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Abstract The question of whether prostate cancer is part

of the Lynch syndrome spectrum of tumors is unresolved.

We investigated the mismatch repair (MMR) status and

pathologic features of prostate cancers diagnosed in MMR

gene mutation carriers. Prostate cancers (mean age at

diagnosis = 62 ± SD = 8 years) from 32 MMR mutation

carriers (23 MSH2, 5 MLH1 and 4 MSH6) enrolled in the

Australasian, Mayo Clinic and Ontario sites of the Colon

Cancer Family Registry were examined for clinico-patho-

logic features and MMR-deficiency (immunohistochemical

loss of MMR protein expression and high levels of

microsatellite instability; MSI-H). Tumor MMR-deficiency

was observed for 22 cases [69 %; 95 % confidence interval

(CI) 50–83 %], with the highest prevalence of MMR-

deficiency in tumors from MSH2 mutation carriers (19/23,

83 %) compared with MLH1 and MSH6 carriers combined

(3/9, 33 %; p = 0.01). MMR-deficient tumors had

increased levels of tumor infiltrating lymphocytes com-

pared with tumors without MMR-deficiency (p = 0.04).

Under the assumption that tumour MMR-deficiency

occurred only because the cancer was caused by the

germline mutation, mutation carriers are at 3.2-fold (95 %

CI 2.0–6.3) increased risk of prostate cancer, and when

assessed by gene, the relative risk was greatest for MSH2

carriers (5.8, 95 % CI 2.6–20.9). Prostate cancer was the

first or only diagnosed tumor in 37 % of carriers. MMR

gene mutation carriers have at least a twofold or greater

increased risk of developing MMR-deficient prostate can-

cer where the risk is highest for MSH2 mutation carriers.

MMR IHC screening of prostate cancers will aid in iden-

tifying MMR gene mutation carriers.
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Introduction

Lynch syndrome, formerly known as hereditary non-pol-

yposis colorectal cancer (HNPCC), is an autosomal domi-

nant disorder caused by germline mutations in the DNA

mismatch repair (MMR) genes MLH1, MSH2, MSH6, and

PMS2. Recently, we have shown that MMR gene mutation

carriers are at increased risk of developing cancers of the

colorectum and endometrium, as well as cancers of the

ovary, kidney, pancreas, stomach, urinary bladder and

breast [1]. They are also at an increased risk of developing

second primary cancers, including those in the breast and

prostate [2, 3]. Over 80 % of colorectal cancers diagnosed

in individuals with Lynch syndrome have tumor micro-

satellite instability (MSI) or loss of expression of one or

more of the MMR proteins by immunohistochemistry

(collectively termed MMR-deficiency) [4, 5]. Morpholog-

ically, colorectal cancers in people with Lynch syndrome

frequently demonstrate high histologic grade, solid growth

pattern and conspicuous lymphocytic infiltration [6].

Recently, sufficient data on Lynch syndrome has been

collected to allow rigorous investigation of associations of

MMR gene mutations with the more common cancers.

Newer molecular and risk estimation studies support

the inclusion of breast cancer as part of the Lynch syn-

drome-associated tumor spectrum [1, 7]. Case reports of

uncommon tumors continue to emerge, including sarcomas

[8, 9], peritoneal mesothelioma, adrenocortical carcinoma,

anaplastic thyroid carcinoma, or neuroendocrine pancreatic

tumors [10, 11]. Prostate cancer has not traditionally been

considered part of the spectrum of tumors associated with

Lynch syndrome, but recent small studies have suggested

an increased risk of prostate cancer for people with Lynch

syndrome, in particular for MSH2 mutation carriers [3, 12–

15]. In addition, MMR-deficiency assessed by loss of

immunohistochemical (IHC) expression or by polymerase

chain reaction-based methods has been reported several

times in prostate cancers in a small number of MMR gene

mutation carriers [12, 16–18]. However, to date, no large

studies have examined the expression of MMR proteins

and pathology features of prostate cancers diagnosed in

MMR gene mutation carriers. Consequently, the question

of whether prostate cancer is part of the spectrum of tumors

is unresolved.

The aim of this study was to investigate the histological

features, MSI and MMR IHC expression of prostate can-

cers in proven MMR gene mutation carriers from the Colon

Cancer Family Registry.

Materials and methods

Study sample

Participants were from families recruited between 1997

and 2010 to the Colon Cancer Family Registry via pro-

bands who were either recently diagnosed colorectal cancer

cases ascertained through the Victorian population-cancer

registry in Australia (population-based recruitment) and a

state-based population-based registry in the USA (Minne-

sota Cancer Surveillance System) or they were persons
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from multiple-case families referred to family cancer

clinics in Australia (Melbourne, Adelaide, Perth, Brisbane,

Sydney), New Zealand (Auckland), the Mayo Clinic,

Rochester, Minnesota, USA (clinic-based recruitment) or

the Mount Sinai Hospital, Toronto, Ontario, Canada [19].

Inclusion criteria for this study were: (a) proven to be

carrying a pathogenic germline mutation in one of the

DNA mismatch repair genes MLH1, MSH2, MSH6 and

PMS2, (b) having a diagnosis of prostate carcinoma con-

firmed by histological examination, and (c) the availability

of archival tissue blocks for additional laboratory testing.

Ethics approval was obtained from the relevant institu-

tional Human Research Ethics Committees at recruiting

centers including the Queensland Institute of Medical

Research under project approval P628.

Germline mutation testing

Mutation testing for MLH1, MSH2, and MSH6 was per-

formed by Sanger sequencing or denaturing high perfor-

mance liquid chromatography (dHPLC), followed by

confirmatory DNA sequencing [7, 19]. Large duplication

and deletion mutations were detected by Multiplex Liga-

tion Dependent Probe Amplification (MLPA). PMS2

mutation testing was performed using long-range PCR and

MLPA as previously described [20] on individuals dem-

onstrating solitary loss of PMS2 protein expression in a

tumor. All donated samples from participants who were

relatives of probands with a pathogenic mutation were

tested for the same mutation identified in the proband. A

pathogenic germline mutation in a DNA mismatch repair

genes was defined as a variant causing a stop codon, a large

duplication or deletion, a frameshift mutation or a missense

mutation previously reported in the scientific literature as

being pathogenic [1].

Pathology review

Paraffin-embedded tissue blocks containing prostate cancer

were obtained from relevant clinical pathology depart-

ments. Hematoxylin and eosin stained sections were

reviewed by one pathologist (CR) to assess tumor histo-

logic type, Gleason score, the presence of capsular and

perineural invasion and locoregional lymph node metasta-

ses. For four of nine tumors diagnosed in Ontario,

pathology review was performed on a digitally scanned

hematoxylin and eosin stained section. Tumor infiltrating

lymphocytes (TILs) were counted and considered to be

‘significant’ when [4 TILs were identified by high power

field [21]. Information on pre-operative prostate specific

antigen (PSA) levels were abstracted from the clinical

notes on pathology reports or obtained from diagnostic

laboratories’ records.

Mismatch repair deficiency testing

Sections from formalin fixed paraffin embedded tissue

blocks were used for IHC assessment of the expression of

MLH1, MSH2, MSH6 and PMS2 as previously described

[22]. For tumors not from Ontario, MSI status was deter-

mined by using a 10-loci panel of microsatellite markers in

tumor DNA [23] and tumors were deemed to have high

levels of microsatellite instability (MSI-H) if C30 % of

markers were unstable. For tumors from Ontario, MSI was

assessed using two mononucleotide markers BAT-25 and

BAT-26 and tumors were deemed to be MSI-H if at least

one marker was unstable. MMR-deficiency was defined as

loss of protein expression by IHC with or without MSI-H

where tested. A tumor was defined to be MMR-proficient if

it had no loss of MMR protein expression by IHC and,

when tested, was microsatellite stable (MSS).

Statistical analysis

Pearson’s Chi squared tests or Fisher’s exact tests were

used to test the statistical significance of differences in

contingency tables as appropriate. Student’s t test was used

to test the statistical significance of differences in the

means of continuous variables. Following convention,

statistical significance was considered as p \ 0.05. 95 %

confidence intervals (CIs) of proportions were estimated

using binomial exact method. Under the assumption that a

MMR-deficient prostate cancer was caused by the MMR

gene mutation, the relative risk (RR) of MMR-deficient

prostate cancer for men with a germline MMR gene

mutation can be estimated by back calculation from the

attributable fraction as RR = N/(N–n), where N is the total

number of prostate cancer-affected mutation carriers and n

is the number of these for which their tumor exhibited

MMR-deficiency. The 95 % CI was estimated by assuming

that n has a Binomial (N; p) distribution with P = n/N [24,

25].

Results

Clinical and pathological characteristics of prostate

cancers in MMR gene mutation carriers

A total of 32 men from 31 families fulfilled the selection

criteria and were included in the study as prostate cancer

cases. The Amsterdam II criteria (ACII) were met by 25/31

families (81 %). There were 23 9 MSH2 mutation carriers

(72 %; two from the same family), 5 9 MLH1 mutation

carriers (16 %), and 4 9 MSH6 mutation carriers (12 %;

Table 1). No PMS2 gene mutation carriers diagnosed with

prostate cancer were identified. Of the 147 population-

Prostate cancers in Lynch syndrome 575
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based families with MMR gene mutations from the Aus-

tralasian, Ontario and Mayo sites, the distribution of

MLH1, MSH2 and MSH6 mutations was 43 % (n = 63),

43 % (n = 63) and 14 % (n = 21) respectively. In these

families, there were 351 (151 male) carriers of mutation in

a MMR gene (148 9 MLH1, 170 9 MSH2 and 33 9

MSH6) with 58 (39 %), 75 (44 %) and 18 (54 %) males,

respectively. Given this distribution of mutation carriers,

there was an over-representation of male MSH2 mutation

carriers (23/75, 31 %) and an under-representation of male

MLH1 mutation carriers (5/58, 9 %) with prostate cancer

from these 147 families (p = 0.002). The mean age at

diagnosis of prostate cancer was 62 ± 8 years (range

45–74). Information on pre-operative PSA was available

for eight carriers with a mean level of 38 lg/l (standard

deviation (SD) = 31 lg/l; range 4–81 lg/l). Two other

carriers were reported as having ‘‘rising’’ and ‘‘elevated’’

PSA values without quantified scores.

The pathology specimens were transrectal ultrasound

biopsies (TRUS Bx; n = 9), transurethral resection of the

prostate (TURP) specimens (n = 5) and radical prostatec-

tomy specimens (n = 18) (Table 2). All tumors were

prostatic adenocarcinomas of acinar type. Total Gleason

scores (GS) ranged from 5 to 10; two tumors had a GS of 5,

twenty-two had a GS of 6 or 7, and eight had a GS C 8

(including one case reported as poorly differentiated).

There was some evidence for an association between the

gene mutated (MSH2 vs. MLH1 and MSH6 combined) and

a GS C 8, however, this was not nominally significant (8/

23 vs. 0/9; p = 0.07). Of the assessable tumors, perineural

invasion was identified in 12/18 (67 %) and extracapsular

invasion was identified in 9/19 (47 %). The nodal status

was known for nine carriers, one of whom had metastatic

disease (11 %).

Mismatch repair status of prostate cancers

Immunohistochemical expression of MMR proteins was

assessed for all 32 prostate cancer tumors and MSI status

was determined for 10 tumors (Table 2). Loss of expres-

sion of MMR proteins by IHC was observed for 22 tumors

(69 %; 95 % CI 50–84 %) and, when evident, the pattern

of loss of protein expression was 100 % concordant with

that of the underlying germline mutation (Fig. 1). The

tumors from MSH2 mutation carriers had the highest pro-

portion of MMR-deficiency (19 in 23 (83 %; 95 % CI

61–95 %)) compared with tumors in MLH1 mutation car-

riers (2 in 5 (40 %; 95 % CI 5–85 %)) and tumors in MSH6

carriers (1 in 4 (25 %; 95 % CI 1–81 %)). This variation

was inconsistent with chance (p = 0.01).

Under the assumption that tumor MMR-deficiency

occurs only because the cancer was caused by the under-

lying germline mutation, the RR of prostate cancer for all

MMR gene mutation carriers was estimated to be 3.2-fold

(95 % CI 2.0–6.3). When broken down by gene, the RR

was estimated to be 5.8-fold (95 % CI 2.6–20.9) for MSH2

mutation carriers, 1.7-fold (95 % CI 1.1–6.7) for MLH1

mutation carriers and 1.3-fold (95 % CI 1.1–5.3) for MSH6

mutation carriers. The difference in RR between MSH2 and

other gene mutation carriers was significant (p = 0.01).

The prostate tumor from one MSH6 mutation carrier

also had loss of MSH2 expression which was consistently

shown on repeated testing. A subsequent colorectal carci-

noma from this carrier had loss of expression of MSH6

only. Of the ten tumors tested for MSI, five were MSI-H

and also had loss of expression by IHC and five were not

MSI-H of which three were MMR-proficient by IHC. There

were two carriers whose tumors had loss of concordant

MMR proteins that were not MSI-H.

There was no difference in the mean age at diagnosis of

prostate cancer between carriers with a MMR-deficient

tumor compared with those with a MMR-proficient tumor

(63 ± 8 years vs. 60 ± 8 years; p = 0.4) (Table 3).

Compared with MMR-proficient tumors, MMR-deficient

tumors were more likely to have tumor infiltrating lym-

phocytes (p = 0.04) but there was no difference in the

presence of high histologic grade (GS C 8) (p = 0.4),

perineural invasion (p = 0.1) or capsular invasion

(p = 0.2). All the high grade prostate cancers were diag-

nosed in MSH2 mutation carriers. Regional lymph node

status was assessed for only seven carriers, and the single

tumor with involved lymph nodes was MMR-deficient.

Personal history of other malignancies

Twenty-three carriers (72 %, 95 % CI 53–86 %) had a

diagnosis of colorectal cancer (Table 1). For twenty of

these the colorectal cancer preceded the prostate cancer, by

on average 16 ± 8 years (range 2–34). The prostate cancer

was diagnosed 2 years prior to the colorectal cancer for

two carriers, and 4 years prior for one carrier. Prostate

cancer was the first (n = 5) or only (n = 7) tumor diag-

nosed for 37 % of carriers (95 % CI 22–56 %). There was

no difference in the history of other malignancies between

carriers with a MMR-deficient tumor compared with car-

riers with a MMR-proficient tumor (p = 0.7) (Table 3).

Discussion

We observed that 69 % of 32 prostate cancers diagnosed in

MMR gene mutation carriers had MMR-deficiency, con-

sistent with the 88 and 100 % reported by two previous

studies of a total of 10 MMR gene mutation carriers [12,

18]. MSI has been detected in prostate cancer cell lines and

in some studies of primary tumors with a wide range of

Prostate cancers in Lynch syndrome 577
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frequencies (20–65 %) [26–29]. MMR-deficiency and/or

high levels of MSI are the hallmarks of Lynch syndrome-

associated tumors. Our demonstration of this phenotype in

a large proportion of prostate cancers from mutation car-

riers adds weight to the argument that prostate cancers can

develop as a result of MMR gene mutations. However,

further evidence is needed to determine whether MMR-

deficiency is a driver that initiates the carcinogenesis of

these tumors or is a passenger molecular alteration with

little effect on tumor initiation and development.

We observed an equal proportion of families with

mutations in MSH2 and MLH1 overall from the Austral-

asian, Ontario and Mayo sites of 43 %. However, when

comparing the prevalence of mutation carriers with pros-

tate cancer with male mutation carriers overall, we iden-

tified a significant over-representation of prostate cancer-

affected MSH2 mutation carriers (31 %) while prostate

cancer-affected MLH1 mutation carriers were under-rep-

resented (9 %). MSH2 mutation carriers also demonstrated

a higher prevalence of tumor MMR-deficiency when

compared with MLH1 and MSH6 mutation carriers. Pre-

vious studies have also reported an over-representation of

MSH2 mutations in carriers with a prostate cancer [12–14,

16, 17]. Among MMR gene mutation carriers with a

diagnosis of prostate cancer, the MSH2 mutation has been

reported as the putative cause for 6/9 tumors by Grindedal

et al. [12] and 7/8 by Barrow et al. [14]. However, unlike

these studies, we found that prostate cancer with MMR-

deficiency was not restricted to MSH2 and MSH6 mutation

carriers: we found five cases in MLH1 mutation carriers,

two of which had loss of MLH1 protein expression in

tumor cells. Together these data suggest gene specific

differences in the risk of prostate cancer with MSH2

mutation carriers more likely to develop prostate cancer.

We did not find any case of prostate cancer in PMS2

mutation carriers. Most published studies did not include

PMS2 mutation carriers in their Lynch syndrome patient

cohorts. Only one prostate cancer in an obligate PMS2

mutation carrier has been reported [12]; however, immu-

nohistochemistry has not been performed to demonstrate

loss of PMS2 expression in tumor cells.

In addition to MMR-deficiency, tumors associated with

Lynch syndrome often have a particular pathological phe-

notype including high histological grade and a pronounced

lymphocytic immune response with the presence of tumor

infiltrating lymphocyte. These morphological characteris-

tics are exemplified in colorectal and endometrial carci-

nomas and can be used to predict MMR-deficiency in these

tumor types [21, 22]. This study is the first to demonstrate

that prostate cancers with MMR-deficiency more fre-

quently showed tumor infiltrating lymphocytes than tumors

that did not display MMR-deficiency. However, the prev-

alence of high histological grade (Gleason score C 8) was

not significantly different between the two groups. In the

series of prostate cancers in proven or obligate MMR gene

mutation carriers reported by Grindedal et al. [12] all 5

tumors with a Gleason score of 8 or more were identified in

MSH2 mutation carriers. Similarly, we found that all 6

MMR-deficient prostate cancers with a Gleason score C 8

were diagnosed in MSH2 mutation carriers. However,

having a MSH2 mutation or MMR-deficiency was not

Fig. 1 Prostate carcinoma from carrier #4 who had a pathogenic

germline mutation in MSH2 (MSH2 del 9 1–8). a Hematoxylin and

eosin stained sections showing Gleason 8 adenocarcinoma with tumor

infiltrating lymphocytes; b and c Immunohistochemistry showing

normal nuclear expression of MLH1 in tumor cells (b) and loss of

nuclear expression of MSH2 in tumor cells (c). All images

magnification 9400

Table 3 Comparison between mismatch repair (MMR) deficient and

MMR proficient prostate carcinomas

Features MMR-deficient

tumors n/N (%)

MMR-proficient

tumors n/N (%)

p values

Age at diagnosis,

years

(mean ± SD)

63 ± 8 60 ± 8 0.35

Gleason score C 8 7/22 (32 %) 1/10 (10 %) 0.38

Presence of TILs 12/16 (75 %) 3/10 (30 %) 0.04

Perineural invasion 9/11 (82 %) 3/7 (43 %) 0.14

Capsular invasion 7/11 (64 %) 2/8 (25 %) 0.17

History of other

malignancies

18/22 (82 %) 7/10 (70 %) 0.65

Prostate cancers in Lynch syndrome 579
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associated with a high Gleason score in prostate cancers in

our study.

Previous studies utilizing the Colon Cancer Family

Registry have investigated the risk of prostate cancer for

MMR gene mutation carriers compared with men from the

general population. In a retrospective study, Dowty et al.

[30] observed no evidence of an increased risk of prostate

cancer as a first cancer diagnosis in mutation carriers:

hazard ratio (HR) of 0.79 (95 % CI 0.25–2.5) for men with

MLH1 mutations and 1.0 (95 % CI 0.47–2.3) for men with

MSH2 mutations. In a prospective study, Win et al. [1]

estimated the increased risk of prostate cancer for mutation

carriers by a standardized incidence ratio (SIR) of 2.49

(95 % CI 0.51–7.28). However, for men with Lynch syn-

drome with a previous diagnosis of colorectal cancer, Win

et al. [3] estimated a two-fold increased risk of prostate

cancer for all mutation carriers combined, compared with

the general population (SIR, 2.05; 95 % CI 1.23–3.01). In

that study, most prostate cancers (15/19) were in men with

MSH2 mutations, for whom the SIR was 3.62 (95 % CI

2.07–5.36) compared with 0.87 (95 % CI 0.00–2.19) for

men with MLH1 mutations. Three other independent

studies found an increased risk of prostate cancer for MMR

gene mutation carriers compared with the general popula-

tion with SIRs of 2.5 (95 % CI 1.2–4.0) [13] and 5.1 (95 %

CI 4.1–17.1) [12] and a RR estimated to 10.4 (95 % CI

2.80–26.65) for MSH2 mutation carriers [14]. A further

recent study of 198 families carrying MMR gene mutations

reported a two-fold increased risk of prostate cancer in

mutation carriers compared with the general population

(HR = 1.99, 95 % CI 1.31–3.03, p = 0.0013) [15]. We

observed that 69 % of prostate cancers in carriers of MMR

gene mutations had MMR-deficient tumors, and thus

demonstrated a potential link between the germline muta-

tion and prostate tumor initiation. Based on this high

prevalence of MMR-deficiency and the assumption that

tumors with MMR-deficiency were caused by the under-

lying germline mutation (and a somatic mutation as the

second hit), we estimated the RR of MMR-deficient pros-

tate cancer for all mutation carriers combined and for

MSH2 mutation carriers alone to be 3.2 (95 % CI 2.0–6.3)

and 5.8 (95 % CI 2.6–20.9), respectively, providing further

support for the inclusion of prostate cancer as part of the

Lynch syndrome-associated tumor spectrum. However, the

issue of whether prostate cancer risk is increased for men

with Lynch syndrome is still debatable as other studies

have not found evidence for an increased risk [31, 32].

Therefore, future studies using large prospective studies of

known mutation carriers with long follow-up will be nee-

ded to conclusively resolve the issue of risk of prostate

cancer for MMR gene mutation carriers.

An interesting finding from this study was the diagnosis

of prostate cancer in 12 of 32 mutation carriers (37 %) as

the first or only diagnosed malignancy. A similar finding

was reported for a series of breast cancers diagnosed in

women with Lynch syndrome, in which 44 % of those with

a MMR-deficient tumor had no previous history of

malignancy [7]. This suggests that testing for MMR protein

expression in tumors currently not considered part of the

Lynch syndrome spectrum, such as breast or prostate

cancers, can identify people with Lynch syndrome, even

when there is no suspicion of Lynch syndrome, as well as

in families with a known or suspected MMR gene germline

mutation when no colorectal tumors are available for

testing.

This study has some limitations. We selected only cases

for which paraffin tissue blocks were available for addi-

tional testing and, therefore, were not able to assess all the

prostate tumors from mutation carriers within the Colon

Cancer Family Registry. MSI status by PCR-based meth-

ods was determined for only 10 tumors. It is possible that

some additional MMR-deficient tumors not tested for MSI

may have been missed. Two tumors showed loss of MSH2/

MSH6 by immunohistochemistry but no evidence of MSI-

H. This discordance may be caused by insufficient pro-

portion of tumor cells in DNA to demonstrate the MSI-H

phenotype. Also, our RR calculations were based on the

assumption that tumors with MMR-deficiency were caused

by the underlying germline mutation and an unmeasured

second somatic hit. We did not confirm the presence or

type of this second hit, however, the fact that inactivation

of both alleles is needed to cause loss of MMR function is a

well-established tumorigenic mechanism in Lynch syn-

drome. Given that all the men in the study were MMR gene

mutation carriers, other mechanisms of MMR-deficiency

such as tumor DNA promoter methylation is less likely.

For 14 of the 32 prostate cancers (44 %), the pathologic

evaluation was performed from biopsy specimens (TRUS

or TURP) which may affect the overall Gleason score, and

this precluded a complete assessment of other pathologic

features in relation to the MMR status of the tumor.

In conclusion, to the best of our knowledge this is the

largest study of prostate cancers in proven MMR gene

mutation carriers for whom pathology and MMR status has

been characterized. We found MMR protein loss of

expression in 69 % of tumors. We observed, for the first

time, tumor infiltrating lymphocytes more often in MMR-

deficient tumors than in MMR-proficient prostate tumors,

similar to what is observed for other Lynch syndrome

spectrum tumors. These findings suggest that defective

mismatch repair is involved in prostate cancer development

in men who carry a MMR gene mutation, in particular a

MSH2 gene mutation, and together with other recent evi-

dence of an increased risk of prostate cancer for mutation

carriers suggests that this malignancy be considered part of

the spectrum of tumors in Lynch syndrome. Furthermore,
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screening for MMR-deficiency in men presenting with

prostate cancer, especially those with other indications of

Lynch syndrome, could identify MMR gene mutation

carriers and provide the opportunity to target cancer pre-

vention strategies to carriers and their relatives.
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