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Abstract

Colorectal cancer (CRC) can be classified into different types. Chromosomal instable (CIN) colon 

cancers are thought to be the most common type of colon cancer. The risk of developing a CIN-

related CRC is due in part to inherited risk factors. Genome-wide association studies have yielded 

over 40 single nucleotide polymorphisms (SNPs) associated with CRC risk, but these only account 

for a subset of risk alleles. Some of this missing heritability may be due to gene-gene interactions. 

We developed a strategy to identify interacting candidate genes/loci for CRC risk that utilizes both 

linkage and RNA-seq data from mouse models in combination with allele-specific imbalance 

(ASI) studies in human tumors. We applied our strategy to three previously identified CRC 

susceptibility loci in the mouse that show evidence of genetic interaction: Scc4, Scc5 and Scc13. 

525 SNPs from genes showing differential expression in the mouse and/or a previous role in 

cancer from the literature were evaluated for allele-specific imbalance in 194 paired human 

normal/tumor DNAs from CIN-related CRCs. 103 SNPs showing suggestive evidence of ASI (31 

variants with uncorrected p-values < 0.05) were genotyped in a validation set of 296 paired DNAs. 

Two variants in SNX10 (SCC13) showed significant evidence of allelic selection after multiple 
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comparisons testing. Future studies will evaluate the role of these variants in combination with 

interacting genetic partners in colon cancer risk in mouse and humans.
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Introduction

Colorectal cancer (CRC) is the third leading cause of cancer-related death in the United 

States.1 Genetic alterations drive the transformation of normal colon epithelium into 

adenomas and ultimately malignant adenocarcinomas.2 Pathways such as chromosomal 

instability (CIN), microsatellite instability, and CpG island methylator phenotype lead to 

genomic alterations and thus promote tumorigenesis.3 Estimates suggest that as many as 80 

to 85 percent of sporadic colorectal cancers demonstrate CIN, which is marked by an 

accelerated rate of gains or losses of whole or partial chromosomes.3 In CRC, CIN is 

typically coupled with mutational activation of proto-oncogenes like KRAS, inactivation of 

tumor suppressor genes like APC and TP53, and loss of heterozygosity at 18q.3 One 

mechanism by which CIN leads to activation and inactivation of oncogenes and tumor 

suppressor genes, respectively, is by altering gene dosage as a result of copy number 

alterations.

Array comparative genomic hybridization (aCGH) studies can be used to identify refined 

regions of somatic copy number alterations in human colorectal tumors. Such studies have 

led to the identification of oncogenes and tumor suppressor genes that play a role in the 

development and progression of this cancer.4, 5 One important limitation of this approach is 

the inability to detect allele-specific copy number alterations. Allelic imbalance arises when 

there is complete loss of one allele or copy number gain of one allele relative to the other.6 

This phenomenon can be detected by comparing the proportion of one allele to the other in 

cells from an individual who is constitutively heterozygous at that locus. In a proportion of 

loci showing allelic imbalance, one allele may exhibit preferential copy number gain or loss 

compared to the other allele. This preferential, or allele-specific, imbalance (ASI) may 

implicate the presence of a susceptibility allele or resistance allele at that genomic locus. 

Indeed in previous studies, ASI has been observed among 40% of mouse skin cancer 

susceptibility loci and at human variants associated with colon cancer risk by genome-wide 

association studies (GWAS).7-10 Technologies such as next-generation sequencing and 

quantitative genotyping permit identification of relative gains or losses of alleles in tumor 

DNA samples compared to germline DNA from the same individual.

To date, the identification of low-penetrance CRC susceptibility variants has largely been 

accomplished by population-based case-control GWAS. While these studies have identified 

over 40 independent low-penetrance variants from different populations, the proportion of 

genetic risk that they explain is modest and incomplete.11 Given that heritable factors are 

estimated to account for 12–35% of the risk for developing CRC,12 it has been proposed that 

the remainder of risk comes from rare variants, copy number variants, gene-gene 

Gerber et al. Page 2

Int J Cancer. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interactions, gene-environment interactions and parent-of-origin effects—though 

overestimates of heritability are also a possible explanation for the missing heritability.13

Gene-gene interaction studies have not identified convincing combinations of variants 

contributing to CRC susceptibility. One complementary strategy for identifying genetic 

regions contributing to CRC susceptibility via genetic interactions is to exploit genetic 

mapping of susceptibility loci using linkage analysis in mouse models. The identification of 

genetic interactions is more straightforward in mice due the high degree of homogeneity 

among inbred mouse strains and the long stretches of linkage disequilibrium in the mouse 

crosses used for linkage mapping. Approximately 20 quantitative trait loci for CRC 

susceptibility have been mapped by crossing mouse strains resistant to and susceptible to 

chemically induced colon cancer or by looking for modifiers of transgenic mutations such as 

ApcMin which cause spontaneous development of intestinal adenomas.14-23 Mouse models 

of chemically induced CRC follow a similar multistage disease progression and develop 

tumors with many of the same mutations observed in human CIN tumors.24 This similarity 

suggests that the genes controlling cancer susceptibility in mice will be relevant to humans.
25

Additional analysis using mouse models has led to the identification of loci involved in 

genetic interactions.17, 18, 26 One colon cancer susceptibility locus, Scc1, has been mapped 

to mouse chromosome 2 and refined to the candidate gene Ptprj.27 In humans, PTPRJ 

functions as a tumor suppressor by negatively regulating growth-promoting receptor tyrosine 

kinases. Two murine Scc loci, Scc5 and Scc13, show synergistic interactions with the Ptprj 
locus to enhance risk.18 The Scc5 locus also demonstrates a reciprocal interaction with Scc4, 

wherein the risk associated with the allele at Scc5 is dependent on the allele present at 

Scc4.26 In our previous studies, we showed that single nucleotide polymorphisms (SNPs) in 

PTPRJ were associated with susceptibility to CRC.28 Given the importance of variants in 

PTPRJ in human CRC risk, we were interested in what variants drive susceptibility at Ptprj-
interacting loci. Importantly, the genes responsible for risk at Scc4, Scc5 and Scc13 are 

unknown but are intriguing candidates for study in the context of human colon cancer.

In the present study, we aimed to identify candidate CRC susceptibility genes and variants 

within the Ptprj-interacting Scc5 and Scc13 loci, as well as the Scc5-interacting locus Scc4. 

We employed a cross-species approach in which we integrated RNA-seq colon 

transcriptome data from the parental mouse lines used in the linkage studies with aCGH data 

and ASI mapping of human colon tumors (Figure 1).29 Here, we describe the results of 

using this approach to identify candidate genes for CRC susceptibility.

Materials and Methods

Mouse Samples

All studies were approved by The Ohio State University Institutional Animal Care and Use 

Committee. Snap-frozen large intestines from 4–5 week old age-matched female Balb/cHeA 

and female STS/A mice were obtained from the Netherlands Cancer Institute. Colon 

specimens were homogenized in 1 mL Ribozol (Amresco, Solon, OH, USA) using medium 

power for 15-second pulses, followed by incubation on ice. Total RNA was isolated 
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according to the Ribozol manufacturer’s protocol. RNA quantity and quality were assessed 

by NanoDrop-1000 and by Agilent Bioanalyzer. RNA samples used for library preparation 

had RNA integrity number greater than 8.

RNA-Seq and Analysis of Next-Generation Sequencing Data

The Illumina TruSeq RNA sample preparation kit was used to generate mRNA libraries 

from 2μg of total RNA isolated from the Balb/cHeA and STS/A colon specimens according 

to manufacturer’s recommended guidelines. Briefly, total RNA was selected for poly-A 

mRNA using poly-T oligo-attached magnetic beads. Poly-A-selected mRNA was next 

fragmented and primed for cDNA synthesis, reverse transcribed into first strand cDNA using 

SuperScript II reverse transcriptase (Life Technologies, Carlsbad, CA, USA), and 

subsequently synthesized into double-stranded cDNA using DNA polymerase I and RNase 

H supplied in the kit. Double-stranded cDNA fragments were subjected to an end repair 

process, the addition of a single ‘A’ base, and ligation of adapters. Finally, double-stranded 

cDNA was size selected, multiplexed and sequenced on an Illumina Genome Analyzer IIX.

Partek Genomic Suite (Partek, Inc., St. Louis, MO, USA) was used for performing 

differential expression analysis, alternative splicing analysis and SNP calling of the RNA-

seq libraries. Each short sequence read was mapped to the corresponding position of the 

mouse genome (mm9 assembly) and reads not meeting the quality threshold were discarded. 

When performing differential expression analysis on the transcript level, the log likelihood 

ratio for each transcript was calculated among the samples using the number of reads that 

mapped to the transcripts according to the recommended RNA-seq analysis procedure by 

Partek (http://www.partek.com/Tutorials/microarray/User_Guides/RNASEQ.pdf). Next, p-

values for each transcript were calculated via a chi-squared test. When performing the 

alternative-splicing quantification, a contingency table with two rows representing the 

samples and as many columns as the number of isoforms for each gene was created. Each 

entry in the table was estimated using an expectation/maximization algorithm. Then p-values 

were calculated by performing chi-squared statistics on the contingency table using the log 

likelihood ratio.

For the RNA-seq data, a base might not match the reference at the given position due to read 

errors, alignment errors or the presence of SNPs. Read errors were eliminated using the 

quality scores obtained by the sequencer. However, special care was taken when SNPs were 

identified and these were differentiated from potential alignment errors per Partek Genomic 

Suite recommendations (http://www.partek.com/Tutorials/microarray/User_Guides/

NGS_Genotype_Likelihoods.pdf). For a possible SNP position, the likelihood of each 

genotype was calculated using the frequency of the bases. Finally, the log-odd-ratios were 

calculated and reported for the genotype with the maximum likelihood ratio. The RNA-seq 

data generated in this study are available in the Gene Expression Omnibus database (project 

identifier SRP056672).

Human Samples

Studies were approved by the Institutional Review Board at The Ohio State University. 

Study participants provided written informed consent for use of their tissues in research. 
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Samples and their preparation have been previously described.10 Samples, all from Ohio 

CRC cases, consisted of a discovery set of 194 colon tumor/normal DNA pairs and a 

validation set of 296 colon tumor/normal DNA pairs. A pathologist confirmed all colon 

cancer diagnoses. To enrich for tumors showing CIN, samples were excluded if they were 

absent for any of the mismatch repair proteins, demonstrated microsatellite instability, were 

from the right side of the colon or showed a high degree of mucin.

Sources of DNA for this study included formalin-fixed paraffin-embedded (FFPE) tissue 

blocks, flash-frozen colon tissue, and blood samples. DNA isolation from FFPE tissues was 

performed by extraction of tissue from paraffin by xylene and ethanol washes, digestion by 

proteinase K treatment in lysis buffer, and purification by phenol/chloroform extraction and 

ethanol precipitation. DNA was assessed with a NanoDrop-1000 spectrophotometer for 

quantity and quality. Between 10 and 20ng of DNA were used for each genotyping reaction.

Choice of Tagging SNPs for study

SNPs tagging for linkage disequilibrium blocks at an R-squared cutoff of 0.80 within 

candidate genes were selected for inclusion in this study. The International HapMap Project 

“Annotate Tag SNP Picker” tool was used to select tagging SNPs. In total, 525 SNPs were 

assessed in the discovery sample set of human normal/tumor DNA pairs.

Sequenom Quantitative Genotyping and R-ratio calculations

Multiplexed primers for PCR amplification and allele-specific single-base extension 

reactions were designed using the Sequenom MassARRAY Assay Design 3.1 software 

(Supplemental Table 1). Mass spectrometry-based genotyping of paired tumor and normal 

DNA was performed using Sequenom MassARRAY iPlex Gold (Sequenom Inc., San Diego, 

CA, USA) according to the manufacturer’s protocol as described.10 Each 384-well 

Sequenom plate included four negative template controls (dH2O), two samples tested in 

duplicate, and four positive control DNAs.

As described previously, for all SNPs tested we scored preferential allelic imbalance by 

calculating the R-ratio for each normal/tumor DNA pair.10, 30, 31 The R-ratio represents the 

ratio of the two allele peak areas measured by the Sequenom MassARRAY iPLEX software 

in the normal heterozygous DNA divided by the ratio of the two allele peak areas in the 

paired tumor DNA (R-ratio = Normal(allele 1/allele 2) / Tumor(allele 1/allele 2)). For pairs in 

which the tumor was heterozygous for a SNP but the normal DNA from that individual 

failed to genotype, an average of the two normal alleles from all heterozygous normal 

samples at that SNP was used in place of the failed normal sample to calculate an R-ratio. 

Samples with R-ratio greater than 1.5 were deemed to have relative loss of the first allele 

(allele 1), while samples with R-ratio less than 0.67 were classified as showing relative loss 

of the second allele (allele 2).

Analysis of Allele-Specific Imbalance

The number of tumor samples from heterozygous individuals that showed relative loss of 

allele 1 (“allele 1 imbalance”) was compared to the number of tumor samples showing 

relative loss of allele 2 (“allele 2 imbalance”). A chi-squared test (df = 1) was used to assess 
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the observed imbalances for statistically significant deviation from the expected 50:50 

distribution of random allelic imbalances. SNPs with p-value < 0.10 were considered 

suggestive of preferential allelic imbalance and were therefore subjected to testing in the 

validation sample set to rule out false positives.

Validation Studies

Following statistical analysis of allele-specific imbalance in the discovery sample set, 103 

variants with p-values < 0.10 were genotyped by Sequenom MassARRAY iPlex Gold in a 

replication sample set of 296 paired normal/tumor DNAs. The same quantitative genotyping 

protocol and statistical analyses used for the discovery sample set were employed with the 

validation sample set. Allele imbalance counts were combined for the discovery and 

validation sets and chi-squared analysis was conducted on the sum. Bonferroni correction 

was used to adjust for the number of statistical tests (n = 103).

Results

RNA-seq Analysis of CRC-Sensitive and CRC-Resistant Mouse Strains

The inbred mouse strains Balb/cHeA and STS/A differ in susceptibility to colon cancer 

when treated with carcinogens 1,2-dimethyl-hydrazine (DMH) or azoxymethane (AOM).
24, 26 Balb/cHeA mice, the resistant strain, are reported to develop an average of 0.8–1.3 

tumors per mouse and STS/A mice, the susceptible strain, develop an average of 8–18.4 

tumors per mouse following DMH or AOM treatment, respectively.15, 22, 26, 32 Linkage 

analysis performed using recombinant inbred strains of Balb/cHeA by STS/A mice led to the 

identification of numerous quantitative trait loci (termed Susceptibility to colon cancer, or 

Scc, loci) that are linked to colon tumor formation.16, 17, 26, 27 The genes that underlie 

susceptibility at these murine QTLs may likewise play a role in human CRC susceptibility. 

Although specific polymorphisms identified in a mouse model of cancer susceptibility may 

not be conserved in human populations, it is likely that many genes that contribute to cancer 

susceptibility in the mouse serve similar roles in human disease.33 As a screening method to 

identify potential candidate CRC susceptibility genes of interest from our loci of interest 

(Scc4, Scc5 and Scc13), we performed RNA-seq from normal colon tissue of one female 

mouse per strain.

To identify SNPs, expression, and splicing pattern differences between the strains, the RNA-

seq data for STS/A and Balb/cHeA was analyzed for the genes mapping within the three Scc 
loci of interest. Among the 119 genes within Scc4, 74 transcripts representing 55 genes 

showed different expression levels. At Scc5, 64 transcripts from 54 of the 137 annotated 

genes showed differential expression. Of the 185 genes at Scc13, 40 transcripts from 32 

different genes showed differential expression. After eliminating genes that showed less than 

a 1.5-fold difference in expression and those that had very low expression (< 20 total reads 

in both strains), 95 genes expressed in the colon exhibited differential expression between 

the strains (Supplemental Table 2).

In addition to expression differences, numerous coding SNPs were identified between Balb/

cHeA and STS/A (Supplemental Table 3). Non-synonymous variants were assessed for 
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predicted disruption to protein structure and function using the in silico tools SIFT and 

PolyPhen-2. None of the amino-acid changing SNPs that differed between Balb/cHeA and 

STS/A were predicted to be damaging to protein structure or function. These findings do not 

rule out the possibility that the amino acid substitutions could have a moderate effect on 

protein function that could lead to changes in cancer susceptibility.

Array Comparative Genomic Hybridization Analysis of Human Colorectal Tumors

To determine if the human orthologous loci to Scc4, Scc5, and Scc13 showed copy number 

gains or losses, suggesting that these loci could be informative in ASI studies, we evaluated 

copy number data for the orthologous loci to the mouse Scc regions from published human 

aCGH studies as well as from our own aCGH studies.34-37 As the exact coordinates of the 

aCGH data were not available for most of the datasets, we looked at either whole 

chromosome arms or chromosome bands depending on the detail of the publicly available 

data. We observed a range of copy number aberrations depending on the locus and the study 

(Table 1). Mouse Scc13 correlates to human 4q25 and 7p14. Among our cohort of samples, 

7 of 67 tumors (10.4%) showed loss of at least 50% of bacterial artificial chromosomes 

(BACs) mapping to the 4q25 band. In other published aCGH datasets, losses occurred at 

frequencies varying from 0% to 35%. Conversely, at the 7p14 locus, BACs exhibited gains 

in 16 of 67 tumors in our set (24%) and between 25% and 45% in other studies. In our 

samples, the BAC at 7p showing the highest frequency of genomic gains in these tumors 

(55%, or 37 of 67 tumors), CTB-111H21, encompasses a genomic segment at 7p14.3 

containing the gene SCRN1. As this is not specifically mentioned, we do not know what the 

frequency of gain of this specific BAC is in the other published aCGH studies. As expected, 

5q, where the APC tumor suppressor gene maps, shows frequent loss in CRCs across 

studies. Of particular note for the SCC5 locus, the BAC CTD-2202A14, which does not 

contain APC, is lost in 46% of our 67 tumors and contains several candidate genes from this 

study including the PTPRJ substrate PDGFRB. The SCC4 locus maps to human 2p25, 

which shows gains in 3–19% of tumors and losses in less than 10% of tumors.

Sequenom Allele-Specific Imbalance Mapping

As there was evidence of genomic aberrations in greater than 15% of CRCs for most of the 

Scc equivalent regions, we next determined whether any of the orthologs of genes showing 

sequence or expression differences between Balb/cHeA and STS/A exhibited ASI in human 

colon tumors. We chose genes for Sequenom MassARRAY quantitative SNP genotyping in 

human tumors based largely on the mouse RNA-seq data, but we also included genes and/or 

SNPs from these loci that showed evidence in the literature as being associated with any 

type of cancer, colon biology, and/or a suggestion of being associated with CRC risk from 

previous GWAS. From these criteria, we identified 81 genes and intergenic regions of 

interest. We performed quantitative genotyping of 525 haplotype-tagging SNPs in DNAs in 

our discovery set of 194 normal/colon tumor pairs. These corresponded to 103 SNPs 

mapping to 18 genes at SCC4, 278 haplotype-tagging SNPs mapping to 34 genes in SCC5, 

and 144 SNPs from 29 genes at SCC13. Among these 525 SNPs, 74 SNPs showed evidence 

of ASI with a p-value of < 0.01 including 19 SNPs at SCC4, 28 at SCC5 and 27 at the 

SCC13 locus (Supplemental Table 4). As this was our discovery set, we set a generous 
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cutoff of p-value < 0.10 for selection for subsequent validation studies, which resulted in 

103 SNPs for further study (Supplemental Table 4).

For our validation set we evaluated the 103 SNPs in 296 normal/tumor pairs (Supplemental 

Table 5). When the validation data were combined with data from the discovery set, 

quantitative genotyping yielded 31 SNPs showing statistical significance with nominal p-

values < 0.05 (Supplemental Table 6). Two SNPs in the gene SNX10 at SCC13 showed 

significant evidence of ASI after Bonferroni correction for multiple comparisons (n = 103) 

(Table 2). Genes with SNPs showing non-statistical evidence of ASI (adjusted p-values of < 

0.2) include GRAMD3 and CEP120 at SCC5, EPAS1 at SCC4, and LANCL2 and SCRN1 at 

SCC13 (Supplemental Table 6). Though these genes do not meet statistical significance for 

ASI in our study, they could be considered as candidates for much larger studies with greater 

statistical power.

Discussion

Here, we show that variants at loci orthologous to mouse Scc loci exhibit evidence of ASI in 

human colon tumors (Table 2). We identified two variants in the SNX10 gene that are 

candidates for colon cancer susceptibility based on data from the mice used in the original 

linkage analyses as well as our ASI studies (Table 2, Supplemental Table 6). Additional 

variants in GRAMD3, CEP120, LANCL2, SCRN1 and EPAS1 did not show statistically 

meaningful ASI, but some of them are interesting candidates given their published roles in 

cancer and relevance to cancer-related cellular processes (Table 2).

The gene SNX10 is a member of the sorting nexin family. This family plays a role in 

endocytosis, endosome sorting, and endosome signaling.38 To date this gene has not been 

implicated in any cancers. However, sorting nexins have been known to regulate the 

trafficking and signaling of such molecules as EGFR and PDGFR, both of which are 

substrates for PTPRJ.38 The PX domain of the sorting nexin protein binds to 

phosphatidylinositol-3-phosphate (PtdIns3P), which facilitates SNX protein localization to 

the membrane.38 It is possible that SNX10 binds to PtdIns3P and contributes to the 

endosomal trafficking of EGFR in colon epithelial cells, though this hypothesis has not been 

tested.

At the SCC5 locus, no genes showed significant ASI. Similarly, the SCC4 locus failed to 

reveal statistically significant ASI in our study. However, an intriguing candidate at the 

SCC4 locus is the EPAS1 gene, which is also known as HIF2α. This transcription factor 

regulates genes involved in angiogenesis, metabolism, and other processes involved in 

cellular adaptation to hypoxia.39 Constitutively activated Epas1 promotes colon 

carcinogenesis in the mouse by regulating the COX2/mPGES-1/PGE(2) pathway.40 One 

variant in EPAS1 emerged in a genome-wide association study of renal cell carcinoma, 

while a different variant in this gene showed an interaction with the well-validated CRC 

susceptibility variant rs6983267 at 8q24 in a prostate cancer association study.41,42, At this 

time, however, no SNPs in EPAS1 have been associated with CRC. While the tagging SNPs 

in EPAS1 that we tested for ASI did not achieve a significant p-value after multiple 
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comparisons testing, it remains possible that variants in this gene contribute to CRC risk by 

some unknown interaction with variants in the SCC5 locus.

Our RNA-seq analysis revealed few coding variations between Balb/cHeA and STS/A 

(Supplemental Table 3). Most of the differences between the strains were in mRNA 

expression (Supplemental Table 2), suggesting that variants outside of the coding regions 

may play a critical role in the regulation of gene expression and contribute to CRC 

sensitivity by modifying gene expression. Such variants may include promoter SNPs, SNPs 

mapping to regulatory elements, variants in non-coding RNAs, or intronic SNPs that 

influence mRNA splicing. One limitation of the use of RNA-seq data to identify candidate 

sequence variants is the inability to sequence promoter or intergenic regions that may differ 

between the strains. However, if the variants driving the linkages are acting in cis to regulate 

gene expression, the gene expression differences can act as a surrogate for the regulatory 

variants. It is important to note, however, that our RNA-seq data is constrained to one mouse 

per strain, thereby necessitating the use of alternative methods to validate expression or 

coding differences. Targeted sequencing of promoter and regulatory regions that control the 

transcription of genes showing significant differential expression between the susceptible 

and resistant strains could reveal regulatory SNPs that contribute to the observed expression 

differences. As we used mRNA for our RNA-seq study, we were not able to capture any 

difference in microRNA or other non-coding RNAs that map to these regions.

Our aCGH data along with that described in the literature supports the exploration of the 

human orthologs of Scc4, Scc5, and Scc13 in CRC susceptibility (Table 1). We observed 

similar patterns of chromosome arm gains and losses as a number of other aCGH analyses of 

CRC tumors.34-37 We demonstrated gains in 19% of tumors at 2p (SCC4) and in 24% of 

tumors at 7p (SCC13). Interestingly, gains at 7p14.1 and 7p15.3 were observed in 60% and 

35% of tumor genomes of patients with microsatellite stable hereditary nonpolyposis 

colorectal cancer, respectively.43 The BAC showing highest frequency of gain at 7p in our 

cohort maps to SCRN1, a gene which shows higher expression in colon tumor tissue 

compared to adjacent normal tissue and in which increased expression is correlated with 

poorer prognosis.44 In our cohort, losses were observed in 10% of tumors at 4q (SCC13) and 

31% of tumors at 5q (SCC5). In addition to gains or losses that spanned multiple adjacent 

BAC clones or whole arms, we also identified a handful of single BAC clones showing 

frequencies of gains or losses greater than or approaching 35% (data not shown). Genes such 

as SCRN1, PDGFRB, and PRDM5 map within these focal regions of aberration, but no 

SNPs within these genes showed statistically significant evidence of ASI in our study.

There are limitations to this study. From work performed by our laboratory and others, we 

know that not all CRC susceptibility alleles demonstrate allele-specific gains or losses in 

tumors.9, 10 We may be missing interesting candidate genes or variants for future studies by 

prioritizing those that contain variants with ASI. Secondly, we primarily focused on testing 

tagging SNPs that map near or within genes. As many GWAS-identified SNPs for cancer are 

intergenic and are thought to alter regulatory elements of genes important in CRC 

development, we may be missing critical SNPs/regulatory elements important for cancer 

susceptibility.45 Finally, the identification of “causal” variants being selected for during 

tumorigenesis (i.e. drivers of ASI) is dependent in part on the allele-frequency and frequency 
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at which a locus shows copy number gains and losses in tumors. Variants that have lower 

rates of heterozygosity and/or map in regions with less frequent gains and losses will require 

larger samples sizes than those used in this study. Thus, we were likely underpowered to 

detect variants showing ASI at SCC4 as it showed less frequent gains and losses relative to 

other loci. If a less stringent method of multiple comparisons adjustments were made, a 

number of additional variants from these loci could be considered as candidates.

To date, none of our candidate SNPs (or genes) has been identified from genome-wide 

association studies for CRC risk. This is not entirely unexpected as we anticipate that risk of 

these SNPs will be dependent upon their interacting loci and will not necessarily meet the 

stringent p-values for risk when considered independently. Interestingly some of the murine 

Scc and colon cancer susceptibility (Ccs) loci have been mapped within 3.3 cM of loci 

identified through GWAS of human CRC risk.46 A study by the EPICOLON consortium 

identified a SNP, rs954353, in the human orthologous locus to Scc15 that showed evidence 

of risk in their Phase I study.47 Finally, work by us and others suggest that variants and 

haplotypes in PTPRJ, the candidate gene for SCC1, may be important for colon and breast 

cancer risk.28, 48,49 As these variants were not replicated in larger studies, it will be 

important to look at them in the context of candidate interacting alleles at the human 

orthologs of Scc5 and Scc13.

In summary, we used a cross-species approach to identify potential candidate genes from 

mouse Scc loci. We identified multiple candidate genes showing mRNA expression 

differences between the strains of mice and identified two variants in the gene SNX10 
showing statistically significant evidence of ASI in human tumors. Future studies will be 

necessary to determine (1) if these genes and the others showing suggestive evidence of ASI 

are important in the differences in colon cancer susceptibility between the strains, and (2) if 

these variants are involved in gene-gene interactions for human CRC susceptibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty/Impact: Only a portion of the estimated genetic variants contributing to 

colorectal cancer (CRC) risk have been identified. We used a cross-species approach 

combining data from mouse linkage studies of CRC susceptibility and RNA-seq analysis 

with allele-specific somatic changes in human tumors. Variants in the SNX10 gene that 

maps to the human equivalent of mouse Scc13 were found to show allele-specific 

imbalance in colon tumors, suggesting that variants in this region may be important in 

CRC.
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Figure 1: Experiment Design
Data from three sources were used to identify candidate susceptibility genes for CRC. RNA-

seq data from normal colons was generated from cancer susceptible STS/A and cancer 

resistant Balb/cHeA mice. aCGH data from human CRCs was used to confirm that SCC loci 

for study were showing copy number changes. Allele-specific imbalance (ASI) studies were 

completed on paired normal and colon tumor DNAs for the orthologous human loci to Scc4, 

Scc5 and Scc13.

Gerber et al. Page 15

Int J Cancer. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gerber et al. Page 16

Table 1:

Chromosomal losses and gains by aCGH at human SCC4, SCC5 and SCC13

Arm Gains/
Losses

Our Cohort
(n = 67)

Nakao et al., 2004
*36

(n=125)
Jones et al., 2005

*34

(n = 30)
Lassman et al., 2007

*37

(n = 22)
Dyrso et al., 2011

*35

(n = 40)

2p

Gains 13/67
(19%) 10% 3% 15% <10%

Losses 0/67
(0%) <3% 3% 5% <10%

5q

Gains 1/67
(1.5%) <5% 0% 8% <5%

Losses 21/67
(31%) 25% 40% <5% 20%

4q

Gains 2/67
(3%) <5% 0% 5% <5%

Losses 7/67
(10%) 20% 35% 0% 30%

7p

Gains 16/67
(24%) 35% 45% 25% 43%

Losses 0/67
(0%) <5% 0% 0% 0%

*
Percentages are approximations.
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