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The US Multi-Society Task Force on Colorectal Cancer, with invited experts, developed a consensus statement and
recommendations to assist health care providers with appropriate management of patients with biallelic mismatch
repair deficiency (BMMRD) syndrome, also called constitutional mismatch repair deficiency syndrome. This position
paper outlines what is known about BMMRD, the unique genetic and clinical aspects of the disease, and reviews the
current management approaches to this disorder. This article represents a starting point from which diagnostic and
management decisions can undergo rigorous testing for efficacy. There is a lack of strong evidence and a requirement
for further research. Nevertheless, providers need direction on how to recognize and care for BMMRD patients today.

In addition to identifying areas of research, this article provides guidance for surveillance and management. The
major challenge is that BMMRD is rare, limiting the ability to accumulate unbiased data and develop controlled
prospective trials. The formation of effective international consortia that collaborate and share data is proposed to

accelerate our understanding of this disease.
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The US Multi-Society Task Force on Colorectal Cancer has pro-
duced a series of consensus statements, guidelines, and recom-
mendations on topics related to the diagnosis and management
of colorectal cancer (CRC) (1). Traditionally, the guidelines use
the Grades of Recommendation, Assessment, Development and
Evaluation (GRADE) system to evaluate the strength of evidence
in the development of guidelines and recommendations (2).
Prior guidelines addressed issues such as the optimal approach-
es to screening for CRC, management of patients with adeno-
matous polyps of the colon, guidelines for the performance of
colonoscopy, and the optimal approach to bowel preparation

for colonoscopy (3,4). In each instance, prospective controlled
clinical trials were considered the gold standard for high-quality
evidence.

Recently, the Task Force published guidelines for the evaluation
and management of Lynch syndrome (LS), some of which were
drawn from high-quality evidence, but others were developed from
expert opinions because of the absence of optimal prospective clin-
ical trials (1). The strength of evidence is based on the science at any
point in time, but clinical decisions must be made at all times in the
context of the available studies. High-quality studies and evidence
require the availability of a large number of research subjects.
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Table 1. Estimated Penetrance and Age of Onset of Neoplasms in BMMRD

Organ Estimated penetrance, %
Small-bowel adenomas? 50
Colorectal adenomas? >90
Small-bowel cancer 10
Colorectal cancer® 70
Low-grade brain tumors Unknown
High-grade brain tumors® 70
Lymphoma 20-40
Leukemia 10-40
Endometrial cancer <10
Urinary tract cancer <10
Other sites* <10

aLow- and high-grade adenomas with probable rapid progression.

Age at diagnosis, median (range), y References
12 (10-20) (12,33)

9 (6-15) (12,33)
28 (11-42) (12,17,18,25)
16 (8-48) (12,17,18)

Unknown

9 (2-40) (17,18,25)

5 (0.4-30) (17,18,25)
8 (2-21) (17,18,25)
(19-44) (17,18,25)
(10-22) (17,18,25)
(1-35) (17,18,25,33)

bPatients undergo subtotal colectomy and ileal-rectal anastomosis, resulting in a decreased risk of colorectal cancer.

°High-grade glioma, medulloblastoma, and primitive neuroectodermal tumors.

dFewer than 5 cases of each of the following neoplasms have been reported: neuroblastoma, Wilms tumor, rhabdomyosarcoma, osteosarcoma, breast cancer, melanoma,

ovarian neuroectodermal tumor, pilomatricoma, and hepatic adenoma.

METHODS

A computer-aided search of MEDLINE from 1999 to March 2016
was performed focusing on biallelic mismatch repair deficiency
(BMMRD) syndrome and constitutional mismatch repair defi-
ciency (CMMRD) syndrome. The search was restricted to English
language articles. In addition, a search was conducted using refer-
ences from accessed articles. Publications were retrieved, and the
authors synthesized and assessed the available data. There were
no controlled trials in BMMRD. Experts pooled their collective
experiences to develop consensus guidelines as an initial attempt
to produce more uniform approaches to patient management, and
prioritize areas in greatest need of research. The Multi-Society Task
Force is composed of gastroenterology specialists with a special
interest in CRC, representing the following major gastroenterol-
ogy professional organizations: American College of Gastroenter-
ology, the American Gastroenterological Association Institute, and
the American Society for Gastrointestinal Endoscopy. The North
American Society of Pediatric Gastroenterology, Hepatology and
Nutrition, and representatives of the Collaborative Group of the
Americas on Inherited Colorectal Cancer also reviewed this arti-
cle. This document was approved by the North American Society
of Pediatric Gastroenterology, Hepatology, and Nutrition.

BMMRD CHARACTERISTICS

LS is the autosomal-dominant disease caused by a monoallelic
germline mutation in a DNA mismatch repair (MMR) or EPCAM
gene, and is the most common cause of inherited CRC (5). LS
is caused by a large number of heterozygous germline mutations
in MLHI1, MSH2, MSH6, PMS2, and EPCAM, and the tumor
DNA is characterized by microsatellite instability (microsatellite
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instability-high [MSI-H], or, by convention, MSI). Penetrance for
cancer is incomplete in LS; the cumulative lifetime risk of CRC
is variable depending on the gene mutated and sex, and ranges
from 40 to 70% for women and men, respectively, for the genes
MSH2, MLHI, and MSH6 (5). Penetrance for CRC is reduced
substantially for LS associated with mutations in PMS2, ranging
from 10 to 20% (6-8). Patients with LS also are predisposed to
extracolonic malignancies, primarily endometrial cancer (40%
in women with mutations in MSH2 and MLH]1), and, to a lesser
extent, other gastrointestinal and genitourinary cancers. These
syndromes can be managed adequately by annual colonoscopy
and appropriate gynecologic surgery (1).

A rare and far more virulent cancer syndrome occurs in the set-
ting of biallelic MMR gene mutations (biallelic MMR deficiency
[BMMRD]) (OMIM database accession no. 2763000). This dis-
order also is called constitutional MMR deficiency (CMMRD),
because those born with biallelic inactivation of any one of the
MMR genes have no DNA MMR activity in any tissue. In contrast,
in LS, gene expression from the one wild-type allele is sufficient
for adequate DNA MMR activity until a second hit inactivates the
wild-type allele from the unaffected parent. The consequent tumor
tissue is DNA-MMR deficient, which permits MSI to ensue.

BMMRD is characterized by the absence of DNA-MMR activity
from birth, and results in brain tumors, colonic polyposis, colorectal
and small-bowel cancers, leukemias, and lymphomas (Table 1).
Patients often have café-au-lait macules and other stigmata that can
be mistaken for neurofibromatosis type 1 (9,10). Somatic mutations
in the NFI gene as a consequence of constitutional absence of MMR
activity are the presumed explanation for this occurrence (11).

The lifetime risk of gastrointestinal cancer among BMMRD
patients is the highest reported of all gastrointestinal cancer

The American Journal of GASTROENTEROLOGY
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predisposition syndromes as a function of age, with tumors often
diagnosed in the first decade of life (12). The rate of progression of
adenomas among BMMRD patients appears to be accelerated and
more rapid than in LS. This may occur because BMMRD tumors
acquire early somatic mutations in the polymerase proofreading
genes DNA polymerase € and 6 (POLE and POLDI), and together
with the underlying DNA-MMR defect, develop ultrahypermu-
tated tumors with a massive number of substitution mutations and
an unprecedented rate of progression (13). This contrasts with the
distinctly smaller numbers of mutations seen in most childhood
malignancies compared with adult-onset cancers (14).

In view of the striking cancer and mortality risk in these patients,
close surveillance of affected individuals is important for early can-
cer detection. Over the past 15 years, BMMRD patients have been
followed up with a clinical surveillance protocol (15) designed to
diagnose tumors in asymptomatic patients amenable to surgical
resection. Gastrointestinal and brain tumors are the most com-
mon malignancies described in BMMRD, occurring in more than
half of these patients (16-18). Unfortunately, no consensus exists
on the optimal screening and surveillance guidelines, which con-
founds managing physicians, and can lead to inappropriate refusal
to pay for reasonable care by insurers.

BMMRD will occur in 25% of the offspring of 2 individuals who
have LS involving the same gene; consequently, BMMRD is quite
rare. The mutations may be homozygous or compound heterozy-
gotes, and the various combinations of mutations can lead to clini-
cal pleiotropy. Patients with colon cancer and café-au-lait macules
presumed to have familial adenomatous polyposis with no APC
mutation identified should be re-evaluated for BMMRD (19).

BMMRD probably is under-recognized. Moreover, the rarity of
this disease, accompanied by childhood presentation, has led to
limited research and the absence of controlled trials in the man-
agement of this disorder. Nevertheless, clinicians are confronted
with difficult management decisions without guidelines based on
data or consensus. Consequently, several experts have pooled col-
lective experiences to develop consensus guidelines as an initial
attempt to identify more uniform approaches to patient manage-
ment, and to prioritize areas in greatest need of research.

DIAGNOSTIC CHALLENGES IN BMMRD
BMMRD is an under-recognized syndrome with pleiotropic presen-
tations. Clues to guide clinicians to suspect BMMRD and increase
recognition of BMMRD are included in Table 2. Patients may be chil-
dren or young adults diagnosed with early onset CRC, brain tumors,
leukemias, lymphomas, or uterine cancer. Any child or young adult
with cancer plus parental consanguinity or features of neurofibroma-
tosis not explained by other confirmed germline mutations should
be suspected. Raising awareness among gastroenterologists, oncolo-
gists, dermatologists, internists, gynecologists, and pediatricians is
paramount for improving the characterization of BMMRD patients
and outcomes for patients and families with this disorder.

In contrast to other cancer predisposition syndromes, most
patients with BMMRD have no immediate family history of
LS-related cancers because their parents are young and not yet
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Table 2. Clinical and Laboratory Features to Raise Suspicion for
Possible BMMRD

Child or young adult with a Lynch syndrome cancer (colorectal, small
bowel, ureter, endometrial, and so forth)

Child or young adult with colonic adenomatous polyposis not explained by
a known polyposis syndrome mutation (familial adenomatous polyposis,
MUTYH-associated polyposis)

Any child or young adult with cancer plus parental consanguinity, café-
au-lait macules, or features of neurofibromatosis, not explained by other
confirmed germline mutation (ie, neurofibromatosis)

Any cancer with abnormal immunohistochemistry for the DNA-MMR pro-
teins in normal and tumor tissue

History of brain cancer, lymphoma, or leukemia without history of radiation

Any child or adult with hypermutated tumor

phenotypically affected despite harboring a monoallelic mutation
in a DNA-MMR gene. In addition, small family sizes will make
autosomal-recessive diseases appear to be sporadic (16). An impor-
tant clue in the family history that may suggest BMMRD is parental
consanguinity. Therefore, because the family history of cancers
often is noncontributory, a high index of suspicion is required.

One reason for the negative family history is that biallelic germ-
line mutations in PMS2 are the most common cause of BMMRD.
The penetrance for LS-associated cancers is relatively low in mon-
oallelic carriers of mutation in PMS2 (ie, the parents). The combi-
nation of the early onset cancer in the proband, later-onset cancer
in the parents, and incomplete penetrance for PMS2-LS leads to a
family history that often is negative (7,20,21).

Biallelic germline mutations in MSH6 also are over-represented
in BMMRD (22). In MSH6-LS, the onset of LS-associated tumors
occurs at a high frequency, but later in life than with the more
common types: MSH2-LS and MLHI-LS. Consequently, the child
with biallelic MMR gene mutations most often will develop neo-
plasia before either parent. As a possibly related observation, when
CRC develops in a person younger than age 50 in the absence of
a strong family history, again, the PMS2 and MSH6 genes are the
most frequently involved (23,24).

The phenotypic and genotypic characterization of a patient with
BMMRD can be challenging even when the diagnosis is being con-
sidered. Diagnostic criteria are proposed for the evaluation of a child
or young adult cancer patient based on the phenotypic presentation
(25,26). The diagnosis requires confirmation of biallelic deleteri-
ous germline MMR gene mutations. This situation creates consti-
tutional DNA-MMR deficiency, and nonexpression of the MMR
protein usually is observed in all normal, non-neoplastic tissues
as well as tumor tissues, which can be confusing in the pathologic
interpretation of the immunohistochemistry of the tumor tissue
and surrounding tissues where the pathologist expects full protein
expression in non-neoplastic cells, as was shown in a recent case
study (27). The family history frequently is negative, and because of
the broad implications for the patient and family, it is reasonable to
recommend universal testing for immunohistochemistry and MSI
on all small- and large-bowel cancers in children.
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Table 3. Recommendations for Screening At-Risk or Affected Persons With BMMRD (1,12,15,18)

Intervention Recommendation

Upper endoscopy and video capsule endoscopy
Colonoscopy

Brain MRI

Complete blood count

Pelvic examination with endometrial sampling
Urinalysis

Total-body MRI Uncertain

In addition, identifying 2 MMR mutations in the germline and
confirming they are on separate alleles can be difficult. Patients are
identified with homozygous biallelic alterations of MMR genes
and compound heterozygous alterations. Variants of unknown
functional significance also have been reported in the MMR genes.
Making matters worse, the majority of BMMRD patients carry
PMS2 mutations (17,18), which is complicated by the presence
of 20 PMS2 pseudogenes, which are nonfunctional, in the human
genome, all of which have wild-type sequences that can obscure
finding true mutations, depending on the DNA sequencing strat-
egies used. Functional assays such as lymphocyte tolerance to
methylating agents and mutation signatures among BMMRD indi-
viduals ultimately may become diagnostic for BMMRD (13,14,28).

BMMRD SURVEILLANCE

The management of BMMRD is based on the current esti-
mates of neoplasia risk and the early age of onset for the cancers
(Table 1), which have led to tentative guidelines for the manage-
ment of these patients (Table 3).

Colorectal cancer

Evidence-based CRC screening and surveillance recommenda-
tions in LS were developed based on prospective but uncon-
trolled trials with large numbers of patients. Colorectal screening
with colonoscopy decreases the CRC mortality in patients with
LS (29-31). Frequent colonoscopy screening (every 1 or 2 years)
was associated with earlier-stage diagnosis of CRC and a reduc-
tion in the number of CRCs in LS patients. Guidelines recom-
mend that patients at risk for LS, or with confirmed LS, undergo
colonoscopy every 1-2 years, beginning between ages 20-25
years or 2-5 years before the youngest age at diagnosis of CRC
in the family if diagnosed before age 25 years (1,32).

Patients with BMMRD are at risk for extremely early onset CRC.
Among BMMRD patients presenting with CRC, the median age
at diagnosis was 16 years (range, 8-48 y) and more than half of
cases are classified as pediatric-onset CRC. Colonic adenomatous
oligopolyposis typically is diagnosed between 5 and 10 years of
age, which may lead to an erroneous diagnosis of familial adeno-
matous polyposis. As more BMMRD patients are identified and
undergo colonoscopy, additional data will help determine the

© 2017 by the American College of Gastroenterology

Every 6 months beginning at 2 years

Annually beginning at age 10 years

Alternative approach

Annually beginning at 8 years -

Annually beginning at 6 years =

Head ultrasound starting at 6 months until fusion of fontanel

Every 6 months beginning at 1 year -

Annually beginning at age 20 years -

age spectrum for onset of adenomas. In contrast to the right-sided
predominance of CRC in LS, left-sided CRC appears more preva-
lent in BMMRD patients, perhaps owing to the frequent involve-
ment of PMS2 gene mutations (33). The progression of adenomas
to malignancy in BMMRD is the most rapid of any inherited colo-
rectal cancer syndrome (12,13,34).

A surveillance program initiated for a kindred with homozy-
gous germline mutations in MLH] resulting in BMMRD led to the
detection of 15 tumors in the 2 surviving siblings over 10 years of
follow-up evaluation (15,35). Both sisters in this program under-
went ileal-rectal anastomosis and have endoscopic surveillance of
the rectum every 6 months with adenomas, often with high-grade
dysplasia resected at every examination.

The International BMMRD Consortium and The Euro-
pean Consortium Care for CMMRD both recommend annual
colonoscopy starting in the first decade of life (12,15,18,25).
The International BMMRD Consortium recommends starting
at 6 years of age and the European Consortium recommends
starting at 8 years of age. We do not know what the optimal or
most cost-effective surveillance is, and this is a topic for future
research.

Recommendation
1. In patients with BMMRD, surveillance for CRC by colonoscopy
is recommended annually beginning at age 6.

Once polyps are identified, colonoscopy every 6 months is
recommended. Weak recommendation, low-quality evidence.

Small-bowel cancer

Patients with BMMRD are at increased risk of very early onset
small-bowel cancers. The median age at diagnosis of small-bowel
cancer was 28 years, with a range of 11-42 years (12,22). The prev-
alence of small-bowel cancer ranges from 10 to 16% in BMMRD
patients (33). Prospective data are scant, but insights have been
derived from single kindreds followed up for extended periods.
Malignant tumors have included an asymptomatic jejunal
cancer amenable to complete resection and the other identified
lesions showed low-grade to high-grade dysplasia. This kindred
continues in the surveillance program, and 2 malignancies (duo-
denal and jejunal cancers) have been diagnosed over the past 5
years, after a total of 15 years of surveillance.

The American Journal of GASTROENTEROLOGY
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Because patients are living longer with BMMRD, the preva-
lence of small-bowel cancer likely will increase. The age of onset
of small-bowel adenomas is later than for colonic adenomas in
BMMRD; they typically develop in the second decade of life. Can-
cers have been identified in the duodenum, jejunum, and ileum.
Five small-bowel cancers were diagnosed in 4 patients from a
group of 35 patients followed up prospectively using the Interna-
tional BMMRD Consortium guidelines (12). Video capsule endos-
copy (VCE) and magnetic resonance enterography have been the
modalities used for small-bowel surveillance. To date, no deaths
related to gastrointestinal cancer have occurred among patients
in the surveillance program. All of the small-bowel malignancies
were identified in asymptomatic patients undergoing small-bowel
surveillance and were amenable to complete resection. Removal
of small-bowel polyps is recommended. An additional 11-year-
old boy presented with weight loss, abdominal pain, anemia,
metastatic duodenal cancer, and subsequently was diagnosed with
BMMRD (35).

Upper endoscopy and VCE are the diagnostic modalities
currently recommended for evaluating the small bowel in
BMMRD patients. The sensitivity of VCE for small-bowel polyps
in BMMRD has not been evaluated. In addition to VCE, we
recommend monitoring hemoglobin levels in BMMRD individu-
als. Prospective monitoring of BMMRD individuals after resection
of small-bowel cancers is required to rigorously determine the
long-term outcome.

The International BMMRD Consortium and The European
Consortium Care for CMMRD both recommend annual upper
endoscopy and video capsule endoscopy starting in the first decade
of life (12,15,18,25). The International BMMRD Consortium
recommends starting at 8 years of age and the European Consor-
tium recommends starting at 10 years of age.

Recommendation

2. In patients with BMMRD, annual surveillance for small-bowel

cancer by upper endoscopy and video capsule endoscopy is sug-

gested beginning at 8 years of age.
Monitoringofhemoglobinlevelsevery6 monthsalsoissuggested,

beginning at 8 years of age. Weak recommendation, very low

quality evidence.

Central nervous system tumors

Brain tumors are frequent among BMMRD patients, and often
diagnosed in the first decade of life. The penetrance for these tumors
is unknown. High-grade gliomas are most common, followed by
primitive neuroectodermal tumors and medulloblastoma. Simi-
lar to gastrointestinal adenomas, the rate of progression among
BMMRD individuals appears to be rapid in the brain tumors. The
median age at diagnosis in patients with BMMRD is 9 years (range,
2-40 y) (22). Surveillance magnetic resonance imaging (MRI)
identified an asymptomatic anaplastic astrocytoma amenable to
complete resection with long-term disease-free survival (15,35).
Prognosis depends on the possibility of complete resection, making
early detection paramount. Asymptomatic low-grade tumors have
been identified on MRI and completely resected (15).

The American Journal of GASTROENTEROLOGY

The current literature suggests surveillance including MRI
starting at 2 years of age with repeat MRI every 6 months. There
is a high frequency of unrecognized BMMRD among young
patients with high-grade gliomas in populations in which con-
sanguinity is common (36). As more patients with BMMRD
undergo brain MRI, a central nervous system phenotype is
emerging that includes agenesis of the corpus callosum, vas-
cular changes, and gray matter heterotopias (37-39). Prospec-
tive surveillance with systematic data collection of BMMRD
patients undergoing MRI will add to our understanding of this
disease.

Recommendation
3. In patients with BMMRD, surveillance for brain tumors by
brain MRI every 6 months is suggested, commencing at 2 years
of age.

Weak recommendation, low-quality evidence.

The age of onset and frequency of MRI in this guideline is in
agreement with both The International BMMRD Consortium and
The European Consortium Care for CMMRD (15,18).

Lymphomas/Leukemias

All major types of leukemias and lymphomas occur in BMMRD.
However, there is a high prevalence of lymphoid malignancies,
most commonly T-cell non-Hodgkin lymphomas. Currently, no
proven surveillance modalities for leukemia or lymphoma have
been identified. Data collected by the International BMRRD
consortium and other case series expand the tumor spectrum of
BMMRD to include osteosarcoma and tumors of embryonal tis-
sue origin such as neuroblastoma, Wilms tumor, and rhabdomyo-
sarcoma (40). The natural history of these tumors in BMMRD
patients is unknown.

Recommendation
4. Complete blood count is suggested every 6 months beginning
at 1 year of age.

Weak recommendation, very low quality evidence.

The European Consortium suggests optional abdominal ultra-
sound every 6 months, beginning at 1 year of age (18).

Endometrial cancer

Endometrial cancer is the second most common cancer occur-
ring in LS, with a cumulative lifetime risk ranging from 10 to 70%
related to the specific gene mutation (1). Expert consensus recom-
mends offering screening for endometrial cancer in LS by pelvic
examination and endometrial sampling annually starting at age
30-35 years (1). Endometrial cancer has been reported in fewer
than 10 BMMRD individuals diagnosed between 19 and 44 years
(22,41). Currently, the prevalence of endometrial cancer among
BMMRD patients appears to be low but may increase as these
patients live longer.

Clinicians managing patients with early onset uterine cancer
should assess patients for café-au-lait macules because diagnosing
BMMRD would allow implementation of an appropriate surveil-
lance protocol.
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Recommendation
5. In women with BMMRD, surveillance for endometrial cancer
is suggested by transvaginal ultrasound, pelvic examination, and
endometrial sampling annually starting at age 20 years.

Weak recommendation, very low quality evidence.

The age of onset and frequency of surveillance in this guideline
is in agreement with both The International BMMRD Consortium
and The European Consortium Care for CMMRD (15,18).

Urinary tract cancers

Patients with LS are at risk of transitional cell carcinomas of the
ureter, renal pelvis, and bladder (1). The risk is greatest in males
with MSH2 mutations. The evidence for effectiveness in screen-
ing the urinary tract in LS patients is weak. Urinalysis starting
at age 30-35 years is recommended (1). Urinary cytology exami-
nations are of no value for screening in high-risk individuals
(42,43). Among BMMRD patients reported to date, fewer than
10 individuals have been reported with urinary tract tumors.
The age at diagnosis has ranged from 10 to 22 years. As patients
with BMMRD transition into adulthood, we recommend annual
urinalysis starting at 10 years of age and consideration of MRI.

Recommendation
6. In patients with BMMRD, surveillance for cancer of the urinary
tract is suggested, with annual urinalysis starting at age 10 years
Weak recommendation, very low quality evidence.
The age of onset of urinalysis is recommended at 10 and 20 years
by The International BMMRD Consortium and The European
Consortium, respectively (15,18).

Hepatic adenomas

Hepatic adenomas were reported in 3 unrelated patients with
BMMRD (44). Awareness of the association of hepatic adenoma
with BMMRD is important so that benign adenomas are not
misdiagnosed as metastatic disease, resulting in inappropri-
ate interventions, including surgery or chemotherapy. Hepatic
imaging techniques including abdominal MRI should be used
to differentiate liver metastases from hepatic adenomas. Hepatic
adenomatosis may occur in BMMRD with nodules up to 5cm,
but the natural history of this situation is not yet understood.

Recommendation
7. Given the rarity with which these lesions have been described
in BMMRD, no routine surveillance for hepatic adenoma is
recommended.

Weak recommendation, very low quality evidence.

Surveillance for the asymptomatic relatives

In contrast to other cancer predisposition syndromes, the major-
ity of BMMRD kindreds have no immediate family history of
LS-related cancers and most parents are clinically unaffected. In
contrast to typical LS, PMS2 mutations are the most common
mutations identified among BMMRD patients. PMS2 mutations
in the heterozygous state have low penetrance, which prob-
ably explains the paucity of LS cancers in the extended family.

© 2017 by the American College of Gastroenterology

Consequently, asymptomatic parents may receive a diagnosis of
LS after the diagnosis of BMMRD is made in a child. Therefore,
we recommend that all heterozygous family members follow the
LS screening guidelines (1).

Recommendation
8. Screening for LS-associated cancers is recommended in per-
sons at risk (first-degree relatives of those affected), or affected
with LS following the evidence-based guidelines (1).

Weak recommendation, moderate-quality evidence.

Surveillance in adult BMMRD patients and risks of
LS-associated tumors

Because patients with BMMRD undergo intensive surveillance
programs, malignancies will be detected and treated, and patients
will enjoy longer lives. It is unclear what tumor spectrum will
emerge among adults with BMMRD. No specific recommenda-
tions for adults with BMMRD exist, and it is not certain whether
particular tumors will continue to increase with age among
BMMRD survivors. In addition, clinical heterogeneity related
to different mutations in the 4 DNA-MMR genes is likely, but
currently undefined.

BMMRD MANAGEMENT
Synchronous and metachronous tumors
Synchronous gastrointestinal and/or extraintestinal cancers occur
frequently in BMMRD. Therefore, oncologists and gastroentero-
logists managing BMMRD patients need to assess the entire
gastrointestinal tract for synchronous tumors before determin-
ing treatment plans. In one review, 20% of patients had multi-
ple synchronous CRCs, ranging from 2 to 10 malignancies (33).
Similarly, synchronous small-bowel cancers commonly occur
in BMMRD. Among 17 BMMRD patients reported with small-
bowel cancers by consortia, approximately one third had multiple
synchronous small-bowel tumors (12,33). BMMRD patients with
concomitant extraintestinal cancers are reported, including rectal
cancer with mediastinal non-Hodgkin lymphoma diagnosed
during preoperative staging.

Metachronous cancers occur frequently in BMMRD patients. In
a literature review, 132 tumors were reported among 92 patients
(12,22), although this could represent reporting bias. Among 24
patients followed in the International BMMRD Consortium, half
developed metachronous gastrointestinal cancers (12). As more
patients are followed up prospectively and undergo surveillance
with earlier diagnosis of tumors, our appreciation of metachronous
cancer will increase.

Gastrointestinal surgery

The risk of metachronous CRC in monoallelic LS after partial
colectomy is substantial (10-year cumulative risk, 16-19%). Con-
sequently, colectomy with ileorectal anastomosis is the primary
treatment for patients known to be affected with LS who have CRC
or colonic neoplasia not amenable to resection at endoscopy (1).
Given the greater risk of CRC among BMMRD individuals and
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the high prevalence of metachronous gastrointestinal cancers, an
aggressive management approach is recommended. In BMMRD
patients with colonic polyps containing high-grade dysplasia or
cancer, or when there are too many polyps to remove endoscopi-
cally, total or subtotal colectomy with ileorectal anastomosis is
recommended, although proctocolectomy with ileal pouch-anal
anastomosis may be necessary in the case of rectal cancer. Close
monitoring of the rectum with endoscopy every 6-12 months is
crucial after ileorectal anastomosis.

Small-bowel resection is the treatment of choice for tumors
amenable to resection. The survival rate of patients with tumors
amenable to complete resection appears to be favorable, much as it
is for CRC in LS (45). Prospective long-term follow-up evaluation
of patients will be important as we define the natural history of
BMMRD. Aggressive surveillance of the small bowel after resec-
tion is important because of the extremely high rate of metachro-
nous gastrointestinal tumors.

Pharmacologic intervention

Studies have shown that LS patients experience a significant
reduction in the risk of CRC and possibly other noncolonic
LS-related cancers by taking aspirin (46). The initial prospec-
tive placebo-controlled studies were conducted in Europe using
600mg of aspirin per day in adults, and those who took the
aspirin for at least 2 years had a reduction in CRC incidence
of >60%. The median age of the treated patients was 45 years,
and there was no excess aspirin-related toxicity in the treatment
group compared with patients taking placebo. It is unknown
whether a beneficial pharmacologic effect will be seen in indi-
viduals with BMMRD because the biology of this disease is
different from that in ordinary LS. However, it would seem rea-
sonable to propose a controlled prevention trial of aspirin in
BMMRD patients.

Immunologic considerations

CRCs with MSI generate a large number of frame-shift neopep-
tides that are immunogenic (47-49). This may explain the large
number of tumor-infiltrating lymphocytes in CRCs with MSI and
the large number and size of regional lymph nodes in resection
specimens of patients undergoing surgery for CRC in LS. The
clinical survival in patients with CRC in LS is significantly bet-
ter than that for sporadic CRCs (45,50,51). One interpretation of
this is that the immunologic response to antigenic neopeptides
helps contain the CRC and limits metastasis. Patients with CRCs
in the setting of LS may develop metastases and die of their cancer
despite this, because some tumors manage to escape immunologic
containment.

Two theoretical approaches have emerged from this informa-
tion. One way tumors escape immunologic detection and cell
death is by expressing programmed death-1 ligands (PD-L1 or
PD-L2), a molecule that engages programmed death-1 (PD-1)
on immune cells, which represses the cytotoxic immune-medi-
ated response to the tumor. Administration of the anti-PD-1
monoclonal antibody, pembrolizumab, resulted in a significant
improvement in clinical outcome in 78% of patients with MSI
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CRCs (52). Anti-PD-1 therapy provides no benefit for the treat-
ment of CRC without MSI. This was a preliminary observation,
not fully evaluated in LS or BMMRD. This therapy has not been
applied systematically to BMMRD, but this may be an ideal set-
ting for this type of treatment(53). Additional antibodies and
drugs are under development that target the immune check-
points, and BMMRD patients are potential candidates for these
new approaches.

A second theoretical consideration stems from the observation
that defective DNA-MMR activity results in a hypermutable phe-
notype in the DNA of these tumors (13,14). There is a particu-
lar tendency for the defective MMR phenotype to generate single
base-pair deletion mutations at mononucleotide repeats. There
are a small number of genes that have mononucleotide repeats in
a coding exon, and deletions in single base-pair repeats will lead
to recursive extended downstream frameshift mutations in those
genes (49,54). Some of these mutated genes are recognized “driv-
ers” of CRC, including the genes TGFBR2 and ACVR2A, which are
mutated in most MMR-deficient CRCs (55,56). Moreover, these
mutations occur repeatedly at the exact same sequences, generat-
ing the same downstream frameshift neopeptides. Furthermore,
these mutations commonly are found in normal, non-neoplastic
colonic crypts of resection specimens of LS-associated CRC, and
the frameshift peptides are antigenic (47). LS patients have been
shown to have antibodies to these frameshift peptides in their
blood (57). This has led investigators to consider the possibility of
vaccinating LS patients with synthetic frameshift peptides in an
attempt to enhance the immune response and possible immune-
editing-based eradication of early neoplasia (58). The concept has
been explored in adults with monoallelic LS, but not in cases of
BMMRD.

Genetic counseling

Young patients diagnosed with cancer always should raise the
suspicion of a possible underlying cancer predisposition. Any
young patient with cancer plus consanguinity and/or features
of neurofibromatosis should be evaluated for an underlying
BMMRD. Clues to guide clinicians to suspect BMMRD are
included in Table 2. Genetic counseling plays a crucial role
in the management of kindreds with BMMRD. Genetic coun-
seling can offer support and education for this complex diag-
nosis that has implications for the entire family. Siblings of the
proband would be at risk of having BMMRD, Lynch syndrome,
or neither condition, and testing is required to determine the
surveillance protocol, which differs in the type of screening
and the age to start. Both parents of the proband have Lynch
syndrome, and a genetic counselor can review cancer risk and
surveillance recommendations for what most often are lower
penetrance LS genes. A counselor also can identify other family
members at risk (grandparents, aunts, uncles, cousins), as well
as offer options such as prenatal and preimplantation genetic
diagnosis for future children who may be at risk. As life expec-
tancy increases for patients with BMMRD, family planning
considerations based on risk of LS for the children should be
reviewed.
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Table 4. Knowledge Gaps Requiring Research in the Field

What is the prevalence of BMMRD, and do we understand the full spec-
trum of disease associated with BMMRD?

What are the genotype—phenotype correlations in BMMRD, and how do we
interpret novel compound heterozygous mutations?

Is total-body MRI an effective surveillance modality in BMMRD?

Is there a role for chemoprevention using aspirin, what dose is optimal,
and beginning at what age in BMMRD?

What is the role of immune checkpoint therapy for patients with cancer
and BMMRD?

Is there a role for immunizing BMMRD patients with frameshift peptides
before the development of any cancer?

What is the explanation for the greater number of biallelic mutations in
PMS2 and MSH6 compared with MSH2 and MLH1 (as occurs in Lynch
syndrome)? Are biallelic mutations in MSH2 and MLH1 more likely to be
embryonic lethal, or is the population prevalence of low-penetrance PMS2
and MSH6 mutations much greater than currently is appreciated?

Why do some cancers in BMMRD often fail to show MSI?

FUTURE DIRECTIONS

Over time, as BMMRD becomes better recognized and more
patients are characterized and enter surveillance programs, sys-
tematic data collection will allow for a more comprehensive
understanding of the cancer spectrum, and genotype—phenotype
correlations. Surveillance of adult BMMRD survivors may expand
the tumor spectrum in BMMRD, and additional LS-associated
tumors may emerge among adults with BMMRD. As we intervene
clinically in this disease, the natural history will change and evolve.

Rapid whole-body MRI might be considered as a potential diag-
nostic test among patients with BMMRD. MRI has the potential to
identify urinary tract cancers, endometrial cancer, osteosarcoma,
and many intra-abdominal tumors. The risk of brain tumors is not
yet clear for adult survivors of BMMRD, but as these patients reach
adult life, this may become a major concern. International collabo-
ration will help advance our understanding of the tumor spectrum
in BMMRD and ultimately understand genotype—phenotype cor-
relations.

BMMRD is a disease with a desperate need for more research
(Table 4). International consortia are needed to accelerate the
acquisition of data on the natural and treated history of BMMRD.
Over time, patients may have whole-genome sequencing with
detection of BMMRD before the tumors develop. The efficacy of
screening programs needs careful examination to ensure the use
of appropriate tests at optimal intervals, and that zeal to detect
early treatable tumors does not produce more harm than benefit.
Studies to determine whether aspirin (or other anti-inflammatory
drugs) can play a beneficial role in BMMRD are needed. Finally,
we need to determine whether immune checkpoint therapies or
other manipulations of the immune system are useful in this dis-
ease, which is one of the most virulent cancer-predisposing syn-
dromes ever described.

© 2017 by the American College of Gastroenterology

ACKNOWLEDGMENTS
The authors gratefully acknowledge the input of Melyssa Aronson,

Senior Genetic Counselor, The Zane Cohen Center, Mount Sinai

Hospital, The University of Toronto, Toronto, Ontario, Canada.

CONFLICT OF INTEREST

Funding: This work was supported in part by the National Institutes
of Health (CA72851).

Potential competing interests: The authors disclose no conflicts.

REFERENCES

1.

13.

16.

18.

19.

20.

2

—_

Giardiello FM, Allen JI, Axilbund JE et al. Guidelines on genetic evaluation
and management of Lynch syndrome: a consensus statement by the US Multi-
Society Task Force on colorectal cancer. Gastroenterology 2014;147:502-26.
Guyatt GH, Oxman AD, Vist GE et al. GRADE: an emerging consensus
on rating quality of evidence and strength of reccommendations. BMJ
2008;336:924-6.

Johnson DA, Barkun AN, Cohen LB et al. Optimizing adequacy of bowel
cleansing for colonoscopy: recommendations from the US multi-society
task force on colorectal cancer. Gastroenterology 2014;147:903-24.
Lieberman DA, Rex DK, Winawer SJ et al. Guidelines for colonoscopy
surveillance after screening and polypectomy: a consensus update by the
US Multi-Society Task Force on Colorectal Cancer. Gastroenterology
2012;143:844-57.

Boland CR. Evolution of the nomenclature for the hereditary colorectal
cancer syndromes. Fam Cancer 2005;4:211-8.

ten Broeke SW, Brohet RM, Tops CM et al. Lynch syndrome caused by germline
PMS2 mutations: delineating the cancer risk. ] Clin Oncol 2015;33:319-25.
Antelo M, Milito D, Rhees J et al. Pitfalls in the diagnosis of biallelic PMS2
mutations. Fam Cancer 2015;14:411-4.

Goodenberger ML, Thomas BC, Riegert-Johnson D ef al. PMS2 mono-
allelic mutation carriers: the known unknown. Genet Med 2016;18:13-19.
Stark Z, Campbell L], Mitchell C et al. Clinical problemsolving. Spot diag-
nosis. N Engl ] Med 2014;370:2229-36.

. Urganci N, Genc DB, Kose G et al. Colorectal cancer due to constitutional

mismatch repair deficiency mimicking neurofibromatosis I. Pediatrics
2015;136:€1047-€1050.

. Wang Q, Montmain G, Ruano E et al. Neurofibromatosis type 1 gene as

a mutational target in a mismatch repair-deficient cell type. Hum Genet
2003;112:117-23.

. Aronson M, Gallinger S, Cohen Z et al. Gastrointestinal findings in the largest

series of patients with hereditary biallelic mismatch repair deficiency syndrome:
report from the International Consortium. Am J Gastroenterol 2016;111:275-84.
Shlien A, Campbell BB, de Borja R et al. Combined hereditary and somatic
mutations of replication error repair genes result in rapid onset of ultra-
hypermutated cancers. Nat Genet 2015;47:257-62.

. Vogelstein B, Papadopoulos N, Velculescu VE et al. Cancer genome land-

scapes. Science 2013;339:1546-58.

. Durno CA, Aronson M, Tabori U et al. Oncologic surveillance for subjects

with biallelic mismatch repair gene mutations: 10 year follow-up of a
kindred. Pediatr Blood Cancer 2012;59:652-6.

Durno CA, Sherman PM, Aronson M et al. Phenotypic and genotypic charac-
terisation of biallelic mismatch repair deficiency (BMMR-D) syndrome.

Eur ] Cancer 2015;51:977-83.

. Lavoine N, Colas C, Muleris M et al. Constitutional mismatch repair

deficiency syndrome: clinical description in a French cohort. ] Med Genet
2015;52:770-8.

Vasen HE, Ghorbanoghli Z, Bourdeaut F et al. Guidelines for surveillance of
individuals with constitutional mismatch repair-deficiency proposed by the
European Consortium “Care for CMMR-D” (C4CMMR-D). ] Med Genet
2014;51:283-93.

Jerkic S, Rosewich H, Scharf ]G et al. Colorectal cancer in two pre-teenage
siblings with familial adenomatous polyposis. Eur J Pediatr 2005;164:306-10.
De Vos M, Hayward BE, Charlton R et al. PMS2 mutations in childhood
cancer. ] Natl Cancer Inst 2006;98:358-61.

. Kruger S, Kinzel M, Walldorf C et al. Homozygous PMS2 germline muta-

tions in two families with early-onset haematological malignancy, brain
tumours, HNPCC-associated tumours, and signs of neurofibromatosis
type 1. Eur ] Hum Genet 2008;16:62-72.

The American Journal of GASTROENTEROLOGY

689



SMIAGZUMIPXZOBBAROATOAEIOYIHSALLIAYPOOAEIEAHION/ADA

UMY TXOMADUOINX ZOHISABZIYTA+BYNIOITWNOTZTARY HIRSHA AU Ag Ble/wod mm| sfeuinol//:dny woiy papeojumoq

€202¢/ST/60 uo

690

Durno et al.

22.

23.

24.

25

26.

27.

28.

29.

30.

32.

3

o

34.

35

36.

37.

38.

39.

Wimmer K, Kratz CP. Constitutional mismatch repair-deficiency
syndrome. Haematologica 2010;95:699-701.

Goel A, Nagasaka T, Spiegel J et al. Low frequency of Lynch syndrome
among young patients with non-familial colorectal cancer. Clin Gastro-
enterol Hepatol 2010;8:966-71.

Giraldez MD, Balaguer F, Bujanda L et al. MSH6 and MUTYH deficiency
is a frequent event in early-onset colorectal cancer. Clin Cancer Res
2010;16:5402-13.

. Wimmer K, Kratz CP, Vasen HF et al. Diagnostic criteria for constitutional

mismatch repair deficiency syndrome: suggestions of the European consor-
tium “care for CMMRD” (C4CMMRD). ] Med Genet 2014;51:355-65.
Wimmer K, Etzler J. Constitutional mismatch repair-deficiency syndrome:
have we so far seen only the tip of an iceberg? Hum Genet 2008;124:105-22.
Biller JA, Butros SR, Chan-Smutko G et al. Case records of the Massachusetts
General Hospital. Case 6-2016. A 10-year-old boy with abdominal cramping
and fevers. N Engl ] Med 2016;374:772-81.

Bodo S, Colas C, Buhard O et al. Diagnosis of constitutional mismatch
repair-deficiency syndrome based on microsatellite instability and lympho-
cyte tolerance to methylating agents. Gastroenterology 2015;149:1017-29.e3.
Jarvinen HJ, Mecklin JP, Sistonen P. Screening reduces colorectal cancer
rate in families with hereditary nonpolyposis colorectal cancer. Gastro-
enterology 1995;108:1405-11.

Jarvinen HJ, Renkonen-Sinisalo L, Aktan-Collan K et al. Ten years after muta-
tion testing for Lynch syndrome: cancer incidence and outcome in mutation-
positive and mutation-negative family members. J Clin Oncol 2009;27:4793-7.

. Dove-Edwin I, Sasieni P, Adams J et al. Prevention of colorectal cancer by

colonoscopic surveillance in individuals with a family history of colorectal
cancer: 16 year, prospective, follow-up study. BMJ 2005;331:1047.

Vasen HE, Blanco I, Aktan-Collan K ef al. Revised guidelines for the clinical
management of Lynch syndrome (HNPCC): recommendations by a group
of European experts. Gut 2013;62:812-23.

. Herkert JC, Niessen RC, Olderode-Berends MJ et al. Paediatric intestinal

cancer and polyposis due to bi-allelic PMS2 mutations: case series, review
and follow-up guidelines. Eur J Cancer 2011;47:965-82.

Levi Z, Kariv R, Barnes-Kedar I ef al. The gastrointestinal manifestation
of constitutional mismatch repair deficiency syndrome: from a single
adenoma to polyposis-like phenotype and early onset cancer. Clin Genet
2015;88:474-8.

. Gallinger S, Aronson M, Shayan K et al. Gastrointestinal cancers and

neurofibromatosis type 1 features in children with a germline homozygous
MLHI1 mutation. Gastroenterology 2004;126:576-85.

Amayiri N, Tabori U, Campbell B et al. High frequency of mismatch repair
deficiency among pediatric high grade gliomas in Jordan. Int ] Cancer
2016;138:380-5.

Gururangan S, Frankel W, Broaddus R et al. Multifocal anaplastic astrocy-
toma in a patient with hereditary colorectal cancer, transcobalamin IT defi-
ciency, agenesis of the corpus callosum, mental retardation, and inherited
PMS2 mutation. Neuro Oncol 2008;10:93-7.

Will O, Carvajal-Carmona LG, Gorman P et al. Homozygous PMS2 dele-
tion causes a severe colorectal cancer and multiple adenoma phenotype
without extraintestinal cancer. Gastroenterology 2007;132:527-30.

Baas AF, Gabbett M, Rimac M et al. Agenesis of the corpus callosum and
gray matter heterotopia in three patients with constitutional mismatch
repair deficiency syndrome. Eur ] Hum Genet 2013;21:55-61.

The American Journal of GASTROENTEROLOGY

40.

4

—_

42,

43.

44,

45.

46.

47

48.

49.

50.

5

Juiy

52.

53.

54.

55.

56.

57.

58.

Kratz CP, Holter S, Etzler ] et al. Rhabdomyosarcoma in patients with
constitutional mismatch-repair-deficiency syndrome. ] Med Genet
2009;46:418-20.

. Plaschke J, Engel C, Kruger S et al. Lower incidence of colorectal cancer and

later age of disease onset in 27 families with pathogenic MSH6 germline
mutations compared with families with MLH1 or MSH2 mutations: the
German Hereditary Nonpolyposis Colorectal Cancer Consortium.

J Clin Oncol 2004;22:4486-94.

Myrhoj T, Andersen MB, Bernstein I. Screening for urinary tract cancer
with urine cytology in Lynch syndrome and familial colorectal cancer.
Fam Cancer 2008;7:303-7.

Bernstein I'T, Myrhoj T. Surveillance for urinary tract cancer in Lynch
syndrome. Fam Cancer 2013;12:279-84.

Holter S, Pollett A, Zogopoulos G et al. Hepatic adenomas caused by
somatic HNF1A mutations in children with biallelic mismatch repair gene
mutations. Gastroenterology 2011;140:735-6.

Gryfe R, Kim H, Hsieh ET et al. Tumor microsatellite instability and
clinical outcome in young patients with colorectal cancer. N Engl ] Med
2000;342:69-77.

Burn J, Gerdes AM, Macrae F et al. Long-term effect of aspirin on cancer
risk in carriers of hereditary colorectal cancer: an analysis from the CAPP2
randomised controlled trial. Lancet 2011;378:2081-7.

. Kloor M, Huth C, Voigt AY et al. Prevalence of mismatch repair-deficient

crypt foci in Lynch syndrome: a pathological study. Lancet Oncol 2012;
13:598-606.

Schwitalle Y, Kloor M, Eiermann § ef al. Immune response against
frameshift-induced neopeptides in HNPCC patients and healthy HNPCC
mutation carriers. Gastroenterology 2008;134:988-97.

Kloor M, von Knebel Doeberitz M. The immune biology of microsatellite-
unstable cancer. Trends Cancer 2016;2:121-33.

Phipps AL Limburg PJ, Baron JA et al. Association between molecular
subtypes of colorectal cancer and patient survival. Gastroenterology
2015;148:77-87.€2.

. Sinicrope FA, Shi Q, Smyrk TC et al. Molecular markers identify subtypes of

stage III colon cancer associated with patient outcomes. Gastroenterology
2015;148:88-99.

Le DT, Uram JN, Wang H et al. PD-1 blockade in tumors with mismatch-
repair deficiency. N Engl ] Med 2015;372:2509-20.

Bouffet E, Larouche V, Campbell B et al. Immune checkpoint inhibition for
hypermutant glioblastoma multiforme due to germline biallelic mismatch
repair deficiency. J Clin Oncol 2016;34:2206-11.

Cancer Genome Atlas Network. Comprehensive molecular characterization
of human colon and rectal cancer. Nature 2012;487:330-7.

Markowitz S, Wang ], Myeroff L ef al. Inactivation of the type II TGF-beta
receptor in colon cancer cells with microsatellite instability. Science
1995;268:1336-8.

Jung B, Doctolero RT, Tajima A et al. Loss of activin receptor type 2 protein
expression in microsatellite unstable colon cancers. Gastroenterology
2004;126:654-9.

Reuschenbach M, Kloor M, Morak M et al. Serum antibodies against
frameshift peptides in microsatellite unstable colorectal cancer patients
with Lynch syndrome. Fam Cancer 2010;9:173-9.

von Knebel Doeberitz M, Kloor M. Towards a vaccine to prevent cancer in
Lynch syndrome patients. Fam Cancer 2013;12:307-12.

VOLUME 112 | MAY 2017 www.nature.com/ajg





