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Abstract

Microsatellite stable (MSS), CpG island methylator phenotype (CIMP)-negative colorectal
tumors, the most prevalent molecular subtype of colorectal cancer, are associated with extensive
copy number alteration (CNA) events and aneuploidy. We report on the identification of
characteristic recurrent CNA (with frequency >25%) events and associated gene expression
profiles for a total of 40 paired tumor and adjacent normal colon tissues using genome-wide
microarrays. We observed recurrent CNAs, namely gains at 1q, 7p, 7q, 8p12-11, 8q, 12p13, 13q,
20p, 20q, Xp, and Xq and losses at 1p36, 1p31, 1p21, 4p15-12, 4912-35, 5021-22, 6926, 8p, 14q,
15g11-12, 17p, 18p, 18q, 21q21-22, and 22g. Within these genomic regions we identified 356
genes with significant differential expression (P<0.0001 and £1.5 fold change) in the tumor
compared to adjacent normal tissue. Gene ontology and pathway analyses indicated that many of
these genes were involved in functional mechanisms that regulate cell cycle, cell death, and
metabolism. An amplicon present in >70% of the tumor samples at 20g11-20g13 contained
several cancer-related genes (AHCY, POFUT1, RPN2, TH1L and PRPF6) that were up-regulated
and demonstrated a significant linear correlation (P<0.05) for gene dosage and gene expression.
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Copy number loss at 8p, a CNA associated with adenocarcinoma and poor prognosis, was
observed in >50% of the tumor samples and demonstrated a significant linear correlation for gene
dosage and gene expression for two potential tumor suppressor genes, MTUSL (8p22) and
PPP2CB (8p12). The results from our integration analysis illustrate the complex relationship
between genomic alterations and gene expression in colon cancer.

Introduction

Colorectal cancer is the second most common cause of cancer deaths in the United States
(Jemal et al., 2008). Most colorectal cancers begin as an adenomatous polyp, progressing to
an advanced adenoma, then to invasive cancer. Along with the phenotypic progression
during the development of colorectal cancer, there are associated genomic alterations that
drive the multistep process towards invasive disease (Ried et al., 1996; Meijer et al., 1998;
Carvalho et al., 2009). Genomic instability, such as copy number alterations (CNA), occurs
in most cancers, but frequency and location of CNAs differ across cancer types. Copy
number alterations can occur as distinct focal events or involve larger chromosomal regions,
sometimes involving entire chromosomes or chromosomal arms, often leading to aneuploidy
for some advanced cancers. Characteristic patterns of CNAs have been identified for
different tumors and their subtypes. For colorectal cancer, several studies have identified
common CNA events such as copy number gains on 7p, 8q, 13q, 20q, and X and losses on
chromosome 1p, 4, 5q, 8p, 14q, 15q, and 18 (Tsafrir et al., 2006; Camps et al., 2009; Sheffer
et al., 2009; The-Cancer-Genome-Atlas-Network, 2012).

Colorectal cancers are subdivided into two major molecular subtypes, microsatellite unstable
(MSI) and microsatellite stable (MSS). MSI tumors are DNA mutation mismatch repair
(MMR)-deficient as the result of an inherited mutation in one of the MMR genes (Lynch
Syndrome) or due to promoter DNA methylation of the MMR gene MLHZ1 (Cunningham et
al., 1998; Thibodeau et al., 1998). Approximately 15% of sporadic colorectal tumors are
characterized as MSI tumors. In contrast, approximately 85% of colorectal tumors are MSS.
These tumors are MMR-proficient and are generally associated with poorer prognosis and
have more extensive genomic alterations, such as chromosomal rearrangements and
aneuploidy, compared to MSI tumors (Popat et al., 2005; Rowan et al., 2005). In recent
analyses contrasting CNAs in MSI and MSS colorectal tumors, it was demonstrated that
there are both distinct and shared recurrent CNAs associated with each subtype (Camps et
al., 2006; Jorissen et al., 2008; Dyrso et al., 2011). In addition, studies have demonstrated
that MSI and MSS tumors can be distinguished by gene expression profiles (Kim et al.,
2004; Reid et al., 2009).

Several recent reports have addressed the relationship between CNAs and gene expression
in various cancers (Tsafrir et al., 2006; Camps et al., 2009; Andrews et al., 2010; Horlings et
al., 2010). These studies are based on the premise that events leading to genomic alterations
result in changes in gene copy number that directly impact normal gene expression patterns.
One example of this relationship is observed in HER2-overexpressing breast and gastric
cancers, where focal copy number gain at 17921 is associated with increased expression of
the ERBB2 gene (Slamon et al., 1987; Slamon et al., 1989; Tiwari et al., 1992; Press et al.,
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2002; Staaf et al., 2010). Many solid tumors have larger regional CNAs, sometimes
involving entire chromosomal arms, with the potential to affect expression levels for
thousands of genes. Copy number gain of chromosome arm 20q in MSS colorectal cancers
has been associated with the overexpression of multiple genes in this chromosomal arm, but
not all genes on 20qg were found to be overexpressed, demonstrating the complex
mechanisms that regulate transcription of individual genes (Grade et al., 2006; Tsafrir et al.,
2006; Carvalho et al., 2009).

In the present study, we leveraged the availability of high-resolution microarray platforms to
generate detailed profiles of both CNA and gene expression for MSS colon tumors, and
integrated both datasets to identify genomic alterations associated with concomitant changes
in gene expression. We focused on the genes located in genomic regions that were
commonly altered in the MSS and CIMP-negative colon tumors and found that many of
these genes were involved in cellular functions, such as cell cycle regulation, DNA
replication and repair, cellular metabolic processes, and molecular transport. Specifically,
we found that several genes involved in the Wnt-signaling pathway were located in genomic
regions of recurrent alterations and were correspondingly differentially-expressed in the set
of MSS and CIMP-negative colon tumors, as compared to paired adjacent normal tissue.
Our results provide a link between genomic alteration events and the disruption of gene
expression for genes that are involved in key cellular mechanisms leading to colon cancer.

Materials and Methods

Study Subjects and Tissue Samples

As described in Loo et al. (Loo et al., 2012), forty fresh-frozen colon adenocarcinomas and
paired adjacent normal tissue were collected from colon cancer patients at three participating
centers of the Colorectal Cancer Family Registry (Newcomb et al., 2007) (Mayo Clinic,
Mount Sinai Hospital, and Cleveland Clinic). Tumors were tested for microsatellite
instability (MSI) (Thibodeau et al., 1998) and CpG island methylator phenotype (CIMP)
(Weisenberger et al., 2006). The study received IRB approval from all participating
institutions. All participants included in this study signed an informed written consent.

DNA and RNA Isolation

All tumor samples were sectioned and stained with hematoxylin and eosin, then reviewed by
a pathologist to determine tumor cell content. Tumor tissue samples used for the study had
>70% tumor cell content. Genomic DNA and total RNA were extracted from the tissue
samples using the AllPrep DNA/RNA Mini kit (QIAGEN, Valencia, CA) following
manufacturer's recommendations. Isolated DNA and RNA quality were determined by gel
electrophoresis and Bioanalyzer analysis (Agilent; Foster City, CA), respectively.

Microarray Analysis

Gene expression profiles for colon tumors and normal-appearing adjacent tissue were
determined using the Affymetrix GeneChip Human Exon 1.0 ST Arrays (Affymetrix Santa
Clara, CA); GEO Accession number GSE31737. To minimize background noise and to
increase mMRNA detection sensitivity and specificity, ribosomal RNA (rRNA) was removed
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from total RNA using the RiboMinus Human/Mouse Transcriptome Isolation Kit
(Invitrogen Carlsbad, CA). Following rRNA reduction, the Affymetrix GeneChip Whole
Transcript (WT) Sense Target Labeling Assay was used to generate amplified and
biotinylated sense-strand DNA targets for hybridization on GeneChip Human Exon 1.0 ST
Arrays following the manufacturer's recommendations. Technical validation of gene
expression using quantitative PCR was described in (Loo et al., 2012). For copy number and
loss of heterozygosity (LOH) analysis, genomic DNA was processed and applied to the
Affymetrix Genome-wide Human SNP 6.0 Array according to the manufacturer's
recommendations. All arrays were scanned on The GeneChip® Scanner 3000 7G using the
Affymetrix GeneChip Command Console (AGCC) Software to measure the fluorescent
signal intensities at each probe location. The average call rate for the 80 samples based on
the SNP 6.0 analysis was 99.6%.

Statistical Analysis

Data analysis was conducted using the Partek Genomics Suite 6.5 software (Partek Inc., St.
Louis, MO). For copy number analysis, paired normal and tumor samples from the same
individual were used to identify genomic regions of copy number gain or loss. The genomic
segmentation algorithm was applied to detect copy number alterations (Olshen et al., 2004).
Default settings were used for CNA and allelic imbalance detection analysis, with a
minimum of 10 genomic markers for one segment and a P-value threshold=0.001 for two
neighboring regions having significantly different means. Gain and loss events were
identified by segmental copy number >2.5 and <1.5, for gain and loss respectively,
assuming a copy number of 2 is diploid (Olshen et al., 2004). For gene expression analysis,
genome-wide gene expression values were log2-transformed and normalized using Robust
Multi-array Analysis (RMA), and using median polish summarization (Irizarry et al., 2003).
The transcript expression value for each gene was based on the mean of the probe set
intensities for that gene. To identify genes associated with differential expression between
paired normal and tumor tissue samples, a multivariate analysis of covariance (ANCOVA)
was conducted, adjusting for tumor stage and assay batch. Genes were considered as being
significantly differentially expressed at a false discovery rate (FDR) (Benjamini and
Hochber, 1995) adjusted P-value < 0.0001 and > +1.5 fold-change. Correlation analysis of
CNA events and gene expression was restricted to genomic regions with CNA frequency
>25% and the differentially expressed genes were identified in ANCOVA analysis.

Reverse Transcriptase Quantitative PCR

For the technical validation of gene expression levels generated in the microarray expression
profiling assays, we used quantitative Reverse Transcriptase PCR gRT-PCR to measure
gene expression levels for 6 genes (AHCY, APC, DCC, DSC2, MACC1, and MYC). These
genes were chosen because they were differentially expressed between CRC and normal
tissue based on past studies (Kinzler and Vogelstein 1996; Khan, et al. 2006; Cardoso, et al.
2007; Duffy, et al. 2007; Cunningham, et al. 2010). Briefly, gqRT-PCR gene expression
profiles were completed on 20 tumor-normal pairs used in the microarray assays. cDNA was
prepared from up to 2 ug of untreated total RNA using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems Foster City, CA). Quantitative PCR was conducted
for the six genes using TagMan gene expression assays and the TagMan Universal PCR
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Mastermix with the recommended thermal profiles on the 7900HT Fast Real-Time PCR
System (Applied Biosystems Foster City, CA). The gRT-PCR results for both up- (AHCY,
MACC1, and MYC) and down- (APC, DCC, and DSC2) regulated genes demonstrated good
correlation (all Spearman's Rank Order correlations>0.5) with the microarray gene
expression results.

Differential Gene Expression in MSS Colon Tumors

We conducted a genome-wide expression analysis using the Affymetrix GeneChip Human
Exon 1.0 ST Array to identify differentially expressed genes for 40 paired MSS, CIMP-
negative colon tumors and adjacent normal tissue samples. The analysis was performed at
the summarized core gene-level, utilizing the average exon expression level for each gene.
In total, 18,403 independent genes were analyzed in this study. To generate a gene list of
significantly differentially expressed genes between adjacent normal and tumor tissue, we
considered only genes that had an adjusted P-value < 0.0001 (2,712 genes) and a > +1.5
fold-change (2,049 genes). The intersection of the gene list that met these two criteria
resulted in 1,573 individual genes (877 genes up- and 696 genes down-regulated) that were
differentially expressed between tumors and their paired adjacent normal tissue
(Supplemental Table 1).

First, we focused on the genes with the most dramatic fold-change differences in gene
expression in tumor tissue compared to adjacent normal tissue. Among the top 10 up- and 10
down-regulated genes whose expression was dramatically different in tumor vs. adjacent
normal tissue (Table 1), we identified a tight junction protein, claudin 1 (CLDN1) (Table 1;
Figure 1), with an 11.2-fold up-regulation inthe gene expression level for tumor compared to
normal adjacent tissue. Overexpression of CLDNL1 has been observed in both adenoma and
adenocarcinoma tissues and speculated to have a role in reducing E-cadherin expression and
overall cell morphology and behavior for colorectal cancer (Huo et al., 2009; Singh et al.,
2011). KIAA1199 was also markedly up-regulated (9-fold) in tumor compared to normal
adjacent tissue (Table 1; Figure 1), and has been shown to affect the expression of genes
involved the Wnt-signaling pathway and cellular proliferation (Birkenkamp-Demtroder et
al., 2011). KIAA1199 was recently identified as an RNA biomarker in plasma from patients
with colorectal adenomas and adenocarcinomas compared to controls (LaPointe et al.,
2012). ETV4, ets variant 4 gene, was also upregulated, with levels 7.5-fold higher in tumor
compared to adjacent normal tissue (Table 1; Figure 1). ETV4, a transcription factor
functioning downstream of the Ras-ERK signaling pathway, has previously been found to be
overexpressed in multiple cancer types, including colorectal cancer, and associated with
metastasis and poor prognosis (Moss et al., 2006; Keld et al., 2011). ETV4 has been shown
to have a role in regulating the expression of the cytokine, interleukin-8 (IL8) in breast
tumors (Chen et al., 2011). IL8 was also observed as one of the top 10 genes to be
differentially expressed in our colon tumor tissue samples (Table 1; Figure 1), suggesting
that the up-regulation of ETV4 may mediate transcriptional up-regulation of IL8 in colon
cancer, as reported in breast cancers (Chen et al., 2011). Of the top ten most dramatically
down-regulated genes for our tumor samples, two of the genes, CLCA4 and CLCAL (Table
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1; Figure 1) belong to the calcium sensitive chloride conductance protein family. The CLCA
family members share a high degree of homology but differ significantly in their tissue
distribution, with both CLCA4 and CLCA1 endogenously expressed in the gastrointestinal
tract (Bustin et al., 2001; Comelli et al., 2009). Since dramatic down-regulation of
endogenous expression for both CLCA4 and CLCA1 is observed in our colon tumor samples,
these highly homologous chloride channel proteins may function as tumor suppressors in
colon cancer, as has been shown for the proposed TP53-induced tumor suppressor, CLCA2,
in breast cancer (Gruber and Pauli, 1999; Walia et al., 2009).

To identify functional networks that are significantly impacted by the observed gene
expression difference, the overall biological context of the 1,573 differentially expressed
genes was examined using Ingenuity Pathway Analysis (IPA) and Gene Ontology (GO)
enrichment analysis. (Table 2, 2"d column). IPA analysis indicated that the 1,573 gene list is
enriched for genes having a role in cancer and gastrointestinal disease. IPA also indicated
that the top molecular and cellular functions were “Cell Growth and Proliferation” and “Cell
Cycle”, with the top network generated from this gene list being “DNA Replication,
Recombination, and Repair; RNA Post-Transcriptional Modification; Cell Cycle”. These
data suggest that our gene list of differentially expressed genes in the tumor tissue is
enriched for genes functioning to regulate cell cycle and DNA repair. The GO analysis
complemented the functional classifications of IPA and indicated a strong enrichment for
genes with a role in cellular proliferation and catalytic activities. The IPA Upstream
Regulator analysis tool was also applied to the gene list to characterize gene expression
patterns that are mediated by a common upstream regulator (transcription factor, microRNA,
kinase, or a compound). The top upstream regulators based on our gene list were TP53, E2F,
MYC, RB (Supplemental Table 2). For example, 186 genes were identified as TP53 targets
with gene expression profiles consistent with an inhibition of normal of TP53 function.

Identification of genome-wide copy number alterations and allelic imbalance in MSS colon

cancer

A high-resolution genome-wide analysis was conducted to identify genomic alterations in
order to profile CNAs in the 40 MSS, CIMP-negative colon tumors using the Affymetrix
Genome-wide Human SNP Array 6.0. The frequency and distribution of all CNAs across the
tumor genomes is plotted in Figure 2A for individual chromosomes. To identify recurrent
CNA s that are common for this subtype of colon cancer, we focused on both regional (>1
Mb) and focal (<1 Mb) CNAs that occurred at a high frequency (i.e., with frequency =25%)
among the 40 colon tumor samples. We observed common recurrent regional CNAs, namely
gains at 1q, 7p, 7q, 8p12-11, 8q, 12p13, 13q, 20p, 20q, Xp, and Xq, as well as losses at
1p36, 1p31, 1p21, 4p15-12, 4912-35, 5921-22, 6026, 8p, 14q, 15q11-12, 17p, 18p, 18q,
21921-22, and 22g. Several regions harbored CNAs in >50% of the tumors, such as copy
number gains at 7p, 7q, 13q, 20p, 20q, Xp, and Xq and losses at 8p, 17p, 18p, and 18q. In
addition, common recurrent focal CNAs gains were observed at 1p31, 2921, 3p14, 5p11,
5011, 6p21, 6p12, 6914, 6016, and 17921, as well as losses at 5g11, 5912, 15921, 15¢26,
16p13, and 17921.
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Genome-wide profiling of allelic imbalance was conducted using the paired adjacent normal
and tumor tissue sample data from the genotype array. To examine potential mechanistic
effects that contribute to the disruption to gene expression resulting from CNA events, we
focused our analysis on allelic imbalance events occurring in genomic regions with recurrent
copy number gain or loss (frequency =25%). As anticipated, allelic imbalance was observed
in the majority of genomic sites and regions of recurrent copy number loss (Figure 2B). We
also observed allelic imbalance in genomic sites and regions associated with recurrent copy
number gain, indicating uniparental polysomy [regions where loss of heterozygosity (LOH)
corresponds to regions of increased copy number] due to mitotic recombination events.

Integration of copy number alterations and gene expression

MSS colorectal cancers are known to be associated with aneuploidy and extensive genomic
aberrations. Genomic alterations, such as copy number alterations and allelic imbalance, can
potentially impact gene expression levels due to changes in gene dosage. To assess this
relationship, we surveyed the correspondence of the 1,573 significantly differentially
expressed genes and all detectable CNAs. We found that almost all of the differentially
expressed genes (1,551 genes; 99%) were located in genomic regions where CNAs and/or
allelic imbalance were detected. Of the 1,573 differentially expressed genes, 473 genes
(30%) were located within genomic regions of recurrent CNAs (frequency >25%).
Remarkably, 356 genes, or 75% of the 473 genes, had directional correspondence to the
CNAs (96 down-regulated genes in regions of loss and 260 up-regulated genes in regions of
gain) (Supplemental Table 3).

As previously reported, copy number gain at 20q is a common aberration found in MSS
colorectal cancers (Jones et al., 2005; Trautmann et al., 2006; Jorissen et al., 2008; Dyrso et
al., 2011). In our analysis, >50% of the colon tumors had copy number gain for chromosome
arm 20qg. Correspondingly, 69 genes on 20q were significantly overexpressed in tumor
versus adjacent normal tissue. Based on our IPA disease function analysis, almost one-third
(22 genes) of the 69 genes were identified to be associated with cancer. Specifically, three
genes located on chromosome 20, PCNA (20pter-p12), CDC25B (20p13), and, AURKA
(20g13), play a critical function in cellular growth and proliferation. Overexpression of these
genes has been frequently observed in colorectal cancer. PCNA is a cofactor of DNA
polymerase that participates in DNA synthesis and cell cycle progression, and is
overexpressed in multiple cancer types (al-Sheneber et al., 1993; Schimmelpenning et al.,
1993; Paradiso et al., 1996; Stoimenov and Helleday, 2009). The phosphatase, CDC25B, is a
cell cycle regulator that has a critical role in checkpoint control. Cells overexpressing
CDC25B proceed through the S-phase checkpoint and prematurely enter mitosis, which
leads to genomic instability and chromosomal aberrations (Bugler et al., 2010). AURKA is a
cell cycle regulated kinase and has a role in microtubule formation and stabilization during
chromosomal segregation for mitotic cells. AURKA also directly phosphorylates TP53,
resulting in the inactivation of TP53 function and the MDM2-mediated proteolytic
degradation of TP53, respectively (Katayama et al., 2004; Liu et al., 2004). Consequently,
overexpression of AURKA leads to increased TP53 degradation, disrupting TP53 mediated
growth arrest and aneuploidy, due to centrosome amplification and defects in chromosomal
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segregation in tumor cells (Fu et al., 2007). AURKA expression is also regulated by the Myc-
network of transcription factors (den Hollander et al., 2010).

In addition we also focused on genes in chromosome arm 20q that had a significant
correlation (linear correlation P<0.05) with copy number gain, indicating that alterations to
gene dosage have a direct effect on expression levels for this subset of genes. For example,
as has been previously reported (Tsafrir et al., 2006; Reid et al., 2009), we observed a
significant correlation between gene dosage and expression for the MY C-target gene,
adenosylhomocysteinase (AHCY), on 20911 in our tumor samples. AHCY plays a key role
in maintaining efficient mMRNA capping of MY C-induced transcripts during mRNA
translation (Fernandez-Sanchez et al., 2009; Cowling, 2010;). Additional genes on 20911
and 20qg13 were also significantly correlated with copy number status and gene expression
levels, several of which have been reported to be mis-expressed in colorectal cancer as well
as other cancer types. These genes include protein O-fucosyltransferase 1 (POFUT1), which
is involved in Notch signaling (Guilmeau et al., 2008; Stahl et al., 2008; Yao et al., 2011);
ribophorin Il (RPN2), a proteosome scaffolding protein involved in inhibiting Bcl-mediated
apoptosis (Honma et al., 2008); trihydrophobin-like 1 (TH1L), a member of the negative
elongation factor complex, which has been shown to have an important role in the regulation
of invasion and metastasis in breast cancer (Cheng et al., 2009; Zou et al., 2010), and finally
PRP6 pre-mRNA processing factor 6 homolog (PRPF6), involved in maintaining cell
viability (Sillars-Hardebol et al., 2012) (Figure 3).

Chromosome arm 13q also displayed frequent CNA events (frequency >65%). The strongest
correlation of copy number gain and upregulation of gene expression at 13q was observed
for the cullin 4A gene (CUL4A) on 13934 (Figure 3). CUL4A has been identified as an
oncogene in mesothelioma, and breast and skin cancers (Liu et al., 2009; Melchor et al.,
2009; Hung et al., 2011). CULA4A functions as a component of the ubiquitin ligase complex
and has been shown to mediate the degradation of the cyclin-dependent kinase inhibitor,
p27XIPLin a Wnt-dependent mechanism (Miranda-Carboni et al., 2008; Yan et al., 2011).

The biological context and functional networks of the 356 differentially expressed genes
corresponding to genomic regions of CNA gain or loss events were evaluated using
Ingenuity Pathway Analysis (IPA). IPA indicated that this subset of 356 genes was enriched
for genes functionally involved in mechanisms associated with cancer and cell cycle. The
differentially expressed genes located in these regions of recurrent CNAs were enriched for
cellular functions such as, “Cell Cycle” and “Cell Death”. When we examined the potential
for gene interactions in the context of networks, we found that the two top networks were
“DNA replication, Recombination, and Repair; Cell Cycle; Gene Expression” (Table 2, 3rd
column). The GO enrichment analysis complemented the IPA results and indicated an
enrichment of differentially expressed genes in regions of recurrent CNAs having a role in
cellular processes, metabolism, catalytic activities, and binding (Table 2, 3" column).

These data indicate that many of the differentially expressed genes that are located in
genomic regions of recurrent CNAs are enriched for genes that have direct roles in cell cycle
regulation and cancer, and specifically in critical cellular functions, such as proliferation,
metabolism, and cell death. Therefore, these data support the concept that genomic
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aberrations, resulting in gene copy number alterations, lead to the deregulation of normal
gene expression, which may directly contribute to key events in tumorigenesis and cell cycle
regulation in colon cancer.

Differentially Expressed Genes and Recurrent Copy Number Alterations Reported to be
Associated with Adenomas and Carcinomas

To identify potential “driver genes” that may have a role in the early events of
tumorigenesis, we focused on genes located in recurrent CNAs previously reported in
adenomas (gains: 7p, 7q, 8q, 12p, 13q, and 20q and losses: 1p, 16p, 17p, 18q) (Hermsen et
al., 2002; Habermann et al., 2007; Sheffer et al., 2009). Based on our microarray data, there
were a total of 248 genes located in genomic regions commonly altered in adenomas that
were differentially expressed with directional correspondence to the tumor CNAs in our
data. Similar to the original list of 1,573 differentially expressed genes and the 356 genes
located genomic regions with recurrent CNAs, IPA identified “Cancer” and
“Gastrointestinal Disease” as the top two biological functions in the Diseases and Disorders
category, and “Cell Cycle” and “Cell Death” were in the top two molecular and cellular
functions (Table 2, 4™ column) for these 248 genes. GO analysis was also applied to the list
of 248 genes to identify any enrichment of cellular functions or characteristics. The gene list
was enriched for genes involved primarily in cellular processes, growth functions, catalytic
activity, and binding. Taken together, these results suggest that regions of recurrent CNAs
previously observed in early stages of colorectal carcinogenesis contain a subset of
differentially expressed genes with a role in controlling cell cycle and proliferation, as well
as cell death.

We were also interested in genes potentially involved in tumor progression events, so we
used our data to identify differentially-expressed genes located in genomic regions of
recurrent CNAs in our set of colon cancers that are observed in carcinomas, but rarely
observed in adenomas, such as gains at Xp and Xq and losses at 4q, 5q, 8p, 149, and 22q.
CNA s in these genomic regions have also been linked to poor prognosis for colorectal
carcinomas, particularly, 8p (Sheffer et al., 2009; Lagerstedt et al., 2010). Copy number loss
at 8p has also been associated with poor prognosis for prostate (Lu et al., 2006; El Gammal
et al., 2010) and breast cancers (Seute et al., 2001; Armes et al., 2004). Five genes in 8p had
significant correlation (linear correlation P<0.05) between gene dosage and expression
levels: FBXO25, MTUSL, EPHX2, KIF13B, and PPP2CB (Figure 4). Two of the five genes
have already been implicated as potential tumor suppressor genes in colorectal cancer:
PPP2CB (catalytic subunit of the protein phosphatase 2A) (Hornstein et al., 2008;
Westermarck and Hahn, 2008) and MTUSL (microtubule associated tumor suppressor 1)
(Zuern et al., 2009; Bacolod and Barany, 2010) . Therefore, copy number loss at 8p in
colorectal carcinomas may have a direct role in the deregulation of gene expression in these
two potential tumor suppressor genes, possibly affecting tumor progression and prognosis.

This gene set of 108 differentially expressed genes located in these genomic regions of
CNA s primarily associated with colorectal carcinoma were also analyzed in IPA.
Interestingly, “Developmental Disorder” and “Genetic Disorder” were the top two functions
in the diseases and disorders category, not “Cancer” and “Gastrointestinal Disease” as has
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been observed for the other gene lists (Table 2; 4™ column). “Cell Cycle” and “Cell-to-Cell
Signaling and Interaction” were the top two molecular and cellular functions represented in
this gene list. GO analysis of the same 108 differentially expressed genes located in these
genomic regions of CNAs indicated an enrichment of genes involved in cellular processes,
metabolism, and catalytic activity. These results indicate that the genes found in recurrent
CNA s associated with carcinomas and rarely in adenomas have a role in both cellular
proliferation (e.g., CENPI, IRAK1, JUB, LIF, POLA1, SMC1A, TNFRSF10B) and
movement/remodeling (e.g., ANGPT2, BGN, CMAL, FBLN1, MMP14, STC1, TIMP1, TLR3)
and thus, may impact steps in tumor progression to colon cancer.

Discussion

We have conducted a high-resolution genome-wide molecular analysis of MSS, CIMP-
negative colon tumors by integrating genomic alterations and differential gene expression.
First, we identified numerous genes that are differentially expressed in MSS, CIMP-negative
colon tumors and highlighted several genes with the most dramatic fold-change differences
in expression levels for tumor versus adjacent normal tissue. Among these genes, some have
been previously established to play a role in colorectal cancer (eg. CLDN1, KIAA1199,
ETV4, and 1L8) and others have been shown to be differentially expressed in other cancer
types (eg. the CLCA gene family). We also utilized the gene list of 1573 differentially
expressed genes in tumor tissue to create biological pathways and networks to illustrate the
inter-dependence and relatedness of these genes in order to explore the functional
implications of differential gene expression for colon tumors. We observed that many of
these genes are known to play critical roles in cellular functions previously associated with
the mechanisms of cancer (Supplemental Table 1 and Supplemental Figure 1).

MSS, CIMP-negative colorectal tumors are the most prevalent type of colorectal cancer and
are associated with extensive copy number alteration events and aneuploidy. We also
assessed the relationship between recurrent genomic alterations and changes in gene
expression patterns for this molecular subtype of colon cancer. We focused on genes located
in genomic regions of recurrent CNAs because these alterations are more likely to result in
changes to gene expression that impart a selective advantage for tumorigenesis. Overall, we
found a striking directional correspondence between CNA events and the up and down-
regulated expression of genes that were differentially expressed in tumor compared to
normal adjacent tissue.

We focused our analysis on the genomic regions that displayed recurrent CNA events
(alterations in >25% of the tumor samples), namely, gains on 1q, 2q, 3p, 5, 6, 7, 8, 12p, 13q,
17q, 20q, X and X and losses on 1p, 4, 5q, 69, 8p, 14q, 15q, 16p, 17p, 18, 21q, and 22q.
Because we used a high-resolution SNP microarray, we were able to assess allelic imbalance
in addition to CNAs. We found that many of the genomic regions containing recurrent
CNAs were associated with allelic imbalance (Al), or LOH, for genomic regions containing
either gain or loss events. As anticipated, we observed LOH for regions with copy number
loss, but we also observed LOH in many of the regions with recurrent copy number gain,
also known as uniparental polysomy.
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Uniparental disomy, or polysomy, is the result of the loss of one allele and the reduplication
of the remaining allele giving rise to LOH associated with copy number neutral or gain
event. This can also happen when an individual inherits two copies of a particular
chromosome from the same parent (Engel, 1980). Several studies have previously observed
uniparental disomy, or polysomy, in colorectal tumors and cell lines for 8q, 13q, 14, 18 and
20q (Andersen et al., 2007; Melcher et al., 2007; Darbary et al., 2009). In this study, we also
observed uniparental polysomy on 8q, 13q, and 20q, but unlike what was reported
previously (Darbary et al., 2009), we observed LOH and copy number loss for chromosomes
14 and 18, rather than copy humber neutral events, as was reported by Darbary et al.
(Darbary et al., 2009). In addition, we identified other genomic sites of uniparental
polysomy not previously reported at 1q, 29, 3q, 5p, 6, 12, and 17q. These new observations
may have resulted from our use of a higher resolution genome-wide microarray with
=906,600 SNPs (versus the 11,500 SNPs used in earlier studies) and an additional >946,000
copy number probes. In addition, our tumor samples were macrodissected to have >70%
tumor cell content. Although still poorly understood, uniparental di- or polysomy may play a
critical role in tumorigenesis, since these events result in the monoallelic expression of the
remaining allele and can possibly lead to the unmasking of a previously silent somatic
mutation, or depending on the methylation state, may result in the loss of imprinting of the
remaining allele (Melcher et al., 2007; Soh et al., 2009; Tuna et al., 2009; Melcher et al.,
2011).

As anticipated, we observed that the relationship between genomic alterations and gene
expression in tumors is likely to be very complex, particularly when considering the
multiple layers of transcriptional regulation operating in the cell, both genetic and
epigenetic. We found that only 23% of the total number of differentially expressed genes
(356 of 1,573) was located in regions of recurrent CNAs with gene expression directionally
corresponding to gene copy number (down-regulated genes in regions of copy number loss
and up-regulated genes in regions of copy number gain). Of the 356 genes, the majority of
genes (n=260) were up-regulated and associated with copy number gain, in contrast to the
96 genes that were down-regulated and located in regions of copy number loss. Enrichment
analysis using IPA indicated that the primary biological functions of the subset of the 356
genes corresponded to “Cell Cycle” and “Cell Death”. These results highlight the
observation that genomic alteration events likely play a critical role in perturbing the normal
expression patterns of genes involved in cell cycle regulation; although we cannot
unequivocally identify these genes as “drivers” of tumorigenesis, overall, both IPA and GO
enrichment analyses showed that many of the differentially expressed genes corresponding
to genomic regions of copy number alterations had cellular and molecular functions
controlling events involved in cell cycle regulation, proliferation and apoptosis.

The most frequent CNA in our set of 40 tumors was found at the 20q11-13 amplicon,
containing several genes displaying a significant direct correlation with gene dosage and
expression levels. Of particular interest is the disruption to gene expression mediated by the
copy number gain of POFUT1 at 20g11 because this event may directly impact the Notch
signaling pathway. The POFUT1 gene encodes an enzyme that adds O-fucose to Notch
proteins, an essential step for proper Notch protein function. Since Notch signaling plays a
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critical role in stem cells of intestinal crypts, and potentially cancer stem cells (Bolos et al.,
2009), increased Notch signaling mediated by POFUT1 may function as a critical step in
colon tumorigenesis. Furthermore, we observed the overexpression of the NOTCH1 gene in
our colon tumor samples, supporting the observation that Notch signaling has a critical role
in colon cancer and the up-regulation of POFUT1 may facilitate Notch pathway activation
(Supplemental Figure 1).

Activation of the Wnt-signaling pathway has been implicated in the development of multiple
solid tumors, particularly colorectal cancer (Kinzler et al., 1991; Powell et al., 1992; Kinzler
and Vogelstein, 1996;). Initiation of colorectal cancer is believed to occur when the Wnt
signaling is disrupted (Grady and Carethers, 2008; Lin et al., 2008). Thus, we were
interested in determining if genomic regions containing genes of the Wnt-signaling pathway
demonstrated recurrent genomic alterations. We observed two up-regulated genes in this
signaling pathway, WNT2 (7g31) and MYC (8g24) corresponding to copy number gain
events in 50% and 45% of the samples, respectively. It is plausible that the copy number
gain at WNT2 contributes to the early events of up-regulated WNT2 gene expression in
adenomas, the earliest stage for colorectal cancer development. Activation of the Wnt
signaling pathway is associated with the down-regulation or mutation of APC. This leads to
increased levels of B-catenin and TCF/LEF-mediated transcriptional activation, resulting in
increased MYC transcription. In our data, we see both a significant decrease in APC and
increase in TCF/LEF gene expression levels in the tumor samples, consistent with known
critical events of Wnt-signaling pathway activation. Furthermore, we observed copy number
gain at the MYC gene (8924) in the majority of the tumor samples, possibly creating a state
where the activation of the Wnt-signaling cascade can capitalize on the increased gene copy
number of MYC and resulting in transcriptional activation and overexpression of MYC.
Therefore, the strong correspondence between CNAs at WNT2 (7g31) and MYC (8qg24)
likely contribute to the initiation and progression of the chain of events that leads to an
increase in growth and proliferation signaling (Figure 5).

In the recent report from The Cancer Genome Atlas (TCGA) Network investigators, a
comprehensive molecular analysis was conducted to identify somatic mutations in both
colon and rectal tumors using DNA copy number, promoter methylation, mRNA, and
microRNA expression and exome sequencing (The-Cancer-Genome-Atlas-Network, 2012).
The results of our study complement and add to these findings. The TCGA data confirmed
the critical role of the Wnt-signaling pathway in colon and rectal cancer. We also found that
the gene expression profiles of a subset of genes in the Wnt-pathway were disrupted in colon
tumor versus normal tissue. In the TCGA analysis of genes and pathways disrupted in colon
cancer, it was found that pathways involving TP53, MYC, MYB, E2F, and DNA remodeling
and repair were affected. We also observed differential expression of these genes and
potential disruption of these pathway functions in our dataset (Supplemental Tables 1 and
2). In particular, consistent with the results from the TCGA report, our gene list of
differentially expressed genes was highly enriched for genes that are regulated by TP53. The
TCGA study found 59% of the 165 non-hypermutated colorectal cancer cases contained an
inactivating mutation in TP53 (The-Cancer-Genome-Atlas-Network, 2012). Although we do
not have exome sequencing data to detect mutations for our tumor samples, we did observe
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a high frequency of LOH for TP53 on 17p. In addition, the genome-wide copy number
alteration profiles in the non-hypermutated colorectal tumor samples included in the TCGA
study, were very similar to those observed in our samples, e.g. loss of 8p, 14q, 15q, 17p, 18p
and 18q, and gains of 7p, 7q, 8¢, 13q, 20p, and 20qg.

The notable strength of this study is the inclusion of a homogeneous set of molecularly
characterized colon tumors (MSS and CIMP-negative) and their paired adjacent normal
tissue, allowing for the identification of molecular alterations specific to this common
molecular subtype. Detection of loss of LOH can be compromised when there is
heterogeneity in the tumor sample due to normal cell contamination. To ensure that our
tumor samples were minimized for normal cell content, they were reviewed by a pathologist
and all samples included in the study contained a tumor cell content of >70%.

In conclusion, our results confirm and further describe the extensive genomic alteration
events present in colon cancer that correspond with changes in gene expression. We
identified a number of genes located in regions of characteristic recurrent CNAs with
corresponding changes in expression in tumor compared to adjacent normal tissue. Our
results indicate that many of the differentially expressed genes located in genomic regions of
the observed recurrent CNAs have a role in cellular proliferation and metabolism events in
colon cancer. Additional studies focusing on the role of the less well-characterized genes
identified in this study are warranted so as to increase our understanding of the mechanisms
impacting colon carcinogenesis. These results also illustrate the potential of studies
examining the direct relationship between genomic alterations and gene expression, and the
need to expand our data to other molecular subtypes of colorectal cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dot plots of geneswith dramatic fold-change (>5 fold) expression differencesin colon
tumor versus adjacent normal tissue

Dot plots of genes among the top 10 up- and 10 down-regulated genes with the most
dramatic fold-change difference (FC>5) in tumor vs. adjacent normal tissue. Each dot
represents the expression levels of one adjacent normal or tumor tissue sample for the
indicated gene, with median expression levels indicated in the box plot. The fold-change and
p-value are indicated, representing the significant difference in expression levels of the gene
in tumor versus adjacent normal tissue.
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Figure 3. Correlation between gene expression levels and gene copy humber gain
Scatter plots of differentially expressed genes on 20q and 13q located on genomic regions of

recurrent copy number gain. These six genes demonstrated a significant correlation (linear
correlation P<0.05) with copy number gain, indicating that alterations to gene dosage have a

direct effect on expression levels for these subset of genes.
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Figure 4. Correlation between gene expression and gene copy number oss on chromosome arm
8p
Scatter plots of differentially expressed genes on 8p located on genomic regions of recurrent

copy number loss (>50% of tumor samples had copy number loss). These five genes
demonstrated a significant linear correlation (P<0.05) with copy number loss, indicating that
alterations to gene dosage has a direct effect on expression levels for these subset of genes.
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Figure5. Genes differentially expressed in the Wnt/p-catenin pathway in colon tumor tissue
Whnt/B-catenin pathway genes that were significantly differentially expressed in the colon

tumor tissue samples are indicated by red or green shading (red for up-regulated and green
for down-regulated). The fold-change expression levels in tumor versus adjacent normal
tissue are represented by the intensity of shading. Recurrent copy number gain was detected
in genomic regions containing the WNT2 (7g31) and MYC (8g24) genes, corresponding to

increased expression of the WNT2 and MYC gene.
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Adjacent Normal Tissue

Table 2
Functional Classification of Differentially Expressed Genesin Colon Tumor versus
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Differentially Expressed
Genesin Tumor vs. Normal
Colon Tissue (n=1573 genes)

Differentially Expressed
Genes Located in Regions
of Recurrent CNA (n=356
genes)

Differentially Expressed
Genes Located in Regions of
Recurrent CNAsin

Adenomas” (n=248 genes)

Differentially Expressed
Genes Located in Regions
of Recurrent CNAsin
Caricinomas™* (n=108
genes)

Ingenuity Pathway Analysis

disease and disorder

disease and disorder

Cancer

Gastrointestinal Disease

Cancer

Gastrointestinal Disease

Cancer

Gastrointestinal Disease

Developmental Disorder

Genetic Disorder

molecular and cellular
functions

molecular and cellular
functions

Cellular Growth and
Proliferation

Cell Cycle

Cell Cycle

Cell Death

Cell Cycle

Cell Death

Cell Cycle

Cell-to-Cell Signaling and
Interaction

networks

networks

DNA Replication
Recombination, and Repair;
RNA Post-Transcriptional
Modification; Cell Cycle

Cell Cycle; Cellular Assembly
and Organization; DNA
Replication, Recombination,
and Repair

DNA Replication,
Recombination, and Repair;
Cell Cycle; Gene Expression

Molecular Transport; Small
Molecule Biochemistry;
Genetic Disorder

Cell Cycle; Gene Expression;
Amino Acid Metabolism

Cell Cycle; Cancer; DNA
Replication, Recombination,
and Repair

Cell-To-Cell Signaling and
Interaction; Connective
Tissue Dev and Func;
Cardiovasular System
Development and Function

Cell Cycle; DNA
Replication,
Recombination, and
Repair; Reproductive
System Disease

Gene Ontology Enrichment
* kK

Analysis

biological processes

cellular process (ES=41)

cell proliferation (ES=18)
developmental process (ES=11)
metabolic process (ES=9.2)
biological adhesion (ES=8.5)
growth (ES=6.3)

rhythmic process (ES=3.6)

cellular process (ES=29.8)

metabolic process (ES=8.3)
cell proliferation (ES=6.8)

growth (ES=5.3)

rhythmic process (ES=3.5)

cellular process and growth
functions (ES=23.9)

growth (ES=7.4)

cellular proliferation (ES=6.9)
metabololic process (ES=4.26)
rhythmic process (ES=3.1)

cellular process (ES=8.2)

metabolic process (ES=6.8)

molecular functions

catalytic activity (ES=41.6)

binding (ES=22.4)

catalytic activity (ES=19.6)

binding (ES=11.4)
antioxidant activity (ES=4.1)

translation regulator activity
(ES=3.0)

catalytic activity and binding
(ES=11.0)

binding (ES=10.9)

translation regulatory activity
(ES=3.3)

catalytic activity (ES=10.7)

cellular components

extracellular region part
(ES=26)

extracellular region (ES=14)

cell part (ES=4.8)

cell part (ES=6.0)

cell part (ES=11.8)
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*
Genomic regions with frequent copy number alterations associated with adenomas.

*%

Genomic regions with frequent copy number alteraions that were not observed in adenomas, but observed in carcinomas.

*kk

The Enrichment Score (ES) reflects the degree to which the set of differentially expressed genes is enriched for the ontologic term or
phenotype.
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