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Introduction

Colorectal cancer (CRC) has a high worldwide incidence and mortality. It is the second
most commonly diagnosed cancer in females and third most commonly diagnosed cancer in
males. Over 1.2 million incident cases and 608,700 deaths were recorded globally in 2008".
Recent census data have shown that incidence and mortality of CRC are decreasing in the United
States. This is particularly due to CRC screening and detection of pre-neoplastic lesions™’. The
current knowledge about the risk factors of cancer is good to prevent at least 50% of cancer”. The
modifiable risk factors for CRC have been well studied in epidemiological, preclinical and
clinical studies and include physical inactivity, smoking, red and processed meat consumption,
obesity, and excessive alcohol consumption™. The improvement in our understanding of the
molecular mechanisms causing cancer makes it possible to use genetic testing to predict one’s
risk of cancer and implement strategies to overcome that risk. Genetic testing has already proven
useful to identify such high-risk populations for hereditary cancers and is used routinely in clinic.
It will save many lives if we are able to identify high-risk populations for non-hereditary cancers

and target interventions to lower their risk.

We know that cancer cells undergo decades of genetic change acquiring multiple driver
mutations (mutations that provide selective growth advantage)’. This long “incubation period”
before the full-blown (and often hard to treat) cancer gives an excellent opportunity to identify
people with high-risk mutations and intervene at the premalignant stage. Colorectal cancer serves
as the perfect model of stepwise progression from normal epithelial cell growing into a
premalignant adenoma and finally carcinoma acquiring mutations at each step (discussed in detail

later in this review)’. Therefore, we will use the example of sporadic colorectal cancer in this



review to describe, i) molecular mechanisms driving colorectal cancer, ii) knowledge gained from
genome wide association studies, iii) current landscape of colorectal cancer prevention, iv)
application of genetic knowledge for cancer prevention, v) challenges in cancer prevention, and

vi) conclusions.

I) Molecular Mechanisms Driving Sporadic Colorectal Cancer

The development of colorectal cancer is the result of loss of genomic stability. The
mechanisms described to explain this loss of stability include chromosomal instability,
microsatellite instability (MSI), and CpG island methylator phenotype (CIMP)®. About 80-85%
of sporadic colorectal cancers are due to chromosomal instability resulting in either the loss of a
wild-type copy of a tumor suppressor gene or a mutation in a gatekeeper gene (causing
inactivation of the same), or another gene that regulates cell proliferation or cell survival.
Microsatellite instability is the second most common form of genomic instabilityg. Although MSI
is commonly known to cause Lynch syndrome (a hereditary form of colorectal cancer), it can also
account for 15% cases of sporadic CRC®. The MSI arises through the inactivation of four
mismatch repair genes (MLHI, MSH2, PMS2, and MSHG6). The mismatch repair machinery works
during DNA replication and recombination to sense, excise, and replace the mismatched bases”'”.
Besides the inactivation, methylation of the MLHI gene alone can also lead to MSI and account
for 15% of sporadic CRC cases'"'*. Lastly, CIMP is a mechanism that leads to epigenetic
silencing by aberrant DNA methylation of gene promoter region. The CIMP is responsible for
about 15% of colon tumorigenesis, however it should be noted that CIMP and MSI pathways
overlap. For instance, lack of MLH function can result from its loss (MSI) or methylation of the
MLH]I promoter (CIMP) leading to the same phenotypeg.

Research over the last three decades has characterized the molecular details of the genetic
alterations seen driving colorectal cancer initiation and progression from normal epithelium to

cancer (Figure 1). This process requires at the minimum two to eight driver mutations in specific



genes leading to the formation of a malignant tumor’. The key pathway identified as the primary
driver for CRC development is Wnt signaling. The activation of Wnt signaling marks the
initiating event of colorectal cancer development®. The most common defect leading to activation
of Wnt signaling is inactivation of APC gene. APC gene is the gatekeeper of Wnt signaling
through regulation of f—catenin stability. About 85% of all sporadic cases have this defect®"”.
Interestingly, inactivating germline mutations of APC gene can also lead to a hereditary form of
colorectal cancer, familial adenomatous polyposis (FAP). CRC arising due to germline or
sporadic mutations of APC has different ages of onset. Germline 4PC gene mutation usually

causes tumor onset before the age of 40 years whereas sporadic APC gene mutation leads to

tumor over the age of 49 years'.
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Figure 1: Shown above are genetic alterations at different stages of colorectal cancer
progression®,



The key pathways dysregulated in the transition from adenoma to carcinoma are
primarily due to successive somatic mutations in p53, TGFf, and the mitogen-activated protein
kinase (MAPK) signaling pathways (Figure 1). The 7P53 gene is primarily inactivated in 35-55%
of colorectal tumors by the loss of both alleles resulting from a combination of chromosomal
deletion of 17p and missense mutation. The p53 regulates cell cycle arrest and cell death under
cellular stress. The loss of p53 gives the cell a growth advantage by loss of both control of cell
survival and genomic stability®. The TGFB pathway plays an important role by controlling
apoptosis and growth arrest and is inactivated in about 50% of all colorectal tumors. Mutations in
either TGFBR?2 or one of the downstream signaling molecules — SMAD4, SMAD2, or SMAD3 can
result in the inactivation of this pathway. MSI is associated with mutations in TGFBR2".
Activation of the classical MAPK signaling pathway is also seen in about 50% of colorectal
cancer®. The MAPK pathway regulates cell growth, cell differentiation, and apoptosis, thereby
controlling tumor progression process'’. Activating mutations in KRAS gene accounts for

inactivation of MAPK pathway in 30-40% of all colorectal cancers™'®

. Additionally, activating
mutations in BRAF (8-12%) and PIK3CA (33%) are also known to inactivate MAPK pathwayg.
Therefore, mutations affecting p53, TGFp, and the mitogen-activated protein kinase (MAPK)
signaling pathways either directly or indirectly leads to the development and progression of

colorectal cancer mainly by the loss of control of cell survival, growth, apoptosis and

differentiation.

II) Genome Wide Association Studies

There were no common genetic variants known for colorectal cancer before 2007. The
advances in cost effective, high throughput genotyping technologies and HapMap project
(international, freely available, haplotype map of human genome) facilitated the GWAS studies.
This lead to undertaking of genotyping tens of thousands of CRC patients resulting in reporting of

many large GWAS studies in 2007-2008. Three most significant GWAS studies carried out of
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England"’, Scotlan. , and Canada'® have identified six associations which were recently
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reported in a series of publications

. However, the single nucleotide polymorphisms (SNP)
associations found in these studies had modest effect (odds ratio ~ 1.2) in terms of risk of
colorectal cancer. International collaborative efforts are required to conduct very large studies
(>15,000 samples per locus identified) to test these associations with sufficient power to detect
their true effect. Nonetheless, a meta-analysis of these GWA studies analyzing for 550,000 SNPs
in 1,632 cases and 1,977 controls found four additional SNPs again with modest effect size®. All
together, these ten loci (Table 1) can explain full-sibling relative risk of about 6% which
corresponds to a phenotypic variance ~0.04 and ~1.26% on the liability and observed scale

respectively™.

Table 1: SNP loci identified in GWAS studies to be associated with increased risk of
colorectal cancer®.

Gene Chr. SNP Study Sample size Effect size Allele PAR
(or locus) Population | (cases/controls) OR Frequency | (%)
GWAS Total (95% CI)

POUSFIPI, 8 1s6983267 England 940/965 | 8,264/ 1.21 0.51 9.7

DQ515897, 6,206 (1.15-1.27)

MYC

POUSFIPI, rs10505477 Canada 1,226/ 7,480/ 1.17 0.50 7.8

DQ515897, 1,239 7,779 (1.12 -1.23)

MYC

POUSFIPI, rs7014346 Scotland 1,012/ 14,500/ | 1.19 0.37 6.6

DQ515897, 1,012 13,294 (1.14 -1.24)

MYC

SCGS, 15 rs4779584 England 718/960 | 7,922/ 1.26 0.18 4.5

GREM1I, FMNI1 6,741 (1.19-1.34)

SMAD7 18 rs4939827 England 940/965 | 8,413/ 1.18 0.52 8.6

(intron 3) 6,949 (1.12-1.23)

SMAD7 rs4939827 Scotland 1,012/ 14,500/ | 1.20 0.51 9.2

(intron 3) 1,012 13,294 (1.16 —1.24)

LOCI120376, 11 rs3802842 Scotland 1,012/ 14,500/ | 1.12 0.29 34

FLJ45803, 1,012 13,294 (1.07-1.17)

cllorf53,

POU24F1

c8orf53, EIF3H | 8 rs16892766 England 940/965 | 18,831/ | 1.25 0.07 1.7

18,540 (1.19-1.32)
FLJ3802842 10 rs10795668 England 940/965 | 18,831/ | 1.12 0.67 7.4
18,540 (1.10-1.16)

BMP4 14 rs4444235 United 1,952/ 20,288/ | 1.11 0.46 4.8
Kingdom 1,977 20,971 (1.08 —1.15)

CDHI 16 rs9929218 United 1,952/ 20,288/ | 1.10 0.71 6.6
Kingdom 1,977 20,971 (1.06 —1.12)

RHPN2 19 rs10411210 United 1,952/ 20,288/ | 1.15 0.90 11.9
Kingdom 1,977 20,971 (1.10- 1.20)

BMP2 20 1s961253 United 1,952/ 20,288/ | 1.12 0.35 4.0
Kingdom 1,977 20,971 (1.08 -1.16)




The single nucleotide polymorphisms (SNP) identified in these GWAS studies did not
establish any causal association and found a modest risk increased risk of CRC. However, they do
add to the understanding of cancer biology and opens new venue of gene loci and protein that can
be targeted for therapy in future. Importantly, five of the ten SNPs identified are linked to the
TGFp pathway of signaling explained above™. This suggests for the first time that perturbations
of TGFP signaling pathway may increase the colorectal cancer susceptibility. Further
collaborative efforts are needed to overcome the limitations of current GWAS studies and to

identify new loci with even smaller effects.

III) Current Landscape of Colorectal Cancer Prevention

Much of the preventive efforts in the past two decades have focused on targeting the modifiable
risk factors, for example dietary interventions (low fat diet, high vitamin D diet, folate
supplementation, etc.). However the evidence in support of such interventions is limited*. The
prospective prevention trials are hard to conduct due to long follow up period and need for
multicenter support. At present the preventive interventions that have shown to be of benefit and
are in routine clinical use for colorectal cancer prevention include aspirin therapy and
sigmoidoscopy/colonoscopy”. Aspirin use reduces the incidence and mortality of colorectal
cancer by 20-40% however the benefit becomes apparent only after at least 3-5 years of use***.
Sigmoidoscopy and colonoscopy has also shown to reduce the incidence of colorectal cancer in
epidemiological®® and a recent randomized controlled trial. A single screening flexible
sigmoidoscopy between the age of 55 and 64 years was associated with 33% reduction in
incidence and 43% reduction in mortality of colorectal cancer in this study”. At present, there are
no clinically used tests to prevent colorectal cancer despite clear evidence of years of identifiable
genetic changes before the development of cancer. Genetic tests are emerging for secondary

prevention by assessing the risk of recurrence as well as for personalized therapy of

chemoprevention drugs as discussed in the next section.



IV) Applications of Genetic Knowledge for Cancer Prevention

As described above we don’t have many therapeutic options for colorectal prevention. In
fact, besides screening modalities as described above, aspirin is the only proven therapeutic
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agents available for prevention of colorectal cancer™"

. Furthermore, there are no genetic tests
that are available currently to predict risk of sporadic colorectal cancer. In this section, we will
discuss role of genetic testing first by describing the two most common gene expression signature

tests available for predicting the prognosis of CRC and then give an example of how genetic

testing might be very useful for prescribing aspirin for chemoprevention.

i) Oncotype DX: The Oncotype DX Colon Cancer Assay (Genomic Health, Redwood City, CA)
a tool for predicting the recurrence risk of CRC based on a 12-gene assay in patients with II
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disease™

. There is no clear consensus for chemotherapy treatment for patients with stage 11
CRC. In fact, the Current National Comprehensive Cancer Network (NCCN) guidelines
recommend chemotherapy only for high-risk stage II patients, where risk is determined by
clinical presentation and pathologic parameters (MSI status). Therefore, additional tools which
can help decide quantify the risk of a patient can be very helpful. The Oncotype DX Colon
Cancer Assay is a reverse transcriptase-polymerase chain reaction (RT-PCR) assay in which
standardized multigene expression analysis is done on formalin-fixed paraffin-embedded (FFPE)
primary colon tumor tissue”. The recurrence score is calculated using the expression of seven
genes normalized against five reference genes in a set of twelve total genes.

The continuous recurrence score predicted by Oncotype DX is significantly associated (P
= 0.004) with recurrence risk and was validated in a retrospective analysis of phase I,
randomized controlled QUASAR trial*’. The association remained significant (P =0.008) in a

multivariate model besides tumor stage and MSI. The recurrence risk was estimated at 10%

versus 25% for low and high recurrence score respectively” .



ii) ColoPrint: The ColoPrint Assay (Genomic Health) is another available gene expression assay
that predicts the risk of recurrence of stage II colorectal cancer’'. Quantitative expression of 18
genes on FFPE tissue is used in this assay to estimate the risk of recurrence. The 5-year distant
metastasis free survival was estimated at 80% and 95% for low-risk and high-risk patients
respectively’'. The assay was shown to predict development of distant metastasis based on the
recurrence risk score with a hazard ratio (HR) of 4.3 (95% CI, 1.36-13.56; P = 0.007). In a more
recent validation study of this signature the authors reported 60% of patients as low risk and 40%
as high risk®>. Multivariate model identified recurrence score as reported by ColoPrint to be the
most significant predictor of five year relapse-free survival®.

Although encouraging, it must be acknowledged that these tests need prospective

validation and are not in routine clinical use at present.

iii) Role of PI3K mutation in Aspirin: Aspirin use has been shown to improve colorectal cancer
survival’"*®, Cyclooxygenase-2 (COX-2) is a rate-limiting enzyme that catalyzes prostaglandin
synthesis and is blocked by aspirin®***, COX-2 overexpression in CRC tumors (as detected by
IHC) correlates with survival improvement if aspirin is used after chemotherapy treatment”’.
Therefore, an important potential target for aspirin in CRC is COX-2. Mutations in PIK3CA are
present in approximately 15 to 20% of sporadic CRC and enhance prostaglandin synthesis,
resulting in inhibition of apoptosis in colon-cancer cells*. Aspirin by inhibiting this PI3K
pathway through downstream COX-2 may suppress cancer-cell growth and induce apoptosis.
Liao et al. conducted a recent retrospective analysis to see if there is a differential response to
aspirin therapy based on the PIK3CA mutation status in CRC**. They found a higher CRC-
specific survival among patients with mutated-PIK3CA tumors as compared to wild type-
PIK3CA tumors with regular use of aspirin after diagnosis (multivariate HR 0.18; 95% CI, 0.06

to 0.61; P<0.001 by log-rank)**.



V) Challenges in Cancer Prevention

There have been many challenges in application of genetic testing for chemoprevention.
Except for detection of hereditary cancer syndromes such testing is currently only done for
research purposes. This is due to many different reasons. First, the most common obstacle is lack
of prospectively validated gene expression signatures that can be used for primary as well as
secondary prevention. Ongoing interdisciplinary research is required to develop genetic tests that
can predict the risk of cancer development for an individual. Second, such are cost prohibitive for
routine use. Although, there has significant decrease in the cost of gene sequencing (please see
my final paper for BMI231), the total cost including the analysis is still quite high. Third, there
are ethical and legal issues pertaining to routine genetic testing as it might lead to insurance and
job discrimination based on results of such testing. Although US legal system passed a legislation
(Genetic Information Nondiscrimination Act) to protect against health insurance discrimination
based on the results of genetic testing, this law does not protect against life and disability
insurance discrimination®. Issues like this need to addressed before wide spread implementation
of genetic testing. Fourth, lack of infrastructure to do in house testing of these tests. At present
only a few large academic centers and research institutes have the capability to conduct genetic
tests. Fifth, the practicing physicians are not accustomed to interpreting these results and before
these tests can be routinely used knowledge gaps need to be addressed universally in the medical
community. Lastly, there needs to be a standardized way of reporting and analyzing these tests
and Food and Drug Administration or another such organization will have to take the

responsibility to examine the evidence in support of clinical use.

VI) Conclusions
The treatment of cancer has significantly improved in the last century however it is still
difficult to treat metastatic cancer and cancer control rather than cure is the only possibility.

Resources focused on early identification of cancer or premalignant lesion will be immensely



useful in preventing the morbidity and mortality of cancer. With the increasing understanding of
molecular pathogenesis of cancer and faster comprehensive mutational analysis techniques,
genetic testing holds tremendous potential for cancer prevention. Currently the United States has
13 million cancer survivors™ who are at a very high risk of developing a second cancer and can
benefit from secondary prevention strategies. There is promise in new screening tools for both
primary and secondary prevention using genetic testing. However, there are many challenges in
front of us before genetic testing for prevention purposes can be routinely used that need to be
overcome with interdisciplinary and inter-institutional collaboration and public health education

efforts.
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