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Abstract

Background: Colorectal cancer (CRC) is among the leading causes of cancer death. Rectal
cancers account for one third of CRC cases. The role and significance of colorectal cancer risk

loci in rectal cancer progression has not been investigated.

Methods: We generated and explored a dataset from 230 rectal cancer patients by gene
expression microarray analysis of cancer samples and matched controls, and SNP arrays of

germline DNA.

Results: 8924 (upstream of MYC) and 18921 (in the intron of SMAD7), two of the loci most
strongly linked with colorectal cancer risk, as well as 20q13 (in the intron of LAMADS), are tightly
associated with the prognosis of rectal cancer patients. For SNPs on 18921 (rs12953717 and
rs4464148) and 20q13 (rs4925386), alleles that correlate with higher risk for the development
of colorectal cancer are associated with shorter disease free survival. However, for rs6983267
on 8924, the low risk allele is associated with a higher risk for recurrence and metastasis after
surgery, and importantly, is strongly correlated with the resistance of colorectal cancer cell lines
to chemoradiotherapy. We also found that although MYC expression is dramatically increased
in cancer, patients with higher levels of MYC have a better prognosis. The expression of SMAD7
is weakly correlated with disease free time. Notably, the presence of the 8924 and 18g21 SNP
alleles is not correlated with a change of expression of MYC and SMAD7. rs4464148, and

probably rs6983267 and rs4925386, are linked with overall survival time of patients.
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Conclusions: SNPs at three colorectal cancer risk loci detect subpopulations of rectal cancer
patients with poor prognosis. rs6983267 probably affects prognosis through interfering with

the resistance of cancer cells to chemoradiotherapy.
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Materials and Methods

Patients

Overall, 230 patients were included in this analysis. All patients were staged as locally advanced
(culccu/m/1v) and treated according to the CAO/ARO/AIO-94 (Sauer et al, 2004) or the
CAO/ARO/AIO-04 trial (Rodel et al, 2012b). Staging included rigid rectoscopy and endorectal
ultrasonography, magnetic resonance imaging (MRI) and/or computed tomography as well as
patho-histological diagnosis of an adenocarcinoma. Preoperative staging was performed as
clinically assessed T-level (T), lymph node status (N) and distant metastases (M). The results

were unified as clinical UICC stage (UICC) (Brierley et al, 2009).

Staging and treatment was either performed in Gottingen (n=165) or at the five collaborating
German Departments of Surgery or Radioncology (n=65). Preoperative chemoradiotherapy
(CRT) was applied with a total irradiation dose of 50.4 Gray (28 x 1.8 Gray) and accompanied by
either 5-fluorouracil infusion alone (n=128) or in combination with oxaliplatin (n=102). Six
weeks after the completion of preoperative CRT, curative surgery (total mesorectal excision) was
performed. Standardized histopathological work-up resulted in histopathological parameters of
T-level and lymph node status. If distant metastases developed during preoperative CRT a
biopsy for histopathological analysis was taken if possible. Four to six weeks after surgery
therapy was completed with either 5-FU alone or in combination with oxaliplatin. Recurrence
refers to detection of local recurrence or metastasis. The study was approved by the local ethics

committee.


https://doi.org/10.1101/158238
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/158238; this version posted June 30, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Tumor Biopsies, RNA/DNA lIsolation

During rectoscopy several biopsies of tumor and normal mucosa were taken in addition to the
diagnostic sample, as well as EDTA-blood as previously described (Gaedcke et al, 2012). For
gene expression analyses biopsies were immediately stored in RNAIlater and kept at 4°C over
night. The following day biopsies were frozen and stored at -20°C. Blood was centrifuged (2200
rom, 10min at 4°C), plasma and the cellular components (leukocyte phase) were aliquoted and

stored at -80°C.

Using TRIZOL (Life Technologies, Rockville, MD, USA) RNA was extracted from RNAlater biopsies
as previously described (Grade et al, 2011). All samples underwent strict quality assessment.
Nucleic acid quantity and purity were determined using the NanoDrop spectrophotometer
ND1000 (Thermo Fisher Scientific Inc., Waltham, MA, USA), and by a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). For SNP analyses, after informed consent, 7.5 ml of fresh
blood was collected, anti-coagulated by EDTA and centrifuged for 10 min at 2000 rpm, and the
plasma carefully removed. Samples were stored at -80 °C until isolation. DNA was isolated
using the Blood and Tissue DNA midi kit (Qiagen) according to manufacture’s instruction.
Briefly, after adding 100 pl of proteinase K to 1 ml of each sample cells were lysed by adding 1.2
ml of Buffer AL, vortexed and incubated for 10 min at 70°C. DNA was bound to a DNeasy spin
column and washed. DNA was eluted in water and stored at 20°C until further use. DNA

guantity and quality were assessed using Nanodrop and Bioanalyzer.
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Gene expression Microarray Analysis

Microarrays analysis was performed as previously described (Grade et al, 2011). Briefly, 600ng
of total RNA was amplified and transcribed into fluorescently labeled cRNA following the "Low
RNA Input linear Amplification Kit Plus, One Color" protocol (Agilent Technologies, Inc. 2007;
Cat. N°: 5188-5339). cRNA was hybridized to the Human 4 x 44 K v2 array platform from Agilent
Technologies (G4845A) as recommended by the manufacturer. Cy3 intensities were detected by
one-color scanning using an Agilent DNA microarray scanner (G2505B) at 5 micron resolution.
Scanned image files were visually inspected for artifacts and then analyzed using the Agilent

feature extraction software (Agilent Technologies, Santa Clara, CA, USA).

The signal intensities from the gene expression arrays were log2 transformed before being
normalized to the 75 percentile as instructed by the Agilent protocol. Probes with maximum
intensity over all samples of at least 100 were used for further analysis. Gene fold change of
each cancer sample was calculated with paired control as reference if available, otherwise the
geometric average intensity of all control samples was used as reference. Gene expression data

were deposited to Gene Expression Omnibus (GSE87211).

lllumina Infinium HD assay

High-throughput, genome-wide SNP genotyping, using Infinium HumanlM-Quadv1 technology
(Part 15003560; Illumina Inc. San Diego, CA), was performed at the Cancer Genomics Research
Laboratory (CGR), NCI. Genotyping was performed according to the manufacturer’s guidelines

using the Infinium HD Assay automated protocol. Samples were denatured and neutralized
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then isothermally amplified by whole-genome amplification. The amplified product was
enzymatically fragmented, then precipitated and re-suspended before hybridization to the
BeadChip. Single-base extension of the oligos on the BeadChip, using the captured DNA as a
template, incorporates tagged nucleotides on the BeadChip, which are subsequently
fluorophore labeled during staining. The fluorescent label determines the genotype call for the
sample. The lllumina iScan scanned the BeadChips at two wavelengths to create image files.

Genotypes were called using lllumina GenomeStudio software and exported for analysis.

Statistical analysis

A change of gene expression with a threshold of 3-fold change (either up or down) and a P value
of 0.05 in two tailed unpaired t-test after multiple test correction was considered to be
significant. The list of genes, the expression of which significantly differed between the cancer
and the mucosa control, was used for Ingenuity Pathway Analysis (IPA) (Qiagen, Hilden,

Germany).

PCA (Principal Component Analysis) was conducted utilizing Partek Genomics Suite (Partek Inc,
Chesterfield, MO) for log2 transformed intensity (Figure 1A) or log2 fold change (Figure 1B-I).
Data points of patient 93 and patient 195 samples were removed in Figure 1B-l to get an

extensive view of the whole group.

Survival curves were constructed using the Kaplan—Meier method and analyzed by the log-rank

test. Survival data were evaluated using the univariate and multivariate Cox proportional
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hazards model. Variables with a significant value of P < 0.05 in univariate analysis were used in
construction of subsequent multivariate Cox models. Cox P value is used unless otherwise

stated. Samples were separated into two groups of equal size for high and low gene expression.

The SNPs tested in this study influence CRC occurrence at very different strengths (Broderick et
al, 2007; Houlston et al, 2008; Tomlinson et al, 2007). From biological intuition, a factor’s ability
to increase CRC risk is likely to be correlated to its potential effect on recurrence risk, and such
an inequality will invalidate the assumption of multiple test correction. This inequality can be
revealed by enrichment analysis. Among 3 loci with significant effect on rectal cancer
recurrence, two are localized on the no.1 and no.3 locus with highest CRC risk in the total list of
21 loci. The biased distribution P < 0.028 confirmed the significant association between CRC
risk and recurrence risk. With this confirmed inequality, multiple test correction was not

applied for SNP number in this study.
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Introduction

Colorectal cancer (CRC) is the third most common cancer and the second leading cause of
cancer death in the USA. Each year there are more than 130,000 new cases and more than
49,000 deaths from CRC (Ferlay et al, 2015). Rectal cancers account for some 35% of all CRC
cases (American Cancer Society, 2016). Despite similarities in the genetic aberrations profiles
rectal cancer and colon cancer show significant differences in clinical outcome. Anatomic
differences also influence the treatment of these cancers. While colon cancers are usually
surgically removed and then treated with adjuvant chemotherapy, the standard treatment for
locally advanced rectal cancers consists of a preoperative chemoradiotherapy (CRT) (Rodel et al,
2012a; Sauer et al, 2004) followed by a total mesorectal excision of the tumor. Furthermore, the
typical site of metastasis or progression is different: colon cancers metastasize primarily to liver
and have a tendency to spread to the peritoneum, while distal rectal cancers often surpass the
liver and spread to the lung (Riihimaki et al, 2016). Molecular and genetic studies as well reveal
both remarkable similarities but also some noteworthy distinctions. For example, APC
mutations occur with higher frequency in rectal cancer than in colon cancer (Hong et al, 2012;

van der Sijp et al, 2016).

Many genome-wide association studies (GWAS) have successfully identified more than 20 SNPs
associated with the risk for the development of CRC (reviewed in Peters et al, 2013; Zhang et al,
2014). As outlined above, colon and rectal cancers are very different in their clinical behavior.

To our knowledge, the prognostic value of these SNPs has not been systematically evaluated in
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rectal cancer patients. Here we analyze an extensive dataset of rectal cancers to identify if any
of these SNPs are also associated with outcome in rectal cancer patients. SNPs associated with
prognosis might augment already established clinical tests and help to individualize a patients’

treatment.

The most extensively studied risk locus of cancer is the SNP rs6983267 on chromosome band
8qg24. The G allele of rs6983267 increases the risk of developing several cancers, including CRC,
prostate cancer and breast cancer (Haiman et al, 2007; Jones et al, 2012). Several hypotheses
have been proposed to explain the effect of rs6983267, including enhanced binding of the WNT
pathway transcription factor TCF7L2 in the MYC promoter region, hence activating transcription
(Pomerantz et al, 2009; Wright et al, 2010). Another possible mechanism of action might be
interference with the expression of the noncoding RNA CCAT2 and CARLo-5 (Kim et al, 2014;
Ling et al, 2013). The second most studied risk locus on 18921 contains three SNPs: rs4939827,
rs12953717 and rs4464148. They map to introns of the tumor suppressor gene SMAD7 (Curtin
et al, 2009; Tenesa et al, 2008), influencing its expression. SMAD?7 is involved in the regulation

of the TGF-J pathway (Luo et al, 2014).

In this study, we explore whether the SNPs that affect the risk of the development of CRC also

alter the prognosis of rectal cancer patients and whether their presence affects the expression

of adjacent genes.
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Results

Global gene expression changes are neither associated with survival, lymph node metastasis
and depth of invasion, nor with KRAS mutation status

The Principal Component Analysis (PCA) of expression data distinguishes cancer samples clearly
from control samples, illustrating the drastic change of gene expression patterns during
tumorigenesis. As expected, the normal controls cluster more tightly together than the tumor
samples (Figure 1A). The list of genes significantly up-regulated in tumors relative to mucosa is
enriched for genes associated with WNT- catenin signaling. Genes significantly down-
regulated are linked particularly with various metabolic pathways (Supplementary Table 2). The
general expression pattern of cancer samples forms no apparent subgroups (Figure 1B), and
there is no separation according to any prognostic parameters, including lymph node metastasis
or depth of invasion before or after preoperative CRT, KRAS mutation status, disease free
survival (DSF) or overall survival (OS) of the patients (Figure 1C-l). Consistently, differential
expression analysis for any of those prognostic parameters, e.g., comparison between cancer
samples with or without KRAS mutations, revealed no statistically significant differences in gene
expression (data not shown). Lymph node metastasis and depth of invasion scores from
biopsies after, but not before CRT, show a significant association with DSF and OS (Table 2,
Supplementary Figure 1A-D, F-1). KRAS mutation status serves as an established biomarker for
treatment with EGFR inhibitors, such as panitumumab and cetuximab. Only patients with
tumors that do not harbor KRAS mutations benefit from anti-EGFR therapy (Cunningham et al,

2004). Our data show that the KRAS mutation status cannot predict response to neoadjuvant
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chemoradiotherapy (Table 2, Supplementary Figure 1 E, J).

Association of polymorphisms and interval to recurrence after surgery

Many GWAS of CRC have identified polymorphisms in at least 22 loci associated with an
increased risk of developing CRC. We investigated the association of 21 of those loci with DSF
and 0S. We found three loci that are significantly associated with rectal cancer recurrence,
including rs6983267 on 824 upstream of MYC, rs12953717 and rs4464148 on 18qg21 in an
intron of SMAD?7, and rs4925386 on 20g13 in an intron of LAMAS5 (Table 1). The SNP rs4464148
on 1821 also has a significant effect on OS, while the SNP rs6983267 on 824 (P = 0.076) and
the SNP rs4925386 on 20g13 (P = 0.053) have noticeable effect although not significant (Table
1). 8924 and 18921 are among the loci with the most significant P value for CRC risk (Table 1)
(Whiffin et al, 2014). Interestingly, rs6983267 has opposite effects when analyzed for CRC
susceptibility and prognosis. The high-risk allele G of rs6983267 correlates with an increase in
CRC incidence in the population, but is associated with a longer DSF and OS for rectal cancer
patients when compared to the low-risk allele T (Table 1). We have investigated the difference
in sensitivity of CRC cell lines to CRT (Spitzner et al, 2014). We found that the CRT sensitivities
of CRC cell lines are tightly correlated with their rs6983267 genotypes. Cell lines with higher
CRT resistance invariably carry the T allele that is associated with short DSF in rectal cancer
patients (Figure 2F). Such an allelic specific distribution is not observed for any other significant

SNPs (Supplementary Figure 2).

Allele G of rs6983267 enhances CRC incidence with a dosage effect; this fits with an additive
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model (Li et al, 2008), while CRC recurrence of patients carrying the allele T fits best with a
dominant model; thus, patients with the GT allele have survival curves very similar to the TT
allele (DSF: HR = 2.21, 95% ClI 1.03-4.74, P = 0.042) (Figure 2A). In contrast, the high-risk alleles
for CRC occurrence and recurrence are the same for rs12953717 and rs4464148 (Table 1). The
18921 SNP rs12953717 (DSF: HR = 2.46, 95% Cl 1.11-5.5; P = 0.039) and the 20q13 SNP
rs4925386 (DSF: HR = 0.43, 95% Cl 0.24-0.79; P = 0.007) fit best with the dominant and
recessive model, respectively (Figure 2B,E), while the 18921 SNP rs4464148 fits best with the
additive model for both DSF and OS, with a 1.8-fold hazard risk for DSF (95% Cl 1.19-2.72; P =
0.005) (Figure 2C) and 1.87-fold hazard risk for OS (95% Cl 1.11-3.13; P = 0.019) (Supplementary
Figure 4C) for each high-risk allele. Multivariate Cox analysis shows only depth of invasion (ypT)

and distant metastasis (M) after CRT as significant predictors of DSF (Table 2).

After multiple test correction, we did not detect any significantly differentially expressed genes
among samples with different rs6983267 genotypes (data not shown). However, we discovered
that, under a loose criterion with no correction for multiple testing, the expression of two
radioresistance related genes, NOS1 and AATK, is correlated with allele number and has a P
value < 0.05 between homozygous alleles (Supplementary Figure 3). Cells derived from NOS1
homozygous knockout mouse have significantly enhanced radioresistance (Epperly et al, 2007;
Rajagopalan et al, 2010). AATK siRNA knockdown promotes cell line survival after ionizing
radiation while its overexpression reverses this effect (Zhu et al, 2016). In line with these
reports, the expression of both NOS1 and AATK have the lowest expression in samples with TT

alleles, intermediate expression in samples with GT alleles, and highest expression in samples
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with GG alleles.

Association between prognosis and the expression of genes adjacent to SNPs associated with
CRC

We examined the expression of genes potentially linked with the SNPs on 8q24, 18921 and
20913, which are MYC, SMAD7 and LAMAS, respectively. Our data show no correlation
between their expression levels and the presence of specific SNPs (Figure 3D-H). In addition,
the overall expression levels of these genes with respect to different alleles for any of these
SNPs are indistinguishable from each other (data not shown). But MYC, and to a lesser extent
SMAD?7, do have an association with prognosis. Compared to matched normal mucosa, rectal
cancers have significantly higher expression of MYC and lower expression of SMAD7 (Figure 3A-
B). However, patients with lower MYC expression or higher SMAD7 expression have shorter DSF
and probably shorter OS, though the P value is only significant for effect of MYC expression on
DSF (HR = 0.49, 96% Cl 0.27-0.88; P = 0.017) (Figure 4A-B). LAMAS expression is consistently
increased in cancer samples (Figure 3C), but it is not correlated with prognosis (Figure 4C, 4F).

These results were confirmed with independent CRC sample sets (Supplementary Figure 5).

15


https://doi.org/10.1101/158238
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/158238; this version posted June 30, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Discussion:

Previous GWAS studies have identified dozens of loci associated with an increased risk for the
development of CRC (Peters et al, 2013; Zhang et al, 2014). In this study we determined
whether those loci affect the prognosis of patients with rectal cancers, which comprise
approximately 35% of patients with CRC (Society, 2016). We did observe that three loci, on
chromosome bands 8q24, 18921 and 20q13, significantly influence DSF, and to a lesser extent,
OS. It is reasonable to assume that genetic factors that increase the risk for cancer
development could also affect disease prognostication. Consistently, we found that two out of
these three loci (824 and 18g21) are among the loci with strongest association with CRC risk
(significance rank no.1 and no.3 respectively in the GWAS study of Houlston 2008). They are
also the 1°* and 2" loci found associated with colorectal cancer (Broderick et al, 2007; Houlston
et al, 2008; Tomlinson et al, 2007). Both loci are associated with highly significant P value in

many GWAS (Peters et al, 2015) and are the two most extensively studies studied CRC risk loci.

rs6983267 on 8924 has been found to be strongly associated with multiple cancer types,
including CRC (Haiman et al, 2007), prostate cancer (Yeager et al, 2007), and thyroid cancer
(Jones et al, 2012). Interestingly, 824 SNP rs6983267 has divergent effects on CRC occurrence
and prognosis. This is reminiscent of the effect of BRAC1/2 mutations on breast cancer risk,
which is significantly increased in women carrying these mutations. But they correlate with
longer DSF and OS time in patients with triple negative breast cancers (Anders et al, 2013).

Such a reverse association of rs6983267 is also found in prostate cancer, where the G allele
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correlates with the risk of cancer occurrence, while the T allele is significantly associated with
metastatic prostate cancer, with 1.49 risk ratio over the G allele (Ahn et al, 2011). The fact that
rectal cancer and prostate cancer share such a phenomenon suggests a common mechanism.
One possible mechanism is that the G allele of rs6983267 lowers the threshold for genetic
changes that result in CRC occurrence, such that patients with the G allele tend to accumulate
fewer mutations and genomic imbalances when the tumor is detectable, and thus have a better
prognosis. It will be interesting to see if this phenomenon holds true in the other cancer types

influenced by rs6983267, such as thyroid and breast cancers.

Intriguingly, the CRT resistance levels of CRC cell lines are tightly correlated with the genotype of
rs6983267 SNP such that cell lines with homozygous GG alleles are always more CRT sensitive
than cell lines carrying GT alleles. This discovery suggests that the apparent adverse effect of
the T allele in rectal and prostate cancer patients might be due to its role in increasing the CRT
resistance of cancer cells. Radiosensitivity related genes with allelic differential expression such
as NOS1 and AATK might contribute to this effect (Supplementary Figure 3). This effect might
also arise from allele-related differences in general expression response to CRT, which could be

revealed by a future meta-analysis of post-CRT samples.

Rectal cancer samples have greatly increased expression levels of MYC compared to matched
normal mucosa, while the expression of SMAD?7 is consistently decreased; however, patients
with higher MYC expression or lower SMAD7 expression show a better prognosis than patients

with an opposite expression pattern (see below).
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The SNPs on 18q21 locus also correlates with prognosis. But unlike rs6983267, the alleles on
18921, rs4939827, rs12953717 and rs4464148 have the same effect on CRC risk and recurrence
of patients with rectal cancer. These three SNPs are in the same intron of SMAD7 and are in
high linkage disequilibrium (Li et al, 2008; Thompson et al, 2009). We found that the alleles of
rs12953717 and rs4464148 are significantly associated with DSF. The 3 SNP, rs4939827, shows
the same trend, although with an insignificant P value, likely due to the limited sample size
(Figure 2B, Table 1). Not surprisingly, the directions of the effects on DSF are the same as on OS

for those SNPs affecting both DSF and OS (rs4464148, rs6983267 and rs4925386).

The three loci correlated with prognosis of rectal cancer patients are adjacent to MYC, SMAD7
and LAMAS5, respectively. MYC is involved both in hematological malignancies and solid tumors,
and is required for oncogenesis in a mouse model of CRC (Ignatenko et al, 2006; Sansom et al,
2007). MYC s also an important regulator of cancer stem cells (Curry et al, 2015). Cancer stem
cells are significantly more resistant to CRT than the bulk tumor and are thought to be
responsible for cancer recurrence after therapy (Krause et al, 2017). One conceivable
mechanism is that the long-term effect of rs6983267 on MYC expression perturbs the stemness
of cells and results in a differential response of cancer cells to CRT. We found that the majority
of CRC cancer samples have dramatically higher expression of MYC (>80% samples with >2 fold
increase and >50% with >4 fold increase Figure 3F), probably due to aberrant Wnt/B-catenin
signaling (Rennoll & Yochum, 2015). Surprisingly, again we found that the expression level of

MYC is reversely correlated with tumor aggressiveness; patients with high MYC expression
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having a longer DSF after surgery. rs6983267 has been reported to enhance binding of the
transcription factor TCF7L2 to the enhancer of MYC (Rosse et al, 2014; Verzi et al, 2010). One
could hypothesize that rs6983267 exerts its effect on CRC by directly interfering with MYC
expression level. However, the expression level of MYC in both mucosa and tumor tissues is not
correlated with rs6983267 alleles (Figure 3A), even when normalized to genomic copy numbers
of this locus (data not shown). This result does not rule out the possibility that the presence of
rs6983267 influences CRC risk via an alteration of MYC expression during a transient but
important period of tumorigenesis, but this change, if it exists, is masked by other process at

later stages of CRC that drastically increase MYC expression.

SMAD?7 is involved in tumorigenesis and metastasis (Halder et al, 2005; Halder et al, 2008). The
samples analyzed in the present data set show dramatically decreased levels of SMAD7
expression when compared to matched normal mucosa. SMAD7 expression levels showed a
weak correlation with prognosis (Figure 3J, Supplementary Figure 5B). Intriguingly, patients
with lower SMAD7 expression have a longer DSF. The result is consistent with the finding that
loss of SMAD7 is associated with a favorable outcome for CRC patients, while amplification of
SMAD7 worsens survival (Boulay et al, 2003). Therefore, for both MYC and SMAD?7, the change
in expression in cancer comparing with control tissue is reversely correlated with DSF. Our data
show that there is no direct correlation between the alleles of SNPs and the expression of these
genes in tumor samples (Figure 3A-D) or control samples (data not shown). In addition, the
presence of different alleles (high-risk or low-risk) does not determine global gene expression

levels (data not shown). It therefore remains to be determined on how precisely these SNPs
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influence cancer risk.

In summary, our results suggest that polymorphisms at specific SNPs on chromosome bands
8024, 18921 and 20q13 hold promise as clinically useful tools to predict therapy outcomes and
long term follow-up of rectal cancer patients. It will be informative to study the correlation
between these SNPs and other CRC prognostic factors and to study whether there exists a
differential response to various treatments used in patients with CRC depending on the
presence of distinct alleles. These studies will provide a deeper understanding of the molecular
mechanisms underlying the idiosyncrasies of individual tumor behavior and disease outcome,

and hopefully will help to develop evidence-based individualized treatments.
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Titles and legends to figures and tables

Figure 1. Principal component analysis (PCA) of expression levels of rectal cancer samples and
matched normal mucosa.

PCA of gene expression of both control samples (green) and rectal cancer samples (red) (A), of
expression fold change of rectal cancer samples compared with paired controls (B-I). Samples
with (C) RAS mutation (red) or without mutation (green), with lymph node metastasis (red) or
without (green) before (D) or after (E) CRT, (F) with depth of invasion before CRT including T2
(green), T3 (yellow) or T4 (crimson), (G) with depth of invasion after CRT including TO (green), T1
(blue), T2 (yellow), T3 (red) or T4 (crimson), (H) with recurrence after surgery (red) or disease

free (green), (1) death due to CRC (red) or survival (green).

Figure 2. Influence of CRC development associated SNPs on DFS of rectal cancer patients and
on CRT resistance of CRC cell lines.

Kaplan-Meier curves of DSF of 8924 SNP rs6983267 (A), 18921 SNPs rs12953717 (B) rs4464148
(C) and rs4939827 (D), 20q13 SNP rs4925386 (E) for rectal cancer patients. (F) Genotype of
rs6983267 for CRC cell lines. Cell lines are ordered according to their CRT resistance as in
Spitzner et al (2014) Figure C. Genotypes unfavorable to rectal cancer patients are highlighted

with gray. See supplementary figure 2 for data of all 5 SNPs.

Figure 3. Expressions levels of MYC, SMAD7 and LAMAS5 have no association with adjacent

21


https://doi.org/10.1101/158238
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/158238; this version posted June 30, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

significant SNPs.

Fold change of expression of MYC (A), SMAD7 (B) and LAMA4 (C) of rectal cancer samples
comparing with paired controls. Expression of MYC in cancer samples with different alleles of
rs6983267 (D), SMAD7 with different alleles of rs12953717 (E) rs4464148 (F) and rs4939827 (G)

and LAMAS5 with different alleles of rs4925386 (H). One way Anova P value was calculated.

Figure 4. Low MYC expression is significantly associated with disease free time of rectal cancer
patients.

Kaplan-Meier curves of disease free time of high and low expression of MYC (A), SMAD?7 (B) and
LAMADS (C). Kaplan-Meier curves of survival of high and low expression of MYC (D), SMAD?7 (E)

and LAMAS (F).

Table 1. CRC occurrence risk loci and their association with disease free time and survival time
of rectal cancer patients.

Loci are ordered according to P value associated with CRC occurrence from Houlston et al
(2010) Houlston et al (2008) and Whiffin et al (2014). HR, Cl 95% and P value are calculated
with univariate Cox proportional hazard model. Significant P values (<0.05) are highlighted with
bold. P value and HR calculation for dominant and recessive effect SNPs: rs6983267 TT+GT
versus GG, rs4939827 TT+CT versus CC, rs12953717 TT+CT versus CC, rs4925386 TT+CT versus
CC; for additive effect SNP rs4925386: TT=0, CT=1, CC=2; for other SNPs: CRC occurrence risky
homozygous allele versus non-risky homozygous allele. SNP rs16892766 does not have enough

CC allele samples for calculation. SNP rs647161 is not on the SNP array and its data is not
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available. SNP rs6687758 does not have a death case for the AA reference allele for survival

time analysis. See supplementary table 4 for a complete list of P value and HR of CRC disease

free time.

Table 2. Univariate and multivariate analyses of SNPs and clinicophathological variables for
disease free time (Cox proportional hazards regression)
Because of high linkage disequilibrium among 18921 SNPs, only rs4464148 is included in

multivariate analysis. Significant P values (<0.05) are highlighted in bold.
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Table 1: CRC occurrence risk loci and their association with disease free time and survival time of rectal cancer

CRC occurrence

rectal cancer recurrence

rectal cancer survival

Risky No-Risky  Risky

Cytoband Gene SNP allele allele allele  Genetic effect HR (95% Cl) P HR (95% Cl) P
8q24 MYC rs6983267 G T T dominant 2.21(1.03-4.74) 0.042 2.61(0.9-7.56) 0.076
11923  POU2AF1  rs3802842 C A 0.94(2.45-0.36) 0.905 0.8(0.26-2.43) 0.694
rs12953717 T C T dominant 2.46(1.1-5.5) 0.029 1.38(0.56-3.43) 0.485
18921 SMAD7 rs4464148 C T C additive 1.8(1.19-2.72) 0.005 1.87(1.11-3.13) 0.019
rs4939827 T C T dominant 2.11(0.83-5.35) 0.115 1.26(0.44-3.66) 0.668

8g23 EIF3H rs16892766 A C --- --- --- ---
15q13 GREM1 rs4779584 T C 1.78(0.54-5.87) 0.346 3(0.87-10.42) 0.083
19q13 RHPN2  rs10411210 C T 1.35(0.19-9.84) 0.767 0.84(0.11-6.25) 0.864
20p12 BMP2 rs961253 A C 0.8(1.86-0.34) 0.6 0.56(1.92-0.16) 0.356
16922 CDH1 rs9929218 G A 0.46(1.13-0.19) 0.089 0.95(4.22-0.22) 0.951
1422 BMP4 rs4444235 C T 1.12(0.47-2.64) 0.796  0.88(0.25-3.14) 0.849
11q13 POLD3 rs3824999 G T 1.19(0.55-2.6) 0.658 0.69(0.23-2.07) 0.512
10p14 FLJ3802842 rs10795668 G A 2.44(0.58-10.37) 0.226 3.52(0.45-27.42) 0.229
20913 LAMAS rs4925386 C T C recessive 0.43(0.24-0.79) 0.007 0.46(0.21-1.01) 0.053
20p12 BMP2 rs4813802 G T 1.18(0.46-2.99) 0.729 1.38(0.48-3.96) 0.555
12q12 DIP2 rs11169552 C T 1.97(0.47-8.3) 0.357  1.27(0.29-5.59) 0.755
12q12 ATF1 rs7136702 T C 1.1(0.4-3.03) 0.85 0.31(0.04-2.46) 0.27
3936 TERC rs10936599 C T 1.65(0.39-6.97) 0.498 2.29(0.3-17.53) 0.426
20p12 HAO1 rs2423279 C T 0.8(2.31-0.28) 0.679 0.99(3.4-0.29) 0.983
1941 DUSP10 rs6691170 T G 1.16(0.5-2.69) 0.723 0.84(0.32-2.2) 0.718

1941 DUSP10 rs6687758 G A 0.85(3.6-0.2) 0.827 --- ---
6p21 CDKN1A  rs1321311 A C 0.5(3.66-0.07) 0.491 1.66(12.95-0.21) 0.631

5g31 PITX1 rs647161 A C --- --- --- ---
12p13 CCND2 rs10774214 T C 1.33(0.64-2.78) 0.447 0.96(0.36-2.52) 0.929
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Table2: Univariate and multivariate analyses of SNPs and clinicophathologic variables (Cox proportional hazards regression)

Univariate analysis Multivariate analysis
Variable Category HR (95% Cl) P HR (95% Cl) P
Age >65 vs. <=65 0.97(0.54-1.77)  0.932
Sex Fvs.M 1.32(0.72-2.43) 0.377
Kras status mutant vs. WT 1.05(0.59-1.89) 0.866
Neoadjuvante Therapy
5-FU + RT 1
5-FU + Oxaliplatin + Cetuximab + RT --- ---
5-FU + Oxaliplatin + RT 1.38(0.77-2.48) 0.278
Depth of invasion before NT (T) 2-4 1.07(0.39-2.94) 0.889
Lymph node metastasis before NT (N) 0-1 1.62(0.8-3.29) 0.179
Distant metastasis (M) before NT 0-1 67.4(24.71-183.8) 2.2E-16 0.84(0.26-2.73) 0.766
Depth of invasion after NT (ypT) 0-4 2.16(1.5-3.12)  3.6E-05 1.8(1.21-2.68) 0.0036
Lymph node metastasis after NT (ypN) 0-2 2.03(1.38-2.98) 2.8E-04 1.05(0.66-1.66) 0.832
Distant metastasis (M) after NT 0-1 331.5(70.58-15571) 1.9E-13  181.5(28.14-1170) 4.5E-08
8q24 rs6983267 GG vs. TT+GT 2.21(1.03-4.74)  0.042 1.31(0.59-2.94) 0.509
rs12953717 CCvs. TT+CT 2.46(1.1-5.5) 0.029
18921  rs4464148 CC=0,CT=1,TT=2 1.8(1.19-2.72) 0.005 1.23(0.78-1.94) 0.368
rs4939827 CCvs. TT+CT 2.11(0.83-5.35) 0.115

20912  rs4925386 CCvs. TT+CT 0.43(0.24-0.79) 0.007 0.59(0.31-1.12) 0.107
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Figure 1
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Figure 3A-C
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Figure 3D-H
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