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Germline PMS2 gene mutations were detected by RT-PCR/direct sequencing of

total RNA extracted from puromycin-treated peripheral blood lymphocytes (PBL)

and multiplex ligation-dependent probe amplification (MLPA) analyses of Japa-

nese patients with colorectal cancer (CRC) fulfilling either the revised Bethesda

Guidelines or being an age at disease onset of younger than 70 years, and

screened by mismatch repair protein immunohistochemistry of formalin-fixed

paraffin embedded sections. Of the 501 subjects examined, 7 (1.40%) showed the

downregulated expression of the PMS2 protein alone and were referred to the

genetic counseling clinic. Germline PMS2 mutations were detected in 6 (85.7%),

including 3 nonsense and 1 frameshift mutations by RT-PCR/direct sequencing

and 2 genomic deletions by MLPA. No mutations were identified in the other

MMR genes (i.e. MSH2, MLH1 and MSH6). The prevalence of the downregulated

expression of the PMS2 protein alone was 1.40% among the subjects examined

and IHC results predicted the presence of PMS2 germline mutations. RT-PCR from

puromycin-treated PBL and MLPA may be employed as the first screening step to

detect PMS2 mutations without pseudogene interference, followed by the long-

range PCR/nested PCR validation using genomic DNA.

L ynch syndrome is an autosomal dominantly inherited hered-
itary cancer syndrome characterized by the familial accumu-

lation of early-onset cancers such as carcinomas of, for example,
the colon, endometrium, ovary, urinary tract and stomach.(1) Four
responsible genes have been identified to date (MSH2, MLH1,
MSH6 and PMS2), all of which participate in the mismatch repair
(MMR) system in DNA synthesis. MSH2 or MLH1 mutation is
most prevalent among germline mutations detected in Lynch kin-
dred, followed by MSH6, while the prevalence of PMS2 germline
mutations in Japanese patients has only been discussed in a few
case reports.(2,3) An immunohistochemical (IHC) examination of
formalin-fixed paraffin-embedded (FFPE) colon cancer tissues
using a combination of specific antibodies directed to each of the
four MMR proteins has been applied to screen for Lynch syn-
drome and this new modality has enabled the identification of the
responsible gene.(4) MLH1 and PMS2 form a MutLa heterodimer
and the downregulated expression of the MLH1 protein is typically
accompanied by the loss of PMS2 protein expression, implying
that inactivated MLH1 fails to dimerize PMS2 in order to form
MutLa. In contrast, the loss of PMS2 protein expression alone
indicates the presence of a PMS2 gene mutation. In the present

study, we report the diagnosis of germline PMS2 mutations in
patients referred to the genetic counseling clinic due to the down-
regulated expression of the PMS2 protein in colon cancer tissues,
in an attempt to clarify the prevalence of Lynch syndrome caused
by PMS2 germline mutations among Japanese patients with col-
orectal cancer (CRC).

Subjects and Methods

Postoperative CRC patients were screened by IHC for the
expression of the mismatch repair proteins. Between 31 Jan-
uary 2012 and 26 December 2015, 501 postoperative CRC
patients undergoing endoscopic surveillance fulfilled the eligi-
bility criteria; that is, either the revised Bethesda Guidelines or
an age at disease onset of younger than 70 years.(1,5) The Insti-
tutional Review Board (IRB) approved the protocols for IHC
and subsequent gene testing for MMR genes (Study Nos.
2011-108, 2013-190 and 2013-303). Once written informed
consent was provided, patients underwent an IHC examination
for mismatch repair protein expression (MSH2, MLH1, MSH6
and PMS2). Subjects with the loss of MMR protein expression
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were recruited by the genetic counseling clinic to undergo
genetic counseling and subsequent gene testing for germline
mutations in MMR genes at the Department of Genetic Medi-
cine and Services, the National Cancer Center Hospital, Tsuk-
iji, Chuo-ku, Tokyo. RT-PCR/direct sequencing analysis, PCR/
direct sequencing analysis and an Multiplex Ligation-depen-
dent Probe Amplification (MLPA) assay were performed at the
Oncogene Research Unit/Cancer Prevention Unit, Tochigi Can-
cer Center Research Institute, Utsunomiya, Tochigi Prefecture
according to the IRB approved protocols for multi-institutional
study of hereditary cancer (Study Nos. A-019 and A-291).

Immunohistochemistry. The protocol for IHC has been
reported previously.(6) Briefly, deparaffinized 4-mm-thick sec-
tions from each paraffin block were exposed to 0.3% hydrogen
peroxide for 15 min to block endogenous peroxidase activity.
Antigen retrieval was performed by autoclaving in a 10-mM
citrate buffer (pH 6.0) for 10 min. Anti-MLH1 (G168–728;
1:200 dilution; BD Biosciences, Franklin Lakes, NJ, USA),
anti-MSH2 (FE11; 1:100 dilution; Biocare Medical, Concord,
CA, USA), anti-PMS2 (A16-4; 1:200 dilution; BD Bio-
sciences) and anti-MSH6 antibodies (SP93;1:200 dilution;
Spring Bioscience, Pleasanton, CA, USA) were used as the
primary antibodies. We used an automated stainer (Dako,
Tokyo, Japan) according to the vendor’s protocol for staining.
ChemMate EnVision (Dako, Tokyo, Japan) methods were used
for detection. The IHC results were evaluated by two patholo-
gists independently and the results coincided completely.

Microsatellite instability. Subjects showing downregulated
expression of the PMS2 protein alone in IHC underwent
microsatellite instability (MSI) testing according to the original
National Cancer Institute (NCI) microsatellite panel, including
BAT25, BAT26, D2S123, D5S346 and D17S250.(7) The proto-
col for MSI analysis was as reported previously.(8) Tumors
were classified as high-frequency MSI (MSI-H) when two or
more of the five NCI-recommended panels of microsatellite
markers showed MSI, in accordance with the recommendation
of the National Cancer Institute Workshop.(7)

Gene testing for germline PMS2 mutations. An RT-PCR was
employed as the first screening step, in which puromycin-treated
peripheral blood lymphocytes (PBL) were used for RNA extrac-
tion.(9) cDNA synthesis, RT-PCR and direct sequencing were per-
formed as described previously. Briefly, 7 mL of heparinized fresh
blood was incubated with or without puromycin (Sigma Chemical,
St. Louis MO, USA) at a concentration of 0.2 mg/mL at 37°C for
2 h. Leukocytes were isolated from peripheral blood using

Lymphoprep (Alere Technologies AS, Oslo, Norway), mixed with
1 mL of ISOGEN (Nippon Gene, Tokyo, Japan) and stored frozen
at�80°C. Total RNA was extracted using the acid guanidium phe-
nol/chloroform method. Reverse transcription was performed with
200 units of MMLV reverse transcriptase SuperScript II (Life
Technologies Inc., Carlsbad MD, USA). Direct sequencing was
performed using a Bigdye Terminator Cycle Sequencing Ready
Reaction Kit (PE Applied Biosystems, Fostercity CA, USA) and
ABI 3100 Genetic Analyzer (PE Applied Biosystems). The pri-
mers used for RT-PCR and direct sequencing are described in a list
in the Supporting Information. The extraction of genomic DNA
was performed by proteinase K digestion and phenol/chloroform
extraction as described previously.(10) When mutations were
detected by the RT-PCR/direct sequencing analysis, they were val-
idated in genomic DNA using a PCR/direct sequencing analysis.
Because the presence of pseudogenes may hamper the detection of
PMS2-specific mutations, we used a long-range PCR/nested PCR
approach to confirm mutations, as described previously by Clen-
denning et al.(11) (Fig. 1 and Tables S1,S2).

Multiplex ligation-dependent probe amplification. Multiplex
ligation-dependent probe amplification was employed in com-
bination with the RT-PCR/direct sequencing analysis in order
to detect PMS2 gene rearrangements using a kit (P008-B1 or
P008-C1) purchased from MRC-Holland (Amsterdam, the
Netherlands), according to the manufacturer’s recommenda-
tions.(12) A fragment analysis was performed using an ABI310
Prism Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). The electropherograms of the subjects were compared
with control samples in order to detect genomic rearrange-
ments in the PMS2 gene. The PMS2 allele downstream of
exon 12 reportedly has frequent gene conversions with the
PMS2CL pseudogene, which contains exons 9 and 11–15 of
the PMS2 gene. In the analysis of genomic regions from
exons 11 to 15 of the PMS2 gene, three sets of probes were
designed for each genomic region. Each Probe set hybridized
to specific sequences for PMS2, PMS2CL or the consensus
sequence for PMS2 and PMS2CL. As for the exon 12, probes
specific for PMS2 or PMS2CL were designed to anneal the
intron 12 (IVS12) sequences of the PMS2 and PMS2CL genes
to avoid the pseudogene interference, whereas the universal
probe set was designed to anneal the consensus sequence of
the exon 12. Of the 96 subjects examined by MLPA, IHC was
performed in 33 subjects and the other subjects were assayed
for the diagnosis of Lynch syndrome as a part of the multi-
institutional study (Study Nos. A-019 and A-291). They are

Fig. 1. Genomic organization, mRNA of the PMS2
gene, and strategy for gene testing. Genomic
organization of the PMS2 gene (35 868 bps) and
PMS2 mRNA (2851 bps). Boxes indicate exons and
the open reading frame (ORF) is indicated by the
gray box. Short arrows indicate primer locations for
RT-PCR and amplicon locations for an exon-by-exon
analysis in a long/nested PCR analysis. Long arrow
lines indicate the location of pseudogenes.
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used as assay controls for depicting the profiles of copy num-
ber variation from IVS12 through exon 15 of the PMS2 and
PMS2CL genes among Japanese. The numbers of deleterious
mutations detected in the other MMR genes were as follows:
20 subjects had deleterious mutations for MSH2, 21 subjects
for MLH1 and 8 subjects for MSH6, respectively. Forty sam-
ples were diagnosed as the wild type for MSH2, MLH1 and
MSH6. Of the Seven subjects showing downregulated expres-
sion of the PMS2 protein alone, four deleterious mutations (3
nonsense and 1 frameshift mutations) of the PMS2 gene were
detected by the RT-PCR/direct sequencing analysis, as
described in the results section.

Results

Of the 501 subjects examined, 7 (1.40%) showed the loss of
PMS2 protein expression alone and referred to the clinic for

genetic counseling and provided written informed consent to
undergo genetic testing (Table 1). All subjects were male
and a significant difference was noted in the reduced PMS2
expression status between genders (male 7/290: female 0/
211, P = 0.0233). Genetic testing was completed on seven
subjects and deleterious PMS2 germline mutations were
detected in 6/7 (85.7%) of the index subjects (Table 1).
Three nonsense and one frameshift mutations were detected
by the RT-PCR/direct sequencing analysis using puromycin-
treated PBL.
In subjects nos. 1, 3 and 7, three nonsense mutations were

detected; c.943C>T, p.Arg315Stop in exon 9, c.1882C>T,
Arg628Stop in exon 11 and c.241G>T, p.Glu81Stop in exon 3
(Figs 2–4). In subjects nos. 1 and 3, signals from the mutated
allele were enhanced in puromycin-treated samples, showing
the presence of nonsense-mediated mRNA decay (NMD) in
samples without the puromycin treatment (Figs 2,3).

Table 1. Clinical characteristics of subjects with the loss of PMS2 protein expression alone and the kindred undergoing genetic testing

Subject

number
Sex

Age

(years)

Colorectal cancer

location

(age, years)

Other cancers

(age, years)
Histological Dx Mutation

Compatibility

with the Revised

Bethesda

Guideline†

MSI

status‡

1 Male 52 T. Colon (50) 25 9 20 mm, Type 2

well to moderately

differentiated

adenocarcinoma

pMP,n0 (0/15)

Exon 9

c.943C>T R315X

Incompatible MSI-H(5/5)

2 Male 64 S. Colon (61) Stomach (58)

9 9 6 mm poorly

differentiated

adenocarcinoma

and signet ring cell

adenocarcinoma,

m,n0 (0/36)

9 9 9 mm

well differentiated

adenocarcinoma

Not identified Compatible: 2) MSI-H(5/5)

3 Male 63 A. Colon (62) 67 9 47 mm

pSS, n0 (0/54)

Exon 11

c.1882C>T R628X

Compatible: 4) MSI-H(4/5)

4 Male 46 S. Colon (40) 50 9 55 mm

moderate to poorly

differentiated

adenocarcinoma

pSS, n0 (0/23)

PMS2 genomic del

Exon 12–15

Compatible: 1) MSI-H(5/5)

5 Male 59 A. colon (58) 25 9 22 mm

pSM2, n0 (0/21), H0

PMS2 genomic del

Exon 11–15

Incompatible MSI-H(5/5)

6 Male 55 S. Colon (55) 20 9 13 mm

well differentiated

adenocarcinoma

pSM2, n0 (0/26)

IVS14 c.2446-1G>A,

r.2446delG

frameshift mutation

Incompatible MSI-H(5/5)

7 Male 63 Rectum (Rb) (63) 35 9 25 mm

moderately

differentiated

adenocarcinoma

A, n0 (0/30)

Exon 3

c.241G>T, p.Glu81Stop

Incompatible MSI-H(4/5)

†Compatibility with the Revised Bethesda Guidelines(14) is indicated when the individual fulfills any of the items in the following: 1) Colorectal
cancer diagnosed in a patient who is <50 years of age. 2) Presence of synchronous, metachronous colorectal, or other hereditary non-polyposis
colorectal cancer (HNPCC) associated tumors, §regardless of age. 3) Colorectal cancer with the MSI-H histology¶ diagnosed in a patient who is
<60 years of age. 4) Colorectal cancer diagnosed in one or more first-degree relatives with an HNPCC-related tumor, with one of the cancers
being diagnosed under age 50 years. 5) Colorectal cancer diagnosed in two or more first- or second-degree relatives with HNPCC-related tumors,
regardless of age. ‡Microsatellite instability (MSI) was examined according to the original National Cancer Institute (NCI) microsatellite panel
including BAT25, BAT26, D2S123, D5S346 and D17S250(7). Microsatellite instability–high (MSI-H) in tumors refers to changes in two or more of
the five NCI-recommended panels of microsatellite markers. §HNPCC-related tumors include colorectal, endometrial, stomach, ovarian, pancreas,
ureter and renal pelvis, biliary tract, and brain (usually glioblastoma as seen in Turcot syndrome) tumors, sebaceous gland adenomas and kera-
toacanthomas in Muir–Torre syndrome, and carcinoma of the small bowel. ¶Presence of tumor infiltrating lymphocytes, Crohn’s-like lymphocytic
reaction,mucinous/signet-ring differentiation, or medullary growth pattern. There was no consensus among the Workshop participants on
whether toinclude the age criteria in guideline 3 above; participants voted to keep <60 years of age in the guidelines.
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In subject no. 7, a nonsense mutation c.241G>T, p.Glu81Stop
was detected in exon 3 of the PMS2 gene by RT-PCR/direct
sequencing (Fig. 4b). A signal from the wild type allele was
reduced and modest as compared to the background noise, and
the signal from the mutated allele looked enhanced in the sample
without puromycin treatment, implying that the wild type allele
has no mRNA transcript. This finding was compatible with the
result of long PCR/nested PCR analysis using genomic DNA, in
which the same mutation (p.Glu81Stop) in exon 3 of the PMS2
gene was detected as a homozygous mutation (Fig. 4c). To
exclude the possibility of the PCR artifact, we made a compound
DNA sample in which the equal amounts of the genomic DNA
from the control and subject no. 7 were mixed and subjected to
the long PCR/nested PCR/direct sequencing analysis. This assay
resulted in the mixture of the wild type and the mutated
sequences resembling the heterozyote and subject no. 7 was
assumed to have a homozygous mutation (Fig. 4c).
In subject no. 6, a G>A mutation in the splicing acceptor

site of the exon 15 (c.2446-1G>A) resulted in a frameshift
mutation. Because exon 15 is the last exon of the PMS2 gene,
the G>A mutation in the splicing acceptor site resulted in the
appearance of a new splicing site instead of exon skipping or
NMD (Fig. 5b). All of these mutations were validated in the
analysis using genomic DNA samples (Figs 2c,3c,4c,5c).
In the analysis using MLPA, we examined the total copy

numbers of PMS2 and PMS2CL genes; the copy number

detected by the probes hybridizing the consensus sequences in
PMS2 or the PMS2CL genes from exons 11 to 15 in 96 sub-
jects. In 93 subjects, the total copy number was 4 throughout
exons 11 to 15, while the copy number of each exon in PMS2
and PMS2CL differed due to gene conversions. We summa-
rized the combination of copy number alterations in each exon
of PMS2 and PMS2CL (Fig. 6a). Two types of genomic dele-
tions in the PMS2 gene were detected in three subjects from 2
index patients and 1 relative; that is, genomic deletions from
exons 11 to 15 (subject number 5 and his relative) and from
exons 12 to 15 (subject no. 4) (Fig. 6b,c). Gene conversion
between PMS2 and PMS2CL was infrequent in exon 11 and
IVS 12; therefore, the loss of the PMS2 gene copy number in
exon 11 and IVS 12 implies a sign of the genomic deletion of
the PMS2 gene. In the analysis of exons 13 and 14, 41/93
(44.1%) or 42/93 (45%) normal subjects had more than three
copies of the PMS2 gene in exons 13 and 14, respectively,
while 37/93 (39.8%) normal subjects had more than three
copies of the PMS2CL gene in exon 15.

Discussion

The classical phenotype of Lynch syndrome, also known as
hereditary non-polyposis colorectal cancer (HNPCC), was
defined by the Amsterdam criteria in 1990,(13) which were
characterized by the “3-2-1” rule as follows:

Fig. 2. Immunochemical (IHC) and gene testing of subject no. 1. (a) IHC using four antibodies to mismatch repair (MMR) proteins. Note the loss
of PMS2 protein expression in cancer cell nuclei. (b) RT-PCR/direct sequencing analysis of the PMS2 gene in subject No. 1. The upper panel indi-
cates the sequencing profile showing the c.943C>T (p.Arg315Stop) mutation from the puromycin-treated total RNA sample and the lower panel
shows the sequencing profile of the sample without the puromycin treatment. Note that the signal ratio of the mutated allele (T) to the wild-
type allele (C) is weaker in the sample without the puromycin treatment than in that with the puromycin treatment, indicating nonsense-
mediated mRNA decay (NMD). (c) Long/nested PCR/direct sequencing analysis of the PMS2 gene. The black arrow indicates that the same muta-
tion (c.943C>T, pArg315Stop) was detected in an analysis using DNA by a long PCR/nested PCR/direct sequencing analysis. Red arrows indicate
the nucleotide positions coding different DNA sequences between PMS2 and PMS2CL, showing that the sequences of the PMS2 paralogue are
not contaminated in the PCR product.
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1 At least three relatives have histologically confirmed CRC,
1 of whom is a first degree relative of the other 2; familial
adenomatous polyposis must be excluded;

2 At least two successive generations are involved;
3 At least 1 of the cancers was diagnosed before the age of

50.

Patients meeting the Amsterdam criteria were eligible for
the germline DNA testing of MMR genes, mostly giving rise
to deleterious mutations in either the MSH2 or MLH1 gene. In
this study, all subjects were postoperative CRC patients fulfill-
ing either the revised Bethesda Guidelines(14) or CRC patients
younger than 70 years at the age of disease onset.(5) The latter
condition appears to be slightly too broad to screen for Lynch
syndrome as the CRC younger than 70 years made up 43%
(53357/124921) of all CRC cases in Japan in 2011,(15) while
those fulfilling the Amsterdam criteria in Japan comprised
0.2% of all CRC cases.(16) In the present study, the loss of
PMS2 protein expression alone was observed in seven subjects
(1.39%), among which only three subjects were compatible
with the revised Bethesda Guideline and none fulfilled the
Amsterdam criteria, as indicated in the pedigrees (Table 1 and
Fig. S1). Subjects with the loss of PMS2 protein expression
alone in CRC tissues were all male and a significant difference
was observed between the genders (P = 0.0233). A total of six
subjects developed CRC between 50 and 63 years, and 1 sub-
ject developed CRC at 40 years. Ten Broeke et al.(17) report
that the cumulative risk of CRC for male PMS2 mutation car-
riers by the age of 70 years was 19% in their study on the
familial cancer registry, while that among female carriers was

11% for CRC and 12% for endometrial cancer (EC). The mean
age of CRC development was 52 years, and there was a signif-
icant difference in the mean age of CRC between the probands
(mean, 47 years; range, 26–68 years) and other family mem-
bers with a PMS2 mutation (mean, 58 years; range, 31–
86 years; P < 0.001). They conclude that CRC and EC risks
were markedly lower than those previously reported for the
other MMR genes, not withstanding the influence of genetic
modifiers and lifestyle factors on cancer risks.(17)

Gene testing was completed in seven subjects and deleteri-
ous PMS2 mutations were confirmed in 6 (85.7%), among
which RT-PCR detected four deleterious mutations and MLPA
detected two genomic deletions. The diagnosis of PMS2 gene
mutations still appears to be challenging due to the existing
pseudogenes, the number of which is estimated to be at least
15.(11) Clendenning et al.(11) reported a method to avoid the
interference of the pseudogenes using a two-step amplification
of the PMS2 gene, with the first step involving the amplifica-
tion of the PMS2 gene in four large fragments, followed by
exon-specific nested PCR amplification. They analyzed 41
samples that were negative for the expression of PMS2 alone
or that of PMS2/MLH1 without germline MLH1 mutations and
identified 11 putative pathogenic mutations. In an analysis of
subjects showing the loss of PMS2 protein expression alone,
10/16 (62.5%) subjects had putative pathogenic mutations,
while missense variants were detected at the same time and
some were pointed out to be artifacts caused by the pseudo-
gene interference.(18)

An RT-PCR/direct sequencing analysis using total RNA
extracted from puromycin-treated PBL may be a useful

Fig. 3. Immunochemical (IHC) and gene testing of subject No. 3. (a) IHC using four antibodies to mismatch repair (MMR) proteins. Note the loss
of PMS2 protein expression in cancer cell nuclei. (b) RT-PCR/direct sequencing analysis of the PMS2 gene in subject No. 3. The upper panel indi-
cates the sequencing profile showing the c.1882C>T (p.Arg628Stop) mutation from the puromycin-treated total RNA sample and the lower panel
shows the sequencing profile without the puromycin treatment. Note that the signal ratio of the mutated allele (T) to the wild-type allele (C)
was weaker in the sample without the puromycin treatment than in that with the puromycin treatment, indicating nonsense-mediated mRNA
decay (NMD). (c) Long/nested PCR/direct sequencing analysis of the PMS2 gene. The black arrow indicates that the same mutation (c.1882C>T,
pArg628Stop) was detected in the analysis using DNA by a long PCR/nested PCR/direct sequencing analysis. Red arrows indicate the nucleotide
positions coding different DNA sequences between PMS2 and PMS2CL, showing that the sequences of the PMS2 paralogue were not contami-
nated in the PCR product.
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(a)

(c)

(b)

Fig. 4. Gene testing of subject No. 7. (a) Immunochemistry (IHC) using four antibodies to mismatch repair (MMR) proteins. Note the loss of
PMS2 protein expression in cancer cell nuclei. (b) RT-PCR/direct sequencing analysis of the PMS2 gene in subject No. 7. The upper panel indicates
the sequencing profile showing the c.241G>T (p.Glu81Stop) mutation from a puromycin-treated total RNA sample and the middle panel shows
the sequencing profile without the puromycin treatment. Note that the signal ratio of the mutated allele to the wild-type allele increased in the
absence of the puromycin treatment and the c.241G>T (p.Glu81Stop) mutation appeared to be a homozygous mutation. (c) Long/nested PCR/di-
rect sequencing analysis of the PMS2 gene in subject No. 7. An analysis of the genomic DNA by a long PCR/nested PCR/direct sequencing analysis
showed the c.241G>T mutation (upper panel) without the presence of the wild type allele as compared to that of the control (middle panel).
Equal amounts of the genomic DNA from subject no. 7 and the healthy control was mixed and subjected to the long PCR/nested PCR/direct
sequencing analysis. This experiment resulted in the DNA sequence looking like the heterozygous mutation (lower panel), supporting the relia-
bility of the homozygous mutation detected in subject No. 7.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | November 2016 | vol. 107 | no. 11 | 1682

Original Article
Germline PMS2 mutation in colorectal cancer www.wileyonlinelibrary.com/journal/cas



option for avoiding pseudogene interference. Messenger
RNA harboring deleterious mutations is degradable due to
NMD. Puromycin is a protein translation inhibitor that is
known to suppress NMD. Total RNA extracted from puro-
mycin-treated PBL was subjected to an RT-PCR/direct

sequencing analysis. This method has been used as a
routine step in our laboratory for the gene testing of
Lynch syndrome-related genes such as MSH2 and MLH1,(9)

and we applied this technique to detect PMS2 gene
mutations.

Fig. 5. Gene testing of subject No. 6. (a) Immunochemistry (IHC) using four antibodies to mismatch repair (MMR) proteins. Note the loss of
PMS2 protein expression in cancer cell nuclei. (b) RT-PCR/direct sequencing analysis of the PMS2 gene in subject No. 6. The upper panel indicates
the sequencing profile showing the c.2446delG (p.Val816Stop) frameshift mutation from a puromycin-treated total RNA sample and the middle
panel shows the sequencing profile without the puromycin treatment. Note that the signal ratios of the frameshift mutation to the wild-type
sequence were almost the same with or without the puromycin treatment, indicating the absence of nonsense-mediated mRNA decay (NMD). (c)
Long/nested PCR/direct sequencing analysis of the PMS2 gene. An analysis of genomic DNA by a long PCR/nested PCR/direct sequencing analysis
showed the c.2446-1G>A mutation in the splicing acceptor site of exon 15 (black arrow). Because exon 15 was the last exon of the PMS2 gene, a
mutation in the exon–intron boundary activated cryptic splicing site and caused a 1-bp-deleted frameshift mutation in mRNA without NMD.
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(a) (b)

(c)
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Subject no. 2 showed a frameshift mutation skipping to
exon 5 in the midst of exon 4 (r.301_353del) (data not
shown). The mRNA abundance of this frameshift mutation
was modest, but enhanced in the presence of puromycin treat-
ment, so that we speculated this was likely to be a pathogenic
mutation resulting NMD. In analysis using genomic DNA,
however, no mutations were detected in sequences spanning
exons 4 and 5. There seem to be several explanations for this
discrepancy between RT-PCR and PCR. First, a number of
pseudogenes were reported, particularly in this region, render-
ing a difficulty in sequencing exons 4 and 5 of the PMS2
gene, even if examined using the long PCR/nested PCR
approach (Fig. 1).(18) Second, the modest signal of the frame-
shift mutation in RT-PCR may imply the presence of a germ-
line mosaicism in PBL, which could not be detected by the
routine PCR/direct sequencing approach.
In subject no. 6, we detected r.2446delG mutation in the exon–

intron boundary of the last coding exon of the PMS2 (c.2446-
1G>A). Reportedly, the nonsense mutation in the last exon does
not result in NMD, as suggested by the fact that the stop codon is
located in the last exon in the majority of genes (80%).(19)

In subject no. 7, c.241G>T, p.Glu81Stop mutation detected
in exon 3 of the PMS2 gene appeared to be a homozygous
mutation. Homozygous mutation of the PMS2 gene accounts
for a constitutive mismatch repair deficiency syndrome
(CMMR-D) or biallelic mismatch repair deficiency (BMMR-
D), which is characterized as follows: (i) early onset gastroin-
testinal adenocarcinoma (<20 year-old) or multiple adenoma-
tous polyps; or (ii) childhood brain, lymphoma/leukemia with
one of the following features such as consanguinity or neurofi-
bromatosis type 1 (NF1) features.(20) As abnormal IHC find-
ings were observed in both normal and tumor tissues, IHC for
the MMR proteins would be helpful in the diagnosis of
CMMR-D.(21) In subject no. 7, the age at onset was late (i.e.
63 years old) and normal colonic gland and stromal lympho-
cytes expressed PMS2 protein. These findings were incompati-
ble with clinical features of CMMR-D. Another explanation
may be a failure to amplify the wild-type allele for unknown
reason. No information was obtained about the consanguinity,
but gene testing of the first-degree relatives may be helpful to
elucidate the possibility of homozygosity for the c.241G>T,
p.Glu81Stop mutation.
In subject nos. 4 and 5, the genomic deletion spanning

exon 15 of the PMS2 gene was detected by MLPA. Because the
reverse primer for RT-PCR was designed to anneal to the 30
untranslated region in exon 15, this primer set did not amplify
the cDNA sequence lacking exon 15. Therefore, the combined
use of MLPA may be useful. The presence of the pseudogene
PMS2CL also adds to the complexity of interpreting the data
obtained using MLPA. The PMS2CL sequence shows close sim-
ilarities with the PMS2 gene downstream of exon 12 and fre-
quent gene conversion occurs between PMS2 and PMS2CL. The
MLPA kit designed to analyze the PMS2 gene may be used to
quantify the copy numbers of the PMS2, PMS2CL and consensus
sequences from exons 11 to 15 in order to identify copy number
aberrations in each exon. Because we initially had no control

samples for this assay, we analyzed a total of 96 samples, includ-
ing those harboring deleterious mutations in other MMR genes
or normal control subjects to estimate the copy number varia-
tions from exons 11 to 15 of the PMS2 or the corresponding
sequences of the PMS2CL genes (Fig. 6a). Only three subjects
had one or zero copies in PMS2 and three copies in consensus
sequences, indicating the loss of the PMS2 allele, and these
results were consistent with the loss of the PMS2 protein expres-
sion shown by IHC. In the other subjects, the copy number of
the consensus sequence was 4 from exons 11 to 15, while the
ratio of PMS2 and PMS2CL genes differed between exons. In
exons 11 and 12 (designated as IVS12), the copy number in
PMS2 and PMS2CL was 2, indicating that gene conversion is an
infrequent genetic event in this region, while the copy numbers
of PMS2 and PMS2CL differed in exons 13, 14 and 15. There
were more than three copies of PMS2 in exons 13 and 14 and
more than three copies of PMS2CL in exon 15. Variable copy
numbers in exons 13, 14 and 15 indicate the presence of the fre-
quent gene conversions between PMS2 and PMS2CL in this
region (Fig. 6a), and the decrease of the total copy numbers for
PMS2 and PMS2CL suggests the presence of the genomic rear-
rangement either in the PMS2 or the PMS2CL gene, but it is dif-
ficult to confirm this without knowing the IHC results.
The prevalence of germline PMS2 mutations has been

reported to vary between 2% and 8.7%,(22–24) while only two
mutations have been reported in Japanese patients to date.(2,3)

In the present study, the prevalence of PMS2 mutations was
estimated in Japanese CRC subjects with prior IHC screening
for the expression of PMS2, in combination with the RT-PCR/
direct sequencing analysis using puromycin-treated RNA sam-
ples and MLPA. This study is ongoing and will ultimately pro-
vide comprehensive information on the prevalence of other
MMR gene mutations.
In conclusion, 7 (1.40%) out of the 501 subjects examined

showed the loss of PMS2 protein expression alone and were
referred to the genetic counseling clinic. Germline PMS2
mutations were detected in 6 (85.7%), including 3 nonsense
and 1 frameshift mutations detected by RT-PCR/direct
sequencing and two genomic deletions detected by MLPA.
IHC results predicted PMS2 germline mutations. RT-PCR from
puromycin-treated PBL enabled the detection of PMS2 germ-
line mutations by suppressing NMD. Similarly, the MLPA
analysis effectively quantified copy numbers, particularly in
exons 14 and 15 in PMS2 and its paralogous sequence,
PMS2CL, showing the complexity due to gene conversion. As
the pseudogene interference may hamper a diagnosis of the
pathogenic PMS2 mutations, the IHC screening, RT-PCR from
puromycin-treated RNA, the long-range PCR/nested PCR
approach and MLPA are all important diagnostic modalities,
and their use in combination may achieve a high standard in
diagnosing germline mutations of the PMS2 gene.
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