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Abstract

Background: Colorectal cancer has significant impact on individuals and healthcare systems. Many genes have been
identified to influence its pathogenesis. However, the genetic basis of mucinous tumor histology, an aggressive
subtype of colorectal cancer, is currently not well-known. This study aimed to identify common and rare genetic
variations that are associated with the mucinous tumor phenotype.

Methods: Genome-wide single nucleotide polymorphism (SNP) data was investigated in a colorectal cancer patient
cohort (n = 505). Association analyses were performed for 729,373 common SNPs and 275,645 rare SNPs. Common SNP
association analysis was performed using univariable and multivariable logistic regression under different genetic
models. Rare-variant association analysis was performed using a multi-marker test.

Results: No associations reached the traditional genome-wide significance. However, promising genetic associations
were identified. The identified common SNPs significantly improved the discriminatory accuracy of the model for
mucinous tumor phenotype. Specifically, the area under the receiver operating characteristic curve increased from
0.703 (95% CI: 0.634–0.773) to 0.916 (95% CI: 0.873–0.960) when considering the most significant SNPs. Additionally,
the rare variant analysis identified a number of genetic regions that potentially contain causal rare variants associated
with the mucinous tumor phenotype.

Conclusions: This is the first study applying both common and rare variant analyses to identify genetic associations
with mucinous tumor phenotype using a genome-wide genotype data. Our results suggested novel associations with
mucinous tumors. Once confirmed, these results will not only help us understand the biological basis of mucinous
histology, but may also help develop targeted treatment options for mucinous tumors.

Keywords: Colorectal cancer, Mucinous adenocarcinoma, Genome-wide association study, Common single nucleotide
polymorphisms, Rare single nucleotide polymorphisms

Background
Colorectal cancer is a global health problem and contrib-
utes substantially to worldwide cancer mortality [1]. In
2012, this disease was the 3rd most common cancer world-
wide with higher rates occurring in developed countries [1].
In Canada, colorectal cancer is expected to cause 26,800

new cases and 9400 deaths in 2017. Newfoundland and
Labrador, in particular, have the highest age-standardized
rates of incidence and mortality in the country [2].
Mucins are a family of high-molecular-weight glyco-

proteins that are widely expressed by epithelial tissues
[3]. According to the HGNC database [4], there are 22
members in this family that can be expressed in various
tissues. They have been identified in two forms: cell
surface (transmembrane), such as MUC1 and MUC4,
and fully released (gel-forming) [3, 5, 6]. The gel-forming
mucin-encoding genes are clustered at chromosome
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11p15.5 [5, 7, 8]. These mucins, including MUC2,
MUC5AC, MUC5B, and MUC6, constitute the major
macromolecular components of mucus [5, 7, 9]. Among
them, MUC2 is the most highly expressed one in the col-
orectum and is the predominant component of colorectal
mucus [10–12]. MUC5B and MUC6 are highly expressed
in the upper gastrointestinal (GI) tract, but low levels of
both have been reported in the normal colon [12, 13].
MUC5AC is highly expressed in the upper GI tract and is
not expressed in the normal colon, however, abnormal ex-
pression is observed in colorectal cancer [14–16].
Mucinous adenocarcinoma is a distinct form of colorec-

tal cancer with the defining characteristic of a high mucin
component (more than 50% of the tumor volume). This
subtype accounts for 5–15% of colorectal cancer cases.
Compared to non-mucinous colorectal cancer, mucinous
adenocarcinoma patients are typically younger and are
often at an advanced stage at diagnosis [17–23]. Mucinous
tumors are more likely to occur in the proximal colon
[20, 21, 24, 25] and tend to have an inferior response to
systemic therapies [25, 26].
Specific molecular distinctions are also seen in mucin-

ous compared to non-mucinous colorectal tumors, for
example, increased rates of BRAF mutations and CpG is-
land methylator phenotype (CIMP) [27]. In addition,
overexpression of MUC2, strong ectopic expression of
gastric MUC5AC, and decreased p53 expression in mu-
cinous tumors are reported in the literature [28, 29]. Mu-
cinous and non-mucinous tumors also appear to have
differences in genome-wide gene expression patterns [23].
Some of the upregulated genes in mucinous tumors are
involved in cellular differentiation and mucin metabolism,
which are characteristics biologically relevant to the
phenotype [23]. While the differences between mucinous
and non-mucinous colorectal cancers are well recognized,
the prognostic importance of a high mucin component
has been controversial [19–21, 25, 26, 30–35].
Most studies investigating characteristics of mucinous

colorectal tumors examined single or a limited number
of candidate genes [10, 36, 37]. This study aimed to
comprehensively identify common and rare genetic poly-
morphisms that may be influencing the production of
mucin or formation of the mucinous tumor phenotype.
To do so, we applied a genome-wide approach to iden-
tify genes and genetic regions that are associated with
the risk of developing the mucinous tumor phenotype.

Methods
Patient cohort
The study cohort was a subgroup of the Newfoundland
Colorectal Cancer Registry (NFCCR) and consisted of 505
Caucasian patients. Both the NFCCR and the study cohort
were described in detail in other publications [38, 39]. In
short, the NFCCR recruited 750 colorectal cancer patients

in Newfoundland and Labrador collected between 1999
and 2003. All diagnoses were confirmed by pathological
examination. Out of 750 patients, 505 patients constituted
the study cohort as explained below.

Genotype data
The genotype data used in this study was explained in
Xu et al. (2015) [39]. In short, DNA samples of 539 pa-
tients were subject to whole-genome single nucleotide
polymorphism (SNP) genotyping using the Illumina
Omni1-Quad human SNP genotyping platform (Centril-
lion Bioscience, USA). These patients were included into
the genetic analysis because of the availability of their
outcome and clinical data as well as the germline DNAs
extracted from peripheral blood samples. The quality con-
trol analysis and filtering for this data included removing
SNPs whose frequencies deviated from Hardy-Weinberg
equilibrium, SNPs that had >5% missing values, and pa-
tients with discordant sex information, accidental dupli-
cates, divergent or non-Caucasian ancestry, and first,
second, or third degree relatives [39]. In Xu et al. (2015)
[39], 505 patients were examined to investigate associa-
tions between overall and disease-free survival times after
colorectal cancer diagnosis and genetic polymorphisms
with a minor allele frequency (MAF) of at least 5%. In our
study, there were 505 patients with 729,373 common
SNPs (MAF ≥0.05) and 275,645 rare SNPs (MAF <0.05)
that were included. No SNP was excluded due to high or
perfect linkage disequilibrium (LD) with other SNPs. Dur-
ing this study, management and handling of these geno-
type data was done using PLINK v. 1.07 [40].

Statistical analysis
The response variable is a binary variable indicating ex-
istence of mucinous tumor histology or non-mucinous
tumor histology.

Common SNP analysis
Univariable logistic regression analysis
Univariable logistic regression analysis was performed on
each common SNP (MAF ≥5%) to determine if individual
SNPs were significantly associated with mucinous tumor
phenotype (i.e. mucinous versus non-mucinous tumor
histology). For each SNP, the additive, co-dominant, dom-
inant, and recessive genetic models were applied. Conse-
quently, we report the 10 SNPs without excluding those in
high LD with the highest level of significance in each gen-
etic model (Additional file 1: Tables S1-S4).

Selection of baseline variables and multivariable logistic
regression analysis
In order to select significant baseline factors to adjust for
in the multivariable analyses, we first examined the vari-
ables shown in Table 1 using univariable logistic regression
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models. These variables were selected for inclusion into
the selection process based on previous studies investigat-
ing mucinous colorectal tumors [27, 33]. Factors that had a
p-value less than 0.1 were then included in a forward
stepwise variable selection method. In addition, although
there appeared to be a non-significant association between
tumor histology and grade in the univariable analysis,
tumor grade was still included in the multivariable model
as has been shown to be linked to tumor histology [30, 41].
As a result, the baseline characteristics in the final
models were sex, age at diagnosis, stage, and tumor lo-
cation based on the 0.1 level of significance, and tumor
grade (Additional file 1: Table S5). The 10 SNPs with
the highest level of significance under each genetic
model in the univariable logistic regression analysis
were analyzed using the multivariable logistic regres-
sion model adjusting for the selected baseline charac-
teristics (Additional file 1: Tables S1-S4).

Plausibility of the genetic models
It is common in genetic association studies that only
one genetic model is applied. In this study, we applied
all four genetic models and assessed the plausibility of
the genetic model under which the SNP was identified.
To do this, we used the Akaike Information Criterion
(AIC) calculations to compare the fit of four different
genetic models per SNP under the multivariable logistic
regression model. The genetic model with the smallest
AIC estimate was considered to be the most plausible
genetic model (i.e. the best fitting model). We first
ranked the SNPs based on their p-value obtained in the
multivariable model with the genetic model under which
the SNP was identified (Additional file 1: Table S6).
Then, we excluded those SNPs that were not identified
in their plausible genetic model. Of note, we present in
this manuscript only the 10 SNPs that have the highest
association significance levels under the multivariable

Table 1 Baseline features of the study cohort and the results of univariable logistic regression analysis

Mucinous Non-mucinous

Characteristics No. (%) No. (%) OR (95% CI) p-value

Agea ≤60 20 (9) 203 (91)

60–65 17 (18) 78 (82) 2.21 (1.09–4.44) 0.025

>65 20 (11) 167 (89) 1.22 (0.63–2.34) 0.558

Sex Female 29 (15) 169 (85)

Male 28 (9) 279 (91) 0.58 (0.34–1.02) 0.057

Location Colon 47 (14) 287 (86)

Rectum 10 (6) 161 (94) 0.38 (0.18–0.74) 0.007

Stage I 3 (3) 90 (97)

II 27 (14) 169 (86) 4.79 (1.64–20.45) 0.012

III 19 (11) 147 (89) 3.88 (1.28–16.83) 0.033

IV 8 (16) 42 (84) 5.71 (1.57–27.09) 0.013

Grade Well/moderately diff. 48 (10) 416 (90)

Poorly diff. 7 (19) 30 (81) 2.02 (0.78–4.62) 0.115

Unknown 2 2

MSI status MSI-low/MSS 49 (11) 382 (89)

MSI-high 6 (11) 47 (89) 1.00 (0.37–2.29) 0.992

Unknown 3 18

Lymphatic
invasion

Absent 31 (10) 267 (90)

Present 23 (14) 144 (86) 1.38 (0.77–2.44) 0.278

Unknown 3 37

BRAF V600E
mutation

Absent 45 (11) 366 (89)

Present 9 (19) 38 (81) 1.93 (0.83–4.09) 0.104

Unknown 3 44
aThe age at diagnosis was separated into 3 groups: ≤60, 60–65, and > 65 since the odds ratio does not remain constant for each year increase in age at
diagnosis under the logistic regression model and this particular grouping gave the most efficient odds ratio estimates with no significant change in the
results when considering slightly different groupings. CI confidence interval, diff. Differentiated, MSI microsatellite instability, MSS microsatellite stable, No
number, OR odds ratio (compares the odds of having mucinous tumors with the corresponding factor level to the odds of having mucinous tumors with
the reference factor level)
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logistic regression models that were identified in their
most plausible genetic model. We refer to these SNPs as
“the top 10 SNPs”. The LD between SNPs was not taken
into account when listing the top 10 SNPs.

Assessing the discriminatory accuracy of the estimated models
We aimed to check the ability of the multivariable models
of the top 10 SNPs to discriminate between mucinous and
non-mucinous phenotypes. A well-known method for
assessing the discriminatory accuracy of a model is using a
receiver operating characteristic (ROC) curve [42–44].
Calculating the area under the curve (AUC) of the ROC
curve for the given models provides a single numeric rep-
resentation for the performance of the model [43, 45, 46].
Comparing the AUC values and their corresponding con-
fidence intervals provides a method for determining if one
model is significantly superior to another in discrimin-
atory accuracy [44, 47].
ROC curve analysis was performed by calculating the

AUC using the pROC package in R [48]. The AUC esti-
mates for (i) the model conditioning only on the baseline
characteristics, (ii) the model conditioning on only the
top SNPs, and (iii) the model conditioning on the base-
line characteristics and the top SNPs. Comparing the
AUC, specifically the 95% confidence intervals, between
these three models can quantify the differences in the
capacity of the models to distinguish mucinous and
non-mucinous phenotypes.

Rare variant analysis
SKAT-O analysis
SKAT-O [49] test statistic was used to test the associa-
tions between the rare variants and the mucinous tumor
phenotype. For this analysis, we prioritized gene-based
regions including 5 kb long sequences before and after
each gene. To do so, we first obtained genome location
information for genome-wide gene-based regions (for
the reference genome GRCh37.p13) using the biomaRt
tool [50] in the Ensembl database [51]. The SNP infor-
mation within these regions were then retrieved from
the patient genome-wide data and used as the region-
based SNP-sets in SKAT-O. During this analysis, each
SNP was assigned to one gene-based region only. As a re-
sult, when a gene is located in close proximity to another
gene, the second gene-based region does not include the
SNPs that are analyzed in the first gene-based region. This
limits redundancy since no SNP is analyzed more than
once. For this analysis, only the additive genetic model
was considered as using multiple genetic models is not a
practical option for SKAT-O. The associations of gene re-
gions were examined in multivariable models, adjusting
for the significant baseline characteristics sex, age at diag-
nosis, stage, tumor location, and tumor grade.

All statistical analysis was performed using R v. 3.1.3 [52].
Correction for multiple testing was not applied to the re-
sults as this is an exploratory study and we did not want to
increase false negative rate due to conservative corrections.
While this increases the chances of obtaining false positives,
we believe replication of these results in other studies will
assist in reducing the potential false positive findings.

Bioinformatics analysis
Potential regulatory consequences of the identified
SNPs were examined through RegulomeDB (http://www.
regulomedb.org/) [53]. Ensembl [51] database was used to
retrieve information related to the genes identified in the
common and rare variant analysis.

Results
The demographic and clinicopathological information for
the sample population is shown in Table 1. We observed a
non-significant association of histology with age at diagno-
sis (>65 versus ≤60), grade, microsatellite instability (MSI)
status, lymphatic invasion (LI), and BRAF V600E mutation;
a moderately significant association with stage, sex, and age
at diagnosis between 60 and 65 versus ≤60; and a strongly
significant association with tumor location (Table 1). In this
cohort, there was a trend for female sex having increased
risk of mucinous tumors. As expected, the proportion of
mucinous tumors was higher in colon cancer patients com-
pared to rectum cancer patients and in stage II-IV patients
compared to stage I patients (Table 1).

Common SNP analysis
None of the associations in this analysis reached the trad-
itional genome-wide significance level (P < 5 × 10−8), but
each genetic model identified promising associations.
After the univariable analysis, there were 33 SNPs that

were nominally associated with the mucinous tumor
phenotype (Additional file 1: Tables S1-S4). Associations
of two SNPs (rs11216624 & rs17712784) were identified
in both the dominant and co-dominant genetic models;
one SNP (rs7314811) was detected in the additive, reces-
sive, and co-dominant genetic models; and three SNPs
(rs4843335, rs10511330, & rs16822593) were detected in
both the additive and dominant genetic models. The esti-
mates obtained in the univariable analysis did not change
significantly when the models were adjusted for the base-
line characteristics (Additional file 1: Tables S1-S4).
As explained in the Methods section, the AIC estimates

(Additional file 1: Table S6) were used to determine the
most plausible genetic models for each of 33 SNPs. Ten
SNPs with the smallest p-value in the multivariable ana-
lysis under the most plausible genetic models were further
prioritized (i.e., the top 10 SNPs). The results of the uni-
variable and the multivariable logistic regression analyses
for these top 10 SNPs are summarized in Table 2. Seven
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of these SNPs were located within gene sequences. These
genes were quite diverse and belong to a variety of bio-
logical processes and pathways (Table 3).
Before the ROC analysis, the LD among the top 10

SNPs were assessed using patient genotype data. These
calculations indicated that rs13019215 and rs12471607
were in complete pairwise LD (r2 = 1). The SNPs
rs4837345 and kgp10457679 were also in high LD
with each other, as well as rs10511330 and rs16822593
(0.99 ≤ r2 ≤ 1.0). Therefore, we kept one SNP per SNP set
in high LD, which left the following SNPs for the ROC
analysis: rs9481067, rs10511330, rs13019215, rs716897,
rs4843335, rs11968293, and kgp10457679.
Figure 1 shows the ROC curves comparing the accuracy

of the models to discriminate mucinous and non-mucinous
tumor phenotypes. The model (iii) including both the
baseline characteristics and the SNPs (AUC = 0.916, CI:
0.873–0.960) had the most discriminatory accuracy followed
by model (ii) including only the SNPs (AUC = 0.868, CI:
0.813–0.923) and model (i) including only the baseline
characteristics (AUC= 0.703, 95% CI: 0.634–0.773). Since
the confidence intervals of models (i) and (iii) do not
overlap, we can confidently claim that there is a sta-
tistically significant improvement in the discriminating
accuracy of the model containing the SNPs [44, 47].
This also suggests that these SNPs explain some of the

variation between the mucinous and non-mucinous tumor
phenotypes.

Rare SNP analysis
In the gene region-based rare variant analysis, we investi-
gated 29,966 regions in the patient cohort using the multi-
variable SKAT-O method. Table 3 and Table 4 summarize
the most significant regions (P < 10−4) that potentially
contain causal rare variants associated with the mucinous
tumor phenotype. The number of variants aggregated in
these gene-based regions varied from 5 to 10. While three
of these regions (including the SEC24B, SEC24B-AS1, and
CCDC109B regions) were located close to each other on
chromosome 4, other regions come from different parts of
the genome (Table 4).

Discussion
Mucinous tumors are considered an aggressive type of
colorectal tumors that are poorly understood [22, 24, 54].
While their role in prognosis is not well established, sev-
eral studies suggested these tumors are associated with
poorer prognosis when compared to non-mucinous tu-
mors [25, 26, 32, 33, 35]. Identification of genes and gen-
etic variations that can have a role in mucinous tumor
development, therefore, has both scientific (e.g. dissecting
the biology behind the mucinous tumor histology) as well

Table 2 Top ten promising SNPs identified in univariable analysis and the subsequent multivariable analysis under their plausible
genetic models

Univariable Multivariablee

Genomic location SNP ID (Genotypea) Geneb Information in
RegulomeDB

Plausible
modelc

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

Chr6:110750552 rs9481067 (GG) SLC22A16 ND Recessive 4.17 (2.33–7.43) 1.24E-06 4.75 (2.53–8.95) 1.24E-06

Chr3:114121019 rs10511330 (CT + CC) ZBTB20 Minimal binding
evidence

Dominant 3.77 (2.06–6.81) 1.24E-05 4.85 (2.54–9.23) 1.40E-06

Chr3:114117327 rs16822593 (AG + AA) ZBTB20 ND Dominant 3.70 (2.02–6.68) 1.59E-05 4.83 (2.53–9.20) 1.50E-06

Chr2:179860562 rs13019215 (TC + TT) CCDC141 ND Dominant 0.27 (0.14–0.48) 1.56E-05 0.23 (0.12–0.43) 8.20E-06

Chr2:179867985 rs12471607 (TC + TT) CCDC141 ND Dominant 0.27 (0.14–0.48) 1.65E-05 0.23 (0.12–0.43) 8.42E-06

Chr5:80483574 rs716897 (CT + CC) RASGRF2 Minimal binding
evidence

Dominant 0.27 (0.15–0.47) 5.33E-06 0.26 (0.14–0.47) 1.12E-05

Chr16:86077637 rs4843335 (AG + AA) intergenic Minimal binding
evidence

Dominant 4.11 (2.11–7.79) 2.06E-05 4.67 (2.98–9.34) 1.48E-05

Chr6:118634698 rs11968293 (CA + CC) SLC35F1 Minimal binding
evidence

Dominant 0.28 (0.16–0.50) 1.27E-05 0.26 (0.14–0.48) 1.48E-05

Chr9:131923949 rs4837345 (TT) intergenic Minimal binding
evidence

Recessive 4.72 (2.40–9.05) 4.00E-06 4.56 (2.24–9.11) 1.97E-05

Chr9:131930494 kgp10457679/
rs10819474d (CC)

intergenic Likely to affect
binding and linked
to expression of
a gene target

Recessive 4.72 (2.40–9.05) 4.00E-06 4.56 (2.24–9.11) 1.97E-05

aRisk increasing/decreasing genotype. bBased on Ensembl [51] or dbSNP databases [61]. cUnder the recessive genetic model, minor allele homozygous patients
are compared to major allele homozygous and heterozygous patients combined. Under the dominant genetic model, minor allele homozygous and heterozygous
patients are combined and compared to major allele homozygous patients. dThe rs number for the kgp10457679 polymorphism was obtained from the UCSC
genome browser [62]. eMultivariable models adjusted for sex, age at diagnosis, stage, tumor location, and tumor grade. Patients with missing/unknown data for
any of these variables were excluded from the analysis. Chr chromosome, CI confidence interval, ND data not available at RegulomeDB, OR odds ratio (compares
the odds of having mucinous tumors with the specified genotype(s)a to the odds of having mucinous tumors with the reference (other) genotype(s))
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as clinical value (e.g. biological information gained may as-
sist with development of targeted treatment for this can-
cer subtype). Accordingly, for the first time with this
study, we examined associations of both common and
rare variants with the risk of developing the mucinous
tumor phenotype using a genome-wide dataset.
While our results did not reach the conservative

genome-wide significance level, promising associations
were detected in both the common and rare variant ana-
lyses. In common SNP analysis, we identified seven un-
linked polymorphisms that significantly increased our
capacity to discriminate between mucinous and non-
mucinous tumor phenotypes (Fig. 1, Table 2). Their
effects on tumor histology were independent from the
effects of the baseline variables (Fig. 1, Table 2). It is pos-
sible these polymorphisms (or others in high LD with
them (Additional file 1: Table S7), including three add-
itional SNPs shown in Table 2) are biologically linked to
tumor histology or mucin production. Since there was
no reported functional consequence of these SNPs in
the literature, we searched the RegulomeDB database
[53] for their potential biological characteristics. As of
March 2018, the only SNP with a predicted/reported
regulatory function in this database was kgp10457679

(rs10819474) (RegulomeDB score = 1f). This intergenic
SNP is categorized as an expression quantitative trait
locus (eQTL)/Transcription Factor (TF) binding/DNAse
peak site, with a likely role of influencing the expression
of target genes (Additional file 1: Table S8). Specifically,
PPP2R4 is noted as the eQTL for this SNP. PPP2R4 is a
tumor suppressor protein [55] which has been shown to
have low activity in a large portion of a small cohort of
colorectal tumors [56] and is associated with shorter
survival times in metastatic colorectal cancer patients
[57]. A potential link of PPP2R4 to mucinous tumor
phenotype risk should be examined in further studies.
Interestingly, one GWAS identified a SNP within the se-
quences of ZBTB20, other than the one reported in this
study, that is significantly associated with the risk of
non-cardia gastric cancer in the Han Chinese population
[58]. Overall, all the novel loci identified by the common
variant analysis are interesting candidates in examination
of mucinous tumor development.
Typical association studies, such as the common variant

analysis, focus on a variant-by-variant approach, which is
underpowered for rare variants. It has been suggested that
gene/region-based approaches can be useful in increasing
the power under these circumstances where the direct

Table 3 Genes identified in the common and rare analyses

Gene symbola Gene nameb Function

SLC22A16 solute carrier family 22 member 16 codes for a human ʟ-carnitine transporter protein hCT2. hCT2 has been shown
to have undetectable expression in a colon cancer cell line. [63, 64]

CCDC141 coiled-coil domain containing 141 codes for a protein that plays a critical role in centrosome positioning and
movement, particularly radial migration. Centrosome aberrations have been
shown to be present in early-stage colorectal cancers and could contribute
to chromosomal instability. [65, 66]

SLC35F1 solute carrier family 35 member F1 codes for a member of the solute carrier family 35, a family of nucleotide sugar
transporters. [67]

ZBTB20 zinc finger and BTB domain containing 20 codes for a transcriptional repressor. Upregulation of ZBTB20 has been shown to
promote cell proliferation in non-small cell lung cancer and is a potential druggable
target for the disease. Similarly, overexpression of ZBTB20 has been associated with
poor prognosis in patients with hepatocellular carcinoma. [68–70]

RASGRF2 Ras protein specific guanine nucleotide
releasing factor 2

codes for a signalling molecule. RasGRF2 contains regulatory domains for both Ras
and Rho GTPases, suggesting it can influence both pathways. The Rho pathway has
been thought to be involved in cell migration, while the Ras pathway has been
thought to be involved in cell proliferation and survival, which are all processes
related to cancer. [71, 72]

SEC24B SEC24 homolog B, COPII coat complex
component

codes for a protein that is a part of the COPII vesicle coat, facilitating molecular
transport from the endoplasmic reticulum to the Golgi apparatus. It has been
suggested that alterations in vesicle trafficking proteins may be facilitators of
epithelial carcinogenesis. [73, 74]

CCDC109b coiled-coil domain containing 109B also known as MCUb. This gene codes a protein that interacts with the mitochondrial
calcium transporter protein, CCDC109a/MCU, reducing the activity of the transporter.
Calcium homeostasis in mitochondria may regulate cell death pathways. [75, 76]

LINC00596 long intergenic non-protein coding RNA 596 no literature data available.

SEC24B-AS1 SEC24B antisense RNA 1 long non-coding RNA (lncRNA) that is involved in gene expression regulation. [77]

RP11-564A8.8 NA no literature data available.

FAM87A family with sequence similarity 87 member A no literature data available.
aAccording to Ensembl database [51]. bAccording to HUGO Gene Nomenclature Committee (HGNC) [4]. NA Not available
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effects of multiple variants on a phenotype can be exam-
ined [59]. Hence, in this study, we performed the first rare
variant analysis to explore gene regions that may have a
role in mucinous tumor formation using SKAT-O [49].
SKAT-O is a multi-marker association test which has
reasonable type I error rate and is a powerful test under
many scenarios [49]. In our study, this method identified a
number of gene-based regions that may harbor rare
variants associated with mucinous phenotype (Tables 3
and 4). Interestingly, three of the gene-based regions
in Table 4 (SEC24B, SEC24B-AS1, and CCDC109B-based
regions) were located in a 341,243 bp long genomic region
on chromosome 4q. Since we assigned each SNP to only
one gene region, these results suggest that these three gene
regions are associated with the mucinous phenotype
independent of each other. A search on the RegulomeDB
database [53] indicated that one of the SNPs in LINC00596
(rs8005541) could have a strong regulatory function
(RegulomeDB score = 1f). This variant is located in an
eQTL and seems to affect the expression of two nearby
genes; DHRS4 and DHRS4L2. These two genes are a part
of a gene cluster on chromosome 14 that code for dehy-
drogenases/reductases [60] and have not been previously
linked to mucinous tumors. Similarly, none of the genes
in Table 4 had a previously identified connection to the
risk of developing mucinous tumors. In conclusion, these
regions, genes, or SNPs, alone or in combination, may be
influential on the mucinous tumor phenotype and should
be explored further.

Fig. 1 ROC curves and corresponding AUC values for multivariable
models. Due to high LD among some of the top 10 SNPs, ROC analysis
was performed on only the following SNPs: rs9481067, rs10511330,
rs13019215, rs716897, rs4843335, rs11968293, and kgp10457679. AUC:
area under the ROC curve, CI: confidence interval, LD: linkage
disequilibrium, ROC: receiver operator characteristic

Table 4 Most significant gene regions identified from SKAT-O multivariable analysis

Genomic locationa Geneb Descriptionc Other genes in the gene-based
regiond

# of SNPs SNPs P-value

Chr4:110349928–110467052 SEC24B protein coding SEC24B-AS1 (partial sequence) 5 rs10516557, kgp21293502,
rs10003981, rs17040515,
rs17040519

1.81E-05

Chr4:110476361–110614874 CCDC109B protein coding CDC42P4 (pseudogene:
partial sequence), HIGD1AP14
(pseudogene; full length),
CASP6 (partial sequence)

6 rs17619262, rs7654187,
rs6831048, rs17619310,
rs9997940, rs1053680

3.29E-05

Chr14:24386456–24408777 LINC00596 long intergenic
non-protein
coding RNA

DHRS4-AS1 (partial sequence) 6 rs8010486, rs1159372,
rs10135026, rs8005541,
rs8019962, kgp19564619

3.34E-05

Chr4:110263631–110359973 SEC24B-AS1 noncoding RNA;
antisense RNA

RBMXP4 (pseudogene; full length),
SEC24B (partial sequence)

7 rs10031399, rs17040364,
rs17040369, rs11098033,
rs17040401, rs12648138,
rs11098035

4.21E-05

Chr1:207074273–207084738 RP11-564A8.8 pseudogene IL24 (partial sequence), FAIM3
(partial sequence), FCMR
(partial sequence)

10 rs3093428, kgp15249933,
kgp15191074, rs3093447,
kgp22852559, rs3093434,
rs3093437, rs3093438,
rs3093440, rs41304091

5.47E-05

Chr8:320931–338174 FAM87A non-coding
RNA

– 7 rs4527844, kgp20525414,
kgp20198205, rs11785854,
rs7461388, rs17064450,
rs17064458

6.58E-05

aThese genomic locations describe the region containing the gene as well as 5 kb long sequences before and after the gene. bBased on the information in the
UCSC database [62]. cNCBI’s Gene Entrez database [77]. dIn some cases, the gene regions examined also contained sequences of other genes. Chr chromosome
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Several strengths and limitations of this study should be
mentioned. Studying the mucinous tumor phenotype is
inherently challenging since it is not frequently detected.
Despite this and the large number of SNPs/gene-based re-
gions investigated, this study identified promising genetic
variants and genomic regions that may have a biological
connection to the mucinous tumor phenotype. We are
aware that our results need to be replicated in independ-
ent cohorts and remain to be verified. Of note, SNPs and
genetic regions we report are different than the MUC
genes, which are the typical candidate genes for mucin
production and mucinous phenotype. In the common
variant analysis, the recessive and co-dominant models
yielded some high odds ratio estimates but also wide con-
fidence intervals (as expected, as these are the models
with relatively low power). Consequently, the interpret-
ation of these results should be made with caution. SKAT-
O is a robust test and an attractive choice for rare variant
analysis, however, it cannot determine which SNPs or how
many SNPs within a SNP-set are truly associated with the
phenotype. Also, in the rare variant analysis, due to the as-
signment of one SNP to one gene region, there could be
some genes whose associations may have been missed. In
addition, in contrast to previous studies, we used a com-
prehensive genome-wide SNP genotype data, however,
analysis of a more comprehensive data (such as those ob-
tained by whole genome sequencing) would be desirable.
This is particularly true for rare variants as most genotyp-
ing technologies target primarily common SNPs.

Conclusions
In this study, we performed the first genome-wide associ-
ation study on common and rare SNPs in colorectal can-
cer patients to identify novel genetic associations with the
mucinous tumor phenotype. We identified novel, promis-
ing, and independent associations of specific SNP geno-
types with the risk of developing mucinous tumors. In the
common and rare variant analysis, we reported SNPs
within the sequences of genes encoding transporter pro-
teins, such as SLC22A16 and SLC35F1, which may have a
role in transporting molecules related to excessive mucin
production. In addition, the rare variant analysis reported
associations with several regulating RNA molecules,
which may influence the expression of genes related to
mucin production. Finally, the common SNP analysis re-
ports genes whose protein products are involved in DNA
replication (CCDC141) and transcription (ZBTB20) that
could have downstream effects on the mucin genes.
Furthermore, the common SNPs reported in this study
significantly improved the discriminatory accuracy of the
multivariable model to distinguish between mucinous and
non-mucinous tumors. In addition, we detected novel
promising associations between gene-based sets of rare
SNPs and mucinous tumors. The results of this study,

once replicated in other cohorts, can contribute further
information to the molecular characteristics of this under-
studied but clinically important colorectal cancer subtype.
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