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Abstract
Background—Carriers of a germline mutation in a DNA mismatch repair (MMR) gene—that is,
persons with Lynch syndrome—have substantially high risks of colorectal (CRC), endometrial,
and several other cancers. The proportion of carriers who have de novo mutations (not inherited
from either parent) is not known. This study reports a case series of de novo mutations in MMR
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genes and estimates the frequency of de novo mutation in MMR genes using the Colon Cancer
Family Registry.

Methods—Screening for germline MLH1, MSH2, MSH6, and PMS2 mutations was performed
for all incident CRC cases recruited from cancer registries (population based probands) displaying
microsatellite instability (MSI) or loss of expression of MMR genes by immunohistochemistry
(IHC) and probands with CRC in multi-case families recruited from clinics (clinic based
probands), regardless of MSI or IHC status. All relatives of probands with a pathogenic mutation
who donated a blood sample underwent testing for the mutation identified in the proband.

Results—Of 261 probands (202 clinic based, 59 population based) with MMR gene mutations
for whom it was possible to determine the origin of the mutation, six (2.3%, 95% CI 0.9% to
5.0%) were confirmed as de novo, and the remaining 255 (97.7%, 95% CI 95.0% to 99.1%) were
inherited. Of the de novo mutation carriers, three were clinic based probands (1.5%, 95% CI 0.3%
to 4.5%) and three were population based probands (5.1%, 95% CI 1.2% to 14.5%). Two were in
MLH1, three in MSH2, and one in MSH6.

Conclusion—De novo MMR gene mutations are uncommon causes of Lynch syndrome.

INTRODUCTION
Lynch syndrome, historically known as hereditary non-polyposis colorectal cancer
syndrome (MIM 114500), describes a spectrum of malignancies caused by a germline
mutation in one of four DNA mismatch repair (MMR) genes; MLH1, MSH2, MSH6 or
PMS2.1 MMR genes produce proteins that detect and repair DNA mismatches occurring
during cell replication or after damage to DNA.2 Carriers of a mutation in an MMR gene are
at increased risk of colorectal, endometrial, and other cancers.3–5 Lynch syndrome accounts
for 1–3% of all colorectal cancers (CRCs)67 and 10–15% of CRCs diagnosed before the age
of 50 years.8 One estimate is that about 1 in 3100 people inherit a germline mutation in
MLH1 or MSH2,9 and given that mutations in MSH6 and PMS2 account for about one sixth
of all MMR mutations,1011 then approximately 1 in 2700 people are MMR mutation
carriers. However, the prevalence might be as high as 1 in 360.12

A de novo germline mutation is a constitutional mutation carried by a person in all their
nucleated cells, and absent in both parents. It is thought to occur in a parental germ cell.
Each gene has its own characteristic rate of de novo mutation.13–19 This has yet to be
defined for the MMR genes. To our knowledge, there have been only four reports of single
cases with de novo mutations in MMR genes: two cases for MLH1 (exon 18: c.2101C/
T;→p.Gln701X20 and exon 8: c.666dupA; p.Ser225X21) and two cases for MSH2 (exon 2:
c.344delA22 and exon 13: c.2006-2A/G;→p.Pro670fs→676X23). We now report the first
case series of de novo mutations in MMR genes from the Colon Cancer Family Registry and
have estimated the frequency of de novo mutations in MMR genes.

METHODS
The study sample was from the Colon Cancer Family Registry, an international resource for
studies on the aetiology of CRC that was initiated in 1997 and is described in detail
elsewhere24 and at http://epi.grants.cancer.gov/CFR/. Briefly, the Colon Cancer Family
Registry recruited families through six administrative centres: the University of Melbourne
consortium (Melbourne, Victoria, Australia), the Mayo Clinic (Rochester, Minnesota, USA),
the Fred Hutchinson Cancer Research Center (Seattle, Washington State, USA), the
University of Hawaii (Honolulu, Hawaii, USA), the University of Southern California
Consortium (Los Angeles, California, USA), and Cancer Care Ontario (Toronto, Canada).
Families were recruited via recently diagnosed CRC cases ascertained through population
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complete cancer registries (population based probands) or persons from multi-case families
referred to family cancer clinics (clinic based probands) ascertained by the University of
Melbourne consortium (through family cancer clinics in Adelaide, Perth, Sydney, Brisbane
and Melbourne, Australia and Auckland, New Zealand), University of Southern California
Consortium (through the Cleveland Clinic), and the Mayo Clinic. Written informed consent
was obtained from all study participants, and the study protocol was approved at each Colon
Cancer Family Registry centre.

Data collection
At recruitment, baseline information on demographics, personal characteristics, personal and
family history of cancer, cancer screening history, history of polyps, polypectomy and other
surgery was obtained from all participants. Participants were followed-up approximately 5
years and 10 years after baseline to update all the information. Reported cancer diagnoses
and age at diagnoses were confirmed, where possible, using pathology reports, medical
records, corroboration among relatives, cancer registry reports, and/or death certificates.
Blood samples and tumour tissues were collected for genetic testing. The present study was
based on all available baseline and follow-up data.

Definition
A pathogenic mutation was defined as a variant that was predicted to result in a stop codon,
a frameshift mutation, a large insertion or deletion, or a missense mutation previously
reported within the scientific literature to be pathogenic. An inherited mutation was defined
as a mutation carried by a proband that was tested for and found in any relative (excluding
probands' offspring). A de novo mutation was defined as a mutation carried by a proband
that was tested for but not found in either parent.

Mutation screening and testing
Screening for germline mutations in MLH1, MSH2, MSH6, and PMS2 was performed for:
all population based probands who had a colorectal tumour displaying evidence of impaired
MMR function as indicated by either microsatellite instability (MSI), or by lack of MMR
protein expression by immunohistochemistry (IHC); and the proband with CRC from each
clinic based family regardless of MSI or MMR protein expression status. Mutation testing
was performed by Sanger sequencing or denaturing high pressure liquid chromatography,
followed by confirmatory DNA sequencing. Large insertion and deletion mutations were
detected by multiplex ligation dependent probe amplification according to the
manufacturer's instructions (MRC Holland, Amsterdam, The Netherlands).42425 All
participants who donated a blood sample, and who were relatives of probands with a
pathogenic mutation, underwent mutation analysis for the same mutation identified in the
proband.

Paternity and maternity testing
Non-paternity and non-maternity testing was performed at two centres, both employing the
use of microsatellite markers; nine markers for one test (Australia) and 12 for the other
(Mayo Clinic). Microsatellite markers were amplified by PCR (conditions available upon
request). The PCR products were then pooled along with an internal molecular weight
standard and analysed on Applied Biosystems Genetic Analyzer (ABI 3100 for Australia
and ABI 3130xl for Mayo).

Statistical analysis
The proportion of MMR mutations that were de novo (frequency of de novo mutations in
MMR genes) was estimated by dividing the number of de novo mutations by the sum of de
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novo and inherited mutations. Ninety-five per cent confidence intervals (95% CIs) for the
proportion estimates were calculated using the method of Agresti and Coull.2627 The
estimated mean age of onset of CRC for de novo mutation carriers was compared with that
for inherited mutation carriers using Student t test.

RESULTS
Of a total of 471 probands with MMR gene mutations, 261 mutations could be classified as
either de novo or inherited. For 210 probands, the origin of the mutation could not be
determined because of non-availability of blood from either parents or any other relatives.
Of 261 probands with MMR mutations, six (2.3%, 95% CI 0.9% to 5.0%) could be
classified as de novo mutations and 255 (97.7%, 95% CI 95.0% to 99.1%) as inherited (table
1). Of the de novo mutation carriers, three were from 202 clinic based probands (1.5%, 95%
CI 0.3% to 4.5%) and three were from 59 population based probands (5.1%, 95% CI 1.2% to
14.5%). Two de novo mutations were detected in the 102 MLH1 mutation carriers (2.0%,
95% CI 0.1% to 7.3%), three in the 132 MSH2 mutation carriers (2.3%, 95% CI 0.5% to
6.8%), one in the 22 MSH6 mutation carriers (4.5%, 95% CI 0.1% to 23.5%), and none in
the five PMS2 mutation carriers (one-sided 95% CI 0.0% to 45.1%).

Three de novo mutation carriers were recruited from family cancer clinics in Perth and
Brisbane and via the Victorian Cancer Registry, Australia, and three were recruited from the
Mayo Clinic and via the Minnesota Cancer Surveillance System, USA (table 2). Two
(probands B and F) had no family history of CRC or other Lynch syndrome associated
cancer, and one (proband D) had no family history of any cancer in the parents,
grandparents, and siblings (figure 1).

The mean age at CRC diagnosis for de novo mutation carriers (34.3 years, SD 7.7 years)
was 8.5 (95% CI 0.3 to 16.7) years younger than that for inherited mutation carriers (42.8
years, SD 10.1 years) (p=0.04).

Genotyping of the probands and parents demonstrated allele segregation across all
microsatellite markers tested (nine for the Australian families and 12 for the Mayo families)
over multiple chromosomal regions. These data provide convincing evidence that each of
the six probands with de novo mutations were biologically related to their parents.

DISCUSSION
We have reported six cases of de novo germline mutation in MMR genes (two MLH1, three
MSH2, and one MSH6) from the Colon Cancer Family Registry. This is the first report, to
our knowledge, on a case series of de novo germline mutation in MMR genes.

All specific de novo mutations except one that we observed in this study were different from
the previously reported de novo mutations in MLH1 or MSH2.20–23 The MSH2 mutation in
exon 5: c.942+3A→T p. Val265_Gln314del that we observed in proband 4 was the same
mutation reported by Desai et al28 in which the 942+3 mutation was recognised as being
relatively common in Lynch syndrome series around the world. They estimated that this
type of de novo mutation accounted for 11% of all known pathogenic MSH2 mutations.
Because haplotype sharing across families was not found, the authors concluded that this
mutation occurred de novo with a relatively high frequency. They hypothesised that it may
arise as a consequence of misalignment of DNA strands at replication. Indeed, this mutation
was found to be one of the six de novo mutation carriers in our series.

If a disease-causing mutation found in the proband cannot be detected in the DNA of either
parent, three possible explanations need to be considered: non-paternity/non-maternity,
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germline mosaicism in a parent, or that the mutation is de novo. Non-paternity/non-
maternity could be confidently excluded as a possible explanation in each of the six de novo
mutation probands. However, we did not have the opportunity to test multiple tissues in our
patients and their parents for the mutation and, therefore, could not rule out the possibility
that these mutations were early postzygotic mutations or due to parental germline
mosaicism.

We have estimated the proportion of MMR gene mutation carriers that have de novo
mutations to be between 1 in 100 (0.9%) and 1 in 20 (5.0%). This is comparable to previous
small studies which estimated proportions of 1% (1/114)23 or 2% (1/47).21 De novo
germline mutations in MMR genes, therefore, appear to be rare in contrast to other
hereditary CRC syndromes: 11–25% in the adenomatous polyposis coli (APC) gene
mutations that cause familial adenomatous polyposis (MIM 175100),13–16 25–50% in the
LKB1/STK11 gene mutations that cause Peutz-Jeghers syndrome (MIM 175200),1718 and
~25% in BMPR1A and SMAD4 mutations that cause juvenile polyposis syndrome (MIM
174900).1819

We observed that the average age of onset for CRC in the de novo carriers was younger than
for the non-de novo carriers. Overreliance on family history of cancer—for example, the
Amsterdam criteria29—to guide MMR gene mutation testing will contribute to the under-
diagnosis of Lynch syndrome resulting from de novo mutations. None of the six de novo
mutation carriers had a family history that met the Amsterdam criteria. A proposed
alternative approach25 uses a tumour based strategy that has been demonstrated to identify
persons with Lynch syndrome more efficiently. All the CRC tumours from the six probands
with de novo mutations lacked the MMR protein corresponding to the mutated gene.
Recognition of the presence of de novo mutations in three different MMR genes and a
relatively high frequency of de novo mutations in population based probands supports the
application of tumour testing for loss of MMR function to identify people without a family
history, but at high risk of having a pathogenic MMR gene mutation.
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Figure 1.
(A–F) Status of mismatch repair gene mutation and cancer diagnosis for family members of
de novo germline mismatch repair gene mutation carriers. Square for male, circle for female,
diamond for unidentified sex, shaded for cancer-affected (cancer diagnoses are named with
corresponding age), unshaded for cancer-unaffected, arrow for proband, +/− for carrier, −/−
for non-carrier, D for age of death in years, L for last known age in years. To increase
confidentiality, the sex of all relatives is provided as unidentified, except for those who were
parents or when diagnosed with sex specific cancers.
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Table 1

Summary of mismatch repair gene mutation carriers from the Colon Cancer Family Registry

Number of probands

Carrier Combined (n = 471) Population based (n = 153) Clinic based (n = 318)

Inherited 255 56 199

 Mother 48 15 33

 Father 33 11 22

 Other relative 174 30 144

Undetermined 210 94 116

De novo 6 3 3
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