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D
uring the past decade a quiet revolution has been taking place in the way we view the

development of colorectal cancer. One of the most important seeds for this change has been

the recognition of a serrated polyp pathway-type colorectal tumorigenesis associated with

somatic BRAF mutation and widespread gene promoter hypermethylation as an alternative to the

adenoma-carcinoma sequence.1 In this paper, we review the evidence that the development of

advanced serrated polyps is a genetic trait with implications for CRC screening and prevention in the

wider population.2

HETEROGENEOUS NATURE OF COLORECTAL CANCERc
Like many epithelial malignancies, colorectal cancer (CRC) is a heterogeneous disease with respect to

tumour phenotype, risk factors, genetic predisposition, response to treatment and outcome and can

be classified into groups with clinical relevance using molecular pathology features.3 4 Identifying

genetic and environmental risk factors for subsets within this disorder is likely to improve our

understanding of aetiology, and thereby contribute to CRC prevention by targeting of screening and

other preventative measures to those most at risk. Hypermethylation of CpG islands in gene

promoters is a well-accepted mechanism for expression silencing of tumour suppressor genes in a

wide variety of human cancers. However, a distinct phenomenon associated with widespread and

concordant CpG island methylation events was first described in 1999 in gastrointestinal tumours.5

CRCs with this CpG island methylator phenotype (CIMP CRC) demonstrate particular mutation

profiles, proximal location in the colon, and increased mucinous and poorly-differentiated histology.6

Previous observations support the notion that CIMP tumours in the colon represent a distinct sub-

type of CRC.7–9 For example, using multiple CpG island markers, 295 CRC and cluster analysis,

Weisenberger and colleagues were able to convincingly show that CIMP CRCs possess a discrete

molecular trait which includes consistent and quantitatively-based hypermethylation of a subset of 5

CpG island markers from an original panel of 195. Subsequent validation was achieved using this

novel 5-marker panel9 in an independent series of CRC. In keeping with several previous reports,

somatic BRAF mutation and CIMP were strongly associated with each other (odds ratio for

association = 203), and with cancers situated in the proximal colon.9–11 CIMP CRCs included almost

all sporadic cases with microsatellite instability (MSI) and, importantly, a further proportion of CRCs

that were microsatellite stable (fig1).

THE EPIDEMIOLOGY OF CIMP CANCERS
Studies investigating the epidemiology of CIMP CRCs have also provided evidence that they represent

a separate entity with their own genetic and environmental risk factors.7–9 An association with

proximal location, female sex and advanced age was observed in a case-series study of 396 CRCs.12

The association with female gender however, was only evident when microsatellite unstable tumours

were included. The epidemiology of CIMP CRC was subsequently investigated in a large population-

based panel of over 800 cases from North America.8 In this study, CIMP was unequivocally

demonstrated within the population,7 occurring in 30% of CRCs, and, consistent with previous

studies, showing a tight association with somatic BRAF mutation (odds ratio for association = 39). In

a further analysis of this cohort, there was a tendency for CIMP microsatellite stable tumours to have

a positive family history of colorectal cancer, though this was not statistically significant.

Interestingly, when 911 cases from the same population cohort were analysed for somatic BRAF

mutation, family history of colon cancer was significantly associated with BRAF mutation positive

microsatellite stable cancers (OR 4.2; 95% CI 1.65–10.84), suggesting a genetic predisposition to
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develop CRC with BRAF mutation,13 ie, to develop CRC with the

molecular genetic hallmarks of the serrated neoplasia pathway.

Studies on the effect of diet, particularly folate intake, on the

propensity to develop CRC with CIMP and BRAF mutation have

produced no consistent findings.14 However, smoking has been

recently demonstrated to have an effect on the development of

CIMP CRC. Samowitz and colleagues analysed the large North

American population described above for a previously reported

finding of an association between MSI and smoking.15 In this

more recent study, smoking was significantly associated with

CIMP and with BRAF mutation irrespective of MSI status.16

Individuals who smoked .20 cigarettes per day had a 2-fold

increased risk of CIMP CRC but no increased risk of CIMP

negative CRC. Parallel findings were returned when tumours

were analysed according to BRAF mutation status.

SERRATED PATHWAY PRECURSOR LESIONS
An effective approach to CRC screening and prevention is the

removal of benign precursor lesions (polyps) which have a high

malignant potential. The two most common epithelial polyp

types in the colorectum are adenomas and serrated (hyperplas-

tic or metaplastic) polyps. For decades following the description

of the adenoma-carcinoma developmental progression, it was

believed that almost all CRCs evolved from advanced adeno-

matous polyps. In recent years, however, convincing evidence

has emerged that a significant proportion of CRC develops

within a small subset of serrated polyps, notably examples that

are large, proximally located and demonstrating atypical

architecture. In particular, cancers with CIMP and BRAF

mutation arise in a sub-type of serrated polyps called sessile

serrated adenomas (SSA).17 The incidence of SSAs amongst

lesions removed from patients undergoing colonoscopy ranges

from 2–9%.18 19 Further, Spring and colleagues19 found that the

presence of at least one SSA was associated with increased

polyp burden consistent with an underlying predisposition. In

this study, an association between family history of CRC and

the presence of advanced serrated polyps was also observed,

though fell short of statistical significance. In accordance with

their status as a precursor lesion, SSAs demonstrate a high level

of BRAF mutation,10 CIMP and a proximal predilection.19 In a

study of sporadic serrated polyps, O’Brien and colleagues also

demonstrated CIMP was more prevalent in larger and more

proximally located lesions. Interestingly, Lazarus et al found

that advanced serrated lesions recurred at twice the rate of

adenomas20 after resection.

HYPERPLASTIC POLYPOSIS SYNDROME AND
FAMILIES WITH SERRATED NEOPLASIA
Serrated polyps are a common finding in an ageing population,

and the overwhelming majority are diminutive and innocuous

lesions occurring in the distal colon.21 However, serrated polyps

are also seen in a condition called hyperplastic polyposis

syndrome (HPS). HPS has been phenotypically defined by Burt

and Jass as demonstrating (1) at least five histologically

diagnosed hyperplastic polyps proximal to the sigmoid colon,

two of which are greater than 10 mm in diameter, or (2) any

number of hyperplastic polyps occurring proximal to the sigmoid

colon in an individual who has a first-degree relative with

hyperplastic polyposis, or (3) more than 30 hyperplastic polyps of

any size but distributed throughout the colon.22 The condition

represents a human model for the serrated pathway of CRC

development analogous to familial adenomatous polyposis as a

model for the sporadic adenoma-carcinoma sequence. It was in a

patient with HPS and six synchronous CRC, that the serrated

pathway was first recognised at a molecular level.23 Most cases of

HPS are identified in the sixth or seventh decade, though several

case reports, as well as the experience of the authors, indicate that

the disorder may be evident much earlier.24–27 The serrated

pathway results in cancers that are characterised by somatic

BRAF mutation and CIMP, features that in turn demonstrate a

high rate of concordance within individual lesions in those with

HPS.28 29 Further, in a large multi-ethnic patient cohort attending

a gastroenterology service in New Zealand, all cases of HPS

originated from the European component, which comprised only

50% of patients (Parry et al, unpublished observations).

Though HPS may present without synchronous cancer, it is

estimated that in over half of all reported cases, the findings will

include at least one CRC.30–32 However, several series of

individuals with HPS have been reported where no CRC has

developed.33 34 Because HPS is relatively rare, it is difficult to

assess the actual age-related incidence of CRC in this condition

due to possible ascertainment bias in the reporting of the most

phenotypically interesting cases. Therefore the disparity in cancer

incidence between series and case reports is likely to continue. In

reports of series where CRC was present, it appeared that the risk

of a synchronous CRC was higher in those with atypical or large

serrated polyps, and with adenomatous or dysplastic changes.31 35

An explanation for the variability in development of CRC in

HPS may lie in genetic heterogeneity. The issue of heterogeneity

in HPS was first raised with the publication of six cases by

Torlakovic and Snover27 in 1996. In their report, they described

the polyps as more like serrated adenomas than those seen in

classical cases of HPS, and suggested that this sub-type should

be noted given the possible malignant potential of the lesions.

Such lesions are now referred to as SSAs, can also occur in

apparently sporadic settings, and are thought to be the major

precursor lesions underlying the serrated pathway.36 37 Further

reports have described two sub-types of HPS, one with multiple

but not necessarily large hyperplastic polyps, and another with

multiple lesions which include a diversity of polyp sub-types

including hyperplastic polyps, SSAs, traditional adenomas, and

polyps with mixed elements.38 39 The latter sub-type is more

likely to have polyps .1 cm, dysplastic changes, to involve the

Figure 1 The Distribution of CIMP and MSI in Sporadic Colorectal
Cancer. Diagram shows the distribution of MSI and CIMP in sporadic
CRC. CIMP accounts for all MSI-H sporadic CRC, but only a proportion of
MSI-L and MSS subtypes.
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proximal colon and to be associated with the presence of CRC.31

Such patients are more likely to demonstrate somatic BRAF

mutation,28 as opposed to the KRAS mutations seen in small

typical hyperplastic polyps, particularly in the distal colon.38 40

Whether the two sub-types differ at the fundamental level of a

germline mutation, or whether they are the result of a common

mutation interacting with different genetic backgrounds or

environmental modifiers remains to be elucidated.

Though it was initially considered to be a condition that was

not associated with familial risk, HPS in a family setting has

now been reported on several occasions. Descriptions of a

familial syndrome with origins in the serrated pathway were

initially reported from New Zealand in 1996, and in 1997.41 42

Further families with HPS were subsequently described by

others.30 38 43 In addition, familial cancer syndromes associated

with BRAF mutation-bearing tumours have been described

from Australia (where 2 of 11 CRC families included cases of

HPS),44 and Sweden.13 As well as the presence of HPS in

multiple family members,30 38 41–43 CRC occurs in the relatives of

up to 50% of HPS cases.30 35 Further, Azimuddin and colleagues

described 16 cases of large atypical hyperplastic polyps from a

series of colonoscopies. All but one lesion occurred in the

proximal colon, and 9 of 16 cases had a family history of CRC.

Interestingly, a family history of CRC was more likely to occur

where the polyps demonstrated dysplastic changes.45

A phenotype of multiple serrated polyps, and occasional

affected sibships including consanguineous kindreds30 and

identical twins, suggest an autosomal recessive or co-dominant

mechanism as the most likely mode of inheritance. In a co-

dominant mode of inheritance, an intermediate phenotype may/

may not be evident when the co-dominant allele is paired with a

normal allele. When paired with a recessive allele, however, the

phenotype produced will differ significantly from the intermedi-

ate phenotype. It has been estimated that HPS (individuals with

two putative co-dominant alleles) occurs in the UK population at

a rate of 1 in 2000.46 Given that the carriers of one co-dominant

allele may therefore number up to 1 in 25, and that up to 50% of

HPS individuals report a family history of CRC,30 31 it is likely that

the carriers of one allele may account, at least in part, for the

burden of serrated pathway CRC in the population (fig 2). The

presence of such cancers in the population therefore could be

explained by the presence of common less penetrant co-dominant

alleles.47 Such individuals may develop a small number of

serrated polyps and a subset of these may go on to develop a

cancer bearing a BRAF mutation (fig 3).

Though MSI-H BRAF mutation-bearing CRC may be present

in HPS,23 and in CRC families with serrated neoplasia,44 CRC in

HPS are more likely to be non-MSI-H.30 Importantly, in the

North American population, it was the non-MSI-H BRAF

mutation-bearing CRC which showed the strongest association

with a family history of CRC.48 The association of female gender

with CIMP cancers is largely confined to the MSI-H subset,12

and individuals of advanced age. However, there is no female

predominance in HPS, suggesting that associations between

female gender and CIMP may be due to genetic and

environmental factors outside what is proposed here.

FAMILY CANCER CONSIDERATIONS
A major risk factor for the development of CRC is a family

history of the disease, with on average 15% of all CRC cases

having an affected first-degree relative.49–51 Risk of CRC in

relatives is also strongly related to the age of onset in the

proband.49 Individuals with an affected first-degree relative

have an increased risk for developing CRC from 2–4 fold.52 53

The proportion of CRC which involves a genetic susceptibility

has been estimated at about 30%, and in a significant

proportion of these families, the number and distribution of

affected individuals suggests that a single dominantly inherited

mutation is implicated.51 The magnitude of residual familial

risk is currently unknown, however it has been proposed that at

least 30% of excess risk in relatives is not explained by known

syndromes,49 and may involve a spectrum of modes of

inheritance including autosomal dominant and co-dominant

or recessive types.

It is important to understand the genetic basis for inherited

susceptibility to CRC for design of both gene discovery and

family screening programs.49 Several studies have attempted to

define the inheritance of the residual familial CRC risk.

Aaltonen and colleagues have shown that a model in which

the familial clustering of CRC was attributed to chance was

dismissed with a probability of less than 0.001.49 Further, they

suggested that polygenic inheritance is the most likely model to

explain the excess CRC risk in the remaining families as this

model performed marginally better in their study after

excluding known loci. Lindor and colleagues described a cohort

of non-Lynch Syndrome familial CRC with an autosomal

dominant mode of inheritance which has been confirmed by

subsequent studies,54–56 whilst in a population-based dataset,

Hemminki and colleagues proposed a recessive mode of

inheritance of proximal cancers.57 A further study by Jenkins

et al supported a recessive mode of inheritance for residual

genetic risk.58 In summary, there is increasing support in the

literature for common lower penetrance cancer susceptibility

alleles present at increased frequency in CRC cases with strong

family histories compared to consecutive case series. In such

families it may be difficult to determine whether the mode of

inheritance is incomplete dominance or co-dominance, and

though a co-dominant mode of inheritance is proposed in this

review, the role of genetic background in incomplete dom-

inance cannot be excluded as a possibility. In addition,

confounding by somatic mutation in the population may affect

the validity of a co-dominant model.

PARALLELS WITH MUTYH-ASSOCIATED POLYPOSIS
A precedent for an alternative mode of inheritance in families

with a genetic susceptibility to CRC development occurs in

MUTYH polyposis. In 2002, several groups discovered that

biallelic mutation of a base excision repair gene MUTYH (a

mutation in each of the two MUTYH alleles), predisposed to

multiple adenomatous polyps, and increased the risk of CRC, in

an autosomal recessively-inherited manner.59 60 However, sub-

sequent studies have thrown into doubt a completely recessive

mode of inheritance for MUTYH mutations in the causation of

CRC. Jenkins and colleagues,61 using a family-based design

have shown a higher prevalence of CRC among monoallelic

carriers (those with mutation in only one MUTYH allele)

compared with non-carriers. These findings are consistent with

those of other groups,62–66 suggesting an additional dominant

effect in the inheritance of MUTYH mutation. This premise has

been further supported by reports of increased LOH at the
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MUTYH locus in tumours where a single germline mutation is

present.62 64 In examining the possibility of an additional

dominant effect in MUTYH inheritance, a co-dominant model

(homozygote risk . heterozygote risk . wild-type risk) gave a

significantly better fit than did a purely recessive model. The

analysis of Jenkins showed that biallelic mutation carriers were

Figure 2 Schematic of Serrated
Pathway CRC in Families and in the
Population. A hypothetical but typical
family is depicted in the upper panel of
the diagram. Co-dominantly inherited
HPS (individual with solid red symbol)
assumes that both parents carry a single
co-dominant allele, and that one each of
their parents in turn also carries a single
allele co-dominant allele. A subset of the
carriers in a family may develop CRC,
as has been reported previously.30 35 43

A simulated segment of the population is
depicted in the lower panel. Given the
frequency of HPS in the United Kingdom
is 1 in 2000,46 carriers of one co-
dominant allele, most of whom are likely
to be asymptomatic, would be
distributed throughout the population at
rates approaching 1 in 25. A subset of
the population will develop CRC, and
less than one in 10 of these cases will be
non-MSI-H serrated pathway CRC. The
individuals circled in red are likely to be
identified as a family at risk due to the
number of cases with colorectal
neoplasms. However, the carrier in the
family with CRC (circled in green) would
appear as an isolated case of serrated
pathway CRC in the population
indistinguishable from the population-
based CRC which is characterised by
BRAF mutation and microsatellite
stability (also circled in green).

Figure 3 Model for the Hypothesis of
the Relationship between HPS and
Serrated Pathway Cancer in the
Population. Diagram demonstrates the
phenotypic consequences of A. Two
putative co-dominant HPS alleles; B.
One putative co-dominant HPS allele; C.
Non-carrier. Note: In B and C most will
not express the phenotype.
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52 times more likely to develop CRC, and monoallelic carriers

are three times more likely to develop CRC, than non-carriers.

Family-based studies are more efficient for the study of rare

variants than case-control designs,61 due to the density of

potential gene carriers, and the opportunity to observe vertical

transmission. Peterlongo reported three biallelic MUTYH muta-

tion carriers in CRC families with pedigree structures suggest-

ing dominant inheritance,67 68 whilst Croitoru et al found

biallelic and monoallelic carriers were more likely to have first

and second degree relatives with CRC.62 These findings are

consistent with those of other groups who have used a case-

control design to compare frequency of mutations in cases to

that of non-cases. Most recently, Tenesa and colleagues69

showed in both their own data and in a meta-analysis an

additional dominant effect increasing risk 1.4 fold in the

inheritance of an MUTYH mutation. Although an additional

dominant effect for heterozygous mutation carriers has been

found in multiple studies,61–64 66 68–71 several reports have

suggested that these findings are of borderline significance,

and that the question of risk in monoallelic carriers remains

unanswered.67 72 73

CLINICAL IMPLICATIONS OF SERRATED NEOPLASIA
IN THE POPULATION
Colorectal cancer is a cause of significant cancer-associated

mortality and morbidity in Western populations. The implica-

tions of a genetic predisposition to serrated neoplasia are

significant.2 Unlike the greater portion of colorectal cancers

which evolve from an adenomatous polyp, cancers with CIMP

and BRAF mutation arise in SSAs.17 These lesions are common

in individuals with HPS, and therefore it is possible that SSAs, a

lesion with a high frequency of BRAF mutation,10 and a

proximal predilection,19 may be more common in European

populations. It has been reported that malignant transforma-

tion in the serrated pathway may be unusually rapid in some

clinical settings. Hyman and colleagues report that three cases

of HPS developed CRC despite 2-yearly colonoscopy.43

Azimuddin and colleagues presented evidence that 3-yearly

colonoscopy was inadequate for some families with atypical

serrated polyps.45 Further, larger studies such as that carried out

by Lazarus and colleagues suggested that serrated neoplasms

are more likely to account for the occurrence of interval

cancers.20 Interval cancers have been found to be three times

more likely to occur in the proximal colon,74 and almost four

times more likely to have high-level microsatellite instability.75

However, there is currently no large body of data which

confirms the rapid evolution to cancer of advanced serrated

polyps. It is also not known for certain whether interval cancers

could be explained by a flat or sessile lesion which may have

been missed at colonoscopy, and if so, whether chromo-

endoscopy would address this question. Until these issues are

resolved, recommendations for frequency and modality of CRC

screening in those most at risk for the development of serrated

neoplasia, particularly individuals with HPS and their families,

remain undefined.76

It is worth speculating on the clinical implications should the

hypothesised genetic causes of HPS be identified. For example

if we assume: (i) a homozygous mutation in a single gene is a

cause for HPS; (ii) between 1 in 1,000 and 1 in 4,000 of the

population are homozygous carriers (based on a single

published estimate of HPS frequency of 1 in 2000;46 and (iii)

heterozygote carriers have a 1.5-fold lifetime risk of colorectal

cancer (,10% cumulative risk); then this mutation will cause

between 1 in 160 and 1 in 400 of the population to develop CRC

in their lifetime because of being a mutation carrier, which is

about 8%–15% of all CRC. Interestingly, somatic BRAF mutation

is observed in 9% of CRC at the population level.8 The

identification of the genetic variant associated with HPS will

be a necessary first step in the examination of this hypothesis.

Sequence variants in MYH and EPHB2 have been reported in

rare HPS cases though these did not account for the majority of

cases seen in the respective studies.30 77

SUMMARY AND CONCLUSION
The proposition that a subset of serrated polyps may give rise to

CRC is approaching worldwide acceptance. In Western popula-

tions, a significant proportion of CRC has its origins in serrated

precursor lesions. However, it is also likely that the develop-

ment of advanced serrated polyps has its basis in a relatively

common genetic predisposition. Description of families and

individuals with multiple serrated polyps not withstanding, the

increased prevalence of HPS in Europeans, and the significantly

increased risk of family history in population-based cases of

BRAF mutation-bearing CRC both support the existence of a

genetic predisposition to develop advanced serrated lesions.

Cases with HPS may represent the most clinically apparent

manifestation of a widespread predisposition in the population.
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Achalasia is an uncommon, yet emi-
nently treatable cause of dysphagia,
which is often not recognised early
because of lack of awareness about this
condition. The most common symptom
is dysphagia for both solids and liquids.
Heartburn is a frequent complaint
despite the absence of acid reflux.
Upper gastrointestinal endoscopy is
often reported to be normal and barium
swallow may be more helpful in the
diagnosis of achalasia, especially in the
early stages. Oesophageal manometry is
the key test for the diagnosis of
achalasia and lower oesophageal
sphincter relaxation is always abnormal
in achalasia. Pseudo-achalasia should
be excluded in older individuals espe-
cially those with profound weight loss.
Endoscopy with biopsy, CT scan, and
endoscopic ultrasound may be helpful.
There is no cure for achalasia and the
aim of treatment is to reduce symptoms
by improving oesophageal emptying.
Traditionally surgery is reserved for
patients in whom pneumatic dilatation
is unsuccessful or whose symptoms
recur following satisfactory initial

response to dilatation. However, this
approach may have to be re-evaluated
with the advent of laparoscopic myot-
omy. The effect of endoscopic injection
of botulinum toxin tends to be transi-
ent and it is normally reserved for older
and unfit individuals.
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