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Abstract
The past 5 years have witnessed extraordinary advances in the field of DNA sequencing
technology. What once took years to accomplish with Sanger sequencing can now be
accomplished in a matter of days with next-generation sequencing (NGS) technology. This has
allowed researchers to sequence individual genomes and match combinations of mutations with
specific diseases. As cancer is inherently a disease of the genome, it is not surprising to see NGS
technology already being applied to cancer research with promises of greater understanding of
carcinogenesis. While the task of deciphering the cancer genomic code remains ongoing, we are
already beginning to see the application of genetic-based testing in the area of colorectal cancer. In
this article we will provide an overview of current colorectal cancer genetic-based biomarkers,
namely mutations and other genetic alterations in cancer genome DNA, discuss recent advances in
NGS technology and speculate on future directions for the application of NGS technology to
colorectal cancer diagnosis and treatment.
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Colorectal cancer is the third leading cause of cancer mortality worldwide with an estimated
639,000 deaths per year [101]. In the USA, it is the third most common cause of cancer
deaths for both men and women with an estimated 140,000 new cases diagnosed and 50,000
deaths in 2010 [102]. Prognosis for patients with colorectal cancer is directly related to the
timing of diagnosis. When detected early, it is often cured with surgery alone. For more
advanced or metastatic disease, chemotherapy is added to surgical treatment [1,2]. Given the
global burden of disease from colorectal cancer, there is a great need for more accurate
diagnostic tests and better-targeted treatments for patients.
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Much of our understanding of the fundamental genetic and molecular biological processes
driving colorectal cancer pathogenesis has come from studies of somatic mutations in
sporadic, noninherited colorectal cancers and germline mutations in familial and inherited
colorectal cancers. The current genetic-based paradigm of colorectal tumorigenesis as
described by Vogelstein et al. is partially based on molecular analysis of sporadic primary
colorectal cancer in which compounding genetic mutations lead to the transformation of a
benign polyp into invasive colorectal cancer [3]. Studies of germline mutations found in
inherited forms of colorectal cancer, such as familial adenomatous polyposis and hereditary
nonpolyposis colorectal cancer (HNPCC), also helped to shed light on additional genes
involved in malignant transformation. One by one, tumor suppressor genes, DNA mismatch
repair genes and proto-oncogenes have been identified and their roles elucidated in the
progression from normal colonic epithelium to carcinoma.

With the advent of next-generation sequencing (NGS) technology and its associated massive
output in DNA sequence, the newfound ability to resequence individual cancer genomes
opens a new chapter in biomedical cancer research with the potential for future tailoring of
medical care. In this article, we will first discuss the current methods for prognosticating and
predicting response to chemotherapy in colorectal cancer with a focus on current genetic-
based biomarkers. We will then examine the advances in NGS technology and discuss their
application to future colorectal cancer research and clinical practice.

Clinical management of colorectal cancer & the need for improved
diagnostics

Current clinical methods for prognostication in colorectal cancer are based on the American
Joint Committee on Cancer (AJCC) tumor, node and metastases (TNM) staging
classification. Stage is determined by a combination of TNM characteristics. T represents
the tumor depth of invasion through the colonic wall; N represents metastases to regional
lymph nodes; and M represents the presence of distant metastases. The TNM stage was
designed such that increasing stages would theoretically correlate with worse prognoses: the
larger the size of the tumor, the more likely it is to have regional metastases to the lymph
nodes; the more regional lymph nodes involved with the disease, the more likely the cancer
is to metastasize to distant organs. Large tumors would be expected to have a worse
prognosis than small, locally contained tumors. In addition, cancers with distant metastases
to the lung or liver would be considered far worse in terms of prognosis.

In reality, the relationship between TNM stage and prognosis is much more complex. For
example, stage II cancers are a heterogeneous group containing various sized tumors without
regional metastases. It is the presence of these regional metastases (i.e., lymph node
involvement) that distinguish stage II from stage III colon cancer. However, the relative 5-
year survival rates for stage IIB and IIC cancers are worse than those for some subsets of
stage IIIA and IIIB cancers [4]. Surgical resection is the primary step for treatment in stages
I—III with chemotherapy recommended for more aggressive tumors, including all stage III
tumors and some stage II tumors. However, reliable identification of the aggressive stage II
tumors has been elusive due to the aforementioned heterogeneity of this group. While there
are certain clinicopathologic characteristics that coincide with more aggressive cancers (e.g.,
lymphovascular invasion or high grade on histology or intestinal perforation at clinical
presentation), these characteristics are neither sensitive nor specific and are somewhat
subjective. Thus, the dilemma for the clinician and the patient with stage II colorectal cancer
is treatment choice. Should patients with stage II colorectal cancer undergo chemotherapy
with the associated side effects and cost in exchange for a potential increase in survival?
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The reality is that the majority (~75%) of stage II colon cancer is cured by surgery alone [5].
Moreover, only a small proportion of the remaining 25% actually derive any benefit from
adjuvant chemotherapy. According to the Quick and Simple and Reliable (QUASAR)
clinical trial in which stage II colorectal cancer patients were randomized to receive
fluorouracil (5-FU)-based therapy or observation, patients who received 5-FU-based therapy
demonstrated an 18% risk reduction for death and 22% risk reduction for recurrence
(relative risk for death = 0.82, p = 0.008; relative risk for recurrence = 0.78, p = 0.001) [6].
Based on the study numbers, 36 patients would need to be treated with chemotherapy in
order for one person to benefit from that therapy. In other words, 35 patients would not
benefit from the therapy or worse yet, might suffer adverse effects.

Identifying the one patient in 36 who would benefit from chemotherapy provides a major
motivation to find clinically relevant biomarkers for colorectal cancer. In this instance,
clinically relevant biomarkers can be broken down into two distinct groups – predictive
biomarkers and prognostic biomarkers. Predictive markers refer to those markers that
provide information about the likelihood of a positive response to a treatment. The HER-2/
neu overexpression is an example of such a predictive biomarker in that it predicts the
response to trastuzumab (Herceptin®, Genentech, San Francisco, CA, USA) in breast cancer
[7]. On the other hand, prognostic biomarkers help to identify patients at risk of aggressive
disease while they are in an earlier stage. Specifically, prognostic markers refer to those
markers that provide information about the natural course of the disease independent of
treatment effects.

Like all clinical tests, the utility of genetic biomarkers depends on the sensitivity and
specificity of the test. The higher the sensitivity or specificity of a given test, the lower the
chance of a false-negative or false-positive test result, respectively. For example, the use of
MRI for general population screening of breast cancer is not recommended despite its
extremely high sensitivity. This is because MRI’s specificity for detecting breast cancer is
low compared with mammography, measuring approximately 90%. This leads to a high
false-positive rate and increases the number of biopsies needed to rule out breast cancer. By
contrast, the HIV test (which is actually a series of tests including the antibody-detecting
ELISA test and confirmatory western blot) has both high sensitivity and high specificity,
virtually eliminating the false-positive and false-negative results.

Clinically relevant biomarkers come in various forms and can be measured in a variety of
ways – from mutations in the actual coding DNA found by PCR amplification to
dysfunctional proteins found by specific activity assays. There are advantages and
disadvantages to all methods of detection. Ultimately, the adoption of any one particular test
into clinical practice will depend on the sensitivity and specificity of the test, as well as cost
and inconvenience to the patients.

Current colorectal cancer genetic biomarkers
Despite significant progress in colon cancer research, the translation of genetic discoveries
into diagnostic tests for colon cancer patients has been difficult. As an example, one only
has to refer to the recent 2006 guideline recommendations for gastrointestinal malignancies
from the American Society of Clinical Oncology (ASCO) [8]. Among the hundreds of
cancer gene mutations implicated in colorectal cancer development and phenotype, only one
has had adequate validation to warrant clinical use in diagnosis, staging, surveillance or
treatment [8]. In this section, we will review those genetic biomarkers – somatic and
germline – currently under investigated for colorectal cancer.
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Microsatellite instability
Within the human genome, the mismatch repair (MMR) genes comprise one component of a
complex proofreading system dedicated to ensuring the replicative fidelity of the genome by
preventing the accumulation of DNA mutations. Some MMR genes that have been identified
thus far include MLH1, MSH2, MSH3, PMS1, PMS2 and MSH6. Loss of function or
expression in these genes leads to a higher than normal frequency of frameshift mutations
and base-pair substitutions in regions of short tandem repeated nucleotide sequences. These
regions, also known as microsatellites, are found ubiquitously throughout the genome [9].
Mutations in the MMR genes were first identified by studying colon cancer in HNPCC
families. Affected members of this cancer syndrome exhibited germline mutations in MMR
genes. However, scientists soon found that MMR gene mutations are not exclusive to
HNPCC families. Sporadic colon cancers also display somatic mutations in the MMR genes.

In 1997, a National Cancer Institute consortium was convened to resolve the heterogeneity
in the scientific literature around the diagnosis of microsatellite instability (MSI). As a
result, the Bethesda Criteria emerged and established guidelines for testing and diagnosing
MSI. Per the criteria, a diagnosis of MSI involves the examination of a reference panel of
five micro-satellite loci – D5S346, D2S123, D17S250, BAT25 and BAT26. Prior studies
had shown these five microsatellite loci to be highly sensitive and specific for MMR gene
perturbation. The detection of MSI in two or more of the above loci is considered high
instability (MSI-H). Microsatellite-stable tumors show no evidence of instability in any of
the five loci. Low-MSI (MSI-L) tumors exhibit changes in only one of the loci [10]. In
current clinical practice, PCR amplification with commercially available kits followed by
fluorescent capillary electrophoresis is used to assess the lengths of the mononucleotide or
dinucleotide repeat elements in these five loci from tumor and normal tissue.

Approximately 15% of colorectal cancers show MSI. Tumors with MSI-H tend to be more
proximal, poorly differentiated, mucinous and show marked lymphocytic infiltration. Recent
clinical studies suggest that MSI is associated with improved prognosis [11–13] but
decreased response to 5-FU-based chemotherapy [14–17]. Ribic and colleagues examined
tumor samples from 570 patients with stage II or stage III colon cancer who had previously
been enrolled in Phase III clinical trials of 5-FU-based adjuvant chemotherapy versus
surgical resection alone. They found that the benefit of chemotherapy differed according to
MSI status with low-MSI or microsatellite-stable tumors showing a statistically significant
increased survival rate (hazard ratio = 0.72; p = 0.04) with chemotherapy compared with
surgery alone. By contrast, patients with MSI-H tumors showed no benefit to 5-FU therapy
compared with surgery alone and actually had worse survival rates when given 5-FU [14].

TP53
Cancer-specific, somatic point mutations in the tumor suppressor gene TP53 play a critical
role in colorectal cancer development and phenotype. There are some data to suggest that
the mutations affect prognosis; however, the variability in the assessment of p53 status and
the disparities in reporting results make it difficult to validate its prognostic significance. In
a recent systematic review of clinical studies investigating the effect of TP53 mutations on
prognosis and therapy outcome in colorectal cancer, results of the reported studies were
often found to be conflicting and heterogeneous [18]. This was a direct result of the assorted
methodologies lacking adequate sensitivity to assess TP53 mutations, lack of concordance
among studies and the limited examination of both alleles of the gene.

Chromosome 18q deletion
Somatic deletion mutations and large-scale genomic deletions in the chromosome arm 18q
may also have prognostic significance in determining risk of developing metastatic cancer.

Kim et al. Page 4

Per Med. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For stage II and III colorectal cancer patients, a number of retrospective studies have shown
strong correlations between genomic deletion events on chromosome arm 18q and reduced
survival for patients with colorectal carcinoma [19–22]. The deleterious effects for such a
large chromosomal deletion are understandable given that cancer genes DCC, SMAD2 and
SMAD4 are located in the region of deletion [23]. However, isolated genomic deletions of
SMAD2 or SMAD4 are not sufficient to account for the prognostic significance of 18q
deletion [24]. This suggests that other candidate colorectal cancer genes may exist in the 18q
region [24]. Complicating the possible clinical utility of 18q, a number of other studies have
failed to correlate the 18q deletion with poor prognosis [25,26].

Thymidylate synthase & methylene tetrahydrofolate reductase
Theoretically, responsiveness to chemotherapies may be impacted by a patient’s germline
variations that affect drug metabolism. For example, almost all chemotherapy regimens for
colorectal cancer use 5-FU. One mechanism by which 5-FU exerts its anticancer effect is
through the inhibition of thymidylate synthase (TS), which is encoded by the TYMS gene.
TS catalyzes the reductive methylation of deoxyuridine monophosphate to deoxythymidine
monophosphate using 5,10-methylenetetrahydrofolate as the methyl donor.
Methylenetetrahydrofolate reductase (MTHFR; MTHFR gene) regulates the amount of 5,10-
methylenetetrahydrofolate by irreversibly converting it to 5-methyl-hydrofolate. The above
process provides the sole de novo source of thymidylate, which is necessary for DNA
replication and repair [27]. Thus, one would expect that mutations that alter TS or MTHFR
activity would affect chemotherapeutic outcomes.

Unfortunately, despite being grounded in theoretical logic, the effects of TYMS [28–31] and
MTHFR [29,32,33] polymorphisms have yielded conflicting results in clinical studies. As in
the case of TP53, these studies have suffered from a lack of consistency in experimental
design. Heterogeneity of study populations, methodologies in detecting the polymorphisms
and measurements of outcomes has made a direct comparison across studies difficult.

EGF receptor signaling pathway & KRAS
In contrast to the abovementioned mutations, KRAS mutations are one of the strongest
negative predictive markers for EGF receptor (EGFR) inhibitor chemotherapy in the setting
of metastatic colorectal cancer. Mutations leading to EGFR activation or overexpression
have been associated with a number of cancers. This led to the development of EGFR
inhibitors as targeted anticancer therapy. Cetuximab (Erbitux®, ImClone Systems Inc., New
York, NY, USA) and panitumumab (Vectibix®, Amgen, Thousand Oaks, CA, USA) are two
monoclonal antibodies targeting EGFR. They are approved for use in combination with 5-
FU, leucovorin and oxaliplatin (FOLFOX) or 5-FU, leucovorin and irinotecan (FOLFIRI)
for stage IV metastatic colorectal cancer [2]. Unfortunately, efficacy of these regimens
remains modest with 8–25% objective response rates [34].

In order to understand the mechanism of the KRAS mutation in the resistance to EGFR
inhibitors, it is necessary to understand the EGFR signaling pathway. EGFR is a member of
the ErbB family of receptor tyrosine kinases. It is a survival and proliferation factor for a
variety of tumor types. EGFR signals through the RAS/RAF/MEK/ERK pathway. Upon
activation by extracellular ligands, EGFR dimerizes and autophosphorylates the tyrosine
residues in the C-terminal domain. This leads to RAS GTPase complexing with RAF to
phosphorylate and thereby activate two MAPK kinases which in turn phosphorylate ERK.
Phosphorylation of multiple nuclear transcription factors by activated ERK ultimately leads
to DNA synthesis and cell proliferation (Figure 1). Tumors with mutations that
constitutively activate RAS/RAF/MEK/ERK-pathway downstream EGFR can bypass the
block by EGFR inhibitors, leading to drug resistance.
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KRAS is a proto-oncogene encoding a GTPase whose mutations can result in the
constitutive activation of the RAS/RAF pathway (Figure 2A). Such activating mutations are
found in 35–42% of colorectal cancers. Seven different missense base substitutions within
codons 12 and 13 of exon 2 constitute more than 97% of the observed genetic events within
the KRAS gene in colorectal cancer [35]. The KRAS mutation testing traditionally relies on
allele-specific PCR amplification using commercially available kits that detect the seven
most common mutations in codons 12 and 13.

Early studies suggested that patients harboring a KRAS mutation had worse prognosis with
increased risk of recurrence (p = 0.007) and death (p = 0.004) compared with patients with
wild-type KRAS [36]. But this was later shown to be applicable only to stage III colorectal
cancers [37]. More recent clinical trials have consistently shown that patients with KRAS
mutant cancers receive little to no benefit from EGFR inhibitors [38–40]. In fact,
Bokemeyer and colleagues found that patients with KRAS mutations actually fared worse if
treated with FOLFOX plus cetuximab (hazard ratio = 1.83; p = 0.02) [41]. Subsequent
clinical trials confirmed the negative predictive value of the KRAS mutation for
responsiveness to EGFR inhibitor therapy with cetuximab or panitumumab alone or in
combination with FOLFOX or FOLFIRI, administered to patients with metastatic colorectal
cancer as initial or as salvage therapy [42–49]. Taken together, these studies point to a
KRAS mutation as a strong predictive biomarker for EGFR inhibitor therapy in both chemo-
resistant and chemo-naive cancers.

The number of studies is so overwhelming that KRAS mutation tests are the only ones that
have been integrated into clinical practice in patients with metastatic colorectal cancer. The
European Medicines Agency and the US FDA now recommend the determination of KRAS
status before initiating treatment with an EGFR inhibitor and restrict these treatments to
wild-type KRAS patients [34].

BRAF
Cetuximab or panitumumab are ineffective in a large proportion (~70–90%) of metastatic
colorectal cancer patients. Patients with KRAS mutations, however, account for only 30–
40% of the nonresponders. It is likely that other downstream effectors of the RAS/RAF
pathway, such as BRAF, may be involved in resistance to EGFR inhibitors.

The BRAF gene encodes a serine/threonine protein kinase that also belongs to the RAS/RAF
kinase pathway. BRAF operates downstream of KRAS and has been shown to be involved
in colorectal carcinogenesis. A DNA missense mutation leading to a valine to glutamic acid
amino acid change (V600E; formerly known as V599E) is the most frequent BRAF
mutation observed [35]. This mutation leads to constitutive activation of the BRAF kinase
activity (Figure 2B). Interestingly, KRAS and BRAF mutations have been found to be
mutually exclusive [35,50].

Several studies of wild-type KRAS tumors have examined BRAF mutation status and
suggest its contribution to EGFR inhibitor resistance [35,39,51]. Di Nicolantonio and
colleagues retrospectively analyzed tumor responses, time to progression, overall survival
and the mutational status of KRAS and BRAF in 113 tumors from cetuximab- or
panitumumab-treated metastatic colorectal cancer patients. The BRAF V600E mutation was
detected in 11 of 79 patients who had wild-type KRAS. None of the BRAF-mutated patients
responded to the anti-EGFR treatment, whereas none of the responders carried BRAF
mutations (p = 0.029). Moreover, patients with the BRAF mutation had significantly shorter
progression-free survival (p = 0.011) and overall survival (p < 0.0001) than patients with
wild-type BRAF [52].
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Other downstream effectors of the EGFR pathway
Given the clinical significance of KRAS and BRAF mutations in predicting the response to
anti-EGFR chemotherapy, additional downstream effectors of the EGFR pathway are under
investigation and have yielded promising results with implications for multigenic testing.

De Roock and colleagues examined 773 tumors from chemotherapy-refractory metastatic
colorectal cancer patients treated with cetuximab and found a 24.4% objective response rate
in the study population. This rate nearly doubled to 41.2% when the population was
narrowed to include only KRAS, BRAF, NRAS and PIK3CA wild-type tumors. Practically
speaking, the authors showed that dramatic improvements in the response rate to anti-EGFR
therapy could be gained by tailoring therapy to patients with genetic susceptibility to the
medication [39].

In a second retrospective analysis of tumor response, progression-free survival and overall
survival, 132 colorectal tumors from patients with cetuximab- or panitumumab-treated
metastatic disease were analyzed for mutational status of KRAS, BRAF and PIK3CA and
expression of PTEN. The authors found that up to 70% of patients with metastatic disease
who are unlikely to respond to anti-EGFR therapy can be identified by examining mutations
in KRAS, BRAF and PIK3CA and expression of PTEN. The probability of anti-EGFR
response was 51% among patients with no genetic alterations in these genes. This
probability of response dropped to 4% among patients with one alteration and 0% for
patients with more than two alterations (p < 0.0001). Similarly, progression-free survival
and overall survival were increasingly worse for patients with tumors harboring 0, 1 or 2 or
more alterations (p < 0.001) [53].

These two studies suggest that chemotherapy with EGFR inhibitors can be tailored to those
patients who have an intact EGFR pathway. At this time, given that the cost of PCR testing
of these three genes plus immunohistochemistry of a fourth protein product (PTEN) would
run into the thousands of US dollars, NGS would be competitive in terms of cost. As the
monetary and time cost of sequencing continue to decrease, NGS is likely to become the
clinical test of choice given the vast amount of data that can be generated regarding all the
genes in the EGFR pathway, as well as those involved with all other pathways implicated in
cancer progression and chemotherapeutic response.

Advances in NGS technology
Significant advances have been made in the development of genetic-based tests for
colorectal cancer over the past 5 years. With the use of NGS technology, even greater strides
are to be made in the next few years as NGS technology brings greater understanding of the
mechanism of the disease, leading to rational drug design. In the next section, we will give a
brief review the recent advances in sequencing technology.

Brief history of sequencing technology
The mid-1970s gave birth to a new era in biochemical research with the development of
chain-terminator sequencing or Sanger sequencing. The following two decades saw the
expansion of the understanding of genetics and DNA, culminating in the concerted
international scientific effort to sequence the human haploid genome through the Human
Genome Project [103]. Beginning in 1990 under the direction of James Watson at the NIH
with contributions from universities and research centers around the world, the Human
Genome Project made use of a hierarchical shotgun approach to sequence approximately 3
billion bp or 20,000–25,000 genes. Sanger-based shotgun genomic sequencing involved the
use of bacterial plasmid vectors for subcloning fragments of human genomic DNA.
Following replication, these large segments were randomly fragmented into smaller 100–

Kim et al. Page 7

Per Med. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1000-bp segments for sequencing. With the assistance of complex computational alignment
programs, the sequences of the 150,000-bp segments were generated based on the
overlapping reads from the shorter fragments. The first draft of the human genome was
published in 2000. A final version was released 3 years later [54].

Even with technological advances to the Sanger sequencing method through automation, the
process of sequencing was time consuming and costly. The growing interest in the
sequencing of personal genomes fueled the development of new and improved technologies.
Over the past 5 years, NGS technologies have matured and thus lowered cost and
dramatically increased throughput by eliminating the time-consuming and labor-intensive
step to generate single clones via bacterial cloning or PCR, and using parallel processing to
simultaneously sequence a large number of DNA templates. Thus, instead of generating
hundreds of longer reads (800–1000 bp), NGS technology produces millions of shorter reads
(40–400 bp) ranging on the order of giga-bases (Gb) per run [55]. Consequently, the major
work of sequencing has shifted from the bench-top to the desktop. Analysis of the NGS data
presents new challenges mainly due to the short read lengths and requires significant
investment in informatics (including hardware, software and technical support) to handle the
massive amount of generated data. But, as a result of this trade-off, what once took years to
sequence using Sanger sequencing can now be accomplished in a matter of weeks.

NGS overview
In-depth reviews of the biochemistry [56,57], commercially available sequencing platforms
[56,57], computational challenges [58,59] and experimental approach caveats [60] for NGS
technology have been previously published. Briefly, NGS technology can be roughly
divided into three phases: template preparation, sequencing and detection and sequence
analysis. For template preparation, the production of a representative, nonbiased pool of
fragmented DNA is necessary. To enable the parallel processing of large numbers of
sequencing reactions, these fragments are immobilized or restricted to spatially separated
sites on a solid support or in a nanosized chamber. The spatially separated templates are then
either clonally amplified or remain as single molecules. Commercially available platforms
employ a variety of principles for the actual sequencing reaction. These include cyclic
reversible termination, single-nucleotide addition, real-time sequencing and sequencing by
ligation. Once NGS reads have been generated they are aligned to either a known reference
sequence or assembled de novo [56–58]. Because of the short read-length in general, the
accuracy of the alignment or assembly processes depends on the depth of coverage or
oversampling. To detect nucleotide alterations with high sensitivity, at least 30-fold
coverage is needed [60]. Figure 3 gives a comparison of Sanger sequencing to NGS.

There are two main types of experimental approaches for genomic DNA sequencing –
whole-genome and targeted sequencing. Whole-genome sequencing, as its name implies,
provides a comprehensive characterization of the entire genome. This allows for a greater
ability to identify genomic alterations in both coding and noncoding regions. Shotgun
sequencing is a lower-cost approach to whole-genome sequencing which relies on the
sequencing of randomly derived fragments. Researchers often opt for shotgun sequencing
due to the simpler sequencing library preparation, lower cost and decreased amount of
required input DNA as compared with the traditional whole-genome sequencing using
ordered, overlapping clones or fragments. While the shotgun approach is sufficient to
identify somatic rearrangements and copy number alterations, it is often not accurate enough
to allow for identification of nucleotide substitutions due to the limited depth of coverage
which can be achieved reasonably in terms of DNA input and cost. This is particularly
relevant in diseases such as cancer which exhibit a high degree of heterogeneity [60].
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An alternative strategy is targeted sequencing. This approach has the advantage of providing
increased depth of coverage while generating information quickly and cheaply. In this
approach, any subregion of the genome can be targeted or enriched by one of several
methods. Hybrid selection-based technologies use oligonucleotides complementary to a
region of interest. The oligonucleotides are tagged to allow for isolation, and the captured
DNA is then amplified and sequenced. A major limitation to this technique is that it requires
prior knowledge of a specific region of interest and will miss alterations in other parts of the
genome. In addition, uniformity of the capture method can have a significant impact on the
sequencing results, both in terms of coverage and the quality of the genotype calls.

Approximately 99.9% of the human genome is identical between two different individuals.
Despite this high level of concordance, there are still millions of variations that lead to the
phenotypic differences we see everyday among and within different groups of individuals.
The most common variations are SNPs. In using NGS to decode the human genome,
scientists are attempting to understand which SNPs and other structural variants produce
observable phenotypes. These phenotypes can range from physical characteristics as simple
as eye or hair color to diseases as complex as obesity or cancer.

Technical limitations
To date, Sanger sequencing has been regarded as the ‘gold standard’ metric by which other
methods are compared because of its high accuracy and the fact that it was the method used
to sequence the first human genome. Compared with Sanger sequencing, NGS has several
disadvantages, such as a greater reliance on bioinformatics and computational science to
generate alignment protocols. There is also a real concern regarding the amount of disk
space required to store and analyze the massive amounts of data generated from every
sequencing run. In addition, data safety poses a significant obstacle, as genetic data are
considered protected health information.

From a technical standpoint, NGS is limited in its ability for de novo sequencing of large
repeated segments of the genome. For example, Huntington’s disease is a neurodegenerative
genetic disorder characterized by trinucleotide repeat expansions. Patients with the disease
generally have more than 40 repeated glutamine residues (or 120 bases of ‘CAG’ repeats) in
their Huntingtin protein. Unaffected people typically have fewer than 36 glutamine residues
(or 108 bases of ‘CAG’ repeats). NGS would have difficulty resolving the actual number of
repeated glutamine residues coded by the Huntingtin gene because the read lengths are
shorter than the repeated stretch of coding DNA.

Advantages
Next-generation sequencing has considerable advantages over Sanger sequencing in terms
of improved accuracy of nonrepeated elements, lower cost and ability to detect low-
frequency alleles. Using the Illumina platform, Bentley and colleagues sequenced 162,752
bp of a MHC complex that had been previously sequenced with traditional Sanger
sequencing. Approximately 90% of the raw 35-bp reads matched perfectly to the reference.
Using consensus data (based on 30-fold average depth coverage), they were able to raise this
accuracy to 99.96% coverage of the reference genome [61]. Ahn and colleagues sequenced
the first Korean genome and attained 99.9% coverage of the National Center for
Biotechnology Information (NCBI) reference genome. Moreover, the authors were able to
identify 3.4 million SNPs of which 0.4 million (12.2%) were novel [62]. Similarly, when the
genome of James D Watson was sequenced using the Roche/454 NGS platform, the results
showed 99.4% agreement with the reference allele when the allele in question was
homozygous for the variant. An additional 0.61 million novel SNPs were identified [63].
There is ongoing debate as to whether these novel SNPs are true polymorphisms or errors in
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the NGS technology. Given that no direct head-to-head comparison has been performed to
compare the various sequencing platforms, we will only know if these newly discovered
SNPs are true polymorphisms as personal genomes continue to be sequenced and
resequenced.

One thing is certain, the financial and time cost of sequencing using NGS is dramatically
less compared with Sanger sequencing. This is mainly due to the Sanger sequencing
requirement for clonal templates that are individually amplified by PCR or in Escherichia
coli. As a result, the reagent cost is relatively high. As can be seen in Figure 4, the cost of
sequencing whole genomes has decreased dramatically over the past 10 years [57]. Costs are
predicted to continue dropping with the promise of a US$1000 genome in the next few
years. Indeed, after the initial investment in the sequencing platform, NGS whole-genome
tests are expected to be far less expensive than the current PCR-based tests. For example, the
current PCR test for RAS mutations costs several thousand dollars. Using NGS technology
the RAS genes can be sequenced for approximately one-third of the cost. Even more
relevant for future application, the remaining genes in the same pathway or multiple samples
can be simultaneously sequenced in a single sequencing run without incurring additional
operating costs.

This has ramifications from the health systems perspective. Genetic testing is publicly
funded in most European countries and in Canada and Australia. In the USA, testing is
offered mainly through private facilities. For people with publicly funded health insurance,
coverage for genetic testing is decided on a case-by-case basis [64]. There is no doubt that
genetic testing is expensive; however, the cost of a one-time test and its associated
counseling may be cheaper in the long-term than the recurrent annual or biannual cost of
screening for patients with a germline cancer predisposition. Using HNPCC as an example,
a one-time blood test for a defect in MMR genes is far more cost effective and less invasive
than annual or biannual colonoscopy screening for an entire family. In the case of
therapeutic biomarker tests, the cost of the genetic tests themselves should be more than
offset by the savings gained by avoiding costly and ineffective treatment.

In one analysis of 96 unaffected family members who met the Amsterdam criteria for
HNPCC, 48 patients were offered predictive genetic testing for HNPCC with 39 (81%)
undergoing the test. Of these, seven (18%) were positive for the mutation. As a result of the
test, the total number of colonoscopies recommended for the tested group and all their
offspring was half the number they had undertaken in the previous 5 years even though
many had not been compliant with recommendations prior to the test [65].

In addition to highlighting the potential cost savings, the above study exposed a real clinical
concern in that many family members did not follow the recommended screening guidelines
due to the invasiveness, frequency or time and cost component of screening tests (in this
case, colonoscopy). For germline genetic testing, a blood sample is usually sufficient for
genomic DNA isolation.

Lastly, NGS has the added advantage over Sanger sequencing of having higher sensitivity
towards low-frequency mutations. This is because Sanger sequencing relies on relative peak
heights at a given position when determining a nucleotide base call. A minor allele will
likely have a low signal-to-noise ratio that is indistinguishable from the background. This
will be particularly problematic for cancer genomic tests since cancer cells are
heterogeneous in nature and many clinically relevant changes or mutations may only be
present in a fraction of the cells. NGS, on the other hand, makes use of high base coverage
which provides a higher sensitivity toward minor alleles or mutations. For example, using
the Roche/454 sequencing platform, Thomas and colleagues were able to identify novel

Kim et al. Page 10

Per Med. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



EGFR kinase domain mutations in 22 patients with lung cancer. All mutations that had
previously been detected using Sanger sequencing could reliably be identified with the
Roche/454 sequencing platform [66]. In reviewing their previous Sanger output, the authors
found low-level peaks that had been missed by the Sanger analysis software. Combined with
the very low sequencing cost per base, the increased sensitivity for low-frequency mutations
makes NGS a very powerful tool for cancer genomic studies and diagnosis.

NGS & colorectal cancer
The power of NGS is its ability to detect multiple types of genomic alterations, including
nucleotide substitutions, small insertions and deletions, copy number variations and
chromosomal rearrangements. For cancer, NGS technology has the potential to elucidate the
mechanism of pathogenesis and improve diagnostic and therapeutic testing. At the genomic
level, cancer manifests as compounding mutations and genomic aberrations. Already,
studies have shown the ability of NGS to identify new somatic mutations associated with
acute myeloid leukemia [67,68], melanoma [69], mesothelioma [70,71], small-cell lung
cancer [71] and prostate cancer [72]. While these studies by individual researchers have
increased our understanding of cancer development in a wide array of cancer types, the
future of understanding cancer genomes is likely to come from concerted efforts through
projects such as The Cancer Genome Atlas (TCGA). TCGA aims to systematically explore
the entire spectrum of genomic changes involved in over 20 types of cancers using NGS
technology through the collaboration of the National Cancer Institute and the National
Human Genome Research Institute [104].

Two important developments in the field of colorectal cancer research so far include the
description of the colorectal genetic landscape by Wood and colleagues and the
establishment of the aforementioned Cancer Genome Atlas. Wood and colleagues performed
one of the first large-scale unbiased colorectal cancer genomic surveys. They examined
18,191 genes in 11 fully progressed metastatic colorectal cancers. Using pairs of tumor
tissue from liver metastases and normal tissues from peripheral blood, they were able to
identify those genes mutated in tumor progression [73]. Genes of interest were identified
using the Reference Sequence (RefSeq) database. RefSeq is a comprehensive, nonredundant
collection of annotated gene sequences consolidated from major gene databases. Statistical
analyses of the tumor/normal pairs suggested that most of the mutations in an individual
tumor were nonsignificant. The authors postulated that fewer than 15 were likely to be
driving the initiation, progression or maintenance of the tumor. A total of 280 candidate
cancer genes were identified accounting for 38 colorectal cancer pathways that include
PIK3CA, IRS2, IRS4, PTEN, as well as cell adhesion, cytoskeleton and the extracellular
matrix pathways.

While Wood and colleagues have revealed some general trends in the genomic landscape of
colorectal cancer from a limited number of cases, other genetic events are still yet to be
uncovered. Concerted efforts, such as TCGA, will catalogue a large number of these
mutations and genomic aberrations. For colorectal cancer, TCGA aims to characterize up to
400 samples of both primary tumor and matched normal tissues to determine mutations and
other genomic aberrations using targeted exome sequencing and other genomic analysis
approaches. Ultimately, TCGA will be a source catalogue for SNPs and structural variants
and their associated phenotypes of cancer genomes.
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Future challenges: protecting patients from genetic discrimination based
on heritable genetic variation & establishing clinical utility

Even though the Human Genome Project was completed in 2003, the reality is that genetic
testing has not become widespread in the clinical arena, particularly in the realm of germline
inherited genetic variation. One should note that cancer-specific mutations are not heritable,
but represent unique genetic errors specific to the tumor alone.

For heritable genetic testing, there are a number of reasons for the less than enthusiastic
uptake into the clinical arena. Concerns for discrimination and questions of clinical utility
are the two most common. Discrimination based on genetic testing remains a particular
concern, especially when such testing revolves around cancer predisposition. At issue is the
right of patients to access genetic tests that will aid in the screening, diagnosis and treatment
of life-threatening cancer while safeguarding against discrimination in the workplace and the
insurance market. In 1996 ASCO published a statement on genetic testing for cancer
susceptibility with the primary goal of expanding access to and promoting scientific
advances in medical care to all patients and families affected by hereditary cancer
syndromes. An updated statement was published in 2003 with specific recommendations for
genetic testing to be offered to patients who present with a personal or family history
suggestive of a genetic cancer susceptibility condition. The caveat to this recommendation
was that the genetic tests should be adequately interpretable and the results should be
clinically meaningful (i.e., aid in diagnosis or influence the medical or surgical management
of the disease). In addition, ASCO recommended that genetic testing be carried out in the
setting of pre- and post-test counseling [74].

While there are few documented cases of genetic-based insurance discrimination, societal
fear has remained high. Medical societies, such as ASCO, have worked with political
leaders to create legislation to protect patients’ rights. In the USA, 47 states and the District
of Columbia have already passed laws restricting the use of genetic information by health
insurers [75]. In addition, the Health Insurance Portability and Accountability Act (HIPAA)
defined genetic information as a component of the ‘health status’. As a result, genetic
information cannot be used by employers or insurers to exclude employees from group
coverage or to charge them higher rates [76]. In 2008, former President George W Bush
signed into law the Genetic Information Nondiscrimination Act, which outlawed genetic
discrimination in health insurance and employment. Genetic Information Nondiscrimination
Act defines genetic information as information about an individual’s genetic tests, the
genetic tests of family members and the manifestation of a disease or disorder in a family. A
genetic test is considered any analysis of human DNA, RNA, chromosome, protein or
metabolite that detects genotypes, mutations or chromosomal changes. The law prohibits
group health plans from adjusting premiums or contributions on the basis of genetic
information [75]. While these laws are not comprehensive, they are the first step in breaking
down societal obstacles to genetic testing.

Concern over clinical utility also poses an obstacle to widespread use of genome-based
testing. This is partially due to the recent advances in the technology itself. NGS has only
recently become accessible to the individual researcher. As a result, genomic sequencing has
not been able to establish itself as a meaningful clinical test. We are just now attempting to
match cancer phenotype to cancer genotype through the analysis of clinical outcomes and
genomic SNPs. Not unexpectedly, the handful of published studies on genome-wide
associations is less than conclusive [77–79]. A recent review of colon cancer genetic
association studies showed that of the ten identified susceptibility loci, no individual SNPs
or panels of SNPs enhanced the predictive or prognostic models that are currently based on
clinical factors such as age, and personal and family history of cancer [77].
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In the near future, it is likely that clinically useful tests will come from multiple modalities,
as genotypic variations do not always correlate with phenotypic variations. There are several
layers of DNA, RNA and protein standing between genotypic mutations and phenotypic
expression. One can imagine that changes in gene copy number may not necessarily
translate into similar changes in mRNA transcripts. In addition, mRNA abundance has been
shown over and over to poorly correlate with protein abundance. A comprehensive
understanding of cancer phenotypes and the potential discovery of the cancer stem cell are
to come from an integration of genomics research with the emerging fields of
transcriptomics, proteomics and interactomics using a systems biology approach [80–83].

Conclusion & future perspective
In summary, the past 5 years have witnessed significant advances in the understanding of
colorectal cancer genetics and pathogenesis. With the identification of genetic-based
biomarkers, clinicians will be able to better characterize individual colorectal cancers and
tailor chemotherapy treatment. Already, the genetic testing of colorectal cancer tumors for
KRAS mutation is being applied clinically to determine which patients should undergo
treatment with monoclonal antibodies against EFGR. Additionally, tests for MSI, while not
required, are in the oncologists’ armamentarium and influence recommendation for starting
chemotherapy.

In parallel with the advances in understanding colorectal cancer, our capacity to sequence
DNA has increased exponentially. We are only now beginning to see NGS technology being
applied to cancer research. TCGA will hopefully assist with the application of genomic
knowledge. By examining multiple tumors and identifying common genetic mutations or
molecular pathway perturbations, scientists will be able to better understand cancer
development. This will allow for the development of more accurate screening and diagnostic
tests and the identification of new drug targets for treatment. At the same time, as NGS
technology becomes more accessible to private institutions, patients’ cancer genomes will
soon be routinely resequenced allowing for the characterization of individual cancers. This
will allow for the precise characterization of a single patient’s tumor, providing information
on individual prognosis and guiding treatment decisions.

In the next decade, new sequencing technologies promise to decode colorectal cancer
genomes rapidly and cheaply, yielding massive amounts of data. Sifting through these data
to extract clinically meaningful tests will require the multidisciplinary efforts of biologists,
computer scientists and bioinformatics specialists. Yet, despite its limitations, NGS
technology will be a valuable tool to compliment Sanger sequencing in exploring the cancer
genome. Its true utility will likely come in the form of improved clinical diagnostics and
drug-target discovery due to its speed, accuracy and low cost.
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Executive Summary

Clinical management of colorectal cancer & the need for improved diagnostics

▪ Given the current limitations to clinicopathologic staging of colorectal cancer
based on American Joint Committee on Cancer Tumor, Node and Metastases
Classification, there is an unmet need for the development of more accurate
clinical tests to steer diagnosis and treatment. As colorectal cancer is
inherently a genetic disease driven by point mutations and other
chromosomal aberrations, more accurate tests for prognostication and
resistance to chemotherapy are likely to come from genetic-based tumor
biomarkers. We explicitly focus on mutations and other genetic aberrations
given their rapid adoption. Other biomarkers derived from protein analysis or
gene expression exist, but the focus of this article is on genetics and DNA-
based analysis.

Genetic mutations as colorectal cancer biomarkers

▪ A variety of mutations have proven to be clinically informative in colorectal
cancer. Microsatellite instability (MSI) is a well-known biomarker for
improved survival in colorectal cancer and decreased response to
chemotherapy. KRAS and BRAF mutations are predictive of nonresponse to
EGF receptor (EGFR) inhibitors, such as cetuximab and panitumumab, in
patients with metastatic colorectal cancer. KRAS mutation-positive tumors
display a profound resistance to EFGR inhibitor treatment. Testing for its
mutation has become a standard molecular diagnostic in clinical practice.
Likewise, BRAF and other downstream effectors of the EGFR pathway are
being assessed for their clinical utility as predictive biomarkers.

Advances in next-generation sequencing technology

▪ Advances in next-generation sequencing (NGS) technology have allowed for
faster and more accessible sequencing of individual human genomes, putting
the ability to sequence into the hands of independent researchers and
clinicians. This has opened a new chapter in oncology research with the
potential to decipher the genetic code for cancer. In turn, decoding individual
cancer genomes will allow for the personalization of oncologic treatment.

NGS & colorectal cancer

▪ There are substantial advances in the field of colorectal cancer genome
research which are taking advantage of NGS technology. For example, The
Cancer Genome Atlas is a concerted effort to catalogue the genomic changes
and their associated phenotypes involved in 20 different cancer genomes,
including colorectal cancer. As part of this study, a significant proportion of
the colorectal cancer genome will be sequenced.

Conclusion

▪ With the potential for whole cancer genome sequencing, researchers will
have the ability to sequence many more individual genomes. This will assist
in the discovery of novel mutations correlated to clinical outcomes, raising
the possibility of developing more accurate diagnostic tests and more
effective targeted therapies. Additionally, clinicians will have improved tools
to assess prognosis and predict the response to various chemotherapeutic
regimens, allowing for the individual tailoring of treatment.
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Figure 1. EGF receptor signaling pathway
Upon activation by extracellular ligands, EGF receptor dimerizes and autophosphorylates.
This leads to activation of RAS, which then complexes with RAF. The RAS/RAF complex
then phosphorylates and thereby activates MEK. MEK in turn phosphorylates MAPK/ERK.
Phosphorylation of multiple nuclear transcription factors by activated MAPK/ERK
ultimately leads to DNA synthesis and cell proliferation.
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Figure 2. Constitutive activation of RAS/RAF pathway
(A) KRAS is a proto-oncogene encoding a GTPase whose mutations can result in the
constitutive activation of the RAS/RAF pathway. (B) The BRAF gene encodes a serine/
threonine protein kinase that operates downstream of KRAS in the RAS/RAF pathway.
Mutations in BRAF lead to constitutive activation of the BRAF kinase activity regardless of
RAS activity.
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Figure 3. Comparison of Sanger sequencing with next-generation sequencing
In a typical Sanger sequencing, genomic DNA is fragmented and cloned as a plasmid vector
in transfected bacteria. A single bacterial colony is picked for each sequencing reaction.
Each sequencing reaction makes use of ddNTP-terminated, fluorescently labeled products
which are subjected to high-resolution electrophoresis separation. As labeled fragments of
discrete sizes pass a detector, a four-channel emission spectrum is used to generated a
sequencing trace. In next-generation sequencing, genomic DNA is fragmented. Common
adaptors are ligated to the fragments. The resulting sequencing library is then immobilized
onto an array of millions of spatially separated PCR colonies, or Polonies. Millions of
sequencing reactions occur in parallel on the Polony array. As each nucleotide is added,
image-based detection of fluorescent labels can be used to acquire sequencing data.
Successive iterations of enzymatic interrogation and imaging are used to build up a
continuous sequencing read.
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Figure 4. Cost of whole-genome sequencing over time
Reagent costs only for genomes sequenced after 2008.
Data taken from [57].
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