
immunohistochemical expression was only associated with worse EFS whatever the stage.
DDR1 high protein expression was not associated with OS or with stage specific EFS. In a
previous immunohistochemical study, high DDR1 immunoreactivity score was correlated
with a shorter overall survival in a cohort of 100 patients with colorectal cancer [23]. In this
study, EFS was not evaluated and stage specific survival analyses were not performed.

The molecular mechanisms underlying the roles of the DDRs in various steps of
colon carcinoma progression are largely undefined. To fill this gap, we investigated the
potential role of DDR1 in tumor cell invasion by using several colorectal cancer cell lines
that differentially express DDR1. In addition, HT-29 cells overexpressing DDR1 were
established and led to enhanced cell invasiveness. The data showed that the tumor cell
invasion capacity is closely correlated to DDR1 expression. Moreover, specific pharmaco-
logical inhibition of DDR1 with nilotinib and DDR-IN-1 significantly reduced HT-29 cell
invasion. These results ascertained previous reports indicating DDR1 pro-invasive role in
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several tumor cell lines and DDR1 metastatic function in many cancers [12,17,19,40], and
demonstrate the importance of DDR1 in invasive tumors. For instance, DDR1 expression
is increased by the microRNA MiR-199a-5p and promotes invasion in CRC by activating
epithelial-mesenchymal transition [41]. In human A375 melanoma, HT29 colon carcinoma
and SK-HEP hepatoma cells, chemical inhibition or silencing of DDR1 reduces cell adhesion
to collagen I and MMP-dependent invasion [42]. Recently, Romayor and coworkers have
demonstrated that DDR1 expressed by tumor cells promotes hepatic cell ability to alter the
ECM structure by regulating collagen and MMPs expression, thus suggesting an impact
of DDRI1 in the desmoplastic response of hepatic tumor microenvironment during CRC
tumorigenesis [24].

In addition, it has been recently demonstrated that DDR1 can have a great impact on
the invasion function of metastatic colon carcinoma [26]. Indeed, invasion and metastatic
processes were decreased by DDR1-BCR signaling axis inhibition in vivo in colon carcinoma
suggesting that DDR1 could be an effective therapeutic target in this cancer. The authors
concluded that the inhibition of DDR1 kinase activity with nilotinib may be a therapeutic
benefit in patients with advanced CRC [26].

In other cancers, DDR1 expression could also have a prognostic implication. Indeed,
high expression of DDR1 has also been identified in 52.2% of hepatocellular carcinoma
samples [43], 61.0% of non-small cell lung cancer [13], and 69% of serous ovarian cancer
tissues [15]. Moreover, high DDR1 expression was more frequently expressed in invasive
carcinoma than in bronchioloalveolar carcinoma in lung cancers and was associated with
shorter overall survival in non-small cell lung carcinomas [22]. On the contrary, DDR1
was not associated with survival in prostate cancer [12] and low DDR1 expression was
associated with triple negative subtype of breast cancer and with shorter survival in this
cancer type [44].

Thus, the overexpression of DDR1 in these malignant diseases, particularly in colorec-
tal cancer, supports the hypothesis that DDR1 upregulation is widespread in cancer and
can play an important role in tumorigenesis and/or tumor invasion and metastasis.

5. Conclusions

In summary, DDR1 is highly expressed in colon cancer compared to normal colonic
mucosa. This overexpression of DDR1 is found in a large majority of colon cancers,
suggesting a role of DDRI1 in colorectal carcinogenesis. Although DDR1 was associated
with shorter EFS, its role as a prognosis marker remains uncertain. However, frequent high
expression of DDR1 in colon cancer could be further explored as a potential therapeutic
target in this indication.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ cancers14040928/s1, Figure S1: (A) Summary table of the CRC cell lines characteristics. (B)
DDR1 expression in HT-29, HT-29DDR1-GFP and HT-29GFP cell lines; Figure S2: Original, uncropped
western blot scans.
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Simple Summary: Metastatic colorectal cancer (mCRC) is typified by its tumor heterogeneity and
changing disease states, suggesting that personalized medicine approaches could be vital to im-
proving clinical practice. As a minimally invasive approach, the liquid biopsy has the potential
to be a powerful longitudinal prognostic tool. We investigated mCRC patients’ peripheral blood
samples using an enrichment-free single-cell approach to capture the broader rare-event population
beyond the conventionally detected epithelial-derived circulating tumor cell (CTC). Our analysis
reveals a heterogenous profile of CTCs and oncosomes not commonly found in normal donor sam-
ples. We identified select rare cell types based on their distinct immunofluorescence expression and
morphology across multiple assays. Lastly, we highlight correlations between enumerations of the
blood-based analytes and progression-free survival. This study clinically validates an unbiased rare-
event approach in the liquid biopsy, motivating future studies to further investigate these analytes
for their prognostic potential.

Abstract: Metastatic colorectal cancer (mCRC) is characterized by its extensive disease heterogeneity,
suggesting that individualized analysis could be vital to improving patient outcomes. As a minimally
invasive approach, the liquid biopsy has the potential to longitudinally monitor heterogeneous
analytes. Current platforms primarily utilize enrichment-based approaches for epithelial-derived
circulating tumor cells (CTC), but this subtype is infrequent in the peripheral blood (PB) of mCRC
patients, leading to the liquid biopsy’s relative disuse in this cancer type. In this study, we evaluated
18 PB samples from 10 mCRC patients using the unbiased high-definition single-cell assay (HDSCA).
We first employed a rare-event (Landscape) immunofluorescence (IF) protocol, which captured
a heterogenous CTC and oncosome population, the likes of which was not observed across 50 normal
donor (ND) samples. Subsequent analysis was conducted using a colorectal-targeted IF protocol to
assess the frequency of CDX2-expressing CTCs and oncosomes. A multi-assay clustering analysis
isolated morphologically distinct subtypes across the two IF stains, demonstrating the value of
applying an unbiased single-cell approach to multiple assays in tandem. Rare-event enumerations
at a single timepoint and the variation of these events over time correlated with progression-free
survival. This study supports the clinical utility of an unbiased approach to interrogating the liquid
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biopsy in mCRC, representing the heterogeneity within the CTC classification and warranting the
further molecular characterization of the rare-event analytes with clinical promise.

Keywords: liquid biopsy; rare cell; circulating tumor cells; oncosomes; colorectal cancer; heterogeneity;
multi-assay; high-definition single-cell assay

1. Introduction

Colorectal cancer (CRC) is the world’s third most common cancer and second leading
cause of oncology-related deaths [1]. Most notably, CRC solid tumors are marked by their
extensive cellular heterogeneity and proliferation owed to the rapid rate of epithelial self-
renewal in the intestines [2—4]. The variety of tumor microenvironments, genetic mutations,
and disease subtypes suggests that real-time individualized analysis and subsequent
clinical decision-making could improve patient outcomes [5-7].

As a minimally invasive procedure, the liquid biopsy has the potential to be that
critical element in the longitudinal evaluation of CRC by characterizing the disease’s
pathophysiology and mechanisms of metastasis [8—10]. Much of the current liquid biopsy
analysis focuses on two primary biomarkers: circulating tumor cells (CTCs) and cell-free
DNA (cfDNA). Additionally found in the blood, carcinoembryonic antigen (CEA) is one of
the foremost prognostic hallmarks of CRC [11,12]. Previous investigations have correlated
CTC counts to CEA levels, with the two used in conjunction to accurately predict survival
outcomes [13]. Generally, a higher number of CTCs indicates poorer patient outcomes
in CRC [14,15], although nuances emerge when considering morphologically defined
CTC subtypes and the change in cell populations over time [16,17]. With the variety of
detectable biomarkers in circulation, the liquid biopsy could aid in tackling some of the
clinical challenges of CRC.

Previously, CellSearch® (Menarini, Raritan, NJ, USA) was the first platform to receive
regulatory approval in CRC via a 510(k) clearance for the enumeration of CTCs to monitor
metastatic colorectal, breast and prostate cancer [18]. The platform uses an enrichment-
based methodology for the detection of a singular type of CTC defined by the expression
of epithelial cell adhesion molecule (EPCAM) and cytokeratin (CK) without the expression
of CD45 [19], thereby limiting the liquid biopsy field’s current understanding of CTC.
CellSearch® uses a uniform threshold for CTC positivity at any timepoint during the
patient’s treatment. In CRC, this threshold is 3 CTCs/7.5 mL of blood [20]. CellSearch® has
shown that a higher frequency of CTCs is associated with poorer overall survival (OS) and
progression-free survival (PFS) in CRC [21,22]. However, CellSearch® and similar systems
are not commonly utilized by clinicians treating CRC [23,24]. This limited utility could be
attributed to a lack of timepoint-specific standards [18] and infrequent CTC kinetics analysis,
despite its clinical promise [16]. Most early-generation liquid-biopsy platforms employ
enrichment-based approaches that detect a limited CTC population in the peripheral
blood (PB) of CRC patients [25-27] and overlook other cellular subtypes with nuanced
survival implications [16,28]. In a cancer type known for its tumor heterogeneity like CRC,
enrichment-based approaches limit the liquid biopsy’s potential clinical utility, thereby
warranting an unbiased single-cell approach that focuses on all rarity in the bloodstream.

This study utilized the third-generation high-definition single-cell assay (HDSCA3.0),
which is a validated “no cell left behind” immunofluorescence (IF) assay that detects and
characterizes all rare events from the liquid biopsy [25,28-33]. Commercialized by Epic Sci-
ences, it has demonstrated clinical utility as a predictive marker in prostate cancer [34-36].
Furthermore, it allows for downstream genomic and proteomic analysis [37,38] and adheres
to the standards of the Blood Profiling Atlas Commons [39]. A prior investigation into
a cohort of metastatic CRC (mCRC) patients with HDSCA2.0 revealed a 35% CTC positiv-
ity rate [25], comparable to CellSearch® positivity rates among similar cohorts [30,37,40].
A subsequent study with the same platform highlighted the importance of CTC sub-
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types, time of sample collection and changes in cellular populations during treatment in
understanding the value of the liquid biopsy in mCRC patient care [16]. Beyond CTC
subtypes, prior studies have identified other rare cells such as circulating endothelial cells
(CECs) [41,42] with prognostic implications in mCRC. In addition to rare cellular analytes,
tumor-derived oncosomes and extracellular vesicles have been shown to promote tumori-
genesis and chromosomal deletion across cancer types [43—45]. Now, the third generation
of HDSCA detects a heterogeneous CTC and oncosome population with various surface
biomarkers and an unbiased computational methodology for the detection of epithelial,
mesenchymal, endothelial and immune cells [46,47]. Herein, we analyzed 18 PB samples
from 10 mCRC patients using two IF protocols to represent a comprehensive CTC and onco-
some liquid-biopsy profile, highlighting previously unidentified rare events and correlating
analytes to patient outcomes.

2. Materials and Methods
2.1. Study Design

This study includes a total of 18 PB samples collected between May 2016 to March 2017
from 10 patients with mCRC. Patients were found as part of the GS-US-296-0101 phase I
clinical trial (#NCT01803282) evaluating the safety and tolerability of a novel therapeutic in
combination with standard-of-care chemotherapy in two different mCRC indications. Apart
from their diagnosis of CRC and survival data, no other clinical or demographic information
was available for this study cohort per IRB protocol at the time of enrollment. Patients
1, 3,5, 6 and 9 were first-line inoperable mCRC patients receiving the test compound in
combination with mFOLFOX6 and bevacizumab. Patients 2, 4, 7, 8 and 10 were second-
line inoperable patients receiving the test compound in combination with FOLFIRI and
bevacizumab. PB samples were collected on cycle 1, day 1 and cycle 3, day 1 of therapy,
referred to as Draw 1 and Draw 2, respectively. All patients progressed, and PFS was
provided for 9 of the 10 patients. In addition, PB samples from 50 normal donors (ND) with
no known pathology were collected and provided by Epic Sciences (San Diego, CA, USA).

2.2. Blood Processing

PB samples were collected in 10 mL collection tubes (Cell-free DNA, Streck, La Vista,
NE, USA) and were processed as previously described [30,47]. As a brief synopsis, after
red blood cell lysis, the nucleated cell fraction was plated as a monolayer of ~3 million cells
per slide (Marienfeld, Lauda, Germany) before cryobanking at —80 °C.

2.3. IF Staining Protocols

Samples were analyzed with the previously described workflow for high-resolution
imaging and the characterization of tumor cells at a single-cell level [30]. Slides were
stained by the IntelliPATH FLX™ autostainer (Biocare Medical LLC, Irvine, CA, USA)
in batches of 50. Our validated HDSCA protocols utilize a cocktail of pan-cytokeratin
(CK), CD45 antibodies and DAPI [30,31]. In further detail, samples were fixed with
a 2% neutral buffered formalin solution (VWR) for 20 min followed by permeabiliza-
tion using 100% cold methanol for 5 min and blocking nonspecific binding sites with 10%
goat serum (Millipore) for 20 min. This is followed by an antibody cocktail consisting of
mouse IgG1/Ig2a anti-human cytokeratins 1, 4, 5, 6, 8, 10, 13, 18 and 19 (clones: C-11,
PCK-26, CY-90, KS-1A3, M20, A53-B/A2, C2562, Sigma, St. Louis, MO, USA), mouse
IgG1 anti-human cytokeratin 19 (clone: RCK108, GA61561-2, Dako, Carpinteria, CA,
USA) and mouse anti-human CD45:Alexa Fluor® 647 (clone: F10-89-4, MCA87A647, AbD
Serotec, Raleigh, NC, USA). To complete the staining, slides were incubated with Alexa
Fluor® 555 goat anti-mouse IgG1 antibody (A21127, Invitrogen, Carlsbad, CA, USA) and
4/ 6-diamidino-2-phenylindole (DAPI; D1306, ThermoFisher) prior to being mounted with
a glycerol-based aqueous mounting media [48].

Two distinct IF protocols were applied: 1) Landscape and 2) CDX2-targeted. The Land-
scape protocol identifies epithelial, mesenchymal, endothelial and immune cells through
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the addition of 100 ug/mL of a goat anti-mouse IgG monoclonal Fab fragments (115-007-003,
Jackson ImmunoResearch, West Grove, PA, USA), rabbit IgG anti-human vimentin (Vim)
(clone: D21H3, 9854BC, Cell Signaling, Danvers, MA, USA) as a fourth color and mouse
IgG1 anti-human CD31:Alexa Fluor® 647 mADb (clone: WM59, MCA1738A647, BioRad,
Hercules, CA, USA) to the CD45 channel, hereafter referred to as CD45/CD31 [47]. The
CDX2-targeted protocol utilizes the colon-specific CDX2 monoclonal antibody EPR2764Y
(Abcam, Cambridge, UK) as a fourth color for further characterization [25]. CDX2 is
a transcription factor expressed throughout the intestinal epithelium and has been effec-
tively used as a marker for intestinal carcinomas [49]. The ND samples were stained with
the Landscape protocol.

2.4. Scanning and Analysis

Slides were imaged at 2304 frames per slide using automated high-throughput fluo-
rescence scanning microscopy at 100x magnification with exposures and gain set to yield
the same background intensity level for normalization purposes. The numeration of cell
classifications was converted to concentration based on the sample leukocyte concentration
measured at processing and the number of DAPI-positive nuclei detected. White blood
cell (WBC) counts in the PB sample were determined automatically (Medonic M-series
Hematology Analyzer, Clinical Diagnostic Solutions Inc., Fort Lauderdale, FL, USA). The
number of WBCs per slide was utilized in the calculation of the exact amount of blood
analyzed, leading to rare-event enumerations presented in events/mL. Cells of interest
were further imaged at higher magnification (400 x ). IF signal expression is categorized as
filamentous, diffuse or punctate, as previously described [50].

2.5. Rare Event Detection Approach

Cells were identified via a rare-event detection method termed OCULAR [47,48]. This
algorithm uses feature extraction, principal component analysis (PCA) and hierarchical
clustering on the principal components to achieve four distinct tasks: fluorescent image
feature extraction (761 parameters), rare-event detection (distinguishing between common
and rare DAPI-positive events and DAPI-negative events), rare-cell classification and report
generation. Image analysis was performed as previously reported [47]. In brief, all events
were segmented to generate nuclear and/or cytoplasm masks for feature extraction, which
was followed by a dimensionality reduction using principal components and hierarchical
clustering to separate common cells (mainly WBCs) and rare cells in each image frame. The
manual classification of rare events into CTC or oncosome subgroups was conducted based
on biomarker expression in the four fluorescence channels for each IF protocol. Classifica-
tions were validated by multiple hematopathologist-trained technical analysts. Previously
described as large extracellular vesicles in the context of HDSCA [46,48,51], oncosomes
were identified as circular, DAPI-negative events with positive CK expression [44,52,53].
Initially presented as adjacent to nucleated common cells or as individual DAPI-negative
events, oncosomes were manually classified and confirmed by trained analysts. The nomen-
clature for channel-type classifications utilizes those positive channels (Landscape example:
CK | Vim = DAPI-positive, CK-positive, Vim-positive, CD45/CD31-negative). Oncosome
channel-type classifications are preceded by the abbreviation “Onc” (Landscape exam-
ple: Onc CK|Vim = DAPI-negative, CK-positive, Vim-positive, CD45/CD31-negative).
While rare cell types are predominantly referred to by their channel-type classification,
two specific CTC populations, epithelial CTCs (Epi.CTC) and mesenchymal CTCs (Mes.CTC),
are evaluated in this study. As previously described [48], Epi.CTCs are CK-positive, Vim-
negative and CD45/CD31-negative with a clearly defined nucleus (DAPI). Mes.CTCs are
CK-positive, Vim-positive and CD45/CD31-negative and have clearly defined nuclei.

2.6. Multi-Assay Analysis

With sample-matched slides stained by both IF protocols (Landscape and CDX2-
targeted), OCULAR’s uniform examination of the rare events allowed for a multi-assay
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analysis. OCULAR derives 761 morphological parameters from IF 100x magnification
images of detected cellular events. To perform the multi-assay analysis, we selected
a subset of 8 morphometric parameters, consisting of the most representative features. With
both IF protocols containing DAPI and CK, the median intensity for these two channels
were chosen. In addition, we included the eccentricity and area of both the cell and
nucleus, the ratio of nuclear to cellular area and the average distance of the cell outline
to the center of the nucleus. Using these 8 shared morphometric features, 5661 rare
cells across both assays were grouped together using a hierarchical clustering model.
An agglomerative clustering algorithm was used, imported from the scikit-learn library
version 0.23.2 [54] in Python. We used a Euclidian metric to compute the distance and the
ward linkage criterion. In addition, 111 cells and the oncosome population were removed
after manual inspection from the clustering due to highly aberrant nuclear and membrane
masking. The cohort’s rare-cell population with various cluster assortment options are
included as part of an interactive webpage that can be used for additional analyses and
discovery (https:/ /pivot.usc.edu/pivot/CRC_MultiAssay.html). The optimal number of
clusters from 2 to 16 was selected based on quantitative cluster-separation metrics and
the separation of noteworthy, rare cell types. Based on the silhouette average method,
8 clusters provided the optimal separation between the cell groups. When increasing
the number of clusters from 8 through 12, cluster 1 is the primary group undergoing
rearrangement, but subsequent cluster combinations do not perform as well in the silhouette
average metric or in their division of rare cell types of interest. Alongside the clustering
approach, a Spearman’s rank correlation [55] analysis was performed between the rare-
event enumerations of the two IF protocols.

2.7. Survival Analysis

To perform survival analysis on the 9 patients with known progression time, the
Spearman’s rank correlation coefficient [55] was calculated for all liquid-biopsy analytes
versus the PFS. Then, only liquid-biopsy analytes with statistically significant entries
were used for subsequent visualization. To visualize the statistically significant entries,
the Kaplan-Meier (KM) curves [56] for the patients’ PFS were plotted. Then, to depict
the effect of a statistically significant liquid-biopsy analyte on PFS, the patients were
stratified based on their respective counts per milliliter of blood for the given liquid-biopsy
analyte. The stratification was done by using the median counts per milliliter of blood as
a threshold, separating the patients into two groups. Finally, the two patient subgroups
were plotted together with the original KM curve of the population. The statistical analysis
was done using scipy [57], and the KM curves were plotted using scikit-survival library [58]
in Python.

2.8. Statistical Analysis

The distinction between the rare-event enumerations of the mCRC and ND samples
was determined by a Wilcoxon rank sum test [59]. Statistical correlations between rare-
event enumerations were performed using the Spearman’s rank correlation coefficient [55].
A correlation was significant if the two-tailed p-value < 0.05. The statistical analysis was
done using scipy [57] in Python.

3. Results
3.1. Landscape Rare-Event Detection: Rare Cells and Oncosomes

PB samples were stained with the Landscape IF protocol and analyzed by OCULAR to
identify the rare events with biomarkers highlighting epithelial, endothelial, mesenchymal
and immune cell origin. Rare-event frequencies, enumerations and sample positivity
(>5 events/mL) from the Landscape and CDX2 IF protocols are reported in Table 1. For
the 18 mCRC samples analyzed, on average 0.53 (standard error 0.05, median 0.53, range
0.22-0.97) mL of PB was used for 1 test, thus the sensitivity of the analysis is limited by
the blood volume characterized. A representative subset of the rare-cell and oncosome
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populations detected in the Landscape-stained samples is displayed in Figure 1A, with
enumerations, frequencies and comparisons to the ND cohort, and select morphometrics
provided in Figure 1B, 1C and 1D, respectively. The sample enumeration of the ND cohort
is depicted in Supplemental Figure S1.

Table 1. Rare-event frequencies, enumerations and sample positivity from the Landscape and CDX2-
targeted immunofluorescence (IF) protocols. The sample positivity threshold of >5 events/mL was
determined by comparisons to the rare-event enumerations of a randomly selected normal donor
cohort. The frequency of each classification is provided as a percentage of the total rare-event profile
for each IF protocol.

IF

Event Classification Safn.pl'e Mean Standard Error % of Total Rare Median Range
Positivity (Events/mL) (+Events/mL) Events (Events/mL) (Events/mL)
Protocol
DAPI only 15/18 13.69 29 3.55 10.84 0.00-51.57
CK (Epi.CTC) 18-Jul 57 36.36 14.77 3.55 0.00-549.63
Vim 18-Nov 6.64 1.27 1.72 73 0.00-20.16
CD45/CD31 18-Oct 10.29 2.44 2.67 8.05 0.00-33.16
CK | Vim (Mes.CTC) 18-Jun 7.6 1.4 1.97 1.4 0.00-91.29
Landscape CK|CD45/CD31 18-Apr 466 1.86 121 2.13 0.00-30.74
Vim | CD45/CD31 18-Nov 24.52 8.73 6.35 7.79 0.00-121.00
CK1Vim|CD45/CD31 15/18 100.4 35.02 26.01 12.89 0.00-453.13
Onc CK 18-Dec 71.59 38.39 18.55 6.64 1.06-657.60
Onc CK | Vim 18-Oct 32.72 13.64 8.48 7.38 0.00-217.65
Onc CK1CD45/CD31 0/18 1.47 0.36 0.38 1.12 0.00-4.47
Onc CK | Vim |CD45/CD31 14/18 55.37 16.22 14.35 34.32 0.00-268.32
DAPI only 18/18 63.72 12.8 8.33 45.29 16.94-226.94
CK 18-Dec 88.14 43.95 11.53 11.97 0.00-597.32
CDX2 18-Dec 11.45 3.28 1.5 727 1.04-60.22
CD45 18-Mar 5.44 3.35 0.71 0 0.00-59.22
CKI1CDX2 (CDX2.CTC) 14/18 19.95 6.71 2.61 11.34 0.00-124.08
t;g;il CKICD45 18-Dec 36.66 13.71 479 10.02 0.00-203.63
CDX21CD45 18-Dec 29.37 12.46 3.84 9.8 0.00-185.68
CKICDX21CD45 14/18 143.67 101.35 18.79 21.79 1.44-1843.34
Onc CK 15/18 123.55 60.73 16.16 26 2.31-1035.65
Onc CKICDX2 18/18 2224 65.04 29.08 114.87 15.55-1151.64
Onc CK1CD45 0/18 0.06 0.06 0.01 0 0.00-1.06
Onc CK|1CDX21CD45 18-Oct 20.27 7.64 2.65 14.5 0.00-1138.28

For all mCRC samples, total rare-event (total cells and oncosomes) detection had
a median of 287.46 (mean 387.74 £ 75.33) events/mL. For ND samples, total rare-event
detection had a median of 40.05 (mean 49.96 £ 4.18) events/mL. A significant difference
was observed between the mCRC patients and ND (p < 0.0001; Figure 1D).

Rare cells comprised 58.25% of the total rare-event profile from the Landscape-stained
mCRC samples. The rare cells detected in mCRC patient samples were highly heteroge-
nous in their signal expression and morphology (Figure 1E,F). Total rare-cell detection
for the mCRC samples had a median of 124.66 (mean 224.80 £ 51.55) cells/mL. The ND
samples presented with a median rare-cell detection of 34.46 (mean 43.21 & 3.94) cells/mL.
A significant difference in total rare-cell detection was observed between the mCRC patients
and ND samples (p = 0.0112).
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Cell Area Cell Eccentricity

Figure 1. Landscape-stained samples analyzed by OCULAR. (A) Representative gallery from the
metastatic colorectal cancer (mCRC) cohort showing the morphological heterogeneity of the detected
rare events. DAPI: blue, cytokeratin (CK): red, Vim: white, CD45/CD31: green. Events from each of
the 10 patients are represented in the gallery. The five oncosomes displayed are bordered by yellow
boxes. Events are ordered by decreasing CK signal intensity. Images taken at 400 x magnification.
Scale bars represent 10 pum. (B) Rare-event enumeration (events/mL) and (C) frequency (%) per
patient and draw. (D) Enumeration comparison of Draw 1 mCRC and normal donor samples ordered
by statistical significance. Symbols indicate outliers. The first 8 classifications from the left are
different between mCRC and normal donors (p < 0.05). (E) Cellular area and (F) cellular eccentricity
per rare-event classification detected in the mCRC cohort.

Total CK-positive events were detected with a median of 45.41 (mean 169.66 + 46.65)
events/mL from all mCRC samples. The ND samples had a median of 12.39 (mean
18.96 £ 2.70) CK-positive events/mL. There was a statistically significant difference in total
CK-positive event detection between the mCRC patients and ND samples (p = 0.0070). The
total CK-positive cell population constituted 75.47% of all the rare cells. Epi.CTCs were
detected with a median of 3.55 (mean 57.00 £ 36.36) cells/mL from mCRC patient samples,
which is a significantly higher incidence compared to ND samples (p = 0.0023). Epi.CTCs
were only identified in 7 of 18 mCRC samples, with 2 samples containing 92.58% of the
total cohort’s population. This speaks to the limited frequency of CK-only CTCs in the
liquid biopsy of mCRC, here using approximately 0.5 mL of PB. Similarly, Mes.CTCs were
only found in 6 of 18 samples and with a median of 1.40 (mean 7.60 £ 1.40) cells/mL in the
mCRC cohort. There was not a significant difference in the Mes.CTC count between the
mCRC and ND samples. The CK | Vim | CD45/CD31 cells were the most frequent rare cell
across the mCRC cohort, but no statistically significance difference was detected between
the mCRC and ND samples.
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Other detectable rare cells in the mCRC samples included morphologically distinct
CD45/CD31-only (median 8.05; mean 10.29 + 2.44), DAPI-only (median 10.84; mean
13.69 £ 2.90), Vim-only (median 7.30; mean 6.64 &+ 1.27) and Vim | CD45/CD31 (median
7.79, mean 24.52 £ 8.73) cells/mL. The DAPI-only cells were detected at a higher prevalence
in mCRC samples compared to the ND samples (p = 0.0047).

Two morphologically distinct cell types were identified as unique subsets of their
broader channel-type classifications. The first was the large, morphologically distinct
CD45/CD31 cell population shown in Figure 2A. As a subset of the CD45/CD31 channel-
type classification, this cell type was found in 9 of the cohort’s 18 samples (Figure 2B). Their
distinction highlights the importance of morphological analysis that goes beyond channel-
type classifications. The cells of interest possess a punctate CD45/CD31 signal, which is
distinct from the diffuse CD45/CD31 signal that typifies the surrounding WBCs. Notable
morphometrics quantitatively distinguish this cell group from common WBCs with a larger
cell size, larger nuclear size, and higher cellular eccentricity. Even within this category,
there is heterogeneity, evidenced by the varying shapes and the nuclear-to-membrane ratios
of the cells. These cells are hypothesized to be megakaryocytes.

Composite DAPI CK Vim CD45/CD31

Enumeration (cells/mL)

Sample ID

Enumeration (cells/mL)

Composite DAPI CK Vim CD45/CD31

L]
z
1

Enumeration (oncosomes/mL)
I
1l

Sample ID

Figure 2. Select rare-event populations in the Landscape-stained metastatic colorectal cancer (mCRC)
samples. (A) Panel gallery images of the large, morphologically distinct CD45/CD31 cells. (B) Large,
morphologically distinct CD45/CD31 cell enumeration per patient and draw. (C) Panel gallery images
of the morphologically distinct Vim | CD45/CD31 cells with variable cytokeratin (CK) expression.
(D) Morphologically distinct Vim | CD45/CD31 cells with variable CK expression enumeration per
patient and draw. (E) Panel gallery images of the oncosome population with differential signal
expression (F) Oncosome enumeration by channel classifications per patient and draw. Images are
taken at 400x magnification. Scale bars represent 10 pm.
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The second rare-cell group of interest consists of morphologically distinct Vim | CD45/
CD31 cells with variable CK expression, as shown in Figure 2C. These cells are found in 11
of 18 samples and across both draws (Figure 2D). The samples from Patient 4 contain the
vast majority (81.37%) of the morphologically distinct Vim | CD45/CD31 cells detected in
this cohort. The image analysis of these cells revealed a filamentous Vim signal along with
a punctate CD45/CD31 signal. The variable CK expression in signal intensity and appear-
ance suggests that there are additional subtypes within this cell type. A total of 45.60% of
the total morphologically distinct Vim | CD45/CD31 cell population is CK-positive. Further
observation highlights heterogeneous CK expression within the CK-positive subtype, epit-
omized by the punctate and filamentous signal on the second and third cell of Figure 2C
respectively. Beyond the analysis of the IF signal, 35.95% of the morphologically distinct
Vim | CD45/CD31 cells found in this cohort are found clustered near one another (bottom
of Figure 2C). Additional key morphometrics that distinguish this cell population from
surrounding WBCs include a large cell size and eccentric cellular membrane. These cells
are hypothesized to be endothelial cells.

In addition to the rare-cell groups, OCULAR identified a sizeable population of
oncosomes. Oncosomes accounted for 41.75% of the rare events in the Landscape-stained
samples. Morphologically, these vesicles ranged up to the size of neighboring WBCs
(~10 um) and were present in the cellular fraction of blood after centrifugation. As Figure 2E
depicts, these vesicles were found in contact with adjacent nucleated cells and in isolation,
with 51.09% of this cohort’s oncosome population belonging to the latter. Furthermore,
their IF signal was diffuse, suggesting an evenly distributed expression across the vesicle.
The oncosomes expressing CK were generally the most prevalent (Figure 2F). As the most
common subtype, all 18 samples were positive for Onc CK with a median of 6.64 (mean
71.59 £ 38.39) events/mL. The Onc CK | Vim | CD45/CD31 was positive in 16 of 18 samples
and had a median of 34.32 (mean 55.37 £ 16.22) events/mL. The Onc CK | Vim was also
present in 16 of 18 samples, with a median of 7.38 (mean 32.72 &+ 13.64) events/mL. The
Onc CK 1 Vim | CD45/CD31 and Onc CK | Vim counts were found to be highly positively
correlated (p = 0.002, T = 0.68).

In comparison to the mCRC and ND samples, 6 specific channel-type rare-event classi-
fications were statistically distinct across the cohorts (Figure 1D). Three of the significantly
different channel-type classifications were rare cells that were detected at a higher preva-
lence in mCRC samples compared to the ND: Epi.CTC (p = 0.0023), DAPI only (p = 0.0494)
and CD45/CD31 (p = 0.0004). Three oncosome channel-type classifications were observed
at greater numbers in the mCRC patient samples compared to the ND samples: Onc CK
(p = 0.0001), Onc CK | Vim (p < 0.0001) and Onc CK | Vim | CD45/CD31 (p < 0.0001).

3.2. Analysis of the CDX2-Targeted Protocol

To complement the vast heterogeneity of rare events across the epithelial, mesenchymal
and endothelial cell types presented in the Landscape protocol, the CDX2-targeted protocol
was utilized to specifically interrogate and identify circulating rare events of colorectal
origin. Slides from the same PB tubes were stained with the CDX2-targeted protocol and
analyzed by OCULAR, allowing for a sample-matched study design across two IF assays.
All rare-event frequencies, enumerations and sample positivity (>5 events/mL) from the
CDX2-targeted protocol are reported in Table 1. A representative subset of the rare-cell and
oncosome populations are displayed in Figure 3A, with enumerations and frequencies of
the channel-type classifications in Figure 3B,C. Further analysis of the CDX2-targeted cohort
by HDSCA's first generation CK-focused approach is depicted in Supplemental Table S1,
Figures S2 and S3.

Rare cells comprised 52.10% of the total rare-event profile from the CDX2-targeted
protocol. From the OCULAR analysis, the total CK-positive cell population across all
18 samples had a median of 108.74 (mean 288.43 & 119.17) cells/mL. The image analysis
of the CK-positive cell groups revealed extensive heterogeneity between and within the
channel-type classifications. The consistency of the IF signal across the cells of interest
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varies within categories. Morphological differences were also observed between cells of the
same channel type.
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Figure 3. CDX2-targeted samples analyzed by OCULAR. (A) Representative rare-event gallery.
DAPI: blue, cytokeratin (CK): red, CDX2: white, CD45: green. Events from each of the 10 patients are
represented in the gallery. The eight oncosomes displayed are bordered by yellow boxes. Events are
ordered by decreasing CK intensity. Images taken at 100x magnification. Scale bar for all images is
shown in the bottom right cell, representing 10 pm. (B) Enumeration (events/mL) of each channel
classification per patient and draw. (C) Frequency (%) of each channel classification per patient
and draw.

With the added CDX2 marker, we were able to evaluate CTCs for their potential
colorectal origin. CDX2-positive CTCs or CDX2.CTCs (also referred to as CK1CDX2 in
Table 1) were found in 14 of 18 samples, but not in high frequencies, only constituting
2.52% of the total rare-event profile. The first three images from the top left of Figure 3A
are representative of this cell type, and, as the gallery shows, these CDX2.CTCs were also
found clustered together.

Beyond the CK-positive populations, additional rare cell types were prominent across
the CDX2-stained samples: DAPI-only, CDX2-only, CD45-only and CDX2 | CD45 classifica-
tions (Table 1). The CK-negative rare-cell population detected by OCULAR was positive in
all 18 samples, with a median of 87.13 (mean 109.98 £ 18.58) cells/mL. Among this group,
a subset of large and eccentric cells with punctate CDX2 expression and sizeable nuclei
(see the bottom row of Figure 3A) were found in 11 of the 18 samples. Lastly, all 18 of
samples were positive for DAPI-only rare cells, with a median of 45.29 (mean 63.72 £ 12.80)
cells/mL using the CDX2-targeted protocol.

3.3. Multi-Assay Analysis

A multi-assay comparison was conducted on samples stained both with the CDX2-
targeted and Landscape IF protocols. An analysis of the rare-event enumerations from
both staining protocols with matched samples revealed various positive and negative
correlations between channel-type classification counts (Figure 4A). Specific rare cell types
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detected by both IF protocols were positively correlated, such as the DAPI-only cells
(p =0.032, T = 0.51) and the CK-only cells (p = 0.018, T = 0.55). Similar positive correla-
tions were found among the aggregate classifications, including the oncosomes (p = 0.003,
T = 0.65) and total CK-positive rare-event population (p = 0.006, T = 0.62). A positive
association between rare events that differ by one unshared biomarker between the stains
potentially indicates a single rare-event type. An example of this is the CK-only cell counts
from the Landscape-staining protocol being positively associated with the CK|CDX2 cells
from the CDX2 IF protocol (p = 0.029, T = 0.51). A similar pattern was observed within
the oncosome population, with the Onc CK | Vim being positively correlated to the Onc
CKICDX2 (p < 0.001, T = 0.82). The significant negative correlations across the assays
included the DAPI-only cells from Landscape-staining protocol and the CK|CD45 cells
from the CDX2 IF protocol (p = 0.029, T = —0.51). Interestingly, if selected for rarity, the
CD45/CD31 population from the Landscape-staining protocol was uncorrelated with the
CD45 population from the CDX2-staining protocol (p = 0.645, T = 0.12), indicating that the

differential IF expression was likely due to the addition of the CD31 biomarker.
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Figure 4. Cont.
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Figure 4. Multi-assay analysis of the Landscape and CDX2-targeted immunofluorescence (IF) assays
analyzed by OCULAR. (A) Statistically significant (p < 0.05) rare-event-count correlations across
the two IF assays, with the red-to-blue color gradient indicating a negative-to-positive correlation,
respectively. (B) Cluster occupancy of the rare cells identified by the CDX2-targeted and Landscape
stains when using the 8-group hierarchical clustering model. (C) t-Stochastic neighbor embedding
(t-SNE) plot of the 8 cell clusters comprised of rare cells from both stains, as indicated by the markers’
shape. (D) Representative gallery of the 8 clusters with cells from both assays. Each row represents
a cluster with a cell from the CDX2-targeted protocol on the left and a cell from the Landscape
protocol on the right. Images taken at 100 x magnification. Scale bars represent 100 pum.

OCULAR presents morphometrics related to the size and shape of the cell and nu-
cleus. A clustering analysis of the morphometric features was conducted to characterize
the rare-event types across the two IF staining protocols, improving our understanding
of the analytes in liquid biopsy. Hierarchical clustering into eight groups afforded the
most discrete separation of the hypothesized megakaryocytes and endothelial cells. It is
important to note that these highlighted rare cell types are not entirely separated into their
own clusters, indicating the morphological heterogeneity within the cell categories. The
distribution of cells from both IF staining protocols into the eight clusters and representative
images are provided in Figure 4B-D. Table 2 provides a description of each cluster.
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Table 2. Cellular description for the multi-assay cluster analysis. Cluster occupancy of the rare
cells identified by the CDX2-targeted and Landscape staining protocols when using the 8-group
hierarchical clustering model for multi-assay analysis.

Cluster Cluster Comments Cells from Comments from Landscape Cells from Comments from
Number Landscape P CDX2-Targeted CDX2-Targeted
Heterogeneous
1 phenotype with cellular 1605 Most prominent: 1903 Most prominent:
morphology similar to CK1Vim|CD45/CD31 CKICDX21CD45
WBCs
. Morphologically distinct 64 (22%) DAPI-only,
2 Ind“descgﬁg"thehal 249 Vim | CD45,/CD31 cells with 291 67 (23%) CK and 34
variable CK expression (12%) CK 1 CDX2 cells
Large nuclei, more 101 (66%) DAPT only,
3 eccen%r ic than ’cluster 5 152 11 (7%) morphologically distinct 328 279 (85%) DAPI-only
CD45/CD31 expressing cells
25 (83%) morphologically distinct DAPI-only and
4 Includes 30 CD45-/CD31-expressing cells, 7 CDX2-only with
megakaryocytes 5 (17%) small rod-like similar large
CD45-/CD31-expressing cells morphology
Large nuclei, more o o

5 circular than cluster 3 34 15 (44%) DAPI-only 201 191 (95%) DAPI-only
o . 265 (88%) CK and 29
6 CKonly CTCs 242 219 (90%) Epi.CTCs 302 (10%) CK | CDX2 cells

Includes endothelial 84 (63%) morphologically distinct ?\(/)Ic()zr%lioczl?(icc;rllllyv

7 134 Vim | CD45/CD31 celis with 93 _vorphologically
cells - . distinct from cluster

variable CK expression
6, more elongated.
Large,
Includes Morphologically distinct morphologically
8 K " 18 CD45/CD31 cells with variable 6 distinct cells with
megakaryocytes CK and Vim expression punctate CDX2
expression

3.4. Clinical Correlation of Liquid-Biopsy Data

Next, we investigated the clinical relevance of the rare events detected in the liquid
biopsy. PFS was reported for nine of the ten patients (mean PFS = 6.98 months). A survival
analysis of the rare events identified by the Landscape assay in Draw 1 samples revealed
a positive correlation between the number of Onc CK|1CD45/CD31 and PFS (p = 0.0372,
T = 0.70), as patients with >2.21 oncosomes/mL had an improved survival (Figure 5A).
A similar analysis of the populations identified by the CDX2-targeted assay in Draw
2 samples revealed two rare-event types negatively associated with PFS: CK | CD45 cells
(r =0.0362, T = —0.77) and Onc CK (p = 0.0068, T = —0.89). Patients with >20.61 CK|CD45
cells/mL or >11.57 Onc CK/mL had poor survival (Figure 5B).

Beyond timepoint-static enumerations, the rare-event kinetics (Figure 5C,D), defined
as the change in rare-event subtypes between draws, were significantly associated with PFS.
Of the nine patients with survival data, two were missing Draw 2; therefore, only seven pa-
tients were included in the kinetics survival analysis. The changes in the CK1CDX2|CD45
cells (p = 0.0068, T = 0.89) and the Onc CK | Vim | CD45/CD31 (p = 0.0025, T = 0.93) were
positively associated with PFS (Figure 5E,F).
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Figure 5. Survival analysis of rare events from the Landscape- and CDX2-targeted immunofluores-
cence protocols. (A) Kaplan-Meier (KM) curve showing that patients with more than the median of
2.21 Onc CK|1CD45/CD31/mL found in Draw 1 by the Landscape protocol had longer progression-
free survival (PFS). (B) KM curve showing two rare events with survival implications found in
Draw 2 by the CDX2-targeted protocol. Patients with more than the median of 20.61 CK|CD45
cells/mL or more than the median of 11.57 Onc CK/mL had shorter PFS. (C) Rare-event kinetics
between Draw 1 and Draw 2 analyzed with the CDX2-targeted protocol, ordered from longest to
shortest PFS. (D) Rare-event kinetics between Draw 1 and Draw 2 analyzed with the Landscape
protocol, ordered from longest to shortest PF€(E) KM curve showing that patients with a change of
>—1.84 CKICDX2 | CD45 cells/mL from the CDX2-targeted protocol had longer PFS. (F) KM curve
showing that patients with a change of >—9.94 Onc CK|Vim | CD45/CD31/mL from the Landscape
protocol had longer PFS.
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4. Discussion

As a minimally invasive approach, the liquid biopsy has the potential to significantly
advance patient care by addressing current clinical challenges in mCRC. In this study, we
show a comprehensive profile of the liquid biopsy that encapsulates the heterogeneous
CTC and oncosome populations while providing the initial clinical validation of the liquid
biopsy in mCRC patients.

This study corroborates findings of a limited CK-only CTC population in mCRC [25-27].
mCRC is known for its extensive solid tumor heterogeneity, and herein, we show interpa-
tient and intrapatient heterogeneity in the circulating rare-event population. The Landscape
protocol aided in the phenotypic characterization of morphologically distinct cell types,
allowing for the detection of new rare-cell populations, such as circulating endothelial
cells (CECs). Initially identified in the 1970s [60], CEC counts have been shown to be
elevated in the liquid biopsy of cancer patients [61]. In mCRC, tumor-derived CECs have
been used as a prognostic indicator of clinical response to first-line therapies [62] and
patient survival [41,42]. Interestingly, a previous investigation targeting CTCs in CRC
instead discovered tumor-derived CEC clusters that starkly differentiated normal donors,
treatment-naive and early-stage patients [63]. The detection of clinically significant CECs
while attempting to find CTCs highlights the importance of using an unbiased rare-cell
approach to capturing the heterogeneity in the liquid biopsy of mCRC. In this study, the
morphologically distinct Vim | CD45/CD31 cells with variable CK expression were found
individually and in clusters. Based on their morphology and biomarker expression, we
expect that these cells are CECs. While downstream proteomics and genomics are needed
to confirm this cell lineage, the filamentous Vim and punctate CD45/CD31 signal cap-
tured by the Landscape IF protocol are characteristic of endothelial cells [64,65]. HDSCA
has previously identified CECs in the liquid biopsy, the likes of which present a similar
morphology and biomarker expression pattern [33].

We additionally identified large, morphologically distinct CD45/CD31 cells in the
mCRC samples that appear to be multilobular with sizeable nuclei and punctate cyto-
plasmic expression. Such cellular features lead us to hypothesize that these events are
megakaryocytes. These platelet-producing cells derived from the bone marrow are positive
in CD31, have a granular cytoplasm and are large, with up to a 160 um diameter [66]. Found
either in the solid tumor microenvironment or in circulation, megakaryocytes have shown
to have prognostic potential in prostate [67] and non-small-cell lung cancer [68]. While
platelet indices have served as diagnostic biomarkers in mCRC [69], the novel identification
of potential megakaryocytes in this cancer type could have significant clinical implications
even in the absence of direct platelet detection. Future studies should characterize these
megakaryocyte candidates with downstream proteomics to confirm their lineage and to
compare their enumerations to patient-specific clinical factors and survival. This unique
cell type further exemplifies the heterogeneity of the circulating cell profile of mCRC and
highlights the power of rare-event detection systems to represent it.

This study demonstrates that the utility of the liquid biopsy is not limited to cellular
events, emphasizing the importance of detecting vesicles. Vesicles have been described and
classified according to the mechanism of cellular release and size, which may be depen-
dent on the method of detection or isolation [44,70]. Oncosomes comprised a significant
portion of the rare-event profiles from both the CDX2-targeted and Landscape assays in
mCRC patient samples. HDSCA has previously identified oncosomes with similar size
and biomarker expression in prostate cancer [46], bladder cancer [48] and upper tract
urothelial carcinoma [51], suggesting that these events may be found in a variety of can-
cer types. Most importantly, oncosome enumerations from both IF protocols correlated
with PFS in this cohort. The kinetics of a Landscape-stained oncosome population also
correlated significantly with PFS, pointing to the importance of enumerating these analytes
over time. The potential for making diagnoses, prognoses and subsequent treatment de-
cisions based off oncosomes, especially in a cancer type like mCRC that does not widely
present CK-only CTCs, warrants further studies to molecularly characterize these events.
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Herein, we show that oncosomes associated with mCRC tumorigenesis may be useful
prognostic biomarkers.

Predicated on this study’s sample-matched design, the multi-assay analysis is a novel
attempt to overlap IF protocols using the shared features of an unbiased rare-event de-
tection platform. The successful grouping of known cell types into delineated clusters,
such as the Epi.CTCs in cluster 6, serves as a proof of concept for applications in a larger
cohort. Using only image-based morphometrics, the multi-assay analysis increases the
number of evaluable IF biomarkers for a single sample, while maintaining a low mone-
tary cost relative to single-cell proteomics. Cluster 4 best depicts the value of additional
biomarkers in understanding the cellular biology. Using the Landscape assay, we detected
megakaryocytes with a CD45/CD31-positive signal, while in the CDX2-targeted assay,
we detected megakaryocyte-like cells that presented a CDX2-positive but CD45-negative
signal. The shared feature analysis allowed for the identification of these cells as similar
and the observation of CDX2 antibody binding to these cells. A multi-assay approach is
uniquely suited for rare-event analysis, wherein thresholds from multiple IF protocols
conducted in tandem could demonstrate the clinical utility of the liquid biopsy.

Phenotypic switches are fundamental to CRC initiation, metastasis and relapse [71-73],
thus requiring longitudinal prognostic tools and changing therapies to target the contin-
uously evolving cell types. The minimally invasive liquid biopsy has the potential to
address this challenge, and we show initial evidence for clinical utility. The molecular
characterization of the rare events detected in this study will elucidate their potential role
in mCRC tumorigenesis. The HDSCA3.0 workflow includes the capability for genomic
analysis, both SNV (single-nucleotide variation) and CNV (copy-number variation), for
both single cells and cell-free DNA (cfDNA) [74-76], as well as targeted multiplexed pro-
teomic analysis [38,75] on samples previously characterized at the morphological and
phenotypic level by IE. The data presented here serves to motivate further genomic and/or
proteomic analysis of the CTCs and oncosomes detected to validate their neoplastic origin
and association with the disease state.

Additional studies are needed with a greater patient sample size, PB draws from multi-
ple timepoints throughout treatment and patient-specific clinical information (KRAS/NRAS
status, TNM staging, etc.) to provide the prognostic, diagnostic and predictive utility of the
liquid biopsy in the management of mCRC.

5. Conclusions

As one of the world’s most prevalent oncological diseases, mCRC poses numerous
clinical challenges due to its extensive tumor heterogeneity. This study establishes evidence
for the clinical validation of an unbiased rare-event approach to the liquid biopsy. For the
first time, we demonstrate the value of a comprehensive CTC and oncosome detection
approach in the PB of mCRC. Our results highlight the heterogeneity of the liquid-biopsy
profile with the identification of rare-event frequencies unique to mCRC patients. By
analyzing both IF expression patterns and morphological parameters, we identify two select
rare cell types that warrant future study into their implications in mCRC. Furthermore,
we demonstrate the utility of analyzing multiple IF assays in tandem to characterize
the heterogeneous populations detected. These findings motivate the further molecular
characterization of these analytes and investigation into their predictive power with respect
to patient outcomes in mCRC.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14194891/s1, Figure S1. Enumeration of the rare events
detected in the Landscape-stained ND samples analyzed by OCULAR. Table S1. Rare-event frequen-
cies, enumerations, and sample positivity from the enrichment-based and OCULAR analysis of the
samples stained with the CDX2-targeted assay. The sample positivity threshold of >5 events/mL was
determined by comparisons to the rare-event enumerations of an ND cohort. Within each detection
approach, the frequency of each classification is provided as a percentage of the total rare-event
profile. Figure 52. CK-positive rare events from the CDX2-stained samples analyzed by OCULAR.
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(A) Cells positioned on the edge of frames that are intentionally removed by the quality-control
process in OCULAR, representative of the 2.04% non-concordance group between the two detection
approaches. Frame edges are indicated by the dashed white lines. (B) CK-positive cells, contain-
ing representative HD-CTC, CTC-Apoptotic and two CTC-Small candidates as per the CK-focused
approach. (C) CK|CDX2 cells, containing a CTC cluster, cells with a dim CK signal, and eccentric
rare cells. (D) CK|CD45 cells with varying CD45 expression. (E) CK|CDX2 | CD45 cells. (F) Het-
erogenous CK positive oncosomes. DAPI: blue, CK: red, CDX2: white, CD45: green. Images taken at
100 x magnification. Scale bars represent 10 um. Figure S3. CDX2-stained samples rare-event enumer-
ation using HDSCA1.0. (A) Enumeration (CTCs/ml) of each CTC subtype using the CTC-focused
approach per patient and draw. (B) Frequency (%) of each CTC subtype using the CTC-focused
approach per patient and draw.
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Simple Summary: Knowledge of the factors that help migration of carcinoma cells is important for
prevention of metastasis. Cancer cells release small particles, extracellular vesicles (EVs) that contain
such factors. The aim of this study was to assess if the content of EVs changes through different
stages of colorectal cancer (CRC) and evaluate how this process affects cancer progression in vivo in
mouse CRC model. We found that EVs released from cells that have migratory properties contain
different factors then EVs released from original tumor cells. We also show here that EVs can be
incorporated into other cells that facilitate metastasis and change their properties depending on the
EVs content. The content of cell-released EVs may also serve as a biomarker that denotes the stage of
CRC and may be a target to prevent cancer progression.

Abstract: During metastasis, cancer cells undergo phenotype changes in the epithelial-mesenchymal
transition (EMT) process. Extracellular vesicles (EVs) released by cancer cells are the mediators
of intercellular communication and play a role in metastatic process. Knowledge of factors that
influence the modifications of the pre-metastatic niche for the migrating carcinoma cells is important
for prevention of metastasis. We focus here on how cancer progression is affected by EVs released
from either epithelial-like HT29-cells or from cells that are in early EMT stage triggered by Snail
transcription factor (HT29-Snail). We found that EVs released from HT29-Snail, as compared to
HT29-pcDNA cells, have a different microRNA profile. We observed the presence of interstitial
pneumonias in the lungs of mice injected with HT29-Snail cells and the percent of mice with lung
inflammation was higher after injection of HT29-Snail-EVs. Incorporation of EVs released from HT29-
pcDNA, but not released from HT29-Snail, leads to the increased secretion of IL-8 from macrophages.
We conclude that Snail modifications of CRC cells towards more invasive phenotype also alter the
microRNA cargo of released EVs. The content of cell-released EVs may serve as a biomarker that
denotes the stage of CRC and EVs-specific microRNAs may be a target to prevent cancer progression.

Keywords: Snail transcription factor; extracellular vesicles; colon cancer; pre-metastatic niche

1. Introduction

Colorectal cancer (CRC) is the third most common cancer in men and second in
women worldwide. It is predicted that the number of deaths will rise to 1.1 million per
year worldwide by 2030 [1]. Formation of distant metastases are the primary cause of CRC
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treatment failure and patient death [2]. In the metastasis process, to enter the circulation,
cancer cells lose their epithelial features, exhibit decreased polarity and intercellular ad-
hesion, undergo cytoskeletal reorganization and become more motile. This phenotypic
transformation of epithelial carcinoma into mesenchymal-like cells (EMT) is triggered by
several factors including Snail transcription factor that plays crucial role at the beginning
of the EMT process [3].

Crucial for cancer progression is also the intercellular cross-talk and subsequent
regulation of both local and distant microenvironments. Kaplan et al. [4] introduced
the concept termed “pre-metastatic niche” that is defined as the microenvironment that
facilitates the formation of metastasis and consists of immune and stromal cells and also
the components of the primary tumour. A number of niche-promoting molecules has been
identified in various metastasis mouse models [5]. Monocytes and macrophages associated
with tumour environment have been widely recognized as immunological effectors [5].
Macrophages display functional plasticity in response to local microenvironment stimuli
and participate in cancer-related inflammation, matrix remodelling, immune escape and
ultimately in cancer metastasis. Additionally, cancer cell-derived extracellular vesicles
(EVs) are recognized as significant contributors to different aspects of modifications of
pre-metastatic niches [6].

EVs are defined as a heterogeneous group of a phospholipid bilayer particles that are
released to the extracellular environment by most cells in the organism and are present
in all body fluids [7]. EVs can be divided into main three subpopulations including ex-
osomes (exo), microvesicles/ectosomes (MVs) and apoptotic bodies (APOs) that differ
in size, formation process and content [8]. EVs contain a variety of bioactive molecules,
including proteins, lipids and multiple nucleic acid species, including the most extensively
studied class of microRNA (miRNA /miR) [6,9]. The cargo of EVs may either reflect the
cell of origin or can be actively sorted [10,11]. Recent reviews summarize the importance
of EVs as communicators between cells that accelerate cancer progression and metasta-
sis [12,13]. EVs can stimulate angiogenesis, matrix remodelling and modulation of immune
response [9,14-16]. Factors, including cytokines, chemokines and EVs that are released
from cancer or other cells that are linked to inflammation, influence the environment of
pre-metastatic niches in distant organs [17].

We have previously shown that Snail, as an early regulator of EMT, affects the tran-
scriptome and miRNA profile of human HT29 CRC cells and changes HT29 cells phenotype
to pro-migratory [18,19]. Here we show that HT29 cells overexpressing Snail, in compari-
son to epithelial-like HT29 cells, release EVs with different miRNA content and postulate
that HT29-Snail-EVs modify the activity of cells constituting the pre-metastatic niche, thus
facilitating cancer progression.

2. Results

2.1. Characterization of Extracellular Vesicles (EV's) Released from Control HT29 and
HT29-Snail Cells

2.1.1. Size and Purity

The preparation of EVs free of cellular debris, FBS-derived vesicles or any non-EVs
RNAs and proteins is critical for any analyses. We applied a commonly used procedure for
isolation of EVs that we used in a previous study [18,19]. Cells release vesicles that accord-
ing to current nomenclature can be classified as exosomes (exo, 30-120 nm), microvesicles
(MVs, 0.1-1.0 um) and apoptotic bodies (0.8-5.0 um) [20]. We purified EVs that are the
mixture of exo and MVs. EVs sizes were similar for all HT29 clones with sizes of 80 to
240 nm (Figure 1A).
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Figure 1. Characterization of extracellular vesicles (EVs) released by HT29 clones. EVs were isolated from conditioned
media after 24 h of incubation in FBS-free culture media of HT29 clones. (A) NTA showed similar numbers and sizes of EVs
isolated from HT29 clones. (B) Representative Electron microscopic image of EVs derived from HT29-cDNA and HT29-Snail
17. Scale bar, 100 nm.

Similar vesicles number (~5.2 x 10'®) for each preparation of EVs were isolated from
the same number of cells (~6.8 x 10%). The spheroid morphology of EVs as well as their
size were confirmed by TEM (Figure 1B). EVs were enriched by markers such as CD63,
CD?9 and flotillin-1 as compared to lysates of cells of origin (Figure S1). They also contained
70 kDa heat-shock protein (HSP70) and were Annexin V positive; the purity of EVs was
confirmed by the absence of cytochrome ¢ and GM130 (Figure S1).

2.1.2. miRNA Content

The miRNA profiling was performed by Next Generation Sequencing (NGS) analysis
of the total mRNA isolated from EVs. There were no significant differences in the number
of detectable miRNAs between EVs of control and either of HT29-Snail clones (Figure S2).
Further, the two-way hierarchical clustering of miRNA was performed (Figure 2A). As
presented in Figure 2B,C, we identified 23 miRNAs differentially expressed in EVs released
from HT29-Snail 3, 30 miRNAs from HT29-Snail 8, and 48 miRNAs from HT29-Snail 17.

Three miRNAs: let-7i, miR-205, and miR-130b were up-regulated while five miRNAs:
miR-1246, miR-3131, miR-375, miR-552-3p and miR-552-5p were down-regulated in HT29-
Snail-derived EVs (Figure 2C). Additionally, as it is shown in Table S1, among other
miRNAs altered more than two times in EVs released from HT29-5nail clones, miR-483-5p
(HT29-Snail 17-EVs) was upregulated and miR-142-5p (HT29-Snail 8, -17-EVs) as well
as miR-203a and miR-203b-3p (HT29-5nail 17-EVs) were downregulated. Moreover, as
shown in Table S2, there were also miRNAs upregulated in EVs released from HT29-Snail
cells with a lower fold change. Those differentially expressed miRNAs (marked in red in
Tables S1 and S2) were reported to be important in cancer progression as pointed out in the
Discussion section.
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Figure 2. Changes in the expression of miRNAs in EVs released by HT29-Snail cells as compared to EVs from HT29-pcDNA
cells. (A) Heatmap and unsupervised hierarchical clustering by sample and miRNA. (B) Number of differentially expressed
miRNAs detected by NGS analysis, that were either significantly upregulated (red) or downregulated (green) in EVs derived
from HT29-Snail-3, -8 and -17 versus EVs from control cells. (C) Venn diagrams show differentially expressed miRNAs.
The most regulated miRNAs in all three or two clone-EVs are marked. (corrected FDR p < 0.05 and fold change > 2). miRs
marked in red are discussed in the text.

2.1.3. Gene Ontology (GO) Enrichment Analysis

To identify the biological processes that might be triggered in the response to elevated
Snail levels in the HT29 clones that are shedding EVs, Gene Ontology (GO) enrichment
analysis was performed to identify GO terms that are significantly associated with differen-
tially expressed microRNAs in EVs released by the clones. Positive regulation of thyrosine
phosphorylation of STAT-3 and -1 was at the top of Biological Process in the GO analysis
(Figure S3).

2.2. In Vivo Studies

To look for the in vivo effect of Snail on the cancer progression we injected athymic
mice subcutaneously (s.c.) with the same number (1.5 x 10®/mouse) of control (HT29-
pcDNA) and HT29-Snail 17 cells. Clone 17 contains the most elevated Snail expression ([18]
and Figure S5), and their EVs have the highest number of differentially expressed miRNA
(Figure 2 and Tables S1 and S2). Further, animals of both groups were injected intravenously
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(i.v. day 8, 12, 15 and 18) with the same amount (10 pg/mouse) of HT29-pcDNA-EVs, and
observed for 28 days. Administration of HT29-pcDNA-EVs did not have statistical impact
on neither tumour growth nor plasma MCP-1/CCL2 levels (Figure 3A,C, Table S3) within
the groups of mice injected with either HT29-pcDNA cells or HT29-Snail cells. However,
there was a ~20% difference in the growth rate of tumour (day 12 to 28) between the
control and HT29-Snail mice, regardless of the injection of EVs (Figure 3A). Growth of
tumours in mice administered s.c. with HT29-Snail cells was slower in comparison to
administration of control cells, which is not surprising since HT29-Snail cells are already
in the early EMT stage [18,19]. We have also observed an increase in the concentration of
monocyte chemotactic protein-1 (MCP-1/CCL2) at day -7 (Figure 3B) and -28 (Figure 3C)
in the plasma of mice that bore a tumour induced by injection of HT29-Snail17 cells
as compared to control mice injected with HT29-pcDNA cells. We did not observe any
metastatic sites of HT29 cells in the lungs, livers or intestines after 28 days of tumour growth.
However, early interstitial pneumonias were observed after 28 days in animals injected
with HT29-5Snaill7 cells as compared to animals injected with HT29-pcDNA (Table 1, group
IV and II, respectively). Injection of EVs released from control HT29-pcDNA cells slightly
increased the number of mice with lung infection in control group of mice that bore a tumor
induced by injection of HT29-pcDNA cells (Table 1, group II and III). Based on the fact that
HT29-Snail cells injected s.c. into mice may secrete additional HT29-Snail-EVs, we have
additionally injected such EVs into the group of mice bearing tumors induced by HT-29-
Snail cells. We did not observe any changes in either tumor growth or MCP-1/CCL2 levels
(Table S3). However, in this group (Table 1, group VI) we observed the highest number
of animals presenting lung inflammation (80%) As presented on Figure 3D, inflammatory
infiltration from lymphocytes and thickened interalveolar septum were observed in lungs
of those mice.

Table 1. Incidence of lung infection in mice with tumours inflicted by injection of control HT29-
pcDNA or HT29-Snail cells followed by injections of various EVs.

Group Cell Injection EV Injection Lung Infection
Day 0 Day 8,12, 15,18 Day 28

I None None 0/5 (0%)

I HT29-pcDNA None 0/5 (0%)
I HT29-pcDNA HT29-pcDNA 1/5 (20%)
v HT29-Snaill7 None 2/5 (40%)

\% HT29-5naill7 HT29-pcDNA 2/5 (40%)
VI HT29-Snaill7 HT29-Snaill7 4/5 (80%)
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Figure 3. In vivo mouse studies in animals injected s.c. with HT29-pcDNA- (small dot) or HT29-Snail17- (small cube) cells.
(A) The growth rate of tumours (day 12-28) in animals with HT29-pcDNA or HT29-Snail administered s.c. and additionally
injected i.v. with EVs released by HT29-pcDNA, mean value 3= SEM: 0.052 £ 0.04 and 0.039 =+ 0.03, respectively (B) Levels
of monocyte chemoattractant protein-1 (MCP-1/CCL2) measured in the plasma of mice at day 7 (before first injection of

EVs). (C) Levels of monocyte chemoattractant protein-1 (MCP-1/CCL2) measured in the plasma of mice at day 28 (end of
experiment). Mean value £ SEM for animals injected s.c. with HT29-pcDNA and HT29-Snail were 24.8 & 2.7 and 41.5 + 4.1,
respectively. (D) Representative H&E staining of murine lungs. 100x magnification. The images of groups IV and VI (see
Table 1) show interstitial pneumonia pictures. n = 10-15, * p < 0.02; ** p < 0.01.

2.3. In Vitro Studies
2.3.1. Uptake of EVs by THP-1 Derived Macrophages (TDM)

The uptake of EVs by TDM was visualized by confocal imaging (Figure 4A,B). EVs
obtained from either control HT29-pcDNA or HT29-Snail clones -3, -8 and -17 were incor-
porated into TDM in FBS-free media for 4 h. The viability of TDM cells was not changed
by incorporation of any EVs (Figure S4).

2.3.2. Effect of EVs Released from HT29 Clones on Macrophage Activity

We examined whether the incorporation of EVs released by HT29-5nail cells that
represent the intermediate state of EMT, affects the activity of macrophages differently than
incorporation of EVs released from epithelial-like HT29 cells (Figure 5).
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Figure 4. Uptake of EVs derived from Snail-HT29 cells (clone 17) by TDM. HT29-Snail EVs were labeled with PKH67 dye
(green). Nuclei were stained with Hoechst (blue), actin was stained with Phalloidin Texas Red (red). (A) Representative
confocal laser scanning microscope. (B) Z-stack analysis of cells and incorporated EVs. Note: Viability of TDM cells was not
affected by the incorporation of EVs (Figure S4).
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Figure 5. In vitro effect of EVs on macrophages. (A) Motility of TDM cells before (small dot) after the uptake of EVs isolated
from control HT29-pcDNA (small cube) or HT29-Snail cells (clone 3- small triangle, clone 8- small upside triangle and clone
17- diamond). (B) IL-8 release from TDM after treatment with EVs indicated. (C) IL-8 release from macrophages isolated
from healthy donors blood (MDM) and incubated with EVs. n=3-7,* p < 0.05; ** p < 0.01.
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The motility of TDM was evaluated by measuring the cell speed changes in time. There
was a slight, but not significant, increase in the motility of TDM that had incorporated EVs
released from HT29-pcDNA as compared to control TDM cells (Figure 5A). However, the
motility of TDM cells with incorporated EVs released from HT29-Snail cells was inhibited
in comparison to cells containing HT29-pcDNA-EVs. (Figure 5A). We have also quantified
the level of cytokines secreted by TDM. We observed a significantly increased level of IL-8
released by TDM (Figure 5B) treated by EVs released from HT29-pcDNA cells, as compared
to non-treated TDMs (no EVs). However, incorporation of HT29-Snail-EVs resulted in
decreased IL-8 levels (Figure 5B). Next, we performed the analysis of cytokines released
by macrophages derived from monocytes isolated from healthy donors and differentiated
with GM-CSF (MDM). Consistent with the previous results, MDM cells incubated with
EVs released from HT29-Snail clones secreted less IL-8 as compared to cells incubated with
control HT29-pcDNA-EVs (Figure 5C).

3. Discussion

Our group has recently reported that overexpression of Snail drives HT29 colon cancer
cell to a partial-EMT and modulates the expression of specific protein transcripts and
miRNAs [18,19,21]. We reasoned that cancer cells at various EMT stages will release extra-
cellular vesicles of different content and thus differently affect recipient cells. Changes in
the protein levels in EVs released from cells stimulated by Snail were already observed [22].
As a rule, the cargo loaded into EVs reflects the status of cancer cells [23], but potential
preferential packaging into EVs has also been suggested [11]. The most extensively studied
class of factors transported between cells by EVs are miRNAs that regulate the translation
of target mRNAs in recipient cells [10,24]. We show here that overexpression of Snail in
HT?29 cells significantly triggers changes on individual miRNAs levels.

We are aware of the fact that our HT29-Snail clones differ in the amount of Snail
overexpressed in their cells. In this study, we used several HT29-Snail clones with clone
3 representing the lower and clone 17 the highest Snail level [18]. Thus, each of the clones
may reflect a slightly different EMT stage.

In EVs released from all three HT29-Snail clones let-7i, miR-205 and miR-130b-5p
miRNAs were highly upregulated. There are conflicting reports concerning the role of
miR-205 and let-7i in cancer [25-27]. Whether particular miRNA is considered as tumor
suppressor or onco-miRNA appears to be dependent on the specific cancer and tumor-
environment [28,29]. Increased migratory properties of HT29-Snail cells with elevated
miR-205 and let-7i expression was shown previously by us, pointing on their role in CRC
progression [19]. The mRNA targets for miR-205-5p and let7i-5p were also shown in our
previous study. Potentiated miR-205 expression was correlated with Dynamin 3 (DNM3)
mRNA decrease. DNM3 is considered as a cancer suppressor. Thus, from the tumour
point of view redundant during progression of the disease and decreased in HT29-Snail
cells [19].

We observed miR-130b-5p enrichment in EVs released from all our HT29-5nail clones.
In contrast to miR-205 and let-7i up-regulation in EVs, which mirrored intracellular changes
in miRNAs expression, miR-130b-5p was not up-regulated in HT29-Snail cells [19]. This
suggests that miR-130b-5p could be actively sorted into vesicles released from cells that
overexpress Snail and thus undergo EMT. MiR-130b was identified in the microvesicles of
leukemia K562 cells, but, unlike in CRC cells in this study, at an equal expression level as
in cells of origin [30]. In various human tumor types altered miR-130b expression has been
implicated as either promoting or suppressing tumorigenesis; miR-130b is significantly
downregulated in pituitary adenomas and endometrial cancer [31,32] whereas it is upregu-
lated in bladder cancer, melanoma, metastatic renal carcinoma [33-35]. The contribution
of miR-130b to CRC progression is also the subject of the debate. In cell lines SW-480 and
SW-620 over-expression of miR-130b downregulates integrin (31, leading to the impaired
migration and invasion of CRC cells [36] whereas another analysis of a series of CRC cell
lines showed that miR-130b acts as an efficient inducer of EMT in vivo and in vitro, likely
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through up-regulation of Snail and ZEB1 transcription factors. The effects of miR-130b
on promoting cell migration and invasion of CRC cells with poor prognosis for colorectal
cancer was also indicated [37]. Whether the miR-130b that is packed into EVs released
from HT29-Snail clones affects positively colorectal cancer progression is not definitely
comprehensible from our studies. However, our in vivo studies (Table 1) suggest that the
presence of EVs released from CRC cells that undergo EMT and contain packed miR-130b
may lead to increased lung inflammation that facilitates cancer progression. This is in
agreement with the previously identified effects [37] and suggests that miR-130b may be a
target to attempt to slow the CRC progression. Additionally, the presence of miR-130b on
EVs released from CRC cells can serve as a biomarker of an advanced stage of CRC.

We found increased amount of miR-483-5p in EVs released from HT29-Snail clone 17
that express the highest amount of Snail and was used in our in vivo studies. Increased
content of miR-483-5p was observed in exosomes isolated from plasma of a CRC-patient
in various stages and was found in EVs from SW480 CRC line suggesting its diagnostic
potential [38]. We have also observed that miR-221, miR-222, and miR-125a were overex-
pressed in HT29-5nail-EVs, although with lower fold change. MiR-221 is among commonly
upregulated miRNAs in CRC in tumors [39] and in patient’s serum [40] while miR-222-
3p promotes macrophage polarization and differentiation to M2 phenotype in vitro and
in vivo, which enhance the progression of epithelial ovarian cancer [41]. Additionally, the
decrease in miRNA-34a and miRNA-203b in EVs released from HT29-5nail confirms the
previously described reports about repression of miRNA-34 and miRNA-203 by Snail as
a part of the EMT program in cells [42,43] that leads to cancer progression. Thus, our
analysis of the differences in individual miRNA expression shows that EVs released from
cells in early EMT stage can carry miRNAs that promote cell migration and invasion of
CRC cells and are associated with poor prognosis for colorectal cancer. Further, the positive
regulation of STAT3 is the most significant GO term for Biological Process (Figure S3).
Cytokine-driven JAK/STAT3 pathway plays an important role in the processes of signal
transduction and is associated with the hyperproliferative and invasive phenotype of CRC
cells [44].

Tumors induced by injection of HT29-Snail, as compared to control HT20-pcDNA cells,
tend to have a lower rate of growth (Figure 3A). This observation is in an agreement with
the inhibition of cell proliferation within the growing tumor due to the cell EMT progression
caused by Snail [18]. At the same time we have observed the increased amount of MCP-
1/CCL2 in the plasma of mice bearing the tumours induced by HT29-5nail. These data are
in agreement with the earlier findings suggesting that Snail, as EMT inducer, can induce
MCP-1/CCL2 production [45]. MCP-1/CCL2 is a potent chemoattractant for circulating
blood monocytes via binding to its receptor CCR2 but is not an effective chemoattractant
for differentiated monocyte-derived macrophages [46,47]. In parallel with the results of
inhibited tumour growth and increased production of MCP-1/CCL2 we have observed
the increased number of early interstitial pneumonias in mice injected with HT29-Snail
cells, as compared to HT29-pcDNA cells (Table 1, group IV and II). Additionally, almost
all mice bearing tumour induced by HT29-Snail cells that were also injected with EVs
released from HT29-Snail cells, presented the appearance of early interstitial pneumonias
(Table 1, group VI), while injection of HT29-pcDNA-EV had no effect (Table 1, group V and
IV, respectively). As HT29-Snail-EVs were injected only into the group that was bearing
tumours induced by injection of HT29-5Snail cells, we cannot exclude the possibility that
HT29-Snail-EVs would have an effect on control (HT29-pcDNA) mice and that remains to
be elucidated.

Our in vitro findings (Figure 5) suggest that EVs released from HT29-Snail cells that
are in an early EMT stage affect macrophages differently than the EVs released from
epithelial-like HT29 cells. We observed the inhibition of random motility of macrophages
that were treated with HT29-Snail-EVs cells as compared to control EVs released from HT29-
pcDNA cells. Thus, the macrophages that are affected by HT29-Snail-EVs may become
retained in pre-metastatic niche. We have also found the differences in the secretion
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of IL-8 by macrophages (Figure 5B,C) that may be attributed to the variability in EVs
miRNA profiles. We found for example that miR-142-5p is downregulated in EVs released
from HT29-Snail 8 and -17, so relatively there is higher amount of miR-142-5p in control
EVs. High concentrations of miR-142-5p were observed in ulcerative colitis (UC), the
inflammatory disease that frequently leads to development of colorectal cancer. MiR-
142-5p levels were negatively correlated with the expression of suppressor of cytokine
signalling 1 (SOCS1) in UC patients [48]. Further, miR-142-5p increased the secretion of
IL-6 and IL-8 in TNF«-treated-HT29 [48]. Thus, we postulate that downregulation of IL-8
secretion macrophages treated with HT29-Snail-EVs might be associated to some extend
with lower levels of miR-142-5p.

4. Materials and Methods
4.1. Cell Culture and Differentiation

The HT29 cell line (cells: colon, disease: colorectal adenocarcinoma) was obtained
from American Type Culture Collection (Manassas, VA, USA) and cultured in McCoy’s 5A
medium (LifeTechnologies, Waltham, MA, USA), supplemented with 10% FBS (LifeTech-
nologies) and antibiotics—streptomycin and penicillin (P/S) (Sigma-Aldrich, St. Louis,
MO, USA), primocin (Invivogen, San Diego, CA, USA). The cells were periodically tested
for mycoplasma using the PlasmoTest (Invivogen). For isolation of EVs released by HT29,
serum-free medium with P/S was used to rule out the effect of exosomes of foetal bovine
serum.

THP-1 monocyte/macrophage-like cell line from American Type Culture Collection
(Manassas, VA, USA) was cultured in RPMI-1640 culture medium supplemented with
1 mM sodium pyruvate, 10% FBS, 0.05 mM 2-ME, P/S and primocin. For differentiation
of THP-1 monocytes into THP-1-derived macrophages (TDM), cells were cultured with
20 ng/mL of phorbol ester (PMA) in culture medium for 48 h. Isolations of monocytes
from healthy donors were performed as described previously [49]. To generate monocyte-
derived macrophages (MDM) human monocytes were cultured 7 days with 10 ng/mL of
GM-CSF (Thermo Scientific, Waltham, MA, USA) in RPMI-1640 supplemented with 10%
human serum type AB from Sigma-Aldrich (St. Louis, MO, USA). All cell cultures were
performed in a 90-95% humidified atmosphere of 5% CO,.

4.2. HT29 Stable Clone Generation and Isolation of EVs from Culture Supernatants

The pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA) and pcDNA3.1 vector ex-
pressing Snail was obtained from Prof. Muh-Hwa Yang (Institute of Clinical Medicine,
National Yang-Ming University, Taipei, Taiwan). HT29 nucleofection and clone gener-
ation was performed as previously described [18]. Western blot showing the levels of
Snail in clones -3, -8, and -17 is shown in Supplemental Figure S5. The HT29 cell line
and HT29-pcDNA control clone were authenticated by ATCC using Short Tandem Repeat
(STR) analysis. Extracellular vesicles were isolated by differential centrifugations and
subsequent ultra-centrifugations as described previously [19]. HT29-5nail 3, 8, 17 and
HT29-pcDNA clones were grown to 70-80% confluence on 15-cm dishes, washed three
times with empty medium to remove vesicles present in FBS of culture medium and then
cultured for 24 h to obtain conditioned medium. Next the medium was collected and cen-
trifuged (350 g for 10 min) to remove floating cells. The supernatants were then collected
and centrifuged at 2000 g for 20 min to remove APOs. Finally, EVs pellets were obtained
after ultra-centrifugation for 1.5 h at 100,000x g using OPTIMA L-80 Ultracentrifuge and
Type 45 Ti Rotor, Fixed Angle (Beckman Coulter, Inc., Brea, CA, USA). The pellets were
next washed by diluting in PBS and centrifuging for 1.5 h at 100,000 x g. All centrifugations
were performed at 4 °C. Finally, EVs pellets were resuspend in PBS for Western blots or in
appropriate media for functional experiments.
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4.3. Nanoparticle Tracking Analysis (NTA)

EV size distribution and quantification of vesicles were analyzed by NTA using a
NanoSight NS300 System (Malvern Panalytical Ltd., Malvern, UK) by a courtesy of the
representative of company (A.P. Instruments, Warsaw, Poland).

4.4. Transmission Electron Microscopy (TEM)

TEM assay was used to evaluate the shape and size of EVs. Ten microliters of the
sample were placed on 200-mesh copper grids with a carbon surface. The samples were neg-
atively stained with 2% uranyl acetate for 1 min. and dried at room temperature. The trans-
mission electron microscopy images were obtained using JEOL-1010 (Akishima, Japan).

4.5. miRNA Isolation from Extracellular Vesicles and miRNA Content Analysis

EVs pellets were treated with RNAze A (20 ng/mL in PBS). Total RNA was isolated
and quality control of RNA was performed as described earlier [19]. Next-generation
sequencing (NGS) analysis of the miRNAs was performed by Exiqon (https://www.
exiqon.com/small-rna-ngs). For the comparisons between control EVs released from HT29-
pcDNA and EVs released from clones HT29-Snail 3, -8, -17, the Benjamini-Hochberg FDR
corrected p-values were calculated.

4.6. Animal Studies

The animal experiments were performed in the Center for Experimental Medicine
Medical University of Bialystok (PL), in compliance with the Local Ethical Committee for
Experiments on Animals in Olsztyn. Female CBy]J.Cg- Foxnl<nu>/ccmdb mice (~20 g,
6-8 weeks old) were obtained from the same Center. Animals in group I were left as
controls. The primary tumours were established by inoculating HT29-pcDNA or HT29-
Snail 17 cells (1.5 x 10°/100 pL PBS) subcutaneously into the flank of the mice (group II
and IV respectively). Tumour volumes were calculated: (length x width?)/2. Animals from
group Il and IV were additionally injected intravenously (tail vein) with 10 ug/mouse
of indicated EVs (groups III, V and VI). Blood was collected from the retroorbital sinus
(~50uL at day 7) and during the section of animals at the end of the procedure (day 28).
Collected organs (liver, lungs, large intestine) were divided and fixed and stained with
haematoxylin and eosin (H & E). Tumour growth was estimated by fitting each animal’s
tumour growth to an exponential model. To fit data to this model, at first low volumes
were truncated (up to 12 day) and logjg tumour volume versus time for each animal was
plotted. The slopes and R? values for the fits were calculated using linear regression [50].

4.7. PKH67 Labelling of Extracellular Vesicles and Their Uptake into TDM Cells

Extracellular vesicles were labelled using PKH67 Fluorescent Cell Linker kit (Sigma-
Aldrich) according to the manufacturer’s instructions, with minor modifications [51]. After
4 h of PKH67-labelled EV incorporation into TDM, cells were fixed, treated with 0.1%
Triton X-100 and incubated in sequence with Texas Red®-X phalloidin (F-actin marker) and
Hoechst 33,342 (cell-permeant nuclear dye). The uptake was visualized using a confocal
microscope (Nikon D-Eclipse C1) and analysed with EZ-C1 software.

4.8. Cell Motility Measurements

Measurements of cell motility were performed between the 7th and 25th hour after
beginning of incubation of TDM with EVs using HoloMonitor M4 (Phase Holographic
Imaging PHI AB, Lund, Sweden—Courtesy of the representative of company). Cell speed
was calculated using the App Suite software of the same company. A plot of cell speed
versus time was generated and the area under curve (AUC) was computed using GraphPad
Prism 7.05 software.
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4.9. Measurements of Cytokine Release

Macrophages were incubated with EVs in FBS-free RPMI-1640 culture medium for
24 h, the medium collected and centrifuged for 20 min at 18,000 x g. IL-8 levels in the cells
supernatants were analysed by flow cytometry according to the manufacturer’s procedure
using the BD Cytometric Bead Array (CBA) Human Inflammatory Cytokines Kit. The BD
Cytometric Bead Array (CBA) Mouse Inflammation Kit was used to measure MCP-1/CCL2
in the plasma of mice. Data were analysed using FCAP Array™ Software Version 3.0
(BD Life Sciences—Biosciences, San Jose, CA, USA).

4.10. Statistical Analyses

Data are presented as mean £+ SEM. All experiments were performed at least in
triplicate. The Shapiro-Wilk test was used to confirm the Gaussian distributions of raw
data. Analysis of variance (ANOVA) was used for multiple comparisons. The Kruskal-
Wallis analysis was performed to test the differences between groups of data with non-
normal distributions. For analyses of two groups, the appropriate Student’s ¢ test (or the
Welch's test for unequal variances) was performed to test the differences between groups
for normally distributed data. p value less than 0.05 was considered statistically significant.
All statistical analysis was performed using GraphPad Prism 7.05 software.

5. Conclusions

We conclude that Snail that modifies CRC cells towards a more invasive phenotype,
can also alter microRNA cargo of cell-released EVs. Thus, the content of cell-released EVs
may serve as a biomarker that defines the stage of CRC and either Snail, or the different
microRNAs that is carried by EVs to the destination sites, which serves as a pre-metastatic
niche, may be a target to prevent cancer progression. We also point to the macrophages
that may reside in the tumour pre-metastatic niche, as one of the possible EVs recipient
cells that is modified during growing CRC invasiveness.
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Snail transcription factor expression in HT29 clones, Table S1: Clone-specific miRNA evaluated
during analysis of differentially expressed extracellular vesicles miRNA (fold change < —2.0 for
down-regulation and > 2.0 for up-regulation) between each clone overexpressing Snail and control
clone, Table S2: Differentially expressed miRNA evaluated during analysis of extracellular vesicles
miRNA between each clone overexpressing Snail and control clone, Table S3: The growth rate of
tumours and MCP-1/CCL2 levels in plasma of mice injected s.c. with of control HT29-pcDNA or
HT29-5nail cells followed by i.v. injections of various EVs.
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Simple Summary: The risk of developing colorectal cancer (CRC) is partially associated with genetics.
Different studies have provided valuable genetic information to understand the biology behind CRC
and to build models of genetic risk. However, the study of the applicability of such genetic information
within the Basque population is limited. Thus, our objectives were to find out if the genetic variants
associated with CRC in other populations are the same in the Basque population and to assess the
performance of the use of genetic information to calculate the risk of developing CRC. We found that
the available genetic information can be applied to the Basque population, although local genetic
variation can affect its use. Our findings will help to refine the use of CRC genetic risk calculation in
the Basque population, and we expect that our findings could be useful for other populations.

Abstract: Although the genetic contribution to colorectal cancer (CRC) has been studied in various
populations, studies on the applicability of available genetic information in the Basque population
are scarce. In total, 835 CRC cases and 940 controls from the Basque population were genotyped
and genome-wide association studies were carried out. Mendelian Randomization analyses were
used to discover the effect of modifiable risk factors and microbiota on CRC. In total, 25 polygenic
risk score models were evaluated to assess their performance in CRC risk calculation. Moreover,
492 inflammatory bowel disease cases were used to assess whether that genetic information would
not confuse both conditions. Five suggestive (p <5 x 107°) loci were associated with CRC risk,
where genes previously associated with CRC were located (e.g., ABCA12, ATIC or ERBB4). Moreover,
the analyses of CRC locations detected additional genes consistent with the biology of CRC. The
possible contribution of cholesterol, BMI, Firmicutes and Cyanobacteria to CRC risk was detected
by Mendelian Randomization. Finally, although polygenic risk score models showed variable
performance, the best model performed correctly regardless of the location and did not misclassify
inflammatory bowel disease cases. Our results are consistent with CRC biology and genetic risk
models and could be applied to assess CRC risk in the Basque population.

Keywords: colorectal cancer; genome-wide association study; Mendelian randomization; polygenic
risk scores
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1. Introduction

In total, 10% of the cancers diagnosed in the world are colorectal cancers (CRC) and,
in addition, CRC is the second cause of cancer death in developed countries [1,2]. The
development of CRC can be sporadic or due to inflammatory processes [3]; the risk of CRC
is influenced by the environment, genetics, and microbial composition [4,5]. Since CRC is
a major public health issue, different strategies for its early detection and prognosis have
been proposed and developed [6].

As mentioned, genetic factors are involved in CRC risk, or they can be associated with
other risk factors related to CRC. As a consequence, their utility as biomarkers has been
explored: their role in CRC risk has been studied by analyzing specific genetic variants [7-9],
as well as, genome-wide association studies (GWAS) [10]. Moreover, the effect of genetic
information on modifiable risk factors (e.g., lipids level) on CRC has been analyzed using
Mendelian Randomization analyses [11,12], a method to estimate causal effects if specific
assumptions are fulfilled. In addition, it has been detected that some genetic variants
involved in the abundance of some microbial groups are related to CRC risk [13]. Finally, it
has been proposed that polygenic risk scores (PRS) derived from different genetic studies
are useful to predict the risk of CRC of one individual based on the carriership of risk
genetic variants, among other factors [14,15].

Previously, 48 SNPs associated with CRC were analyzed in 230 CRC cases and
230 controls from the Basque population [16]. From those analyzed SNPs, only rs6687758
SNP was associated with CRC risk, and the application of those 48 SNPs as a model to
predict PRS risk was successful [16]. Indeed, the Basque population has a particular genetic
history compared to the rest of the European population, since the migrations associated
with the Steppe pastoralism had less effect on that population, therefore, genetic vari-
ants from populations that lived in Europe in the Neolithic [17] or Iron Age [18] could
be higher. Previously, a genetic study of this cohort showed that it was useful to study
the effect of local genetic variants on the risk and ability to predict the risk of complex
diseases [19]. In addition, according to the data available from the Basque Statistic Institute
(https://en.eustat.eus, accessed: 1 August 2022), between 2016 and 2019, in the Basque
Autonomous Community (Northern Spain) CRC caused 8356 hospitalizations (on average,
95.58 hospitalizations per 100.000 habitants per year), while in the rest of Spain there were
101.12 hospitalizations per 100.000 habitants per year (between 2016-2019, according with
Instituto Nacional de Estadistica, https://www.ine.es, accessed: 1 August 2022), and in Eu-
rope, there were 123.45 hospitalizations per 100.000 habitants per year (between 2016-2019,
according to Eurostat, https:/ /ec.europa.eu/eurostat, accessed: 1 August 2022).

In the present study, we analyze a larger Basque cohort (835 cases and 940 controls) to
detect the risk factors for CRC that can be explained or inferred from the genetic component
of CRC using genome-wide association studies and Mendelian Randomization to assess
the applicability of existing CRC PRS models on this population.

2. Materials and Methods
2.1. Recruitment

CRC cases were diagnosed using standard criteria and the samples used in this
study were obtained in the standard clinical practice, after informed consent, in Hospital
Universitario Donostia (San Sebastian, Spain). The samples of non-CRC controls were
obtained through the Basque Biobank; the samples were sourced from healthy blood donors
(the age range to be eligible to be a blood donor is 18-65). The information of those blood
donors is anonymized and only information about sex and age is made available. In total,
869 cases were recruited, and 987 controls were used.

The present study was approved by the Local Ethics Committee (Comité de Etica de
la Investigacion con medicamentos de Euskadi, code: PI+CES-BIOEF 2017-10).
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2.2. Genotyping and Imputation

INlumina Global Screening Array was used to genotype the DNA samples of the
individuals analyzed in this work. For this, lllumina iScan high-throughput screening
system was used in the Institute of Clinical Molecular Biology (Kiel, Germany). Raw
intensities were transformed to alleles using the GenCall algorithm available in Illumina
GenomeStudio software.

Then, the called genotypes and samples were filtered using the following criteria:
samples with >5% missing rates; markers with non-called alleles; markers with missing
call rates > 0.05; related samples (PI-HAT > 0.1875); samples whose genotyped sex could
not be determined; samples with high heterozygosity rate (more than 3 times SD from
the mean) were excluded. In addition, only autosomal SNPs were kept; markers with
Hardy-Weinberg equilibrium p <1 X 10—°; markers whose P of difference in missingness
between cases and control was <1 x 10~°; samples that were outliers, identified using
principal component analysis (deviation of more than 6 times interquartile range), using
FlashPCA (v2.0) [20], were removed.

Additional SNPs were imputed using the Sanger Imputation service. Release 1.1 of the
Haplotype Reference Consortium was used as a reference panel, and the EAGLE2+PBWT
pipeline was used to carry out the imputation [21-23]. Once imputed, markers with INFO
score < 0.80, MAF < 0.01 and non-biallelic markers were removed.

After genotyping, quality control and imputation, 5,399,981 SNPs from 1775 individu-
als (835 cases and 940 controls) were kept.

2.3. Genetic Analyses
2.3.1. Admixture Analysis

Genotyped SNPs were pruned using Plink (v1.90) [24] and SNPs from regions with
high linkage disequilibrium were removed. Admixture (v1.3) [25] was used to analyze the
admixture of the samples of our cohort, with settings K between 1 and 10, and using the
results with the lowest cross-validation value.

2.3.2. Genome-Wide Association Study

GWAS analyses of CRC cases and non-CRC controls were performed using logistic
regression implemented in Plink [24], adjusting by sex, age and the first 4 principal com-
ponents. In addition, GWAS of right colon cancer, left colon cancer, and rectal cancer vs
non-CRC controls, as well as right colon cancer vs left colon cancer, and colon cancer vs
rectal cancer were carried out using logistic regression implemented in Plink, and adjusting
by sex, age and first 4 principal components.

To compare our results with SNPs previously associated with CRC, SNPs associated
with the “Colorectal cancer” term (EFO_0005842) and studied in populations of Euro-
pean origin were retrieved from GWAS Catalog [26]. In total, 209 SNP from 34 studies
were retrieved.

Moreover, CRC patients were compared to 492 inflammatory bowel disease patients
without CRC [19] to find genetic differences in our cohort. To perform that analysis,
a logistic regression implemented in Plink, adjusting by sex, age and first 4 principal
components, was used. In addition, a comparison of CRC patients against the mentioned
inflammatory bowel disease patients plus controls was carried out.

2.3.3. Mendelian Randomization Analyses

For carrying out Mendelian Randomization (MR) analyses TwoSampleMR (v0.5.6) [27]
and gsmr (v1.0.9) [28] packages from R language (v4.0.5) were used [29], as we have used
previously to study the effect of modifiable risk factors in CRC risk [13].

First, we selected the modifiable risk factors based on a previous work [12] which
analyzed modifiable risk factors using Mendelian Randomization that affects CRC (BMI,
cholesterol, triglycerides, selenium, iron, vitamin B12, metabolism, body fat percentage,
waist circumference, IL6 receptor and height). Then, we retrieved the instruments avail-
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able in MRC-IEU (https:/ /gwas.mrcieu.ac.uk, accessed: 14 February 2022) of those traits
through TwoSampleMR [27]. In addition, to analyze the effect of the microbiota in CRC
cancer, we retrieved instruments of bacterial phyla which are available from MiBioGen
consortium data [30].

Then, the analysis was carried out if 10 or more instruments were available, and
HEIDI outlier analysis was used to discard heterogenous instruments. The strength of the
instruments was measured by the F-statistic: F = R2(N - K — 1)/K(1 — R?), where R? is
the variance explained by genetic variance, N is the sample size, and K is the number of
instruments [31]. In addition, I? was calculated using TwoSampleMR R Package.

The MR analyses were carried out using Inverse Variance Weighted, Weighted Median
and MR Egger methods. In addition, the heterogeneity Q test and pleiotropy test available
in TwoSampleMR R Package were used as sensitivity tests. The analysis was applied to all
CRC cases, as well as, right colon cancer, left colon cancer and rectal cancer analyses.

2.3.4. Polygenic Risk Scores

Polygenic risk scores (PRS) were retrieved from PGS Catalog [32]. 29 scores available
in the “Colorectal cancer” term (EFO_0005842) derived using cohorts with >90% samples
of European ancestry and whose assembly version was known were used for the PRS
analysis [33—41]. From those 29 panels, our cohort had available SNPs to apply in 25 of
them. In addition, the PRS used previously in the Basque population was tested [16]. The
weights of the SNPs present in our data were applied in our cohort using Plink [24]. The
performance of the PRS was measured by comparing the PRS score distribution of CRC
cases and non-CRC controls using a T-test using R language [29]; the effect size of the T-test
was calculated using Cohen’s d through the package rstatix (https://CRAN.R-project.
org/package=rstatix, accessed: 28 April 2022) of R language, the area under de curve,
sensitivity and specificity was calculated using pROC package of R language. The 95% of
confidence interval of the area under the curve was calculated using that package and the
DeLong method.

In addition, CRC PRS were applied in 492 patients with inflammatory bowel disease
without CRC [19] to measure the ability to distinguish both conditions.

Additional statistical analyses and graphics were done using R language [29].

3. Results

In this study, we have analyzed 835 CRC cases and 940 population-based controls
(Table 1). In the cases and the controls, around two-thirds of the individuals were males
(63.47% and 67.13%, respectively), and cases were older (average age, 73.54) than the
controls (average age, 41.53). The majority of the CRC patients were in stages II and III
(37.61% and 26.71%, respectively), with located tumors in the rectum (28.14%) and left
colon (26.23%) (Table 1).

The individuals with modern European ancestry overlapped with the Iberian pop-
ulation of 1000 Genomes data, while the ancient European ancestry was distanced from
European populations (Supplementary Figure S1A). In addition, the PC1 of the principal
component analysis of the samples was determined by the ancestry component of our
cohort (Supplementary Figure S1B).

96



Cancers 2022, 14,4193

Table 1. Demographics of the participants.

Cases Controls
N 835 940
Male (%) 530 (63.47%) 631 (67.13%)
Female (%) 305 (36.53%) 309 (32.87%)
Age (SE) 73.54 (11.38) 41.53 (11.79)
Stage
0 37 (4.43%)
I 130 (15.57%)
1I 314 (37.61%)
111 223 (26.71%)
v 105 (12.57%)
Undetermined 26 (3.11%)
Location
Right 170 (20.36%)
Left 219 (26.23%)
Rectal 235 (28.14%)
Unspecific 211 (25.27%)

3.1. Genome-Wide Association Studies

The genome-wide association study of all CRC cases showed five suggestive (p <5 x 107°)
signals (Table 2). The most significant SNP was rs77317240, located in chromosome 2 and
upstream of ABCA12 and ATIC genes (p = 5.8 x 10~7; OR = 6.4; CI 95%, 3.1-13.2). Other
suggestive SNPs were located in ERBB4 and MAGI2 genes, and downstream of the IL15 gene
(Table 2).

Table 2. Suggestive signals (p <5 x 107°) detected in colorectal cancer and the locations. Gene, gene
where is located the SNP or nearest gene 100kb upstream or downstream from the SNP. OR, odds
ratio. CI 95%, confidence interval of 95% of the odds ratio. Freq, frequency of Al in Basque cohort.
Freq EUR, frequency of A1l in European populations of 1 KG.

Lead SNP Position Gene Al A2 OR (CI 95%) p-Value Freq Freq EUR
Colorectal cancer vs. controls
rs79374732  2:212815957 ERBB4 T C 8.5 (3.4-21.0) 45 % 10°° 0.032 0.022
rs77317240  2:216091445 Upstream of ABCA12 and ATIC T C 6.4 (3.1-13.2) 5.8 x 1077 0.039 0.024
rs116443146  4:142699393 Downstream of IL15 G A 16.3 (5.0-53.8) 44 %x10°° 0.013 0.02
rs34931968  7:79055118 MAGI2 T G 29.7 (7.1-124.3) 3.4 x10°° 0.011 0.01
151693967 16:86289580 LINC01081 G A 11.4 (4.1-32.1) 3.9 x 107 0.017 0.024
Right colon cancer vs. controls
rs3004681  1:69054715 Downstream of DEPDC1 T G 11.8 (4.3-32.7) 2.0 x 1076 0.062 0.073
rs77445470  1:226800066 Downstream of STUM and ITPKB G C 18.5 (5.3-64.5) 48 % 10°° 0.044 0.055
rs76653793  4:47962934 CNGA1, LOC101927157 G T 21.7 (6.4-73.8) 7.9 x 1077 0.028 0.036
15142444738  4:106095747 TET2, TET2-AS1 A G 51.1 (9.6-270.9) 3.8 x 107 0.011 0.005
rs4696337 4:153602674 TMEM154, LOC105377495 A C 35.8 (8.2-156.2) 2.0 x 107 0.023 0.023
rs139432545 4:174624195 G A 48.4 (9.6-244.9) 2.7 x 1076 0.012 0.022
rs13211079  6:36977349 FGD2 G C 43.9 (9.2-210.2) 22 x 1076 0.019 0.012
rs190591066  7:89988294 GTPBP10 A G 40.6 (8.8-186.4) 1.9 x 107 0.017 0.011
rs75772232  8:83689525 T C 15.8 (4.9-51.2) 43 % 10°° 0.039 0.045
15118025264 9:119407781 ASTN2, LOC105376240 T C 25.7 (6.4-102.7) 43 %107 0.026 0.022
rs16933489  12:5572210 NTF3 T C 34.9 (9.1-133.3) 2.0 x 1077 0.02 0.044
rs78263620  18:72995680 TSHZ1 T C 43.6 (9.2-207.9) 22 x 107 0.011 0.019
1148452202  19:2527577 GNG7 A G 34.6 (8.3-144.8) 12 x 10 0.022 0.01
rs35914129  19:48115566 BICRA T G (11.25_6583‘0) 1.0 x 106 0.013 0.009
rs28495197  22:36050632 APOL6 T C 39.9 (9.1-174.2) 9.4 x 1077 0.023 0.017
5117820381  22:40738486 Downstream of TNRC6B, A G 370 (84-1631) 1.8 x 106 0.013 0.028
upstream of ADSL
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Table 2. Cont.

Lead SNP Position Gene Al A2 OR (CI 95%) p-Value Freq Freq EUR
Left colon cancer vs. controls

rs112033525 2:23176856 T G 39.4 (8.2-189.6) 45 x 107 0.017 0.015

rs139367040 2:173950614 MAP3K20 T C 33.0 (7.7-142.5) 2.8 x 107 0.019 0.014

rs72774468  9:137697318 COL5A1 C T 15.1 (5.0-45.3) 1.3 x 107 0.035 0.051
. 149.8 7

rs114144417 16:48116976 ABCC12 T C (20.2-1112.0) 9.7 x 10 0.01 0.008

rs17721600  17:27268513 PHF12, LOC101927018 A G 25.9 (6.9-97.7) 1.6 x 107¢ 0.037 0.053

rs140107269  18:1828990 T C 26.8 (6.6-109.2) 44 x10°° 0.023 0.027

rs62093285  18:49252189 A G 12.8 (4.3-38.4) 49 x10°° 0.044 0.035

Rectal cancer vs. controls

. 54.9 _7

rs78144988  1:102199388 LINC01709 C T (11.2-268.4) 7.6 x 10 0.013 0.018
. Upstream of YWHAQ and 65.5 6

rs13403794 2:9785060 ADAM17 C T (12.0-355.9) 1.3 x 10 0.012 0.021

rs354856 2:142433670 LRP1B, LOC107985779 C T 17.4 (5.5-55.0) 1.1 x 10 0.027 0.062

rs116443146  4:142699393 Downstream of IL15 G A 40.3 (9.2-176.9) 9.7 x 1077 0.013 0.02
. 74.7 7

rs72909399  6:86581045 T G (13.5-414.7) 8.1 x 10 0.014 0.03

rs71516114 8:784674 DLGAP2 C T 5.2 (2.6-10.4) 2.7 x 1076 0.111 0.112

rs61848097  10:50134508 WDFY4, LRRC18 G A 8.6 (3.5-21.0) 29 x 107 0.073 0.089

rs77470802  14:27547598 LOC105370420 G T 12.4 (4.2-36.5) 46 x10°° 0.027 0.033

176799782  14:91624544 DGLUCY A G 18.9 (5.4-65.4) 3.8 x 107 0.029 0.039
) 45.8 7

rs141553824  16:50380386 BRD7 C T (10.4-202.4) 45 x 10 0.017 0.05

Left colon cancer vs. right colon cancer

rs4655303 1:213834643 LOC105372912 T A 2.2 (1.6-3.0) 3.6 x 1076 0.43 0.377
. Downstream of DDHDI1, _7

rs62005704  14:53465150 upstream of FERMT? A G 0.4 (0.3-0.6) 9.8 x 10 0.464 0.503

Rectal cancer vs. colon cancer

rs73171906  7:147986529 CNTNAP2 T C 2.2 (1.6-2.9) 6.4 x 1077 0.23 0.154

rs$9773025 8:6674458 XKR5 G A 0.5 (0.3-0.6) 1.5 x 107 0.414 0.468

rs79619562  21:38742422 DYRKIA C T 2.7 (1.8-4.1) 1.8 x 107 0.1 0.093

When cancer locations were analyzed separately different signals were detected
(Table 2): 16 in right colon cancer (the most significant signal was located in the NTF3
gene), 7 in left colon cancer (the most significant signal was located in the ABCC12 gene),
and 10 in rectal cancer (the most significant signal was located in BRD7 gene). When
locations were compared (Table 2), 2 signals were detected when comparing left and right
colon cancers (the most significant genetic variant was located in the FERMT2 gene) and 3
when comparing rectal vs colon cancers (the most significant genetic variant was located in
CNTNAP?2 gene).

Among the SNPs previously associated with CRC (Supplementary Table S1), 16 SNPs
(7.65% of SNPs previously associated) showed nominal association in our cohort. When
those SNPs were analyzed by the location of cancer, 9 (4.31%) were nominally significant in
right colon cancer, 12 (5.74%) in left colon cancer (including rs6687758, an SNP previously
associated with CRC in the Basque population) and 12 (5.74%) in rectal cancer. Among the
31 SNPs previously associated with CRC in more than one study (Supplementary Table S1),
5 SNPs (16.13%) showed nominal association in CRC; 3 (9.68%) in right colon cancer;
3 (9.68%) in left colon cancer and 1 (3.23%) in rectal cancer.

Regarding the comparison with inflammatory bowel disease (Table 3), 11 genomic
regions had suggestive different frequencies. Among them, the signal located upstream of
the ATP8B4 gene (rs541295) reached a genome-wide significant p-value (p = 1.8 x 1079).
When colorectal cancer was compared with the pool of controls and inflammatory bowel
disease (Table 3), the most significant signal in CRC vs controls (upstream of the ABCA12
and ATIC genes) was detected. In addition, 4 of the signals detected when CRC was
compared with inflammatory bowel disease patients were suggestive: in the HLA region,
in the DLGAP? gene, downstream of the PTCHD3 gene and upstream of the ATP8B4 gene.
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Table 3. Suggestive signals (p < 5 x 107°) detected in the comparison of colorectal cancer and
inflammatory bowel disease. Gene, gene where is located the SNP or nearest gene 100kb upstream or
downstream from the SNP. OR, odds ratio. CI 95%, confidence interval of 95% of the odds ratio. Freq,
frequency of Al in Basque cohort. Freq EUR, frequency of A1l in European populations of 1 KG.

Lead SNP Position Gene Al A2 OR (CI 95%) p-Value Freq Freq EUR
Colorectal cancer vs inflammatory bowel disease

rs35493687 1:41285292 KCNQ4 A C 0.4 (0.3-0.6) 42 x107° 0.122 0.147
rs76845271 2:73665817 ALMS1 T G 0.3 (0.2-0.5) 2.9 x 107° 0.043 0.048
156738805 2:231083171 SP110 C T 0.4 (0.3-0.6) 46 x 1077 0.135 0.128
rs10007784 4:81977690 BMP3 C T 0.5(0.4-0.7) 1.8 x 107° 0.228 0.222

rs181206673 5:25834969 C G 0.3 (0.1-0.5) 41x107° 0.039 0.0467
rs72840740 6:18745458 C T 0.1(0.0-0.2) 1.1 x 10~° 0.014 0.03
159271365 6:32586794 a?g"f:;ﬁiﬁ ‘(’)ffgﬁgé% G T 18(14-23) 22 x10°6 0.353 0.388
rs951197 6:103210765 C A 0.5(0.4-0.7) 5.6 x 1077 0.476 0.446
rs1875664 8:827824 DLGAP2 G A 2.3 (1.6-3.3) 2.8 x 107 0.128 0.161
15988874 10:27684660 Downstream of PTCHD3 A T 0.5 (0.3-0.6) 1.6 x 107° 0.174 0.157
rs541295 15:50056050 Upstream of ATP8B4 G A 0.2(0.1-0.4) 1.8 x 1078 0.055 0.022

Colorectal cancer vs. controls + inflammatory bowel disease
rs7550486 1:14777040 KAZN C T 0.6 (0.5-0.7) 1.3 x 107 0.498 0.475
. Upstream of ABCA12 and _7

rs115681984  2:216032071 ATIC T C 42(24-7.1) 2.6 x 10 0.034 0.026
rs72840741 6:18747455 G A 0.1(0.0-0.2) 1.8 x 107° 0.014 0.03
rs5002178 6:32611590 HLA-DQA1 G A 0.6 (0.5-0.7) 6.8 x 1077 0.33 0.374
rs951197 6:103210765 C A 0.6 (0.5-0.7) 24 x 1077 0.484 0.446
rs1875664 8:827824 DLGAP2 G A 2.2 (1.6-3.0) 3.24 x 1077 0.124 0.161
rs988874 10:27684660 Downstream of PTCHD3 A T 0.5 (0.3-0.6) 2.0 x 107° 0.171 0.157

rs150840049 14:59165709 Downstream of DACT1 C T 0.1(0.1-0.3) 2.6 x 107° 0.025 0.052
rs541295 15:50056050 Upstream of ATP8B4 G A 0.2 (0.1-0.4) 53 x 1078 0.045 0.022

3.2. Mendelian Randomization

Mendelian Randomization analyses were carried out to analyze the effect of modifiable
risk factors and the abundance of bacterial phyla on CRC risk. The instruments used seemed
appropriate (Supplementary Table S2), although the modifiable risk factors were stronger
than bacterial phyla (F-statistic between 55.82-211.35 in the former, 18.73-20.28 in the latter).

When analyzing the effect of modifiable risk factors on CRC, there were no sig-
nificant results (Figure 1A, Supplementary Table S3). However, when the locations of
CRC were separately analyzed, the MR Egger method showed the effect of total choles-
terol (beta=2.4 + 1.1; p = 0.0395) on left-sided colon cancer risk, and the effect of BMI
(beta = 8.7 £ 3.3; p = 0.0094) in rectal cancer risk. In the latter, pleiotropic effects were de-
tected (p = 0.0112, Supplementary Table S3). In addition, Inverse Variance Weighted method
showed the effect of LDL cholesterol (beta = 1.56 & 0.64; p = 0.0148) on left-sided colon
cancer risk.

In the case of bacterial phyla (Figure 1B, Supplementary Table S4), according to MR
Egger method, Firmicutes phylum showed a significant effect on CRC and left colon cancer
(beta=3.6 = 1.7; p = 0.0364; beta = 6.4 £ 2.8; p = 0.0282, respectively), although pleiotropy
was detected in both cases (p = 0.0347; p = 0.0456, respectively, Supplementary Table 54),
as well as, heterogeneity in the used instruments (Q-test p = 0.0336 and p = 0.0107, re-
spectively, Supplementary Table S4). In the case of Inverse Variance Weighted, there
was an inverse effect of Cyanobacteria abundance on CRC risk and left colon cancer risk
(beta = —0.86 & 0.39; p = 0.0299; beta = —1.66 = 0.68; p = 0.014, respectively).

99



Cancers 2022, 14,4193

Right Left Rectal
—0—p=0.8033 —0—p=0.9614 —0—p-0.413
BMI (GIANT) —@—p=05227 —@—p=0.7735 —@—p=0.6431
——e——p=0.1558 ————p=0.2575 ——e——p=03131
~0-p=0.9882 —0—p=0.7624 —0—p=0.7028 —0—p=0.68
BMI (MRC-IEU) ~@—p=0.4801 —0—p=0.4201 —@—p=0.4428 —@—p=0.7083
——p=02332 ——e——=0603 —————p=0833 ————p=0.1614
~©-p=0.6997 —0—p=0.748 —0—p=0.4541 —0—p=0.7932
BMI (MRC-IEU2) —@—p=0.5263 —@—p=05917 —@—p=0.4577 —0—p=0712
—@—p=0.2623 ———p=07782 ———p=09334 ——0——=0.1688
=0—p=0.3155 —0—p=0.9044 —0—p=0.2567 —0—p=05183
BMI (Hoffmann 2018) —@—p=0.3465 ——@——p=0.6082 ——@—p=0.7081 ————p=0.7462
————p-0.1208 —_————p-01819 ——o——p-088s8 ——————p-0.0094
©p=08715 —0-p=0.7633 —0-p=0.3064 ~0-p=0.3631
Total cholesterol (GLCL) ~@-p=0.8454 ——p=0.9122 —@—p=0.0969 ~—@—p=0.4954
—0-p=0257 —0—p-03895 —0—p=0.0395 —0—p-0.4653
-0-p=0539 —0—p=0.4259 —0—p=06718 =0-p=0.2726
HDL cholesterol (GLCL) —0—p=0.9074 ~—@—p=0.5300 —0—p=0.2098 —0—p=0.6674
- —0—p-05386 —e—p-0.7831 —o—p-08641 —0—p-04513
[
[ 0~p=0.2619 ~@~p=0.2125 ~0~p=0.0148 ~0~p=0.1571
LDL cholesterol (GLCL) ~@-p=0.2514 —0—p=0.2646 —0—p=0.1114 ~—@—p=0.2416
~0-p=0.1804 ~8—p=0.3555. —@—p=0.2372 —0—p=0.2322
~0-p=0.8217 —0—p=02965 —0—p=0274 —0—p=0.8974
Triglycerides (GLGC) —@—p=0.7891 —@—p=0.8513 —0—p=0.3382 —@—p=0.5761
—@—p=06078 ——p=0.1102 ——p-06755 —8—p-0.9098
—0-p=08729 —0—p=0.9673 —0—p=0.1628 —0—p=07788
Basal metabolic rate (MRC—IEU) ~ —@—p=0.7482 —0—p-06612 —0—p=03591 —0—p=0997
—o—p=09839 ———0———p=0.6666 ————p=07514 ————p=0.9329
—0—p=0.7857 —0—p=03109 —0—p=0.3741 —0—p-06882
Body fat percentage (MRC-IEU) —0—p=0.7607 ——0——p=0536 —0—p=0.8791 —@—p=0.5409
——e———p-0.9302 p=0.9467 p=0.9089 p=0.7061
—0—p-09028 —0—p=0868 —0—-p=0.4769
Waist circumference (MRC-IEU) —0——p=0.6779 ———p=0.8237 —O——p=0.7959
—_———————-04632 —e—————p-09327 ——eo—-0s13
—0—p=0.1742 —0-p=0.3476 ~0-p=0.7497
Standing height (MRC-IEU) —o0—p=09044 —0—p=0.6963 —o—p-
—0—p-03497 —0—-03594 —e—p-0.0321
Beta Beta Beta Beta
0 Inverse Variance Weigthed @ Weighted Median @ MR Egger
CRC Right Left Rectal
~0-p=0.5501 —0—p=08016 —0—p=0.6447 —0—p=0.3639
Actinobacteria —@—p=0.6863 ——p=0.7777 —0—p=0.9336 —@—p=0.5033
——p-09202 ——0——p-08409 ——0——p-06521 ——0——p-=0.7448
~0-p=0322 —0—p=0.7073 —0—p=0.9094 —0—p=0.2296
Bacteroidetes —0—p=0.5437 —0—p=0.5376 —0—p=0.6496 —0—p=05713
—e—p=0.3887 ——0———p-0.3066 —o——p=07276 ——o——p=06737
©p=0.0299 —0-p=0.139 ~0-p=0.014 ~©-p=0.1346
Cyanobacteria ~@-p=0.3955 —0—p=0.1927 —0—p=0.7128
—0—p=0.2074 ———p=0.484 ——p=0.2831
©p=0.9841 ~0-p=0.8297 -0-p=0.6784 “0-p=0.4067
Euryarchaeota 0-p=0.4752 ~0—p=05411 ~0-p=0.2183 ~0~p=0.8488
—0—p=08675 ————p-0.2681 ——p=0.9817
- -0-p=07423 —0—p=07679 —0—p=03452 —0-p=0.7417
g Firmicutes —0-p=0.8689 —0—p=05518 —0—p=0.2021 —0—p=0.8539
—0——p=0.0364 ————p-04871 ——0——p=0.0282 ——@——p=0.407
©p=06515 “0-p=0.4577 “©-p=05154 “©0-p=0.9137
Lentisphaerae ©-p=0.3742 —@—p=0.8154 —8—p=0.3339 ~@-p=0.4284
—@—p=0.2395 ——0——p=0.1062 —@—p=08461 ——0—p=06072
~0-p=0.1254 —0—p=06917 —0—p=0767 —0—p=0.6821
Proteobacteria —0—p=0.2476 —0—p=0.6794 —0—p=0.8667 —0—p=0.9656
——0———p=0509 ————-0.2817 —_—————————p-08277 —_——————p-0546
“©-p=0.2826 —o—p-0.44 —0-p=0.1791 ~0-p=0382
Tenericutes ~0-p=0.2051 —0—p=0.5547 —0—p=0.2806 —0—p=0.1753
——p-03724 —_———p01078 ———p-0265 ————p=04555
-0-p=0.704 —0—p=0.7098 —0—p=0.4424 —0-p=09185
Verrucomicrobia —0-p=0.9165 —0—p=0.7659 —0—p=06715 —0—p=0.5697
—0—p=09122 ————p-06324 ——e——p=05116 —0——p-06011
Beta Beta Beta Beta

l © Inverse Variance Weigthed © Weighted Median @ MR Egger ‘

Figure 1. Mendelian Randomization results. The beta value and standard error are depicted for each
method used. (A) Modifiable risk factors. (B) Bacterial phyla.

3.3. Polygenic Risk Scores

Polygenic risk scores for our cohort were built using 25 different models available
in PGS Catalog for CRC. From all of them (Figures 2 and 3A), PGS000785 showed the
best discrimination between the PRS values for cases and controls (T-test p = 2.12 x 10~ 14,
small effect according to Cohen’s d), as well as, the best AUC value (0.6, CI 95% 0.58-0.62);
followed by PGS000734 and PGS000765 (both p = 2.64 x 10~13; small effect according to
Cohen’s d; AUC of 0.6, CI 95% 0.57-0.61). In addition, the PRS used previously in a Basque
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cohort showed lower significance (p = 0.0003; negligible effect according to Cohen’s d) and
AUC value (0.55, CI195% 0.52-0.56).
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SNPs used p-value
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Figure 2. Performance of different Polygenic Risk Score sets. For each parameter, the value and 95%
of confidence interval are depicted. Cohen’s d, the effect size of the T-test and 95% of the confidence
interval, <0.2 negligible effects, 0.2-0.5 small effect, 0.5-0.8 moderate effect, >0.8 large effects.
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Figure 3. Distribution of polygenic risk score based on PGS000785 set. P, the p-value of the T-test. (A)
Colorectal cancer. (B) According to the location. (C) Comparison with patients with irritable bowel
disease. (D) Comparison with patients of main types of irritable bowel disease.

The PGS000785 PRS model had a good performance regardless of the location of CRC
(Figure 3B): the distribution of the PRS score was significantly higher in right colon cancer
(p = 3.05 x 107°), left colon cancer (p = 7.49 x 107°) and rectal cancer (p = 3.33 x 107°)
compared to controls, while there were no significant differences comparing locations. In
addition, that model was able to differentiate inflammatory bowel disease patients from
colorectal cancer patients (p = 2.36 x 10~19, Figure 3C), regardless of the type of inflam-
matory bowel disease (Crohn’s Disease, p = 2.61 x 10~7; Ulcerative colitis, p =5.08 x 1077;
Figure 3D).

4. Discussion

The development of colorectal cancer (CRC) is influenced by environmental factors [4],
microbiome composition [5] and genetic factors. In this work, we have analyzed the
contribution of the genetic component to CRC risk in the Basque population, a population
with a particular genetic history. That particular genetic history was reflected in the
principal component analysis and, as it was done before [19], adjusting for PCs is enough
to avoid artifacts due to the presence of two ancestries in the population.

Previously, selected SNPs were analyzed in CRC in the Basque population [16] and, in
this study, we have used a GWAS approach and increased the sample size. In that previous
work, the SNP rs6687758 was nominally significant [16] and we have been able to detect
the nominal significance of that SNP in left colon cancer, as well as more genetic variants.
We are aware that the sample size affected the results we obtained, and, for example, few
previously associated SNPs with CRC were detected in our study. However, we were
able to find nominally significant results for the SNPs detected in more than one study.
In addition, the majority of SNPs detected in previous studies were not detected in other
studies. Thus, the genetic risk of CRC could be partially due to local variation, therefore, it
seems appropriate for the genetic analysis of CRC in new populations.

The most significant signal in CRC, although it was not genome-wide significant,
was located between ABCA12 and ATIC genes. It has been reported that the expression
of ABCA12 is upregulated in CRC [42,43], its expression is higher in the colon than in
the rectum [43], and its expression is higher in colorectal adenoma than in hyperplastic
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polyp [44]. In the case of the ATIC gene, it has been proposed that its expression could be a
prognostic marker for colon adenocarcinoma [45]; its presence in small extracellular vesicles
in serum is useful to differentiate early colorectal neoplasia from advanced colorectal
neoplasia [46].

Another suggestive signal was located on the ERBB4 gene. In cell culture and mice, it
has been observed that ERBB4 expression and signaling can prevent apoptosis of the cells
in an inflammatory environment [47], therefore, its chronic overexpression could contribute
to the appearance of tumors, since apoptosis of colonic cells is inhibited [48]. In humans, it
has been reported the overexpression of ERBB4 in CRC and that tumors with high levels
of this receptor could have enhanced cell survival [49]. In addition, it has been suggested
that the expression of ERBB4 is associated with unfavorable clinical outcomes in CRC [50]
and that it could be a marker of a higher risk of recurrence [51]. Additionally, it has been
reported that ERRB4 expression is positively associated with lymph node metastasis [50];
that ERBB4 could play a relevant role in a gene network associated with progression from
colon adenocarcinoma to liver metastases [52], and that ERBB4 could be part of a pathway
that enhances the invasion of CRC cells [53].

Additional suggestive signals were located in the MAGI2 gene and downstream of
the IL15 gene. The SNP rs34931968 detected in our cohort is located in the MAGI2 gene,
upstream of a IncRNA that is next to MAGI2 (called MAGI2-AS3), a IncRNA that has been
involved in CRC [54-56]. In addition, the SNP rs34931968 is in linkage disequilibrium with
an SNP (rs7783388) involved in CRC throughout changes in MAGI2-AS3 expression [56].
In the case of IL15, its expression has been associated with the outcome of CRC [57].

When the locations of the tumors were analyzed separately, other possible relevant
genes were detected. In right colon cancer, the most significant signal was located in NTF3,
a gene implicated in unfavorable prognosis in hepatocellular carcinoma [58,59]; in left colon
cancer ABCC12 gene, another ATP-binding cassette as the previously discussed ABCA12;
in rectal cancer BRD7 gene, a possible oncogene involved in CRC progression [60]. In
addition, in rectal cancer the SNP rs13403794 was detected, an SNP located upstream of
ADAM17, which is a gene that is part of the signaling pathway involved in colorectal cancer
progression and chemoresistance [61]. When locations were compared, additional genes
were detected: FERMT?2, whose overexpression in CRC has been detected and associated
with cell growth [62]; CNTNAP2, a gene that has not been associated with CRC. It has been
observed that the genetic mechanisms behind CRC could be different depending on its
location [63] and the differences in the genetic variants detected in our study are consistent
with that suggestion.

On the whole, considering the biological role of some of the genes where the suggestive
genetic variants were located, those genetic variants could be markers of the progression of
CRC, at least in the Basque population, although follow-up analyses are needed to confirm
their potential utility as markers.

Various modifiable risk factors have been observed to affect CRC risk [11,12,64], but
we were not able to find those effects when all CRC patients were analyzed. However,
when each location was analyzed, the effect of genetic risk to higher cholesterol levels
(general levels or LDL) on left colon cancer and higher BMI on rectal cancer were detected,
as has been suggested previously for CRC [11-13,64,65]. Although we tried to replicate
the results obtained using Mendelian Randomization in previous works [12,13] and the
traits and instruments used seem appropriate to replicate them, the results we obtained
were limited or were detected only by one method. It could be possible that the size and
characteristics of our cohort and GWAS analyses complicate the finding of clear causalities,
since the traits we used to have strong instruments to avoid the biases of our cohort.

The genetic signature of the abundance of Firmicutes was associated with a higher
risk of CRC and left colon cancer in our cohort, although the results should be taken with
caution since heterogeneity was detected. In addition, that association had a pleiotropic
effect, that is, rather than the presence of Firmicutes affecting the risk of CRC (cause and
effect), there is a shared genetic component that affects both (common biologic mechanism).
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It has been described the importance of the microbiota in CRC risk and development [66,67],
the differences in its composition between left and right colon cancer [68-70] and shared
genetic variants in CRC risk and the abundance of Firmicutes [13]. Although the connec-
tion we have detected between CRC and Firmicutes is based only on their shared genetic
variants, it has been observed that the involvement of Firmicutes in CRC risk was vari-
able [68-71]: some genera of Firmicutes were enriched in CRC while others were depleted.
In the case of Cyanobacteria, a higher abundance of that phylum has been observed in
colorectal adenomas [72], and in animal models, it has been observed a higher abundance
of Cyanobacteria when oxaliplatin is administered [73]. Therefore, follow-up analyses of
Firmicutes and Cyanobacteria as a marker of CRC risk in the Basque cohort are needed.
Although the involvement of Firmicutes and Cyanobacteria in CRC seems biologically
possible, their connection through Mendelian Randomization in our work seems weak,
since they have been detected only by one method. In addition, although the study of the
effect of host genetics on microbial abundance has been a valuable resource [30], it could
be possible that the available instruments are not still appropriate to carry out Mendelian
Randomization analyses, at least in our cohort.

Finally, polygenic risk scores (PRS) have been proposed as a tool for risk prediction
in colorectal cancer [15]. We applied several publicly available PRS models, and their
performance was variable. The best model was built using different sources available in
GWAS Catalog and the interplay between genetic risk and modifiable risk factors [37].
In the case of CRC, that work suggested that PRS was the primary determinant of risk
stratification in their application of the PRS model in UK Biobank data [37]. Although our
cohort has a slightly different genetic background, since there is a higher genetic component
of ancient European ancestry, the application of the PRS was able to differentiate CRC
cases from controls, regardless of the location of the tumors. Since the AUC was low and
the effect small, additional genetic or non-genetic risk factors should be incorporated to
build a model for better discrimination. In addition, this PRS did not confuse CRC and
inflammatory bowel disease or its main types in our cohort, suggesting that when there
are overlapping symptoms, the use of that PRS would not misclassify an IBD patient as
a CRC patient. In addition, we found genetic variants that could be used to discriminate
between CRC and inflammatory bowel disease in our cohort, although follow-up analyses
are needed. Regarding the PRS previously used in Basques [16], the performance in our
data was not as good as the best model, but the controls showed lower PRS than CRC cases
(p = 0.003), similar to the previous analysis of Basques (p = 0.002 for the unweighted values,
p = 0.036 for weighted values) [16]. Therefore, the incorporation of a different set of SNPs
for the development of more precise PRS models is still necessary, and the performance of
PRS models should be investigated in additional samples of this population.

Considering the results obtained in the different analyses we have carried out since the
results are quite consistent with previous results, genetic CRC risk in the Basque population
seems to be similar to other European populations. The suggestive signals from the GWAS
were consistent with CRC biology, although in some variants the frequency in the Basque
population was quite different. Mendelian Randomization analyses did not find clear causal
relationships, although the traits used were reported to affect CRC risk in other cohorts,
therefore, follow-up studies are needed to assess if our results are due to methodological
constraints or differences in the specific mechanisms. Finally, the application of polygenic
risk scores based on European populations seemed a feasible approach to capture the
CRC risk in the Basque population, although they can be improved. Thus, as happened
in inflammatory bowel disease [19], the genetic architecture of CRC risk in the Basque
population is similar to other European populations but local genetic variation shapes
the risk.

5. Conclusions

In conclusion, we have analyzed the genetic component of the risk of CRC in the
Basque population. Although the sample size was limited and there were constraints in
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the analyses due to the cohort used, we detected genetic factors whose involvement in
the risk of CRC is consistent with the biological mechanisms of CRC, and we identified
plausible genetic markers and an appropriate polygenic risk score model to assess the
genetic contribution to CRC risk in this population. In the future, those genetic factors and
the polygenic risk score model should be validated in follow-up studies.
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Simple Summary: The prognosis of patients with stage II and stage III colon cancer is heterogeneous.
Clinical and pathological characteristics may help to further refine the recurrence risk. We built a
prognostic score and categorized patients into two risk groups in a training and validation cohort.
We assigned two points to T4 and one point to N2 and high tumor budding based on the multivariate
cox regression analysis for time to recurrence (TTR) in the training cohort. Forty-five percent of the
patients were assigned to the low-risk group and compared to the high-risk group, had a significantly
longer TTR. These results were confirmed in the validation cohort.

Abstract: Background: The prognosis of patients with stage II and stage III colon cancer is heteroge-
neous. Clinical and pathological characteristics, such as tumor budding, may help to further refine
the recurrence risk. Methods: We included all the patients with localized colon cancer at Hospital
Universitario La Paz from October 2016 to October 2021. We built a prognostic score for recurrence in
the training cohort based on multivariate cox regression analysis and categorized the patients into
two risk groups. Results: A total of 440 patients were included in the training cohort. After a median
follow-up of 45 months, 81 (18%) patients had a first tumor recurrence. T4, N2, and high tumor
budding remained with a p value <0.05 at the last step of the multivariate cox regression model for
time to recurrence (TTR). We assigned 2 points to T4 and 1 point to N2 and high tumor budding.
Forty-five percent of the patients were assigned to the low-risk group (score = 0). Compared to the
high-risk group (score 1-4), patients in the low-risk group had a significantly longer TTR (hazard
ratio for disease recurrence of 0.14 (95%CI: 0.00 to 0.90; p < 0.045)). The results were confirmed in
the validation cohort. Conclusions: In our study, we built a simple score to predict tumor recurrence
based on T4, N2, and high tumor budding. Patients in the low-risk group, that comprised 44% of the
cohort, had an excellent prognosis.

Keywords: colonic neoplasms; chemotherapy; adjuvant; tumor budding

1. Introduction

Colorectal cancer is the third most common tumor and the second cause of cancer-
related cause of death globally [1]. In patients with stage II and stage III colon cancer, the
prognosis is heterogeneous, and survival varies depending on numerous factors. Classi-
cally, for the pathologic stage at diagnosis, according to the American Joint Committee
on Cancer (AJCC)/Union for International Cancer Control (UICC), the tumor, node, and
metastasis (TNM) staging classification was considered the most important indicator of out-
come [2]. However, patients with stage Illa disease may have a more favorable prognosis
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than patients with IIb stage, which may indicate that other factors contribute significantly
to the prognosis of the patient. Globally, it is estimated that 35% of the patients will eventu-
ally recur [3]. To further improve the outcome, chemotherapy has been established as a
standard of care for stage III colon cancer with a 10 to 20% of survival benefit (depending on
the regimen of chemotherapy) and is an option for patients with intermediate- or high-risk
stage II [4,5]. The latest European Society for Medical Oncology (ESMO) guidelines include
lymph node sampling <12 and T4 stage including perforation as major prognostic factors
and high-grade tumor, vascular invasion, lymphatic invasion, perineural invasion, tumor
presentation with obstruction, and high preoperative carcinoembryonic antigen (CEA)
levels as minor prognostic factors. The National Comprehensive Cancer Network (NCCN)
also includes high tumor budding and close, indeterminate, or positive margins as risk
factors for recurrence. To better define the prognosis and recurrence risk of patients with re-
sected colon cancer, several nomograms have been published [6-8]. One of the most widely
used is the Memorial Sloan Kettering Cancer Center (MSKCC) colon cancer recurrence
nomogram, which predicts freedom from recurrence based on nine clinicopathological
features including age, tumor size, preoperative carcinoembryonic antigen (CEA), use of
adjuvant chemotherapy, and other indicators of tumor invasiveness [6]. A recently pub-
lished update simplified the score to five items; however, tumor-infiltrating lymphocytes
were included in the nomogram, a feature not available in many centers [8].

The aim of this study is to create a simple clinical score to predict recurrence using
clinical and pathological variables available in routine clinical practice and to select a
subgroup of patients with excellent prognosis according to this score.

2. Materials and Methods

This is a single-institution retrospective observational study. We included all patients
who underwent curative surgery for stage II and stage III colon cancer between October
2016 and October 2021 at Hospital Universitario La Paz (HULP), Madrid (Spain). The study
protocol specified the inclusion criteria as follows: age above 18 years and completely
resected colon adenocarcinoma located at >15 cm of the anal verge as determined by
endoscopy or above the peritoneal reflection in the surgical resection without any evidence
of metastatic disease. Main exclusion criteria were as follows: macroscopic evidence of
residual tumor in the surgical specimen; no chemotherapy or radiotherapy were allowed
before surgery; severe renal or hepatic disorder; bone marrow suppression; or disabling
peripheral neuropathy. This study was approved by the Ethics Committee of HULP
and was conducted in accordance with ethical standards of the Helsinki Declaration of
the World Medical Association. Baseline disease, demographics, clinical data, treatment
characteristics, and outcomes were analyzed from the medical record of each patient.
Adjuvant chemotherapy was administered according to ESMO guidelines [4,9]. Patients
were followed every 3 months with CT scan and CEA for the first 2 years from the surgery
and every 6 months with CT scan and CEA from years 3 to 5. Colonoscopy was performed
every 3 years starting 1 year after surgery.

The primary objective of the study was the identification of factors associated with
time to recurrence (TTR). We chose TTR as the primary endpoint based on previous reports
by other groups [8]. The sample was divided into a training cohort (patients diagnosed
between October 2016 and September 2020, n = 440) and a validation cohort (patients
diagnosed from October 2020 to September 2021, n = 100). TTR was calculated from the
date of the surgery until the date of tumor recurrence or last follow-up. OS was defined
as the time between the date of diagnosis and the date of death or last follow-up. The
analysis was performed with a data cut-off of 15 September 2022. The relation between
TTR and OS with each of the variables was analyzed using the log-rank test. Survival anal-
ysis was performed using the Kaplan—-Meier method. Univariate cox regression analyses
and multivariate proportional hazards regression model were carried out in the training
cohort to identify independent prognostic factors for disease recurrence. We performed a
correlation assessment using the Spearman’s rho test. Multicollinearity among variables
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was defined as a rho test value > 0.50. In fact, we excluded adjuvant chemotherapy treat-
ment as it positively correlates with the presence of high-risk features (Spearman’s rho
test = 0.533; p < 0.001). In the multivariate analysis, we included the variables significantly
associated with TTR in the univariate analysis. Multivariate analysis was performed with
backward elimination. Prognostic factors that yielded a p value < 0.05 at the last step of
multivariate cox regression analysis were included in the score. For the development of
the score, each factor was assigned a particular score based on its 3 coefficient. The 3
coefficient for each risk factor was divided by the lowest 3 coefficient and rounded to the
nearest whole number. Model calibration and discrimination were assessed in the training
cohort by the area under the receiver operating characteristic (ROC) curve [10,11]. The final
score of each patient was the sum of the points. The prognostic score was then applied
to each patient. Survival by prognostic group was represented by Kaplan—-Meier curves,
and p values were calculated using the log-rank test. The training sample was divided into
two risk strata (low-risk group and high-risk group) based on the approximate median of
risk score. Hazard ratios (HRs) were calculated using cox proportional hazard regression,
with p values calculated using the Wald statistics. The performance of the two-risk group
strategy was tested for TTR in the validation cohort. All statistical analyses were carried
out using SPSS v.25.

3. Results

A total of 440 patients with stage II and stage III colon cancer underwent curative
surgery between October 2016 and October 2020 and were included in the training cohort.
The baseline characteristics are depicted in Table 1. The median age at diagnosis was
74 years (range 35-95), and 44% of the patients were female. The primary tumor was
distributed equally in the right and left colon. Stage II and stage III were observed in 50%
percent of the patients each. Of note, preoperative CEA was available in 219 patients and
was high in 19% of them. Twenty-five percent of the patients had high tumor budding. A
total of 225 (51%) patients received adjuvant chemotherapy: 61 patients with stage II (27%)
and 164 patients with stage III (75%).

After a median follow-up of 45 months (range, 0,1 to 66 months), 81 (18%) patients
had a first tumor recurrence: 27 (12%) patients with stage II and 54 (24%) patients with
stage III. Ninety-six (17%) patients died: 39 (17%) patients with stage II and 57 (26%)
patients with stage III. The median TTR and OS were not reached for the whole cohort.
Univariate cox regression analysis showed that T4 (tumor invades the visceral peritoneum
or invades or adheres to the adjacent organ or structure), N2 (four or more regional nodes
are positive) [12], R1 (incomplete tumor resection with microscopic surgical resection
margin involvement) [13], bowel obstruction and perforation at diagnosis, lymphovascular
and perineural invasion, high tumor budding (defined as >10 buds) [14], grade 3, and
deficient mismatch repair were significantly associated with TTR. Only T4 (hazard ratio
(HR), 3.46 [95% confidence interval (CI): 1.68 to 7.13], p < 0.01), N2 (HR, 2.29 (95%ClI, 1.19 to
4.38), p = 0.01), and high tumor budding (HR, 1.91 (95%CI, 1.02 to 3.54), p = 0.04) remained
with a p value <0.05 at the last step of the multivariate cox regression model, and were
selected to create the clinical score (see Table 2).

Based on the 3 coefficient of each feature (see Table 2), we assigned 2 points to T4,
and 1 point to N2 and high tumor budding. Therefore, patients were assigned from 0 to
4 points (score 0 = 138, score 1 = 44, score 2 = 57, score 3 = 52, and score 4 = 13 patients).
The area under the ROC curve for tumor recurrence at 36 months was 0.77 (95%CI, 0.70 to
0.84), p < 0.01 (Figure 1).
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Table 1. Baseline characteristics of the patients.

Characteristic (n = Training Cohort)  Training Cohort (n = 440)

Validation Cohort (nz = 100)

Sex (female) 193 (44)
Age 74 (35-95)
Age <50 22 (5)
L‘I’;igﬁ‘t’“ 212 (48)
Lo 228 (52)
Stage at f}mgnosm 222 (50)
I 218 (50)
F{ 5(1)
’ 17 (4)
3 252 (58)
X 163 (37)
181 222 (50)
. 150 (34)
5 68 (16)
RO 413 (94)
Preoperative CEA >5 ng/ml 41 (19)
Bowel obstruction at diagnosis 45 (10)
Bowel perforation at diagnosis 37 (8)
Lymphovascular invasion 184 (43)
Perineural invasion 85 (20)
B“focilvng 142 (47)
. 84 (28)
Medium 78 (25)
High
Grzlzlde 18 (4)
’ 367 (88)
3 33 (8)
Mucinous 82 (16)
Rignet cell 13 (3)
>12 resected lymph nodes 382 (90)
dMMR 68 (17)

50 (50)
75 (45-97)
4(4)

56 (56)
44 (44)

54 (54)
46 (46)

1(1)
3(3)
50 (50)
46 (46)

58 (58)
33 (33)
9 (9)

93 (93)
10 (20)
15 (15)
5 (5)
47 (47)
31 (31)

49 (49)
30 (30)
21 (21)

1(1)
91 (91)
8(8)

19 (19)
5(5)
96 (96)
14 (14)

CEA, carcinoembryonic antigen; dMMR, deficient mismatch repair; RO, complete tumor resection with all margins

histologically uninvolved.

Table 2. Multivariate Cox Regression Analysis.

Characteristic 3 Coefficient HR (95%CI) p Value
T4 1.243 3.46 (1.68-7.13) 0.001
N2 0.829 2.29 (1.19-4.38) 0.012
High tumor budding 0.647 1.91 (1.02-3.54) 0.041

At 36 months, 95%, 83%, 73%, 60%, and 19% of the patients with scores 0, 1, 2, 3, and
4 were recurrence-free, respectively. The median TTR was not reached in patients with
scores 0—3. Patients with score 4 had a median TTR of 29 months (95% confidence interval
(CI): 0.1 to 60.23). Significant differences were observed between the groups (p < 0.001),
see Figure 2. Patients were divided into a low-risk group (score = 0; n = 138; 45% of the
patients) and a high-risk group (score = 1—4; n = 166; 55% of the patients). At 36 months,
95% and 67% of the patients in the low-risk and high-risk groups were recurrence-free,
respectively. Patients assigned to the low-risk group had a significantly longer TTR than
patients assigned to the high-risk group. The median TTR was not reached in either group,
with a HR for disease recurrence of 0.13 (95%CI: 0.05 to 0.31; p <0.001), see Figure 3.
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Figure 1. ROC curve of prognostic score (0 to 4 points) for recurrence at 24 months.
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Figure 2. Time to recurrence according to the score (0—4) in the training cohort.

A total of 100 patients were included in the validation cohort. The baseline charac-
teristics are depicted in Table 1. The median age at diagnosis was 75 years (range 45-97),
and 50% of the patients were female. The primary tumor was distributed equally in the
right and left colon. Stage II was observed in 54% percent of the patients each. Twenty-one
percent of the patients had high tumor budding. A total of 43 patients received adjuvant
chemotherapy. Patients were assigned to the low-risk (1 = 46; 46%) and high-risk (n = 54;
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54%) groups. After a median follow-up of 15 months (range, 2 to 25 months), 15 (15%) of
the patients had a first tumor recurrence. Recurrences were observed in five (9%) patients
with stage IT and 10 (22%) patients with stage IIl. According to our score, all the recurrences
were observed in the high-risk group. At 12 months, 100% and 79% of the patients in the
low-risk and high-risk groups were recurrence-free, respectively. Patients assigned to the
low-risk group had significantly longer TTR than patients assigned to the high-risk group.
The median TTR was not reached in either group. HR for disease recurrence of 0.14 (95%Cl:
0.00 to 0.90; p <0.045), see Figure 4.
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Figure 3. Time to recurrence according to risk groups (low-risk vs. high-risk) in the training cohort.
HR, hazard ratio; CI, confidence interval.
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Figure 4. Time to recurrence according to risk groups in the validation cohort.
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4. Discussion

In this study, we created a simple score using three clinicopathological parameters
available in routine clinical practice to better estimate the recurrence risk in patients with
stage II and stage III colon cancer. This score shows that the probability of recurrence
ranges from 5% in patients with a score = 0 to 81% in patients with a score = 4, with
an AUC of 0.77. More importantly, the score can discriminate a subgroup of patients
(low-risk group, score = 0), so that even with locally advanced disease, they will have an
excellent prognosis after completing the standard treatment recommendations according to
their stage. This low-risk group comprises the 45% of the training cohort included in the
multivariate analysis and 46% of the patients in the validation cohorts.

Multiple scores and nomograms have attempted to overcome the aforementioned
limitations of the AJCC’s TNM staging system for the prediction of outcomes. One of
the most relevant is the MSKCC nomogram published in 2008 for the estimation of the
recurrence risk of patients with stages I to III colon cancer after a complete resection (R0) of
the tumor [6]. The nomogram was based on nine variables including patient age, tumor
location, preoperative carcinoembryonic antigen, T stage, number of positive and negative
lymph nodes, lymphovascular invasion, perineural invasion, and use of postoperative
chemotherapy. The nomogram successfully predicted relapse with a concordance index of
0.77, improving the stratification provided by the AJCC staging scheme and was externally
validated in multiple cohorts [15-17]. However, the high number of features and its
complexity may prevent it from being used as a practical tool in clinical practice. The
MSKCC clinical calculator was updated in 2019 [8]. The nomogram was simplified to six
variables and incorporated recently validated molecular and histologic factors, including
microsatellite genomic phenotype; AJCC T category; number of tumors involved; lymph
nodes; presence of high-risk pathologic features, such as venous, lymphatic, or perineural
invasion; presence of tumor-infiltrating lymphocytes; and use of adjuvant chemotherapy.
The concordance index was 0.792, and external validation confirmed the utility for the
prediction of recurrence. Unfortunately, the generalization of this nomogram was hampered
because tumor-infiltrating lymphocytes are not reflexively measured in many centers,
including ours.

Our score was built with variables that showed a p value < 0.05 in the multivariate cox
regression model and included T4, N2, and budding. Primary colon cancer is classified
as T4 per the AJCC TNM staging 8th edition when it invades the visceral peritoneum or
invades or adheres to an adjacent organ or structure [12]. T4 has classically been considered
a negative prognostic factor. In fact, patients with T4 stage II disease have worse outcomes
than patients with stage Ila disease. A recent subanalysis of patients with stage II colon
cancer included in the IDEA collaboration showed that high-risk stage II patients with T4
disease have a worse outcome than those with T3 disease [18]. The IDEA collaboration also
highlighted that those patients with stage III with T4 and/or N2 are a different population
with a worse prognosis than the other patients with stage III (I1—3 and N1) and suggested
the use of these risk groups as stratification categories in randomized trials [19]. Tumor
budding refers to isolated or clusters of up to four cancer cells located at the invasive tumor
front [20]. A growing amount of evidence has confirmed its prognostic value in localized
colon cancer, independent of the tumor grade [21,22]. A recently published subanalysis
from the IDEA-France phase IlI trial [23] showed that tumor budding is an independent
prognostic factor in stage III colon cancer patients. The DFS at 3 years was 79% vs 67%
(p = 0.001) in patients with budding grade 1 vs 2—3 with a HR for recurrence or death of 1.41
(95% CI, 1.12 to 1.77), p = 0.003, after adjustment for relevant clinicopathological features.
Interestingly, high tumor budding was associated with perineural (p < 0.01) and vascular
(p = 0.002) invasions, which may explain that these well-known adverse prognostic features
are not present in the last step of our multivariate analysis. The role of tumor budding
in predicting benefit from adjuvant chemotherapy is still controversial. In a subanalysis
of the SACURA trial [24], a nonsignificant improvement of 5% in the 5-year recurrence
rate was observed in patients with stage II and stage III colon cancer treated with adjuvant
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chemotherapy vs surgery alone. In patients with pT1, tumor budding currently influences
decision making. More recently, the ASCO guidelines were updated and added high tumor
budding (>10 buds, high grade) to the list of adverse prognostic factors to classify patients
in the high-risk subpopulation that may derive more benefit from chemotherapy [25].
However, the ESMO guidelines for the management of localized stage II colon cancer still
do not consider tumor budding in the decision making. In light of the results of our group
and those of previous groups, high tumor budding might be considered as a risk factor.

Prognostic characterization and subgroup categorization in patients with localized
colon cancer have more implications than providing the patient a tailored risk of recurrence.
Some authors suggest that stratification categories based on T and N should be included in
randomized trials for localized colon cancer. Assessing the risk of recurrence may also have
implications for the follow-up. The ESMO guidelines recommend a CT scan of the chest
and abdomen every 6 to 12 months for the first 3 years in patients who are at higher risk of
recurrence according to the TNM classification. Other authors suggest that the preferred
approach should be performing two CT scans at 12 and 36 months independent of the stage
and risk groups due to the lack of survival benefit of a more intensive approach [26]. We
suggest that due to the significantly different risk of recurrence according to subgroups,
and the possible benefit of early treatment of oligometastatic disease, the follow-up should
be tailored accordingly, or at least taken into account in future follow-up trials.

The limitations to our study are mostly due to its retrospective and unicentric nature.
A significant amount of data are missing including tumor budding and preoperative CEA,
mainly in the training cohort. Preoperative CEA should be performed before surgery; how-
ever, data are missing in half of the patients due to multiple reasons including emergency
surgery or even human error. The advantage of our score is that it is based on three features
that should be available in every patient with a colorectal cancer diagnosis. Adjuvant treat-
ment was given to the patients following indications by the ESMO guidelines [4,9]. This
feature was not considered in the analysis because the benefit of therapy may be masked by
the administration in the high-risk subgroup. In fact, we found a correlation between the
presence of high-risk features as defined by the ESMO guidelines and the administration
of adjuvant chemotherapy (Spearman’s rho test = 0.533; p < 0.001). Therefore, this score
should not be interpreted as a predictive marker of benefit for adjuvant chemotherapy but
rather as a predictive marker for recurrence in patients that have followed the standard
treatment strategy for localized colon cancer. Nevertheless, we consider that tumor budding
is such a strong predictive marker for recurrence that should also be considered as a risk
factor and should be included in the guidelines for adjuvant chemotherapy. Only patients
with complete (R0) resection were included in the initial MSKCC nomogram [6]; however,
approximately 10% of patients have involved resection margins at the pathological report
of the surgery. We therefore consider that this feature should be included in a real-world
analysis. Finally, although the results of the internal validation cohort seem to confirm the
performance of our score, the sample size was small, and the cohort was still immature. We
did not perform an external validation and thus an accurate determination of the AUC and
calibration of the model was not possible.

5. Conclusions

In conclusion, defining subgroups of patients with localized colon cancer at a high
risk of recurrence has implications in the treatment strategy, trial designs, and follow-up.
Although the traditional AJCC TNM staging provides adequate prognostic estimation,
a more personalized approach using high-risk clinicopathological features may be more
precise and practical. In our study, we built a simple score to accurately predict tumor
recurrence based on T4, N2, and high tumor budding. Patients with a score = 0, that
comprises 44% of the cohort, had an excellent prognosis. A longer follow-up is needed,
and an external validation is recommended to confirm our results.
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Simple Summary: Recognition of a hereditary colorectal cancer (CRC) syndrome is crucial. Our aim
was to assess the value of routine immunohistochemistry screening for mismatch repair proteins
deficiency in CRC patients under 70 years-old. In our cohort, this inclusive strategy allowed the
identification of Lynch Syndrome patients that could otherwise be missed using a restrictive approach
that relies only on Amsterdam and Bethesda criteria. This study strengthens current recommendations
and highlights the role of universal CRC screening for MMR protein status.

Abstract: Recognition of a hereditary colorectal cancer (CRC) syndrome is crucial and Lynch Syn-
drome (LS) is the most frequent immunohistochemistry (IHC)—screening for mismatch repair
proteins (MMR) deficiency in CRC is therefore advocated. An unicentric cohort study was conducted
in a central Oncological Hospital to assess its results. All patients under 70 years-old admitted
between July 2017-June 2019 and submitted to surgery for CRC were included. Of 275 patients, 56.0%
were male, median age 61.0 (IQR:54.5-65.0), with synchronous tumors in six. Histology revealed
high grade adenocarcinoma in 8.4%; mucinous and/or signet ring differentiation in 11.3%; and
lymphocytic infiltration in 29.8%. Amsterdam (AC) and Bethesda (BC) Criteria were fulfilled in 11
and 74 patients, respectively. IHC revealed loss of expression of MMR proteins in 24 (8.7%), mostly
MLH1 and PMS2 (n = 15) and PMS2 (n = 4). Among these, no patients fulfilled AC and 13 fulfilled
BC. BRAF mutation or MLH1 promoter hypermethylation was found in four patients with MLH1
loss of expression. Genetic diagnosis was performed in 51 patients, 11 of them with altered IHC. LS
was diagnosed in four, and BC was present in three. One patient would not have been diagnosed
without routine IHC screening. These results strengthen the important role of IHC screening for
MMR proteins loss of expression in CRC.

Keywords: colorectal cancer; Lynch Syndrome; mismatch repair proteins

1. Introduction

Colorectal cancer (CRC) is the third most common cancer type [1-3] and its incidence
in some developed countries is increasing among the young (less than 50 years-old) [4-8].
Hereditary syndromes may be responsible for 15-22% of CRC cases [7,9,10].

Recognition of a hereditary CRC syndrome is of paramount importance, since it
impacts on patients’ surgical management and surveillance as well as on their families
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screening and surveillance programs [11]. Lynch Syndrome (LS) is the most frequent
hereditary CRC syndrome, accounting for 1-3% of all CRC. It occurs due to autosomal
dominant mutations in the mismatch repair (MMR) genes MLH1, MSH2, MSH6 and PMS2
or deletions on the cell adhesion molecule (EPCAM) gene, which is located upstream of
MSH?2. The MMR defect (which may also be somatic, mostly due to MLH1 promoter
hypermethylation) will lead to failure to correct DNA replication errors with accumulation
of mutations, resulting in a microsatellite instability (MSI) phenotype. Diagnosis of MSI
is via polymerase chain reaction (PCR) amplification of specific microsatellite repeats.
Alternatively, immunohistochemistry (IHC) can show absence of expression of MMR
proteins in the tumor [12].

Lynch Syndrome can be suspected through family history and clinical data collection,
considering the Amsterdam criteria and the revised Bethesda guidelines (Table 1), or using
computer-based calculators [12]. However, this strategy lacks sensitivity and specificity.
Clinical criteria limitations are overcome by routine IHC staining for MMR proteins in all
CRC samples [13-15] in a cost-effective manner [16-18]. International guidelines recom-
mend tumor screening for MMR deficiency for all colorectal cancers regardless of age at
diagnosis [19,20] or in patients bellow 70 years-old [21]. In case of MSH2, MSH6 or PMS2
loss of expression, germline testing should ensue. If there is loss of MLH1 or MLH1/PMS2
expression, somatic tumor mutations should be ruled-out first, by searching for BRAF
V600E mutation and /or MLH1 promoter hypermethylation [12].

Table 1. Clinical Criteria for Lynch Syndrome Screening (adapted from [22,23]).

Amsterdam II

At least 3 relatives with an HNPCC—associated cancer (CRC, endometrial, stomach, ovary,
ureter/renal pelvis, brain, small bowel, hepatobiliary tract and skin (sebaceous) tumors)

1. One is a first degree relative of the other two

2. At least two successive generations affected

3. At least one of the syndrome-associated cancers should be diagnosed at <50 years of age
4. FAP should be excluded in any CRC cases5. Tumors should be verified whenever possible

Revised Bethesda Guidelines

Colorectal tumors from individuals should be tested for MSI in the following situations

1. CRC diagnosed in a patient who is <50 years of age

2. Presence of synchronous or metachronous CRC, or other HNPCC-associated tumors regardless
of age.

3. CRC with MSI-H histology diagnosed in a patient who is <60 years of age.

4. CRC diagnosed in one or more first-degree relatives with an HNPCC-related tumor, with one of
the cancers being diagnosed under age 50 years.

5. CRC diagnosed in two or more first- or second-degree relatives with HNPCC-related tumors,
regardless of age.

HNPCC—Hereditary Non-polyposis Colorectal Cancer, CRC—Colorectal cancer, FAP—Familial Adenomatous
Polyposis, MSI-H—Microsatellite Instability-High.

Currently, MMR defects” identification in CRC and has a role beyond LS identification—
selection of stage II patients for chemotherapy (CT), choice of the type of adjuvant CT and
selection of stage IV patients for immunotherapy all depend on MSI status.

The goal of this study was to assess the importance of routine IHC screening for MMR
defects in CRC patients in the identification of Lynch Syndrome patients, in a real-world
setting.

2. Materials and Methods

A unicentric cohort study was conducted at the Portuguese Oncological Institute of
Lisbon, Portugal, which integrates a Familial Risk Clinic. In this hospital, around 290 new
colorectal cancer patients are admitted per year by the Multidisciplinary Colorectal Cancer
Group. In their first appointment, relevant personal and clinical data are collected, includ-
ing family history of neoplasia. All CRC cases are reviewed in a weekly multidisciplinary
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meeting. All tumors are classified according to the World Health Organization (WHO)
Classification of Tumors (2019) [24] and staged using the American Joint Committee on
Cancer (AJCC) (8th edition) [25] TNM system.

2.1. Patient Selection

All patients reviewed in the multidisciplinary CRC meeting from 01-07-2016 to 30-06-
2019 who were 70 years-old or younger and underwent primary tumor resection surgery
were included, in a total of 275 patients.

2.2. Data Collection

Data collected included demographic information, tumor location, radiological and
pathological staging, therapeutic modalities performed, family history of CRC and other
LS-spectrum cancers, MMR protein status, BRAF V600E mutation status, MMR gene
promotor methylation and germline mutation analysis. For stage at diagnosis classification,
pathological staging was the gold standard, except in patients who underwent neoadjuvant
treatment, for whom radiological staging at diagnosis was preferred.

2.3. Hospital Standard Procedures
2.3.1. CRC Sample Processing

In our institution, until 2021, according to the 2009 Jerusalem Workshop recommen-
dations [21], in all patients 70 years old or younger who underwent surgery for CRC, the
tumor was screened for loss of expression of MMR proteins by immunohistochemistry.
To assess the expression of MLH1, PMS2, MSH2 and MSH6 proteins, IHC analysis is
performed using Ventana CC1 equipment (sample in 10% formalin buffer, using thermal
recuperation method) and monoclonal antibodies anti-MLH1 (clone ES05), anti-PMS2
(clone EP51), anti-MSH2 (clone G219-1129) and anti-MSH6 (clone EP49) (Figure 1).
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Figure 1. Inmunohistochemistry showing loss of MLH1 (a) and maintained MSH2 (b) staining (10x).

To exclude somatic mutations that lead to MLH1-defective cases, since 2019, tumors
with MLH1 loss of expression are further investigated for BRAF V600E mutation: DNA
from samples of tumor tissue is amplified by PCR using primers for BRAF exon 15 and
the product is sequenced using Sanger sequencing on Big Dye terminator v1.1 sequencing
kit (Applied Biosystems) on an automatic ABI PrismTM 3130 Genetic Analyzer (Applied
Biosystems).

BRAF V600E mutation analysis results were also available in some stage IV (at diag-
nosis or during follow-up) patients, in whom the test was performed for chemotherapy
selection, regardless of IHC results.

2.3.2. Family Risk Clinic Referral

In case Amsterdam or revised Bethesda criteria are fulfilled or when germline MMR
genes’ mutations are suspected after IHC analysis, the patients are referred to the Familial
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Risk Clinic. All patients with 10 or more adenomas or those who fulfil the World Health
Organization criteria for Serrated Polyposis Syndrome are also referred.

In cases referred for evaluation in the Familial Risk Clinic, additional tumor testing
before genetic diagnosis may be done, at physician’s discretion, according to available
evidence and international recommendations.

2.3.3. Molecular and Genetic Testing
Microsatellite Instability Analysis

Between 2016 and 2017, this was carried out using the Bethesda microsatellite markers:
BAT26, BAT25, D175250, D25123 and D55346 [26-28]. In tumor samples exhibiting mi-
crosatellite instability (MSI) in only one marker, or without a conclusive result in at least one
marker, two additional markers were analyzed (BAT40 and MYCL1). From 2017 onwards,
the MSI analysis was performed with 10 microsatellite markers (the above mentioned and
3 additional mononucleotide repeat marker—NR21, NR24 and NR27).

Between 2016 and 2017, DNA was isolated from CRC-PDEs samples using the KAPA
Express Extract Kit (KAPABIOSYSTEMS, Potters Bar, United Kingdom) and from paraffin-
embedded tissue (FFPE) colorectal cancer and normal colonic mucosa using proteinase
K digestion, which was followed by phenol/chloroform extraction and ethanol precipi-
tation [29]. From 2017, the Maxwell® RSC DNA FFPE Kit (Promega, Madison, WI, USA)
was used to isolate DNA from FFPE samples in the Maxwell® RSC Instrument (Promega).
Each tumor and paired normal DNA were amplified by PCR for each of the microsatellite
markers, using fluorescent labelled primers (Applied Biosystems, Foster City, CA USA),
specific for each locus [30,31]. PCR products were analyzed in the ABI PrismTM 3130 Ge-
netic Analyzer using the GeneMapper software (Applied Biosystems). Tumors presenting
MSI in >40% of the markers analyzed were classified as MSI-High (MSI-H); otherwise they
were classified as MSI-Low (MSI-L) [32]. Tumors without MSI in any of the markers were
considered to be microsatellite stable (MSS).

MMR Gene Promoter Methylation Analysis

The analysis of MMR gene promoters methylation was performed by methylation-
specific multiplex ligation-dependent probe amplification (MS_MLPA) [33], using the
MS-MLPA kits MEO11 MMR (MRC-Holland, Amsterdam, the Netherlands). MS-MLPA
reactions were performed as described by the manufacturer. MS-MLPA fragments were
analyzed on the ABI Prism 3130TM Genetic Analyzer (Applied Biosystems) and normalized
using the Coffalyser. NET software (MRC-Holland, Amsterdam, the Netherlands). A
baseline for positive methylation was calculated for each gene as described previously [34].
A ratio of 0.15 or higher, corresponding to 15% of methylated DNA, was indicative of
MLH1 promoter methylation.

Germline Mutation Analysis

In case of MMR proteins” deficiency in IHC analysis, mutations in MLH1, MSH2,
MSH6, PMS2 and EPCAM were investigated. In other cases, Next Generation Sequencing
(NGS) multigene panels were used, according to clinical data and family history.

Germline mutation analysis was performed after signed informed consent, by NGS
using multigene panels (TruSight Cancer kit (Illumina, San Diego, CA, USA)) and MLPA
(multiplex ligation-dependent probe amplification) analysis (MRC-Holland, Amsterdam,
the Netherlands). All pathogenic, probably pathogenic or of uncertain pathogenicity muta-
tions (frequency less than 1% in the population) are confirmed by Sanger sequencing, from
an independent DNA sample. The interpretation of the variants is performed according to
the rules established by LOVD-InSIGHT (International Society for Gastrointestinal Heredi-
tary Tumors—http://www.insight-group.org/criteria last accessed on the 1 June 2022).
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2.4. Statistical Analysis

For statistical analysis, SPSS Statistics 26 (IBM) was used. Demographic and clinical
characteristics were presented as frequencies. Continuous variables were expressed as
median and standard deviation or as median and interquartile range, according to data
distribution, and were compared using t-Student or Wilcoxon tests, respectively. Qualitative
variables were compared using chi-square or Fisher Exact tests. Multiple variables were
analyzed using logistic regression models. A p value lower than 0.05 was considered
statistically significant.

3. Results
3.1. Clinical Characterization

A total of 275 patients were included, 56.0% males, with a median age at diagnosis
of 61.0 (IQR 54.5-65.0) years old. Tumors were mostly (53.1%) stage III at diagnosis and
histological report revealed high grade (G3) tumors in 8.4%, mucinous and/or signed
ring morphology in 11.3% and lymphocytic infiltrate in 29.8%. Population and tumor
characteristics are depicted in Tables 2 and 3. Mean follow-up time was 40.6 = 15.6 months.
After personal and family history investigation, 11 (4.0%) patients fulfilled Amsterdam
criteria (AC) and 74 (26.9%) revised Bethesda criteria (BC).

Table 2. Clinical characteristics.

Variable Frequency
Gender
Female 121 (44.0%)
Male 154 (56.0%)
Age at CRC diagnosis (median, IQR) 61.0 (54.5-65.0)
Tumor location
Right colon 60 (21.8%)
Left colon 77 (28.0%)
Rectum 138 (50.2%)
Synchronous CRC 6
Stage (AJCC 8th edition)
I 50 (18.2%)
I 63 (22.9%)
111 146 (53.1%)
v 16 (5.8%)
Neoadjuvant treatment
None 162 (58.9%)
Radiotherapy 12 (4.4%)
Chemoradiotherapy 98 (35.6%)
Chemotherapy 3 (1.1%)
Resection technique
Right hemicolectomy 55 (20.0%)
Left hemicolectomy 13 (4.7%)
Sigmoidectomy 49 (17.8%)
Anterior rectal resection 116 (42.2%)
Abdominoperineal resection 23 (8.4%)
Total colectomy/proctocolectomy 8/3(2.9/1.1%)
Trans-anal minimally invasive surgery 2 (0.7%)
Endoscopic 7 (2.3%)
Urgent surgery for occlusion 9 (3.3%)
Intraoperatively perforated tumor 2 (0.7%)

CRC—colorectal cancer. In case of synchronous CRC, location and staging of the more advanced neoplasia was
selected to present in the table.
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Table 3. Tumor characteristics.

Variable Frequency
Differentiation grade
Low-grade (G1-G2) 204 (74.2%)
High-grade (G3) 23 (8.4%)
N/A 48
Histological subtype
Mucinous 26 (9.5%)
Signet ring 2 (0.7%)
Mucinous and signed ring 3(1.1%)
Tubular and cribiform 2 (0.7%)
Serrated 1 (0.3%)
NOS 241 (87.6%)
Lympho-vascular invasion 69 (25.1%)
Perineural invasion 37 (13.5%)
Lymphocytic infiltrate 82 (29.8%)
Tumor budding 64 (23.3%)

N/A—not available. NOS—no other specification.

3.2. Immunohistochemical Analysis

IHC evaluation revealed loss of MMR proteins’ expression in 24 cases (8.7%)— MLH1
and PMS2 (n = 15) (Figure 1); PMS2 (n = 4); MSH2 and MSH6 (n = 1); MSH2 (n = 1); MSH6
(n =2); MLH1, PMS2 and MSHS6 (n = 1). AC and BC were fulfilled in 0 and 13 of such cases,
respectively (Table 4).

Altered IHC analysis showed a significant association with tumor location in the right
colon (p < 0.001), poor differentiation (p = 0.015) and mucinous histology (p = 0.016), but
not with gender (p = 0.157), age (p = 0.709), stage (p = 0.44), lympho-vascular (p = 0.279) or
perineural invasion (p = 0.567), lymphocytic infiltrate (p = 0.052) or tumor budding (p = 0.499).

3.3. Analysis of MMR Deficient Cases—BRAFV600E Mutation Status, MMR Gene Methylation
and Germline Mutation Analysis

From the 16 patients with MLHI1 loss of expression (15 with MLH1/PMS2 loss of
expression, one with MLH1/PMS2/MSHS6 loss of expression), somatic BRAF V600E muta-
tion testing was carried out in seven, and found in one patient—the IHC alteration was
considered somatic and the patient was not referred for genetic testing. From the remaining
six patients, three had MLH1 promoter hypermethylation and three did not show either of
the somatic alterations. Genetic testing was performed in these last three patients, of whom
one had confirmed LS; in the other two, no germline mutation was detected (Table 4).

BRAF V600E mutation testing results were also available in three other patients in
whom the analysis was requested by oncologists, for chemotherapy selection (Table 4).

Five patients with altered IHC died before the Family Risk Clinic appointment/germline
mutation analysis and one refused genetic testing. Family Risk Clinic appointment is pend-
ing or genetic testing is still ongoing in six patients.

Therefore, in total, genetic test results were available in 11 of the 24 patients with
altered IHC and in one with artifacts, and Lynch Syndrome was diagnosed in four of them.

Patients with Lynch Syndrome were men in three cases, and aged less than 50 years-
old in three (median age 37.0 (IQR 27.5-51.8)). AC were not fulfilled in any of the patients,
and three met BC; IHC was altered in three and unavailable in one due to artifacts (Table 4).

Tumor was in the right colon in three and rectum in one, stage I in one and III in three
cases. Histology report revealed low-grade (G1/G2) tumors with no other specification, no
lymphocytic infiltrate and no unfavorable invasions in all cases.

All patients were alive without evidence of cancer relapse at last follow-up (median
follow-up = 33.0 months (IQR: 26.8-54.3)).

The presence of Lynch Syndrome had a significant association with younger age at
diagnosis (p < 0.001) and right-sided tumors (p = 0.037), but not with gender (p = 0.634),
stage (p = 0.718), differentiation (p = 1.000), histological subtype (p = 1.000), lympho-vascular
invasion (p = 0.575), perineural invasion (p = 1.000), lymphocytic infiltrate (p = 0.323) or
tumor budding (p = 1.000).
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3.4. Germline Mutation Analysis in MMR Proficient Cases

In 10 patients with altered IHC and in one with artifacts, germline MMR mutation
analysis was performed and in 40 patients a multigene panel was used. From these, one
Familial Adenomatous Polyposis and one MUTYH-associated Polyposis were diagnosed
(both in patients with multiple adenomas). A MUTYH heterozygote mutation was found
in a patient with CRC at the age of 47 with family history of colonic adenomas. Familial
Colorectal Cancer Type X) was diagnosed in a patient in whom no mutation was found
after multigene panel testing.

4. Discussion

This study presents the clinical picture of CRC in an adult population under 70 years
old. As expected, most cases were sporadic cancers. Nevertheless, the use of IHC, combined
with personal and familial data, allowed the attending physicians to diagnose Lynch
Syndrome in four (1.5%) cases. It is important to notice that one of these patients did not
fulfill Amsterdam II or Bethesda criteria and genetic diagnosis would have been missed if
IHC analysis had not been performed.

Accurate and timely identification of Lynch Syndrome patients is extremely important,
since surveillance for colonic and extra-colonic malignancies can increase survival and
improve quality of live. This is relevant both for the patients and for at-risk relatives that
may benefit from genetic study [13,35,36]. Even if LS is a rare entity, the cost of missing this
diagnosis is significant.

Altered IHC was detected in 9.6% of the cases, a rate that is lower than expected,
given that deficient-MMR protein status can be found in 15-30% of sporadic CRC [37].
The rates found may be due to the young population studied, where all CRC in patients
aged more than 70 years old were excluded. Indeed, microsatellite instability in sporadic
cases is frequently associated to MLH1 promoter methylation and these features are more
frequently detected in older female patients, some of them often older than 70 years old [38].

In 16 patients, there was MLH1 4+ PMS2 loss of expression in the tumor. A major
limitation of our study was the fact that somatic BRAF V600E mutation/MLH1 promoter
hypermethylation analysis’ results were available in only a minority of these cases. Routine
BRAF testing after a MLH1 loss of expression result has only been implemented in our
hospital in the last year of the study. Nevertheless, from seven patients with available
results, one had BRAF V600E mutation and three others had MLH1 promoter hypermethy-
lation. These findings highlight the benefits of a step-up approach [20,39], that prevents a
significant proportion of patients from undergoing most likely inconclusive genetic testing.
This strategy makes sense not only in an economic standpoint, but also considering the
psychological burden associated with genetic testing [39].

Further advantages of MMR status investigation are the possibility of personalized
therapies. MSI tumors may have a reduced response to 5-FU chemotherapy and a better
overall prognosis in early stages. Therefore, most stage Il MMR deficient CRC patients
do not seem to benefit from adjuvant chemotherapy, namely, with 5-FU [40]. Another
scenario is metastatic MSI CRC, where therapy with immune checkpoint inhibitors may be
proposed, since these patients often show sustained responses to this class of drugs. This is
explained by the increased expression of several immune checkpoints in MMR deficient
tumors, resulting from the production of abnormal proteins which elicit antigen-driven
immune responses [40,41].

Although IHC analysis, molecular and genetic studies’ results were prospectively
recorded, clinical data collection was retrospective, which is a limitation of the study, which
may be relevant in details such as family history that may not have been carefully reported
in all cases. However, the study was conducted in an oncological center which integrates a
Family RiskClinic, in strict interaction with a Molecular Biology Laboratory and therefore
has the means and expertise to pursue genetic investigation when indicated, limiting bias
due to unrecognized hereditary cancer patients. Furthermore, this is a sequential series of
patients with a relevant number of cases included, reflecting real-life practice.
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5. Conclusions

This study strengthens current recommendations and highlights the role of universal
CRC screening for MMR protein status. This inclusive strategy allows the identification of
Lynch Syndrome patients that could otherwise be missed using a restrictive approach that
relies only on Amsterdam and Bethesda criteria.
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Simple Summary: Colorectal cancer (CRC) is the third most common cancer in terms of incidence
rate in adults and the second most common cause of cancer-related death in Europe. The treatment of
metastatic CRC (mCRC) is based on the use of chemotherapy, anti-vascular endothelial growth factor
(VEGF), and anti-epidermal growth factor receptor (EGFR) for RAS wild-type tumors. Precision
medicine tries to identify molecular alterations that could be treated with targeted therapies. Although
ERBB2 (also known as HER-2) has an important therapeutic role in breast and esophagogastric cancer,
there are no approved ERBB2-targeted therapies for mCRC. The purpose of this review is to describe
the landscape of ERBB2-positive mCRC.

Abstract: Colorectal cancer (CRC) is the third most common cancer in terms of incidence rate in
adults and the second most common cause of cancer-related death in Europe. The treatment of
metastatic CRC (mCRC) is based on the use of chemotherapy, anti-vascular endothelial growth factor
(VEGF), and anti-epidermal growth factor receptor (EGFR) for RAS wild-type tumors. Precision
medicine tries to identify molecular alterations that could be treated with targeted therapies. ERBB2
amplification (also known as HER-2) has been identified in 2-3% of patients with mCRC, but there
are currently no approved ERBB2-targeted therapies for mCRC. The purpose of this review is to
describe the molecular structure of ERBB2, clinical features of these patients, diagnosis of ERBB2
alterations, and the most relevant clinical trials with ERBB2-targeted therapies in mCRC.

Keywords: colorectal cancer; precision medicine; ERBB2; HER-2

1. Introduction

Colorectal cancer (CRC) is the third cancer in terms of incidence rate in adults and the
second most common cause of cancer-related deaths in Europe [1-3]. A total of 25% of CRC
patients have metastatic lesions at diagnosis, and almost 50% of patients with early-stage
CRC will develop disseminated or metastatic disease. The median overall survival (mOS)
for patients with metastatic colorectal cancer (mCRC) is approximately 30 months (m)
with current standard-of-care-therapies, according to phase III clinical trials and real-world
data [4].

Most patients with mCRC have incurable disease, and treatment is based on sys-
temic therapy with palliative intent. Different combinations of chemotherapeutic agents
((5-fluorouracil 40 (5-FU)/leucovorin (LV)/oxaliplatin (FOLFOX), 5-FU/LV /irinotecan
(FOLFIRI), 5- 41 FU/LV /oxaliplatin/irinotecan (FOLFOXIRI)) and anti-vascular endothe-
lial growth factor (VEGF), such as bevacizumab and aflibercept, have been developed
recently, and they are used in the first- and second-line of treatment of mCRC [5,6]. Other
therapies (trifluridine/tipiracil, regorafenib, raltitrexed) are used in third-line and succes-
sive lines of treatment [7,8].
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Precision medicine includes the integration of molecular tumor profiles into clinical
decision-making in cancer treatment. In other words, it consists in the identification of
molecular targets, which would allow starting treatment with targeted therapies. Precision
medicine is a challenge in oncology and it is changing the routine clinical practice [9,10].

EGFR (epidermal growth factor receptor, also known as ERBB1) is one of the first
oncogenic targets in mCRC. KRAS and NRAS (RAS, rat sarcoma virus) mutations are
associated with primary resistance to anti-EGFR therapies, so cetuximab and panitumumab
are indicated only for RAS wild-type tumors [5,6,11].

Several target molecular biomarkers have changed the landscape of treatment of
mCRC. These targeted therapies have demonstrated their effectiveness in clinical trials,
obtaining the approval of the regulatory agencies: encorafenib and cetuximab in v-raf
murine sarcoma viral oncogene homolog B1 (BRAF) V600E mutations, larotrectinib or en-
trectinib in neurotrophic tyrosine receptor kinase (NTRK) fusions, nivolumab /ipilimumab
or pembrolizumab in deficient mismatch repair/microsatellite instability-high and high
tumor mutation burden [12-17].

HER-2 (human epidermal growth factor receptor 2, also known as ERBB2) is a predic-
tive biomarker that allows for the use of targeted therapies in breast and esophagogastric
cancer in routine clinical practice [18-21]. ERBB2 activation by ERBB2 gene amplifica-
tion or mutations is associated with anti-EGFR resistance in patients with mCRC [22,23].
ERBB?2 is now under investigation for precision medicine in patients with mCRC [24-27].
Several clinical trials have evaluated the function of ERBB2-targeted therapies in patients
with ERBB2-positive mCRC [28-30]. Although these clinical trials have promising results,
ERBB2-targeted therapies have not been approved for patients with ERBB2-positive mCRC.

This review focuses on the knowledge of targeting ERBB2 oncogene in mCRC in
the era of precision medicine: ERBB2 receptor biology, clinical features, and diagnosis of
patients with ERBB2-positive mCRC and clinical trials that evaluated targeting therapies in
patients with ERBB2-positive mCRC.

2. Molecular Biology of HER2 Receptor

ERBB2 is part of the family of epidermal growth factor receptors (ERBB). This family
represents a group of receptor tyrosine kinases (RTK). The other members of this family are
EGFR (ERBB1), HER3 (ERBB3), and HER4 (ERBB4). After binding with diverse ligands
such as epidermal growth factor (EGF) or epiregulin (EREG), these receptors are able to
heterodimerize, which leads to autophosphorylation. This allows the binding of diverse
downstream signaling molecules, resulting in the activation of multiple pathways such as
mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), Src pathways,
and signal transducer and activator of transcription (STAT) transcription factors. ERBB2 is
the only receptor capable of heterodimerizing with other ERBB receptors without binding
any ligand and has an important role in the transphosphorylation of their dimerization
partner [31].

The best-known pathogenic mechanisms involved in ERBB2 aberrant activation are
overexpression of ERBB2 and activating mutations, both leading to constitutive activation
of the receptor. Overexpression of ERBB2 in the membrane can lead to ERBB2 homod-
imerization and ligand-independent activation. In CRC, both mechanisms have been
described. Traditionally, ERBB2 alterations have been considered to be mutually exclusive
with KRAS/NRAS/BRAF alterations, although rare exceptions have been reported [32].
Modern series report that ERBB2 alterations are present in approximately 5% of CRC pa-
tients [32]. ERBB2 amplification would be present in approximately 3% of patients [33-36],
while ERBB2-activating mutations in less than 2%. Co-existing amplifications and muta-
tions would represent less than 1% of patients [32]. ERBB2-activating mutations are located
in diverse regions of the receptor, such as extracellular domain II (5§310F), juxtamembrane re-
gion (R678Q)), and kinase domain (L775S, L866M, V777L, V842l, R868W). ERBB2 inhibition
with Neratinib and Afatinib (two EGFR tyrosine kinase inhibitors) resulted in diminished
cell growth in transfected cell lines [37]. Consistent with these findings, expression of
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ERBB2 by IHC (immunochemistry, membrane, and cytoplasmic staining) was significantly
higher in adenomas compared to normal colorectal mucosa, and was significantly higher
in adenocarcinomas compared to adenomas, suggesting a role in tumorigenesis [38].

Figure 1 represents an overview of HER? signaling and different mechanisms of action
of targeted therapies that will be further discussed in the article.
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Figure 1. Molecular biology of HER2 receptor and mechanisms of action of main available drugs.
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Activation of HER2 by overexpression (enabling uncontrolled homo- or heterodimerization) or
by activating mutations leads to constitutive activation of MAPK, PI-3K/AKT/mTOR, Src, and
JAK/STAT pathways. Available drugs block this activation by inhibition of the dimerization or by
inhibition of the tyrosine kinase domain of the receptor. T-DM1 and T-Dxd exert their cytopathic
effects by liberation of chemotherapy in high concentrations in tumors expressing HER2.

3. Diagnosis of HER2-Positive in mCRC

Reported rates of ERBB2 positivity have varied widely in earlier studies, due to
differences in antibody clone selection, scoring criteria, staining platform, and cohort
composition. Scoring criteria used in other carcinomas in which ERBB2 has a pathogenic
role (breast and gastroesophageal) can produce false results, as some differences in ERBB2
expression have been noted. For example, ERBB2 expression in CRC cells is often restricted
to the basolateral membranes of tumor cells and stains uniformly across the tumor. These
patterns are different from breast (uniform staining across the membrane) and gastric
patterns (basolateral staining but patchy pattern) [39]. These observations led to the
development of a validated scoring system, the HERACLES, used in the HERACLES-A
trial that is discussed later.

In the HERACLES diagnostic criteria, the pattern of expression, intensity of staining,
and percentage of positive cells are used to define positivity. This is defined by intense (3+)
expression in >50% of cells. Equivocal cases are defined by moderate (2+) expression in
>50% or 3+ ERBB2 in more than 10% but less than 50% of tumor cells. These equivocal
cases require in situ hybridization (FISH) to elucidate ERBB2 overexpression. If FISH testing
confirmed an ERBB2/CEP17 (centromere enumeration probe for chromosome 17) ratio of
2 or higher in 50% or more cells, this is considered a positive result. 0+ and 1+ staining
intensity are considered negative [36]. Authors from Japan, Korea, and the USA recently
published a harmonization broadening provisional diagnostic criteria for ERBB2-positive
mCRC. These criteria differ from those previously described in that the membrane staining
positivity of a lower percentage of cells (10%) is taken into account. For example, a complete,
lateral, or circumferential membrane staining with strong intensity and within >10% of
tumor cells would be considered as IHC 3+, while an incomplete, lateral, or circumferential
membrane staining with weak/moderate intensity and within >10% of tumor cells; or
complete, lateral, or circumferential membrane staining with strong intensity and within <
10% of tumor cells would be considered as IHC 2+. ERBB2 positivity was defined as IHC 3+
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or IHC 2+ /FISH positive [40]. ERBB2-positive, low expression has recently gained interest
due to recent encouraging published results in breast cancer. Some authors suggest that
IHC 2+/FISH-negative cases should be considered as ERBB2-low in CRC [41]. Implications
for practice will be discussed afterward.

More recently, next-generation sequencing (NGS) has gained interest as an alternative
technique to assess ERBB2 positivity as it can also provide information on ERBB2 and other
oncogenic drivers’ mutational status. In a recent study, applying HERACLES criteria, IHC
and NGS showed 92% concordance at the positive ERBB2 cutpoint and 99% concordance
if equivocal cases were also considered positive. On the other hand, if ERBB2 IHC is
treated as a screening tool, HERACLES-defined positive HER2 staining is 47% sensitive and
100% specific, whereas HERACLES-defined equivocal staining or greater is 93% sensitive
and 100% specific for amplification by NGS [42]. Trying to harmonize IHC/FISH criteria,
some authors suggest that CRC can be diagnosed as ERBB2+ with NGS if a copy number
variant (CNV) of > 5.0 is found in NGS, while CNV of 4.0 and 4.9 should be confirmed
by IHC/FISH. This suggestion was validated in a retrospective cohort [40]. However, in a
translational exploratory analysis in the HERACLES trial, the authors found that an ERBB2
copy number superior to 9.45 was predictive of response and progression-free survival [43].
Thus, more research is needed to find an optimal cut-off value for both diagnosis and
prediction of benefit.

ctDNA (circulating tumor DNA) is becoming an attractive detection technique as it
is less invasive than a conventional biopsy. This would allow repeating determinations
during disease to track response and progression and to early detect the emergence of
cellular clones resistant to therapy. This idea is also supported by evidence from a lon-
gitudinal tracking of ctDNA in the blood of patients included in the HERACLES trial.
In this study, the dynamics of the presence of ERBB2 alleles increased in patients that
were not responding to treatment and decreased in patients who had tumors that were
responsive to treatment. Moreover, emerging KRAS mutant clones, BRAF amplification,
mutations in ERBB2, and alterations in PI3KCA and PTEN appeared after progression to
treatment with anti-ERBB2 agents. Some of these mutations had been previously linked
to anti-ERBB2 resistance [44]. However, an adequate concordance between techniques is
of capital importance before implementing the use of ctDNA to detect ERBB2 alterations.
In an analysis of the HERACLES trial, ctDNA sequencing by Guardant360 assay correctly
identified 96.6% of samples as ERBB2 amplified. Moreover, this study suggests a plasma
copy number (pCN) >2.4 copies as a possible threshold representative of those patients
whose HER2 amplification is the primary driver of malignancy. However, to improve
the diagnostic performance of ctDNA, the authors developed an adjusted plasma copy
number (apCN) in order to correct for variation in plasma tumor fraction between samples
that can affect the tumor contribution to the circulating DNA pool. This apCN showed a
stronger correlation than pCN (r = 0.86 vs. r = 0.52) between tissue HER2 copy number [45].
This approach was used in a later substudy of the TRIUMPH trial (discussed later) where
apCN’s association with clinical benefit was similar between tissue and ctDNA NGS [46].
These observations suggest that serial determinations of ctDNA of patients treated with
anti-ERBB2 therapies could be useful to monitor response to treatment and to elucidate
resistance mechanisms and alternative therapeutic approaches.

However, there are points of debate regarding the diagnosis of ERBB2 positivity in
CRC. The first one is the concordance between ERBB2 positivity between primary and
metastatic lesions. Discordance rates seem to be relatively high, as a recent study using
the HERACLES system suggests. In this study, the primary positivity rate was 11.2%,
while in corresponding lymph nodes was 10.1% and 31.8% in liver metastases, showing
a low concordance. However, this study has its limitations as no FISH was performed
to confirm equivocal samples, and no information was given about the treatments the
patient had received and their temporal relationship with sample collection. This could
be relevant as ERBB2 could represent an acquired resistance mechanism of anti-EGFR
treatments, as will be discussed afterward. There is also evidence that ERBB2 expression
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could be dynamic, with changes not only after treatment with anti-EGFR drugs but also
with changes after anti-ERBB2 exposure as a resistance mechanism. In a patient included
in the HERACLES trial, a warm autopsy protocol was applied, which allowed for the
analysis of progressing hepatic lesions after treatment with trastuzumab and lapatinib.
Two of the three progressive lesions were ERBB2 negative after the treatment, providing a
biological rationale for the progression [44]. It is also not clear as to how chemotherapy (QT)
treatment alone could influence ERBB2 expression. There is little retrospective evidence
in this regard, with a study showing only 2.2% of 139 patients after chemoradiotherapy
having ERBB2 overexpression in surgical specimens, lower than usually reported in the
literature [34]. However, no information about ERBB2 status in previous biopsy specimens
has been reported in this study, so we cannot conclude this low prevalence was only due
to treatment.

4. Clinical Features of Patients with HER2-Positive mCRC

Evidence suggests that ERBB2 tumors are more common in the left side of the colon
(including the rectum), although they may not be confined to the left side. This may be
related to differences in organogenesis during embryonic development [47]. There is also
evidence that canonical molecular subtype (CMS2) is enriched in ERBB2-positive tumors.
CMS?2 represents 37% of cases, with a greater prevalence of left-sided tumors with epithelial
differentiation, alterations in WNT and MYC signaling, and more frequent copy number
gains in oncogenes (including ERBB2) [48,49]. Preclinical data may suggest that CMS2
tumors are more responsive to EGFR and ERBB2 blockade by tyrosine kinase inhibitors
than the other subtypes [50].

There is also evidence of a different pattern of dissemination in patients with ERBB2-
positive disease. In a retrospective cohort of CRC patients with resected brain metastases,
up to 12% had IHC 3+ for ERBB2, which is higher than expected according to the reported
prevalence of ERBB2-positive primaries [51]. The development of central nervous system
(CNS) metastases has also been linked with treatment with trastuzumab and lapatinib
in the HERACLES trial. CNS progression appeared in up to 19% of patients treated in
this trial, a high prevalence compared to historical series [52]. There is also evidence
linking ERBB2 positivity with a higher probability of developing lung metastases [22] and
ovarian metastases [53]. ERBB2 positivity in ovarian metastases was also correlated with
the presence of peritoneal metastases [53].

Regarding ERBB2 as a prognostic factor, evidence is conflicting. Older studies found
associations of ERBB2 positivity with worse overall survival (OS) and worse stage at
diagnosis; however, these studies considered cytoplasmic staining as well as membranous
staining. These methods contrast with modern diagnostic criteria, so these results are
difficult to interpret [38,54]. In this regard, in a modern and large (1654 patients) primary
colorectal cancer study, ERBB2 positivity (1.6%; 26 patients) was associated with advanced
stages and a non-significant tendency towards worse OS [55]. Furthermore, a post-hoc
analysis of the PETACC-8 trial (1795 patients) found that stage-III ERBB2 positive and
ERBB2 exon 19-21 mutated patients (2.9%; 49 patients, and 1%; 17 patients, respectively)
had a shorter time to recurrence and worse OS, and that observation was maintained
after adjusting for other adverse prognostic factors as KRAS mutation [56]. In another
study, ERBB2-low patients were found to be more frequent than ERBB2 positive, with a
significantly better prognosis in terms of OS than ERBB2-positive patients (33.3 months vs.
18.2 months), and in terms of PFS (2.2 months vs. 7.8 months) [41]. Another study found
that nuclear staining of cyclooxygenase-2 (COX-2) correlated with high ERBB2 staining in
colorectal patients. Negative nuclear staining of COX-2 and low ERBB2 staining correlated
with a better prognosis than high nuclear staining of COX-2 and high ERBB2 membrane
staining. However, this study did not use the above-mentioned diagnostic criteria for
ERBB2 positivity, and hence its results are difficult to extrapolate [57].

On the other hand, a large cohort of 3256 patients were included in the QUASAR
(adjuvant trial, stage I, II, and III patients) PICCOLO and FOCUS (metastatic patients)
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trial. In this cohort, 2.2% (1 = 29) of stage IV patients and 1.3% (1 = 25) of stage Il and III
patients were found to have ERBB2 positivity by IHC. There was no significant correlation
between ERBB2 and recurrence or overall survival [35]. Furthermore, a German study that
included 264 patients found that ERBB2 positivity (26-7%; 60 patients) was associated with
better disease-free survival (DFS). This study used diagnostic criteria with a low cut-off
value, which explains the high proportion of ERBB2-positive patients [58]. As different
methodologies were used in the aforementioned studies, as well as in the inconsistent
results found, there is no current consensus on the role of ERBB2 as a prognostic factor
in CRC. Table 1 summarizes the main studies about the prognostic significance of ERBB2
in CRC.

Table 1. Main studies on the prognostic significance of ERBB2 positivity.

. ERBB?2 Positivity Prognostic
Study (Year) Patients Stage Criteria Significance
. International Better prognosis of
Yagisawa etal. (2021) [41] 370 v harmonization ERBB-low patients
Sawada et al. (2018) [33] 359 I-IvV HERACLES No differences in OS
Park et al. (2018) [34] 145 I-1I1 Modified HERACLES No differences in survival
Richman et al. (2016) [35] 3256 -1V Gastric cancer scoring  No differences in OS or PFS
Laurent-Puig et al. (2016) [56] 1804 III HERACLES + NGS Lower DFS and OS
. . No significant trend to
Heppner et al. (2014) [55] 1645 -1V Gastric cancer scoring poorer OS
Conradi et al. (2013) [58] 264 II-1v Gastric cancer scoring Better DFS
Kruszewsky et al. (2010) [59] 202 I-1v Membre.moug + No association with OS
cytoplasmic staining
Osako et al. (1998) [38] 146 Dukes A-D Membranous + Poorer survival in
cytoplasmic staining cytoplasmic staining
Bening, Strong staining correlates
Kapitanovic et al. (1997) [54] 221 premalignant and Membranous staining & &

. . with poorer survival
malignant lesions

Abbreviations: DFS: disease-free survival; NGS: next-generation sequencing; OS: overall survival.

ERBB2 has also been proposed as a marker of resistance to anti-EGFR therapies. A
preclinical study has suggested that ERBB2 amplification could mediate anti-EGFR primary
resistance in xenograft models, particularly in KRAS/NRAS/BRAF/PI3KCA wild-type
patients. Importantly, this resistance to cetuximab could be reversed with a combined
inhibition of ERBB2 and EGFR [60]. Another study found evidence of ERBB2 amplifica-
tion in ctDNA in patients primarily resistant to anti-EGFR therapy [61]. A retrospective
study suggested that ERBB2 patients were less likely to respond to anti-EGFR therapies.
However, this reduction in response rates was not directly correlated with survival. This
study found a non-significant trend to worse progression-free survival and no significant
differences in OS [22]. A study focused on ERBB2-low patients found a significant differ-
ence in progression-free survival (PFS) between ERBB2-low and ERBB2-positive patients
treated with anti-EGFR agents (7.8 m vs 2.2 m) [41]. Other experiments and studies have
also suggested that HER2 could represent a mechanism of acquired resistance to antiEGFR
therapies. The introduction of ERBB2 in cells that were previously sensitive to cetuximab
conferred resistance to this drug by causing abnormal activation of ERK1/2 [62]. Another
study of ctDNA in patients previously treated with anti-EGFR therapies showed ampli-
fication of the ERBB2 gene upon progression in 22% of patients. In this study, a patient
who progressed on cetuximab had a progressive lesion rebiopsied, showing evidence of
HER?2 overexpression. Notably, ERBB2 amplification was absent in primary tumor [63].
However, to date, there are no specific recommendations regarding the role of ERBB2 to
guide therapeutic decisions on anti-EGFR therapies or the role of rebiopsy in progression.
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5. Clinical Trials for Patients with ERBB2-Positive mCRC

There are several types of therapies that target ERBB2: monoclonal antibodies, tyrosine
kinase inhibitors (TKIs), and antibody-drug conjugates (ADCs). Table 2 summarizes clinical
trials for patients with ERBB2-positive mCRC and the presented results.

Table 2. Clinical trials targeting ERBB2-positive mCRC.

Prior Lines Mutational mPFS

Trial Reference Treatment n of Treatment Status (m) ORR (%)
Trastuzumab + QT
Clark et al [64] Trastuzumab + < NS NR 24
etak FOLFOX
Ramanathan [65] Trgs.tuzumab + 9 <1 NS NR 71
etal. irinotecan
Monoclonal antibodies
MyPathway [66] Trastuzumab + 57 >1 RAS WT 2.9 32
pertuzumab
TAPUR [67] Trastuzumab + 28 >0 NS NR 14
pertuzumab
27
Trastuzumab + (Tissue) 4.0 30
TRIUMPH [68] pertuzumab >1 RASWT
25 (ctDNA) 3.1 25
Monoclonal antibody + TKI
HERACLES-A [43,69] Trastuzumab + 35 >2 KRAS WT 47 28
lapatinib
Yuan et al. [70] Trastuzumab + 1 >2 RASWT and NR 27
pyrotinib mutated
MOUNTAINEER [71] Trastuzumab + 23 >2 RASWT 8.1 52
tucatinib
ADCs
Pertuzumab + RAS/BRAF
HERACLES-B [72] T-DM1 31 >2 WT 4.1 10
DESTINY- RAS/BRAF
CRCOL [73] D 53 (Cohort A) >2 WT 6.9 45

Abbreviations: ADCs: antibody-drug conjugates, ctDNA: circulating tumor DNA, m: month, mPFS: median
progression-free survival, NR: not reported, NS: not specified, ORR: overall response rates, QT: chemotherapy,
T-DML1: trastuzumab emtansine, TD: trastuzumab deruxtecan, TKI: tyrosine kinase inhibitor, WT: wild type.

5.1. Monoclonal Antibodies

Trastuzumab and pertuzumab are monoclonal antibodies that target ERBB2. They
bind to the extracellular domains of the receptor, inhibiting dimerization and promoting
antibody-dependent cellular cytotoxic effects [74,75].

Initial trials investigated the combination of trastuzumab with QT. A phase II clinical
trial evaluated trastuzumab and FOLFOX as the second or third line of treatment in ERBB2-
positive patients. The ORR (overall response rate) was 24%, and the median duration of
response was 4.5 m (2.7-11) [64]. Ramanathan et al. led a phase Il clinical trial that evaluated
trastuzumab plus irinotecan in ERBB2-positive mCRC patients. ERBB2 overexpression
was detected in 8% of screened patients by IHC. Nine patients were included, and partial
responses were seen in five of seven evaluable patients. However, they concluded that the
low rate of ERBB2 overexpression limited more investigations in mCRC [65].

Several clinical trials have evaluated the effectiveness of the combination of two
ERBB2-directed monoclonal antibodies. MyPathway was a phase Ila, multiple-basket,
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clinical trial that evaluated the combination of trastuzumab and pertuzumab in 57 patients
with pretreated ERBB2-positive mCRC. mPFS was 2.9 m, mOS was 11.5 m, and ORR was
32%. The most common treatment-emergent adverse events were diarrhea (33%), fatigue
(32%), and nausea (30%). ORR was 40% in patients with KRAS WT (wild-type) and 8%
in patients with KRAS mutated tumors, so KRAS status was associated with anti-ERBB2
therapeutic efficacy [66].

TAPUR was a phase II basket clinical trial that investigated the addition of trastuzumab
to pertuzumab in 28 pretreated patients with mCRC and ERBB2 overexpression/amplification.
ORR was 14%. Differences in ORR compared to other studies might be explained by the
inclusion of patients with concomitant RAS variations (additional analyses by RAS muta-
tion status are pending). Two patients had at least one grade III adverse event related to
trastuzumab and pertuzumab, including anemia, infusional reactions, and left ventricular
dysfunction [67].

TRIUMPH was a phase Il clinical trial that enrolled patients with RAS WT mCRC
and ERBB2 amplification detected in tissue or ctDNA. mPFSs were 4.0 m and 3.1 m in
patients with ERBB2-positive tissue and ctDNA (Guardant360), respectively. ORRs were
30% and 28% in patients with ERBB2-positive tissue and ctDNA, respectively. Patients
without ctDNA variations in RAS/BRAF/PIK3CA /ERBB2 had a better response than those
with a ctDNA variation in one of these genes: ORR was 44% vs. 0% in ERBB2-positive
tissue and 37% vs. 0% in ERBB2-positive tissue ctDNA, respectively. mPFSs were 4.0 m
(1.4-5.6) and 3.1 m (1.4.5.6) in patients with ERBB2-positive tissue and ctDNA, respectively,
whereas mOSs were 10.1 (4.5-16.5) and 8.8 m (4.3-12.9) in patients with ERBB2-positive
tissue and ctDNA, respectively. TRIUMPH demonstrated that decreased ctDNA fraction
and ERBB2 plasma copy number three weeks after treatment initiation correlated with
treatment response [46,68].

5.2. Tyrosine Kinase Inhibitors (TKls)

Lapatinib, pyrotinib, tucatinib, and neratinib are oral TKIs. They inhibit the intracel-
lular tyrosine kinase domain and phosphorylation of the ERBB2 receptor, inhibiting cell
growth [76]. Several clinical trials have evaluated the efficacy of dual ERBB2 inhibition
through the combination of trastuzumab and TKI.

HERACLES-A was a non-randomized, open-label, phase II clinical trial where treatment-
refractory KRAS WT ERBB2-positive mCRC patients were treated with trastuzumab and
lapatinib. A total of 914 patients were screened, and 48 patients (5%) were identified as
ERBB2-positive (IHC 3+ in > 50% of cells or IHC 2+ and an ERBB2:CEP17 ratio > 2 in more
than 50% of cells by FISH). However, only 27 patients were eligible for the trial. In total,
74% of patients previously received at least four lines of treatment. None of the 15 patients
who were evaluable for prior response to anti-EGFR therapy had obtained an objective
response with cetuximab or panitumumab. Six patients (22%) had grade III adverse events:
fatigue in four patients, skin rash in one patient, and increased bilirubin concentration in one
patient [43].

Long-term follow-up analysis of the HERACLES-A study shows that 35 patients
received trastuzumab and lapatinib, ORR was 28%, mPFS was 4.7 m (95% CI: 3.7-1), and
mOS was 10.0 m (95% CI: 7.9-15.8). Progression in CNS occurred in 19% of patients [69].

Yuan et al. led a phase II clinical trial of 11 patients with ERBB2-positive mCRC treated
with trastuzumab and pyrotinib. The ORR was 27%, 50% in patients with KRAS wild-type
mCRC, and 60% in patients with RAS wild-type disease. Diarrhea was the most common
grade III adverse event (73%), causing dose interruption and reduction in 64% and 45% of
patients, respectively [70].

The MOUNTAINEER study was an open-label, single-arm phase II clinical trial when
23 pre-treated RAS WT ERBB2-positive mCRC received trastuzumab and tucatinib. The
ORR was 55%, mPFS was 6.2 m (95% CI: 3.5-NE), and mOS 17.3 m (95% CI: 12.3-NE). The
grade III adverse events were low (8%) [71].
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Jacobs et al. reported the results of a phase Ib clinical trial involving 11 patients
with RAS/BRAF/PIK3CA WT; ERRB2-positive tumors were treated with neratinib and
cetuximab. However, it did not show responses: seven received stable disease, four of
whom had ERBB2 amplification either in the primary tumor or the enrolment biopsy [77].

5.3. Antibody—Drug Conjugates (ADCs)

Trastuzumab emtansine (T-DM1) and trastuzumab deruxtecan (TD) are ADCs. Whereas
trastuzumab is linked to a microtubule inhibitor in T-DM1, trastuzumab is joined to topoi-
somerase inhibitor. If the trastuzumab binds ERBB2, the ADC is internalized, the linker is
cleaved, and a cytotoxic effect is made [78].

The HERACLES-B trial was a single-arm, phase II clinical trial that investigated the
combination of pertuzumab and T-DM1 in RAS/RAF WT ERBB2-positive mCRC patients
refractory to standard treatments. A total of 31 patients were enrolled. The primary
endpoint of the study was ORR, being negative for this endpoint (9.7%, 95% CI: 0-28).
However, 21 patients (67.7%) had stable disease resulting in a disease control rate of 77.4%.
mPFS was 4.1 m (95% CI: 3.6-5.9); this result was similar to the HERACLES-A study. Grade
III adverse events were observed in two patients (thrombocytopenia), and the most frequent
grade Il adverse events were nausea and fatigue [72].

The DESTINY-CRCO1 trial was a phase II clinical trial that evaluated TD in treatment-
refractory patients with RAS/BRAF V600E WT ERBB2-positive mCRC. Patients were
enrolled in one of three cohorts on the basis of the level of ERBB2 amplification to explore the
association of ERBB2 expression with the activity of TD in mCRC: cohort A (ICH3-positive
or ICH2-positive and FISH-positive), cohort B (IHC2-positive and ISH-negative), and
cohort C (IHC1-positive). All patients received TD 6.3 mg/kg every three weeks [73]. This
dose was the same as recommended for gastric cancer and higher than breast cancer, and it
was chosen because of previous studies of pharmacokinetics and antitumor activity [79-82].

A total of 78 patients were enrolled in the DESTINY-CRCO1: 53 in cohort A, 7 in
cohort B, and 18 in cohort C. The ORR was 45.3% in cohort A: 57.5% in patients that were
ERBB2 ICH3 positive and 7.7 in patients that were ERBB2 ICH2 positive/ISH-positive.
ORR was 0% in cohorts B and C. mPFS was 6.9 m, 2.1 m, and 1.4 in cohort A, cohort B,
and cohort C, respectively. mOS was 15.5 m, 7.3 m, and 7.7 m in cohort A, cohort B, and
cohort C, respectively. However, grade III or worse adverse events that occurred in at
least 10% of all patients were decreased neutrophil count and anemia. Five patients had
interstitial lung disease or pneumonitis (two grade 2; one grade 3; two grade 5, the only
treatment-related deaths). A higher clinical response was detected with higher plasma
ctDNA ERBB2 copy number. Antitumor activity was observed in patients regardless of
ctDNA-detected activating RAS or PIK3CA mutations [83].

5.4. Ongoing Clinical Trials and Novel Anti-ERBB2 Therapies

Several ongoing clinical trials are exploring anti-ERBB2 therapies that evaluate the
efficacy of small molecule inhibitors, ADCs, and their combination with established thera-
pies [84].

The MATCH trial is a clinical trial of targeted therapy diagnosed by genetic testing in
solid tumors or lymphomas after progression of at least one line of treatment. Two cohorts
of patients with ERBB2-amplified tumors are treated with trastuzumab plus pertuzumab
(cohort J) or T-DM1 (cohort Q) [85].

The MOUNTAINEER trial has been expanded to include a cohort of tucatinib monother-
apy (NCTO03943313) [86]. NSABP FC-11 is a three-cohort, phase II clinical trial in patients
with RAS/BRAF/PIK3CA WT ERBB2-positive mCRC. This study compares the efficacy
of neratinib and trastuzumab (Arm-1: patients who have ERBB2 amplification and prior
anti-EGFR treatment or ERBB2 mutation with or without prior anti-EGFR treatment) vs.
neratinib plus cetuximab (Arm-2: patients who are ERBB2 non-amplificated or ERBB2
amplification without prior anti-EGFR treatment) (NCT03457896) [87]. The first results
of NSABP FC-11 were presented at the ASCO 2022 meeting [88]. Arm-1 closed due to
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poor accrual, and those patients have been excluded from further analysis. Arm 2 enrolled
21 patients with 15 evaluable for response by imaging. Of the 15 evaluable patients, there
were 6 PR, 5 of 13 ERBB2 non-amplification, 1 of 2 ERBB2 amplification, and 5 SD. The
ORR in all patients who were treated with at least one dose was 33%. Common grade 3—4
were diarrhea (24%), rash (8%), and abdominal pain/distension (8%).

Following the results of DESTINY-CRC01, DESTINY-CRCO2 is a phase II clinical
trial that is going to determine the efficacy and safety of TD in patients ERBB2-positive
at 5.4 mg/kg and 6.4 mg/kg doses [89]. The dose of 5.4 mg/kg has not been tested in
ERBB2-positive mCRC patients, but this dose has shown efficacy in other tumors [79-81].

Several trials explore the role of anti-ERBB2 therapies in earlier lines of treatment
compared to QT. The MODUL trial is a randomized, open-label, parallel-group study that
evaluates the efficacy and safety of biomarker-driven maintenance treatment in the first
line of treatment in mCRC, including an ERBB2-positive cohort (capecitabine, trastuzumab,
and pertuzumab) (NCT02291289). SWOG study (S1613) is a multicenter, randomized,
phase II clinical trial that tries to compare the efficacy of trastuzumab plus pertuzumab
vs. cetuximab plus irinotecan in patients with RAS/RAF WT ERBB2-positive mCRC
(NCTO03365882). Patients have to have been treated with at least one prior line of therapy
for mCRC that did not include anti-EGFR or anti-ERBB2 agents.Zanidatamab (ZW25) is a
bispecific antibody that binds to two different regions on the ERBB2 receptor, increasing
antibody binding density and improving receptor internalization and downregulation.
It is used in phase I and II clinical trials in patients with ERBB2-positive gastrointestinal
cancers, including mCRC (NCT02892123, NCT03929666) [90]. A166 uses an antibody with
the same amino acid sequence as trastuzumab and it is linked to duostatin-5. Safety profile
of A166 has been observed in a phase I clinical trial. ZW49 has an auristatin payload
conjugated to the antibody ZW25, which binds to the same ERBB2 domains as trastuzumab
and pertuzumab. ZW49 is being evaluated in a phase I clinical trial (NCT03602079).

A phase I clinical trial will investigate the efficacy and safety of two chimeric
(trastuzumab-like and pertuzumab-like) ERBB2 vaccines in patients with various metastatic
solid tumors, including mCRC (NCT01376505). Another phase I trial uses an allogenic-
donor-derived natural killer (NK) cell cancer immunotherapy (FATE-NK100) as monother-
apy or in combination with trastuzumab or cetuximab in multiple ERBB2-positive tumors
(NCT03319459). An anti-ERBB2 chimeric antigen receptor (CAR)-modified T cell therapy is
evaluated in several ERBB2-positive solid tumors, including mCRC (NCT02713984) [91].
Moreover, HER2-AdVST (ERBB2 chimeric antigen receptor-modified adenovirus-specific
cytotoxic T lymphocytes) joined to an intra-tumor injection of CAdVEC (an oncolytic
adenovirus that helps the immune system) is being evaluated in an ongoing clinical trial
(NCTO03740256). Other clinical trials are trying to show the effectiveness of peptide vaccines
(NCTO01376505). Patients receive an ERBB2/neu peptide vaccine comprising measles virus
epitope MVE-ERBB2-2 (266-296) and MVE-ERBB2 (597-626) emulsified with nor-MDP in
ISA 720 intramuscularly.

6. Discussion

The results of clinical trials targeting ERBB2 positivity in mCRC have shown promising
results in ORR and PFS, especially when standard treatments have been administrated.
This demonstrates the importance of the diagnosis of target molecular biomarkers in
the era of precision medicine. Whereas the ORR of these clinical trials are 10-40%, the
trifluridine/tipiracil (TAS-102) and regorafenib have ORR of 2% and 1%, respectively [7,8].
Table 3 shows the salient points of this review.
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Table 3. Salient points of the review.

Molecular biology

° The best-known pathogenic mechanisms involved in ERBB2 aberrant activation are
overexpression of ERBB2 and activating mutations.

Diagnosis of HER2-positivity in mCRC

e  The HERACLES diagnostic criteria are nowadays the diagnostic criteria most commonly
used, although not the only ones described in the literature:

o Positive: intense (3+) expression in >50% of cells.

o Equivocal: moderate (2+) expression in >50% or 3+ ERBB2 in more than 10% but less
than 50% of tumor cells. FISH must be performed, with an ERBB2/CEP17 ratio of 2
or higher in 50% or more cells, considered a positive result.

o Negative: 0+ and 1+ staining.

e  NGS could represent an alternative diagnostic technique, but adequate threshold positivity
must be defined.
e ctDNA is a promising less-invasive diagnostic technique but needs to be validated.

Clinical features of patients with HER2-positive mCRC

e  ERBB2-positive tumors are more common in the left side of the colon. CMS2 is enriched in
ERBB2-positive tumors.
Regarding ERBB2 as a prognostic factor, evidence is conflicting.
ERBB?2 has also been proposed as a marker of resistance to anti-EGFR therapies, innate
or acquired.

Clinical trials for patients with ERBB2-positive mCRC

e  MyPathway, TAPUR, and TRIUMP were phase II clinical trials that have evaluated the
effectiveness of the combination of two ERBB2-directed monoclonal antibodies (trastuzumab
and pertuzumab).

e  Several clinical trials have evaluated the paper of dual ERBB2 inhibition by the combination
of trastuzumab and TKI: HERACLES-A (lapatinib) and MOUNTAINEER (tucatinib),
showing promising ORR.

e  The HERACLES-B clinical trial used the combination of pertuzumab and T-DM1, and the
DESTINY-CRCO1 clinical trial used trastuzumab-deruxtecan. They showed an
important ORR.

e  Several ongoing clinical trials are exploring the efficacy of small molecule inhibitors, ADCs,
and their combination with established therapies or the role of anti-ERBB2 therapies in
earlier lines of treatment compared to QT.

° However, therapies are currently not approved for these patients, so the enrollment of
patients in a clinical trial is recommended.

Although some results of the clinical trials shown above are not definitive, they
illustrate the necessity of the development of phase III clinical trials in ERBB2-positive
mCRC patients. These phase III clinical trials have to try to answer some important clinical
questions: Which is the better sequence of treatment, starting with targeted therapy or
standard treatment? Which targeted therapy is better? Is sequential targeted therapy
relevant in ERBB2-positive mCRC?

We do not have results that suggest which is the better sequence of treatment in
ERBB2-positive mCRC because the majority of the described clinical trials are realized in
patients in whom standard treatment fails [92,93]. We do not know which targeted therapy
shows better ORR or mPFS. The management of adverse events of targeted therapy is well
known—for example, the appearance of left ventricular dysfunction with trastuzumab or
interstitial lung disease when TD is used. However, some results suggest that sequential
therapy may be relevant in ERRB2-positive mCRC because 30% of patients in DESTINY-
CRCO1 were previously treated with other anti-ERRB2 therapies.

In an ideal scenario, when a patient is diagnosed with mCRC, a biopsy has been
analyzed by a pathologist and IHC and NGS should be realized. Moreover, a liquid biopsy
of ctDNA should be realized. These procedures should be repeated when a line of treatment

141



Cancers 2022, 14, 3718

fails. This strategy would give a lot of molecular information, such as the development
of mechanisms of resistance. In this way, a medical oncologist would be able to select
the best treatment, including the inclusion in a clinical trial. However, this approach
is not useful. Firstly, performing multiple biopsies carries certain risks. Secondly, NGS
and ctDNA in mCRC are under research at this moment. The information obtained from
NGS and ctDNA is sometimes difficult to integrate and understand. Third, making these
procedures is expensive, and in a public health system, the government could deny the
payment because this strategy may not be efficient enough (we are looking for target rare
molecular biomarkers to start expensive targeted therapies). This could also apply for
private insurances.

There is controversy about when the medical oncologist must look for rare target
molecular biomarkers. Some oncologists think that rare molecular biomarkers should be
determined before starting the first line of treatment. Patients have a good clinical status
at this moment, and targeted therapies have better ORR and PFS than QT, as in other
pathologies (EGFR mutations in non-small cell lung cancer). On the other hand, other
oncologists affirm that the determination of rare molecular biomarkers must be performed
when patients maintain good clinical status and standard treatments have failed.

The guidelines of treatment in mCRC show that the determination of RAS (KRAS/
NRAS) mutations, BRAF mutations, and deficient mismatch repair should be realized
before starting the first line of treatment (6,32). The ESMO (European Society of. Medi-
cal Oncology) guidelines do not mention ERBB2 amplification/overexpression [6]. The
NCCN (National Comprehensive Cancer Network) guidelines state that testing ERBB2
amplification/overexpression should be made in patients with mCRC and absence of RAS
or BRAF mutation. ERBB2-targeted therapies are recommended as subsequent therapy
options, encouraging enrollment in a clinical trial (32). The actualization of these guidelines
should define the optimal timing and technique for testing, the most adequate panel, and
whether all RAS WT mCRC should be tested for ERBB2 [94].

The search for target rare molecular biomarkers illustrates the complexity of precision
medicine, so it is required that a medical oncologist has to study molecular biology and
clinical treatments. Moreover, it shows the necessity of multidisciplinary work. In our
center, we have to work with other specialists to obtain tissue for the molecular diagnosis,
and we have a fluid relationship with pathologists. If we obtain a target rare molecular
biomarker, we must discuss it with other medical oncologists when we want to include a
patient in a clinical trial.

7. Conclusions

The management of mCRC in the era of precision medicine is becoming more complex.
Amplification of ERBB2 is present in 3% of patients with mCRC and 5% of patients with
RAS and BRAF wild type. Several clinical trials have demonstrated that the ERBB2 receptor
represents a good option for targeted therapy in mCRC and may represent an option when
standard treatments fail to control mCRC. However, therapies are currently not approved
for these patients, and the recommendation is the enrollment of patients in a clinical trial.
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Abbreviations

5-FU 5-fluorouracil

ADCs antibody-drug conjugates

BRAF v-raf murine sarcoma viral oncogene homolog B1
CEP17 centromere enumeration probe for chromosome 17
CNS central nervous system

CRC colorectal cancer

ctDNA circulating tumor DNA

EGF epidermal growth factor

EGFR epidermal growth factor receptor

EREG epiregulin

ESMO European Society of Medical Oncology

FISH fluorescence in situ hybridization

FOLFIRI 5-fluouracil /leucovorin/irinotecan

FOLFOX 5-fluouracil/leucovorin/oxaliplatin
FOLFOXIRI  5-fluouracil/leucovorin/oxaliplatin/irinotecan

HER2 human epidermal growth factor receptor 2
IHC immunochemistry

Lv leucovorin

m month

MAPK mitogen-activated protein kinase

mCRC metastatic colorectal cancer

mPFS median progression-free survival

NCCN National Comprehensive Cancer Network
NGS next-generation sequencing

NK natural killer

NTRK neurotrophic tyrosine receptor kinase
ORR overall response rates

(OF overall survival

PI3K phosphoinositide 3-kinase

PFS progression-free survival

PTEN phosphatase and tensin homolog

QT chemotherapy

RAS rat sarcoma virus

RTK receptor tyrosine kinase

STAT signal transducer and activator of transcription
T-DM1 trastuzumab emastine

TD trastuzumab deruxtecan

TKIs tyrosine kinase inhibitors

VEGF anti-vascular endothelial growth factor
WT wild-type
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Simple Summary: Many signaling pathways are involved in cancer progression, and among these
pathways, the CXCL12 axis and its two receptors CXCR4 and CXCR?7 are well described for many
cancers. This review presents the current knowledge on the role played by each of the actors of this
axis in colorectal cancer and on its consideration in the development of new therapeutic strategies.

Abstract: Colorectal cancer is one of the most common cancers, and diagnosis at late metastatic
stages is the main cause of death related to this cancer. This progression to metastasis is complex
and involves different molecules such as the chemokine CXCL12 and its two receptors CXCR4 and
CXCR?. The high expression of receptors in CRC is often associated with a poor prognosis and
aggressiveness of the tumor. The interaction of CXCL12 and its receptors activates signaling pathways
that induce chemotaxis, proliferation, migration, and cell invasion. To this end, receptor inhibitors
were developed, and their use in preclinical and clinical studies is ongoing. This review provides
an overview of studies involving CXCR4 and CXCR? in CRC with an update on their targeting in
anti-cancer therapies.

Keywords: colorectal cancer; chemokine; ACKR3; metastasis; microenvironment; signaling pathways;
epigenetics; prognosis; therapy; resistance

1. Cancer Colorectal
1.1. Epidemiology

Colorectal cancer (CRC) is the third most common cancer in the world, with an annual
estimate in 2020 of 1,148,515 new cases affecting both men and women. Because most
patients are diagnosed at metastatic stages of the disease [1], it is the cause of 576,858 deaths
per year, making it the second most deadly cancer. Similar to many cancers, the etiology
of CRC involves a variety of environmental and individual risk factors, including genetic
causes, chronic disease, lifestyle, and age [2].

An average risk is attributed to men and women over 50 years of age with no known
predisposing factors. In absence of genetic factors or family history, environmental factors
such as diet, a sedentary lifestyle, alcohol, and tobacco abuse influence the development of
CRC [3,4]. The high risk, about 20% of the general population, considers family (familial
adenomatous polyposis or FAP or Lynch syndrome) and personal history. Thus, this
risk is two to five times higher than the average risk of developing CRC for people who
have had an adenoma >1 cm, or with at least one first-degree relative who has developed
colorectal adenomas or CRC [5]. The risk is also elevated for people affected by a chronic
inflammatory bowel disease (IBD) such as ulcerative colitis or Crohn’s disease [5].

1.2. Molecular Definition of Colorectal Cancer

CRC occurs and progresses because of an accumulation of sequential mutations
and/or genomic abnormalities. Molecular biology techniques have classified CRCs into
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three major phenotypes according to the abnormalities identified [6]. Tumors with a
Chromosome INstability phenotype (CIN) or a MicroSatellite Stability phenotype (MSS)
are the most frequently observed (80-85%) [7]. This instability is a result of loss or gain of
chromosomes or chromosome fragments leading to loss of tumor suppressor genes or gain
of oncogenes [8]. Examples include the loss of chromosomes 5, 17 and 18 on which the
APC (5g21), TP53 (17p13) and SMAD2-3 (18q21) genes are located, respectively, and the
gains on chromosome 8 for the C-MYC gene on 8q24 [8-12].

The second phenotype represents tumors characterized by MicroSatellite Instability
(MSI) and is present in 15-20% of CRCs [13]. This phenotype is characterized by a deficiency
in the base MisMatch Repair (MMR) system during replication [14]. This defect results in
an accumulation of mutations in microsatellites and repeated sequences of one to twenty
nucleotides in the coding region of certain genes involved in colorectal carcinogenesis [15].
Among the genes affected are mainly MLH1 and MSH2, which are also associated with
Lynch syndrome [16,17]. The MSI phenotype is also classified into MSI-High and MSI-Low.

A third phenotype has been established by observing methylation/hypermethylation
of CG repeat sequences or CpG (cytosine-phosphate-guanine) islands in the promoter re-
gions of some genes, thus repressing their transcriptional expression [18]. These repressions
typically affect many tumor suppressor genes such as MLH1, CDKN2A [19]. The latter
phenotype can be found associated with either of the previous two phenotypes, as 12% of
CIMP cases are found associated with the MSI phenotype and 8% in MSS phenotypes [20].

In general, CRC survival depends directly on the stages. Thus, the overall survival
at 5 years for all stages combined is 63%, and the chance of cure is almost total for stage
0 to II cancers (>90%) and 72% for stage III, but it drops to 14% for stage IV, the stage
of dissemination to distant organs [21]. Survival also depends on CRC phenotype since
patients with MSI tumors have a better prognosis than patients with MSS tumors [22,23].
Other studies have been performed using meta-analyses on transcriptomic data to propose
a consensus molecular classification (CMS) of CRCs by defining four subtypes that have
been associated with a prognostic value for patient survival [24]. The CMS classification
has an important prognostic value and indicates that in non-metastatic CRC (stages 0 to
III), the prognosis is favorable for tumors in the CMS-1 subgroup and to a lesser extent
for the CMS-2 subgroup. Conversely, in a metastatic situation (stage IV), it is the CMS-1
subgroup that is linked to the worst prognosis since the overall survival of patients with a
CMS-1 tumor was 14.8 months against 31.9 months for CMS-2 tumors [25].

Therapeutically, tumor resection remains the primary treatment for all stages of the
disease. However, for stages with lymph node involvement or distant metastases (in
the liver and lungs), chemotherapy combined or not, with targeted therapy is proposed.
Note that therapy using cetuximab or panitumumab, two anti-EGFR (Epidermal Growth
Factor Receptor) antibodies, is proposed only to treat CRCs with wild-type KRAS [26].
In recent years, an increasing number of studies have focused on immunotherapy. The
basis of immunotherapy is to overcome the mechanisms involved in immune tolerance to
tumor self-antigens and to block the immunosuppressive response that occurs in the tumor
microenvironment. This process is primarily driven by the inactivation and depletion of
T cells via the activation of immune checkpoint inhibitors (ICIs) on the surface of T cells,
which prevent them from recognizing tumor neoantigens. Current therapies target the
PD-1 receptor (Programmed cell Death protein 1) and its ligand PD-L1 (Programmed cell
Death protein Ligand 1), and CTLA-4 (Cytotoxic T lymphocyte Antigen 4).

In the exploratory NICHE study (ClinicalTrials.gov: NCT03026140), patients with
early-stage MSS or MSI CRC and neoadjuvant treatment with a single dose of anti-CTLA-4
(ipilimumab) and two doses of anti-PD1 (nivolumab) led to 100% and 27% response in
MSI and MMS tumors, respectively [27]. Several phase II and III randomized controlled
trials are underway to evaluate the efficacy of immunotherapy in metastatic CRC of both
phenotypes (first-line or refractory), with/without chemotherapy [28]. Once it will be
validated in larger cohorts and with at least 3 years of recurrence-free survival data, neoad-
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juvant immunotherapy could potentially become the standard of care for a defined group
of patients.

2. CXCL12 and Its Two Receptors CXCR4 and CXCR?7

Chemokines are a group of small proteins of 8 to 12 kDa from the family of chemoat-
tractant cytokines [29,30]. To date, about fifty chemokines have been identified, and they
are structurally classified into subfamilies of chemokines C, CC, CXC and CX3C according
to the presence of the “chemokine domain”, represented by the location of four cysteine
residues conserved in the N-terminal domain necessary for the formation of disulfide
bridges [29,30]. These proteins exert their function by binding to receptors with seven trans-
membrane domains, which are related to rhodopsin receptors [31]. Thus, there is the CR,
CCR, CXCR and CX3CR receptor subfamily. Within each group, several chemokines can
bind to several receptors, and inversely, one receptor can bind several chemokines. Because
of this redundancy, the absence of chemokines or their receptors by gene invalidation of
chemokines or their receptors does not necessarily lead to major effects, except for CXCL12
and its two receptors CXCR4 and CXCR?. Mice invalidated for each of these three proteins
die during the embryonic or postnatal period, demonstrating the essential role of these
proteins during embryogenesis [32-34].

The chemokine-receptor interaction was initially described to induce lymphocyte
migration and recruitment [35,36]. However, it is now clear that their activity extends
beyond immune cell migration. Numerous studies have documented that chemokine
signaling also guides the migration of neurons, neural crest cells and germ cells during
embryonic development and regulates the patterning and remodeling of the vascular
system [37-39]. The chemokine-receptor is also a factor in inflammatory diseases [36,40,41],
infections [30,40,41] and cancers [42—44]. One of the most studied chemokines is CXCL12,
which exerts its biological functions by activating the two receptors CXCR4 and CXCR?.

3. Physiological Roles of CXCL12 and Its Two Receptors CXCR4 and CXCR?7
3.1. Chemokine CXCL12

The chemokine CXCL12, also known as stromal-cell-derived factor 1 of the bone
marrow (SDF-1), was originally discovered as a factor stimulating the growth of pre-B
lymphocyte progenitors CD34+ (pre-B CD34+) [33,35,45,46] and is mainly responsible for
the homing and maintenance of hematopoietic stem cells in the bone marrow.

CXCL12 is a homeostatic chemokine whose expression is constitutive in a wide range
of tissues and organs such as bone marrow, liver, lung, heart, brain, spleen, and intes-
tine [35,47]; however, its expression can be induced during inflammatory conditions [48,49].
It is expressed in human and mouse with a highly conserved structure, and the gene
undergoes splicing that generates six isoforms (CXCL12« to ¢), the alpha and beta forms
being the predominant and ubiquitously expressed forms [50,51].

In the intestinal epithelium, CXCL12 is expressed in an increasing gradient of concen-
tration from the base to the crypt surface [52]. This high expression at the crypt surface
contributes to the constant turnover of epithelial tissue as the CXCL12-CXCR4 signaling
axis stimulates intestinal epithelial cell migration and enhances the integrity of the innate
barrier of the intestinal mucosal epithelium [53].

3.2. CXCR4 Receptor

The CXCR4 receptor (C-X-C motif receptor 4) was originally discovered as a co-
receptor for HIV entry into lymphocytes [54]. Human (352 amino acids) and murine
(359 amino acids) CXCR4 receptors share 89% homology and are ubiquitously expressed in
both embryonic and adult tissue [55]. As the first receptor that can bind CXCL12, it was
considered for a long time as its only receptor, since mice deficient in CXCL12 or CXCR4
have similar phenotypes with abnormalities in hematopoiesis, blood vessel formation in the
gastrointestinal tract, cerebellar development, cardiac ventricular septum formation and
significant embryonic lethality [32,33,56]. The monogamy relationship between CXCL12
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and CXCR4 was disproved by the discovery of the orphan receptor RDC1, identified by
cDNA cloning in the dog thyroid [57,58].

The interaction of CXCR4 with its ligand CXCL12 activates downstream signaling
pathways, including Ras-MAPK, PI3K-AKT-mTOR, Jak2/3-STAT2/4, PLC 3 and y2, NF-«B,
and JNK/p38 MAPK via interaction with Gy subunits, while inhibiting adenylate cyclase
and cAMP formation via interaction with G [59]. This signaling pathways activation leads
to an alteration in the expression of genes that will modulate different cellular functions
such as actin polymerization, cell skeleton rearrangement or cell migration [60,61]. The
physiological functions of CXCR4 are not only critical for development and homeostasis
but also for the survival of cancer cells.

3.3. CXCRY7 Receptor

More recently, another receptor CXCR7 (C-X-C motif receptor 7), renamed ACKR3
(Atypical Chemokine Receptor 3) in 2014, has been described to bind CXCL12 with 10-fold
higher affinity than CXCR4 [62] and can also bind with CXCL11. A particularity is that
the CXCL12-ACKR3 complex does not couple to a G protein but through activation of the
[-arrestin pathway [63]. However, a study by Nguyen et al. in HEK293 cells shows that
binding of CXCL12 to CXCR?7 does not result in activation of signaling pathways via God
subunits but activates G-protein-coupled receptor kinase 2 (GRK2) via 3y subunits and
phosphorylation of the receptor by recruitment of 3-arrestin 2 [64]. In contrast to CXCR4,
CXCR? internalization occurs even in the absence of ligand binding and does not lead to
receptor degradation [65].

Similar to CXCR4, CXCRY7 can activate many intracellular signaling pathways, in-
cluding AKT and MAPK pathways, via 3-arrestins [63]. CXCR7, which does not activate
calcium responses in the presence of CXCL12, is able to modulate CXCR4-activated cal-
cium signaling through the formation of CXCR4/CXCR? heterodimers [65-67], which can
form in the absence of CXCL12 ligand [65]. However, contradictory data indicate that the
activation of such heterodimers by CXCL12 leads either to a potentiation of the calcium
response with a loss of early activation of ERK kinase [65], or conversely, to a decrease in
this calcium response [67].

The physiological implications of the CXCRY7 receptor have been demonstrated in
CXCR7 knockout mice (CXCR7-/-), which die at birth due to abnormal heart valve devel-
opment, highlighting the critical role of CXCR?7 in cardiogenesis [68]. Other studies have
shown that CXCR?7 allows for the migration of central nervous system neurons during
development by indirectly controlling their migration, through the regulation of the expres-
sion level of CXCR4, and the loss of CXCR?7 function results in the production of neurons
functionally deficient for both receptors [69].

The phenotypic differences described for CXCR4-/- and CXCR7-/- mice [32,34], and
recent work examining the role of these receptors in zebrafish development [70,71], support
the hypothesis that CXCR7 and CXCR4 have specific and distinct biological roles. In addi-
tion, several groups have established that CXCR?7 acts as a “scavenger” or “decoy receptor”
for extracellular CXCL12 but also for CXCL11, promoting constant cycling between the
plasma membrane and the cytoplasm, and thus establishing a CXCL12 gradient. Thus,
CXCR7 controls chemokine concentrations in the extracellular space, limiting signaling via
other receptors [72,73]. According to a recent study, the balance between intracellular and
membrane expression of CXCR7, and thus its scavenger function, is tightly regulated by
CXCL12-induced phosphorylation of CXCR?7 that ensures its subsequent protection against
degradation [74]. This atypical function of CXCR? is essential for the development of many
organs, for the control and coordination of cell migration and positioning [75], and is not
only dependent on CXCR7 but requires an intimate interaction between CXCL12, CXCR4
and CXCR?.
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4. CXCL12/CXCR4/CXCR?7: Pathological Role in CRC

Pathologically, chemokines and their receptors are involved in the development of
infectious diseases, in particular the role of CXCR4 as a gateway for the HIV virus in CD4+
T cells [54]. However, recently, the involvement of chemokines has aroused a lot of interest
in oncology [43,76,77]. The first evidence emerges from studies in breast cancer, with the
involvement of CXCR4 in the control of metastatic dissemination [78].

4.1. Receptor Expression

Numerous studies have investigated the expression level of CXCR4 and CXCR7 re-
ceptors in solid cancers and in hematological cancers, given their involvement in the
development of the hematopoietic system. These studies show elevated expression of one
or both receptors in tumors compared to adjacent healthy tissues [79-81]. Furthermore,
in CRC, Romain et al. showed that CXCR4 and CXCRY7 expression increases with clinical
stages [82]. Several authors have reported that receptor overexpression reflects disease pro-
gression and is therefore associated with tumor aggressiveness, decreased survival and poor
prognosis [80,81,83-87]. Receptor expression is not only associated with tumor cells but
also with endothelial cells of tumor microvessels [88,89] whether in colon, liver, pancreas,
prostate, or lung cancers [90,91]. In contrast, Guillemot et al. described CXCR7 expression
only in vessels of primary colorectal tumors and in liver and lung metastases [92].

4.2. CXCL12 Expression

In CRC, different expression patterns have been reported. The expression of CXCL12
can be increasing from healthy mucosa to adenomas and adenocarcinomas [93] or, on
the contrary, decreasing [94]. Other studies show that CXCL12 expression is higher in
tumors compared to healthy tissues [95], and still, others describe heterogeneous tumors
since within the same cohort, some tumors express the chemokine strongly while others
express it weakly or not at all [96,97]. In tumors, CXCL12 is expressed by epithelial cells
but also by vascular endothelial cells [96] and stromal fibroblasts [97]. Finally, some studies
observe no difference in expression between healthy mucosa and tumor [98]. In contrast,
we showed that CXCL12 expression is strongly decreased in 94% of adenomas and 85%
and 75% of MSI and MSS carcinomas, respectively [52]. Similarly, Wendt et al. describe
an absence of CXCL12 expression in the CRC epithelium [99]. It is always difficult to
understand the reasons underlying different levels of expression of a factor in the same
cancer in different studies.

One of the reasons for these discrepancies could be the mixture of colon and rectal
tumors in the cohorts and the fact that part of rectal tumors are either irradiated and/or
chemically treated before resection, leading to changes in CXCL12 expression level [100,101].
Another reason might be the technique used. For instance, in immunohistochemistry, there
may be differences in the reference of the antibody, its dilution, and in the unmasking and
revelation technique (enzymatic, immunofluorescence). The heterogeneity of the tumor
must also be taken into account, as analyses are usually performed on only a fragment
of the tumor. Depending on how the samples are collected, it is possible to be in areas
with high, low or no expression of the protein. The number of tissue sections must also be
considered; with a limited number of sections, it is possible to be in a tumor area expressing
or not the protein. For these reasons, it could be recommended to separately study rectal
and colon tumors, as well as to combine the expression of the transcript with that of the
protein since these two techniques request separate tumor samples [52].

4.3. CXCL12/CXCR4/CXCR7 Axis in Cellular Interactions

The interaction between tumor cells and the tumor microenvironment, which includes
fibroblasts, immune cells and endothelial cells, participates to the development of tumor
malignancy through the modulation of a wide variety of proteins in both cancer and stromal
cells [102]. For example, there is bidirectional crosstalk between tumor cells and cancer-
associated fibroblasts (CAFs). This crosstalk is mediated by cancer cells releasing factors
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that enhance the ability of fibroblasts to release various tumor-promoting chemokines,
which in turn act on malignant cells to promote their proliferative, migratory and invasive
properties. In this aspect, the CXCL12-CXCR4 pair plays a fundamental role in a large
number of malignancies [103].

More specifically, mesenchymal stromal cells (MSCs) can be recruited to the stroma of
developing tumors to enhance metastasis through their ability to secrete growth factors
such as CXCL12 to promote tumor cell proliferation and tumor angiogenesis [104,105].
However, MSCs are also able to differentiate into CAFs by enhancing CXCR4 expression
and activating the TGF (Tumor Growth Factor) pathway, therefore promoting growth
and metastasis by secreting protumor factors [106]. Similarly, Todaro et al. showed that
medium conditioned with fibroblasts isolated from primary colon tumors increases the
clonogenicity of sphere-cultured colon cells and enhances the migration of CD44 stem cells
isolated from CXCR4-expressing human tumors; this medium also converts non-migrating
CD44v6-negative cells into migrating CD44v6-positive cells [107]. This phenotype can
be mimicked by CXCL12, which also confers metastatic potential and a more aggressive
phenotype to these progenitors in vivo.

MSCs present in the tumor stroma may also exert indirect pro-malignant actions by
promoting tumor angiogenesis through the recruitment of endothelial progenitor cells and
by facilitating the formation and maturation of the tumor vasculature [108]. These patterns
are relevant in situations where the primary tumor expresses CXCL12.

In tumors not expressing CXCL12, other chemokines or growth factors (CCL4 or
CCL5/CCL1 or CXCLS8) released by CRCs have the ability to attract cells of the immune
repertoire, angiogenic progenitors, and mesenchymal stem cells, resulting in a metastatic
phenotype [109,110]; these molecules can also be produced by stromal cells [111]. In
addition, MIF (Macrophage migration Inhibitory Factor) was shown to recruit MSCs to
tumors by a physical interaction between MIF and CXCR4 expressing cells observed in vitro
and in vivo [112]. Other factors such as fibroblast growth factor (bFGF), VEGEF, platelet-
derived growth factor (PDGF), insulin-like growth factor (IGF), and TGF-f3 have been
further described for their contribution to tumor growth to MSCs [108].

Conversely, in the liver, hepatic stellate cells (HSCs) constitute the predominant popu-
lation of CAFs, which are the main components of the tumor microenvironment [113]. Tu-
mor /fibroblast interaction has been involved the progression of cancer, the CXCR4/CXCL12
chemokine axis being a main leader of malignancy [114]. In addition, HSCs, together with
liver sinusoidal endothelial cells, are one of the principal sources of CXCL12 secretion
in the liver, where they mediate not only the recruitment of CXCR4-expressing tumor
cells, but also of CXCR4-expressing immune cells [114]. Immunohistochemical analysis
of human liver show that the sinusoidal endothelial cells lining the hepatic vessel wall
abundantly express the CXCL12 protein, which is therefore perfectly positioned to interact
with circulating tumor cells for the formation of metastases [115].

Therefore, CXCL12 promotes communication between cancer cells and the surround-
ing non-neoplastic cells in the tumor microenvironment, including endothelial cells and
fibroblasts, through activation of CXCR4 and CXCR?7. The hypoxic tumor microenvi-
ronment can favor the upregulation of CXCR4 and CXCL12 in several cell types such
as endothelial cells and cancer cells through mobilization of the hypoxia induced factor
1 (HIF-1c).

Concerning CXCR7-expressing cells, Guillemot et al. found that, in the primary CRC,
the presence of the CXCRY7 protein was restricted to tumor-associated endothelial cells,
whereas it was absent in tumor cells [92]. However, others described CXCR7 expression in
tumor-associated blood vessels but also by the malignant cells in CRC [82,116] and other
cancer types [117,118].

We could speculate that CXCR7 expression in tumor vessels is a common feature of all
cancers, whereas the presence of this receptor in malignant cells would be restricted to a
particular type of cancer.
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5. Prognostic Value of CXCL121/CXCR4/CXCR7 Axis
5.1. CXCL12 as a Prognostic Factor

Clinically, there are divergent viewpoints on the prognostic value of CXCL12 ex-
pression level. High expression is significantly associated with high tumor stage, lym-
phatic invasion, venous invasion, lymph node and distant metastases, and decreased sur-
vival [93,96,97]. Likewise, other studies suggest an association between CXCL12/CXCR4
expression and the induction of adenomas, carcinomas, and the development of metas-
tases [94]. Transcriptomic analysis of a cohort of 49 CRCs and RNA-Seq data from TCGA
for 375 CRCs indicate that increased CXCR4/CXCR7+CXCL12 signature expression is
the only independent prognostic marker for the presence/occurrence of metastasis and
decreased overall survival in both datasets [119].

In contrast, in two cohorts of 290 and 306 patients with stage III CRC, high cytoplasmic
expression of CXCL12, assessed by in situ hybridization and immunohistochemistry, is
associated with a better 5-year event-free survival [120]. Several studies, conversely, did
not find a correlation between high CXCL12 expression levels and clinico-pathological
parameters [88,121]. For example, in a meta-analysis of 25 articles published through 2017,
increased transcript or protein expression of CXCL12 was not associated with TNM stage,
age, gender, or diagnosis, but only with degree of tumor differentiation [121]. In another
cohort of 444 CRCs with MSS phenotype [104], the two molecular subgroups C4 and C6
have higher levels of CXCL12 expression than the other four subgroups and are associated
with a worse prognosis for patients [122].

Fushimi et al. showed that overexpression of CXCL12 in the CT26 syngeneic colorectal
cell line in Balb/C mice resulted in an accumulation of dendritic cells and CD8+ T cells,
which significantly slowed tumor growth after subcutaneous implantation [123]. A signifi-
cant number of studies have shown that CD8+ T-cell infiltration of a tumor is associated
with a better prognosis in CRC [124-127]. In a study of 613 stage III CRC specimens, high
CD8+ T cell infiltration combined with high CXCL12 expression is associated with superior
5-year overall survival compared to patients with tumors with high CD8+ T cell expression
alone [128].

In order to address these conflicting results, it can be hypothesized that during the
early stages of carcinogenesis, CXCL12 production might participate in the transformation
of the colonic mucosa at the beginning of the carcinogenesis process, whereas at later stages,
a lower expression would avoid the recruitment of cytotoxic lymphocytes and facilitate
the development of metastasis. Wendt et al. reported that tumor cells that do not express
endogenous CXCL12 respond better to exogenous CXCL12 produced by distant organs,
leading to metastasis in mice [99].

5.2. CXCR4 as a Prognostic Factor

Regarding the prognostic implication of CXCR4, the literature agrees that high CXCR4
expression in CRC patients is unfavorable, as it correlates with advanced tumor stage and
increased risk of recurrence and distant metastasis [96,121,122]. Several meta-analyses
conclude that there is a significant association between high CXCR4 expression and poor
overall survival [80,121,129-131]. In a similar way, a recent study indicated a particularly
poor prognosis for patients having CRCs jointly and strongly express CXCR4 and VEGF
(Vascular Endothelial Growth Factor) in more than 50% of cells, and this combination of
high expression is a strong and independent predictor of early distant relapse [132]. In
another cohort, the CXCR4+CXCR7+CXCL12-3+ signature stratifies patients with risk
of metastasis and in a TCGA dataset (n = 375), this signature predicts the presence of
metastasis and overall survival [119]. Consistent with these observations, low CXCR4
expression in resections of CRC liver metastases is independently associated with a lower
overall recurrence rate and thus improved disease-related survival [133].

In tumor—stromal cell interactions, CXCR4 and CXCL12 form an important signaling
axis, with the interaction influencing adhesion, migration and invasion, reflecting the
strong association of CXCR4 with the development of metastasis. In addition to being

155



Cancers 2022, 14, 1810

a prognostic biomarker, these findings are of clinical relevance given the emergence of
new drugs targeting the CXCR4 receptor. In the context of a combination of molecular
alterations, patients whose tumors overexpress CXCR4 and express the mutated KRAS
gene have the worst prognosis [134,135].

Nevertheless, some studies describe the absence of significant correlation between
CXCR4 expression and metastasis development. For example, Nagasawa et al., by mul-
tivariate regression analysis, found no significant association between CXCR4 transcript
expression and a clinico-pathological factor in a cohort of 200 patients with CRC [136]. In
the same way, work on a small cohort of liver metastases from CRC identified no difference
in the level of CXCR4 expression between tumor tissue and adjacent healthy tissue [137].
Finally, Xu et al. observed that the level of CXCR4 expression in the center of tumors is not
predictive of a poor prognosis, but instead its expression at the invasive border is [138].

5.3. CXCR4 as Stem Cell Marker

The following markers are considered markers of CRC stem cells (CSCs): CD133,
CD144, CD24, CD166, CD44, CD29, ALDH1, LGRS, and emerging studies have also re-
ported the involvement of the CXCL12/CXCR4 axis in several adult stem cells [131]. CD133
is one of the markers described to identify tumor-initiating cells (TICs) in several cancers
and in colon cancer; it has been used to isolate CSCs [139,140]. However, CD133 expression
is not only limited to CSCs [141,142], and in order to identify these cells more accurately,
additional markers have been considered. This is the case, for example, in the study
by Zhang et al. who demonstrated that CXCR4 expression could be used in addition to
CD133 expression to characterize colorectal CSCs [143]. In addition, a high percentage
of double-positive cells for these two markers in human CRCs positively correlates with
the presence of lymph node metastases [144]. Another example has been described where
Lgr5+/CXCR4+ colonic cancer cells respond to the properties of CSCs through a greater
ability to form spheres in vitro, develop tumors in vivo and resist chemotherapy. Further-
more, high levels of Lgr5 and CXCR4 expression in resected human CRCs correlate with
poor prognosis [145].

5.4. CXCRY7 as a Prognostic Factor

Since its discovery in 2005 [62], the role of CXCR?7 in the carcinogenesis of many
cancers has been well documented, and it is expressed in a wide variety of cancers and
tumor-associated blood vessels, including colon, liver, pancreatic, prostate and lung can-
cers [83,146]. There are conflicting observations regarding the role of CXCR7 in the nature
of the site of metastasis development. The expression of CXCR7 and CXCL12 is higher in
lung metastases than in primary CRC, whereas the expression of CXCR4 in both sites is
not statistically different [147]. Previous studies have observed that CXCR4 expression is
higher in liver metastases than in primary CRC tumor tissue [148,149] and suggest that the
mechanism of development of liver and lung metastases is different. This agrees with the
in vivo experience of Guillemot et al., who showed that CXCR7 is a key factor in the pro-
gression of CRC metastases specifically in the lungs, since systemic treatment of mice with
CXCR?7 antagonists reduces metastasis in the lungs but not in the liver, after intravenous
injection of HT-29 or C26 cells expressing CXCR7 [92].

In the study by Yang et al., positive CXCR7 expression is associated with the presence
of lymph node metastases, distant metastases and advanced TNM stage [85]. Sherif et al.
significantly observed cytoplasmic expression of CXCR7 in 11% of colorectal adenomas
and 72.4% of CRC [150]. In contrast to studies favoring a poor prognosis for high CXCR4
and CXCR?7 expression in CRC, Kheirelseid et al. observe that patients with above-median
expression have lower mortality (mean survival 46 months) than patients with below-
median CXCRY7 expression (mean survival 27 months). Similarly, lower expression of
CXCR4/CXCR7 and CXCL12 is associated with increased tumor size, local invasion, poor
differentiation, advanced lymph node stage, advanced tumor stage, and lymphovascular
invasion [151].
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Therefore, although the expression level of CXCL12, CXCR4 and CXCR?7 has been
considered a prognostic factor in several human tumor types (Table 1), none of the actors
of this axis have yet been definitively validated as pro-tumoral factors. Studies suggest that

the CXCL12 axis is a promoter rather than a tumor initiator.

Table 1. Clinical significance of CXCL12, CXCR4 and CXCR?7 expression levels in CRC.

Authors CXCL12 CXCR4 CXCR?7 References
Expression  Prognosis  Expression  Prognosis  Expression  Prognosis
Romain, 2017 L If ;| OS [52]
Fan (meta-analysis), 2018 - T 1 OS; | DFS [81]
Romain, 2014 - T T [82]
Kim, 2005; 2006 - T JOS [84-121]

Yang, 2015 - T 1 OS; | DFS [85]
Yang, 2015 - T 4 OS; | PFS [85]
Xu, 2018 - T JOS [86]
Ingold, 2009 T vascular 1 OS [88]
Guillemot, 2012 T T T [92]
Greijer, 2008 0 [93]
Frick, 2011 ! 0 [94]
Amara, 2015 T J OS T J OS [95]
Yoshitake, 2008 If 1 JOS If 1 JOS [96]
Akishima-Fukasawa, 2009 Ift 1 OS [97]
Mousavi, 2018 — — — — [98]
Wendyt, 2006 ¢ [99]
Mitchell, 2019 0 1 0s 0 1 0s 0 1 0Ss [111]
Stanisavljevi¢, 2016 Lt # 31;2" 4 STgDeFISH' [112]
Li (meta-analysis), 2017 T J} OS; | DFS T 1} OS; | DFS [113]
Lalos, 2021 0 10s [120]
Schimanski, 2005 - Ift J OS [122]
Lv, 2014 - 0 1 OS; | DFS [123]
Li, 2015 0 1 0s [122]
Jiang, 2019 - T JOS [125]
Ottaiano, 2020 - T J OS [124]
Yopp, 2012 LT — If 1 1 OS; | DFS [127]
Nagasawa, 2021 - — — [128]
SRl o o 4 - =
Xu, 2007 - T g;‘;zselr"e 10S [132]
Kheirelseid, 2013 - Ift 1 OS [144]

T: upregulated; |: downregulated; —: no change; -: not evaluated; DFS: disease-free survival; PFS: progression-

free survival.
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6. Mechanisms of Expression Regulation
6.1. Regulation of CXCL12 Expression

For both overexpression and loss of CXCL12 expression, several molecular mecha-
nisms have been proposed. Intratumoral hypoxia has been shown to be a factor that pro-
motes the overexpression of CXCL12 in vivo [152-154], ex vivo [155] and in vitro [153,155].
In these studies, CXCL12 expression is associated with hypoxic or HIF-1o-expressing areas
and this association has been confirmed using siRNAs directed against HIF-1« [93,152-154].
In endothelial cells and under hypoxic conditions, the hypoxia-induced upregulation of
CXCL12 expression was clearly attributed to the direct binding of HIF-1« to its specific
binding sites on the CXCL12 promoter [153].

Moreover, several mechanisms have been proposed to explain the loss of CXCL12
expression. Hypermethylation of the CXCL12 promoter in CRCs has been proposed by
Wendt et al. [99], as well as in cervical tumor lines and biopsies, observed by Yadav et al. [156].
In our study of a cohort of 444 MSS CRCs, we showed that the CpG islands of the CXCL12
promoter are methylated in only 30% of tumors [82]. In the same studies, we also reported
that, in vitro, treatment of three colonic lines with histone deacetylases (HDAC) inhibitors
such as butyrate and valproate restored CXCL12 expression and increased acetylation of
histone H3 of the CXCL12 promoter [52]. In vivo, valproate treatment of APC mutant mice
(APCMin/*) decreases the number of intestinal tumors and slows down tumor growth in ec-
topic xenografts while restoring CXCL12 expression [52]. In these CRCs tissues, an analysis
of the expression of 85 genes regulating epigenetic processes showed a loss of expression
of a histone acetyltransferase, the protein P300/CBP-associated factor (PCAF), and forced
expression of PCAF in colon cancer cell lines restored the expression of CXCL12 [52]. A
further study in the blood-brain barrier, with endothelial cells lacking CXCL12 expression
and pericytes expressing it, shows that the CXCL12 promoter is not methylated in both
cell types; in contrast, ChIP experiments indicate reduced levels of histone acetylation of
the promoter in endothelial cells compared with pericytes [157]. It is well documented
that histone deacetylation of promoters generates a compact chromatin configuration that
renders chromatin inaccessible to transcriptional factors and induces transcriptional repres-
sion [158]. Therefore, histone acetylation changes/defects associated with methylation of
the CXCL12 promoter in some CRC subtypes would be involved in CXCL12 expression
changes [52].

Functionally, cells with a decrease/loss in CXCL12 expression would be likely to be
attracted to tissues expressing CXCL12, such as metastasis sites [47]. Moreover, this expres-
sion defect would contribute to the resistance to anoikis with, consequently, a migration
and dissemination of tumor cells favoring the development of metastasis [159].

6.2. Requlation of CXCR4 Expression

The mechanisms leading to the high receptor expression are not clearly defined. A
mode of regulation of gene expression is related to the intrinsic instability of transcripts
due to the presence of adenylate-uridylate-rich element (AREs) in their 3’-UTRs, which are
targeted by RNA-binding proteins for degradation, among which are those of cytokines
or chemokines [160]. However, the role of these AREs may be compromised in cancer,
largely due to a deficiency in proteins that promote mRNA degradation. These sequences
were found in the 3'UTR of many labile mRNAs that encode proto-oncoproteins (c-myc,
c-fos, c-jun) and cytokines [160]. Al-Souhibani et al. showed that in breast tumor cells, the
CXCR4 gene harbors a functional ARE in its 3'-UTR portion, a potential target for the RNA
degradation proteins, TTP and HuR [161]. They also demonstrate that overexpression of
HuR combined with low expression of TTP results in increased stability of CXCR4 mRNA
and consequently higher levels of protein that will promote detachment and migration of
breast tumor cells to distant sites [161].

Tumor progression is associated with intratumor hypoxia, which leads to increased
vascular density, and HIF-1« is a transcription factor that allows for adaptation of tumor
cells to hypoxia [162]. In CRC, hypoxia has been shown to promote increased expression of
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CXCR4 [82,163], and in human colonic cell lines, this effect is mediated by the transcription
factor HIF-1« [82]. Many studies have shown that HIF-1« is expressed at elevated levels
in highly aggressive CRCs [164] and plays a major role in regulating the expression of
many genes involved in angiogenesis and chemotaxis via the CXCL12/CXCR4 axis [165].
Our team has demonstrated that CXCR4 expression is increased by hypoxia in human
colonic cell lines [82]. Additionally, the combined expression of CXCR4, HIF-1ox and
VEGE is strongly correlated with the presence of lymph node metastasis and distant
metastasis in human CRC [166]. Zong et al. performed a bioinformatics analysis of Gene
Expression Omnibus (GEO) data of HCT-116 cells subjected to acute and chronic hypoxia to
identify genes differentially expressed in normoxic and hypoxic conditions. Among these
genes, they found CXCR4 whose expression is upregulated under these conditions [163].
Numerous publications have reported the direct involvement of the two hypoxia-inducible
factors, HIF-1a and HIF-2«, on the increase in CXCR4 expression [167], as the promoter of
the gene encoding CXCR4 contains a hypoxia response element (HRE) [168,169].

Studies have suggested that the ERK1/2 and PI3K/Akt pathways, mediators of
chemokine-induced migration, are activated by hypoxia in many cell types [170]. In
addition, in vitro treatment of endothelial progenitor cells with specific inhibitors of the
ERK1/2 or PI3K/ Akt pathway indicates that only Akt activation is required for hypoxia-
induced increase in CXCR4 expression and increased chemotaxis [171]. Other studies report
that activation of the PI3K/Akt pathway can increase translation of HIF-1x-coding mRNA
and stabilization of the protein under hypoxic conditions [172], which would promote
increased CXCR4 expression. Likewise, reduction of CXCR4 expression by siRNA in human
colonic tumor cells cultured in hypoxia decreases CXCL12-induced phosphorylation and
activation of Akt, while ERK activation is unchanged [82].

Epigenetic alterations have also been described to regulate CXCR4 expression in CRC.
MicroRNAs (miRNAs or miRs) have emerged as critical regulators of carcinogenesis and
tumor progression and are described to modulate cell proliferation, apoptosis, invasion,
angiogenesis, and metastasis [173]. It is now evident that certain miRNAs may be involved
in the activation of the CXCL12/CXCR4 axis and thus participate in the progression of
CRC to metastasis by controlling CXCR4 expression. For example, miR-9 expression is
decreased in late-stage CRC and low miR-9 levels are significantly associated with lymph
node metastasis [174]. Furthermore, Kaplan-Meier analysis reveals that decreased miR-9
expression is significantly correlated with shorter median survival time, suggesting that
miR-9 is an independent prognostic marker for overall survival of CRC patients and acts as
a potential tumor suppressor gene [174]. In the same study, the authors show that in vitro,
this miR inhibits cell migration and invasion. Moreover, a bioinformatics analysis of miR-9
target genes identified CXCR4, whose transcript has a possible miR-9 binding element
in its 3’-UTR region. Using a Dual-Reporter assay, this observation was validated by
demonstrating that miR-9 negatively modulates the transcriptional and protein expression
of CXCR4 by binding directly to its 3'-UTR. In vivo, injections of colonic tumor cells
overexpressing miR-9 into the tail vein of mice resulted in fewer lung metastases than with
control cells, a similar effect obtained with cells deleted for CXCR4 expression [174].

Another study investigated the prognostic value of miR-126 expression level associated
with that of CXCR4 in CRC, and an inverse correlation was observed between miR-126
and CXCR4 protein expression in CRC [175]. Furthermore, low miR-126 and high CXCR4
expression is associated with distant metastasis, TNM clinical stage, and poor survival,
Multivariate analysis indicates that miR-126 is an independent prognostic factor for overall
survival [176]. In another study, the same team showed that miR-126 negatively regulates
CXCR4 through the AKT and ERK1/2 signaling pathways, and thus this miR functions as
a tumor suppressor in CRC cells [175].

Another miR might be involved in the regulation of CXCR4, miR-622, which is un-
derexpressed in CRC metastases and has been described as a potential tumor suppressor
gene by slowing down KRAS-dependent tumor and metastasis formation in mice [177]. By
overexpressing KRAS in cells, the authors restore normal tumor growth. The same authors
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subsequently showed that in vitro, overexpression of miR-622 in HUVEC cells inhibits
capillary tube formation and that in vivo, this overexpression in HT29 cells xenografted to
mice, slows tumor growth by strongly decreasing angiogenesis [177]. In parallel, analyses
also showed that CXCR4 and VEGF-« expression is strongly decreased in these tumors.
Similarly, as for miR-9, miR-622 has a binding site in the 3’-UTR region of the CXCR4
transcript and can therefore directly inhibit CXCR4 expression. Since VEGF is a target of
CXCR4, the anti-angiogenic impact of miR-622 can be mediated by the repression of CXCR4
and consequently, reduces VEGF expression [178].

MiR-133b has also been described as a regulator of CXCR4 expression, with its expres-
sion being much lower in metastatic CRCs (stages C and D) than in early tumors (stages A
and B) [179]. Using bioinformatics algorithms to identify targets of this miRNA, several
targets including CXCR4 have emerged from the analysis, and a luciferase assay showed
the existence of a binding site for miR-133b in the 3’-UTR of the CXCR4 transcript [179], as
had also been described for miR-9 [174], miR-622 [177] or miR-139 [180].

Finally, the relative expression of the CXCR4 transcript and protein are significantly
suppressed by transfecting DLD-1 and SW480 colonic cells with miR-140-3p, and this effect
is reinforced by the existence of a binding site of this miR on the CXCR4 messenger [181].
In another context, the human miR-125b has been described to positively regulate Wnt/3-
catenin signaling by targeting APC expression; however, in a positive feedback, the increase
in miR-125b in turn leads to increased expression of CXCR4 [182].

Studies also highlight the possibility of modulation of CXCR4 expression by changes
in the DNA methylation profile and/or histones of the promoter. A recent work by
Stuckel et al. showed that the overexpression of CXCR4 in human CRCs is observed in both
colonocytes and stromal cells. The authors found that this overexpression is not the result
of hypermethylation of the CpG islands of the CXCR4 promoter but rather of an increase in
5-hydroxymethylcytosine (5hmC), a marker of active demethylation of a gene [183]; and
in this case, the accumulation of 5hmC would reflect increased transcription of CXCR4
in the CRC [184]. This work complements other studies demonstrating the regulation of
CXCR4 expression by epigenetic processes associated with genome methylation. Such
5hmC marks have been described for genomic and circulating DNA from different cancer
types, including CRC, and were distributed in transcriptionally active regions. In addition,
by using 5hmCs as biomarkers, it was possible to separate patients who developed CRC
from those who did not, which also allowed the definition of marks to discriminate genomic
DNA from tumor and healthy tissues [185].

In addition, studies carried out in vitro [186] and in vivo [187] show that cells lacking
CXCR4 expression under stress conditions can begin to express the receptor. This is the
case in Ewing’s sarcoma cell lines, in which the CXCR4 promoter is highly enriched in
activating but also repressive histone marks. These cells, once under stress, show a loss of
the repressive mark H3K27me3 while the activating mark H3K4me3 is increased with a
consequent increase in the expression of CXCR4 [187].

Demonstrating that increased CXCR4 expression facilitates the development of liver
but not lung metastases, and that decreased CXCR4 also reduces liver metastasis without
affecting lung metastasis, Urosevic et al. also showed that transcription factors of the ETS
family mediate CXCR4 expression downstream of RAS-ERK1/2 signaling. ETV4 and ETV5
factors induce a strong expression of CXCR4 in human colorectal lines [188]. It is also
known that the deregulation of genes of the HOX family of transcription factors facilitates
the progression of cancers through various mechanisms [189]. In two independent CRC
cohorts, high HOXB5 expression was positively correlated with the presence of lymph node
metastases, distant metastases, poor tumor differentiation and advanced clinical stage [190].
Moreover, overexpression of HOXB5 in the Caco-2 colorectal cell line leads to changes in
the expression of several genes involved in metastasis, including CXCR4, and the use of
reporter gene systems shows that CXCR4 is a transcriptional target of HOXB5 [190].
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6.3. Regulation of CXCR7 Expression

While the literature provides numerous studies regarding the mechanisms of regula-
tion of CXCR4 expression in CRC, much less data are available for CXCR?7. Evidence for
an impact of hypoxia and the transcription factors HIF-1 and -2 exists in other cell types,
such as in bone marrow-derived mesenchymal stem cells where the PI3K/Akt-HIF-1«-
CXCR4/CXCR?7 pathway is essential for cell migration, adhesion, and survival [168] or in
glioblastoma cells [191]. The only study published to date in CRC is a work by our team
that showed that in human colonic cells, hypoxia or HIF-1« silencing does not alter the
expression level of CXCR?7 [82].

Gene expression can be regulated by transcription factors such as the HIC1 (Hyperme-
thylated in Cancer 1), which is hypermethylated in many tumors including CRC [192,193],
and inactivation following hypermethylation is thought to be a tumorigenesis-triggering
event [194]. The search for HIC1 consensus binding sites (HiRE) in the CXCRY7 regulatory
region identified 11 putative HiREs to which HIC1 could bind directly [195]. HIC1 gene
knockdown, CXCR7 promoter HiRE mutations and ChiP-seq approaches demonstrate
that CXCR?7 is a direct target of HIC1, which acts as a direct repressor of CXCR7 expres-
sion [195]. This suggests that in tumors with loss of HIC1 expression, the subsequent
increase in CXCR7 may participate in tumor progression.

Although, similar to its partner CXCR4, CXCR7 expression can be regulated by epige-
netic mechanisms involving miRs in different tumor types [195-198]; to date, no data in
the literature have demonstrated the involvement of a miR to regulate CXCR7 expression
in CRC.

7. Implication of CXCL12/CXCR4/CXCR?7 Axis in Metastatic Dissemination

For many years, the signaling mediated by this axis has been described to participate in
the different aspects of tumor progression and dissemination (Figure 1). To better determine
the respective involvement of each partner of this axis, different approaches have been
used, such as interfering RNA, genetic editing by overexpression or loss of function,
pharmacological inhibitors, neutralizing antibodies in vitro or in vivo. To understand the
involvement of CXCL12 in tumor dissemination, it is necessary to separate the role of
the chemokine itself from that of the CXCR4 and CXCR? receptors, as well as the level of
expression of CXCL12 in the primary tumor and the sites of metastatic implantation where
it is highly expressed [52,78].

One hypothesis is that before metastasis develops, many CRC cells undergo DNA
hypermethylation on the CXCL12 promoter [99], such that autocrine and paracrine CXCL12
signaling is reduced and tumor cells can migrate along a gradient that leads them to
distant organs, known to highly express the chemokine [47]. This process would be
initiated early in colonic carcinogenesis since CXCL12 expression is already lost at the
adenoma stage [52]. This downregulation of CXCL12 expression also prevents colonic
tumor cells from undergoing anoikis, a form of apoptosis when cell—cell contact is lost
between epithelial cells [159].

7.1. CXCL12

The implication of CXCL12 has been demonstrated in different models. For example,
in the dorsal skinfold chamber model of syngenic BALB/c mice, Kollmar et al. studied the
effects of increasing concentrations of CXCL12 on tumor growth and angiogenesis induced
by CT26 cell implantation [199]. In vivo, CXCL12 accelerates tumor growth through
induction of angiogenesis, cell proliferation and inhibition of apoptosis [199]. In another
study, the same authors used the same experimental model but performed a hepatectomy
in mice [200]. It is known that liver resection is associated with liver regeneration and a
local and systemic release of potent growth factors, including chemokines [201,202]. This
model permits to understand the role of CXCL12 on the dissemination of CT26 cells in the
tissues around the skinfold chamber. The authors report that neutralization of CXCL12
with an antibody promotes tumor extension to nearby tissues, accelerates angiogenesis and
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neovascularization, increases VEGF expression, microvascular permeability and increases
CXCR?7 expression [199]. Moreover, neovascularization and tumor growth are reduced after
CXCR4 neutralizing treatment. Therefore, in the absence of CXCL12, signaling by CXCR4
is interrupted and an alternative pathway must be considered that would be carried by
CXCR?. CXCR?7 has been described to increase the production of VEGF [182], which would
be the trigger of the pro-angiogenic effect observed after neutralization of CXCL12 [199].
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Figure 1. Process of metastatic dissemination in CRC. Tumor cells that no longer express CXCL12
will migrate to organs of metastasis via blood circulation. The expression of the CXCR4 and CXCR7
receptors allows for the intra- and extravasation of the cells through the vessels and then the implan-
tation in the liver and the lungs where CXCL12 is strongly expressed. During intravasation of tumor
cells into circulation, macrophages localized to perivascular areas within tumors help tumor cells
traverse vessel barriers. In the circulation, platelets support tumor cell survival by protecting them

from cytotoxic immune cell recognition.

Conversely, CXCL12 has also been described as an anti-tumor molecule in pancreatic
cancer [203]. In CRC, Wendt et al. described a strong decrease in CXCL12 expression [99]
and when colon cells treated with a demethylation agent to restore CXCL12, are injected
into the tail vein of mice, metastatic tumor formation is greatly reduced as compared to
cells lacking CXCL12. A similar situation has been observed in APC mutant mice that
spontaneously develop CRCs. When these mice are treated with a histone deacetylase
inhibitor, such as valproate, there is a re-expression of CXCL12 and a decrease in the
number of tumors [52].

7.2. CXCL12 and CXCR4

The contribution of CXCR4 in tumor cell migration involves several cellular aspects
that all converge toward the facilitation of cell migration and invasion. For example,
overexpression of CXCR4 promotes the formation of pseudopodia through actin polymer-
ization [78] and reorganization of the cytoskeleton [204]. Other processes are induced under
hypoxic conditions such as epithelial-mesenchymal transition (EMT) and overexpression
of a2, &5 and P31 integrins [205].

Migration and invasion processes also involve proteolytic activities induced by the im-
portant secretion of gelatinases such as MMP-2, MMP-9 or matrylisin-1 (MMP-7) [204,206,207].
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One study showed that the ability of CXCL12-mediated cell migration and invasion is
highly dependent on MMP-9 secretion and activity via Akt and ERK/MAPK signal-
ing [204] and on (-catenin translocation in the nucleus, suggesting the interaction of
the CXCL12/CXCR4 axis with the Wnt-3-catenin signaling [206].

At the signaling level, CXCR4 regulates the migratory and invasive ability of cells
via the MAPK/ERK1/2 and PI3K/ Akt signaling pathways activated by CXCL12-CXCR4
binding [82,204,208,209]. Similarly, CXCL12 binding to CXCR4 activates pro-metastatic sig-
naling by decreasing E-cadherin expression but inducing ICAM-1 expression (InterCellular
Adhesion Molecule) [210]; however, it has been shown that high levels of ICAM-1 in CRCs
are associated with decreased tumor progression and liver metastasis [211]. Activation of
the CXCR4/CXCL12 axis also involves the TGF-f3 pathway to promote invasion, angiogene-
sis, and promotion of distant metastasis by promoting differentiation of hepatic stellate cells
into CAFs [212]. Furthermore, CXCR4 knockdown strongly reduces in vivo tumor growth
associated with the reduction of tumor capillaries and intra-tumoral blood flow without
affecting VEGF expression [213]. Moreover, in HUVEC cells, CXCR4 knockdown strongly
inhibits angiogenesis after stimulation with CXCL12 ligand, by reducing EGFR, VEGE, and
MMP-2, affecting MAPK/ERK, PI3K/Akt and Wnt/ 3-catenin pathways [207]. Another
study showed that CXCL12 could stimulate the metastatic behavior of colonic cells express-
ing CXCR4 by increasing cell proliferation and adhesion to fibronectin [214]. These studies
agree with those of Gouveia-Fernandes et al. who show that overexpression of fibronectin
confers invasive and disseminative potential to HCT15 cells by promoting activation of the
CXCL12/CXCR4 axis through modulation of «3 and (33 integrin expression [215].

Furthermore, Zeelenberg et al. demonstrate that CXCR4 expression is regulated posi-
tively by the tumor microenvironment, but it appears that CXCR4 is not required for tumor
cell entry into metastatic sites, but rather for the establishment of micro-metastases [216].
Mice in which murine CT-26 colonic cells deficient in CXCR4 by retention of the receptor
at the level of the endoplasmic reticulum, were injected into the spleen or the tail vein,
indicate that CXCR4 would not play a role in invasion, but rather in the survival of the cells
to form micro-metastases without impacting their proliferation [216].

In the same idea, Matsusue et al. showed that HCT116 cells stimulated by CXCL12
become resistant to apoptosis, and the use of AMD3100 reduces this CXCL12-dependent
anti-apoptotic ability [217]. In vivo, these cells metastasize because CXCR4-positive cancer
cells selectively survive by an anti-apoptotic effect and by the secretion of CXCL12 by
stellate liver cells. Thus, these liver cells, under the action of TFG-f31 secreted by the
tumor cells, will differentiate into CAFs [217]. The involvement of CXCR4 in the metastatic
process could also be potentiated by another receptor, CXCR3 [218], which is activated
by the chemokine CXCL10 by inducing cytoskeletal rearrangements, migration, invasion,
expression of the matrix metalloproteinase MMP-2/9, and cell survival through the ac-
tivation of ERK1/2, Akt and protein kinase G [219]. These ideas are supported by the
findings of Tan et al. who propose that overexpression of CXCR4 by tumor cells in the
hepatic metastatic microenvironment stimulates the production of CXCL12 by stellate
cells, which through a paracrine action, stimulates the secretion of TGF-f31 by tumor cells,
necessary for the differentiation of hepatic stellate cells into CAFs [212]. These studies
suggest that modulation of the CXCL12-CXCR4 interaction can have a strong impact on
tumor dissemination to target organs.

7.3. CXCL12 and CXCR7

A growing number of studies are emerging to understand the mechanisms by which
CXCRY participates in the growth and progression of colon cancer to organs of metastasis.
Thus, the involvement of CXCR? in colorectal tumorigenesis has been discussed in several
models and is through the regulation of proliferation, survival, migration, invasion, an-
giogenesis, tumor growth and metastatic dissemination [89,218]. CXCR?7 gene silencing
represses cell proliferation and invasion and induces apoptosis with decreased expression
of p-ERK, {3-arrestin, PCNA and MMP-2 but with increased expression of caspase-3 [220].
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Subcutaneous tumors induced by SW480 cells deleted for CXCR7 expression are signifi-
cantly smaller than those in control groups [220]. CXCR7, but not CXCR4, expression can
be increased by lipopolysaccharide treatment in cells expressing both TLR4 and the MD2
coreceptor [221]; additionally, in patients, high expression of TLR4, MD2 and CXCR?7 is
associated with tumor cell infiltration in lymph nodes and distant metastases [221].

The involvement of CXCR7 has also been described in transendothelial migration, and
CXCR?7 expression is found both in tumor cells and in tumor-associated vessels. However,
using the endothelial cell line HUVEC, it was shown that this expression by vessels is
not necessary for CXCL12-mediated transendothelial migration, and this process requires
CXCR? expressed by tumor cells, without involving CXCR4 [222]. CXCR?7 appears to
have angiogenic activity since its overexpression in colonic cells cultured with HUVEC
cells promotes the formation of capillary tubes, and the stable extinction of CXCR7 in
colonic cells prevents this tube formation [89]. CXCR?7 exhibits low levels of expression
in normal mature vascular endothelial cells but is highly expressed in endothelial cells
of neovascularized tumors [223]. This effect might be a consequence of the stimulation
by CXCR?7 of VEGF production by endothelial cells via activation of the ERK and AKT
pathways [89].

An in vivo study with transgenic mice overexpressing CXCR7 in the intestine showed
that this overexpression exacerbates DSS treatment-induced inflammation by causing
extensive infiltration of myeloid suppressor cells, M2-like macrophages, and Tregs in the
colon, associated with elevated amounts of the proinflammatory cytokines TNF-«, IL-6,
and c-Myc but decreased numbers of CD8+ T cells [205]. This CXCR7 overexpression
also increases tumorigenesis in APCM"/*+ mice and these effects are amplified when mice
overexpress the CXCR4/CXCR? heterodimer [224].

Although the implication of CXCR?7 in the metastatic process is well demonstrated,
there are still some questions about its capacity to direct the dissemination more specifically
in an organ. Guillemot et al. have shown that in mice, systemic treatment with specific
CXCR? antagonists prevents the dissemination of cells in the lungs but not in the liver [92].
Concomitantly, higher expression of CXCL12 and CXCL11 was found in tumor areas in the
lung compared with the liver, indicating that distinct pathways regulate the mechanism
of pulmonary and hepatic metastatic spread. In another study in human CRCs, CXCR?7
expression was also found to be higher in lung metastases than in the primary tumor [138].

7.4. CXCL12, CXCR4 and CXCR7

For a possible mechanism of action of CXCL12 in promoting metastasis, numerous
works have highlighted the role of matrix metalloproteinases (MMPs), proteinases re-
sponsible for degradation and remodeling of the extracellular matrix (ECM). Thus, the
persistent localization of these enzymes at the interface between migrating CRC cells and
the surrounding stroma has been demonstrated, supporting a role for MMPs in CRC in-
vasion and metastasis [225]. This study shows that none of the three CRC cell lines tested
express MMP-2 or MMP-9. In contrast, subcutaneous tumors induced by transplantation
of these cells express limited amounts of MMP-2 and MMP-9 while caecal tumors express
them in large amounts [225] showing the role of murine stromal cells in the production of
these proteinases.

Similarly, in myeloma cells, CXCL12 induces the expression of matrix metallopro-
teinases (MMPs) such as MMP-9, membrane MMPs such as MT1-MMP, represses the
expression of inhibitors such as TIMP-1, promoting cell invasion in vitro [226]. However,
these observations do not support a possible role for CXCL12 in the invasiveness of colonic
tumor cells that no longer express CXCL12 [53,123]. In addition, it is possible to speculate
that in vivo, colonic tumor cells acquire the ability to produce MMP regulatory factors
other than CXCL12, such as mutations in tumor suppressor genes or proto-oncogenes,
changes in the microenvironment, extracellular matrix composition, tissue oxygenation
and inflammation [227].

164



Cancers 2022, 14, 1810

8. Targeting of the CXCL12/CXCR4/CXCR?7 Axis in CRC
8.1. Preclinical Studies

A recent report found that CXCL12 and relative expression of the CXCL12-CXCR4
axis are independent prognostic factors for 5-year relapse-free survival [120]. Multiple
preclinical studies have evaluated the efficacy of many agents; however, only a few drugs
targeting this axis have been approved for clinical use. These agents include anti-CXCR4
neutralizing antibodies, interfering RNAs or antagonist molecules targeting CXCR4 or
CXCR?, or small peptides specifically blocking CXCR4 (Table 2).

In the clinic, the molecules used mainly target CXCR4, and a molecule more specifically
targets CXCL12 [228]. Many preclinical studies targeting the CXCL12/ CXCR4/CXCR?7
axis have been published, but few have focused on CRC.

8.2. AMD3100

The best-known molecule to inhibit the biological effect of CXCR4 is the molecule
commonly known as AMD3100 or plerixafor (Mozobil). The Food and Drug Administration
(FDA) approved AMD3100 in 2008 for use in the mobilization of hematopoietic stem cells
for transplantation in patients with non-Hodgkin’s lymphoma [229,230]. AMD3100 is a
specific antagonist of CXCR4 of the bicyclam family [231]. This drug acts as an antagonist
by binding to one glutamine and two aspartate residues in the CXCR4 receptor, preventing
the conformational change necessary to activate intracellular kinases [232]. It is the most
frequently used drug in clinical trials targeting the CXCL12-CXCR4/CXCR? axis and has
been described in several studies in hematological, breast, pancreatic, lung cancer [231,233].

In an orthotopic model of liver metastasis using the murine colonic line C26, blocking
CXCR4 with AMD3100 reduces the number and size of liver metastatic sites [234]. Im-
munohistochemical analyses revealed a significant decrease in the expression of «-SMA,
a marker for hepatic stellate cells, in the liver foci of AMD3100-treated mice compared
with control mice [234]. The promotion of VEGF production by stellate cells has been
demonstrated in liver metastases in vivo [102], facilitating the recruitment of sinusoidal
endothelial cells and the transition from avascular to vascular stage in these metastatic
sites. In this context, a decrease in stellate cells induced by AMD3100 could therefore
alter the angiogenic response and the blood supply of oxygen and nutrients to the tumor.
However, AMD3100 has been described to also interact with CXCR7 but as an agonist [235].
AMD3100 alone can induce f3-arrestin recruitment to CXCR7. Moreover, and in contrast
to the antagonistic effect observed for CXCR4, AMD3100 increases 2’ I-CXCL12 binding
to HEK293 cells expressing CXCR7 and CXCL12-facilitated recruitment of (3-arrestin to
CXCR?, recruitment that is also possible in the absence of CXCL12, albeit at relatively high
concentrations (>10 mM) [235]. To date and to the best of our knowledge, no molecular
mechanism has been proposed to justify the agonistic property of AMD3100 on CXCR?.

Data about mode of action of AMD100 are limited in CRC. An in vitro study in the
SW480 colon cell line demonstrated that the anti-tumor effect of AMD3100 was mediated
through the reduction of VEGF and MMP-9 expression, but not MMP-2 [236]. Further
evidence comes from a study on mammary stem cells that identified among the proteins
showing CXCL12-induced phosphorylation, up to 22% are involved in signaling pathways
related to cell adhesion and migration, actin and microtubule association in cytoskeletal re-
modeling. These mechanisms are known to support the involvement of CXCL12/CXCR4 in
the metastatic process. By exposing cells to AMD3100, the phosphorylation of key proteins
in these signaling pathways is blocked, such as the catalytic subunit of serine/threonine-
protein phosphatase PP1-gamma (PPPC1) [237]. Conversely, in prostate cancer where
CXCR4 strongly regulates the development of metastasis, treatment of prostate cells with
dihydrotestosterone increased the expression of the androgen receptor, CXCR4, PI3K and
AKT phosphorylation as well as EMT and downstream cell cycle control genes. Con-
versely, treatment with resveratrol and AMD3100 reversed all these changes associated
with increased expression of apoptosis-related genes [238].
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Taken together, these observations suggest that AMD3100 is an allosteric agonist
to CXCRY7. Therefore, while this antagonist has proved effective in controlling tumor
progression in various cancers, these observations suggest caution in its use to understand
the respective roles of CXCR4 and CXCR? as mediators of the biological effects of CXCL12.

8.3. LY2510924

In addition to AMD3100, novel CXCR4 inhibitors have been identified, including
the cyclic peptide LY2510924. From X-ray crystal structures of CXCR4 [239], LY2510924
is suggested to occupy a binding pocket and possess ligand-receptor interactions with
CXCR4 residues such as Asp187, Argl188, GIn200, His113, and Tyr190 [240]. The antag-
onistic effect of this new molecule was confirmed in an SDF-1-induced GTP (guanine-
triphosphate)-binding assay where LY2510924 completely inhibits SDF-1-mediated binding
to GTPyS35 with a Kb of 0.38 nmol/L. Furthermore, LY2510924 was found to inhibit
CXCL12-mediated chemotaxis by blocking SDF-1-stimulated phosphorylation of ERK and
Akt in a concentration-dependent manner [240].

In vivo, its antagonistic effect has been proven by the dose-dependent decrease in
tumor growth in colonic, pulmonary, renal or non-Hodgkin’s lymphoma xenografts and
on the formation of mammary tumor metastases after intravenous injection of mammary
tumor cells [240]. In the latter model, pre-treatment of mice with LY2510924 strongly
decreases lung colonization and prevents the proliferation of implanted cells.

In a separate study, the inhibitory effects of LY2510924 were evaluated in ortho-
topic xenografts of three human colonic lines in the rectal mucosa. While treatment with
LY2510924 strongly reduces tumor size, it does not affect the size of metastases and only
when combined with 5-FU reduced metastasis [241]. A possible explanation for the lack
of effect of LY2510924 on metastasis is the presence of a population of TICs, which is the
source of many therapeutic resistances, or else this molecule is only fully effective when
combined with other conventional therapies.

8.4. PepR

Peptide R (PepR) is a new CXCR4 antagonist peptide, effective mainly in combina-
tion with conventional chemotherapies such as 5-FU and oxaliplatin. In subcutaneous
xenografts of HCT116 or HT-29 cells, mice treatment with PepR potentiates the inhibitory
effect of chemotherapy on the proliferation and activation of EMT [242]. As a proposed
mechanism, an analysis of TCGA dataset RNA-Seq indicates that adding the PepR com-
pound to chemotherapy reverted the increased expression of the mesenchymal markers
as well as PD-L1, all markers being induced by chemotherapy alone [242]. This suggests
a role for CXCR4 in controlling EMT marker expression. In addition, treatment of colon
cells with chemotherapy/radiochemotherapy induced a population of CD133+CXCR4+
cells, supposed to be stem-resistant cancer cells, while adding Pep R reduced this popu-
lation. In a previous study, the same authors showed that this novel antagonist enhances
the efficacy of anti-PD-1 therapy in a mouse model of colon cancer induced with MC38
cells [243]. The increased efficacy of anti-PD-1 therapy by PeR results from changes in
the microenvironment by recruiting Granzyme B-positive cells and decreasing Tregs cells.
Thus, PeR treatment makes the microenvironment more immunosensitive to anti-PD-1
therapy [243]. Other studies have shown that Pep R reduced the expression of CXCL12 and
PD-L1, probably by inhibiting the immunosuppressive effect of the microenvironment and
preventing the recruitment of stromal cells (CAFs, Tumor Associated Macrophages (TAM),
Myeloid-Derived Suppressor Cells (MDSCs)) responsible for the exclusion of cytotoxic T
lymphocytes approximately tumor cells [244,245].

8.5. MSX-122

Unlike other inhibitors that prevent the binding of CXCL12 to its receptor, this
molecule MSX-122, when binding to CXCR4 could interfere with the “lock and key” mecha-
nism between CXCR4 and CXCL12, and modulates functional signaling such as reductions
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in pErbB2, pAKT, pERK and increase in cAMP production, without displacing CXCL12
from the receptor [246].

The efficacy of this CXCR4 antagonist was evaluated in APCM"/+ mice exposed to
azoxymethane (AOM) and treated with MSX-122 [247]. APCMI"/* mice are known to
develop mainly small bowel tumors, while when exposed to AOM, they develop cancers
in the colon [248]. As expected, AOM induced colonic tumors in these mice, whereas
treatment with MSX-122 significantly reduced the incidence of colonic tumors and tumor
volume through decreased cell proliferation as assessed by Ki-67 labeling. The authors
propose that MSX-122, having been well tolerated in a phase Ib clinical trial, may serve as a
chemopreventive agent in individuals at increased risk of developing CRC.

8.6. CCX754 and CCX771

In contrast to CXCR4, studies describing the use of CXCR7 antagonists in CRC are
uncommon despite the development of several of its inhibitors by ChemoCentryx (CCX226,
CCX733, CCX754, CCX771 and CCX773). These molecules have been described as ligands
that do not induce phosphorylation of AKT or ERK. CCX754 and CCX771, two of these
antagonists, were tested in mouse injected with human or mouse lung carcinoma cells [249]
or in models of lung metastasis by injection of murine C26 and human HT-29 colon
cancer cells [92]. Systemic treatment with CCX754 or CCX771 antagonist strongly reduced
tumor expansion in the lungs of mice injected with these cells but not the expansion of
metastases into the liver [92]. However, CCX771 has also been described as an agonist
that recruits -arrestin-2 to CXCR7 and blocks trans-endothelial migration of human
cancer cells [250]. A theory of receptor desensitization has been proposed to explain the
agonist/antagonistic effect of the molecule. CCX771 would not stimulate chemotactic
activity but rather induce internalization of CXCR?7 from the cell surface. This has been
observed for a CCR5-targeting molecule in search for anti-HIV-1 agent [251] or described
for a CCL7 agonist non-glycosaminoglycans (GAGs) binding and evaluated for its anti-
inflammatory effect [252].

The lack of data on the efficacy of these antagonists can be explained by the following
studies showing that those molecules initially designed to inhibit CXCR?7 activation also
act as agonists in different pathologies [253]. Likewise, some CXCR4 receptor antagonists
are agonists for the CXCR7 receptor, such as the cyclic peptide TC14012 [254].

There may be several reasons why molecules presented as antagonists/agonists, exert
inverse physiological activity. One possibility is that the mode of action of the molecules
is more related to CXCL12-mediated effects than to CXCR7-mediated effects. For exam-
ple, CXCR7 antagonists prevent CXCL12 internalization leading to increased extracellular
CXCL12 concentrations. They may therefore generate pathophysiological effects such
as those of CXCR7 agonists, as described in experimental autoimmune encephalomyeli-
tis [255].

CCX771 alone induced a concentration-dependent association of CXCR7 with f3-
arrestin2 CCX771 was substantially more potent than its natural protein ligand CXCL12 in
triggering [3-arrestin2 association

8.7. Chalcones

In 2008, a screening of 3200 molecules from a medicinal library identified a new
class of molecules that bind to the chemokine CXCL12 and act as neutral inhibitor of its
biological activity in a way similar to neutralizing antibodies. The most potent compound
which belongs to the chalcone family and named chalcone 4, has been shown to bind the
chemokine CXCL12 with high affinity thus preventing the binding of the chemokine to
both CXCR4 and CXCR7, and thus blocking the downstream pathways [256]. Later on,
a study from our team demonstrated that chalcone 4 was able to reduce colorectal cell
migration and when combined to irinotecan, further increased the inhibition [82]. However,
this compound would need further characterization, yet no data has reported its capacity
to block the dissemination process in vivo. CXCL12 is efficient in solubilizing chalcone
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molecules with a stoichiometry 3:1 for chalcone 4: CXCL12 and that chalcone 4 binds to
one high affinity site and two low affinity sites in CXCL12 [256].

8.8. NOX-A12

Noxxon Pharma has developed a molecule called NOX-A12 or olaptesed pegol [257].
This molecule is an RNA aptamer (or spiegelmer), which acts by binding to CXCL12,
preventing it from linking and activating its two receptors. It binds to CXCL12 with high
affinity and specificity across various species such as humans, mice, and rats. NOX-A12
has been shown to bind directly to and inhibit CXCL12 but also detach the cell-surface
bound CXCL12, leading to abrogation of the CXCL12 gradient [258]. In tissues, stromal
cells secrete and present CXCL12 on the surface, via GAGs, and NOX-A12 can compete
with GAGs to bind CXCL12, leading to the release of CXCL12 from the cell surface and thus
neutralize the chemokine [258]. A study by Zboralski et al. showed in vitro that in tumor
and stromal cell spheroids that mimic a solid tumor with a CXCL12-rich microenvironment,
NOX-A12 promotes spheroid infiltration by T and NK cells in a dose-dependent manner.
The combination of NOX-A12 and PD-1 checkpoint inhibitor acts synergistically to facilitate
T cell infiltration into spheroids. These observations were validated in vivo in a mouse
model of syngeneic CRC in which treatment with NOX-A12 improved the response to
anti-PD-1 therapy to reduce tumor size [259]. A Phase I/1I clinical trial is underway to
study the effects of the NOX-A12 and anti-PD-1 combination in patients with advanced
CRC or pancreatic carcinoma (NCT03168139).

Table 2. Chemical modulators of CXCR4 and CXCR7/ACKR3 activation.

Inhibitor/Antagonist Formula IC50 Target References

1-[[4-(1,4,8,11 tetrazacyclotetradec-1-

AMD3100 ylmethyl)phenylmethyl]-1,4,8,11- 37.5nM CXCR4 [260]

tetrazacyclotetradecane

N(1)Phe-D-Tyr-Lys(iPr)-D-Arg-2Nal-

LY2510924 Gly-D-Glu(1)-Lys(iPr)-NH2 0.079 nM CXCR4 [240]
(H-Arg-Ala-[Cys-Arg-Phe-Phe-Cys]-

PepR CO2H) nd CXCR4 [242,243]
N,N-9-(1,4-
MSX-122 phenylenebis(methylene))dipyrimidin- 10 nM CXCR4 [260]
2-amine

CCX754 nd 5nM CXCR7 [249]

CCX771 nd 41nM CXCR7 [260]
((E)-1-(4’-chlorophenyl)-3-(4-hydroxy-

Chalcone 4 3-metoxyphenyl) 150 nM CXCL12 [256]

prop-2-en-1-one)
NOX-A12 nd 5-200 nM CXCL12 [257]

nd: not determined; IC50: 50% inhibitory concentration.

9. Clinical Trials

While many cases of CRC are diagnosed at an early stage and are treated with curative
surgery, many patients develop synchronous or metachronous metastatic disease with a
five-year survival rate of roughly 13% [261]. The routine treatment of metastatic CRC is
based on the combination of different treatment schedules such as Folfiri/Folfox/Folfoxiri
or Capiri/Capox, which resulted in a survival of about 18 months. However, more recently,
the approval of targeted therapies with EGFR or VEGF antibodies has importantly im-
proved the overall survival, approaching 30 months in clinical trials [262], but the relative
unavailability of biomarkers in metastatic CRC has slowed the progress in tumor curacy.
Because of the bad prognostic value of CXCR4 overexpression across different tumors,
CXCR4-inhibition-based therapies have been therapeutically evaluated in hematologic and
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solid malignancies, either as monotherapy or in combination with chemotherapies or im-
munotherapies (for review, see [263-265]). Among the drugs tested in clinical trials, CXCR4
small molecule antagonists, fully humanized anti-CXCR4 antibodies and CXCR4 or CXCL12
peptide inhibitors represent the most advanced programs of CXCR4 inhibition in solid
tumors. Galsky et al. published the first in-human phase I study in patients with advanced
or metastatic CRC that explored the safety and tolerability of LY25110924 among other solid
tumors [266]. To date, AMD3100 is the only approved CXCR4 inhibitor drug [231], while
multiple antagonists are in different stages of development. Presently, the clinical trials
are mainly ongoing phase I/1I trials. They mainly concern the CXCR4 peptide inhibitor
LY2510924 (NCT02737072), the anti-CXCR4 antibody LY2624587 (NCT01139788), the small
molecule inhibitors Plerixafor (NCT20179970, NCT03277209), MSX-122 (NCT00591682,
suspended), USL311 (NCT02765165); however, for a number of these trials, the cancer type
is not always indicated, as it only specified that the targeted diseases are solid tumors.

The only available data from completed phase I/1I trials evaluated the application
of the NOX-A12 molecule (OPERA trial, NCT03168139), first as monotherapy, and then
continued with pembrolizumab in patients with advanced stage pretreated metastatic
colorectal or pancreatic cancer. The NOX-A12 was well tolerated and allowed for a disease
control rate of 25%, and an overall survival close to 12 months could be achieved [267].
This effect was mediated by a transformation of the tumor immune microenvironment with
the expression of a specific cytokine signature consisting of IL-2, IL-16 and IFN-y as an
indicator of activation in tumor tissue. Following this success, a phase II trial is currently
underway to evaluate the effect of the combination of NOX-A12 and pembrolizumab in
glioblastoma and pancreatic cancer.

Conversely, treating patients with CRC for seven days with continuous infusion of
the CXCR4 inhibitor AMD3100/Plerixafor induces an integrated immune response with
enhanced intratumoral immune B and T cell responses as observed in paired biopsies of
metastatic lesions (NCT02179970) [268], an immune response that is predictive of a clinical
response to T cell checkpoint inhibition. For other trials, no results are currently available,
due to the required time to exploit the data.

Although several CXCR7 antagonists (CCX771, CCX662, CCX733, CCX754, and
CCX777) have been investigated in preclinical models [253,269], to date, CXCR7 mod-
ulators have not been clinically investigated.

10. Resistance to Treatment

It is well established today that the increase in cancer mortality is partly due to the
resistance of tumor cells to numerous anti-cancer treatments. Thus, understanding the
mechanisms at the origin of this tumor resistance would lead to the development of new
approaches to maximize the effectiveness of treatments. Two types of resistance are de-
scribed in cancerology: innate resistance, which is a consequence of the high molecular
heterogeneity of cells within a tumor, and resistance acquired during treatment [270]. In
a tumor, inhibition of apoptotic signals promoting proliferation, DNA repair, genomic
amplification, a defect in drug metabolism, or epigenetic modifications can generate ac-
quired resistance [271,272]. Given the relevance of the CXCL12/CXCR4/CXCR? axis in
the development and progression of CRC, several studies have investigated its role in
resistance to anti-cancer therapies.

In tumors, it is a common knowledge that a small population of cells known as
Tumor Initiating Cells with stem cell characteristics are responsible for many tumor re-
currences [273]. A subpopulation of tumor cells positive for TIC marker CD133 has been
isolated from patient CRCs or colonic lines, and these cells are more tumorigenic than cells
not sorted on marker expression CD133 [274]. Thus, the CD133+ cell population isolated
and enriched for CXCR4 expression shows significant tumorigenicity with an increased
in vitro cell proliferation, tumor size and angiogenesis in vivo [274,275]. By analyzing the
secretion of soluble factors by the HK stromal ganglion cells, the authors found a significant
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expression of CXCL12, which by a paracrine action, promotes tumor vascular development
and protects the cells from the therapeutic agents 5-FU and oxaliplatin [274,275].

Another study described co-expression of CXCR4 and Lgr5, a colonic stem cell marker
receptor, in patients with stage IV CR [145]. In vitro, Caco-2 and HT-29 cells isolated by
flow cytometry and strongly expressing CXCR4 and Lgr5 promote sphere formation and
increase cell viability when treated with cytotoxic agents. Similarly in vivo, the concomitant
expression of CXCR4/Lgr5 in cells implanted subcutaneously in mice confers a more
important potential to develop a tumor mass [145].

In another study, combined treatment with endostar or endostatin (an angiogenesis
inhibitor) and oxaliplatin synergistically decreased the proliferation, adhesion, and invasion
of Matrigel [276]. This synergy is a consequence of decreased expression of CXCR4, as well
as those of the hypoxic factors HIF-1« and HIF-2c [276]. The authors showed that only
the accumulation of HIF-2« is responsible for this cell resistance to oxaliplatin, and the
combination of endostar with oxaliplatin overcomes this resistance by making the cells
more sensitive. These data suggest that CXCR4 could be used as a marker to identify tumor
stem cell populations responsible for the resistance and recurrence seen in cancers.

MiRNAs, which are also involved in cancer pathology, are either tumor suppressors
or oncomiRs, largely involved in proliferation, invasion, and resistance to treatment. Some
miRNAs are targets of the CXCL12/CXCR4/CXCR?7 axis, and one study investigated
the role of miR-125b in 5-FU resistance of cells expressing CXCR4 [182]. Expression of
miR-125b, increased by the treatment of HCT116 cells with CXCL12, accelerates invasive
ability and promotes EMT, which in turn increases CXCR4 expression, forming a reciprocal
positive feedback loop between CXCR4 and miR-125b. Upregulation of miR-125b also
activates Wnt/ 3-catenin signaling and the APC gene and contributes to 5-FU resistance by
enhancing cellular autophagy [182].

Contrary to these studies, Heckmann et al. described that overexpression of CXCR4 in
the SW480 colonic line and strong endogenous expression in HT-29 cells is associated with a
higher sensitivity to treatments such as 5-FU, oxaliplatin or irinotecan. This chemosensitiv-
ity, assessed by a decrease in cell survival, cytotoxicity, and apoptosis, is further increased
when one of these molecules is combined with plerixafor [277]. In this case, contrary to
CXCRY4, it would rather be the overexpression of CXCR7 that results in the resistance [278].

11. Conclusions

In CRC, activation of the CXCL12/CXCR4/CXCR? axis leads to progression and
development of metastases with an unfavorable disease outcome and poor patient sur-
vival. Disruption of the CXCL12-CXCR4/CXCR? axis remains an interesting target for
pharmacological treatment (Figure 2). CXCR4 and CXCR? antagonists are being tested in
several preclinical and clinical trials for the treatment of CRC, and other gastrointestinal
cancers, but with limited success and the development of combined antagonists, targeting
both receptors are still lacking. Therefore, tumor immunotherapy entered a phase of rapid
development in cancer treatments, but there are too many patients resistant to this therapy.
Furthermore, the use of inhibitors targeting the oncogenic CXCL12 axis in combination
with current immunotherapies should be considered and may provide hope for improving
cancer treatments.
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Figure 2. Involvement of the CXCL12/CXCR4/CXCR?7 axis in regulating primary tumor growth
and metastasis and its pharmaceutical targeting. The expression levels of either partner of this axis
have a prognostic value and participate in tumor progression through the activation of multiple
signaling pathways involved in cell survival, proliferation, invasion, and migration/dissemination.
Each step of the process can be activated/facilitated by local hypoxia within the primary tumor. At
sites of metastasis, CXCL12-producing cells (endothelial cells, CAFs, immune cells) allow for the
implantation of receptor-expressing tumor cells. In colorectal cancer, several therapeutic molecules
targeting receptors or chemokines are undergoing clinical trials to improve patient management
and/or overcome tumor resistance. Pink dots indicate CXCL12 molecules.
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Simple Summary: Modern management of colorectal liver metastases (CRLM) requires a thorough
knowledge of tumor biology and oncogenes mutations. RAS mutations are of paramount interest for
the indication of targeted therapies and is increasingly considered as a negative prognostic factor for
patients undergoing surgical resection or ablation for CRLM. Several studies discussed the results of
specific technical considerations according to RAS mutational status on the oncological outcomes
after surgical resection/ablation for CRLM. We reviewed the available data on the real impact of RAS
mutations on the prognosis with special regard to the need of a tailored surgical (ablation) approach
according to tumoral biology.

Abstract: Colorectal cancer (CRC) is the third most common cancer worldwide and the second leading
cause of cancer-related death. More than 50% of patients with CRC will develop liver metastases
(CRLM) during their disease. In the era of precision surgery for CRLM, several advances have been
made in the multimodal management of this disease. Surgical treatment, combined with a modern
chemotherapy regimen and targeted therapies, is the only potential curative treatment. Unfortunately,
70% of patients treated for CRLM experience recurrence. RAS mutations are associated with worse
overall and recurrence-free survival. Other mutations such as BRAF, associated RAS /TP53 and
APC/PIK3CA mutations are important genetic markers to evaluate tumor biology. Somatic mutations
are of paramount interest for tailoring preoperative treatment, defining a surgical resection strategy
and the indication for ablation techniques. Herein, the most relevant studies dealing with RAS
mutations and the management of CRLM were reviewed. Controversies about the implication of this
mutation in surgical and ablative treatments were also discussed.

Keywords: RAS mutations; colorectal cancer; liver metastases; surgery; resection; ablation

1. Introduction

Management of colorectal liver metastases (CRLM) has evolved considerably during
recent decades. Indeed, the use of a combination of perioperative medical therapy and
surgical treatment remains the standard of care. The tremendous progresses of chemo-
and targeted therapies regimens have been achieved allowing a higher rate of conver-
sion (15-30%), from initially unresectable to resectable CRLM [1-3]. Additionally, recent
advances of surgical techniques, including portal vein embolization and total venous depri-
vation to prepare 2-stage hepatectomy, associating liver partition and portal vein ligation
for staged hepatectomy (ALPPS) and ablative treatments, allowed a wider indication of
surgery [4]. This explains the high survival rates after surgery in selected patients for

185



Cancers 2022, 14, 816

CRLM up to 40-65% at 5-year [2,5], and 25% at 10-year [5], while such long survival rates
are uncommon after chemotherapy alone.

Tumor biology, in particular RAS mutations, is obviously among the strongest prog-
nostic factors of CRLM. It is of paramount interest in the choice of the appropriate chemo-
and targeted therapy regimens. Several recent studies suggested a clear implication of
tumor biology in defining the optimal surgical /ablation techniques and margins.

In this review, we will report and discuss data reporting the role of RAS mutations in
tailoring the surgical and/or ablation approach.

2. RAS Mutations and Prognosis after CRLM Treatment

The rat sarcoma viral oncogenes (RAS) family (KRAS, NRAS and HRAS) plays a
pivotal role in the promotion of tumoral cell growth, angiogenesis and the invasiveness of
the tumor through the mitogen-activated protein kinase (MAPK) signaling pathway [6].
This latter is continuously activated in case of a RAS mutation, resulting in resistance to
anti-EGFR therapies [7].

Interestingly, several studies have reported a prognostic impact of a RAS mutation
in patients undergoing CRLM resection. The Memorial Sloan-Kettering Cancer Center
(MSKCC) group [8] were the first to report that the KRAS mutation was associated with
worse disease specific survival than the KRAS wild type after both primary (median 2.6 vs.
4.8 years; p = 0.0003) and liver metastases resection (median 2.7 vs. 6 years; p = 0.004). The
presence of an additional high Ki-67 expression harbored even worst survival rates.

Since then, incidences of the KRAS mutation reported in the surgical series ranged
from 15 to 50%, with a shorter overall survival (OS) and recurrence-free survival in many
studies (Table 1). The MD Anderson group reported a significant association between the
RAS mutation and both the shortness of the time interval to recurrence and the rate of
recurrence above all local treatments [9].

Table 1. Summary of studies reporting survival outcomes of treatment of colorectal liver metastases
according to RAS/KRAS mutations.

RAS/KRAS Recurrence/Disease Free
" .
Study N™" Mutation (%) Overall Survival (OS) Survival (RFS/DFS)
Clinical HR (95% CI); Clinical HR (95% CI);
Parameter p-Value Parameter p-Value
Petrowsky et al., 2001 [10] 41 6 (15%) Survival 1'39;(1405;;'27); N/A N/A
Nash et al., 2010 [8] 188 51 (27%) 5-year survival 2'2 (_15163'10); N/A N/A
Teng et al., 2012 [11] 292 111 (38%) Median OS 1'41(2'361;26'56); N/A N/A
. . ] . 3.51 (1.30-9.45); ] 2.48 (1.26-4.89);
Stremitzer et al., 2012 [12] 76 15(20%) 5-year survival p=0013 3-year RFS p=0.009
. . ! 199 (1.21-3.26); .. 1.68 (1.04-2.70);
Karagkounis et al., 2013 [13] 202 58 (29%) 3-Year OS b= 0.007 3-Year RFS p=0.034
Isella et al., 2013 [14] 64 21 (33%) N/A N/A Median DFS 1'58;7((27091;'16);
. ] 2.26 (1.13-4.51); ] 1.92 (1.21-3.03);
Vauthey et al., 2013 [15] 193 27 (14%) 3-year OS p = 0.002 3-year RFS p = 0.005
. ) 2.0 (0.87-4.46); ! 1.9 (1.16-3.31);
Kemeny et al., 2014 [16] 169 51 (30.2%) 3-year OS p = 0.104 3-year RFS p =001
191
Shoji et al., 2014 [17] 108 39 (36.1%) N/A N/A Median RFS (1.163-3.123);
p=0.01
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Table 1. Cont.

RAS/KRAS

Recurrence/Disease Free

" .
Study N Mutation (%) Overall Survival (OS) Survival (RFS/DFS)
Clinical HR (95% CI); Clinical HR (95% CI);
Parameter p-Value Parameter p-Value
. 1.7 (1.13-2.55);
Median OS p =001
i Codon Median/
M tal., 2015 [18 91 (27.5% =0.57
argonis et a [18] 331 ( ) 12 mutant 161(0.87-2.97);  5-year RFS p
Codon p=013
13 mutant
129 78 (48.8%) - 1 91 :
Sasaki et al., 2016 [19] Medlan/ 1.37 (098 1.91), Medlan/ 1.10 (085—144),
5-year OS p=0.06 5-year RFS p =047
297 68 (28.8%) ’
3-YearOS 586 (136-6.04); O YearRFS 1'47;7(:3.00_42515);
Shindoh et al., 2016 [20] 163 74 (45%) Disease specific - ! .
P p =0.006 Liver RFS 3.5 (2.14-5.73);
surviva e p <0.001
1.67 (1.19-2.38); 1.70
Amikura et al., 2018 [21] 421 191 (43.8%) 5-Year OS ’ . P 5-year RFS (1.206-2.422);
p =0.0031 N
p =0.0024
, o 1.11 (0.73-1.69); 1.42 (1.10-1.85);
O’Connor et al., 2018 [22] 662 174 (26.3%) Death p = 0.207 Recurrence P = 0.008
Goffredo et al., 2019 [23] 2655 1116 (42%) 5-Year OS 1'21;72'840_112'39); N/A N/A
3-year CSS 3.3 (1.6-6.5);
Brunsell et al., 2020 [24] 106 53 (50%) (cancer specific o O 00'1 ! N/A N/A
survival) p=5
1.137
Kim et al., 2020 [25] 227 78 (34%) Median0s 1420 (090225) 4ian RES (0.83-1.55);
p = 0.042
p <0.001
. ) 152 (1.14-2.03); . 1.29 (1.00-1.67);
Hatta et al., 2021 [26] 500 152 (30.4%) 5-year OS p = 0.004 5-Year RFS p = 0.049
Sakai et al., 2021 [27] 101 38 (37.6%) 5-year OS 2'41;7(3360343;25); 3-year RFS N/A
HR 1.67
Saadat et al., 2021 [28] 938 445 (47%) Median OS (1.39-2); Median RFS 1.74 (1.45-2.09);
p <0.001 p <0001

N *: Number of patients included in the study.

Goffredo et al. [23] explored the prognostic factors in a large cohort of 2655 patients en-
rolled from the US National Cancer Database. All patients were treated, between 2010 and
2015, for synchronous CRLM with concomitant resection of the primary tumor and metas-
tases. The KRAS mutation and right-sided primary tumor were among the major prognostic
factors associated with worse OS [23]. NRAS mutations, more infrequently observed, were
also correlated to unfavorable oncological outcomes [29,30]. The RAS mutation was in-
tegrated in two recent clinical risk scores predicting survival after CRLM resection: the
genetic and morphological evaluation “GAME score” [31,32], and the “modified-Clinical
risk score” (m-CRS). These scores achieved better discriminatory power than the “Fong’s
Clinical risk score” [33]. The MD Anderson group has recently published the “Contour
prognostic model” that was designed following the concept of the “Metroticket score”,
previously developed to predict survival after liver transplantation for hepatocellular
carcinoma beyond the Milan criteria [34]. This score was validated by an international mul-
ticentric cohort. It is based on the diameter and number of lesions considered as continuous
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variables along with the RAS mutation status. It showed a good prediction power for OS
after the resection of CRLM [35]. However, more recently, Tsilimigras et al. [36] reported
a poor prediction power of the “Tumor Burden Score” in KRAS mutated tumors. The
Tumor Burden score reflected the morphologic characteristics of metastases based on the
maximum tumor size and number of lesions [37]. The authors reviewed, in an international
multi-institutional database, the results of 1361 patients who underwent hepatic resection
for CRLM and analyzed the prognostic impact of the Tumor Burden Score depending on
the KRAS status. This score was associated with worse overall survival for the KRAS wild
type but not for KRAS mutated tumors [36].

Although there is a large consensus on the negative prognostic impact of RAS mu-
tations after liver surgery for CRLM, several recent data suggested an overestimation
of its value, in particular, the possibility of different biological patterns between RAS
mutants with there, subsequently, being a difference in their effect on the risk of recur-
rence and survival after treatment of CLRM [38,39]. Xie et al. [40] reported, in a cohort of
323 patients treated for CRLM, that the prognostic impact of the KRAS mutational status
was more significant when the primary tumor was left-sided. Sakai et al. [27] analyzed
the results of 101 patients, among them 38 patients with the KRAS mutation, and con-
cluded that the KRAS mutation was an independent prognostic factor only for synchronous
CRLM. Several investigators assessed the impact of the mutation location on the prognosis.
Frankel et al. [38] showed that NRAS and KRAS mutations were present in 43% of patients,
the majority being KRAS mutations (number of KRAS mutations = 65, number of NRAS
mutations = 6). The location of the mutation was in exon 2 (codon 12 or 13) in 81.6%,
exon 3 in 10% and exon 4 in 8.5% of RAS mutations. According to the location of the
mutation, patients exhibited various tumoral features. Indeed, the exon 2 mutation resulted
in similar features as the RAS wild type, with a median size of nodules <5 cm and an
average of 2.4 tumors per resection. The exon 3 mutation seemed to be associated with
multiple but smaller nodules that tend to occur early after the primary tumor resection,
whereas patients with the RAS mutation in exon 4 had solitary CRLM but were larger in
size, and had a longer time interval after the resection of the primary tumor than the exon
3 mutation. Authors from the same group recently actualized their data with 938 patients
treated for CRLM with sufficient tumor genomic profiling. The KRAS mutation was present
in 47% of patients with 91.5% of mutations in exon 2, 3.1% in exon 3, and 5.4% in exon 4.
The NRAS mutation was found in only 4.2% of patients with mostly mutations in exons
2 and 3 (53% and 41.2%, respectively). K/NRAS mutations were associated with worse
OS with a tendency towards more favorable oncological results in patients with the exon
4 mutation. In the same setting, Margonis et al. [18] reported a worse prognosis when the
KRAS mutation was in codon 12 when compared to it in codon 13. Among all mutations of
codon 12, only patients with G125 and G12V mutations seemed to have a worse oncological
outcome than KRAS wild-type patients. Meanwhile, in another study of the John Hopkins
Group, KRAS codon 13 mutations seemed to be associated to a higher risk of extrahepatic
recurrence than codon 12 mutations, especially in the pulmonary location [41].

More importantly, other oncogenes are valuable aside the RAS mutational status to
predict optimally the prognosis after CRLM resection. Indeed, as shown by Kawaguchi
and the MD Anderson group, the association of RAS, TP53 and/or SMAD4 seems to
be accurately correlated to worse OS and recurrence free survival (RFS) in 507 patients
undergoing surgical resection for CRLM [42]. Furthermore, the authors found no difference
in OS and RFS between RAS mutated with wild-type TP53—SMAD 4 and RAS wild-type
patients [42].

These data suggested differences in the tumoral pattern and in oncological outcomes
according to the location (exon and codon) of the mutation and to the associated mutations.

3. Implication of RAS Mutations in the Surgical Resection of CRLM

Modern surgical management of CRLM is based on the concept of “parenchymal-
sparing” surgery, shifting the paradigm from anatomical and large resections to limited
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resections with a surgical margin > 1 mm, resulting in comparable survival outcomes with
lower postoperative morbidity and mortality rates [42—47]. Moreover, R1 vascular is an
acceptable surgical option in case of direct contact between the nodule and major vascular
structures [48,49]. Contrariwise, a positive resection margin (R1 parenchymal) is associated
with a higher rate of local recurrence and worse prognosis. In this context, the surgical
margin for RAS mutated CRLM is a matter of debate. Brudvik et al. [50] have reported an
association between the RAS mutation and the depth of the resection margins in patients
undergoing liver resection for CRLM (hazard ratio (HR) = 2.439; p = 0.005). Patients with
liver-first recurrence of RAS-mutated CRLM had significantly narrower margins than
patients with RAS wild type tumors (4 mm vs. 7 mm; p = 0.031) [50]. The same conclusions
were recently reported by Zhang et al. [51] in a consecutive cohort of 251 patients treated
for CRLM with more micrometastases, thicker margins and a higher rate of R1 resection in
the KRAS mutated group [51]. To overcome this problem, Margonis et al. [41] suggested
a significant benefit from anatomical resection in KRAS-mutated CRLM, as it seems to
allow better liver-specific disease-free survival (DFS) than non-anatomical resections in a
multicentric cohort of 389 patients with 140 patients (36%) presenting with KRAS-mutated
CRLM (33.8 vs. 10.5 months; p < 0.001). Such a difference was not observed in the KRAS-
wild type group. The main flaw of this study was a higher rate of ablation procedures in the
non-anatomical group (32% vs. 8%) and the absence of analysis of the sub-group of patients
treated only with liver resection. This point might alter the interpretation of the survival
difference in favor of anatomical resections [52]. Meanwhile, recently, Joechle et al. [53]
found no significant difference in OS and RFS between anatomical and non-anatomical
resection in 622 patients treated for CRLM with a documented RAS mutation status before
and after propensity score matching. In view of these results, the MD Anderson group
recommends, when anatomically feasible, wider planned resection margins (>15 mm) in
the case of RAS mutated-CRLM [52], which is debatable. Conversely, the John Hopkins
hospital group analyzed the impact of surgical margins after resection of CRLM according
to the RAS mutation status [54]. Margonis et al. [54] compared the outcomes after the RO
and R1 resection, and subsequently subdivided the RO resection group into 3 subgroups
according to the width of the surgical margins: 1-4, 5-9 and >10 mm. In the KRAS wild
type group, the R1 resection was associated with worse OS compared to the RO resection,
but wider margins did not confer an additional OS benefit. In the other hand, for the
KRAS mutation group, the OS of the RO resection, regardless of the width of margin,
was not better than the R1 resection group. The same conclusions were drawn in a more
recent study with 500 patients [26]. While the resection margin seemed to be associated to
death-censored liver-specific recurrence-free survival, it did not impact survival outcomes
for KRAS mutated patients [26]. These results stressed the importance of tumor biology
and aggressiveness of RAS-mutated CRLM that outbalance the prognostic impact of the
surgical margin width. Furthermore, R1 vascular resection seems to harbor a lower risk
of local recurrence in KRAS mutated CRLM [55]. The Humanitas group evaluated the
local recurrence after CRLM resection according to the quality of resection and to the
KRAS mutation status [55]. KRAS mutation was not associated to a higher risk of local
recurrence in R0 patients. R1 parenchymal resection, exposing the tumor edge during
parenchymal dissection, was correlated to a higher rate of local recurrence in mutated
KRAS tumors when compared to the KRAS wild type (respectively, local recurrence rate
per patient: 25.4% vs. 18.3%; p = 0.404, in situ local recurrence rate: 19.5% vs. 9.9%;
p = 0.048). Interestingly, results were different for R1 vascular resections (resections with
the detachment of nodules from vascular structures). In this regard, the local recurrence
rate was higher in the KRAS wild type subgroup (local recurrence rate per-patient 14.6% vs.
2%, p = 0.043, in situ local recurrence rate 13.3% vs. 1.9%, p = 0.046) [55]. These data are
valuable and introduced the concept of a tailored surgical approach according to tumor
biology in patients treated for CRLM.
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4. Implication of RAS Mutations in Ablative Treatment of CRLM

Ablation is a valuable treatment of CRLM < 3 cm. This debate around the im-
pact of the RAS mutational status on the oncological outcomes of surgical resection also
brought the same questioning. Obviously, all published studies reported shorter local
tumor progression-free survival in RAS mutated [56,57] and KRAS mutated patients with
CRLM [58,59]. Even if all these studies included patients with tumors larger than 3 cm,
which is questionable, in multivariate analysis, the 2 main risk factors of local tumor
progression were mutational status and ablation margins (Tables 2 and 3). These data
were also confirmed by a more recent study from the Amsterdam group [60]. The authors
analyzed the impact of primary tumor sidedness, genetic mutations (RAS and BRAF) and
the microsatellite instability status to determine the prognosis of patients treated for CRLM
enrolled in the Amsterdam Colorectal Liver Met Registry. RAS mutation was associated to
shorter local tumor progression-free survival and to lower local control rates after thermal
ablation. In these studies, the optimal minimal ablation margin was >5 mm [56,58] and
raised to 10 mm [57,59]. Wider margins seem to be necessary to reduce rates of local tumor
progression in RAS/KRAS mutation patients [60].

Table 2. Results of studies reporting implications of RAS mutations on surgical resection of colorectal
liver metastases.

Stud N * (%) of Associated Stud
Authors Peri )é RAS/KRAS Ablation K g,nt Findings Results
erio Mutation Procedures €ypo
RAS 229/633 RAS mutation
Brudvik et al. [50] 2005-2013 N/A Rﬁ;ﬁ%ﬁ“ - to positive resection ~ T1R:2.439;p=0.005
(36.2%) 8l margin (<1 mm)
-worst OS HR 1.629; p = 0.044
KRAS mutation KRAS mut vs. KRAS
Zhang et al. [51] 2010-2017 KRAS121/251 N/A Micrometastasis associated with wild 60.3% vs. 40.8%;
(48.2%) higher rate p =0.002
(median 2.0 (range
: 0-38.0) vs. median 0
higher number and (ra n) ge: 0-15.0);
p=0.001)
_ density of 56% vs. 43%; p = 0.013
micrometastases
Higher rate of
Resection R1 resection (tumoral 21.5 vs. 9.2%;
margin cell on the p =0.007
resection margin)
median 2.00
Narrower resection (ranfgoo(—é(i(;(;) vs-
margin in KRAS mut 0-50.00) mm;
p = 0.002
. HR: 1.495
LRFS K%fhmrzfsi’ﬁlpasted (95% CI: 1.069-2.092);
p=0.019
. HR: 2.039
0s KRAS mut assodiated (950, C1. 1217-3.417);
p=0.007
. . DEFS:
KRAS 140/389 NAE‘%MS Anatomical vs, i better Oﬁﬁast?g KRAS mut HR: 0.45
Margonis et al. [41] 2000-2015 (36%) AR:19 0/22 4 nor; easréa‘l:tt(i)(r)rrlllcal KRAS mut but not in (95 /opC:I: 83072—0.74;
(8.5%) KRAS wild KRAS wild: NS
No difference in OS
Anatomical vs and Live specific RFS
RAS 274/622 B¢ before and after PSM
Joechle et al. [53] 2006-2016 (40%) N/A non anattqmlcal RFS was better in the
resection AR before PSM but
not after PSM
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Table 2. Cont.

Stud N * (%) of Associated Stud
Authors Period RAS/KRAS Ablation Kovoomnt Findings Results
erio Mutation Procedures eypoin
KRAS wild type: RO
resection was
associated to better
OS than R1 resection .
(<1 mm) with no KRAS wild:
benefit from wider
margin (1-4 mm;
5-9 mm; >9 mm)
R1 ref
1-4 mm: HR: 0.45,
I 95%CI: 0.24-0.85;
mpact of p=0.014)
resection ]
- KRAS o margin width 5_90 mm: HR: 0.35,
Margonis et al. [54] 2003-2015 153/411(37.2%) 84 (20.4%) §n 0S 95%Cl: 0.17-0.70;
) - =0.003
according to KRAS mut: No 59 rhm: HR: 0.3,
KRAS status difference in OS 95%Cl: 0.16-0.68:
between RO and R1 p =0.002
resection, regardless KRAS mut:
of the width of 1-4 mm: HR: 0.80,
surgical margin 95%CI: 0.38-1.70;
p=0.522
5-9 mm: HR: 0.68,
95%CI: 0.30-1.54;
p=0.356
>9 mm: HR: 1.08,
95%CI: 0.50-2.35;
p=0.844
KRAS wild type:
Resection margin
width was associated
I tof to a better OS, RFS
mpact O (Death censored)
res?cm’.réth and LS-RFS
margin wi
Hatta et al. [26] 20112016 KRAS /00 N/A onO%, RFSand  (Dath censored)
LS-RFS No difference
according to between RO
KRAS status (regardless to the
width of margin) and
R1 in all studied
survival parameters
R1 parenchymal
resection
(KRAS mut vs.
KRAS wild)
local recurrence rate
per patient: 25.4% vs.
Impact of R1 Higher rates of 18.3%; p = 0.404
parenchymal recurrence in KRas in situ local recurrence
KRAS and R1 vascular mut after R1 rate: 19.5% vs. 9.9%;
. resections on arenchymal =0.048
Procopio et al. [55] 2008-2016 N/A risk of local P resecti}(,)n R1 vasiular resection
recurrence after (KRAS mut vs.
resection KRAS wild)
according to local recurrence rate
KRAS status per patient 2% vs.
14.6%; p = 0.043,
in situ local
recurrence rate
Higher rates of
155,340 (46%) recurrence in KRAS 1.9%, vs. 13.3%;

wild after R1
vascular resection

p=0.046

N */(%): Number and percentage of RAS/KRAS mutations in the study, N/A: Not mentioned, HR Hazard ratio,
p: p-value, OS: Overall survival, RFS: Recurrence-free survival, LS-RFS: Liver specific Recurrence-free survival,
AR: Anatomical resection, NAR: Non anatomical resection.
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Table 3. Results of studies reporting ablative treatment for colorectal liver metastases according to

RAS mutations.

LC (Site Specific
Median Size 0S LTPFS Recurrence)
Study Year N of CRLM N * of KRAS  Procedures of HR (95%CI); HR (95%CI); HR (95%CI);
Mutation Ablation p-Value p-Value
(cm) % at 3 Years, p-Value % at 3 Years,
¢ p-Value p-Value
Shady 2017 [58] 97 17 (06-5) 38/97 Percutaneous 2.0 (1.2-3.3); 1.7 (0.89-3.2) 2.0 (1.0-3.7)
(exon 2) RFA p = 0.009 p=0.11 p =0.037
N/A 3.01 (1.60-5.77) N/A
isi Percutaneous % %
Odisio 2017 [56] 92 1.6 (0.4-4.0) 36/92 REA + MWA 40% vs. 82%; p=0.001 56% vs. 43%
p=0.013 p=0.013
Percutaneous 2.85 (1.7-4.6)
Calandri 2018 [57] 136 1.6 (0.5-5.2) 54/136 RFA, MWA, N/A N/A
cryotherapy p <0.001
. . Percutaneous Not significant 3.24 (1.41-7.41) Not significant
Jiang 2019 [59] 76 2.3(0.9-0.7) 38/76 RFA p =0.228 p =0.005 20,356
" Percutaneous Significantly
Dijkstra 2021 [60] 79 36/79 REA + MWA N/A lower p = 0.037 N/A

N * = Number of patients with KRAS mutation, CRLM: Colorectal liver metastasis, OS: Overall survival, HR: Haz-
ard ratio, CI: confidence interval, LTPFS: Liver tumor progression free survival, RFA: Radiofrequency ablation,
MWA: Microwave ablation.

5. Conclusions

RAS mutations seem to present a negative impact on the oncological outcome of
patients treated for CRLM. Several studies pointed to the importance of a multidisciplinary
“tailored” approach of CRLM according to the RAS mutational status to choose the optimal
preoperative treatment and to optimize the surgical resection and/or ablation technique
and planned margins. However, larger studies with genetic sequencing are required to
assess a more thorough analysis of the real impact of the RAS mutational status according to
the exon/codon location of the mutations, and, more specifically, to the association of other
somatic mutations such BRAF, TP 53, PIK3CA and/or SMAD 4 that may harbor a poorer
prognostic outcome. Interestingly the primary tumor side and RAS mutation might also be
considered. Such a tailored approach, considering the whole genetic profiling of the tumor,
will allow further advancement in the knowledge of tumor biology and may be valuable
for the management and counseling of patients treated for metastatic colorectal cancer.

Author Contributions: Conceptualization, R.R., O.B. and R K,; data curation, R.R., LR. and A.T;;
writing—original draft preparation, RR., L.R. and A.T.; writing—review and editing, O.B. and RK;
funding acquisition, O.B. and R.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Osterlund, P,; Salminen, T.; Soveri, L.M.; Kallio, R.; Kellokumpu, I.; Lamminmaéki, A.; Halonen, P.; Ristamaki, R.; Lantto, E.;
Uutela, A.; et al. Repeated Centralized Multidisciplinary Team Assessment of Resectability, Clinical Behavior, and Outcomes in
1086 Finnish Metastatic Colorectal Cancer Patients (RAXO): A Nationwide Prospective Intervention Study. Lancet Reg. Health—Eur.
2021, 3, 100049. [CrossRef]

Imai, K.; Adam, R.; Baba, H. How to Increase the Resectability of Initially Unresectable Colorectal Liver Metastases: A Surgical
Perspective. Ann. Gastroenterol. Surg. 2019, 3, 476-486. [CrossRef]

Lévi, FA.; Boige, V.; Hebbar, M.; Smith, D.; Lepere, C.; Focan, C.; Karaboué, A.; Guimbaud, R.; Carvalho, C.; Tumolo, S.; et al.
Conversion to Resection of Liver Metastases from Colorectal Cancer with Hepatic Artery Infusion of Combined Chemotherapy
and Systemic Cetuximab in Multicenter Trial OPTILIV. Ann. Oncol. 2016, 27, 267-274. [CrossRef] [PubMed]

Petrowsky, H.; Fritsch, R.; Guckenberger, M.; De Oliveira, M.L.; Dutkowski, P.; Clavien, P.A. Modern Therapeutic Approaches for
the Treatment of Malignant Liver Tumours. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 755-772. [CrossRef] [PubMed]

192



Cancers 2022, 14, 816

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Jones, R.P,; Brudvik, K.W.; Franklin, ].M.; Poston, G.J. Precision Surgery for Colorectal Liver Metastases: Opportunities and
Challenges of Omics-Based Decision Making. Eur. J. Surg. Oncol. 2017, 43, 875-883. [CrossRef]

Downward, ]. Targeting RAS Signalling Pathways in Cancer Therapy. Nat. Rev. Cancer 2003, 3, 11-22. [CrossRef] [PubMed]
Misale, S.; Yaeger, R.; Hobor, S.; Scala, E.; Janakiraman, M.; Liska, D.; Valtorta, E.; Schiavo, R.; Buscarino, M.; Siravegna, G.; et al.
Emergence of KRAS Mutations and Acquired Resistance to Anti-EGFR Therapy in Colorectal Cancer. Nature 2012, 486, 532-536.
[CrossRef] [PubMed]

Nash, G.M.; Gimbel, M.; Shia, J.; Nathanson, D.R.; Ndubuisi, M.L; Zeng, Z.S.; Kemeny, N.; Paty, P.B. KRAS Mutation Correlates
with Accelerated Metastatic Progression in Patients with Colorectal Liver Metastases. Ann. Surg. Oncol. 2010, 17, 572-578.
[CrossRef]

Okuno, M.; Goumard, C.; Kopetz, S.; Vega, E.A_; Joechle, K.; Mizuno, T.; Omichi, K.; Tzeng, CW.D.; Chun, Y.S.; Vauthey, ].N.; et al.
RAS Mutation Is Associated with Unsalvageable Recurrence Following Hepatectomy for Colorectal Cancer Liver Metastases.
Ann. Surg. Oncol. 2018, 25, 2457-2466. [CrossRef]

Petrowsky, H.; Sturm, I.; Graubitz, O.; Kooby, D.A.; Staib-Sebler, E.; Gog, C.; Kohne, C.H.; Hillebrand, T.; Daniel, P.T.; Fong, Y.;
et al. Relevance of Ki-67 Antigen Expression and K-Ras Mutation in Colorectal Liver Metastases. Eur. J. Surg. Oncol. 2001, 27,
80-87. [CrossRef]

Teng, HW.; Huang, Y.C; Lin, ] K,; Chen, W.S,; Lin, T.C.; Jiang, ] K,; Yen, C.C; Li, A EY.; Wang, HW.,; Chang, S.C.; et al. BRAF
Mutation Is a Prognostic Biomarker for Colorectal Liver Metastasectomy. J. Surg. Oncol. 2012, 106, 123-129. [CrossRef] [PubMed]
Stremitzer, S.; Stift, J.; Gruenberger, B.; Tamand]l, D.; Aschacher, T.; Wolf, B.; Wrba, E; Gruenberger, T. KRAS Status and Outcome
of Liver Resection after Neoadjuvant Chemotherapy Including Bevacizumab. Br. J. Surg. 2012, 99, 1575-1582. [CrossRef]
Karagkounis, G.; Torbenson, M.S.; Daniel, H.D.; Azad, N.S.; Diaz, L.A.; Donehower, R.C.; Hirose, K.; Ahuja, N.; Pawlik, TM,;
Choti, M.A. Incidence and Prognostic Impact of KRAS and BRAF Mutation in Patients Undergoing Liver Surgery for Colorectal
Metastases. Cancer 2013, 119, 4137-4144. [CrossRef]

Isella, C.; Mellano, A.; Galimi, E; Petti, C.; Capussotti, L.; De Simone, M.; Bertotti, A.; Medico, E.; Muratore, A. MACC1 MRNA
Levels Predict Cancer Recurrence after Resection of Colorectal Cancer Liver Metastases. Ann. Surg. 2013, 257, 1089-1095.
[CrossRef] [PubMed]

Vauthey, ].N.; Zimmitti, G.; Kopetz, S.E.; Shindoh, ].; Chen, S.S.; Andreou, A.; Curley, S.A.; Aloia, T.A.; Maru, D.M. RAS Mutation
Status Predicts Survival and Patterns of Recurrence in Patients Undergoing Hepatectomy for Colorectal Liver Metastases. Ann.
Surg. 2013, 258, 619-626; discussion 626-627. [CrossRef]

Kemeny, N.E.; Chou, ].E; Capanu, M.; Gewirtz, A.N.; Cercek, A.; Kingham, T.P; Jarnagin, W.R.; Fong, Y.C.; DeMatteo, R.P; Allen,
PJ.; et al. KRAS Mutation Influences Recurrence Patterns in Patients Undergoing Hepatic Resection of Colorectal Metastases.
Cancer 2014, 120, 3965-3971. [CrossRef] [PubMed]

Shoji, H.; Yamada, Y.; Taniguchi, H.; Nagashima, K.; Okita, N.; Takashima, A.; Honma, Y.; Iwasa, S.; Kato, K.; Hamaguchi, T.; et al.
Clinical Impact of C-MET Expression and Genetic Mutational Status in Colorectal Cancer Patients after Liver Resection. Cancer
Sci. 2014, 105, 1002-1007. [CrossRef]

Margonis, G.A.; Kim, Y.; Spolverato, G.; Ejaz, A.; Gupta, R.; Cosgrove, D.; Anders, R.; Karagkounis, G.; Choti, M. A ; Pawlik, TM.
Association Between Specific Mutations in KRAS Codon 12 and Colorectal Liver Metastasis. JAMA Surg. 2015, 150, 722-729.
[CrossRef]

Sasaki, K.; Andreatos, N.; Margonis, G.A.; He, J.; Weiss, M.; Johnston, F.; Wolfgang, C.; Antoniou, E.; Pikoulis, E.; Pawlik, T.M.
The Prognostic Implications of Primary Colorectal Tumor Location on Recurrence and Overall Survival in Patients Undergoing
Resection for Colorectal Liver Metastasis. J. Surg. Oncol. 2016, 114, 803—-809. [CrossRef]

Shindoh, J.; Nishioka, Y.; Yoshioka, R.; Sugawara, T.; Sakamoto, Y.; Hasegawa, K.; Hashimoto, M.; Kokudo, N. KRAS Mutation
Status Predicts Site-Specific Recurrence and Survival After Resection of Colorectal Liver Metastases Irrespective of Location of
the Primary Lesion. Ann. Surg. Oncol. 2016, 23, 1890-1896. [CrossRef]

Amikura, K.; Akagi, K.; Ogura, T.; Takahashi, A.; Sakamoto, H. The RAS Mutation Status Predicts Survival in Patients Undergoing
Hepatic Resection for Colorectal Liver Metastases: The Results from a Genetic Analysis of All-RAS. J. Surg. Oncol. 2018, 117,
745-755. [CrossRef] [PubMed]

O’Connor, J.; Huertas, E.; Loria, ES.; Brancato, F.; Grondona, J.; Fauda, M.; Andriani, O.; Sanchez, P.; Schelotto, P.B.; Ardiles,
V.; et al. Prognostic Impact of K-RAS Mutational Status and Primary Tumour Location in Patients Undergoing Resection for
Colorectal Cancer Liver Metastases: A METHEPAR Analysis (Multicentre Study in Argentina). Ann. Oncol. 2018, 29, v76.
[CrossRef]

Goffredo, P; Utria, A.F; Beck, A.C.; Chun, Y.S.; Howe, ].R.; Weigel, R.J.; Vauthey, ].N.; Hassan, I. The Prognostic Impact of KRAS
Mutation in Patients Having Curative Resection of Synchronous Colorectal Liver Metastases. J. Gastrointest. Surg. 2019, 23,
1957-1963. [CrossRef] [PubMed]

Brunsell, T.H.; Sveen, A.; Bjernbeth, B.A.; Resok, B.L;; Danielsen, S.A.; Brudvik, K.W.; Berg, K.C.G.; Johannessen, B.; Cengija,
V.; Abildgaard, A.; et al. High Concordance and Negative Prognostic Impact of RAS/BRAF/PIK3CA Mutations in Multiple
Resected Colorectal Liver Metastases. Clin Colorectal Cancer 2020, 19, e26—e47. [CrossRef] [PubMed]

Kim, H.S; Lee, ].M.; Kim, H.S,; Yang, S.Y.; Han, Y.D.; Cho, M.S.; Hur, H.; Min, B.S,; Lee, K.Y.; Kim, N.K. Prognosis of Synchronous
Colorectal Liver Metastases After Simultaneous Curative-Intent Surgery According to Primary Tumor Location and KRAS
Mutational Status. Ann. Surg. Oncol. 2020, 27, 5150-5158. [CrossRef]

193



Cancers 2022, 14, 816

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hatta, A.A.Z.; Pathanki, A.M.; Hodson, J.; Sutcliffe, R.P.; Marudanayagam, R.; Roberts, K.J.; Chatzizacharias, N.; Isaac, ].; Muiesan,
P; Taniere, P; et al. The Effects of Resection Margin and KRAS Status on Outcomes after Resection of Colorectal Liver Metastases.
HPB 2021, 23, 90-98. [CrossRef]

Sakai, N.; Furukawa, K.; Takayashiki, T.; Kuboki, S.; Takano, S.; Ohtsuka, M. Differential Effects of KRAS Mutational Status on
Long-Term Survival According to the Timing of Colorectal Liver Metastases. BMC Cancer 2021, 21, 412. [CrossRef]

Saadat, L.V,; Boerner, T.; Goldman, D.A.; Gonen, M.; Frankel, T.L.; Vakiani, E.; Kingham, T.P.; Jarnagin, W.R.; Wei, A.C.; Soares,
K.C,; et al. Association of RAS Mutation Location and Oncologic Outcomes After Resection of Colorectal Liver Metastases. Ann.
Surg. Oncol. 2021, 28, 817-825. [CrossRef]

Summers, M.G.; Smith, C.G.; Maughan, T.S.; Kaplan, R.; Escott-Price, V.; Cheadle, ].P. BRAF and NRAS Locus-Specific Variants
Have Different Outcomes on Survival to Colorectal Cancer. Clin. Cancer Res. 2017, 23, 2742-2749. [CrossRef]

Cercek, A.; Braghiroli, M.I,; Chou, J.E; Hechtman, ].F.; Kemeny, N.; Saltz, L.; Capanu, M.; Yaeger, R. Clinical Features and
Outcomes of Patients with Colorectal Cancers Harboring NRAS Mutations. Clin. Cancer Res. 2017, 23, 4753-4760. [CrossRef]
Margonis, G.A.; Sasaki, K.; Gholami, S.; Kim, Y.; Andreatos, N.; Rezaee, N.; Deshwar, A.; Buettner, S.; Allen, PJ.; Kingham, T.P;
et al. Genetic And Morphological Evaluation (GAME) Score for Patients with Colorectal Liver Metastases. J. Br. Surg. 2018, 105,
1210-1220. [CrossRef] [PubMed]

Brudvik, K.W.; Jones, R.P,; Giuliante, F.; Shindoh, J.; Passot, G.; Chung, M.H.; Song, J.; Li, L.; Dagenborg, VJ.; Fretland, A‘A.;
et al. RAS Mutation Clinical Risk Score to Predict Survival After Resection of Colorectal Liver Metastases. Ann. Surg. 2019, 269,
120-126. [CrossRef]

Fong, Y.; Fortner, J.; Sun, R.L.; Brennan, M.F,; Blumgart, L.H. Clinical Score for Predicting Recurrence After Hepatic Resection for
Metastatic Colorectal Cancer. Ann. Surg. 1999, 230, 309. [CrossRef] [PubMed]

Mazzaferro, V.; Llovet, ].M.; Miceli, R.; Bhoori, S.; Schiavo, M.; Mariani, L.; Camerini, T.; Roayaie, S.; Schwartz, M.E.; Grazi, G.L.;
et al. Predicting Survival after Liver Transplantation in Patients with Hepatocellular Carcinoma beyond the Milan Criteria: A
Retrospective, Exploratory Analysis. Lancet Oncol. 2009, 10, 35-43. [CrossRef]

Kawaguchi, Y; Kopetz, S.; Tran Cao, H.S.; Panettieri, E.; De Bellis, M.; Nishioka, Y.; Hwang, H.; Wang, X.; Tzeng, C.-W.D.; Chun,
Y.S.; et al. Contour Prognostic Model for Predicting Survival after Resection of Colorectal Liver Metastases: Development and
Multicentre Validation Study Using Largest Diameter and Number of Metastases with RAS Mutation Status. Br. |. Surg. 2021, 108,
968-975. [CrossRef] [PubMed]

Tsilimigras, D.I.; Hyer, ].M.; Bagante, F.; Guglielmi, A.; Ruzzenente, A.; Alexandrescu, S.; Poultsides, G.; Sasaki, K.; Aucejo, F;
Pawlik, T.M. Resection of Colorectal Liver Metastasis: Prognostic Impact of Tumor Burden vs KRAS Mutational Status. J. Am.
Coll. Surg. 2021, 232, 590-598. [CrossRef]

Sasaki, K.; Morioka, D.; Conci, S.; Margonis, G.A.; Sawada, Y.; Ruzzenente, A.; Kumamoto, T.; Iacono, C.; Andreatos, N.;
Guglielmi, A ; et al. The Tumor Burden Score: A New “Metro-Ticket” Prognostic Tool for Colorectal Liver Metastases Based on
Tumor Size and Number of Tumors. Ann. Surg. 2018, 267, 132-141. [CrossRef]

Frankel, T.L.; Vakiani, E.; Nathan, H.; DeMatteo, R.P; Kingham, T.P.; Allen, PJ.; Jarnagin, WR.; Kemeny, N.E.; Solit, D.B.;
D’Angelica, M.I. Mutation Location on the RAS Oncogene Affects Pathologic Features and Survival After Resection of Colorectal
Liver Metastases. Cancer 2017, 123, 568-575. [CrossRef]

Janakiraman, M.; Vakiani, E.; Zeng, Z.; Pratilas, C.A.; Taylor, B.S.; Chitale, D.; Halilovic, E.; Wilson, M.; Huberman, K.; Ricarte
Filho, J.C.; et al. Genomic and Biological Characterization of Exon 4 KRAS Mutations in Human Cancer. Cancer Res. 2010, 70,
5901-5911. [CrossRef]

Xie, M.; Li, J.; Cai, Z.; Li, K.; Hu, B. Impact of Primary Colorectal Cancer Location on the KRAS Status and Its Prognostic Value.
BMC Gastroenterol. 2019, 19, 46. [CrossRef]

Margonis, G.A.; Kim, Y.; Sasaki, K.; Samaha, M.; Amini, N.; Pawlik, TM. Codon 13 KRAS Mutation Predicts Patterns of Recurrence
in Patients Undergoing Hepatectomy for Colorectal Liver Metastases. Cancer 2016, 122, 2698-2707. [CrossRef]

Kawaguchi, Y.; Kopetz, S.; Newhook, T.E.; De Bellis, M.; Chun, Y.S.; Tzeng, CW.D.; Aloia, T.A.; Vauthey, ].N. Mutation Status of
RAS, TP53, and SMADA4 Is Superior to Mutation Status of RAS Alone for Predicting Prognosis after Resection of Colorectal Liver
Metastases. Clin. Cancer Res. 2019, 25, 5843-5851. [CrossRef] [PubMed]

Memeo, R; de Blasi, V.; Adam, R.; Goéré, D.; Azoulay, D.; Ayav, A.; Gregoire, E.; Kianmanesh, R.; Navarro, F.; Sa Cunha, A.; et al.
Parenchymal-Sparing Hepatectomies (PSH) for Bilobar Colorectal Liver Metastases Are Associated with a Lower Morbidity and
Similar Oncological Results: A Propensity Score Matching Analysis. HPB 2016, 18, 781-790. [CrossRef] [PubMed]

Andreou, A.; Gloor, S.; Inglin, J.; Di Pietro Martinelli, C.; Banz, V.; Lachenmayer, A.; Kim-Fuchs, C.; Candinas, D.; Beldi,
G. Parenchymal-Sparing Hepatectomy for Colorectal Liver Metastases Reduces Postoperative Morbidity While Maintaining
Equivalent Oncologic Outcomes Compared to Non-Parenchymal-Sparing Resection. Surg. Oncol. 2021, 38, 101631. [CrossRef]
[PubMed]

Donadon, M.; Cescon, M.; Cucchetti, A.; Cimino, M.; Costa, G.; Pesi, B.; Ercolani, G.; Pinna, A.D.; Torzilli, G. Parenchymal-Sparing
Surgery for the Surgical Treatment of Multiple Colorectal Liver Metastases Is a Safer Approach than Major Hepatectomy Not
Impairing Patients” Prognosis: A Bi-Institutional Propensity Score-Matched Analysis. Dig. Surg. 2018, 35, 342-349. [CrossRef]
[PubMed]

Evrard, S.; Torzilli, G.; Caballero, C.; Bonhomme, B. Parenchymal Sparing Surgery Brings Treatment of Colorectal Liver Metastases
into the Precision Medicine Era. Eur. ]. Cancer 2018, 104, 195-200. [CrossRef]

194



Cancers 2022, 14, 816

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Moris, D.; Ronnekleiv-Kelly, S.; Rahnemai-Azar, A.A.; Felekouras, E.; Dillhoff, M.; Schmidt, C.; Pawlik, T.M. Parenchymal-Sparing
Versus Anatomic Liver Resection for Colorectal Liver Metastases: A Systematic Review. |. Gastrointest. Surg. 2017, 21, 1076-1085.
[CrossRef]

Vigano, L.; Procopio, E; Cimino, M.M.; Donadon, M.; Gatti, A.; Costa, G.; Del Fabbro, D.; Torzilli, G. Is Tumor Detachment from
Vascular Structures Equivalent to R0 Resection in Surgery for Colorectal Liver Metastases? An Observational Cohort. Ann. Surg.
Oncol. 2016, 23, 1352-1360. [CrossRef]

Vigano, L.; Costa, G.; Cimino, M.M.; Procopio, F.; Donadon, M.; Del Fabbro, D.; Belghiti, ].; Kokudo, N.; Makuuchi, M.; Vauthey,
J.-N.; et al. R1 Resection for Colorectal Liver Metastases: A Survey Questioning Surgeons about Its Incidence, Clinical Impact,
and Management. J. Gastrointest. Surg. 2018, 22, 1752-1763. [CrossRef]

Brudvik, K.W,; Mise, Y.; Chung, H.; Chun, Y.S.; Kopetz, S.E.; Passot, G.; Conrad, C.; Maru, D.M.; Aloia, T.A.; Vauthey, ] N. RAS
Mutation Predicts Positive Resection Margins and Narrower Resection Margins in Patients Undergoing Resection of Colorectal
Liver Metastases. Ann. Surg. Oncol. 2016, 23, 2635-2643. [CrossRef]

Zhang, Q.; Peng, J.; Ye, M.; Weng, W.; Tan, C.; Ni, S.; Huang, D.; Sheng, W.; Wang, L. KRAS Mutation Predicted More
Mirometastases and Closer Resection Margins in Patients with Colorectal Cancer Liver Metastases. Ann. Surg. Oncol. 2020, 27,
1164-1173. [CrossRef] [PubMed]

Brudvik, K.W.; Vauthey, ].N. Surgery: KRAS Mutations and Hepatic Recurrence after Treatment of Colorectal Liver Metastases.
Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 638-639. [CrossRef] [PubMed]

Joechle, K; Vreeland, T.].; Vega, E.A.; Okuno, M.; Newhook, T.E.; Panettieri, E.; Chun, Y.S.; Tzeng, C.W.D.; Aloia, T.A,; Lee, .E.;
et al. Anatomic Resection Is Not Required for Colorectal Liver Metastases with RAS Mutation. J. Gastrointest. Surg. 2020, 24,
1033-1039. [CrossRef] [PubMed]

Margonis, G.A.; Sasaki, K.; Andreatos, N.; Kim, Y.; Merath, K.; Wagner, D.; Wilson, A.; Buettner, S.; Amini, N.; Antoniou, E.; et al.
KRAS Mutation Status Dictates Optimal Surgical Margin Width in Patients Undergoing Resection of Colorectal Liver Metastases.
Ann. Surg. Oncol. 2017, 24, 264-271. [CrossRef]

Procopio, F,; Vigano, L.; Cimino, M.; Donadon, M.; Del Fabbro, D.; Torzilli, G. Does KRAS Mutation Status Impact the Risk of
Local Recurrence after R1 Vascular Resection for Colorectal Liver Metastasis? An Observational Cohort Study. Eur. ]. Surg. Oncol.
2020, 46, 818-824. [CrossRef]

Odisio, B.C.; Yamashita, S.; Huang, S.Y.; Harmoush, S.; Kopetz, S.E.; Ahrar, K.; Shin Chun, Y.; Conrad, C.; Aloia, T.A.; Gupta, S.;
et al. Local Tumour Progression after Percutaneous Ablation of Colorectal Liver Metastases According to RAS Mutation Status.
Br. J. Surg. 2017, 104, 760-768. [CrossRef]

Calandri, M.; Yamashita, S.; Gazzera, C.; Fonio, P; Veltri, A.; Bustreo, S.; Sheth, R.A.; Yevich, S.M.; Vauthey, ].N.; Odisio,
B.C. Ablation of Colorectal Liver Metastasis: Interaction of Ablation Margins and RAS Mutation Profiling on Local Tumour
Progression-Free Survival. Eur. Radiol. 2018, 28, 2727-2734. [CrossRef]

Shady, W.; Petre, E.N.; Vakiani, E.; Ziv, E.; Gonen, M.; Brown, K.T.; Kemeny, N.E.; Solomon, S.B.; Solit, D.B.; Sofocleous, C.T. Kras
Mutation Is a Marker of Worse Oncologic Outcomes after Percutaneous Radiofrequency Ablation of Colorectal Liver Metastases.
Oncotarget 2017, 8, 66117-66127. [CrossRef]

Jiang, B.B.; Yan, K.; Zhang, Z.Y,; Yang, W.; Wu, W.; Yin, S.S.; Chen, M.H. The Value of KRAS Gene Status in Predicting Local Tumor
Progression of Colorectal Liver Metastases Following Radiofrequency Ablation. Int. J. Hyperth. 2019, 36, 211-219. [CrossRef]
Dijkstra, M.; Nieuwenhuizen, S.; Puijk, R.S.; Timmer, EE.E; Geboers, B.; Schouten, E.A.C.; Opperman, J.; Scheffer, H.].; de Vries,
J.J.J.; Versteeg, K.S.; et al. Primary Tumor Sidedness, RAS and BRAF Mutations and MSI Status as Prognostic Factors in Patients
with Colorectal Liver Metastases Treated with Surgery and Thermal Ablation: Results from the Amsterdam Colorectal Liver Met
Registry (AmCORE). Biomedicines 2021, 9, 962. [CrossRef]

195






MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Cancers Editorial Office
E-mail: cancers@mdpi.com

www.mdpi.com/journal/cancers

Z

MDPI

F






MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

www.mdpi.com

ISBN 978-3-0365-6836-2



