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Recessively inherited mutations in the base excision
repair gene MYH have recently been associated with
predisposition to colorectal adenomas and cancer in
materials selected for occurrence of multiple adeno-
mas. In particular, variants Y165C and G382D have
been shown to play a role in Caucasian patients. To
evaluate the contribution of MYH mutations to colo-
rectal cancer burden on the population level, and to
examine the MYH-associated phenotype in an uns-
elected series of colorectal cancer patients, we deter-
mined the frequencies of Y165C and G382D MYH mu-
tations in a population-based series of 1042 Finnish
colorectal cancer patients. Four (0.4%) patients had
both MYH alleles mutated. Although all these patients
had multiple adenomatous polyps, the phenotypes
tended to be less extreme than in previous studies on
selected cases. The lowest number of colorectal ade-
nomas at the time of cancer diagnosis was five. Cases
with one mutant MYH allele were subjected to se-
quencing of all exons to detect possible Finnish
founder mutations, but no additional changes were
detected. The Y165C and G382D variants were not
present in 424 Finnish cancer-free controls showing
that MYH mutations are not enriched in the popula-
tion. As evaluated against national Finnish Polyposis
Registry data MYH-associated colorectal cancer ap-

pears to be as common as colorectal cancer associated
with familial adenomatous polyposis. (Am J Pathol
2003, 163:827–832)

Up to 35% of all colorectal cancer (CRC) cases are
because of genetic predisposition.1–3 Some conditions
are associated with a particularly high CRC risk, and
these are typically autosomal-dominant traits, often with
well-characterized molecular background. Hereditary
nonpolyposis colorectal cancer is caused by mutations in
the DNA mismatch repair genes,4–9 and appears to
cause up to 3% of the total CRC burden. The most
common polyposis syndrome familial adenomatous poly-
posis (FAP) is mainly caused by mutations in the adeno-
matous polyposis coli (APC) gene.10,11 No more than 1%
of CRCs is caused by FAP:12,13 in populations with an
efficient screening program this proportion is less than
0.5%. For example in Finland in the late 1980s the pro-
portion was 0.14%.13 In the very rare juvenile polyposis
and Peutz-Jeghers syndrome, hamartomatous polyps
develop in the gastrointestinal tract, mostly in the small
intestine and colorectum. The genes underlying juvenile
polyposis and Peutz-Jeghers syndrome are SMAD4 and
ALK3,14,15 and LKB1,16 respectively.

Recently susceptibility to multiple adenomatous pol-
yps and carcinoma of the colon has been found as an
autosomal-recessive trait. The base excision repair gene
human homolog of mutY (MYH) has been proposed as a
new CRC predisposing gene.17 In base excision repair
an adenine-specific DNA glycosylase MYH removes ad-
enines mispaired with guanines or damaged DNA base
8-oxo-dG.18,19 Human homolog of mutM (OGG1) and
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human homolog of mutT (MTH1) remove the oxidized
base from 8-oxo-G:C bp and prevent the incorporation of
8-oxo-dGMP into DNA.20,21

Al-Tassan and colleagues17 linked a somatic APC mu-
tation pattern biased toward G to A transversions in ad-
enomas derived from three siblings with multiple lesions
to a base excision repair defect caused by compound
germline heterozygosity for Y165C and G382D MYH vari-
ants. This elegant work, including functional analysis of
the variants in a bacterial homologue, showed that bial-
lelic inactivation of MYH predisposes to colorectal neo-
plasia. Al-Tassan and colleagues17 found both Y165C
and G382D once in 100 British controls demonstrating
that heterozygosity on population level is not rare. Jones
and colleagues22 and Sieber and colleagues23 studied
patients with multiple colorectal adenomas and reported
several additional patients with MYH germline mutations.
Importantly, some patients had displayed more than 100
colorectal adenomas fulfilling the classical clinical criteria
of FAP. Sieber and colleagues23 showed that 9% of 157
multiple adenoma patients had germline MYH mutations.
Five percent had double mutations. Twenty-nine percent
of 28 patients with 15 to 100 adenomas were double-
mutation carriers and the CRC frequency differed signif-
icantly from the general population.

Earlier studies assessing contribution of MYH to colo-
rectal neoplasia susceptibility have been performed in
series of patients with multiple colorectal adenomas.
MYH mutation frequencies have not, to our knowledge,
yet been determined in unselected and population-
based series of CRC patients. We examined the contri-
bution of MYH in such a series of 1042 patients, collected
from Finland May 1994 to July 1998.24,25 We screened
germline missense variants Y165C and G382D of the
MYH gene by solid-phase minisequencing,26,27 to detect
cases associated with biallelic loss of MYH function. DNA
samples with only one mutant allele were subjected to
sequencing of the whole gene, to detect possible Finnish
founder mutations. DNAs from 424 anonymous blood
donors were used as controls. The occurrence of MYH-
associated CRC was compared with the occurrence of
FAP-associated CRC in the studied population in the study
period, using data from the Finnish Polyposis Registry.

Materials and Methods

DNA

Normal and tumor DNA samples were collected at nine
Finnish regional central hospitals between May 1994 and
July 1998. Samples were derived from 1042 patients
diagnosed with CRC. This is approximately two-thirds of
the total number of patients treated in the units within the
time frame. One third was missed but no bias toward any
particular phenotype such as young age could be ob-
served, and this series of 1042 cases is expected to
represent well the examined population.24,25 BAT26
mononucleotide marker was used to determine the MSI
status of the tumors. MSI cases were sequenced for
MLH1 and MSH2 germline mutations, and 29 of 130 MSI

patients had an MLH1 or MSH2 defect (unpublished
data).24,25

Eighteen DNA samples from the series of 1042, repre-
senting a sampling of patients with three or more polyps,
were earlier screened for MYH mutations by Sieber and
colleagues.23 One MYH double-mutation carrier, C585,
was detected in this selected group of samples.23 For the
purpose of this study, all samples with sufficient DNA
amounts, 1003 samples, entered the analysis. In addition
to the CRC patient DNAs, DNAs from 424 anonymous
cancer-free blood donors were used to examine occur-
rence of Y165C and G382D in the Finnish population.

DNA Pooling Strategy, Polymerase Chain
Reaction (PCR), and Solid-Phase
Minisequencing

DNA samples (n � 16 to 22) were mixed in one pool.
Fifty-three master pools representing 1003 DNA samples
were amplified by PCR for screening known mutations in
exons 7 and 13. PCR reactions were performed in 50-�l
reaction volume containing 125 ng of pooled genomic
DNA, 10� PCR buffer (Applied Biosystems, Branchburg,
NJ), 500 �mol/L of each dNTP (Finnzymes, Espoo, Fin-
land), 10 pmol of biotin-labeled forward primer, and 50
pmol of nonbiotinylated reverse primer (Table 1), MgCl2
in 5 mmol/L (for exon 7 PCR) or in 3.5 mmol/L (for exon
13) concentrations, 5 U of AmpliTaqGOLD polymerase
(AB). The following PCR cycles were used for amplifica-
tion: 95°C for 10 minutes, 35 cycles of 95°C for 45 sec-
onds denaturation, annealing temperature of 60°/58°C
(exons 7 and 13) for 45 seconds, and 72°C for 30 sec-
onds extension. Final extension was 72°C for 10 minutes.

Solid-phase minisequencing was performed as previ-
ously described.26,27 Detection primers were designed to
hybridize just adjacent to the nucleotide to be analyzed
(Table 1). If mutant alleles were detected, the PCR and
solid-phase minisequencing were repeated. Double-pos-
itive master pools were split into minor pools, each con-
taining 10 DNA samples. DNA samples from positive
minor pools were amplified individually and their exact
alleles were determined by solid-phase minisequencing.
Pools with known positive and negative samples were
included in the analyses as controls.

Patients with only one mutated allele in the germline
were sequenced for all 16 exons from both normal and
tumor DNA samples, to search for additional MYH de-

Table 1. PCR and Detection Primers for Screening
Mutations in Exons 7 and 13 of MYH Gene

Primer sequences

7Fb* CGG GTG ATC TCT TTG ACC TC
7R GTT CCT ACC CTC CTG CCA TC
7d† GCC GCC GGC CAC GAG AAT AG
13Fb* AGG GAA TCG GCA GCT GAG
13R GGC TAT TCC GCT GCT CAC TT
13d† CCC ACA GTC CTG CCA GCA GA

*Biotin-labeled primers.
†Detection primers.

828 Enholm et al
AJP September 2003, Vol. 163, No. 3



fects. Primer sequences were obtained from Al-Tassan
and colleagues17 Big Dye 3 Terminator chemistry (AB)
was used for direct sequencing. Cycle-sequencing prod-
ucts were run on ABI 3100 capillary sequencer (AB)
according to the manufacturer’s instructions.

Somatic APC Mutation Analysis in MYH-
Associated CRCs

Tumors from MYH mutation carriers were examined for
mutations in the APC gene by fluorescent single-stranded
nucleotide polymorphism analysis and by denaturing
high performance liquid chromatography analysis. Exons
15A to 15L of APC were screened, which encompasses
the mutation cluster region, codons 1286 to 1513. The
majority of somatic APC mutations in MYH carriers have
been found within this region.22 For fluorescent single-
stranded nucleotide polymorphism analysis, tumor DNA
was isolated from fresh-frozen samples using standard
methods. Primer pairs to amplify overlapping fragments
of APC from exon 15A to 15L inclusive were used for the
coding regions including exon-intron boundaries (se-
quences from the authors available on request).

Each 25-�l PCR reaction contained 1� PCR reaction
buffer without MgCl2 (Promega, Madison, WI), 1.5
mmol/L MgCl2, 200 �mol/L dNTPs, 200 nmol/L of each
primers, 50 ng of genomic DNA, and 1 U of TaqDNA
polymerase (Qiagen), and the PCR conditions consisted
of 95°C for 5 minutes, followed by 35 cycles of 95°C for 1
minute, 55°C or 60°C for 1 minute, 72°C for 1 minute, and
a final extension step at 72°C for 10 minutes. The result-
ing PCR products were screened for variants by being
run at 18°C and 24°C on the ABI 3100 and analyzed
using Genotyper 2.5 software (Perkin-Elmer Applied Bio-
systems). Fragments showing aberrant migration were
reamplified, purified using Qiaquick columns (Qiagen),
and then sequenced in both forward and reverse orien-
tations using the ABI Big Dye Terminator kit (PE AB) in
parallel with control samples.

Denaturing high performance liquid chromatography
was done using the 3500HT WAVE nucleic acid fragment
analysis system (Transgenomic, Crewe, UK). The same
primer set was used as for fluorescent single stranded-
nucleotide polymorphism. To enhance the formation of
heteroduplexes before analysis, the PCR products were
denatured at 94°C and reannealed by cooling to 50°C at
a rate of 1°C per minute. Denaturing high performance
liquid chromatography was performed at the melting tem-
perature predicted by Wavemaker (version 4.0) software
(Transgenomic) with a 12% acetonitrile gradient through-
out 2.5 minutes. Samples displaying aberrant denaturing
high performance liquid chromatography elution profiles
were sequenced directly.

Patient Records

Patient records of MYH mutation carriers were studied for
polyp number, sex, age at the time of carcinoma diag-
nosis, the degree of tumor differentiation, histology of
tumor, Dukes stage, and tumor site (Table 2). Family

history of cancer in first-degree relatives had been exam-
ined through population and Cancer Registry24,25 for all
of the 1042 cases.

Statistical Methods

Chi-square test statistic was used for examining MYH
mutation distribution between colorectal carcinoma pa-
tients and cancer-free controls. P � 0.05 was considered
statistically significant.

Results and Discussion

Four patients (0.4%) with biallelic MYH mutations were
detected among the 1042 CRC cases, including C585
previously reported in Sieber and colleagues.23 Three
patients were Y165C/G382C compound heterozygotes
(Figure 1). One patient was homozygous for the G382D
mutation. The clinical features of the patients are de-
picted in Table 2. Although the age at CRC diagnosis and
number of polyps observed in the bowel appeared to
give valuable clues as to the diagnosis of MYH-associ-
ated CRC, it became also clear that the phenotype could
be quite subtle.

Five patients were detected with only one mutation in
either Y165C or G382D. No additional MYH defects were
found in these individuals either in germline or cancer
DNA (the latter analysis including loss of heterozygosity
analysis in addition to sequencing), suggesting that MYH
defect has had no significant role in the development of
these lesions. Compatible with this notion, the patients
had no specific clinical features; one patient had one
polyp and one patient had more than five polyps (Table
2).

Little is known about cancer in families segregating
MYH defects. Table 2 lists all first-degree relatives of the
nine CRC probands with biallelic or heterozygous MYH
mutation, as well as possible other cancers diagnosed in
the CRC proband. Although the data are compatible with
the notion that no obvious excess of a particular type of
malignancy is associated with heterozygous MYH de-
fects, this aspect should be studied in a larger material
because eight of nine probands had one to five first-
degree relatives with cancer. Some of the cancers have
occurred at relatively early age. Unfortunately, determi-
nation of the MYH genotype was possible only in the CRC
probands.

In the series of CRC patient samples analyzed the
allele frequency of Y165C was 0.002 (4 of 2006) and
allele frequency of G382D was 0.004 (9 of 2006). Allele
frequency of any of these two MYH mutations was 0.006
(13 of 2006). In a British control sample series of 100
DNAs both MYH mutant alleles Y165C and G382D were
found once.17 In the Finnish population examining a set
of 424 blood donor samples did not reveal any mutations,
and the difference between CRC patients and controls
reached significance (P � 0.025). Furthermore, none of
the five heterozygous Y165C and G382D carriers dis-
played another MYH defect elsewhere in the gene. Thus
it appears that, similar to APC defects,28 MYH mutations
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are not particularly enriched in the Finnish population.
The low frequency of MYH mutations in blood donors
supports the view that at present large-scale screening
for biallelic MYH mutations is not justified.29

The CRCs from the four patients with biallelic MYH
germline mutations and five heterozygous carriers were
analyzed for mutations in the APC mutation cluster re-
gion. One mutation, E1378X (G�T), was found in the
MYH heterozygote C544 (Table 2). The analysis was
initially performed by single-stranded nucleotide poly-
morphism, and after the primarily negative results con-
firmed by denaturing high performance liquid chroma-
tography. Because of the small number of cases
analyzed little can be concluded from this effort.

Table 3 depicts the spectrum of predisposing gene
defects observed in our population-based series of 1042
CRC cases in this and previous studies (unpub-
lished).24,25,28,30 At present altogether 35 patients (3.4%)
have a molecular diagnosis of a hereditary CRC syn-
drome and this number is likely to increase in the future.

According to the Finnish Polyposis Registry between May
1994 and July 1998 four FAP-associated CRCs were
diagnosed in the target population. Table 3 depicts only
one patient with molecular diagnosis of APC mutation.28

One case was missed, in one case the tumor sample
contained adenoma tissue only and the case was ex-
cluded from the series, and in one case a predisposing
APC mutation has not been searched for. The compari-
son between occurrence of FAP- and MYH-associated
disease is of interest. Four CRCs patients with biallelic
MYH mutations in this population-based series represent
an absolute minimum. That at the same time the national
Polyposis registry recorded four cases of FAP-associated
CRCs suggests that the contributions of APC and MYH
germline variants are relatively equal, in a population with
active clinical screening of FAP families. Thus the role of
MYH as a cancer predisposition gene is not limited to
extremely rare cases.

Identification of carriers of biallelic MYH mutations will
be challenging as the number of polyps is far less than

Table 2. Clinical Features of CRC Patients with Germline MYH Mutations

Patient

MYH
mutation
Y165D

MYH
mutation
G382D Gender

Age at
diagnosis

MSI
status

Polyp
number

Histology/grade/
location/Dukes

Extracolonic
features Family history

C585 X X M 52 � �50–100
adenomas

Ac*/II/rectum/A — Father; cancer with
unknown primary
location (58 years)

Mother; melanoma (60
years)

C697 XX F 66 � 5 adenomas Ac/II/rectosigma/D Melanoma,
55 years

Mother; gastric cancer (59
years)

Sister; CRC (61 years)
C761 X X F 40 � Several Ac/III/rectum/D — Mother; basal cell cancer

(41 years)
Sister; astrocytoma (17

years)
C965 X X M 55 � �80 adenomas Ac/II/caecum/D — Mother; breast cancer (61

years)
C544 X M 72 � � 6 adenomas Ac/I/sigma/D — Brother 1; lung cancer (50

years)
Brother 2; basal cell

cancer (48 years),
prostate cancer (70
years)

Sister; basal cell cancer
(75 years)

C560 X F 82 � — Ac/II/caecum/B — Mother; gastric cancer (58
years)

Sister; cerebral tumor (age
unknown)

Daughter; pancreatic
cancer (age unknown)

Son 1; renal cancer (50
years)

Son 2; renal cancer (50
years)

C595 X F 58 � — Ac/II/rectum/C — Mother; thyroid gland
cancer (65 years)

C691 X F 77 � — Acpm†/II/caecum/
C

— None

C936 X F 46 � 1 adenoma Ac/II/rectum/B Breast
cancer,
44 years

Brother; urinary bladder
cancer (34 years)

*Ac adenocarcinoma.
†Acpm; adenocarcinoma, partially mucinous.
Biallelic MYH mutation patients in bold.
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typically seen in FAP. Most MYH-associated CRC pa-
tients so far reported have displayed more than 100
adenomatous polyps.22,23 In our unselected series the
polyposis phenotype appears somewhat less aggressive
(Table 2). Two cases had the phenotype resembling
attenuated FAP (50 to 100 adenomas). However, two
others did not display polyposis. C761 was described to
have a few or several polyps, whereas C697 had only five
adenomas, in addition to CRC. From the clinical point of
view the presence of tens of adenomas in the large bowel

makes the choice of subtotal colectomy instead of seg-
mental resection or hemicolectomy straight forward as
recommended for classical FAP or even hereditary non-
polyposis colorectal cancer.31 In the case of only few
adenomas besides the carcinoma, the choice is more
difficult, especially because family history is not a very
powerful tool to detect MYH-associated cancer, and the
molecular genetic diagnosis is available typically after
the surgical treatment, if ever. In our opinion, undertaking
subtotal colectomy is supported on light grounds in
young CRC patients who have few additional adenomas
or family history of colorectal neoplasia, or even without
these factors because of the much easier follow-up with
flexible sigmoidoscopy. This way undiagnosed MYH-as-
sociated CRC and hereditary nonpolyposis colorectal
cancer patients will be protected from the increased risk
of metachronous cancer. However, it is clear that more
experience should be derived for a more profound un-
derstanding of the natural history of MYH-associated
colorectal neoplasia. Number and histology of polyps are
the cornerstones of detection of many CRC predisposi-
tion syndromes. Appropriate documentation of both is a
prerequisite to accurate diagnosis and treatment of these
conditions, and will also facilitate research on natural
history of inherited forms of CRC.
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