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Abstract

Hereditary mixed polyposis syndrome is a rare ca@ancer predisposition syndrome caused
by a duplication of a non-coding sequence neagthenlin 1, DAN family BMP antagonist
gene (GREML1) originally described in Ashkenazi Jewsw families with GREM1
duplications have been described, so there are nmumestions about detection and
management. We report 4 extended families withdinglication near GREM1 previously
found in Ashkenazi Jews; 3 families were identifegdcancer genetic clinics in Israel and 1
family was identified in a cohort of patients witéimilial colorectal cancer. Their clinical
features include extra-colonic tumors, onset of/p®lin adolescence, and rapid progression
of some polyps to advanced adenomas. One family disgnostic criteria for Lynch
syndrome. Expansion of the hereditary mixed poligg@yndrome phenotype can inform

surveillance strategies for carriers of GREM1 cegtibns.
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Report

Hereditary mixed polyposis syndrome (HMPS1) wagioally described in an Ashkenazi
Jewish (AJ) family whose members had multiple pslgb more than one histological type
(adenomas, hyperplastic and juvenile) and/or inldigl polyps with overlapping histological
features (atypical juvenile with admixed histolo@gaturesy®. The underlying cause was a
40kb duplication upstream dBREM1 at chr15:30,752,231-30,792,051 (hgl9), leading to
increased and ectopic expressionGREML1 in the colonic mucosa. Excess GREM1 protein
suppresses bone morphogenetic préteirhich in mouse models allows epithelial cells to
retain stem cell-like properties, form ectopic d¢sypbecome neoplastic and ultimately

cancerou$

Additional reported cases @REM1 duplications include more AJ families with the #0k
duplicatiort””, a family with 16kb duplication in th@REM1 regulatory regiof and a patient
with early-onset colorectal cancer (CRC) with agéaduplication encompassing the entire
GREM1 gené. However, large genomic alterations at tBREM1 locus are not routinely
identified, because the non-coding region upstrednGREM1 is not included in most

targeted panels, and whole exome sequencing ndsgéisations in non-coding regions.

Given the paucity of published descriptionsGREM1-associated HMPS, management of
affected families is challenging. We report foumfees with the 40kb AIGREM1 upstream
duplication, who present previously unreportedictihfeatures (Figure 1, Table 1). These
families further support the causal relationshipMeenGREML1 alteration and HMPS1, and

help define and extend phenotypic features ofabiglition.

The four newly identified families carrying the 40kluplication inGREM1 are shown in
Figure 1. Families 1, 2, and 3 were identified tlylo cancer genetic clinics, and family 4 was
identified from a cohort of patients with famili@RC.

Family 1. The proband (11l-2) had a colonoscoppge 41 due to family history of polyposis.
It revealed two tubular adenomas and a large sessittal polyp with intra-mucosal
carcinoma. A year later, eight additional polypsreveemoved. The proband's cancerous
polyp was microsatellite stable (MSS). Tumor molacuesting showed two commonly
observed somatic mutations KRAS and TP53 and two additional somatic mutations in
cancer related geneBTPN11 and MSARCB1 (table 1). NoOAPC or BRAF mutations were
identified. Multi-gene germline testing reveale@ #0kbGREM1 duplication, and no other
variants related to cancer predisposition. The gndts father (lI-2), who also carried the

GREM1 duplication, had multiple adenomatous polyps, #&doaninal desmoid tumor,



prostate cancer, and duodenal adenocarcinoma. Hiadfgther (I-2) had preventive
colectomy due to hundreds of polyps. His pateroat &ll1-5) and uncle (lI-6) had multiple
polyps; two paternal uncles (lI-1, 11-4) had prastaancer but no polyps. Among confirmed
carriers of theGREM1 duplication, three younger siblings (l11-3, 1lI-8]-7) had polyps, and
the proband's 13 year old daughter (IV-4) had allsmmbulovillous adenoma (TVA)One
carrier sister (1lI-6), age 33, did not have polyN® polyps were found in upper endoscopy
of the proband or his siblings.

Family 2. The proband (ll-2) had colonoscopies siage 50, with 20-30 polyps found in
each. The majority were hyperplastic, with a feveramnas, one with high-grade dysplasia.
After 10 years of annual colonoscopies, he undersebtotal colectomy. Multi-gene testing
detected the 40kGREML1 duplication, and no other relevant variants. Theband'’s father
(I-4) and two sons (lll-2 and 11I-3) had colonic Ipps. One son (l1I-3) had multiple
hyperplastic polyps in his twenties. A cousin ()ldied of CRC at 50.

Family 3. The proband (Ill-1) underwent colonoscagyage 43 due to rectal bleeding.
Several polyps were identified, including a 5cm TWAh low-grade dysplasia. Multi-gene
testing detected the 40 KBREM1 duplication and no other relevant variants. Thabpnd's
mother (lI-2) had 5 polyps after age 70. Gl andaeneltrial cancers were reported in maternal
great aunts (I-1 and I-2).

Family 4. To assess the contribution of @REM1 duplication to CRC in the AJ population,
targeted genotyping of the 40kb duplication wasantaken in a series of 184 AJ patients (85
males, 99 females) referred for genetic counsddatgreen 2010 and 2015 due to personal or
family history of polyposis or CRC. 142 had familGRC, with mean age at diagnosis of
56.4+13.2 years (range 24-85); the remaining 4i2pathad colonic polyps, either >5

polyps or at age <50. T&REM1 duplication was identified in one patient, a feen@l-1)

now age 84, who was diagnosed with metachronous &R@Ges 45 and 49. Her brother died
of CRC at 45, and two maternal cousins develope@ @Rages 45 and 47. The proband did
not carry the Ashkenazi founder mutation8RCAL, BRCA2, MSH2, andMSH®6.

Together, these four families include 16 carridrhe 40kbGREM1 duplication. Previously
unreported clinical features among carriers inclextea-colonic tumors, occurrence of
polyps as early as adolescence, and rapid polyptgrdVe were struck by the overlap of
these clinical presentations with those of FamAidénomatous Polyposis (FAP) and even
with Lynch syndrome. In family 1, a patient wittetBREM1 duplication, but normaAPC
sequence, presented with hundreds of polyps, aaldsamor, and duodenal
adenocarcinoma, all typical of FAP, whereas extilaftic tumors were not previously
reported in HMPS. Tumor molecular testing detecmumonly observed somatic mutations

in KRASandTP53. In the same family, a TVA was observed in a &8npold girl. While in

4



most HMPS1 families, ages at onset of polyps athériate twenties or older, polyps at ages
of 10, 16 and 18 have been repoft&bme polyps in patients in family 1 grew aggneslyi
with 3 patients developing advanced adenomas wtlyiears of prior colonoscopy (Table 1).
Polyposis is the prominent feature in all previgusiported HMPS1 patients and in three of
the four families described here. However, famifulills Amsterdam criteria for Lynch
syndrome, with CRC at young age as the prominextufe. Thus, the conventional
distinction between polyposis and non-polyposisisgmes may not apply to HMPS1.

In other polyposis syndromes, extensive clinicgezience helped define diagnostic criteria
and shape clinical guidelines for screening andegort®*2 This report extends the
knowledge of phenotypic spectrum of HMPS1. Cur@CN recommendations f@REM1
carriers are to begin colonoscopies at age 25eR@ated at 2-3 year intervals (1-2 years if
polyps are detecteld) Our observations, coupled with a previous repbyioung age of

polyp onsetand rapid polyp growth, suggest earlier screefmiitigition, perhaps in early
adolescence. The presence of extra-colonic feasuigggests further tailoring based on
family-history, similar to the approach in othetaocancer predisposition syndromes.
Given the phenotypic variability associated with thl GREM1 founder mutation we suggest
testing for this mutation in AJ patients with susee Lynch, FAP or other polyposis
syndromes. In addition, multi-gene panels targgpiolyposis and hereditary CRC should
include analysis of the entiBREM1 locus, so as to detect duplications and other copy
number variants in hon-coding sequence in persbasyancestry. Casting a wider net in
GREM1 testing will increase diagnosis of inherited polsiscand CRC, and may improve

prevention and care for mutation carriers.

Figure 1. Four Ashkenazi Jewish families segregétie 40kb duplication &REM1.
Colonic manifestations and other cancers are itelicg&enotypes are indicated as N for

normal (no duplication) and V for variant (presentéhe duplication).
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Table 1: Colonic manifestationsin GREM1 40 kb duplication carriers

Family | Patient | Sex? | Ageat first Polyps at | Polypsat Advanced | >5Polypsin | HGD | Total A/H/IN Cancer diagnosis Molecular pathology
colonoscopy first repeat adenoma single polyps | polyp polyps’ (Gene: mutation (protein), %
/Ageat first | screening | screening within 2 examination | (Y\N®) S
polyp (N) within 2 | years(Y\N) (Y\NP) (N)
diagnosis years (N)
1 12 M 45/45 NA? <5 Y Y N >50 Multiple |. Desmoid dx.48
Alone Il. Prostate dx. 65
documented H | I11. Duodenal
adenocarcinoma
dx.67
1 2 M 41/41 3 5 Y Y Y 12 9A/1H/ 1 CRC dx.41 TP53: ¢.818G>A (p.R273H),
SSA/1| 17% 11%
KRAS: ¢.35G>A (p.G12D),
31% 30%
PTPN11C: 215C>T (p.A72V),
19% 16%
SMARCB1: C.215C>A
(p.T72K).19% 19%
1 13 M 34/34 14 3 N Y Y 20 14A /1H/1J -
Other NA
1 5 M 35/35 3 4 Y N N ? 4A, 21,1 H -
1 116 F 33/- 0 0 N N 0 - -
1 17z F 26/26 2 NR*® NR N N 2A -
1 V2 F -/- - - - - - - - -
1 V3 M 15/- 0 NR NR N N 0 - -
1 V4 F 13/13 1 NR NR N N 1 1A -
1 V6 F 13/- 0 NR NR N N 0 - -
1 V10 M 11/- 0 NR NR N N 0 - -
1 V11 F 10/- 0 NR NR N N 0 - -
2 12 M 50/50 20 >20 N Y N >>50 Multiple H/ -
some A
3 1 M 43/43 4 NR NR N Y 7 3A,4H -
3 12 F 70/70 3 2 N N NA 5 NA -
4 11 F NA NA NA NA NA NA NA NA I. CRC dx.45
I1. CRC dx.49

M, male; F, female; °Y\N yes or no; °A, adenomatous; H, hyperplastic; SSA, sessile serrated adenoma; J, juvenile; I, inflammatory ; “NA, not available; °NR, not yet repeated
- 0% of DNA sequences.
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Supplement material - Subjects and methods:

Subjects: Patients were ascertained at three nméaktiutions in Israel. Clinical and
pathology data was retrieved from medical recoftiss study was approved by the IRBs of
all institutions. All participants provided writténformed consent. The series of patients
genotyped for the duplication were AJ individuaterred for genetic counselling between
2010-2015 at two institutions, either with a diagiscof familial CRC, or with a diagnosis of
colonic polyps; either multiple (>5) or at a yousuge (<50y).

Genetic testingfesting for AJ founder mutations was performedrasipusly publishet
Gene panel: Germline genomic DNA for each patiead wbridized using the BROCA panel
for 65 genes known or suggested to harbor mutatéing to solid tumofsEach locus was
fully sequenced to a depth of at least 100x, inalgi@xons, untranslated regions, introns, and
5-10 kb of intergenic sequence flanking the longrestscript. Sequencing was carried out
and variants were evaluated as previously desctiBahomic deletions and duplications,
including the duplication at th@éREM1 locus, were identified by analysis of BROCA
sequence read depth, as previously desctibgith the exception of th6REM1 duplication,
no potentially damaging variants were detectedhinfamily in any of the 65 genes
sequenced.

For each patient, the duplication@REM1 was confirmed and its exact breakpoints
determined by PCR amplification and Sanger sequgnBICR primers specific to the
duplication, 5’- GGGCATCTTCTGGTCTCT -3’ (forwardpd 5'-
AGTGAGACCTGGGGAAAG -3’ (reverse), and control primses’-
GGGCATCTTCTGGTCTCT -3’ (forward) and 5'- CGACCGGGTTATGTATC -3’

(reverse), were kindly provided by Emma Jaegerp@kBbniversity.

Tumor Testing: The tumor area was identified byathplogist on an H&E slide. An
appropriate region was selected from the correspgndhstained slide(s). Tumor cells
consisted 60% of cells analyzed. Analysis has leae twice. NGS, based on an lon Torrent
system was done for identifying mutation, includi¥®g800 COSMIC mutations in 50 cancer
related genes. The detected regions are from tesg@BL1, EZH2, JAK3, PTEN,
AKT1,FBXWY7, IDH2, PTPN11, ALK,FGFR1, KDR, RB1, APC, FGFR2, KIT, RET, ATM,
FGFR3,KRAS SMIAD4, BRAF, FLT3, MET, SMARCBL, CDH1, GNA11, MLH1, SMO,

CDKN2A, GNASMPL, SRC, CSF1R, GNAQ, NOTCH1, STK11,CTNNB1, HNF1A, NPM1,

TP53, EGFR, HRAS, NRAS VHL, ERBB2, IDH1, PDGFRA, ERBB4, JAK2, PIK3CA.



References:
1. Gabai-Kapara E, et al. Proc Natl Acad Sci 2014;(39): 14205-10.
2. http://tests.labmed.washington.edu/BROCA#BROCA Gerst Accessed Jan 2017

3. Shirts BH, et al. Genet Med 2016; 18: 974-981
4. Nord AS, et alBMC Genomics 2011; 12;: 184

5. http://products.invitrogen.com/ivgn/product/4475346




