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Abstract

The morbidity and mortality attributable to heritable
and sporadic carcinomas of the colon are substantial
and affect children and adults alike. Despite current
colonoscopy screening recommendations colorectal
adenocarcinoma (CRC) still accounts for almost 140000
cancer cases yearly. Familial adenomatous polyposis
(FAP) is a colon cancer predisposition due to altera-
tions in the adenomatous polyposis coli gene, which is
mutated in most CRC. Since the beginning of the ge-
nomic era next-generation sequencing analyses of CRC
continue to improve our understanding of the genetics
of tumorigenesis and promise to expand our ability to
identify and treat this disease. Advances in genome se-
guence analysis have facilitated the molecular diagnosis
of individuals with FAP, which enables initiation of ap-
propriate monitoring and timely intervention. Genome
sequencing also has potential clinical impact for indi-
viduals with sporadic forms of CRC, providing means
for molecular diagnosis of CRC tumor type, data guid-
ing selection of tumor targeted therapies, and phar-
macogenomic profiles specifying patient specific drug
tolerances. There is even a potential role for genomic
sequencing in surveillance for recurrence, and early de-
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tection, of CRC. We review strategies for diagnostic as-
sessment and management of FAP and sporadic CRC in
the current genomic era, with emphasis on the current,
and potential for future, impact of genome sequencing
on the clinical care of these conditions.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: The era of genomic sequencing is beginning to
make significant impact on the diagnosis and manage-
ment of sporadic and inherited colorectal adenocarcino-
ma (CRC) such as familial adenomatous polyposis. This
review will discuss the current guidelines for diagnosis
and management of CRC and how genomic sequencing
is enabling earlier definitive diagnosis with associated
intensive surveillance and preventative interventions,
molecular tumor characterization directing tumor specific
therapy, germline patient genome analysis which informs
individual drug tolerance and efficacy, and is evolving to
develop post-treatment surveillance, with the potential to
ultimately decrease the current prevalence and mortality
of CRC, sporadic and hereditary.

Esplin ED, Snyder MP. Genomic era diagnosis and manage-
ment of hereditary and sporadic colon cancer. World J Clin
Oncol 2014; 5(5): 1036-1047 Available from: URL: http://www.
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INTRODUCTION

The annual incidence in the United States of colorectal
adenocarcinoma (CRC) is almost 140000". The morbidi-

December 10, 2014 | Volume 5 | Issue 5 |



ty and mortality attributable to heritable and sporadic cat-
cinomas of the colon are substantial and affect children
and adults alike, with CRC being the third highest cause
of cancer mortality among men and women alike. The
average individual lifetime risk in the United States of
developing sporadic CRC is estimated at 5%, with aver-
age onset being over 50 years of age. CRC mortality can
be mitigated by early detection and intervention, such as
by polypectomyp’“. Accordingly, recommendations have
been established for surveillance colonoscopy screening,
the goal being to detect and remove adenomatous polyps
at an early and curable stage.

However, according to the Centers for Disease Con-
trol and Prevention, only about 59% of adults aged 50-75
years undergo recommended colonoscopy". Though
early detected CRC can be successfully removed, CRC
which remains undetected until an advanced stage with
metastases remains incurable!®. The molecular etiology
of CRC has been studied extensively, revealing that it
develops from an accumulation of genomic mutations.
CRC has been associated with mutations in various genes
that are altered in other forms of cancer, such as ATM
in leukemia and lymphoma, PPP2R7B in lung and breast
carcinoma, and MYC in hepatocellular carcinoma",
among others. However, the genes more commonly
found mutated in CRC include the APC (approximately
80%), KRAS, SMAD4, and p53, and the cell signaling
pathways most commonly impacted by mutations in CRC
include the WNT, RAS, TGF-beta, PI3K and P53 path-
Waysp’lzl.

While CRC often occurs sporadically, germline muta-
tions in a number of genes can cause syndromes which
predispose to the development of CRC. The heritable
CRC syndromes are broadly categorized as polyposis as-
sociated [including familial adenomatous polyposis (FAP),
MUTYH-associated polyposis or MAP, Gardner and
Turcot syndromes| and non-polyposis associated (includ-
ing Lynch, Peutz-Jeghers and PTEN hamartoma tumor
syndromes)>'¥. This review will focus on polyposis as-
sociated heritable CRC, and FAP in particular. Inherited
mutations in A4PC cause FAP, which is a colon cancer pre-
disposition syndrome of autosomal dominant inheritance
affecting children as early as 9 years of age, with reports
of carcinoma in the first decade of life.

Characteristic features of FAP include development
of hundreds to thousands of adenomatous polyps begin-
ning in eatly adolescence, with development of CRC in
the absence of treatment. About 7% of patients develop
CRC by age 21, about 95% by age 50. In all FAP patients
colon cancer is inexorable in the absence of colectomy.
Though the classic course of FAP results in CRC, it can
also become complicated by non-colonic expressions, in
particular gastric and duodenal polyps, and is associated
with elevated risk for duodenal, stomach, pancreatic, thy-
roid, liver, and CNS cancer!"”. While FAP is known to be
initiated by a germline mutation of 4PC; studies have yet
to establish whether CRC in FAP requires a similar ac-
cumulation of genetic alterations as has been observed in
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sporadic CRC. Since the beginning of the genomic era”

at the completion of the Human Genome Projectm, the
growth in capacity and availability of genomic sequenc-
ing has made it possible to more clearly elucidate the mo-
lecular etiology of conditions such as FAP related CRC.
Genomic sequencing facilitates the identification of indi-
viduals with FAP, enabling and guiding appropriate inter-
vention and is augmenting the ability to characterize CRC
tumors on a molecular scale, for selection of targeted
therapies that can be personalized per patient tolerance.

FAP DIAGNOSIS

Initial presentation and evaluation
FAP is second most common inherited CRC, with preva-
lence estimated at 1:10000, and is caused by mutations
in APC'"!. Patients will often present with occult blood
in the stool, as polyps develop on average by 16 years
of age“s]. The average age at identification of CRC in
untreated individuals is 39", Clinical diagnosis of clas-
sic FAP is established when 100 or more colonic polyps
are observed on colonoscopy, or less than 100 colonic
polyps are observed in a patient with a family history of
FAP". A related syndrome, attenuated FAP, associates
with a lower polyp burden (average of 30) and later age
at diagnosis of CRC, though it is also caused by APC
gene mutations'”. Tdentification of a mutation in APC
provides molecular confirmation of FAP. The American
College of Medical Genetics and Genomics guidelines
recommend complete APC gene analysis be consid-
ered in any individual with 100 or more colonic polyps,
autosomal dominant inheritance and/or extra-colonic
manifestations of FAP (eg., congenital hypertrophy of
retinal pigment epithelium, desmoids, gastric fundic gland
polyps, among others), when no prior family member has
undergone testing[zo]. If a familial mutation is identified,
targeted APC analysis can be performed[zﬂ. This testing
provides clinical confirmation necessary to guide predic-
tive counseling and enable assessment of family members
at increased risk, as APC alterations are found in as high
as 90% of families with classic FAP. Testing is also im-
portant when the patient’s presentation is not completely
typical for classic FAP, such has demonstrating a lower
than expected polyp burden or later age at onset. In some
cases, APC gene analysis will confirm a mutation con-
sistent with attenuated FAP, though APC alterations in
the attenuated form are only discovered in 10%-56% of
cases™

Of particular importance in patients presenting with
polyps not clearly identifiable as classic FAP, attenuated
FAP, Gardener syndrome, Turcot syndrome, MUTYH
associated polyposis (MAP) or one of the nonpolyposis
syndromes, are the gene panels made possible by ge-
nomic sequencing. Three of these multi-gene sequenc-
ing panels are currently offered by Clinical Laboratory
Improvement Amendments (CLIA) certified labs in the
United States. They are performed with patient blood
derived genomic DNA via next-generation sequenc-
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ing of the coding regions of up to 19 different genes
for point mutations associated with various hereditary
colon cancer syndromes, are complemented by duplica-
tion/deletion analysis of the genes using microarray
comparative genomic hybridization or multiplex ligation-
dependent probe amplification, and point mutations are
confirmed zia Sanger sequencing. The OncoGene Dx
gene panel offered by GeneDx analyses a total of 18
genes (including APC, ATM, AXIN2, BLM, BMPR1A4,
CDH1, CHEK2, EPCAM, MI.H1, MSH2, MSH6, MU-
TYH, PMS2, PTEN, SMAD4, STK11, p53, XRCC2)
and requires about 4 wk to complete the assay for a new
patient (http://www.genedx.com/test-catalog/disorders/
colorectal—cancer)m. Ambry Genetics’ ColoNext gene
panel assays 15 genes (including .APC, BMPR1.A, CDHI,
CHEK2, EPCAM, MI.LH1, MSH2, MSH6, MUTYH,
PMS2, PIEN, SMAD4, STK11, p53) with analysis turn-
around time approximately 12-16 wk for new patients
(http://www.ambrygen.com/tests/colonext) B9 The
University of Washington Genetics Laboratory offers
ColoSeq which sequences the coding regions of 19 genes
(APC, AKT1, BMPR1A, CDH1, EPCAM, GALNT1I2,
GREMT1, MI.LH1, MSH2, MSH6, MUTYH, PIK3CA,
POLD1, POLE, PMS2, PTEN, SMAD4, STK11, p53),
the estimated time to complete assessment is 12 wk for
a new patient (http://tests.labmed.washington.edu/CO-
LOSEQ)™. Other assays are certain to be introduced.
Through these genomic testing panels, patients with an
ambiguous presentation can be tested simultaneously for
multiple hereditary colon cancer syndromes, decreasing
the time to molecular diagnosis and appropriately tailored
familial testing and clinical surveillance.

Familial genetic testing

For unaffected individuals in families with FAP, testing
is not generally offered until about 10-12 years of age,
which would be the recommended age to initiate sur-
veillance colonoscopy in an affected individual®. Fur-
thermore, efforts are made to identify an affected family
member for whom testing has already confirmed an
APC mutation, to allow targeted testing in the unaffected
individual. If testing is performed in an affected family
member and no mutation is found, unaffected individuals
must undergo clinical surveillance empirically “as if” they
were mutation carriers, because their carrier status cannot
be ruled out.

Nondiagnostic and variants of unknown significance
challenges

Approximately 90% of APC alterations in FAP introduce
a stop codon causing truncation of the resulting protein
at the C-terminus, with over 900 different germline APC
alterations having been discovered in FAP individuals to
date™™, Though clinical genetic testing of the APC gene
has a 90% mutation detection rate™ approximately 10%
of classic FAP cases do not have an identifiable mutation
in APC, requiring greater reliance on clinical presenta-
tion and empiric surveillance screening in all at risk indi-
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viduals in these families®”". The growing awareness of
genetic and genomic testing and its utility in diagnosing
FAP has also lead to the observation of non-truncating
APC mutations, including missense and silent mutations
in the coding sequence and splice-site mutations in less
conserved intronic sequence, some of which have been
correlated with FAP®**! The relevance of these vari-
ants of unknown significance (VUS) in some cases can
be suggested by in silico prediction algorithms, however
in vivo ot in vitro functional analyses of these VUS provide
more reliable data to predict the functional impact of
APC variants. For example, a silent alteration in exon 14
(c.1869G > T) was reported to cause exon skipping due
to its impact on splice enhancer sites™. Also the pI1307K
missense mutation in 4PC, though not causing classic
FAP, carries a 10%-20% increased lifelong risk of CRC,
but the p.E1317Q missense mutation in ~4PC has an, as
yet, uncertain role in colon cancer””. Though a minor-
ity of patients suspected to have FAP are found to carry
VUS, with the increasing availability of _4PC gene testing
and broader testing such as whole exome sequencing,
its expected the number of patients with APC VUS will
grow. Multiple groups have worked to better characterize
the biological and clinical significance of these vus#l
For example, 7n vitro and in vivo methods of evaluating
VUS in MAP are being developed, providing additional
information to facilitate characterization of VUS in an
effort to clarify the diagnosis of patients suspected to
have MAP"*". Further functional evaluation of VUS for
FAP, and other hereditary CRC, is a critical step, with the
increasing application of genomic sequencing technolo-
gies, for improving diagnostic accuracy of APC sequenc-
ing for patients with features concerning for FAP.

FAP MANAGEMENT

Surveillance strategies

Individuals with a family history of FAP meet criteria
for additional assessment for high-risk syndromes if they
present with > 10 adenomas in the same individual, per
the most recent NCCN guidelines”™. Management of
FAP includes surveillance colonoscopy every 1-2 years,
starting at about 10 years of age. After polyp develop-
ment is observed, annual colonoscopy is recommended.
Colectomy is considered when more than 20 adenoma-
tous polyps develop, when adenomas greater than 1 cm
are noted or when concerning histology appears, and is
recommended when polyp burden precludes safe colono-
scopic surveillance!”. After colectomy surveillance con-
tinues. Annual colonoscopy is recommended if any rectal
tissue remains. Upper GI endoscopy is recommended
about every 1-3 years, starting at about age 25, as about
20% of patients will eventually require treatment of duo-
denal adenomas'*””.

Some correlation between genotype and clinical pre-
sentation of classic FAP has been suggested, for example
patients with alterations in codon 1309 tend to have an
increased number of colon adenomas at an eatly age,
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with symptom onset at about 20 years of age. Those with
alterations between codons 168 and 1580 had symptom
onset about 30 years of age, and those with alterations
affecting the 5’ of codon 168 and the 3’ of codon 1580
had symptom onset about 52 years of agem’m. Profuse
polyposis has been observed (average of 5000 polyps) in
patients with mutations in codons 1250-1464", Tn con-
trast, attenuated FAP has been associated with the 5 por-
tion of APC* exon 9" and the distal 3’ portion of
the gend 4

including APC*, partial and whole gene deletions
somatic mosaicism for .4PC mutations usually associated
with classic FAP®"™), While these correlations might help
predict the course of polyposis in an individual, and sug-

, interstitial deletions of chromosome 5q22

[50] an d

gest more or less aggressive surveillance and intervention
strategies, these genotypes are not routinely applied to
this purpose at present, though such applications could
be clinically significant for management decisions in the

future.

Treatment options

Certain pharmacological treatments have attempted to
abrogate the accumulation of polyps in FAP patients,
however surgical resection remains the mainstay of in-
tervention. Chemoprevention strategies, including non-
steroidal anti-inflammatory drugs such as celecoxib and
sulindac, have been shown to temporarily decrease size
or quantity of polyps in FAP patients, however polyps
may return while patients are still taking chemopreventive
therapy”™". Currently, no chemopreventative strategy can
replace regular surveillance, though this treatment may, in
some cases, temporarily delay colectomy™".,

Lifelong risk for CRC in FAP individuals approaches
100% by 50 years of age. Because of the significant
increase in cancer incidence about the third decade, pro-
phylactic colectomy is often recommended in the second
decade”™ . Generally three surgical strategies are available
to FAP patients, including total proctocolectomy with
ileal pouch anal anastomosis, total abdominal colectomy
with ileorectal anastomosis and proctocolectomy with
ileostomy™. Selection of a surgical strategy takes into
consideration rectal polyp burden, personal and familial
phenotype, with classic FAP patients receiving procto-
colectomy, if possible, due to the increased risk for rectal
cancer™. After surgical resection, surveillance continues,
including endoscopic evaluation of any remaining rectal
tissue and endoscopy of the upper gastrointestinal tract,
as patients remain at increased risk for tumor formation
despite colectomy””.

Molecular etiology

FAP is caused by germline alterations in .4PC, a tumor
suppressor acting in the WNT signaling cascade™. De
novo APC mutations cause about 25% of FAP cases' .
Studies in sporadic CRC show mutations in APC appear
to instigate the development of CRC". These studies
show that APC acts in the colon to down regulate Wnt
signaling by targeting beta catenin for degradationm.
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Wild-type APC protein is an important component of
the composite that includes Axin, GSK-3beta and casein
kinase 1. This molecular composite regulates the phos-
phorylation of beta catenin necessary to target it for deg-
radation””. When APC is altered, beta catenin increases,
translocates to the nucleus, and is thought to coactivate
TCF-LEF, which is involved in the transcriptional activa-
tion of cell regulatory genes such as c-myc and cyclin
D1". The multi-hit hypothesis of CRC tumor develop-
ment suggests mutation or dysregulation of a number of
genes occurs in the evolution of colon cancer, with .4PC
mutations being present earlier in the process and KRAS,
SMAD4 and p53 alterations being observed in later stag-
es of cancer development"*'>™, As FAP patients carry
one germline APC mutation from birth, it is possible that
the accumulation of molecular changes leading to malig-
nancy in FAP recapitulates, to some degree, the molecular
cascade observed in sporadic CRC (Figure 1), however
no comprehensive analysis of the molecular etiology of
tumorigenesis in FAP has been reported. Future genomic
analyses of FAP may contribute to the understanding of
FAP tumorigenesis as well as improving interventional
and preventative strategies.

CRC DIAGNOSIS

Screening techniques-stool based

The morbidity and mortality of CRC can be minimized
via prompt detection and appropriate intervention, such
as polypectomy. Screening guidelines have been estab-
lished to monitor individuals based on their estimated
risk of developing CRC. An individual is stratified into
a risk category based on their age, personal history (ad-
enoma, CRC or inflammatory bowel disease) and fam-
ily history™. For patients of average risk (lifetime risk
of approximately 5%), both structural and fecal based
screening tests are available. Fecal occult blood tests
(FOBT), both guaiac-based and immunochemical, are
designed to detect blood in fecal matter as evidence sug-
gestive of possible CRC. These are recommended annu-
ally alone, or in combination with flexible sigmoidoscopy
every 5 years.

Positive FOBT results should prompt assessment by
colonoscopyps]. Stool DNA tests are an evolving screen-
ing option which detect the presence of known CRC
related DNA alterations in tumors cells excreted in stool.
Single target stool DNA tests appear to have low sensi-
tivity'®"!, with multi-target stool DNA tests (assessing 21
alterations in genes such as APC, KRAS and p53) de-
tecting up to 52% of CRC with sensitivity ranging from
20%-94% in different trials'***). ColoSure is the only
stool DNA test available in the United States'™, never-
theless the FDA has yet to approve stool DNA analysis.
While it is not presently acknowledged as a first line as-
sessment tool, additional stool DNA assays are under

65 .
developrnent[) I Stool screening tests have the advantage
of being non-invasive and not requiring bowel clearance,
which can enhance patient adherence to screening rec-
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Figure 1 Hypothetical model of familial adenomatous polyposis molecu-
lar cascade. APC: Adenomatous polyposis coli; FAP: Familial adenomatous
polyposis; CRC: Colorectal cancer; KRAS: Kirsten rat sarcoma viral oncogene
homolog; Smad4-SMA: (Small) and MAD (mothers against decapentaplegic)
related protein 4.

ommendations.

Screening techniques-colonoscopy

Structural based screening tests include colonoscopy,
flexible sigmoidoscopy and computed tomography (CT)
colonography. CT colonography, also referred to as virtu-
al colonoscopy has the advantage of being non-invasive
and not requiring sedation™. Flexible sigmoidoscopy
also proceeds without sedation and requires decreased
bowel preparation, however is limited to evaluating the
distal portion of the colon. In both cases positive find-
ings (lesions greater than 1 cm in the case of flexible
sigmoidoscopy) require follow up evaluation by colonos-
copy and polypectomy as indicated”*”. Colonoscopy
remains the most complete screening procedure, permit-
ting visualization of the complete colonic tract and si-
multaneous polypectomy, and is the gold standard against
which other screening methods are measured. Studies
have shown colonoscopy to reduce by an estimated
50% the incidence of CRC, and an inverse correlation
between colonoscopy use and death from CRC A
recent study also found colonoscopy and sigmoidoscopy
to be associated with a lower mortality from CRC of the
distal colon, and colonoscopy associated with decreased
mortality from proximal CRC". Their observations sup-
port the ten year assessment interval endorsed by current
recommendations for individuals of average risk with a
negative colonoscopy, documenting 1164 cases of CRC
in individuals without endoscopy compared with 209
cases of CRC in individuals from 3 to 15 years post nega-
tive colonoscopym].

Screening guidelines

Patients 50 years of age and older, without personal his-
tory of polyps, CRC or inflammatory bowel disease and
without family history of CRC or advanced adenoma-
tous polyps, are considered at average risk"™. A positive
family history should prompt consideration of a CRC
predisposition syndrome. The preferred screening strat-
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egy in these individuals is colonoscopy. If no polyps are
found, repeat colonoscopy is recommended in 10 years.
If polyps are identified, polypectomy is performed and
repeat colonscopy recommendations depend on polyp
characteristics. Patients with hyperplastic, non-sessile ser-
rated and less than 1 cm polyps should have follow up
colonoscopy in 10 years if polyps are left-sided or 5 years
if right-sided”™. Adenomas or sessile serrated polyps are
considered low risk if there are no more than 2 tubular
polyps less than 1 cm and require repeat colonoscopy in
5 years. Follow up colonoscopy in 3 years is recommend-
ed if 3 or more villous polyps are observed, diameter is 1
cm or larger, or they demonstrate high-grade dyfsplasia[38].
If more than 10 polyps are observed, one of the polypo-
sis syndromes should be considered"™.

CRC MANAGEMENT

Tumor characterization and resection

Current intervention for CRC includes diagnosis, staging,
resection, adjuvant chemotherapy, treatment of recurrent
disease and ongoing surveillance. Diagnostic determina-
tion depends in part on histological assessment of the
resected polyp. All adenomatous polyps have some de-
gree of dysplasia, falling on a spectrum from low to high.
No specific definition of “high grade” dysplasia has been
established, but a number of histological features are as-
sessed in an effort to grade the level of dyplasia, which
can include loss of glandular differentiation, cellular and
nuclear pleomorphism, nuclear hyperchromatism, loss
of nuclear polarity, multi-layered irregular nuclei and loss
of mucin, nuclear atypia with prominent nuclei and fo-
cal cribriform patterns[74’75]. Polyps with favorable histo-
logic features are graded 1 or 2; those with less favorable
histology are assigned grades 3 or 4. Histological grade,
features such as angiolymphatic invasion and positive or
negative resection margin help guide clinical decisions
regarding the need for additional surgical resection. A
polyp is considered malignant if cancer is observed infil-
trating through the muscularis mucosa into the submu-
cosa, and is designated T1". As neatly one third of CRC
in the United States is associated with family clustering,
once histological diagnosis of CRC has been confirmed,
an individual should be counseled regarding the increased
risk of CRC in their first degree relatives'””,

Complete staging of malignant tumors is facilitated
by pre-operative colonoscopy and CT scans of chest,
abdomen and pelvis, is ultimately accomplished during
surgical resection, and is categorized according to the
TNM (tumor/node/metastasis) system!*"”. Staging takes
into consideration local invasion of the primary tumor,
evidence of lymph node metastasis and evidence of
metastasis to other organ sites or the peritoneum, and
is considered one of the most important indicators of
post treatment outcome'”. Generally, stage [ and II are
assigned to lower and higher grade tumors, respectively,
without nodal metastasis, stage Il tumors have lymph
node metastasis and stage IV tumors have metastasis to
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other organ sites or the peritoneum, with stages II, III
and IV having additional subclassifications”™. Though
20% of CRC is metastatic at presentation, 80% is local-
ized to the colon wall or lymph nodes and surgical resec-
tion can be curative for localized CRC, accordingly treat-
ment for CRC is primarily surgical. For resectable colon
cancer, colectomy with regional lymph removal is the
preferred surgical strategy, with the extent of colectomy
based in part on tumor location as well as family history
of polyposism.

Adjuvant therapy and surveillance
For stage I CRC, post resection adjuvant chemotherapy
is not recommended, however various studies have
shown a role for adjuvant therapy in more advanced
CRC. Current recommendations are for patients with
high-risk stage II and stage Il CRC to receive 6 mo of
adjuvant chemotherapy after primary surgical resection,
and for patients with low-risk stage II CRC to be consid-
ered for adjuvant chemotherapy, enrolled in a clinical trial
or observed without adjuvant therapy[77’79]. The specific
chemotherapeutic regimens have been reviewed recently
in detail ™, These recommendations are derived from
various studies which have shown survival benefit in
patients with resected early stage CRC who received
adjuvant chemotherapy, with most of the benefit being
seen with stage Ill CRC, but not with node negative stage
Il disease, suggesting the benefit is increased in patients
at higher risk related to nodal status”®™, Chemotherapy
also has a role in patients presenting with more advanced
CRC, including stage IV metastatic CRC. In individu-
als diagnosed with unresectable or medically inoperable
CRC, chemotherapy is recommended in an effort to
convert the lesion to a resectable state, and can be used
to convert unresectable metastases, such as those in the
liver, to resectable lesions, with the particular chemother-
apeutic agents having been recently reviewed "%,

Posttreatment surveillance includes application of a
variety of tools in an effort to discover any recurrence
that is potentially curatively resectable. These tools in-
clude serial history and physical examination by a physi-
cian, CEA testing, colonoscopy and in some cases CT
scans of the chest, abdomen and pelvism. The advan-
tages of more intensive surveillance regimens for patients
with stage II and Il CRC have been shown™™ and
current recommendations for patients with successfully
treated stage [ -l CRC include history and physical ex-
amination every 3-6 mo for 2 years, CEA testing every 3-6
mo for 2 years and colonoscopy 3-6 mo post-resection
(if not performed preoperatively)””. Surveillance colo-
noscopy is repeated based on findings (3 years if normal
and 1 year if concerning adenomatous polyp removed),
with CEA, history and physical exam spaced to every 6
mo to complete the first 5 years of posttreatment surveil-
lance”".

Patients with a history of CRC have a particularly
high risk of another cancer within 2 years after resection,
and recommended surveillance frequencies for the first 5
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years post treatment vary with stage of CRC and patient
characteristics such as age of onset and history of heredi-
tary CRC™. Chest, abdominal and pelvic CT scans are
recommended yearly for 3-5 years for stage II-II CRC
patients at high risk for recurrence and every 3-6 mo for
2 years spaced to every 6-12 mo for a total of 5 years for
individuals with stage IV CRC"". If disease recurrence
is observed, the steps of diagnosis, staging, treatment iz
resection and/or adjuvant chemotherapy are revisited as
with a primary presentation, with the potential complica-
tions of a more advanced presentation and chemotherapy
resistant lesions.

CRC genomics
In the more than ten years since the completion of the
Human Genome Projectm, advances in the capacity,
speed and accuracy of genomic DNA sequencing have
rapidly increased our knowledge of the molecular basis
of multiple diseases, and ushered in the genomic eral"
These powerful tools of genomic analysis have been
recently trained on CRC, the results of which are just
beginning to exert what is expected to be a substantial ef-
fect on the diagnosis and treatment of this disease.
Genome scale sequencing (including whole exome
and whole genome sequencing) of over 200 CRC sam-
ples was recently completed by The Cancer Genome
Atlas Network (TCGA), with a primary goal of charac-
terizing somatic mutations in these lesions. The 24 genes
which they found to be significantly mutated included
somatic alterations in genes known to act in CRC, namely
APC, TP53, SMAD4, PIK3CA and KRAS (Figure 1), as
well as ARID1.A, SOX9 and EAM123B". They observed
significantly different somatic mutations rates among the
tumors assessed, classifying them into two categories: hy-
permutated and non-hypermutated. As a potential etiol-
ogy for the elevated mutation rate, they tested and found
77% of hypermutated tumors to have elevated levels of
micro-satellite instability (MSI), which is caused by DNA
mismatch repair (MMR) deficiency””, and can occur due
to deleterious mutations to the genes MLH7, MI.H3
MSH2, MSH3, MSH5 and PMS2". In fact, in the major-
ity of these same hypermutated lesions with high MSI
were found evidence of epigenetic silencing of MILHT
and frameshift/nonsense/missense mutations in MI.H7,
MIH3 MSH2, MSH3, MSH5 and PMS2". They pro-
posed that the higher survival rate of patients with high
MSI-related cancers, with these tumors being hypermu-
tated, the mutation rate may be a prognostic indicator!”.
Increasing understanding of the role of MMR in tu-
morigenesis has already impacted the clinical approach to
CRC. Current recommendations include assessment of
new CRC for evidence of MMR deficiency for patients
younger than 50 years old, though many centers assess
for MMR deficiency, and sometime MSI, on all patients
with CRC. This is done for two reasons: (1) it can be
used as a screening tool to identify individuals at risk to
have Lynch syndrome, causing hereditary colon and en-
dometrial cancer!, for whom genomic sequence analysis
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Table 1 Evolving genomic tools for management of colon cancer

Detection Diagnosis

Management

Clinically available  Fecal occult blood test

Research basis
Future application

Fecal genomic DNA analysis
Cell free genomic DNA
sequencing

Single gene sequencing (APC)
Multigene panel next generation sequencing
Tumor genome sequencing for prognosis

Targeted gene analysis for therapeutic
contraindications (KRAS, UGT1A1)

Development of gene pathway directed
therapeutics (e.g., small molecule inhibitors)

APC: Adenomatous polyposis coli; KRAS: Kirsten rat sarcoma viral oncogene homolog; UGT1A1: Uridine diphosphate-glucuronosyl transferase 1A1.

for mutations in MLLH7, MSH2, MSH6 or PMS2 would
be diagnostic; (2) deficiency in tumor MMR (as measured
by protein immunohistochemistry) or high MSI tumor
status is suggested to indicate decreased likelihood to me-

80]

tastasize” ' and be a prognostic indicator of more favor-

able outcome™””.

The application of genome sequencing technology
has also led to an evolving array of clinical tools to aug-
ment the diagnosis and treatment of CRC (Table 1). For
example, multigene assays have been developed to pro-
vide prognostic and predictive information about indi-
vidual CRC tumors, as well having the potential to guide
tumor specific therapeutic choices. Several such multi-
gene panels are currently available (Oncotype DX Colon,
ColoPrint, ColDX), simultaneously assessing 18 genes or
more, using the data to predict an individual tumor’s risk
of recurrence™. While eatly trials have found such multi-
gene panels can help predict recurrence risk for stage I -
I CRC, they do not appear to predict the benefit of
adjuvant therapy[gol, and further studies are necessary
before such genomic assessment tools will have clinical
relevance for choice of adjuvant therapy.

With detailed genomic information now mote easily
obtainable for individual tumors, the potential for deliv-
ering treatments more specifically targeted to a tumor’
s molecular signature is becoming a reality. For example,
MSI observed in CRC tumors by the TCGA study, has
been found to be a potential predictor of benefit from
adjuvant therapy, with fluoropyrimidine specifically™.
MSI in CRC has been shown to be a predictor of more
favorable outcome, and studies suggest high MSI, or defi-
cient MMR, to be a marker predicting decreased benefit,
and potential deleterious effect, of adjuvant treatment
with fluoropyrimidine alone in individuals with stage 1I
CRC™. Tt is currently recommended that MMR tumor
analysis be considered for individuals with stage II dis-
case and planned fluoropyrimidine adjuvant treatment
alone!”.

In another example, TCGA genomic analysis of CRC
further confirmed the presence of a significant number
of KRAS mutations (in 43% of non-hypermutable CRC),
consistent with its role in the molecular etiology of CRC
(Figure l)m. Additional studies have shown up to 40%
of CRC tumors have alterations in codons 12 and 13 of
exon 2 in the coding region of KRAS P12 These particu-
lar KRAS alterations have been shown to be predictive of
a lack of response to specific chemotherapies, anti-EG-
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FR drugs cetuximab and panitumumab in particular”™ ",

and the FDA has stated that these drugs should not be
used for management of CRC with these specific KRAS
alterations [Cetuximab (package insert). Branchburg, NJ:
ImClone Systems Incorporated; 2009; Vectibix (package
insert). Thousand Oaks, CA: Amgen Inc.; 2009].

Furthermore, downstream of activated KRAS, the
BRAF gene protein product is activated. BRAF muta-
tions were observed in the TCGA CRC genomic analysis
(46% of hypermutated tumors)” and up to 9% of CRC
contain the BRAF gene V600E mutation'. Retrospec-
tive studies have suggested that mutated BRAF, in the
presence of wild-type KRALS, also confers a lower re-
sponse rate to cetuximab"”. For this reason, patients
with stage [V CRC whose tumor has tested wild-type for
KRAS, should have the option of BRAF tumor genotyp-
ing, in an effort to avoid potentially ineffective therapy
choices'”. With these potential opportunities to posi-
tively impact the selection of chemotherapeutics on a
tumor specific basis, genotyping of CRC tumor tissue in
all individuals with metastatic CRC diagnosed as stage [V
is now strongly recommended (Table 1),

Pharmacogenomic data represents another advance
in CRC therapy with the ability to personalize the selec-
tion of agents for CRC treatment to each patient’s toler-
ance. Germline genomic sequencing of individual CRC
patients is enabling the identification of individuals who
have increased susceptibility to the side effects of par-
ticular drugs as well as increased or decreased metabo-
lism of specific pharmacological agents. Each of these
characteristics can positively, or negatively, impact the
efficacy of a selected therapeutic agent in treating the pa-
tient’s CRC. Data is growing to provide clinical guidance
in the selection of chemotherapeutics for CRC based in
part on a patient’s germline genomic sequence, to avoid
excessively toxic drugs and promote optimal dosing. For
example, patients with a particular variant of the uridine
diphosphate-glucuronosyl transferase 1A1 (UGT7.A7)
gene are at higher risk of developing neutropenia and
diarrhea when treated with irinotecan for CRC"""", Ac-
cordingly, the FDA currently recommends genotyping of
patients under consideration of irinotecan treatment for
CRC prior to initiation (Table 1),

Genomic analysis of CRC by TCGA continued the
expansion of our understanding of the molecular etiology
of CRC by identifying somatic mutations in novel genes
not previously associated with CRC, such as SOX9".
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Their analysis also found a majority of recurrent CRC
mutations could be grouped into several major cellular
networks, specifically the WNT, MAPK, PI3K, TGF-
beta and p53 pathways. For example, though alterations in
APC, a component of the WNT pathway commonly al-
tered in CRC, was mutated in 81% of non-hypermutated
and 53% of hypermutated CRC, the overall WNT signal-
ing pathway was altered in 93% of non-hypermutated
and 97% of hypermutated CRC"!. This observation
suggests that almost all CRC are driven in part by a very
similar molecular mechanism to that which initiates CRC
in patients with FAP (Figure 1). This also suggests that
pathway or network-level convergence would be an im-
portant methodology whereby the functional impact of
non-synonymous point mutations in CRC might be pre-
dicted"™. The TCGA data also suggest various potential
targets for therapeutic intervention including proteins in
the WNT, RTK-RAS and PI3K pathways which could be
targets for inhibition”. Some of these targets are already
under investigation and have shown initial potential (Table
1), such as inhibitors of WNT signaling and beta-catenin
inhibitors""""".

The diagnosis of CRC, both at initial presentation
and during surveillance for recurrance, has yet to be sig-
nificantly impacted by genomic sequencing applications.
However, the developing ability to more accurately se-
quence cell free genomic DNA isolated from the serum,
as has been done for prenatal diagnosticsms], and the de-
tection of significant levels of tumor DNA in the blood
of cancer patients”og], suggest there is significant potential
for genomic advances in the diagnosis of CRC (Table 1).
Many exciting discoveries remain on the horizon for the
diagnosis and managment of CRC as the genomic era
continues to unfold.

CONCLUSION

We have discussed the current diagnosis and management
of sporadic and FAP related CRC, and the initial impacts
genomic sequencing is having on these diseases. The diag-
nosis of FAP continues to rely on the performance of a
thorough patient history and physical examination, which
includes a detailed familial medical history. Clinical diag-
nosis #ia colonoscopy provides the gold standard for iden-
tifying the physical manifestations of FAP related CRC.
Genomic sequencing has begun to manifest its impact
on the diagnosis of FAP in the availability of .4PC gene
sequencing and next generation sequencing based multi-
gene panels, through which patients without a significant
family history or with an ambiguous presentation, can be
tested simultaneously for several hereditary cancer syn-
dromes, minimizing the time to confirmed diagnosis and
initiation of recommended surveillance protocols, testing
of at risk family members. Molecular testing of at risk
but asymptomatic family members has the added benefit
of confirming individuals as being unaffected by an APC
gene mutation, and allowing them to safely avoid unneces-

saty colonoscopic surveillance beyond that recommended
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for individuals of average tisk™. With the increasing avail-
ability of these genomic sequencing assays to assess the
molecular status of APC, a small but growing number of
VUS are accumulating, which complicates the diagnostic
capacity of these tests and leaves patients having to un-
dergo empiric intensive FAP CRC screening protocols in
the absence of a definitive “positive” or “negative’” result.
Further functional characterization of VUS remains an
important area of research to improve the accuracy and
applicability of diagnostic genomic sequencing;

Sporadic CRC has also begun to benefit from the
tools of genome sequencing analysis. Recent whole
exome and whole genome sequencing of hundreds
of CRCs have confirmed the presence of the canoni-
cal genetic mutations contributing to its pathogenesis,
while also identifying novel genes with potential roles
in CRC tumor developmentm. The genomic era has be-
gun to contribute new tools to facilitate both diagnosis
and guide management of sporadic CRC. Fecal derived
DNA sequencing assays are being tested as a precursor to
colonoscopic assessment, providing a vast amount more
information than its antecedent the fecal occult blood
test, though these remain unready at this time for clini-
cal application. Direct genomic analysis of patient CRC
tumors is being actively pursued in the research setting,
with growing evidence that such information may pro-
vide prognostic and predictive information about clinical
course and response to intervention, with the current
standard of care already requiring certain CRC genes be
assessed prior to treatment with specific chemotherapeu-
tic agentsm. Germline genomic sequencing of CRC pa-
tients has the potential to allow personalization of treat-
ment to patient tolerances, and some pharmacogenomic
studies have already lead to screening of patients prior to
initiation of specific regimens in order to avoid deleteri-
ous side effects. These advances, brought about in the
short time since the advent of the genomic era"” have
already significantly impacted the clinical management
of sporadic and FAP related CRC, with the promise of
further discoveries on the horizon with the potential to
ultimately decrease the current prevalence and mortality

of CRC, both sporadic and hereditary.
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