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Introduction

Colorectal cancer (CRC) is one of the leading cause of cancer-related death worldwide
(1-3). Its heterogeneous nature associated with multiple molecular mechanisms, results in diverse
clinical behaviors. Surgery with curative intent is the mainstay of treatment for locally advanced
disease. However, 25~40% of patients with stage II-IIl CRC will develop tumor recurrence despite
potential curative resection. This high rate of relapse provides the rationale for postoperative
adjuvant chemotherapy. The TNM classification remains the most reliable prognostic indicator that
is used to stratify patients who would benefit from adjuvant chemotherapy (3, 4). Although adjuvant
chemotherapy can improve survival in patients with Stage IIT CRC, supported by large randomized
studies, the routine use of adjuvant chemotherapy isl not recommended for stage II patients (3, 5, 6).
It is therefore critical to identify patients with stage II-IIl CRC at high risk of recurrence who may
benefit from adjuvant chemotherapy as well as high-intensity postoperative surveillance plans.
Conversely, 60-80% of patients with stage II-III disease who are cured by surgery alone could be
spared from intensive postoperative management. In this respect, molecular features reflecting tumor
characteristics with heterogeneous outcomes could help in optimizing patient selection for adjuvant
chemotherapy. Biomarkers are needed to identify patients who are at risk of developing recurrence
after curative surgery for precise personalized management.

Many studies have exploited microarray-based gene expression profiling to subclassify



tumor entities and to predict prognosis of CRC (7-11). However, none of the previously reported
prognostic gene signaturc_es has beén applied in the current clinical settings (12, 13). This is possibly
due to the low reproducibility of those signatures. Also, potential differences in data processing,
RNA preparation and handling methods and various expression platforms may affect discrepant
results. It is also surprising that there is virtually no overlap of genes between previously published
gene signatures. In view of that, the present study initially attempted to identify a number of genes
whose expression levels are predictive of disease recurrence with high reproducibility across
multiple cohorts. Also, we consider that the use of formalin-fixed paraffin-embedded (FFPE) tissue
samples could extend the practical utility of biomarkers in routine clinical diagnostics. To this end,
we evaluated two publicly available microarray cohorts of stage II-III CRC to identify genes with
associations with recurrence, followed by testing the robustness of genes using two additional
independent datasets. The final goal of this study was to test whether the prognostic impact of
mRNA transcript levels identified by comprehensive analyses of multiple cohorts were translated
into protein expression biomarkers assessed by immunohistochemistry (IHC) using readily-available

FFPE tissues.

Materials and Methods

Selection of candidate prognostic genes



All microarray data are publicly available from the Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih. gov/gf:o). For all analyses, the normalized expression values were
obtained from each dataset and were not processed further. To identify candidate genes, we obtained
two large series of colorectal cancer, including GSE41258 from the Memorial Sloan-Kettering
Cancer Center, U.S.A., which was based on Affymetrix HG-U133A platform (14), and GSE17538
based on Affymetrix HG-U133 plus2.0 platform (7). We initially conducted differential expression
analysis using GSE41258, in which 54 normal colon mucosa and 186 primary colorectal cancer
tissues with stage I-IV disease were available. Class comparison analysis using BRB-ArrayTools
(http://brb.nci.nih.gov/BRB-ArrayTools.html) identified differentially expressed probes between
normal and tumor tissues with stringent p-values ;1t <0.0001. We next focused on survival data in
those two datasets. Because of our aim of identifying prognostic genes for stage II-III patients,
survival analysis only used stage II-III patients with available relapse-free survival information.
Among 186 primary tumors in GSE41258, we found 94 stage II-III tumors with survival data.
GSE17538 consisted of expression data from the Moffit Cancer Center, U.S.A., (GSE17536) and the
Vanderbilt Medical Center, U.S.A., (GSE17537), each of which had 111 and 34 stage II-III patients,
respectively (n=145, in total). These datasets were each filtered to include only probes with
variances in expression levels higher than 0.2, and then stage II-I1I patients were dichotomized into

clearly defined high and low groups on the basis of the median expression value for each probe in



each cohorts separately. GSE41258 and GSE17538, in which GSE17536 and GSE17537 were

combined, were each subjected to survival analysis by using BRB-ArrayTools.

Characterization and validation of candidate genes

After developing the list of candidate genes using the probe-based analysis as described
above, we further attempted to validate our finding in multiple GEO datasets, including GSE35602
based on Agilent Whole Human Genome Microarray 4x44K G4112F (15), GSE39396 on Affymetrix
HT HG-U133+PM (16), and GSE39582 and GSE33113 on Affymetrix HG-U133 plus2.0 (10, 17).
Since these datasets each used various platforms cqmprised of different probe sets, we averaged the
multiple probes corresponding to a single gene from further analysis.

GSE35602 consisted of expression profiling data for laser-microdissected epithelial and
stromal areas from 4 normal mucosa as well as 13 colorectal cancer tissues (15). In dataset
GSE39396, 4 distinct cell subpopulations were separated from 6 primary colorectal cancer samples
using FACS cell sorting (16). Purified populations included CD45+EPCAM-CD31-FAP-
(leukocytes), CD45-EPCAM+CD31-FAP- (endothelial cells), CD45-EPCAM-CD31+FAP-
(endothelial cells) and CD45-EPCAM-CD31-FAP+ (cancgr—associated fibroblasts). Expression
levels of candidate genes in GSE39396 were median—centered;;nd were subjected to an unsupervised

hierarchical clustering for genes by the centroid linkage method using Cluster3.0 and were



visualized using Java TreeView (18). Finally, two recent transcriptome datasets of CRC, including
GSE39582 and GSE33113, were used to validate the prognostic significance of candidate genes (10,
17). A total of 566 stage I-IV colon cancer, collected from seven centers in France, were analyzed in
GSE39582. This dataset included 453 stage II-III colon cancer patients with relapse-free survival
information, while GSE33113 consisted of 90 stage II colorectal cancer patients (one case lacked
survival data) who treated in the Academic Medical Center, Netherland. Consistent with the initial
survival analysis, patients were categorized as low or high based on the median expression of

candidate genes within each cohort separately.

Patients and samples

Primary colorectal tumors from 368 consecutive patients who underwent surgical resection
between 1990 and 2010 at the Department of Organ Regulatory Surgery in Fukushima Medical
University hospital were enrolled. Tumors were classified according to the TNM classification of
malignant tumors (UICC 7% edition) (4). Ten patients were excluded because of missing or
inadequate FFPE blocks. Twenty patients who received preoperative chemotherapy and/or
radiotherapy before surgery were also excluded. In total, 338 patients with stage 0-IV CRC were
eligible to be included in this study. Of these, 42 adjacent non-malignant mucosal tissues were also

available for evaluation. Clinical and pathological information were retrospectively obtained by



review of medical records and the last follow-up was September 2015. For survival analysis, 272
patients with stage I-IV CRC Who underwent potential curative resection (R0) were used. The
primary end point of interest was relapse-free survival (RFS), which defined as time from the date of
surgery to the date of first relapse. The median follow-up time was 61.2 months. The study was
conducted in accordance with Declaration of Helsinki and was approved by the Institutional Review

Board of Fukushima Medical University.

Immunohistochemistry

For immunohistochemistry (IHC), a suitable antibody was identified using the Human
Protein Atlas database, in which antibody-based comprehensive proteomic data with images are
available ( , ) (19-21). Sections (4pm thick) were deparaffinized in xylene and
rehydrated in a graded ethanol series. Endogenous peroxidases were blocked with 0.3 % hydrogen
peroxide in methanol. For VCAN staining, antigens were retrieved by autoclave for 5 min at 10 mM
citrate buffer solution (105°C, pH 6.0). Primary rabbit polyclonal anti-VCAN antibody (HPA004726,
Prestige Antibodies® Powered by Atlas Antibodies, Sigma-Aldrich, Co. LLC. St. Louis, MO, USA)
was incubated at a 1:500 dilution in 10 mM phosphate-l?uffered saline containing Tween 20
(Sigma-Aldrich) at 4° C overnight, and subsequently detecté& by a horseradish peroxidase—coupled

anti-rabbit polymer (Envision, Dako, Heverlee, Belgium) followed by incubation with



diaminobenzidine (Dako). All sections were counterstained with Carrazzi’s hematoxylin. Percentage
positivity of stromal VCAN was scored as 0 (0%-5%), 1 (5%-25%), 2 (>25%) in tumor stromal area.
Intensity of staining was scored as either 0 (negative), 1 (weak-moderate), 2 (strong). Scores were
combined to generate a VCAN IHC score (min, 0; max, 4). Microscopic analyses were evaluated

independently by two investigators who had no prior knowledge of the clinical data.

Statistical analysis

Fisher’s exact test, Chi-square test, Student t-test and Mann-Whitney U test were used to
determine differences in clinicopathological variables between high and low groups. Spearman’s
rank correlation was used to evaluate the correlations of immunohistochemical score or gene
expression with TNM stage. Cumulative survival was estimated by the Kaplan-Meier method, and
differences between 2 groups were analyzed by log-rank test. Univariate and multivariate models
were computed using Cox proportional hazards regression. All statistical analyses were two-sided
and were conducted using Graphpad Prism v6.0 (Graphpad Software Inc.) and SPSS Statistics
version 22 (IBM Corporation). Differences were considered statistically signiﬁv;ant at the levels of P

<0.05.

Results



Eight candidate genes selected by a genome-wide approach using two microarray cohorts.

To identify genes associated with disease relapse in CRC, we started with 3 independent
comprehensive approaches utilizing 2 Affymetrix microarray datasets of CRC. First, GSE41258 was
analyzed to search for Affymetrix probes with significantly altered expression in 186 primary tumors
compared to 54 normal tissues (<0.0001) (14). Secondly, survival analysis was conducted in two
cohorts separately. Since our aim was to develop biomarkers that can stratify stage II-III CRC
patients with high risk of relapse, survival analysis only included 94 and 145 patients with stage
II-IIT CRC in GSE41258 and GSE17538 datasets, respectively (Supplementary Table 1) (7, 14). In
each dataset, available Affymetrix probes were dicl}10tomized into high or low based on median, and
then Cox hazard ratios and p-values for each probe were computed. Finally, a set of 9 probes, which
correspond to 8 genes, were identified as candidates for further analysis (Table 1 and Supplementary
Figure 1). Six of 8 genes, including COL4A2, COL4A1, SERPINE1, VCAN, NOTCH3 and
GPR116, were each found to be upregulated in CRC compared to normal colon, and also associated
with decreased relapse-free intervals in both cohorts. Whereas, 2 genes downregulated in CRC,

including TTC38 and SULT1B1, were negatively associated with poor prognosis.

Genes associated with high risk of relapse are predominantly’expressed in cancer stroma.

We noticed that the candidate gene list contained collagen genes, a proteoglycan-related



gene and a member of serpin family that are supposed to be expressed in stroma, raising a question
of whether the origin of those genes are cancer cells themselves or stromal cells in the tumor
microenvironment. Since the CRC datasets we used were obtained by macro-dissection of whole
tumor samples, both epithelial and stromal cell components within tumor could potentially
contribute to the expression profiles. To address this issue, we analyzed a dataset GSE35602, in
which expression data were obtained separately from epithelial cells and stromal cells of normal
mucosa as well as CRC samples by laser capture micro-dissection (15). As demonstrated in Figure 1,
6 of 8 genes, excluding SULT1B1 and TTC38, were found to be expressed predominantly in stromal
components in both normal and cancer tissues. In fact, the expression of those 6 genes were
significantly higher in cancer stroma than that of cancer epithelium. Furthermore, COL4A2,
COL4A1, VCAN and SERPINE1 were each significantly upregulated in cancer stroma in
comparison to normal stroma, indicating that those 4 genes were specifically expressed in cancer
stroma. Therefore, it is considered that the expression levels of those genes in macro-dissected CRC
samples depend primarily on stromal components. We next attempted to determine the cell-type
specificity of each of the stromal genes we identified. We utilized a transcriptome dataset GSE39396
in which 4 distinct cell populations were isolated by FACS from dissociated primary CRC samples,
consisting of expression data for epithelial cancer cells (Epcam+), lgukocytes (CD45+), endothelial

cells (CD31+) and cancer-associated fibroblasts (CAFs) (FAP+) (16). As shown in Figure 2, this



analysis confirmed the stromal origin of the genes. We found that the expression of COL4A1 and
COL4A2 was expressed by endéthelial cells and CAFs. Strikingly, the expression of VCAN and
NOTCH3 was found specifically in CAFs, while SERPINE1 and GPR116 expression was mainly
observed in endothelial cells. Among 4 genes upregulated in cancer stroma (Figure 1), the
localization of COL4A2 and COL4A1 protein expression in CRC was well-characterized by
previous studies (22, 23). However, it is unclear if the protein expression of VCAN and SERPINE1
is primarily localized to tumor stroma in CRC. To confirm the localization and expression of VCAN
and SERPINE] in protein levels, we performed immunohistochemistry (IHC) using a small series of
normal colon mucosa and CRC tissues. For IHC @alysis, suitable antibodies were identified using
the Human Protein Atlas database. VCAN protein expression was exclusively found in cancer
stroma in agreement with that of mRNA levels as demonstrated above, while it was undetectable in
any of the normal epithelium, normal stroma, or cancer cells (Figure 3). In tumor stroma, VCAN
staining was found in infiltrated fibroblasts and extracellular matrix, but not in immune cells or
vessels. On the other hand, IHC for SERPINE1 showed diffuse equivocal staining pattern in the
majority of CRC tissues (data not shown). Thus, immunohistochemical evaluation of SERPINE1

protein was omitted from further analysis.

Independent validation of prognostic significance of stromal genes in stage II-IIT CRC patients.



Recent studies of CRC have clearly shown that stromal cells in the tumor
microenvironment, such as CAFs, cog}}ribute to transcriptional subtypes based on expression
profiling of whole tumor samples (24, 25). Importantly, those stromal genes link to biologically and
clinically aggressive tumor behavior, displaying the association with poor relapse-free survival.
Those evidence seems consistent with our findings, as we discovered a unique set of stromal genes
that were associated with disease relapse in two cohorts of stage II-III CRC. In an attempt to further
validate our initial findings, we utilized additional microarray datasets of colon cancer in which RFS
data were available (Supplementary Table 1). Among 6 stromal genes we identified, high expression
of VCAN and SERPINE1 were each significantly associated with poor RFS in 453 patients with
| stage II-III colon cancer in GSE39582 (Figure 4). However, COL4A2, COL4A1, NOTCH3 and
GPR116 had no significant prognostic impact in this cohort. An independent dataset GSE33113,
consisted of 89 stage II colon cancer patients, was used for further validation of VCAN and

SERPINE1, showing significant association of the 2 genes with RFS (Figure 5).

Prognostic impact of stromal VCAN protein by immunohistochemistry
We consider that the most straightforward way to examine stromal gene expression in the
tumor would be by histopathology. Indeed, we validated the stromal localization of VCAN protein

by IHC as described above (Figure 3). We also observed that stromal VCAN staining levels in CRC



varied considerably from tumor to tumor. This observation prompted us to further characterize the
clinical significance of stromal VCAN protein using a larger set of CRC. Thus, we evaluated the
expression of VCAN using IHC in a total of 338 FFPE samples obtained from stage 0-IV CRC as
shown in Table 2, and representative images are demonstrated in Figure 6. Semiquantitative VCAN
THC was scored as 0 in 89 (26.3%), 1 in 14 (4.1%), 2 in 41 (12.1%), 3 in 111 (32.8%) and 4 in 83
(24.6%). By contrast, the majority of adjacent normal mucosa demonstrated negative VCAN
staining (35 of 42, 83%) and the others showed score 1 (7 of 42, 17%). It is worth noting that
stromal VCAN immunoreactivity score increased significantly along with tumor progression (Figure
7A). This finding was also confirmed by gene exPression analysis in transcript levels (Figure 7B).
Of 338 FFPE tissues used for IHC, 272 patients with stage I-IV CRC with curative resection (R0)
were available for RFS analysis (Supplementary Figure 2A-B). In 272 stage I-IV patients, higher
levels of stromal VCAN score was significantly associated with poorer RFS (Supplementary Figure
2C, Trend P=0.0005). We divided tumors into high or low stromal VCAN expression and we next
evaluated its relationship with clinicopathological characteristics of CRC patients (Table 2). Tumors
exhibiting high stromal VCAN expression were significantly associated with aggressive
characteristics, including advanced stage (P<0.0001), deeper depth of invasion (P<0.0001), positive
lymph node involvement (P<0.0001) and presence of distant metastasis (P=0.0002). Also, high

stromal VCAN was more frequently observed in rectal cancer than that of proximal or distal colon



cancer (P=0.040). There was no significant association of VCAN with patient age, gender, or
histological type. Tumors with high ,strgmal VCAN expression was significantly associated with
shorter RFS intervals than that of low VCAN expression in patients with stage I-IV CRC (P<0.0001,
Supplementary Figure 3D). Its prognostic significance remained significant when the analysis was
limited to stage II-III CRC patients (P=0.0154, Figure 8A). This is highly consistent with the results
of our' microarray analyses in which a total of 4 independent cohorts of stage II-III CRC were used

for gene selection and validation.

Stromal VCAN was associated with disease recurrence in colon cancer

The vast majority of microarray cohorts v&;e used were expression profiling of colon cancer
(at least more than 93%), while only a fraction of them were from rectal cancer (Supplementary
Table 1). Also, there are some differences between colon and rectal cancer in terms of the treatment
approaches and the pattern of postoperative recurrence (3). Thus, we further analyzed the association
of VCAN with prognosis in colon and rectal cancer separately. Strikingly, high expression of VCAN
was significantly associated with shorter RFS only in patients with stage II-III colon cancer
(P=0.0003, Figure 8B), but not in patients with rectal cancer (P=0.5099, Figure 8C), despite no
significant survival difference between colon and rectal cancer (Supplementary Figure 2B). We

observed that primary CRC tumors exhibiting high VCAN expression frequently resulted in distant



recurrence, but not in locoregional recurrence (P=0.0032, Supplementary Table 2). Since the
majority who experienced locofegional recurrence were patients with rectal cancer (12 of 13
patients), our findings suggest that the relatively high frequency of locoregional recurrence in rectal
cancer might confound the prognostic impact of VCAN. We were not able to perform stratified
analysis by colon and rectal cancer in microarray cohorts, since those datasets mostly consisted of

patients with colon cancer.

Stromal VCAN as independent prognostic factor in colon cancer

Given that no significant impact of VCAN was seen in patients with rectal cancer, further
analysis was performed by focusing on colon cancer. In stratified analysis of stage II patients, colon
cancer exhibiting high stromal VCAN expression showed significant worse RFS, while no relapse
was observed in patients with low VCAN (P=0.0029, Figure 9A). Clear tendency of high VCAN
expression with poor survival was also found in patients with stage III colon cancer, although it did
not reach statistical significance due to small sample size (P=0.0736, Figure 9B). Univariate Cox
analysis in stage II-III colon cancer revealed that presence of lymph node metastasis and T4 tumors
were significantly associated with poor RFS, in agreement with previous studies (Table 3) (6). High
stromal VCAN expression was also associated with shorte} RFS (hazard ratio [HR] 9.09; 95%

confidence interval [CI] 2.13 to 38.77; P=0.003). In the multivariate analysis, high stromal VCAN



was significantly associated with unfavorable RFS (HR 8.98; 95%CI 2.01 to 40.06; P=0.004),
independent of clinical parameters, including lymph node metastasis, depth of invasion, the
administration of adjuvant chemotherapy and other conventional factors. We also attempted to
conduct univariate and multivariate analyses for VCAN mRNA expression using the largest
microarray cohort of 453 patients with stage II-III colon cancer (GSE39582). Again, significant
association of high VCAN expression with poor RFS was observed in multivariate analysis (HR
1.60; 95%CI 1.13 to 2.27; P=0.009) (Table 4). Notably, its prognostic value was independent of

stage, receipt of adjuvant chemotherapy, and microsatellite status.

Discussion

In the present study, our comprehensive approaches using two CRC cohorts identified a
list of genes with differential expression in tumor compared to non-tumor that were associated with
RFS in stage II-IIl CRC. We have attempted to validate the prognostic significance of those
candidate genes not only in mRNA levels, but also in protein levels by IHC. Although this study was
based on retrospective analyses, our strategy included the use of multiple independent cohorts
consisting of 781 patients in total with stage II-III CRC that were publicly available, followed by our
large set of well-characterized CRC cohort with long term survival information. In all 5 cohorts we

analyzed, the expression levels of VCAN transcript or protein were found to be significantly



associated with disease relapse in stage II-IIl CRC. Although it is known that genome-wide
approaches, such as microarray aﬁalysis, could yield numerous false negative results, our sequential
validation strategy by integrating currently available microarray data was successfully minimized
such false discovery, leading to the identification of novel and robust prognostic genes in CRC with
high reliability.

VCAN (versican) belongs to the family of large chondroitin sulfate proteoglycans and has
hyaluronate binding properties. Versican has been known to play a role in the formation of
tumor-specific extracellular matrix that can support cancer cell growth and metastasis in some solid
cancers. Stromal VCAN expression has been propgsed as a prognostic biomarker for worse disease
outcome in several cancer types, including ovarian cancer, endometrial cancer, gastric
gastrointestinal stromal tumors and oral squamous cell carcinoma (26-29). However, there have been
only a few studies examining the clinical implication of stromal VCAN expression as a biomarker in
CRC. Although one study reported the association of VCAN expression with favorable prognosis,
they addressed its expression in epithelial cells (30). By contrast, our sequential validation strategy,
in which we integrated multiple datasets of gene expression profiling from both macro-dissected and
micro-dissected samples as well as IHC analysis with a validated antibody supported by the Human
Protein Atlas, clearly indicates that VCAN is specifically iocalized at tumor stroma but not in

epithelial cells. Hence, this study has provided the first evidence that VCAN is exclusively expressed



in tumor stroma and is associated with disease recurrence in CRC.

We have shown that the prognostic impact of VCAN expression is robust and that
transcript data and IHC data from a variety of countries using different platforms provide highly
consistent results. Noteworthy is the fact that VCAN was found to be exclusively expressed in
cancer stroma, But not in tumor epithelial cells or normal mucosa. Most recently, two studies have
highlighted the significant contribution of stromal components to a tran7scriptiona1 subtype of CRC
which is characterized by highly aggressive phenotype associated with adverse patient outcomes (24,
25). Gene expression profiles of macro-dissected whole tumor samples could consist of mixed
signals originating from different types of cells, including epithelial tumor cells and
tumor-associated stromal cells. Although severalv investigators previously reported molecular
classifications (9, 10, 31), the above two studies have clearly shown that the highly aggressive
subtypes defined by transcriptomic studies rely on the gene expression signature by tumor stromal
cells, such as CAFs, rather than that of cancer cells. Hence, tumor stroma should not be considered
contamination of gene expression data but it plays a major role in promoting tumorigenesis through
the interaction with cancer cells. Calon et al. have revealed that CAFs can increase tumor
aggressiveness enhanced by TGF-B signaling, while poor prognostic signatures share a stromal gene
program that is induced by TGF-p (24). This concept seems highly consistent with our findings that

VCAN was found to be specifically expressed by CAFs in the tumor microenvironment and its



expression levels increased significantly with tumor progression. The stepwise upregulation of
VCAN from normal tissue, to éarly stage tumor through advanced tumor was observed in both
mRNA and protein levels. Also, higher stromal VCAN expression was frequently found in primary
CRC tumors that exhibited aggressive characteristics, including deeper depth of invasion, positive
lymph node involvement and distant metastasis. The most recent and robust molecular subtyping of
CRC reported by the CRC Subtyping Consortium (CRCSC), based on more than 4000 CRC samples
of transcriptomic and genomic data, have clearly demonstrated a subtype (CMS4) which is
characterized by stromal infiltration and prominent TGF-B activation (13). It seems that our
discovery of stromal VCAN as poor prognostic inc?icator recapitulated this highly aggressive subtype.
Indeed, CMS4 tumors not only exhibited stromal infiltration, overexpression of extracellular matrix
proteins and higher admixture with non-cancer cells, but also had the highest rate of recurrence
across all subtypes. Those findings consistently suggest that CAF-derived VCAN expression in CRC
is involved in pro-tumorigenic program, possibly through the enhanced TGF-B signaling in the
tumor microenvironment. In the meantime, in ovarian cancer cell lines, it was revealed that TGF-
can enhance cancer cell invasion by upregulating CAF-specific VCAN expression (32). Concerning
the functional role in ovarian cancer and unfavorable prognostic impact of VCAN in several cancer
types, the expression of VCAN in tumor stroma is not sb':eciﬁc to CRC but might characterize

aggressive behavior across solid cancer types.



The ultimate goal of this study was to develop a single gene-based prognostic biomarker
for stage II-1II CRC to help guide clhlicalwdecisions after curative surgery. The prognostic impact of
VCAN expression, identified and validated by 4 independent microarray analyses using a total of
781 patients with stage II-III CRC, was finally verified on the protein levels assessed by IHC in 196
patients with stage II-III CRC. Despite its robust prognostic significance in CRC, our IHC analyses
revealed that no impact of VCAN on survival of patients with rectal cancer. This might not be
unexpected because we identified and validated the significance of VCAN expression using multiple
microarray cohorts, in which the vast majority of samples were obtained from colon cancer patients.
Considering potential differences in etiology, genetics, treatment strategies and outcomes between
colon and rectal cancer, studying these two entities separately may be more appropriate. In contrast
to rectal cancer, there was strong association of stromal VCAN with disease recurrence in colon
cancer, independent of other clinical covariates. Strikingly, the subset analysis with only patients
with stage II colon cancer indicated that tumors exhibiting high stromal VCAN was significantly
associated with poor RFS. This suggests that VCAN THC has potential to identify high risk patients
with stage II colon cancer who may benefit from postoperative adjuvant chemotherapy.

Previous microarray studies reported multigene prognostic signatures which utilize dozens
to hundreds of genes with complex classification models and usual_ly require frozen tissues. We

consider this might be an obstacle to clinical translation of such biomarkers, because the current



clinical practice relies heavily on FFPE tissues. This study focused on the identification of single
genes with prognostic relevancé, rather than to generate new multigene prognostic signatures.
Immunohistochemical detection for stromal VCAN is simple and uses only a single gene that can be
analyzed on readily-available archived FFPE tissues. This suggests that stromal VCAN by IHC can
be potentially used as a practical prognostic biomarker for patients with CRC.

In conclusion, our genome-wide approaches with stringent validation strategy using
multiple independent cohorts identified and validated the significant association between VCAN
transcript expression and RFS in stage II-IIl CRC. Its independent prognostic impact was further
verified on protein levels by immunohistochemica,ll analyses in a large set of CRC by multivariate
Cox analysis. It is worth noting that stromal VCAN expression efficiently discriminated stage II
colon cancer patients with distinct survival outcomes. This highlights the potential of stromal VCAN
expression in identifying stage II colon cancer patients at high risk of recurrence who may benefit

from adjuvant chemotherapy. ,
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Figure Legends

Figure 1. Expression levels of 8 candidate genes in a transcriptomic dataset of laser-microdissected
epithelial (Ep) and stromal (Str) areas from 4 normal mucosa as well as 13 colorectal cancer tissues
(GSE35602). Most of the candidates were found predominantly in micro-dissected stromal
components. COL4A2, COL4A1, VCAN and SERPINE1 were speciﬁcally expressed in cancer

stroma. *P<0.05, **P<0.01, ***P<0.001.

Figure 2. Heat map depicting cell type-specific expression of the candidate stromal genes in a dataset
of 4 distinct cell subpopulations from 6 primary colgrectal cancer samples using FACS cell sorting
(GSE39396). COL4A1 and COL4A2 were expressed by endothelial cells and cancer-associated
fibroblasts (CAFs). The expression of VCAN and NOTCH3 was found specifically in CAFs, while

SERPINE1 and GPR116 expression was predominantly observed in endothelial cells.

Figure 3. Immunohistochemistry for VCAN in colon cancer samples. The expression of VCAN
protein was exclusively found in cancer stroma, while it was undetectable in any of the normal

epithelium, normal stroma, or tumor epithelial cells.



Figure 4. Validation of the prognostic significance of 6 stomal genes in an independent dataset
(GSE39582). Kaplan-Meier cur§es showing relapse-free survival of 453 patients with stage II-III
colon cancer. Patients were dichotomized as high or low based on the median expression of
candidate stromal genes, including VCAN (A), SERPINE1 (B), COL4A1 (C), COL4A2 (D),

NOTCH3 (E) and GPR116 (F).

Figure 5. Validation of the prognostic significance of VCAN and SERPINE] in an additional
independent dataset (GSE33113). Kaplan-Meier curves showing relapse-free survival of 89 patients
with stage II colon cancer. Patients were categorized as high or low based on the median expression

of VCAN (A) and SERPINE]1 (B).

Figure 6. Immunohistochemistry for VCAN ranged from negative to strong stromal staining in
colorectal cancer tissues. Representative images of VCAN staining in colon tumor stroma are

shown.

Figure 7. Upregulation of VCAN expression along with tumor progression. (A) Immunoreactivity
score for stromal VCAN protein expression in normal and stége 0-IV colorectal cancer tissues. (B)

VCAN mRNA expression levels in normal and stage I-IV colorectal cancer tissues in GSE41258.



Figure 8. The association of relapse-free survival with stromal VCAN expression by
immunohistochemistry. Kaplan-Meier curves showing 196 patients with stage II-III colorectal

cancer (A), and stratified analysis of stage II-III patients with colon cancer (B) and rectal cancer (C).

Figure 9. The association of relapse-free survival with stromal VCAN expression by
immunohistochemistry focusing on colon cancer patients. Kaplan—Meier curves for patients stage II

(A) and stage III (B) colon cancer.
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