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Abstract

If properly translated to clinical use, our knowledge about biomarkers may lead to a more 

effective way of combating colorectal cancer (CRC). Biomarkers are biomolecular, genetic, or 

cytogenetic attributes indicative of the disease’s progression, predisposition, prognosis, or 

therapeutic options. For CRC, these include chromosomal instability, mutations in KRAS and 

TP53, loss of 18q, and elevated level of carcinoembryonic antigen (CEA), which are all associated 

with poor prognosis. The prognostic significance of 18q loss can be attributed to reduced 

expression of SMAD4, or DCC, although the chromosomal arm is actually heavily populated by 

genes whose downregulation correlate to worse survival. Potentially, identification of prognostic 

biomarkers can help the oncologist decide whether adjuvant chemotherapy is necessary after 

surgery. Testing for therapeutic biomarkers can be necessary if targeted therapeutics are being 

considered. The identification of highly penetrant predisposition markers (such as mutations in 

APC and MLH1) can be a lifesaver for carrier individuals, who would then have to undergo 

colonoscopy at an earlier age. Even sporadic CRCs may have some hereditary components, 

according to recent studies. Genome-wide association studies (using SNP arrays) showed that 

polymorphisms of certain genes can have subtle influence on CRC predisposition. Our own SNP 

array-based analysis suggested that long stretches of germline homozygosity (autozygosity), 

indicative of consanguinity, may also factor in CRC predisposition.

COLORECTAL CANCER

In 2002, there were about a million new cases of colorectal cancer (CRC) worldwide.1 The 

incidence was highest in the developed world, and the Western-style diet is suspected to be 

the primary contributing factor.2 Genetic predisposition, alcohol consumption, and smoking 

may also increase an individual’s chance of acquiring CRC. Approximately 70% of CRC 

cases lack clear genetic basis and are generally classified as sporadic. Less than 10% are due 

to known inherited, highly penetrant mutations (hereditary), while the rest may be due to 

low penetrant, though not-yet-clearly-defined genetic predisposition (familial). The 2 most 

common hereditary CRCs are familial adenomatous polyposis (FAP) and hereditary 
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nonpolyposis colorectal cancer (HNPCC) caused by mutations in APC and mismatch repair 

(MMR) genes respectively.3

PROBING THE MOLECULAR CHANGES THAT OCCUR DURING CRC 

PROGRESSION

Over the years, the extensive molecular and cytogenetic characterizations of CRC tissues 

and cell lines, along with linkage studies on CRC-afflicted families, have paved the way to 

our deeper understanding of the biology behind CRC progression. Recent data generated 

using modern genomic tools (expression/SNP/CGH arrays, genome-wide sequencing) now 

remind us that CRC biology is even more complex and diverse. Nonetheless, we have solid 

understanding that there are 2 major genomic pathways in CRC progression: CIN 

(chromosomal instability), and MIN (microsatellite instability [MSI]). CIN tumors are often 

characterized by gross chromosomal aberrations, while MIN tumors usually retain the 

normal diploid state, have high mutation rate, and have CpG-island methylator 

phenotype. 4–6 FAP and HNPCC tumors have CIN and MIN phenotypes, respectively. 

Initially described was a model in which sequential accumulation of mutations, 

chromosomal aberrations, and gene expression dysregulation drive the progression of 

spontaneous CIN CRCs.7 It is now widely recognized that in CIN cases, inactivation of APC 

leads to accumulation of β catenin in the nucleus, elevating the transcription of genes 

involved in cell proliferation.8 APC is deactivated primarily by truncating mutations within 

the protein’s mutation cluster region (MCR) and also by copy loss and promoter 

hypermethylation.9 The most common mutations in sporadic CIN (but not MIN) CRCs are 

those of APC, TP53, and the oncogene KRAS.10,11 For sporadic MIN CRCs, the epigenetic 

silencing of MLH1 can result in defective MMR, leading to frequent mutations in genes such 

as TGFBR2, BRAF, and BAX.12–14

A decade ago, CRC investigators started using genome-wide expression profiling techniques 

to look for definitive molecular signatures that define each stage in the tumor’s progression 

or distinguish between MIN and CIN tumors.15,16 Finding a consensus among these studies 

has been difficult because of the discrepancy in technical and analytical approaches, or just 

the natural variability of tumors at the molecular level. In contrast, results from cytogenetic 

analyses using CGH, CGH arrays, as well as our own SNP array analyses have consistently 

pictured CIN CRCs as having frequent gains in chromosomal arms 7, 8, 13, and 20q, and 

losses in 4, 8p, 14q, 17p, and 18.17–20 The higher-resolution SNP and CGH arrays made 

possible the detection of narrower regions of aberrations that can harbor important 

oncogenes (e.g., VEGF in an amplified region in the 6p arm), or tumor-suppressor genes 

(e.g., PTEN in an LOH region in the 10q arm) (see Fig. 1a). Using SNP and expression array 

analyses, we were able to demonstrate that upregulated expression is common among genes 

in the often gained chromosomal arms (e.g., 13q, 20q), while a good percentage of genes 

exhibit downregulated expression in the often lost regions (e.g., 18q, 17p, 8p).19,20 Very 

likely, within these aberrant regions are genes whose upregulation (for oncogene) or 

downregulation (for tumor-suppressor gene) (see Fig. 1a) may be advantageous to the 

proliferating cancer cell. A copy number loss can also completely deactivate a tumor-

suppressor gene (such as APC) that had previously acquired a mutation in one allele.21 
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Owing to its ability to simultaneously read copy number and SNP calls, SNP arrays can 

identify chromosomal regions with loss of heterozygosity (LOH), but with neutral copy 

number.22 How such regions of gene conversion/somatic uniparental disomy (UPD) can 

confer advantage to cancer cell is still unclear. Our hypothesis is that gene conversion is a 

process that can simultaneously increase the tumor-promoting activities of both oncogenes 

and tumor-suppressor genes within that chromosomal region.21

BIOMARKERS FOR COLORECTAL CANCER AND THEIR POTENTIAL 

CLINICAL IMPORTANCE

One of the foremost goals of CRC research is to translate our knowledge about biomarkers 

into diagnostic tools that would aid in the clinical management of the disease. These 

biomarkers may be genetic mutations, SNPs, RNA levels, protein levels, and chromosomal 

features indicative of the extent of the disease’s progression and prognosis, or a person’s 

predisposition to the disease. Moreover, these markers may be known or potential 

therapeutic targets themselves or may influence a drug’s efficacy (e.g., drug resistance 

factors). Not all these biomarkers will find practical use in the clinics. Indeed, the American 

Society of Clinical Oncology (ASCO) in 2006 concluded that there are still insufficient data 

to support the clinical use of most of the CRC biomarkers described in literature.23 The 

difficulty of finding universal biomarkers is probably rooted in the inherent complexity of 

cancer: that almost every individual will have a distinct path to cancer progression, perhaps 

necessitating an individualized therapeutic plan (i.e., personalized medicine).

CRC Prognosis and Therapeutics

After the tumor is removed by the surgeon, the pathologist will examine the tissue specimen 

for pathologic staging. The latest proposal by the American Joint Committee on Cancer 

(AJCC) would classify CRC into either stage 0, I, II (subdivided into IIA, IIB, IIC), III 

(subdivided into IIIA, IIIB, IIIC), or IV.24,25 Stage I tumors (initial tumor invasion) have 

excellent prognosis (>90% 5-year survival rate) and do not need a follow-up chemotherapy. 

In contrast, chemotherapy will be administered to a great majority of stage III tumors 

(evidence of lymph node involvement).26 The MOSAIC clinical trial demonstrated that the 

addition of oxaliplatin to LV5FU2 regimen [bolus plus continuous infusion of 5-fluorouracil 

(5FU) and leucovorin (LV)] can improve the 6-year overall survival (OS) of stage III 

patients to 73% (compared with 69% for those treated with just LV5FU2).27 However, stage 

II patients treated with oxaliplatin plus LV5FU2 (also known as FOLFOX-4) had 6-year OS 

of 87%, which was not significantly different from those in the LV5FU2 group. Treatment 

of metastatic CRCs (stage IV) remains a great challenge (with 5-year survival rate of only 

about 10% at best), but the addition of the anti-EGFR cetuximab or the topoisomerase I 

inhibitor irinotecan to FOLFOX has produced improved outcome.28,29 Although 

histopathology has contributed immensely to clinical management of CRC, it is also clear 

that basing the clinical decision entirely on tumor pathological stage may have its 

drawbacks. There may be scenarios wherein a stage II patient did not receive chemotherapy, 

but could have benefited from it, or a stage III patient whose condition deteriorated because 

of drugs’ toxicity. Therefore, there is a real need to find prognostic markers that can 

complement, or serve as alternatives to, histopathological staging. Among these biomarkers 
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are somatic mutations in TP53 and KRAS, elevated serum level of carcinoembryonic antigen 

(CEA), and tumors having CIN, all of which were found to correlate to poorer CRC 

prognosis.23,26

The possibility that CRC prognosis is determined by a set of gene expression dysregulated 

genes has been explored using genome-wide expression analyses. A number of these studies 

examined tumor samples from stage II or III CRC patients who have undergone surgical 

resection without follow-up chemotherapy. Statistical analyses were employed to identify 

sets of genes whose expression levels are predictive of recurrence risk. What these studies 

advocate is that stage II or III cases can be further stratified based on their expression 

profile-determined recurrence risk, with high recurrence risk patients needing postoperative 

chemotherapy, while those from low recurrence risk group are better off without it. 

Recurrence predictor sets consisting of 30, 218, and 23 genes have been reported from the 

analysis of 50 Stage II, 25 Dukes’ C (equivalent to stage III), and 74 Dukes’ B (equivalent to 

stage II) CRC samples respectively.30–32 These predictor sets, which are markedly different 

from each other (partly explained by the discrepancies in experimental designs and 

analytical approaches employed), clearly need further validations before they can be used in 

clinics. More recently, O’Connell and colleagues reported the analysis of CRC samples from 

four independent studies (1035 had only surgery, and 816 had surgery plus 5FU/LV 

treatment) and found that 48 genes were significantly associated with recurrence risk, and 66 

genes with benefit to 5FU/LV treatment.33 Using the expression levels of 7 (BGN, FAP, 

INHBA, GADD45B, Ki-67, C-MYC, MYBL2) out of the 48 genes, plus 5 reference genes 

(ATP5E, GPX1, PGK1, UBB, VDAC2), a recurrence score (RS) was calculated as a measure 

of the likelihood a stage II (or III) tumor recurring after its surgical removal. This is the 

basis of Oncotype Dx colon cancer diagnostic test, reported to have been validated using 

samples from QUASAR (Quick and Simple and Reliable) clinical trial and is already being 

marketed as an in-house test for Stage II CRC.34,35

There is also solid evidence that microsatellite instability (oftentimes easily distinguishable 

from CIN phenotype) is associated with favorable clinical outcome in CRC.36,37 Among 

stage II/III patients whose tumors were either microsatellite stable (MSS; MIN is negative in 

all 5 microsatellite markers) or MSI-L (i.e., MIN is positive in only 1 of 5 microsatellite 

markers), the benefit from 5FU-based chemotherapy was significant.38,39 However, 

chemotherapy (5FU + LV, or 5FU +levamisole) did not improve the overall survival of 

stage II/III MSI-H (i.e., MIN is positive in at least 2 of 5 microsatellite markers) patients.38 

A more recent report actually indicated that adjuvant 5FU-treatmentmay even reduce the 

survival rate of MSIH cases.39 At any rate, these studies suggest that 5FU’s effectiveness is 

limited to tumors with MMR proficiency. A recent report also indicated that the addition of 

oxaliplatin in the regimen (FOLFOX) can overcome this problem.40,41

At least 17 retrospective studies between 1994 and 2009 have shown that 18q loss is an 

indicator of poor prognosis among CIN CRCs.42–44 However, the American Society of 

Surgical Oncology (ASCO) Tumor Marker Expert Panel is not yet endorsing 18q loss as an 

independent prognostic or predictive (response to 5FU-based chemotherapy) marker in CRC 

because there are only a few studies in support of it (that was back in 2006).23 What is 

probably needed is a clinical trial that would divide stage II/III MSS patients into 18q loss 
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and 18q intact groups, with members of each group being randomly assigned to 

chemotherapy and observational (surgery only) arms. Nevertheless, an ongoing clinical trial 

(E5202) is already trying to address the importance of the 18q arm in CRC chemotherapy.45 

E5202 aims to compare the response of stage II patients considered as high risk (MSS/18q 

loss, or MSI-L/18q loss) to either FOLFOX or FOLFOX/bevacizumab combination.

Considered as an important event in the natural progression of CIN CRCs, 18q loss leads to 

allelic imbalance of the tumor-suppressor gene SMAD4, or DCC (coding for a netrin-1 

receptor), which may help explain the chromosomal arm’s prognostic significance.46,47 Our 

analysis (integrated SNP/expression array) actually indicated that the 18q arm is populated 

by numerous genes whose downregulations (consequence of lost chromosomal arm) 

correlate to worse outcome (see Fig. 1b). These include the gene ATP5A1 (catalytic subunit 

of mitochondrial H+-ATP synthase), whose lower expression has actually been associated 

with 5FU-resistance.48

More recent studies have also shown that 8p loss is a marker for poor CRC prognosis.19,49,50 

Our analysis also shows that the 8p arm (like18q) harbors a number of genes whose lower 

expression levels are indicative of poorer clinical outcome.42 One of these is MTUS1, a very 

likely tumor-suppressor gene coding for a mitotic spindle-associated protein.51–53 Another 

often downregulated gene within 8p is PPP2CB, which codes for the catalytic subunit of 

phosphatase 2A, a proven tumor-suppressor gene.54

Bevacizumab (anti-VEGF), cetuximab (anti-EGFR), and panitumumab (anti-EGFR) are 

now FDA approved for first (in this case bevacizumab) or second line treatments of 

metastatic CRCs. These monoclonal antibodies can be used alone (in the case of cetuximab 

and panitumumab) or as components of regimens which include non-targeted therapeutics 

(e.g., FOLFOX, irinotecan-based FOLFIRI).55 For cost effectiveness, it is very important to 

identify the characteristics of CRCs that are most (or least) responsive to these targeted 

therapeutics. Retrospective studies suggest that the effectiveness of anti-EGFR therapeutics 

is diminished if certain genes downstream of EGFR signaling pathway are altered in 

metastatic CRCs.56 One of these genes is KRAS, which when mutated can ensure that the 

MAPK proliferation pathway is still active even after EGFR inhibition. The ASCO 

Provisional Clinical Opinion states that CRC patients whose metastatic tumors have mutated 

KRAS (at codons 12 or 13) should not receive anti-EGFR therapy.57 A recent analysis of 

tumor samples from 172 cetuximab-treated metastatic CRC patients found that the presence 

of V600E BRAF mutation, or loss in expression of PTEN is associated with shorter overall 

survival.58

Many ongoing CRC clinical trials involve targeted therapeutics (including those meant to 

inhibit RAS, mTOR, VEGFR).59 It is therefore expected that in the very near future, 

screening for certain molecular biomarkers will be necessary prior to the administration of 

these therapeutics.

CRC Genetic Predisposition

Having a number of immediate family members afflicted with CRC (especially at relatively 

young age) should be a serious concern. Through genetic tests, members of the family will 
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know if they are indeed carriers of the genetic predisposition and will then recognize how 

they may pass this down to their children. More important is the understanding that certain 

genetic predispositions necessitate a different type of clinical management (such as 

colonoscopic surveillance that is earlier than usual and more frequent). The 2 most common 

hereditary CRCs are due to FAP/Attenuated FAP (mutations in APC) and HNPCC (mostly 

mutations in MLH1 and MSH2, but also MSH6 and PMS2).3 Less common are the 

Hamartomatous Polyposis Syndromes: Peutz-Jeghers (mutations in STK11), Juvenile 

Polyposis (SMAD4, BMPR1A), Cowden (PTEN), and Bannayan-Riley-Ruvalcaba (PTEN). 

These aforementioned hereditary CRCs stem from autosomal dominant mutations (with 

varying penetrance). In contrast, MUTYH-associated polyposis (MAP) originates from a 

recessively inherited MUTYH mutation. Results from recent genome-wide association 

studies suggest that polymorphisms at the regulatory or structural regions of certain genes 

can have subtle effects (odds ratio [OR] = 1.1–1.26) on CRC predisposition.60 These genes 

include MYC, SMAD7, and CDH1. Investigations on whether copy number variations 

(CNV) can add to CRC risk are currently being pursued.61 Using SNP array data as well, we 

reported that the presence of long stretches of homozygosity in the germline genome of an 

individual may also add to CRC predisposition.62 These genomic regions can reflect the 

degree of consanguinity in someone’s ancestry and may also be referred to as autozygous. 

Consanguinity as risk factor in cancer is well documented in literature.21 A simple 

explanation (though it can be far more complex) is that autozygosity increases the chance of 

cancer predisposition since within these segments are genes with double doses of low-

penetrant cancer-predisposition SNP, CNV, highly penetrant recessive mutation, or loss of 

imprinting (Fig. 1c).

USE OF BIOMARKERS TOWARD MORE EFFECTIVE MANAGEMENT OF 

COLORECTAL CANCER

Personalized cancer medicine entails that a patient’s treatment regimen be designed based 

on the tumor’s molecular signatures. Discussed previously is how retrospective studies were 

able to demonstrate that certain biomarkers (e.g., 18q loss, MSS) are indicative of poorer 

prognosis for stage II/III CRCs in the absence of chemotherapy. However, prospective 

validations may still be needed to convince oncologists that testing for these biomarkers is 

necessary before designing the most appropriate clinical management plan. For example, 

18q’s prognostic value can be tested by dividing stage II/III patients into 18q-intact and 18q-

loss groups, with each group being subdivided into “surgery + chemotherapy (i.e., 

FOLFOX)” and “surgery only” arms. Aside from validating the inherent prognostic value of 

a biomarker, a prospective study of this design can also examine whether the biomarker is 

predictive of the tumor’s response to FOLFOX (e.g., whether “18q-loss” group’s response to 

FOLFOX therapy differs from those of “18q-intact” group).

As more anti-CRC drugs undergo clinical trials, accompanying prognostic and predictive 

biomarker analyses for these therapeutics are now being recognized as necessary. For 

instance, if an anticancer regimen is being tested on stage II CRC patients, the state of 

certain prognostic biomarkers (e.g., 18q, 8p, MSS/MSI, Oncotype Dx’s 12-gene signature) 

should be examined and correlated with survival data. The expression levels or mutational 
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status of genes likely to influence the drug’s activity (from preclinical studies) should also 

be examined. Also, the use of genome-wide expression profiling, chromosomal profiling, as 

well as high throughput mutational scanning may lead to discoveries of certain biomarkers 

associated with poor or good response to the drug(s) being tested.

The extensive use of prognostic/predictive marker tests in clinical trials may eventually lead 

to approval of more drugs targeting only asmall percentage of CRC patients (even if they are 

just outliers). Comprehensive biomarker test will soon be routinely applied after 

clinicopathological analysis of CRC tissues taken from surgical resection, with results 

determining the type of treatment the patient will be subjected to. Certainly, there are still 

plenty of challenges ahead. Aside from the need for prospective validations of these 

prognostic biomarkers, the tests have to be simplified and standard set for routine clinical 

use. Ultimately, a highly cost-effective CRC treatment is what we hope these accompanying 

prognostic and predictive biomarker tests will result in.
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FIG. 1. 
a SNP array analysis (Affymetrix 50 K Xba) reveals a highly amplified region in the 6p arm 

(which includes VEGF locus) and a deleted region in the 10q arm (which includes PTEN 

locus) of primary colon cancer (PCC) samples 02189A and C0114A, respectively. Genome-

wide expression analysis (Affymetrix U133A) indicates that 02189A had a very highly 

upregulated expression of VEGF (as detected by all 4 probe sets), and C0114A had highly 

downregulated PTEN (3 probe sets), compared with their matching normal mucosa samples 

(02189H, C0114H), the rest of PCC samples (n = 182), liver metastasis samples (n = 39), 

and lung metastasis samples (n = 19). Gene expression level is calculated as: zt = (It − Īn)/σn; 

where It is the normalized, log transformed intensity value (I) of each probe set for the tumor 

sample, while Īn and σn are the average and standard deviation (respectively) of the I values 

for 53 normal mucosa samples. b The loss of 18q occurs often in CRC and has been linked 

to poorer prognosis. Genes within the 18q arm are arbitrarily divided into 2 groups. Group A 

genes (n = 23) are those with significant expression downregulation, i.e., zt ≤ −3 in at least 

10% of PCC samples run in both SNP and expression arrays (n = 71), while the rest of the 

genes (n = 74) outside this category are classified into group B. CRC patients with 

expression data for PCC samples are divided into low expression group (L, green) and high 

expression group (H, red) for every 18q gene, prior to Kaplan–Meir (KM) analysis. 

Noticeable is the distinct H/L clustering pattern in the overlaid KM plots of Group A (but 
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not in Group B) genes, suggesting that lower expression level of a number of genes 

(attributed to 18q loss) also correlates to poorer prognosis. The ΔF values (FH – FL; where 

FH and FL are the 5-year survival rates for H and L patient groups, respectively) are 

significantly higher in A gene group compared to B gene group (t test, P<0.001). c Possible 

explanations on why autozygosity contributes to cancer predisposition
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