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A B S T R A C T

Background: Bi-allelic germline mutations of one of the DNA mismatch repair genes, so far

predominantly found in PMS2, cause constitutional MMR-deficiency syndrome. This rare dis-

order is characterised by paediatric intestinal cancer and other malignancies. We report the

clinical, immunohistochemical and genetic characterisation of four families with bi-allelic

germline PMS2 mutations. We present an overview of the published gastrointestinal

manifestations of CMMR-D syndrome and propose recommendations for gastro-intestinal

screening.

Methods and Results: The first proband developed a cerebral angiosarcoma at age 2 and two

colorectal adenomas at age 7. Genetic testing identified a complete PMS2 gene deletion and

a frameshift c.736_741delinsTGTGTGTGAAG (p.Pro246CysfsX3) mutation. In the second fam-

ily, both the proband and her brother had multiple intestinal adenomas, initially wrongly

diagnosed as familial adenomatous polyposis. A splice site c.2174+1G>A, and a missense

c.137G>T (p.Ser46Ile) mutation in PMS2 were identified. The third patient was diagnosed with

multiple colorectal adenomas at age 11; he developed a high-grade dysplastic colorectal ade-

nocarcinoma at age 21. Two intragenic PMS2 deletions were found. The fourth proband devel-

oped a cerebral anaplastic ganglioma at age 9 and a high-grade colerectal dysplastic adenoma

at age 10 and carries a homozygous c.2174+1G>A mutation.

Tumours of all patients showed microsatellite instability and/or loss of PMS2 expression.
er Ltd. All rights reserved.
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Conclusions: Our findings show the association between bi-allelic germline PMS2 mutations

and severe childhood-onset gastrointestinal manifestations, and support the notion that

patients with early-onset gastrointestinal adenomas and cancer should be investigated for

CMMR-D syndrome. We recommend yearly follow-up with colonoscopy from age 6 and

simultaneous video-capsule small bowel enteroscopy from age 8.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Lynch syndrome (hereditary non-polyposis colorectal cancer,

HNPCC, MIM 114500) is an autosomal dominant condition

with high penetrance caused by heterozygous germline

mutations in the DNA mismatch repair (MMR) genes MLH1,

MSH2, MSH6, or PMS2. It is one of the most prevalent inherited

cancer syndromes, responsible for approximately 2–5% of all

colorectal cancers.1 Patients with Lynch syndrome have a

high risk of developing colorectal carcinoma and endometrial

carcinoma, typically in the fourth or fifth decade. There is

also an increased risk for various other tumours, i.e. cancer

of the stomach, small bowel, pancreas, hepatobiliary tract,

ureter and renal pyelum, ovaries, skin and brain.2,3

In contrast to Lynch syndrome, germline compound het-

erozygous or homozygous MMR gene mutations, which

means inherited mutations in both alleles of an MMR gene,

are a rare cause of paediatric colorectal cancer and other

malignancies, mainly leukaemia and brain tumours.4 These

malignancies in early childhood are often associated with

multiple café-au-lait maculae (CALM) and some other fea-

tures of neurofibromatosis type 1 (NF1), like freckling and Lis-

ch nodules. Since the first publications on this syndrome in

1999,5,6 several names have been proposed, including the

acronym CoLoN (Colon tumours and/or Leukaemia/Lym-

phoma and/or Neurofibromatosis features),7 Lynch III syn-

drome,8 childhood cancer syndrome (CCS)9 and

constitutional MMR-deficiency (CMMR-D) syndrome.10 Up to

December 2009, 97 carriers with a bi-allelic MMR defect from

53 families had been reported.4,5,8–55

Here, we report on five children from four Dutch families

carrying bi-allelic PMS2 germline mutations and focus on

their gastrointestinal manifestations. We also present the re-

sults of an extensive literature search on the gastrointestinal

and molecular data of CMMR-D syndrome patients and pro-

pose a guideline for surveillance of the gastrointestinal tract

in this syndrome.

2. Patients

2.1. Family 1

A 2-year-old boy diagnosed with an infiltrating cerebral angi-

osarcoma was referred for genetic testing. Physical examina-

tion revealed multiple CALM and anal and axillary freckling. A

clinical diagnosis of NF1 was suggested but NF1 mutation

analysis was negative. Two years later, magnetic resonance

imaging showed a local relapse, which was surgically re-

moved. Just before his 7th birthday, he suffered from anal

blood loss and colonoscopy revealed two tubular adenomas:
one with a diameter of 1.5 cm and high-grade dysplastic fea-

tures in the rectum and one of 0.3 cm diameter in the

sigmoid.

His family history revealed no consanguinity. The boy’s

mother was diagnosed with a pituitary prolactin-secreting

micro-adenoma at age 30 and a moderately dysplastic colo-

rectal adenoma at age 36. His maternal grandfather was said

to have had colorectal carcinoma at age 72. The mother of this

grandfather died of colorectal cancer at age 77. The paternal

grandfather had oesophageal carcinoma at age 55 as did his

brother at 65 years of age. Furthermore, the mother of the

paternal grandfather had tongue cancer and skin cancer at

an unknown age.

2.2. Family 2

The female proband was diagnosed at age 19 with multiple

colon adenomas, some showing high-grade dysplasia. A clin-

ical diagnosis of familial adenomatous polyposis (FAP) was

made, but APC gene analysis revealed no mutation. A sub-

total colectomy with ileo-rectal anastomosis was performed.

During follow-up, a proximal jejunal adenocarcinoma,

pT3N1, was found and resected. In addition, one rectal tubu-

lovillous adenoma was observed. At age 21 she developed

macroscopic haematuria. Urologic examination revealed a

papillary transitional cell carcinoma of her bladder, stage

pT2GIII, followed by transurethral resection and intravesical

Bromocresol Blue (BCG) treatment. At age 22 endoscopy re-

vealed two ileal and two rectal tubulovillous adenomas with

low-grade dysplastic features. Finally, a rectal carcinoma

was found and she died aged 23.

Her younger brother was diagnosed with a rectal

high-grade dysplastic tubulovillous adenoma at age 15.

Video-capsule endoscopy revealed no suspicious lesions.

Double-balloon enteroscopy at age 16 showed a thickened

duodenal ridge and pathological investigation indicated a

duodenal tubulovillous adenoma. At esophagogastroduode-

noscopy 6 months later (age 17) a duodenal adenocarcinoma

of 2.7 cm, pT1N0M0, and two duodenal adenomas with

high-grade dysplasia were detected. A pylorus-preserving

pancreaticoduodenectomy was performed. APC and MUTYH

gene testing revealed no mutations. Follow-up consisted of

annual video-capsule enteroscopy and 2-yearly ileo-colonos-

copy. At age 19, a jejunal adenocarcinoma, pT3N0M0, was

diagnosed and surgically removed. At age 20 two colorectal

tubulovillous adenomas with high-grade dysplasia were re-

sected. One year later, at double-balloon endoscopy, multiple

colorectal tubulovillous adenomas were removed and a high-

grade dysplastic jejunal tubulovillous adenoma was observed

followed by jejunal resection. At age 21 he developed T-cell
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acute lymphoid leukaemia (T-ALL); he died at age 22. Both pa-

tients displayed no features of NF1, except for one CALM.

Until now, both parents are healthy. Their paternal grand-

mother died aged 56 from colorectal cancer. Her sister also

suffered from colorectal cancer. The patients’ maternal

grandfather probably had gastric cancer with liver metastasis

at age 52, whilst their maternal grandmother might have had

endometrial carcinoma. She died at age 59.

2.3. Family 3

The 11-year-old male proband developed multiple adenoma-

tous polyps in his left colon and rectum (<100). At age

21 years, multiple tubular adenomas (>30) with moderate dys-

plastic features were removed from the distal sigmoid till

anus. A proctocolectomy was performed at age 21. A high-

grade adenocarcinoma, pT1N0Mx, and 26 tubulovillous ade-

nomas with high-grade dysplasia were found in the surgically

removed tissue. At age 32, a duodenal carcinoma, pT3N0M1, a

jejunal carcinoma, pT3N0M1 and 13 small gastrointestinal

polyps were diagnosed and resected. At double balloon enter-

oscopy, 6 months later, another jejunal carcinoma, pT2N0,

and an ileal adenoma with high-grade dysplasia were identi-

fied. During surgery a pan-enteroscopy was performed which

identified no other lesions. At age 34 he developed a glioblas-

toma, for which he is currently treated. Besides his cancer

history, the proband has congenital asplenia, left isomerism

and a ventricle septum defect. As far as we know, these con-

genital anomalies are not associated with MMR defects. MU-

TYH and APC gene mutation analysis, routine karyotyping

and array-comparative genomic hybridization analysis re-

vealed no abnormalities.

His mother had a tubulovillous adenoma with moderate

dysplastic features at age 51 and a juvenile polyp at age 55.

Two of his mother’s sibs had also had a few low-grade dysplas-

tic adenomas at age 50–63. His maternal grandfather had colo-

rectal carcinoma at age 64, and a sister of his grandfather

developed colorectal cancer at 63 years of age. His father’s nine

siblings (now aged 50–69) had no history of cancer.

2.4. Family 4

At age 9 the female proband was diagnosed with a cerebral

anaplastic ganglioma. She also displayed multiple CALM (>6)

and freckling in her groin. NF1 and SPRED1 mutation analysis

was negative. At age 10 she suffered from anal blood loss and

a rectal adenoma with high-grade dysplasia was removed.

Her healthy parents are consanguineous and of Turkish

origin. Both siblings (aged 10 and 12) are healthy. A sister of

her maternal grandmother was said to have had colorectal

cancer at age 56.

3. Methods

3.1. Tumour analysis

Microsatellite instability (MSI) analysis was performed on for-

malin-fixed, paraffin-embedded sections of tumours and cor-

responding normal tissue. Following DNA amplification using

fluorescent-labelled primers, a panel of five microsatellites,
including two mononucleotide repeats (BAT25, BAT26) and

three dinucleotide repeats (D2S123, D5S346, D17S250), was

analysed for allelic shift according to the international guide-

lines for evaluating MSI in families suspected of having Lynch

syndrome.56,57 If two or more markers showed instability, the

tumour was classified as MSI-high.

3.2. Immunohistochemistry

Immunohistochemical staining for MLH1, MSH2, MSH6 and

PMS2 protein expression was performed on 3 lm-thick for-

malin-fixed, paraffin-embedded sections of tumours of all five

index patients, as described previously.58,59 Protein expres-

sion in normal tissue adjacent to the tumour served as a po-

sitive internal control. Staining of normal tissue on the same

slide was used as a positive external control.

3.3. Mutation analysis

DNA was isolated from peripheral blood lymphocytes using

standard methods. All coding sequences of the MLH1, MSH2

and MSH6 genes were analysed by denaturing gradient gel

electrophoresis (DGGE) and/or direct sequencing as previ-

ously described.60–63 For the detection of large deletions (exo-

nic deletions or deletions of a complete gene) and

duplications by multiplex ligation-dependent probe amplifi-

cation (MLPA), we used the SALSA MLPA kits P003 MLH1/

MSH2 and P008 PMS2/MSH6 (MRC Holland, Amsterdam, The

Netherlands) according to the manufacturer’s recommended

protocol, and as published elsewhere.60 Direct sequencing of

PCR products of the PMS2 gene was performed as described

by Niessen et al.59 In addition, RT-PCR of PMS2 was performed

for family 2, 3 and 4 on RNA derived from short-term cultured

lymphocytes.64

Any variant detected, excluding common SNPs, was ana-

lysed in silico using three sequence homology-based pro-

grammes: SIFT (Sorting Intolerant from Tolerant amino acid

substitutions, (http://blocks.fhcrc.org/sift/SIFT.html), Align-

GVGD (http://agvgd.iarc.fr/agvgd_input.php) and PolyPhen

(Polymorphism Phenotyping, (http://genetics.bwh.har-

vard.edu/pph/). The possible effect on the function of the

acceptor or donor splice site or creation of a novel splice site

was analysed as well by using the RNA splice site prediction

programmes from Netgene (http://www.cbs.dtu.dk/services/

NetGene2/) and the Berkeley Drosophila Genome Project

(http://www.fruitfly.org/seq_tools/splice.html).

3.4. Literature review

To summarise the clinical and molecular data of CMMR-D

syndrome patients, we performed a comprehensive literature

review. PubMed and EMBASE were searched for English-lan-

guage articles published between 1980 and December 2009.

We primarily focused on articles in which the title/abstract

included at least one of the following terms: mismatch repair

defect, bi-allelic mutation or Turcot syndrome. This electronic

search was completed by individually assessing the refer-

ences cited in all the papers identified. Reports were only in-

cluded in this analysis if CMMR-D syndrome had been

genetically confirmed.

http://blocks.fhcrc.org/sift/SIFT.html
http://agvgd.iarc.fr/agvgd_input.php
http://genetics.bwh.harvard.edu/pph/
http://genetics.bwh.harvard.edu/pph/
http://www.cbs.dtu.dk/services/NetGene2/
http://www.cbs.dtu.dk/services/NetGene2/
http://www.fruitfly.org/seq_tools/splice.html
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4. Results

4.1. Microsatellite analysis

The angiosarcoma tissue from the proband of family 1

showed a MSI-high phenotype. The jejunal adenocarcinoma

and the bladder tumour from the index patient of family 2

and the anaplastic ganglioma of the proband of family 4 also

displayed MSI.

4.2. Immunohistochemistry

Immunohistochemical staining of the MLH1, MSH2, MSH6

and PMS2 proteins showed complete loss of PMS2 staining

but normal expression of MLH1, MSH2 and MSH6 in the tu-

mours of all five patients. Normal tissue surrounding the tu-

mours and the endothelial cells of the vessels in tumour

tissue showed no PMS2 expression (Fig. 1). External controls

were positive.
Fig. 1 – Immunohistochemistry analysis in the jejunal

adenocarcinoma from the index patient of family 2. (A)

Whilst MSH2, MLH1 and MSH6 staining were inconspicuous

(data not shown), the nuclei are negative for PMS2 (stain:

haematoxylin–eosin, magnification 20·); (B) internal control:

lymph follicle with reactive germinal centre and adjacent

normal colon mucosa both negative for PMS2 expression

(stain: haematoxylin–eosin, magnification 20·).
4.3. Mutation analysis

Mutation analysis in the MMR genes MLH1, MSH2, MSH6 and

PMS2 was performed. In the index patient of family 1 two

pathogenic germline mutations in PMS2 were found: a dele-

tion of the whole PMS2 gene and a c.736_741delin-

sTGTGTGTGAAG mutation in exon 7 (p.Pro246CysfsX3)

(Fig. 2). This mutation leads to a frameshift in codon 246

resulting in a premature stop codon two codons downstream

and it had previously been described in the Mismatch Repair

Genes Variant Database (http://www.med.mun.ca/MMRvari-

ants/). The patient inherited the deletion from his mother

and the c.736_741delinsTGTGTGTGAAG mutation from his

father.

In both the index patient of family 2 and her brother, two

compound heterozygous mutations were found in PMS2. In

exon 2, a transversion from guanine to thymine (c.137G>T)

was detected resulting in an amino acid change from serine

to isoleucine at codon 46 (p.Ser46Ile). This mutation has been

reported in patients with Lynch syndrome and constitutional

MMR-deficiency syndrome (CMMR-D)11,13,65,66 and was not

observed in 218 control chromosomes.66 The Ser46 residue

is a strongly conserved amino acid, localised in an important

functional domain of the PMS2 protein (HATPase domain,

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). In

addition, serine and isoleucine have different chemical–phys-

ical characteristics (Grantham Score 142). PolyPhen predicted

this mutation to be probably damaging with a PSIC score of

2.490 (scores of <1.5 are predicted to be benign). SIFT analysis

predicted this substitution to affect protein function with a

tolerance index score of 0.00 (normalised probabilities of

>0.05 are predicted to be tolerated). Align-GVGD predicted

the p.Ser46Ile missense substitution as pathogenic (class

C65, with a Grantham Variation of 0 and a Grantham devia-

tion of 142). RNA splicing prediction programmes predicted

that this variant would have no effect on the function of the

acceptor splice site in intron 2, nor does it create a novel

splice site.

The second mutation in family 2 was a guanine to adenine

transversion (c.2174+1G>A) in intron 12. This nucleotide

change causes one of the nucleotides of the consensus splice

site at the exon–intron transition downstream of exon 12 to

change, so that it is not recognised by the spliceosome. RNA

analysis was performed to study the effect of c.2174+1G>A

on mRNA splicing and to confirm that this mutation is located

in PMS2 and not in its highly homologous pseudogene

PMS2CL. RT-PCR amplifying the coding region of PMS2 exons

10–15 revealed three aberrant transcripts originating from

the mutated allele. Sequencing of the RT-PCR product showed

that, in one of the transcripts, exon 12 has been skipped lead-

ing to an in-frame deletion of 168 bp. In the other two tran-

scripts, insertions of about 300 and 600 bp were observed.

The exact nature of these insertions has not yet been deter-

mined. The patients’ mother carried the c.2174+1G>A muta-

tion and their father the c.137G>T (p.Ser46Ile) mutation.

In the proband of family 3 two deletions in the PMS2 gene

were found with MLPA: a deletion of exons 1–11 and a dele-

tion of exons 5–7. RT-PCR amplifying the coding region of

PMS2 exons 1–11 showed a 640 bp deletion of exons 3–7 in

the transcript, which is due to a genomic 7.5 kb deletion

http://www.med.mun.ca/MMRvariants/
http://www.med.mun.ca/MMRvariants/
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi


Fig. 2 – Sequencing trace for index patient of family 1 of

PMS2 exon 7 showing a hemizygous c.736_741delin-

sTGTGTGTGAAG mutation (p.Pro246CysfsX3) leading to a

frameshift in codon 246 and resulting in a premature stop

codon.
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harbouring the same exons. The father carries the deletion of

exons 3–7, whilst the mother has the exons 1–11 deletion.

The index patient of family 4 harboured the homozygous

variant c.2174+1G>A as also was detected in family 2. RT-

PCR on RNA from both parents confirmed that the mutation

is present in PMS2 and not in the pseudogene. The same pat-

tern of aberrant transcripts was found as described for family

2.

4.4. Literature review

The results from our literature review are summarised in Ta-

bles 1–6 and Supplemental Tables S1–S3.4,5,8–55

5. Discussion

Gastrointestinal cancers in young adults and children can be

caused by the inheritance of mutations in both alleles of an

MMR gene. Gastrointestinal cancers, mainly colorectal can-

cer, make up 37% of all tumours in CMMR-D syndrome pa-

tients.10 Approximately half of the families reported with

constitutional MMR deficiency have germline PMS2 mutations

(31 of 57 families, Tables 1 and 5). Of the PMS2 families, in 26

(84%) gastrointestinal manifestations were reported. In 19 out

of 60 PMS2 homozygous or compound heterozygous mutation

carriers, gastrointestinal cancer or adenomas were the first

manifestation of the CMMR-D syndrome (32%). This percent-

age is comparable with that of all patients with CMMR-D

syndrome; of the 102 CMMR-D syndrome patients, gastroin-
testinal manifestations were the first sign of CMMR-D syn-

drome in 32 of them (31%). In all CMMR-D syndrome

patients, 20 individuals (20 of 102, 20%) had multiple primary

CRCs, ranging from 2 to at least 10 cancers. 50 out of 75

CMMR-D syndrome patients with gastrointestinal manifesta-

tions had a homozygous or compound heterozygous PMS2

mutation (67%). Adenomas and cancer in CMMR-D syndrome

patients are more often reported in the left-sided colon com-

pared to Lynch syndrome patients.

Here we have described four Dutch families in which five

individuals carried bi-allelic, compound heterozygous or

homozygous mutations of the PMS2 gene. All five children

were affected by gastrointestinal tumours and/or adenomas.

PMS2 expression was absent in the patients’ tumours and

normal tissue. The examined tumours showed MSI.

Bi-allelic MMR gene mutations are associated with a

broader spectrum of early-onset cancers than mono-allelic

MMR gene mutations.10 Cancer of the small intestine is very

rare in Lynch syndrome patients, with a lifetime risk of some

4% and mean age of diagnosis of 39–53 years.67 Small bowel

cancer occurred in 11 of 102 CMMR-D syndrome patients,

including three of our patients.42 The mean age of presenta-

tion is 27 years and the youngest age at which it was diag-

nosed is 11 years.19,21 Upper urothelial cancer is even rarer

in bi-allelic MMR gene mutation carriers. Only one patient,

who suffered from a ureter/renal pelvis carcinoma at age

15 years, has been reported so far.9 We report a patient with

papillary transitional cell carcinoma of the bladder, which,

to the best of our knowledge, has not yet been reported in

CMMR-D syndrome patients.

Many CMMR-D syndrome patients have features of NF1,

especially CALM. It is, therefore, important to examine the

skin of very young patients with gastrointestinal cancers

and/or adenomas. In contrast to NF1, CALM in MMR-deficient

individuals have irregular margins.18

Some of our patients had wrongly been diagnosed with

FAP in the past. It is conceivable that, worldwide, many more

patients with early-onset adenomatous polyposis have been

erroneously diagnosed with FAP. In the absence of proven

APC or MUTYH germline mutations, patients with child-

hood-onset adenomatous polyposis should be considered

for MMR gene mutation testing, especially when they have

features of NF1. In patients where tumour material is avail-

able, MMR gene expression and microsatellite instability

should be tested first as a pre-screen method. The same ap-

proach would be appropriate for any patient with an early-on-

set cancer from the CMMR-D syndrome tumour spectrum.

5.1. Surveillance guidelines

Guidelines for gastrointestinal surveillance in CMMR-D syn-

drome patients have only been published in a limited way

so far. For heterozygous MMR mutation carriers (Lynch syn-

drome), colorectal surveillance (colonoscopy) is recom-

mended every 1–2 years from age 20 to 25. Some people

suggest an intermediate screening programme, such as

colonoscopy, every 1–2 years starting at age 30 for heterozy-

gous MSH668 or PMS2 mutation carriers.45 CMMR-D syndrome

differs from Lynch syndrome, not only in tumour spectrum,

age of onset, and skin characteristics, but also because it



Table 1 – Malignancies and molecular characteristics of constitutional mismatch repair-deficiency (CMMR-D) syndrome families with gastro-intestinal manifestations and
compound heterozygous or homozygous PMS2 mutations.

Fam. Tumour type (age of
diagnosis; death)

Polyps NF1 features MSI Mutation a Mutation b Refs.

1 Patient 1
– Glioblastoma with

oligodendroglial comp. (4)
– B-cell NHL of terminal

ileum (17)
– Glioblastoma with

oligodendroglial
comp. (21; �21)

Patient 1
– 2 colon ad. + 1

hyperplastic polyp (13)

Patient 1
– CALM

High in glioblastoma,
colon ad. and CRC

c.400C>T,
p.Arg134X

c.2184_2185del,
p.Leu729GlnfsX6

17,25,49

Patient 2
– CRC (11)
– Anaplastic glioma with

oligodendroglial comp. (23)

Patient 2
– 3 ad.: sigmoid, colon

and rectum (11)

– Phenotypic adenomatous
polyposis (14)

Patient 2
– CALM

2 Patient 1
– Oligodendroglioma (14)
– CRC (18; �18)

Patient 1
– 1 colon ad. (18)

NR High in CRC c.2361_2364del,
p.Phe788CysfsX2

c.1221delG,
p.Thr408LeufsX40

16

Patient 2
– Neuroblastoma (13; �14)

3 Patient 1
– 2· CRC (16)
– PNET ovarium (21)
– Endometrial ca. (23)
– Brain tumour (24)

Patient 1
– 12 tubular or

tubulovillous ad. (16)

Patient 1
– 6 CALM, no other

NF1 features

High in CRC and ovarium c.1169_1170ins20 c.1169_1170ins20 46,51

Patient 2
– Anaplastic astrocytoma (7)

Patient 2
– 2 colon ad. (18)
– 3 colon ad. (20)

Patient 2
– Multiple CALM, no

other NF1 features

Patient 3
– ALL (4; �4)

Patient 3
– Multiple CALM

4 Patient 1
– Duodenal ca. (16)
– Giant cell glioblastoma (17)

4 tubulovillous ad.
colon (16)

CALM High in duodenal ca.,
low in glioblastoma

c.137G>T,
p.Ser46Ile

c.1927C>T,
p.Gln643X

11

5 Patient 1
– B-cell NHL (10; �12)

Patient 1. Multiple CALM, no
other features of NF1

NA c.2404C>T,
p.Arg802X

c.2404C>T,
p.Arg802X

17,18

Patient 2
– SPNET (8)

Patient 2. Multiple
polyps adulthood

Patient 2. Multiple CALM, no
other features of NF1

Patient 3
– SPNET (14; �15)

Patient 3. Multiple CALM, no
other features of NF1
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6 Patient 1
– T-cell leukaemia (2)
– T-NHL (14)
– Multiple CRC (18)

Multiple polyps
adulthood

CALM NA c.2404C>T,
p.Arg802X

c.2404C>T,
p.Arg802X

18

7 Patient 1
– 10· CRC (23)
– Duodenal ca. (25; �25)

35 adenomatous
polyps (23)

CALM High in 5 CRC
and 3 ad.

Del 400 kb,
including exons 9–15

Del 400 kb,
including exons 9–15

55

8 Patient 1
– Oligodendroglioma (19)
– 2· CRC (24; �25)

Patient 1. 1 colon ad.
(24)

High in CRC c.137G>T,
p.Ser46Ile

c.1730dup;1732C>T,
p.Arg578ValfsX3

13

Patient 2
– Brain angioma (2)
– CRC (20)
– Endometrial ca. (24)

Patient 2. 12 colon ad.
(20)

Patient 2. CALM

9 Patient 1
– GBM (6)
– CRC (15)
– Jejunal ca. (15)
– Urotel ca. (15; �16)

Patient 1. 20 polyps
(15)

Patient 1. CALM, no other
features of NF1

High in CRC c.1768del,
p.Ile590PhefsX5

c.1768del,
p.Ile590PhefsX5

9

Patient 2
– GBM (6; �7)

Patient 2. CALM, no other
features of NF1

Patient 3
– GBM (9)

Patient 3. 3 colon
polyps (8)

Patient 4
– Infantile myofibromatosis (1; �5)

10 Patient 1
– CRC (13)

– CRC (14)

Patient 1. Multiple
colon polyps, 7 of
which with high
grade dysplasia (14)

Patient 1. Multiple CALM,
axillary freckling, no other
signs of NF1

High in CRC c.812G>T,
p.Gly271Val

c.812G>T,
p.Gly271Val

9

Patient 2
– T-NHL (10)

– CRC (11)

Patient 2. 11 colon
polyps (11)

Patient 2. Multiple CALM

11 Patient 1
– T-NHL (6)
– Multiple CRC (16)

Patient 1. Multiple
colon ad. (16)

Patient 1. Multiple CALM High in CRC c.1306dup,
p.Ser436LysfsX22

c.1306dup,
p.Ser436LysfsX22

29

Patient 2
– SPNET (9; �9)

12 Patient 1
– CRC (14)

<10 colon ad. (14) 8 CALM, no other
features of NF1

High c.137G>T,
p.Ser46Ile

c.137G>A,
p.Ser46Asn

27

(continued on next page)
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Table 1 – (continued)

Fam. Tumour type (age of
diagnosis; death)

Polyps NF1 features MSI Mutation a Mutation b Refs.

13 Patient 1
– CRC (14)
– Astrocytoma (19)
– Astrocytoma (19; �21)

No follow-up reported NR Low in CRC and
astrocytoma

c.1840A>T,
p.Lys614X

c.1840A>T,
p.Lys614X

23

Patient 2
– Anaplastic oligoden-

droglioma
(11; �11)

14 Patient 1
– 4· CRC (15)

Patient 1. >24 tubular and
tubulovillous ad. (15)

Patient 1. Multiple
CALM, no other
features of NF1

NA Del exon 7 Del exon 7 48

Patient 2
– Glioblastoma (8, �9)

Patient 2. Multiple
CALM

15 Patient 1
– CRC (22)
– Brain tumour (23)

No follow-up
reported

NR NA c.2249G>A,
p.Gly750Asp

Complete gene
deletion

45

Patient 2
– CRC (21)

16 Patient 1
– Multiple CRC (28)

No follow-up
reported

NR NA c.1A>G,
p.Met1?
(5 0 truncation)

Del exons 9–10 45

17 Patient 1
– CRC (20)
– Duodenal ca. (41)
– Lymphoma (NR)

No follow-up
reported

NR NA c.1A>G,
p.Met1?
(5 0 truncation)

c.614A>C,
p.Gln205Pro

45

Patient 2
– Brain tumour (38)

Patient 3
– Brain tumour (31)

18 Patient 1
– CRC (24)
– Endometrial ca. (35)
– Glioma (35)

No follow-up
reported

NR NA c.1A>G,
p.Met1?
(5 0 truncation)

c.251-2A>G,
aberrant splicing

45

Patient 2
– CRC (26)
– Glioblastoma (34)

Patient 3
– Glioma (24)
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19 Patient 1
– Medulloblastoma (8)
– Duodenal ca. (16)

Patient 1. 1
colon ad. (17)

Patient 1. Multiple
CALM

High in duodenal ca. c.949C>T,
p.Gln317X

c.949C>T,
p.Gln317X

42,45

Patient 2
– T-ALL (5; �6)

20 Patient 1
– Giant cell glioblastoma

(10)
– CRC (16)
– CRC (20)
– Duodenal ca. (26)
– Ileal ca. (30)
– Endometrial ca. (31)
– Ileal ca. (36)
– BCCs (38–40)
– Jejunal ca. (40)
– Jejunal ca. (42)

Patient 1
– Multiple colon

polyps (20)
– Rectal polyp (31)
– Gastric polyps (41)

Patient 1.
No CALM

High
in CRC

c.989-1G>T,
aberrant splicing

c.989-1G>T,
aberrant
splicing

47

Patient 2
– CRC (19; �26)

Patient 2
– Multiple colon

polyps (19)

21 Patient 1
– Rhabdomyosar-

coma (3)
– CRC (8)

No polyps Multiple CALM NA c.219T>A,
p.Cys73X

c.219T>A,
p.Cys73X

10,30

22 Patient 1
– GBM (10; �?)

No follow-up reported Patient 1. Multiple
CALM

High in GBM
and CRC

c.137G>T,
Ser46Ile

c.804-2A>G,
aberrant
splicing

22

Patient 2
– CRC (21)

Patient 3
– CNS tumour (4; �4)

23 Patient 1
– Cerebral

angiosarcoma (2)

2 colon ad., one with
high grade
dysplasia (7)

6 CALM, anal and
axillary freckling

High in
angiosarcoma

c.736_741delins
TGTGTGTGAAG,
p.Pro246CysfsX3

Complete
gene deletion

This report

24 Patient 1
– Jejunal ca. (21)
– Bladder ca. (21)
– CRC (22; �23)

Patient 1
– Multiple colon ad.

with high
grade dysplasia (19)

– 1 rectal tubulovillous ad. (21)
– 2 ileal and 2 colorectal

tubulovillous ad. (22)

Patient 1. 1 CALM,
axillary freckling

High in jejunal ca.
and bladder ca.

c.137G>T,
p.Ser46Ile

c.2174+1G>A,
aberrant
splicing

This report

(continued on next page)
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Table 1 – (continued)

Fam. Tumour type (age of
diagnosis; death)

Polyps NF1 features MSI Mutation a Mutation b Refs.

Patient 2
– Duodenal ca. (17)
– Jejunal ca. (19)
– T-ALL (21; �22)

Patient 2
– 1 colorectal tubulovilleus ad.

with high grade dysplasia (15)
– 1 duodenal tubulovilleus ad.

with low grade dysplasia (16)
– 2 duodenal ad. with high

grade dysplasia (17)
– 2 colorectal tubulovillous ad.

with high grade dysplasia (20)
– Multiple colorectal tubulovil-

lous ad. + jejunal tubulovil-
lous ad. with high grade
dysplasia (21)

– 13 colorectal tubulovillous ad.
with high grade dysplasia (22)

Patient 2. 1 CALM

25 Patient 1
– CRC (21)
– Duodenal ca. (32)
– Jejunal ca. (32)
– Jejunal ca. (32)
– Glioblastoma (34)

– Multiple colorectal ad. (11)
– 26 tubulovillous ad. with high

grade dysplasia (21)
– 13 gastrointestinal ad. (32)
– 1 ileal ad. (32)

NR NA Del exons 1–11 Del exons 3–7 This report

26 Patient 1
– Anaplastic ganglioma (9)

– Colon ad. with high grade dys-
plasia (10)

>6 CALM, freckling High in
anaplastic
ganglioma

c.2174+1G>A,
aberrant splicing

c.2174+1G>A,
aberrant
splicing

This report

ad, adenoma; AML, acute myeloid leukaemia; ca, carcinoma; BCC, basal cell carcinoma; CALM, Café-au-lait maculae; CML, chronic myeloid leukaemia; comp., component; CRC, Colorectal carcinoma;

Del, deletion; GBM, Glioblastoma multiforme; MDS, myelodysplastic syndrome; mo, months; MSI, Microsatellite instability; NA, not available; NF1, Neurofibromatosis type 1; NHL, Non-Hodgkin

lymphoma; NR, not reported; SPNET, supratentorial primitive neuro-ectodermal tumour; T-ALL, T-cell acute lymphoid leukaemia; T-NHL, T-cell Non-Hodgkin lymphoma; WT, Wilms tumour.
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Table 2 – Malignancies and molecular characteristics of constitutional mismatch repair-deficiency (CMMR-D) syndrome families with gastro-intestinal manifestations and
compound heterozygous or homozygous MLH1 mutations.

Fam. Tumour type
(age of diagnosis; death)

Polyps NF1 features MSI Mutation a Mutation b Refs.

27 Patient 1
– CRC (35)

No follow up reported NR High in CRC and sarcoma c.1852_1853AA>GC,
p.Lys618Ala

c.546-2A>G,
aberrant splicing

31

– Sarcoma (65)

28 Patient 1
– Duodenal ca. (11; �12)

Patient 1
– No polyps

Patient 1
– Multiple CALM, no Lis-

ch nodules

High in duodenal ca.,
CRC (3·) and
lymphocytes

c.2059C>T,
p.Arg687Trp

c.2059C>T,
p.Arg687Trp

19,21

Patient 2
– 3· CRC (9)
– Glioblastoma (24)

Patient 2
– No follow-up reported

Patient 2
– 3 CALM, 1 Lisch nodule,

minimal axillary
freckling

Patient 3
– No malignancy (8)

Patient 3
– No polyps reported till 8

Patient 3
– Plexiform neurofi-

broma (6), 8 CALM, 1
Lisch nodule

29 Patient 1
– CRC (22)

No follow up reported NR NA c.806C>G,
p.Ser269X

c.806C>G,
p.Ser269X

40

30 Patient 1
– CRC (12)

No follow up reported NR High c.2146G>A,
p.Val716Met

c.676C>T,
p.Arg226X

33

ad, adenoma; AML, acute myeloid leukaemia; ca, carcinoma; BCC, basal cell carcinoma; CALM, Café-au-lait maculae; CML, chronic myeloid leukaemia; comp., component; CRC, Colorectal carcinoma;

Del, deletion; GBM, Glioblastoma multiforme; MDS, myelodysplastic syndrome; mo, months; MSI, Microsatellite instability; NA, not available; NF1, Neurofibromatosis type 1; NHL, Non-Hodgkin

lymphoma; NR, not reported; SPNET, supratentorial primitive neuro-ectodermal tumour; T-ALL, T-cell acute lymphoid leukaemia; T-NHL, T-cell Non-Hodgkin lymphoma; WT, Wilms tumour.
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Table 3 – Malignancies and molecular characteristics of constitutional mismatch repair-deficiency (CMMR-D) syndrome families with gastro-intestinal manifestations and
compound heterozygous or homozygous MSH2 mutations.

Fam. Tumour type (age of
diagnosis; death)

Polyps NF1 features MSI Mutation a Mutation b Refs.

31 Patient 1
– 2· CRC (11)

Patient 1. Multiple polyps
duodenum, colon, rectum
(11)

Patient 1. Multiple CALM High in CRC (both
patients)

c.2006-5T>A,
aberrant splicing

c.2006-5T>A,
aberrant splicing

35

Patient 2
– 3· CRC (12)

Patient 2. <10 polyps in
colon, 2 polyps in duodenum
(12)

Patient. 2 Multiple CALM

32 Patient 1
– Astrocytoma (14)
– CRC (14; �14)

Patient 1. > 100 tubulovillous
ad. (14)

Patient 1. Multiple CALM,
axillary freckling, no other
features of NF1

High in astrocytoma
and CRC, low in
leukocytes

c.1906G>C,
p.Ala636Pro

c.1906G>C,
p.Ala636Pro

50

Patient 2
– Anaplastic astrocytoma

(13; �13)

Patient 2. NF1 features,
details not reported

33 Patient 1
– 3· CRC (39)
– Ileal ca. (39)
– CRC (48)

Patient 1. 15 colon ad., some
with high grade dysplasia
(39)

No features of NF1 High in all Del exons 1–6 c.1A>G,
p.Met1?
(5 0 truncation)

28

Patient 2
– CRC (33)
– Endometrial ca. (44)

Patient 2. 4 colon ad. (46)

ad, adenoma; AML, acute myeloid leukaemia; ca, carcinoma; BCC, basal cell carcinoma; CALM, Café-au-lait maculae; CML, chronic myeloid leukaemia; comp., component; CRC, Colorectal carcinoma;

Del, deletion; GBM, Glioblastoma multiforme; MDS, myelodysplastic syndrome; mo, months; MSI, Microsatellite instability; NA, not available; NF1, Neurofibromatosis type 1; NHL, Non-Hodgkin

lymphoma; NR, not reported; SPNET, supratentorial primitive neuro-ectodermal tumour; T-ALL, T-cell acute lymphoid leukaemia; T-NHL, T-cell Non-Hodgkin lymphoma; WT, Wilms tumour.
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Table 4 – Malignancies and molecular characteristics of constitutional mismatch repair-deficiency (CMMR-D) syndrome families with gastro-intestinal manifestations and
compound heterozygous or homozygous MSH6 mutations.

Fam. Tumour type (age
of diagnosis; death)

Polyps NF1 features MSI Mutation a Mutation b Refs.

34 Patient 1
– Oligodendroglioma (10)

– CRC (12; �12)

No follow-up reported 6 CALM, no other
NF1 features

High in CRC, low in
oligodendroglioma

c.3386_3388del,
p.Cys1129_
Val1130delinsLeu

c.3386_3388del,
p.Cys1129_
Val1130delinsLeu

34

35 Patient 1
– Lymphoblastic

lymphoma (5)
– CRC (8; �9)

No follow-up reported Patient 1
– 8 CALM, axillary

freckling, no other
features of NF1

High in GBM,
low in lymphocytes

c.3635dupT,
p.Asp1213GlyfsX2

c.3635dupT,
p.Asp1213GlyfsX2

26

Patient 2
– GBM (8; �10)

Patient 2
– 6–8 CALM,

axillary freckling

36 Patient 1
– CRC (19)
– Endometrial ca. (24)

No polyps
reported till age 29

CALM High in CRC c.3226C>T,
p.Arg1076Cys

c.3991C>T,
p.Arg1331X

37

37 Patient 1
CRC (31)

No follow-up reported NR NA c.2633T>C,
p.Val878Ala

c.2295C>G,
p.Cys765Trp

37

38 Patient 1
– Medulloblastoma (7)
– AML (10)
– 2· CRC (13)

50 tubular and
tubulovillous ad. (13)

CALM NA c.642C>G,
p.Tyr214X

c. 458-1G>A,
aberrant
splicing

43

39 Patient 1
– Mediastinal T-NHL (2)

Patient 1. >20 colon ad. (6) Patient 1. CALM NA c.226C>T,
p.Gln76X

c.226C>T,
p.Gln76X

32,44

Patient 2
– Mediastinal T-NHL (1, �2)

Patient 2. CALM

Patient 3
– T-ALL (2)

Patient 3. CALM

40 Patient 1
– Glioblastoma (7; �7)

Patient 1. Multiple CALM,
no other features of NF1

Low in colon ad.,
and lymphocytes

c.1596dup,
p.Glu533X

c.3261delC,
p.Phe1088SerfsX2

13

Patient 2. 11 colon ad.,
some with high grade
dysplasia (9)

Patient 2. Multiple CALM,
Lisch nodules

(continued on next page)
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results in a faster transformation rate from adenoma to can-

cer.69 Surviving children with bi-allelic MMR mutations re-

quire thorough periodic cancer surveillance. Gallinger et al.

suggested periodic surveillance with complete blood counts,

upper and lower endoscopy, chest and abdomen computer-

ised tomography, and total body magnetic resonance imag-

ing,21 but did not discuss what age to start or how often

upper and lower endoscopy should be performed. The youn-

gest age at which malignant colorectal tumours were found

is 8 years in two CMMR-D syndrome patients (one homozy-

gous MSH6 and one homozygous PMS2 mutation car-

rier).10,26,30 The youngest age at which gastrointestinal

adenomas were observed is 6 years in a homozygous MSH2

mutation carrier.44 We, therefore, suggest yearly colonoscopy

in bi-allelic MMR mutation carriers, starting at 6 years of age

and yearly colonoscopy and video-capsule endoscopy, from

age 8. Video-capsule endoscopy has been found to be diag-

nostically superior to push enteroscopy70 or barium enterog-

raphy in GI bleeding, and has recently been evaluated in

children.71 Although very young children were generally able

to swallow the capsule unaided71–74, young children (aged 6–

10 years) who are undergoing bidirectional endoscopic sur-

veillance under general anaesthesia can have the capsule

placed endoscopically at the same time.

Based on the published literature, no difference in the sur-

veillance interval for bi-allelic PMS2/MSH6 and MLH1/MSH2

mutation carriers can be made so far (Table 6). To determine

whether the potential benefits of surveillance and treatment

outweigh the emotional and physical burden of surveillance,

further characterisation of the CMMR-D syndrome is needed

to establish evidence-based screening guidelines.
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Table 6 – Overview of gastro-intestinal symptoms in constitutional mismatch repair-deficiency (CMMR-D) syndrome patients.

Mean age of diagnosis (y) (range) Mean number at first colonoscopy
or video-capsule enteroscopy

Gastrointestinal polyps 17 (7–46) (n = 25)a

– PMS2: 15 (7–24) (n = 17)
– MLH1: NA (n = 2)
– MSH2: 43 (39–46) (n = 2)
– MSH6: 13 (9–17) (n = 4)

8.1 (n = 25)b

– PMS2: 6.6 (n = 17)
– MLH1: 0 (n = 2)
– MSH2: 9.5 (n = 2)
– MSH6: 16 (n = 4)

Small intestinal cancer 27 (11–42) (n = 11)

– PMS2: 28 (15–42) (n = 9)
– MLH1: 11 (n = 1)
– MSH2: 39 (n = 1)
– MSH6: NA

1 (n of ca. = 11)

– PMS2: 1 (n of ca. = 9)
– MLH1: 1 (n of ca. = 1)
– MSH2: 1 (n of ca. = 1)
– MSH6: NA

Colorectal cancer 19 (8–48) (n = 42)

– PMS2: 18 (8–26) (n = 25)
– MLH1: 20 (9–35) (n = 4)
– MSH2: 26 (11–48) (n = 6)
– MSH6: 16 (8–31) (n = 7)

1.6 (n of ca. = 64)c

– PMS2: 1.6 (n of ca. = 37)
– MLH1: 1.5 (n of ca. = 6)
– MSH2: 2 (n of ca. = 10)
– MSH6: 1.6 (n of ca. = 11)

a The lowest age of diagnosis is 6 years in a homozygous MSH2 mutation carrier, but it is not scored in this table, because the precise number of

gastrointestinal polyps is not reported in the publication.

b The number of polyps may be an underrepresentation, because it is not often reported. In addition, when the term ‘multiple gastrointestinal

polyps’ is used in Tables 1–5 and S1–S3, the precise number was not given in the original report.

c When multiple colorectal cancers (CRC) without a precise number were reported, they were excluded from this table. y = year. n = number of

patients. n of ca = number of cancers.

Table 5 – Malignancies and molecular characteristics of constitutional mismatch repair-deficiency (CMMR-D) syndrome
families with compound heterozygous or homozygous PMS2 mutations without gastro-intestinal manifestations.

Fam. Tumour type (age of
diagnosis; death)

Polyps NF1 features MSI Mutation a Mutation b Refs.

43 Patient 1
– Glioma (15; �16)

No follow-up
reported

Patient 1. CALM NA c.2404C>T,
p.Arg802X

c.2404C>T,
p.Arg802X

18

Patient 2
– ALL (15; �15)

Patient 2. CALM

Patient 3
– Astrocytoma (6)
– Glioblastoma (7; �8)

Patient 3. CALM

44 Patient 1
– Giant cell

glioblastoma (2; �2)

No follow-up
reported

Patient 1. NR NA c.2404C>T,
p.Arg802X

c.2404C>T,
p.Arg802X

18

Patient 2
– T-NHL (3; �3)

Patient 2. NR

Patient 3
– ALL (6)

Patient 3. NR

45 Patient 1
– ALL (6; �7)

NR CALM NA c.2404C>T,
p.Arg802X

c.2404C>T,
p.Arg802X

18

46 Patient 1
– SPNET (8)

No follow-up
reported

CALM NA c.543delT,
p.Tyr181X

c.543delT,
p.Tyr181X

18

Patient 2
– SPNET (4; �6)

47 Patient 1
– GBM (10; �11)

NR >6 CALM Low in
leukocytes

c.182delA,
p.Tyr61LeufsX15

c.182delA,
p.Tyr61LeufsX15

20

ad, adenoma; AML, acute myeloid leukaemia; ca, carcinoma; BCC, basal cell carcinoma; CALM, Café-au-lait maculae; CML, chronic myeloid

leukaemia; comp., component; CRC, Colorectal carcinoma; Del, deletion; GBM, Glioblastoma multiforme; MDS, myelodysplastic syndrome; mo,

months; MSI, Microsatellite instability; NA, not available; NF1, Neurofibromatosis type 1; NHL, Non-Hodgkin lymphoma; NR, not reported;

SPNET, supratentorial primitive neuro-ectodermal tumour; T-ALL, T-cell acute lymphoid leukaemia; T-NHL, T-cell Non-Hodgkin lymphoma;

WT, Wilms tumour.
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