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PURPOSE Limited data are available on the prevalence and clinical impact of Lynch syndrome (LS)-associated
genomic variants in non-European ancestry populations. We identified and characterized individuals harboring
LS-associated variants in the ancestrally diverse BioMe Biobank in New York City.

PATIENTS AND METHODS Exome sequence data from 30,223 adult BioMe participants were evaluated for
pathogenic, likely pathogenic, and predicted loss-of-function variants in MLHI1, MSH2, MSH6, and PMS2.
Survey and electronic health record data from variant-positive individuals were reviewed for personal and family
cancer histories.

RESULTS We identified 70 individuals (0.2%) harboring LS-associated variants in MLHI (n = 12; 17%), MSHZ2
(n=13;19%), MSH6 (n=16; 23%), and PMS2(n = 29; 41%). The overall prevalence was 1 in 432, with higher
prevalence among individuals of self-reported African ancestry (1 in 299) than among Hispanic/Latinx (1 in 654)
or European (1 in 518) ancestries. Thirteen variant-positive individuals (19%) had a personal history, and 19
(27%) had a family history of an LS-related cancer. LS-related cancer rates were highest in individuals with
MSH6 variants (31%) and lowest in those with PMS2 variants (7%). LS-associated variants were associated with
increased risk of colorectal (odds ratio [OR], 5.0; P=.02) and endometrial (OR, 30.1; P=8.5x 10™°) cancers in
BioMe. Only 2 variant-positive individuals (3%) had a documented diagnosis of LS.

CONCLUSION We found a higher prevalence of LS-associated variants among individuals of African ancestry in
New York City. Although cancer risk is significantly increased among variant-positive individuals, the majority do
not harbor a clinical diagnosis of LS, suggesting underrecognition of this disease.

JCO Precis Oncol 4:1429-1444. © 2020 by American Society of Clinical Oncology

INTRODUCTION

People with genetic variants linked to hereditary cancers
are at increased risk for adverse health outcomes and
often escape clinical diagnosis.'? Lynch syndrome (LS) is
an autosomal dominant cancer syndrome caused by
pathogenic variants in the mismatch repair (MMR) genes
(MLH1, MSH2, MSH6, and PMS2) and deletions in the
3’ end of the EPCAM gene. Although mainly associated
with colorectal cancer (CRC) and endometrial cancer
(EC), LS also increases lifetime risk for various other
cancers, including those of the ovaries, stomach, small
intestine, upper urologic tract, brain, biliary system,
pancreas, and cutaneous sebaceous glands.>* Indi-
viduals with LS-associated variants are at increased risk
of developing multiple malignancies during their lifetime
and are more likely to develop cancer at an early age.

and/or chemoprevention.>® In current clinical practice,
patients typically obtain genetic testing for LS when they
meet clinical diagnostic criteria, including the Amster-
dam |l criteria or revised Bethesda guidelines.’®! These
criteria rely on personal and family cancer history, age of
cancer onset, and/or molecular tumor characteristics,
with sensitivities as low as 25% and 50%, respectively.'?
As such, certain at-risk individuals may be missed.
Recently, universal screening of all CRCs and ECs using
microsatellite instability (MSI) and/or immunohisto-
chemistry (IHC) for MMR protein expression has been
recommended.'3® Although more effective than clinical
diagnostic criteria, this method of testing still misses
patients with LS who do not present with EC or CRC.*

The prevalence of LS has been estimated as 1 in 440,
with the majority of cases resulting from pathogenic
variants in MLHI and MSHZ2.*¢'” However, prevalence

Early identification of individuals harboring LS-associated  estimates are based on studies ascertaining pre-

variants in MMR genes provides the opportunity toreduce
cancer-related morbidity and mortality through special-
ized cancer screening, prophylactic surgical measures,

dominantly patients with European ancestry (EA) who
met clinical diagnostic criteria for LS or were diagnosed
with CRC and/or EC.*®2! Additionally, clinical testing
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CONTEXT

Key Objective

We sought to evaluate the prevalence and clinical impact of Lynch syndrome (LS)-associated genomic variants in unselected
and diverse patient populations.

Knowledge Generated

Expected pathogenic variants in mismatch repair (MMR) genes were identified in approximately 1 in 430 participants of an
ancestrally diverse, electronic health record-linked biobank in New York City. The highest prevalence was seen in in-
dividuals of self-reported African ancestry (approximately 1 in 300). Variant-positive individuals had significantly increased
risk of endometrial cancer and colorectal cancer but not of breast cancer. The vast majority of variant-positive individuals
did not have a documented diagnosis of LS in their medical records, even when they had LS-related cancers, suggesting
underrecognition of this syndrome.

Relevance

Genomic screening for LS-associated variants in MMR genes may be an effective tool to identify individuals with elevated
cancer risk.

for MSH6 and PMS2 was developed after testing for MLH1
and MSH2, such that many earlier studies of prevalence
did not account for these genes.?? More recent epidemi-
ologic data suggest that LS may be more common than
previously appreciated, with an estimated prevalence as
high as 1 in 279.2% Improved understanding of the prev-
alence and phenotypic spectrum of MMR gene variants is
needed, especially within non-EA populations. This study
evaluated the prevalence and clinical impact of expected
pathogenic MMR variants in an ancestrally diverse, un-
selected population biobank.

PATIENTS AND METHODS
Study Population

The BioMe Biobank is an electronic health record
(EHR)-linked biobank with > 55,000 participants enrolled
nonselectively from the Mount Sinai Health System in New
York City. The study population consisted of 30,223 con-
sented BioMe participants age 18 years or older (upon
enrollment) and with exome sequence data available
through a collaboration with the Regeneron Genetics
Center. Details of the study population have previously
been described.! Self-reported ancestry of participants was
derived from a multiple-choice survey administered on
enrollment in BioMe.'** This study was approved by the
Icahn School of Medicine at Mount Sinai's institutional
review board.

Generation of Genomic Data and MMR Variant Annotation

Sample preparation and exome sequencing were per-
formed at the Regeneron Genetics Center.®> Post hoc fil-
tering of samples and quality control of sequence data were
performed as described previously, resulting in a total of
30,223 samples from participants age 18 years and older.*
Sequence data for the MMR genes (MLH1, MSHZ2, MSH6,
and PMS2) were extracted from exome sequences. Vari-
ants were annotated with the Variant Effect Predictor and
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cross-referenced with the ClinVar database (accessed
March 2019).26 Exome sequencing did not capture large
genomic rearrangements in the MMR genes or in the 3’
area of EPCAM.

Pathogenic variants in MMR genes were identified based
on a pathogenic or likely pathogenic assertion in ClinVar. In
addition, we considered predicted loss-of-function (pLOF)
variants not classified in ClinVar, including frameshift, stop-
gain, start-loss, stop-loss, or canonical splice acceptor or
donor. The union of ClinVar pathogenic/likely pathogenic
and pLOF variants was termed expected pathogenic (n =
44) and was used to identify variant-positive individuals in
BioMe for subsequent analyses. Additional quality control
included manual inspection of sequence reads for variant-
positive individuals (n = 23) harboring 1 of 7 multiallelic
sites annotated as expected pathogenic. Of these, 12 of 15
carriers of MSH6 ¢.3261dupC and 1 of 2 carriers of MSH6
c.3261del were determined to be false positives and ex-
cluded from downstream analyses.

Evaluation of Clinical Characteristics in
Variant-Positive Individuals

Individuals harboring expected pathogenic variants in
MLHI, MSH2 MSH®6, or PMS2 in BioMe, termed variant
positive (N = 70), were evaluated for personal and/or family
histories of LS-related and other cancers. For this evalu-
ation, we extracted International Classification of Diseases
(ICD)-9 and ICD-10 codes related to these cancers from
EHRs (Appendix Table Al). Screening or diagnostic testing
for CRC and EC was evaluated by extraction of Current
Procedural Terminology codes for colonoscopy (45378-
45398) and transvaginal or pelvic ultrasound (76830,
76831, 76856, 76857). We carried out medical record
review of variant-positive individuals to further evaluate
personal and family cancer histories and to evaluate for
clinical diagnosis, genetic testing, or tumor screening for
LS. These data were supplemented by participant survey
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data on personal and family cancer histories, which were
available for 18 variant-positive individuals. Personal and
family cancer histories were used to determine whether
variant-positive individuals fulfilled Amsterdam Il criteria*®
and/or revised Bethesda guidelines'! (Appendix Table A2).
Data were summarized using medians for continuous
variables and frequencies and percentages for categoric
variables.

LS-Related Cancer Case-Control Studies

We evaluated CRC, EC, and breast cancer (BC) risks in LS
variant-positive versus variant-negative individuals in Bi-
oMe. We excluded individuals within BioMe who were
second-degree relatives and closer from these analyses, as
previously described.r?” This exclusion corrects for po-
tential bias in the statistical analysis and is consistent with
best practices for genetic association analyses.?® For each
cancer type, patient cases were defined as having any ICD-
9/10 code for personal history of the cancer, and controls
were defined as individuals without any of these codes. For
CRC, we tested for association with variant-positive (n = 64)
versus variant-negative (n = 26,942) unrelated individuals
in BioMe, using the saddlepoint approximation to account
for unbalanced case-control ratios?® (implemented via
“SPAtest” package, R [version 3.5.3] and adjusting for age,
sex, and the first 5 principal components of ancestry). EC
and BC were assessed in variant-positive (n = 34) versus
variant-negative (n = 15,669) unrelated women, adjusting
for age and the first 5 principal components.

RESULTS

We evaluated variants in MLHI1, MSH2, MSH6, and PMS2
among 30,223 adult participants of the BioMe Biobank
with available exome sequencing data. Demographics of
these participants have been described previously:
Bb9% were women, the median age was 59 years, and
74% were non-EA by self-report.! We identified 44 ex-
pected pathogenic variants in MMR genes, including
7 MLHI, 5 MSHZ2, 14 MSH6, and 18 PMSZ2 variants
(Table 1). There were 70 BioMe participants harboring at
least one of these 44 variants. Though the majority (75%) of
these variants were observed as singletons, 3 variants were
observed in more than 5 individuals each, including MSH2
c.1697del (n =8), MLH1c.790+1G>A (n = 6), and PMS2
¢.137G>T (n = 6). None of these recurrent variants were
observed predominantly in a single ancestry group, and
none of the carriers of recurrent variants were related to one
another.

Overall, 70 individuals (0.2%) in BioMe harbored expected
pathogenic variants in MMR genes (Table 2; Appendix
Table A3). PMSZ2 variants were most frequently identified
(41%), followed by MSH6E (23%), MSH2(19%), and MLH1
(17%). Variant-positive individuals were 56% female, with
a median age of bb years. The overall estimated prevalence
of BioMe participants harboring expected pathogenic
variants in MMR genes was 1 in 432. Prevalence was
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unchanged (1 in 428) in an unrelated subset of BioMe that
included only 1 individual from each first- or second-degree
relationship (n = 27,816). Prevalence varied across self-
reported ancestry groups and was highest in individuals of
self-reported African American/African (AA) ancestry (1 in
299), with most harboring variants in MSH6 (30%) or PMS2
(39%). Prevalence was lowerin EA (1 in 518) and Hispanic/
Latinx (H/L; 1 in 654) ancestries.

We evaluated for LS-associated clinical characteristics in
the 70 variant-positive individuals in BioMe. The overall rate
of malignancy was 34%, with the lowest rate in individuals
harboring PMS2 (21%) compared with MSH2 (38%),
MLH1I (42%), or MSH6 (50%) variants (Table 2). Of the
24 variant-positive individuals with cancer, 13 (54%) had
a tumor type associated with LS (Appendix Table A3). LS-
related cancers included cancers of the endometrium (n =
7; 18% of women), colorectum (n = 3; 4%), stomach or
small bowel (n = 2; 3%), ovary or fallopian tube (n = 1;
3% of women), brain (n = 1, 1%), and cutaneous seba-
ceous gland (n =1, 1%). Two individuals had 2 distinct LS-
related cancers: an AA woman harboring MSH6 ¢.892C>T
with EC and CRC, and an H/L man harboring MSHZ2
¢.478C>T with small bowel and sebaceous gland cancers.
Rates of LS-related cancers varied across ancestry groups,
with higher rates in individuals of EA ancestry (27%) and
lower rates in those of AA (13%) and H/L (13%) ancestries
(Fig 1). Each of the 13 individuals with an LS-related cancer
harbored a distinct MMR gene variant, with the exception of
2 individuals with MLH1 ¢.790+1G>A (one with CRC and
the other with gastric cancer) and 2 with MSHZ2 c.1697del
(one with fallopian tube cancer and the other with EC).
Other cancer types observed in variant-positive individuals
included BC (n = 5); skin cancers, including squamous and
basal cell carcinomas and melanoma (n = 4); prostate
cancer (n = 3); and lung cancer (n = 2). Two individuals
had the same 2 variants, PMS2 ¢c.2444C>T (likely path-
ogenic) and ¢.2331dup (pLOF), for which the phase could
not be determined. Neither of these individuals had EHR
evidence of features consistent with constitutional MMR
deficiency (which results from biallelic germline variants in
MMR genes), including hematologic, brain, intestinal tract,
or other cancers. Only 10 (31%) of 32 women without EC
had undergone ultrasonography of the pelvis, and 15
(22%) of 67 individuals without CRC had completed
a colonoscopy. Among 34 variant-positive individuals
(49%) with a family history of cancer, the majority (n = 19;
56%) had first- and/or second-degree relatives diagnosed
with an LS-related cancer (Appendix Table A3). Family
members of individuals harboring MLH1 variants had the
highest rates of LS-related cancers (50%) or any cancer
type (67%) compared with family members of individuals
harboring other MMR gene variants (Table 2).

Review of medical records revealed that 2 variant-positive
individuals (3%) had a diagnosis of LS. One was an H/L man
harboring MSH2 ¢.478C>T with duodenal adenocarcinoma
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TABLE 1. Expected Pathogenic Variants in MMR Genes Identified Among 30,223 BioMe Participants

Rosenblum et al

CHR:POS:REF:ALT Gene Function rsID cDNA Position® Protein Position No. of Hets
3:36996686:C:T MLH1 Stop gained rs63751428 c.184C>T p.GIn62Ter 1
3:37012098:C:T MLH1 Stop gained rs63751615 c.676C>T p.Arg226Ter 1
3:37014545:G:A MLH1 Splice donor 15267607789 €.790+1G>A 6
3:37017508:C: T MLHI Missense rs63751194 €.793C>T p.Arg265Cys 1
3:37025895:G: T MLH1 Stop gained rs63750443 c.1297G>T p.Glu433Ter 1
3:37048610:G:A MLH1 Splice donor rs267607879 €.1989+1G>A 1
3:37048994:G:T° MLH1 Stop gained rs147542208 ¢.2080G>T p.Glu694Ter 1
2:47410205:C:T MSHZ2 Stop gained rs63751426 c.478C>T p.GIn160Ter 1
2:47463029:A:G° MSH2 Splice acceptor rs1573547594 c.1387-2A>G 1
2:47470995:CA:C MSHZ2 Frameshift rs1553367635 c.1697delA p.Asn566fs 8
2:47475171:G:C MSH2 Missense rs63750875 ¢.1906G>C p.Ala636Pro 2
2:47480869:G:T° MSHZ2 Stop gained rs749543152 €.2632G>T p.Glu878Ter 1
2:47783495:T:A MSH6 Splice donor rs1553408469 €.260+2T>A 1
2:47798875:C:T MSH6 Stop gained rs146816935 €.892C>T p.Arg298Ter 1
2:47799083:A:G MSH6 Missense rs1553412495 ¢.1100A>G p.His367Arg 1
2:47799331:GTA:G MSH6 Frameshift rs878853702 ¢.1350_1351delAT p.Phe451fs 1
2:47799684:GTT:G MSH6 Frameshift rs587783056 ¢.1705_1706delTT p.Phe569fs 1
2:47799823:TC:T MSH6 Frameshift — c.1842delC p.Cys615fs 1
2:47800056:C:CA MSH6 Frameshift — €.2079dupA p.Cys694fs 1
2:47803473:C:T MSH6 Missense rs63750617 €.3226C>T p.Argl076Cys 2
2:47803500:A:AC MSH6 Frameshift rs267608078 ¢.3261dupC p.Phe1088fs 2
2:47803500:AC:A MSH6 Frameshift rs267608078 c.3261delC p.Phe1088fs 1
2:47803552:CTT:C MSH6 Frameshift — ¢.3311_3312delTT p.Phel104fs 1
2:47806286:A:ATTAT® MSH6 Frameshift — ¢.3732_3735dup p.Ser1246fs 1
2:47806605:AAAGC:A MSH6 Frameshift rs267608120 €.3959_3962delCAAG p.Alal1320fs 1
2:47806630:A:ATCAG MSH6 Frameshift rs267608121 €.3984_3987dup p.Leu1330fs 1
7:5977589:G:A PMS2 Missense rs587779338 €.2444C>T p.Ser815Leu 4
7:5977629:G:A PMS2 Stop gained rs63751466 €.2404C>T p.Arg802Ter 3
7:5977701:A:AGP PMS2 Frameshift — €.2331dupG p.Phe778fs 2°
7:5986838:G:A PMS2 Stop gained r1s63751422 €.1927C>T p.GIn643Ter 1
7:5986933:A:AT PMS2 Frameshift rs63750250 ¢.1831dupA p.lle611fs 1
7:5987174:C:A PMS2 Stop gained rs878854037 c.1591G>T p.Glub31Ter 1
7:5989821:GCTGA:G® PMS2 Frameshift rs757679199 ¢.1119_1122delTCAG p.GIn374fs 1
7:5989956:C:A PMS2 Splice acceptor rs587780064 €.989-1G>T 1
7:5992012:G:A PMS2 Stop gained rs143277125 €.949C>T p.GIn317Ter 1
7:5992018:G:A PMS2 Stop gained rs200640585 €.943C>T p.Arg315Ter 2
7:5995534:C:A PMS2 Missense rs267608153 c.903G>T p.Lys301Asn 2
7:5995612:T:C PMS2 Synonymous rs876659736 c.825A>G p.GIn275 = 1
7:5995628:G:C PMS2 Stop gained rs786201047 ¢.809C>G p.Ser270Ter 1
7:6003717:T:TC PMS2 Frameshift 587781716 ¢.325dupG p.Glu109fs 1
7:6003793:C:A PMS2 Splice acceptor rs764171734 c.251-1G>T 1
7:6005918:C:A PMS2 Missense rs121434629 c.137G>T p.Serd6lle 6
7:6008996:C:A PMS2 Splice donor rs587782074 €.23+1G>T 1
7:6009019:T:C PMS2 Start lost rs587779333 c.1A>G p.Met1Val 1

Abbreviations: Hets, heterozygotes; MMR, mismatch repair; pLOF, predicted loss of function.

2cDNA position provided for MLH1 ENSTO0000231790 (NM_000249.3), MSH2 ENST00000233146 (NM_000251.2), MSH6
ENST00000234420 (NM_000179.2), and PMS2 ENST00000265849 (NM_000535.7).

°pLOF variants not in ClinVar.

“These individuals also harbor PMS2 7:5977589:G:A (c.2444C>T).
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TABLE 2. Demographics and Clinical Characteristics of 70 BioMe Participants Harboring Expected Pathogenic Variants in MLH1, MSH2, MSH6,

or PMS2
All MMR Genes MLH1 MSH2 MSH6 PMS2

Characteristic (N =70) (n=12) (n=13) (n=16) (n =29)
Median (range) age, years b5 (24-77) 56 (40-74) 55 (26-76) 56 (30-77) 56 (24-77)
Sex

Male 31 (44) 5 (42) 4 (31) 5(31) 17 (59)

Female 39 (56) 7 (58) 9 (69) 11 (69) 12 (41)
Self-reported ancestry, No. (prevalence)

African American/African (n = 6,878) 23 (1:299) 4 (1:1,720) 3 (1:2,293) 7 (1:983) 9 (1:764)

Hispanic/Latinx (n = 10,460) 16 (1:654) 4 (1:2,615) 4 (1:2,615) 4 (1:2,615) 4 (1:2,615)

European (n = 7,772) 15 (1:518) 3(1:2,591) 2 (1:3,886) 3 (1:2,591) 7 (1:1,110)

South Asian (n = 605) 2 (1:303) 1 (1:605) 0 1 (1:605) 0

East/Southeast Asian (n = 757) 1 (1:757) 0 0 0 1 (1:757)

Native American (n = 52) 0 0 0 0 0

Multiple selected (n = 1,125) 8 0 4 1 3

Other (n = 2,343) 5 0 0 0 5

Not available (n = 231) 0 0 0 0 0

Total (N = 30,223) 70 (1:432) 12 (1:2,519) 13 (1:2,325) 16 (1:1,889) 29 (1:1,042)
LS diagnosis

EHR diagnosis 2(3) 1(8) 1(8) 0(0) 0 (0)

Amsterdam |l criteria 1(D) 1(8) 0 (0) 0 (0) 0 (0)
Personal cancer history

Colorectal cancer 3(4) 1(8) 0 (0) 2 (13) 0 (0)

Endometrial cancer® 7 (18) 1(14) 1(11) 3(27) 2 (17)

Any LS-related cancer® 13 (19) 3 (25) 3 (23) 5 (31) 2(7)

Any cancer 24 (34) 5 (42) 5 (38) 8 (50) 6 (21)
Family cancer history

Colorectal cancer 12 (17) 4 (33) 3(23) 2 (13) 3 (10)

Endometrial cancer 8 (11) 3 (25) 1(8) 1(6) 3 (10)

Any LS-related cancer 19 (27) 6 (50) 4 (31) 2 (13) 7 (24)

Any cancer 34 (49) 8 (67) 8 (62) 5(31) 13 (45)

NOTE. All data are No. (%) unless otherwise noted in row headings.
Abbreviations: EHR, electronic health record; LS, Lynch syndrome; MMR, mismatch repair.

20Only women included.

b S-related cancers include tumors of the colorectum, endometrium,

brain, and sebaceous gland as well as keratoacanthomas.

and sebaceous gland cancer, consistent with the Muir-
Torre variant of LS. IHC for the MMR proteins of both tu-
mors revealed a pattern of absent or reduced MSH2 and
absent MSH6. This was the only individual with evidence of
IHC or MSI screening in tumor tissue. The second indi-
vidual with a diagnosis of LS was an EA woman harboring
MLHI ¢.184C>T with EC and malignant pleural meso-
thelioma. This was the only individual who fulfilled
Amsterdam |l criteria. Of the 13 variant-positive individuals
with LS-related cancers, 2 fulfilled the revised Bethesda
guidelines for tumor testing of MSI: an AA woman harboring
MSH6 ¢.892C>T with CRC, EC, and BC; and a South Asian

JCO Precision Oncology

stomach, small bowel, ovaries, pancreas, ureter, renal pelvis, biliary tract,

man harboring MLHI ¢.790+1G>A with CRC. Of the 7
ECs and 3 CRCs in our study population, tumor histology
was only available for an EA woman harboring PMS2
c.137G>T with endometrioid EC. IHC/MSI screening
was not performed.

We tested for association with the most frequently observed
cancers—CRC, EC, and BC—in unrelated LS variant-
positive versus variant-negative individuals in BioMe
(Fig 2). Variant-positive individuals had significantly in-
creased odds of CRC (odds ratio [OR], 5.0; 95% Cl, 1.3 to
18.8; P=.02) compared with variant-negative individuals.
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FIG 1. Rates of Lynch syndrome (LS)-related and overall cancers
among self-reported ancestry groups in the BioMe Biobank. Rates of
LS-related cancers and any cancer type were evaluated in all 70
BioMe participants harboring LS-associated variants, and across the
3 largest self-reported ancestry groups: African American/African
(AA; n = 23), Hispanic/Latinx (H/L; n = 16), and European (EA; n =
15). South Asian (n = 2), East/Southeast Asian (n = 1), multiple
selected (n = 8), and other (n = 5) ancestries are not shown.

Variant-positive women had significantly increased odds of
EC (OR, 30.8; 95% Cl, 9.6 10 99.0; P=8.5 x 107°) but not
of BC (OR, 2.5;95% Cl, 0.9 t0 6.9; P=.08) compared with
variant-negative women.

DISCUSSION

We identified and characterized individuals harboring LS-
associated variants in MMR genes within a large, ances-
trally diverse biobank in New York City. The overall prev-
alence of expected pathogenic MMR variants was ~1 in
430, similar to previous LS prevalence estimates®?3;
however, prevalence varied across ancestry groups. Con-
sistent with our previous work identifying genomic risk for
BRCA1/2-related cancers,' we found that the vast majority
of variant-positive individuals did not have an awareness of
their increased cancer risk.

Expected pathogenic variants in PMS2 and MSH6 were
most common, with frequencies of ~1 in 1,000 and 1 in
1,900. Although up to 90% of LS has been attributed to
germline mutations in MLH1 or MSHZ2, more recent studies
have shown PMS2 and MSH6 variants to be more
frequent.*®233° Prior studies ascertaining patients with CRC
and/or meeting clinical diagnostic criteria for LS may have
underestimated the prevalence of MSH6 and PMS2 vari-
ants, which are thought to be less penetrant than MLH1
and MSHZ2 variants.?23! In this study, individuals harboring
an expected pathogenic variant in PMS2 had the lowest
rates of cancer compared with other MMR genes, sug-
gesting lower penetrance. However, individuals harboring
expected pathogenic variants in MSH6 had the highest
rates of cancer among variant-positive individuals.

We estimated the prevalence of LS-associated variants in
diverse populations, including self-reported AA and H/L
ancestry groups, for which estimates did not previously
exist. The prevalence in individuals of H/L ancestry was ~1

1434 © 2020 by American Society of Clinical Oncology

in 650, lower than that seen in AA and EA ancestries. The
highest prevalence (~1 in 300) was in individuals of AA
ancestry. Few studies have described LS in AA populations
to date, despite AA patients having the highest CRC
incidence and mortality of all patient populations.3?
Guindalini et al®® previously evaluated 51 AA families with
pathogenic variants or variants of uncertain significance in
an MMR gene and showed that 61% of families had
a deleterious variant in MLHI. This is distinct from our
findings, in which the majority of AA individuals harbored
expected pathogenic variants in MSH6 (30%) or PMS2
(39%).

Expected pathogenic variants in MMR genes were asso-
ciated with significantly increased risk of EC and CRC in
BioMe. EC and CRC were the most frequently observed
cancers, affecting 18% of variant-positive women and
4% of variant-positive individuals, respectively. Notably, 4
of 7 women with EC harbored MSH6 variants. Several
previous studies have suggested a higher risk for EC in
women with pathogenic variants in MSH6 compared with
other MMR genes, with an estimated 26% cumulative risk
of EC by age 70 years.>3¢ Our data did not support an
overall association between MMR pathogenic variants and
BC risk, which is the subject of ongoing debate.3”-3® Some
studies have demonstrated increased BC rates in women
with MMR pathogenic variants, most recently in MSH6 and
PMS2223% while other studies have not.*®*? The highest
rate of BC in our study was in women with MSH6 variants
(3 of 11). None of the 12 women with a PMS2 variant
had evidence of BC.

Formal diagnosis of LS was only documented in EHRs for
2 variant-positive individuals. Lack of awareness of in-
creased cancer risk could be due in part to the diversity
of this cohort, as racial and ethnic minorities access
genetic counseling and testing considerably less than
non-Hispanic whites.**** Previous studies have shown
that the Amsterdam Il criteria identify approximately
13%-67% of families with LS, and the revised Bethesda
guidelines detect approximately 78%-91% of patients
with LS, both of which are markedly higher than 1% and
3%, respectively, seen in this study.*® Overall, we found
that 96% of variant-positive individuals did not meet any
current clinical diagnostic criteria for LS testing. This is
consistent with the growing concerns that medical
history—based screening strategies fail to identify the
majority of individuals with high genomic risk for LS and
other hereditary cancers.*® Universal tumor screening of
all newly diagnosed CRCs and ECs is now recommended
to increase the identification of LS.'31® However, this
approach did not appear to enable LS diagnosis in this
study: no variant-positive individuals with CRC or EC had
EHR documentation of IHC or MSI screening, likely
because their cancers were diagnosed before the
widespread adoption of tumor screening and/or outside
of the health system.
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Variant positive Variant negative

Cancer type Cases | Controls Cases | Controls OR (95% Cl) p

Colorectal 3|61 280 | 26,662 - 1 5.0 (1.3 to 18.8) 1.8 x 1072

Endometrial (women) 7127 146 | 15,523 L 30.8 (9.6 t0 99.0) 8.5x 107°

Breast (women) 5|29 1216 | 14,453 L L 2.5(0.9t0 6.9) 8.4 x 1072
T T T T T T — T T T T T T T

Log(OR)

10 100

FIG 2. Lynch syndrome (LS)-associated variants are associated with increased risk of colorectal cancer (CRC) and endometrial cancer. CRC, endometrial
cancer, and breast cancer cases and controls were defined using International Classification of Diseases (ICD)-9 and ICD-10 codes extracted from
electronic health records. We excluded second-degree relatives and closer from these analyses. The odds ratio (OR) for CRC was calculated by
saddlepoint approximation, adjusting for age, sex, and the first 5 principal components of ancestry. ORs for endometrial and breast cancers were similarly
calculated in women only, adjusting for age and the first 5 principal components.

This study had some limitations. First, personal and family
cancer histories were obtained retrospectively from EHR
data, which may be incomplete and/or inaccurate. This
might downwardly bias the estimation of penetrance of LS-
associated variants. Additionally, we used exome se-
quencing to identify expected pathogenic variants in MMR
genes; however, this does not capture large genomic
rearrangements, such as multiexon deletions or duplica-
tions in MMR genes or in EPCAM, which can account for
a large portion of LS.3%4” Detection of pathogenic PMS2
variants may have been confounded by numerous ho-
mologous pseudogenes, particularly PMS2CL, potentially
resulting in a portion of PMS2 variant-positive individuals
having false positive results.*® Of note, there were 13 in-
dividuals harboring expected pathogenic variants at mul-
tiallelic sites who were excluded from this study after
manual review of the variants. However, we noted that 1 of
these individuals had a personal history of LS-related
cancer, and 2 others had first-degree relatives with LS-
related cancers. Therefore, the quality control stringency
applied may have excluded true variant-positive individuals
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from the study. Validation by Sanger sequencing or
other methods would be needed to confirm the pres-
ence of lower-quality variants identified by research
exome sequencing. Finally, this study did not include
variants of uncertain significance, which can be ob-
served more frequently in non-EA populations!; some of
these may eventually be reclassified as pathogenic as
knowledge about LS-associated variants continues
to grow.

We found that the vast majority of variant-positive in-
dividuals did not have EHR evidence of a LS diagnosis,
even when they had LS-related cancers, suggesting
underrecognition of this syndrome. Genomic screening for
LS-associated genomic variants in unselected and diverse
populations can be used to identify individuals at elevated
risk of CRC, EC, and other cancers. Prospective studies
using this genomics-first approach are needed to better
understand the penetrance of MMR variants and to inform
targeted clinical strategies for the prevention and earlier
diagnosis of LS-related cancers.
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TABLE A2. Amsterdam Il Criteria and Revised Bethesda Guidelines for Identification of Individuals at Risk for LS
Amsterdam Il Criteria Revised Bethesda Guidelines for Testing Colorectal Tumors for MSI

1. Three or more relatives with histologically verified LS-related cancer?, 1. Diagnosis of colorectal cancer in a patient < 50 years of age, or
one of whom is a first-degree relative of the other 2, and

2. Cancer involving at least 2 generations, and 2. Presence of synchronous, metachronous colorectal cancers or other
LS-related cancers® regardless of patient age, or

3. One or more cancer cases diagnosed < 50 years of age 3. Diagnosis of colorectal cancer with high frequency of MSI on the basis
of histologic findings (Crohn’s-like lymphocytic reaction, mucinous or
signet-ring cell differentiation, or medullary growth pattern) in a patient
< 60 years of age, or

4. Diagnosis of colorectal cancer in at least 1 first-degree relative with an
LS-related cancer, with at least 1 diagnosis occurring < 50 years of
age, or

5. Diagnosis of colorectal cancer in at least 2 first- or second-degree
relatives with LS-related cancers regardless of patient age

Abbreviations: LS, Lynch syndrome; MSI, microsatellite instability.

aLS-related cancers include cancers of the colorectum, endometrium, stomach, ovary, pancreas, ureter, renal pelvis, biliary tract, brain, small bowel, and
sebaceous glands as well as keratoacanthomas.

JCO Precision Oncology 1441
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