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Abstract

Aims—MYH is a DNA glycosylase in the base excision repair pathway. Germ-line biallelic
mutations in the MYH gene are associated with the development of multiple colorectal adenomas
and colorectal carcinoma (CRC). A slightly increased risk of CRC is suggested in monoallelic MYH
mutation carriers. The aim was to characterize the histopathological features of carcinomas from
biallelics and monoallelics.

Methods and results—Clinicopathological features of 57 colorectal carcinomas from 50 patients
identified in familial CRC registries were recorded. These included 16 cancers from 14 MYH
biallelics; 25 cancers from 22 MYH monoallelics; and 16 cancers from 14 controls. Carcinomas in
biallelics demonstrated tubular, papillary or cribriform patterns as the predominant histological
subtype, and main histological groups differed according to mutation status (P = 0.0053). All biallelic
cancers were low grade, with high-grade tumours more common in monoallelics and controls (P =
0.002). Synchronous polyps were observed in 75% of biallelics, 33% of monoallelics and 43% of
controls (P =0.035). Serrated carcinoma was the predominant type in 12% (3/25) of the monoallelics
but in none of the biallelics or controls. MYH immunohistochemistry failed to distinguish between
groups.

Conclusions—Neither pathological features nor immunohistochemistry could predict the MYH
mutation status of CRCs in this study.
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Introduction

Oxidative damage of DNA results in the generation of 8-oxo-guanine, which, when
incorporated into DNA, mispairs with adenine residues. MYH, or MutYH, is a DNA
glycosylase in the base excision repair pathway responsible for the repair of oxidative DNA
damage. Mutations in the MYH gene impair the DNA base excision repair process, resulting
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in the accumulation of G:C—T:A mutations in genes such as adenomatous polyposis coli
(APC) and Kirsten rat sarcoma (KRAS), both of which have major roles in colorectal
tumorigenesis. 1:2 Germ-line biallelic MYH mutations are clinically associated with the
development of multiple colonic adenomas and colorectal carcinoma (CRC)3 as well as upper
gastrointestinal neoplasms. 4:> An attenuated polyposis phenotype is generally described, with
various studies demonstrating biallelic MYH mutations in approximately 30% of patients with
between 10 and 100 polyps and no germ-line APC mutation. 2:6 However, the number of polyps
can exceed 100, as seen in classic familial adenomatous polyposis (FAP).2 The exact risk of
CRC associated with monoallelic mutation carriers remains uncertain; most large studies have
described an odds ratio of <1.5.”~13 No specific clinical or pathological features have been
described that predict the presence of an MYH mutation, unlike the Bethesda criteria, which
are useful in identifying CRC with high-frequency microsatellite instability (MSI-H).14 In a
preliminary pathological review of histology slides from patients with biallelic and monoallelic
mutations at our institution, a serrated appearance was noted in some cases. We undertook a
detailed review to investigate whether there were specific pathological features that were
characteristic of MY H-associated cancers. In addition, a recent study has described the utility
of immunohistochemistry using an MYH antibody on paraffin-embedded material from CRCs
to predict the presence of mutations.1®> We also sought to confirm this finding in our cohort.

Materials and methods

CRCs and polyps from 50 patients (29 female, 21 male) were reviewed for this study. Thirty-
six individuals with MYH mutations, including 14 biallelic and 22 heterozygous mutation
carriers, were identified from the Familial Gastrointestinal Cancer Registry (FGICR) and from
the Ontario Familial Colon Cancer Registry (OFCCR). The FGICR is a clinic-based
programme based at Mount Sinai Hospital, Toronto that acts as a Canadian referral centre for
subjects and family members at high risk of inherited gastrointestinal cancer and polyposis
syndromes. Cases from the FGICR included four biallelic mutation carriers with 10-100
adenomas, and prior negative germ-line APC testing; the MYH mutation status of the cases has
been reported previously.5

A total of 32 MYH mutation carriers (10 biallelic and 22 heterozygous carriers) were identified
from OFCCR, one of six sites of the Colorectal Cancer Family Registry, a National Cancer
Institute-supported consortium of registries dedicated to the study of genetic and
epidemiological factors in CRC.16 The OFCCR recruited individuals diagnosed with colorectal
carcinoma in the Province of Ontario between 1 July 1997 and 30 June 2000 aged 2470 years
at diagnosis identified through the population-based Ontario Cancer Registry.1” Cases of FAP
were excluded from this registry. Fourteen controls were randomly selected from CRC patients
from the OFCCR who did not have pathogenic MYH mutations, and were either wild-type or
harboured non-pathogenic polymorphisms. The MYH mutation testing of mutation carriers and
controls has been previously reported.”

For cases and controls, original pathology reports were reviewed for each CRC specimen to
confirm the diagnosis of invasive malignancy, Original pathological slides and tumour blocks,
where available, were obtained for each specimen for central review. Tumour microsatellite
instability analysis and immunohistochemistry for mismatch repair genes MSH2, MLH1,
MSH6 and PMS2 were available for most cases.

PATHOLOGICAL FEATURES

All available haematoxylin and eosin slides from each case were reviewed. The main
histological subtype of each carcinoma was recorded (>50% of the tumour). Any secondary
patterns were also noted. Serrated carcinoma was diagnosed using published criteria
encompassing a number of features. 18: 19 These included a serrated growth pattern in well-
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differentiated areas in which the serrations lack fibrovascular cores. In poorly differentiated
carcinomas, a serrated pattern may not be apparent and trabecular and lace-like patterns may
be seen. The cells have a characteristic morphology including abundant eosinophilic cytoplasm
and vesicular nuclei with chromatin condensation at the nuclear envelope. Mucinous
differentiation is common in serrated carcinomas and the cells retain the cytoplasmic
eosinophiliaand are often arranged in papillary rods or as cell balls floating in mucin. Mucinous
carcinomas were defined according to the World Health Organization criteria, i.e. tumours
composed of >50% extracellular mucin.2? Additional pathological features recorded included
site, size, grade, nature of the tumour margin, tumour-infiltrating lymphocytes [high = >12
intraepithelial lymphocytes per high-power field (HPF; x40); low = 5-11 intraepithelial
lymphocytes per HPF (x40)], a Crohn’s like lymphocytic response [four or more nodular
lymphoid aggregates in a low-power field (x4) in the submucosa or serosa at the advancing
edge of the tumour],2! pT status, lymph node status and the presence or absence of the following
features: additional polyps, an adenomatous edge to the tumour, intraglandular (“dirty”)
necrosis within the tumour, extraglandular necrosis, a poorly differentiated component at the
invasive edge, a desmoplastic response, lymphatic invasion, venous invasion and perineural
invasion.

IMMUNOHISTOCHEMISTRY

Tumour slides were stained with Rabbit polyclonal anti-MYH antibody (Abeam, Cambridge,
UK) at 1:200 dilution and counterstained with haematoxylin. Both nuclear and cytoplasmic
immunoreactivity was assessed in normal colonic mucosa and in carcinomas and scored using
the Allred method.22

STATISTICAL ANALYSIS

Results

Frequencies of observed pathological patterns and MYH mutation status were compared using
2 test and Fisher’s exact test. Comparisons of continuous variables (age, tumour size) was
done by analysis of variance. Associations between histological patterns and specific mutation
status (biallelic or monoallelic) and multivariate analysis was determined by logistic regression
modelling. Correlations between pathological variables were assessed by calculation of
Spearman correlation coefficients. All analyses were performed using SAS 9,1 (SAS Institute,
Cary, NC, USA).

The study group included 57 carcinomas. These comprised 16 tumours from patients with
biallelic mutations (including homozygotes and compound heterozygotes), 25 from patients
with monoallelic mutations and 16 from those with benign MYH polymorphisms (controls).
Details of the mutations are provided in Table 1.

The mean age (£SD) at diagnosis of the patients was 51 years (£11.3), 59 years (£14.7) and
62 years (+9.0) for those with germ-line biallelic mutations, heterozygous mutations and
controls, respectively (P = 0.04).

PATHOLOGICAL FEATURES

Histological subtype—The most commonly observed primary pattern in all groups was
tubular, which was seen in 8/16 (50%) of tumours from biallelic carriers, 11/25 (44%) of those
from heterozygous carriers and in 4/16 (25%) of those from controls. A serrated pattern was
the predominant histological type in 3/25 (12%) of the heterozygotes, but none of the tumours
from biallelic or control patients exhibited a predominantly serrated pattern (Figure 1). One of
these cases demonstrated high-grade cytology, but retained the features of serrated carcinoma.
In comparing the frequencies of predominant histological patterns among biallelic,
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heterozygous and control tumours, a trend was seen towards a difference between these groups
(P = 0.089); however, due to the low number of observations in each category, this did not
achieve statistical significance. Therefore, histological patterns were categorized according to
typical/usual adenocarcinoma features (tubular, cribriform, papillary, adenocarcinoma not
otherwise specified), microsatellite instability features (mucinous, signet ring,
undifferentiated/medullary, microglandular goblet cell carcinoma) and serrated features. Using
this grouping of histological patters, all (16/16) biallelic tumours demonstrated usual or typical
features compared with 80% of heterozygous tumours and 63% of control tumours, whereas
the microsatellite instability pattern was seen in 8% of heterozygous tumours and 37% of
control tumours (P = 0.0053). A secondary serrated component was seen in 1/16 (6.2%) of the
biallelics, in 1/25 (4%) of the heterozygotes and in 2/16 (12.5%) of the controls. Common
secondary patterns in all groups included papillary (40.35% of all carcinomas), tubular (22.8%
of all carcinomas) and cribriform (17.5%). There was no significant difference between the
groups as regards either individual secondary histological patterns (P = 0.65) or secondary
histological group (P = 0.59). The histological types are summarized in Table 2.

OTHER PATHOLOGICAL FEATURES

Comparing gross pathological features, there was no significant difference between the groups
with regard to the location (P = 0.95) or size (P = 0.31) of the tumours. Not surprisingly, there
was a significantly higher frequency of synchronous polyps in resection specimens from
biallelic mutation carriers compared with heterozygous carriers and controls (P = 0.035). The
types of polyps present in biallelic patients included tubular adenomas, tubulovillous
adenomas, serrated adenomas, hyperplastic polyps and mixed hyperplastic and adenomatous
polyps. However, no adenomatous or hyperplastic polyps were identified in the specimens of
25% of biallelic carriers.

Comparing histological features, all tumours in the biallelic group were low-grade carcinomas,
in comparison with 4/25 (16%) tumours in the heterozygous group and 6/16 (37.5%) control
tumours that were high grade (P = 0.02). All tumours from biallelic and monoallelic patients
showed limited amounts of extraglandular necrosis, whereas 3/16 (18.8%) of control tumours
showed extensive extraglandular necrosis.

There was no difference in depth of tumour invasion (T-stage) according to MYH genotype,
but there was a slight non-significant trend towards lower rate of lymph node involvement with
2/16 (12.5%) of biallelic tumours having positive lymph nodes compared with 10/24 (42%)
and 3/15 (20%) of monoallelic and control tumours, respectively (P = 0.10). Nodal status was
unknown in two cases.

Tumours were assessed for mismatch repair (MMR) deficiency by microsatellite instability
analysis and/or immunohistochemistry for MMR proteins MLH1, MSH2 and MSH6. Two out
of 11 tumours with results available (18%) in biallelic patients demonstrated MMR deficiency
compared with 7/24 with results available (29%) of monoallelic and 4/16 (25%) of control
tumours mismatch repair (MMR 0.6). Similarly, there was no difference in observed
frequencies of MMR-associated pathological characteristics such as tumour-infiltrating
lymphocytes or Crohn’s like lymphocytic response. However, there was a significant
correlation between microsatellite instability status and Crohn’s-like response and tumour-
infiltrating lymphocytes (Spearman p = 0.35, P = 0.008). Family history pedigrees for all high-
frequency microsatellite instability MYH mutation carriers (biallelic and monoallelic) were
reviewed and none of the carriers had a family history suggestive of hereditary non-polyposis
colonic cancer (HNPCC) by modified Amsterdam criteria?® (see Table 3 for a summary of all
pathological features).
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We attempted to determine the utility of MYH immunohistochemistry to detect MYH protein
deficiency and to verify the observations of DiGregorio et al.1> MYH immunohistochemistry
showed variable degrees of cytoplasmic granular staining in the perinuclear region of normal
colonic epithelial cells, adenomas and carcinomas. Nuclear immunoreactivity was not evident.
There was no difference in reactivity pattern between biallelics, heterozygotes and controls
(Figure 2).

Discussion

MY H-associated polyposis is a recently recognized condition that is associated with intestinal
polyposis and an increased risk of CRC in patients with germ-line biallelic mutations and
possibly in monoallelic carriers.1:3:7:9:24.25 Gjven that the inheritance pattern is usually
autosomal recessive, a family history may be lacking. A characteristic pathological appearance
would therefore be helpful in raising the suspicion of this disorder, as is seen in patients with
HNPCC, who have MSI-H carcinomas. Descriptions of the pathological features of carcinomas
arising in those with MYH mutations are few and are limited in the number of histological
parameters assessed.2:26:27

In this study, the biallelic MYH mutation carriers were significantly younger (51 years), than
the heterozygous (59 years) or control (62 years) subjects. These figures concur with the
reported ranges for average age of onset of CRC in these groups.2—#10,28-31

We reviewed 16 invasive cancers from 14 biallelic MYH mutation carriers and 25 cancers from
22 monoallelic carriers. Tumours from biallelic carriers were low grade, demonstrated mild
levels of extraglandular necrosis, and were often associated with synchronous adenomatous
polyps. The main histological patterns in tumours in biallelic patients were tubular, papillary
and cribriform. There was no significant difference in the depth of tumour invasion (T-stage)
according to MYH genotype, but there was a non-significant trend to lower frequency of
positive lymph nodes in biallelics and higher frequency of pNI disease in monoallelic carriers.
This observation for biallelic carriers is in contrast with some studies that report higher-stage
tumours in MYH-associated carcinomas,3! but in concordance with others.* Of the remaining
histopathological features that were assessed, carcinomas occurring in patients with biallelic
MYH mutations did not manifest a significant difference in comparison with those present in
heterozygotes and in controls with wild-type or non-pathogenic polymorphisms.

Genetic factors such as attenuated FAP and HNPCC have been shown to influence tumour
location.32:33 Previous series of MY H-associated cancers have reported divergent findings
with respect to patterns of tumour location. Some studies have shown more right-sided
carcinomas in biallelics. 427 Conversely, in other studies there is a marked left-sided
predominance noted in up to 70% of carcinomas.2:28:29:34 Although we did not observe a
significant difference in tumour location according to MYH mutation status, we did note that
46% of tumours from biallelic carriers arose in the caecum or ascending colon. Although an
increase in right-sided tumours has been observed in recent years in sporadic carcinomas, this
figure is still greater than reported for patients in a similar age range (25.4%) in one recent
study based on material from the California tumour registry.3®

None of the 16 carcinomas present in biallelics in this series was high grade, in contrast to 16%
of those in patients with monoallelic mutations and 37.5% of controls (P = 0.002). The absence
of high-grade carcinomas in biallelics has been observed in one other study that included three
carcinomas from two patients,2’ but other studies do not support this finding.2:15:31 In addition,
we observed that 25% of biallelic mutation carriers did not have synchronous polyps in their
colectomy specimen. The original phenotype attributed to MY H-associated cancers was

derived from series of highly-selected clinic-based polyposis patients, 310 and the inconsistent
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association between MYH and polyps has been previously reported by our group.” Although
polyp counts were derived from partial colectomy specimens and not full colonic assessments,
this observation supports the findings of others®:31 that a polyposis phenotype may not be as
severe as originally described, or may be absent in some cases.

Preliminary review of a subset of cases from patients with biallelic MYH mutations in our
centre suggested that a serrated pattern might be more frequent in these carcinomas. However,
none of the biallelic carcinomas had a serrated pattern in the majority of the tumour and only
a single case showed a minor serrated component (1/16, 6.3%). Three carcinomas with a
predominantly serrated morphology were identified, all from heterozygotes. This gives an
incidence of 5.3% for serrated carcinoma, which is close to the reported incidence of up to
7.5%.18:36,37 Although there was no significant difference evident between the groups with
regard to a predominantly serrated morphology, it is interesting that all of the cases were
observed in heterozygotes. Loss of heterozygosity in chromosome 1p has been noted more
frequently in carcinomas arising in heterozygotes, 38 a finding that has also been described in
some hyperplastic polyps, some adenomas and as an early event in CRC.3? It may not be
surprising that serrated carcinomas are not observed in biallelics, as KRAS mutations are
common in MY H-associated tumours,2 but BRAF mutations are not generally present, which
are often seen in association with the serrated neoplasia pathway, particularly where
hypermethylation is present.36:40:41 The majority of serrated adenocarcinomas are
microsatellite stable or have low-level microsatellite instability, and these tend to be associated
with traditional serrated adenomas, whereas serrated carcinomas arising in sessile serrated
adenomas are frequently microsatellite unstable.1® Of interest, all of the serrated carcinomas
in our study were microsatellite stable, and one had an adjacent traditional serrated adenoma.

Microsatellite instability was found in two biallelic cancers in our series. This co-occurrence
of biallelic MYH mutations and MSI-H has been reported previously2’ and would appear to
challenge the suggestion by some that deficiency of MMR and base excision repair pathways
is incompatible with cellular survival 238 Colebatch et al.2” have demonstrated that one of the
three carcinomas in two biallelic patients was microsatellite unstable and all three showed
prominent intraepithelial lymphocytes. This tumour had MLH1 inactivation by biallelic
promoter methylation rather than somatic mutations secondary to loss of MYH function. The
authors concluded that in this case biallelic MYH mutations had played a role in the early stages
of colorectal carcinogenesis, but had been superseded by the effects of loss of MLH1 function,
and also suggest that MYH mutation testing might be worth considering in younger individuals
with MSI-H tumours that have developed because of MLH1 methylation. It is interesting to
note that in our series the two biallelic MYH MSI-H cancers did not have features typically
associated with MSI-H cancers as the main histological pattern, but rather demonstrated
papillary and tubular features, with one tumour having mucinous features as a secondary
pattern.

Overall, carcinomas in biallelic MYH mutation carriers do not appear similar to MSI-H
tumours, but rather share common histological features with CRC with chromosomal
instability (CIN). The histological pattern observed in biallelic MYH cancers may correlate
with aspects of molecular carcinogenesis, since both MYH cancers and CIN tumours undergo
early somatic inactivation of APC and KRAS.1:2:42 |n contrast, although MSI-H tumours can
also undergo early mutations in APC, these cancers tend to accumulate mutations in genes with
repetitive sequences in the coding region including: TGF-BRII, BAX, IGF-2R, E2F-4 and (8-
catenin.#3-48 A recent study has shown that when APC mutations are present in sporadic MSI-
H CRC, they are likely to be frameshift mutations of short nucleotide repeats, implying that
microsatellite instability precedes the development of APC mutations.*® The observed
phenotypic similarities between biallelic MYH cancers and CIN tumours may support recent
findings by Cardoso et al.,0 which demonstrated a high frequency of aneuploid changes in
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MY H-associated tumours and similar patterns of chromosomal gains and losses between
MY H- and FAP-associated polyps. Cancers found in monoallelic MYH mutation carriers
appear to be somewhat more heterogeneous, and the frequency of various histopathological
features appears to be similar to that of sporadic CRC.

In this study, MYH immunohistochemistry failed to discriminate between biallelics,
heterozygotes and controls. Granular cytoplasmic immunoreactivity in normal colonic mucosa
and in CRC was observed with similar frequency in each group. No nuclear reactivity was
identified. Sections from these tumours were stained in two other external laboratories with
similar results. This contrasts with the findings of DiGregorio et al.,1®> who found nuclear and
cytoplasmic reactivity in normal colonic mucosa and in sporadic CRC, but loss of nuclear
reactivity and prominent cytoplasmic granular reactivity in patients with biallelic MYH
mutations. Although we used the same antibody, it is possible that technical factors such as
differences in fixation or the age of the paraffin blocks may have influenced the results of our
immunohistochemistry. However, to our knowledge, the majority of tumours were fixed in
10% neutral buffered formalin and the presence or absence of immunoreactivity did not appear
to be related to the age of the block.

In our experience, therefore, neither immunohistochemical nor histological features can
distinguish reliably between carcinomas arising in those with MYH mutations and in sporadic
colorectal carcinomas.
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Figure 1.

Serrated carcinoma from a heterozygote. A, The carcinoma has a serrated growth pattern with
eosinophilic cytoplasm (H&E). B, Detail of (A) showing vesicular nuclei with chromatin
condensation around the nuclear envelope (H&E).
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Figure 2.

MYH immunohistochemistry showing a similar pattern of granular cytoplasmic reactivity in
malignant and benign epithelium from biallelics (A = tumour, B = normal), heterozygotes
(C =tumour, D = normal) and controls (E = tumour, F = normal).
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Patients, n Carcinomas, n

Biallelics 14 16
Y165C/Y165C 2 3
G382D/G382D 3 3
Y165C/G382D 3 3
Y165C/891+3A>C 1 1
Y165C/Y90X 1 1
G382D/891+3A>C 1 1
Y165C/Q377X 1 2
1103delC/1103delC 1 1
Y90X/1103delC 1 1
Heterozygotes 22 25
Y165C/— 5 6
G382D/- 17 19
Controls 14 16
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