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Abstract: Up to 10% of cases of gastric cancer are famihiat so far, only mutations @DH1
have been associated with gastric cancer riskd@wotify genetic variants that affect risk for
gastric cancer, we collected blood samples frorpdkents with hereditary diffuse gastric cancer
(HDGC) not associated with mutationsGDH1 and performed whole-exome sequence analysis.
We then analyzed sequences of candidate gene8im&3pendent HDGC and non-HDGC
cases. We identified 11 cases with mutatiori@AhB2, BRCA1, or RAD51C genes, which

regulate homologous DNA recombination. We foundéhmutations in 2 of 31 patients with
HDGC (6.5%) and 9 of 331 patients with sporadidrgasancer (2.8%). Most of these

mutations had been previously associated with dyipers of tumors and partially co-segregated
with gastric cancer in our study. Tumors that deped in patients with these mutations had a
mutation signature associated with somatic homalegecombination deficiency. Our findings

indicate that defects in homologous recombinatnamdase risk for gastric cancer.

KEY WORDS: stomach, tumor, WES, interaction



Worldwide, gastric cancer (GC) is the fifth mostreononly diagnosed malignancy and the third cause of
cancer-related deatfisUp to 10% of cases show familial clustering, ®sjing a genetic basisCDH1
mutations are a known cause of hereditary diffusstriz cancer (HDGC), explaining ~ 40% of casés
but the genetics of non-HDGC remain largely unknoWwm identify novel GC genes, we analyZedH1
mutation-negative HDGC cases using whole exome eseijg (WES) followed by candidate gene
targeted analyses in independent HDGC and non-HD&3€Es.

WES of 2&DH1-negative European HDGC cases identified three gatididate causal variants
(Table 1): nonsense (p.Arg414Ter) and splice sit8201+1G>T)PALB2 mutations, and a nonsense
RAD51C (p.Arg237Ter) mutation. No deleterious mutationsraveeen in other known cancer genes
(Supplementary method9YALB2 and RAD51C are both critical in homologous recombination (HR)
major DNA repair pathway. Both of the abovdPALB2 mutations have been previously reported as
pathogenic in breast cancer (BC) familfesand RAD51C p.Arg237Ter is reported as pathogenic in
Clinvar’.

We then performed targeted sequenahPALB2 and RAD5S1C, their interaction partners
BRCAL/2 and CDHL1 in 173 additional Latin American GC cases. Basednupnrichment of HR
mutations in our discovery cohort and a recent ntepbowing multiple intestinal, diffuse and mixed
histology gastric tumors with a somatic HR deficigrsignature® , our validation cohort included both
HDGC and non-HDGC cases of diffuse and non-diffastology (Supplementary methods). Targeted
sequencing identified four additional mutation @Es: two sharing a known HisparBRCA1 founder
mutation (p.GIn1111Asnfs)® and two with novel PALB2 mutations (p.Pro918GIn and
p.Lys628 Cys630del) with predicted deleterious affe Residue Pro918 falls in the PALB2 WD40
domain, which mediates interactions with BRCA2, RADand RAD51C, whereas Lys628-Cys630
resides in the binding domain of MRG15, a transmip regulator and whose PALB2 interaction is
required for homology directed DNA double-stran@éak repair indicating potential pathogenicity of

these two novel mutatiort& 1%



In a third phase of the study, we gepetly all six PALB2, RAD51C and BRCALl mutations
described above plus four known HispaBRCA1/2 founder mutations (Supplementary methods) in 160
independent Latin American non-HDGC cases and fdabnek additional mutation carriers, one with a
BRCA1 mutation (p.Gly559Valfs) and two withPALB2 mutations (p.Lys628 Cys630del and
p.Arg414Ter, Table 1). Interestingly, during theeparation of this manuscript, our clinic-based
Portuguese collaborator (MT), identified one aduditii GC case (GM037589) wifPALB2 p.Arg414Ter.
None of the seveRALB2, RAD51C andBRCA1 mutations, detected in 11 unrelated CaucasiarLatid
American cases, was detected in 1,170 populatideired controls (see mutation details in
Supplementary Table 1).

Clinical details of our mutation carriers @ieen in Table 1. Most of them had diffuse histglotwo
had HDGC syndrome (CG-05 and GM022584) and onerteghdiistory of hereditary breast and ovarian
cancer (HBOC, case CG-36, not showfihese mutation carriers were predominantly non-srok
and/or negative foHdicobacter pylori infection (Table 1), which suggest that GC riskrinst of these
cases was not driven by these two known environaheisk factors?.

To obtain additional evidence of the causality of BIR gene mutations, we carried out loss of
heterozygosity (LOH), mutational signature and egregation analyses in available samples from
tumors and relatives. For LOH and mutational sigrest, we performed WES in four available tumor
samples from three PALB2 (CG-12/p.Arg414Ter, CG-028/p.Lys628 Cys630del arBCG-
103/p.Pro918GIn) andrAD51C mutation carriers (Table 1). We found no LOH ormgmund
heterozygosity in these tumor samples (not sholmgrestingly, when we analyzed the somatic WES
data for mutational signatures, we found that @lirfftumors were enriched for a signature indicatifre
HR defects'® ** providing evidence for the causality of these atiohs (Supplementary methods,
Supplementary Figures 1 and 2).

Figure 1 shows available pedigrees from mutatianara. Case 3CG-103 and her daughter were
both diagnosed with GC and carried BA&LB2 p.Pro918GIn mutation (Figure 1A). GM03758R4._B2

p.Arg414Ter carrier, developed GC and BC and haister diagnosed with ovarian and endometrial



cancer who also carrig@ALB2 p.Arg414Ter (Figure 1B). ThBAD51C p.Arg237Ter carrier's son died
of colon cancer but did not carry the mutation (fFgg1C). We found that GC was the predominantly
diagnosed malignancy among unavailable relativethese carriers (Figures 1A-1D). Although we did
not have access to samples from relatives of RA&B2 p.Lys628 Cys630del carriers, our local
collaborators found this mutation co-segregatingaim unrelated breast cancer family (unpublished).
Albeit limited, our co-segregation data partiallpport GC causality dPALB2 mutations. Th&RAD51C
co-segregation data is however inconclusive butpttesence of a strong HR signature in the gastric
tumor (see above) of this mutation carrier warrfunther studies oRAD51C as a candidate GC gene.

In summary, our study identified eewcases with mutations PALB2, BRCA1 andRAD51C,
three closely-related HR genes. Some of these iongaare known to be pathogenic in other cancer
types. Out of 362 cases analyzed, 6.45% of the HD&es (2 out of 31) and 2.7% (9 out of 331) ofnon
HDGC cases haBALB2, BRCA1 or RAD51C mutations, suggesting that HR genes play a ro&Grrisk
Our data also provide evidence of a germline biasishe recently reported HR mutational signature i
gastric tumors and strengthens the evidence fauaat role of these genes, specific®IBB2, in GC, as
previously observe8 ° Future larger studies are needed to definitiaslsign causality and understand
the penetrance and prevalence of HR gene mutatio8< and to further understand if and why some
individuals from HBOC families with HR gene mutatodevelop GC. Further characterizations of the
GC histology in HR gene mutation carriers are alseded as we found instances where the same
mutation was found in cases with different histidsg(CG-12 and CG-008 witPALB2 p.Arg4l4ter and
CG-039 and CG-028 with PALB2 p.Lys628 Cys630delbldal). CDH1 mutation negative families
might benefit from HR gene testing and increasatbsoopic surveillance and targeted therapies, asch

PARP inhibitor<.
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Table 1: Details of clinical information of the mutation carriers

Satisfie
d Helicobacte .
Mutation details ID Ageof Sex | Histology | HDGC r Pylori Hlstor_y of
onset A . ) smoking
criteria | infection
2
CG-12% 69 M | Intestinal No NA NA
PALB2

€.1240C>T, p.Argdl4Ter CG-008° 48 F Diffuse NA NA Yes
GMO037589 | 46 F NA No Negative No
c 32P()'iljrlié>1_ CG-05° 50 M Diffuse Yes Negative No
PALB2 CG-039° 47 F Diffuse NA Negative No

c. 1882 1890del GCAGGACTT, - ) :
p.Lys628 Cys630del CG-028 81 M Intestinal NA Negative Yes
C.2753C>PAALpE_3§r - 3cG-103" | 79 | F | Mixed No | Negative Yes
BRCA1 CG-036" 67 F Diffuse No NA No

€.3331_3334delCAAG, . :

p.GI n1111Asnfs CG-059 54 Diffuse No NA No

BRCA1 c »
c.1674delA, p.Gly559Valfs CG-001 65 M NA No Positive Yes
RADSIC GM022584° | 73 M | Diffuse Yes Negative No

C.709 C>T, p.Arg237Ter

Identified by: *WES, ° targeted sequencing or ¢ genotyping. *:LOH and mutational signature analyzed. NA: Not available
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SUPPLEMENTARY MATERIALSAND METHODS

Phase| - Variant discovery by whole-exome sequencing (WES)

Patient recruitment: For whole exome sequencing (WES) analysis, we deduwenty-eight
GC cases (and six relatives from four different ifeas) with Hereditary Diffuse Gastric Cancer
(HDGC was defined according to the published gingsl?) recruited in the Portuguese
Oncology Institute (University of Porto, Portugahd in the Genomic Medicine group (Santiago
de Compostela, Spain). Sample collection was uaklent with informed consent and ethical
review board approval of the corresponding institut in accordance with the tenets of the
Declaration of Helsinki. All of these 28 index HDGfases tested negative fobH1 mutations

at clinical laboratories in these two Portuguesd &panish institutions. The average age of
HDGC index cases was 48.2 years (standard devit®@ years). 15 of these cases were males
and 13 were females. Interestingly, one of thesiemta (CG-12), who was initially included as
an HDGC case, on histological re-examination by tagependent surgical pathologists (JC-T
and AB) was re-classified as having intestinalditgjy. This case was therefore reclassified as a

non-HDGC in our study.

WES library preparation: Samples were prepared for WES using Agilent SuseBeXT2
protocol. Briefly,up to 1pug of DNA was sheared using Covaris E22@cator. Fragments were
end-repaired, A-tailed and Illlumina-compatible adap were ligated at the ends. The fragments
were then enriched using PCR. Eight multiplexedmaswere hybridized to the bait set, washed
and captured fragments were amplified by PCR. Sesnplere then sequenced on an lllumina

HiSeq2000 sequencer with 100PE sequencing.
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WES data analysis. For data analysis, publically available toolswadl as custom shell scripts
were used. Raw data was trimmed for adaptors agdesee quality and then aligned to the
human reference genome GRCh37 with decoy sequesies BWA-mem v0.7.12*. For WES,
duplicates were removed with Picard v1.129 (htjcérd.sourceforge.net). BAM files were
locally realigned using GATK IndelRealigner v3.3darecalibration of the quality scores was
performed using GATK BaseRecalibrator v3.3Multiple callers were used to call variants:
GATK HaplotypeCaller non-joint v3.8 Freebayes v0.9.14-17 SNVER &, Varscan v2.3.7,
Samtools mpileup v1.2. Calls were filtered based upon: coverage >=10, bammof reads
supporting variant >=5, minimum variant frequeney0>20, minimum frequency of variant reads
present on opposite strand >0.10, minimum averegéd quality >=22. Variants were annotated
using Annovar'. In addition, SNP and INDEL calling was performesing GATK
HaplotypeCaller joint genotyping. Calling, varidiltering, and variant score recalibration were
performed using GATK v3.3 Best Practice¥. Variants called by at least two different callers
were considered for further analysis. To selectntiost informative SNVSs, filtering of the initial
data was performed to exclude all synonymous SIB8/s that map to pseudo-genes, repeated
regions, segmental duplications and “dispensablkerieg. The remaining protein sequence-
altering variants were subjected to frequencyrfitig using data from publicly available datasets
such as the Exome Variant Server, the UK10K stdgNP and the 1000 Genomes Project to
exclude variants with >1% MAF. Of the remaining I78ariants, SNVs in known cancer
predisposition gene¥’ were identified (N=45). Of those, 2 SNVs were tpiio- truncating
(PALB2: p.Arg414Ter andRADSIC: p.Arg237Ter) with predicted deleterious amino acid
substitutions (based on Polyphen, SIFT, Mutatioeaser and MutationTaster) and one variant
resulted in disruption of a splice site. For thexabthree candidate causal variants, pileups were
visually inspected in IGV}. No truncating, deleterious mutations were seeaniyp other cancer

genes.
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Phase |- Candidate gene validation by targeted sequencing

Patient recruitment: For WES replication by targeted sequencing; weuithetl 14 Chilean GC
cases recruited in a local cancer clinic, four diick satisfied HDGC criteria. Thus, our study
included a total of 31 HDGC index cases in the aiscy (n=27) and validation (n=4) phases.
Out of the remaining 10 Chilean non-HDGC cases fnad intestinal GC and five were of
unknown histology. For targeted sequencing, we aisuded additional GC cases from
Colombia (N=90) and Mexico (N=69) out of which 10dses had diffuse histology, 42 had
mixed histology, one had intestinal histology, amd 2 cases histology was unknown. Together,
53 cases had early onset GC (<50 years). Chilesescaere recruited in Dr. Sétero del Rio
Hospital, and Clinical Hospital Pontificia Univedsid Cétdlica (both in Santiago, Chile). The
Ethics Committees of Dr. Sétero del Rio Hospitad &linical Hospital Pontificia Universidad
Céatdlica de Chile approved the recruitment protmctlolombian cases for validation phases li
and lll (see below) were recruited from a multi4egnstudy in Colombia and in the Instituto
Mexicano de Seguro Social (IMSS) following protacapproved by University of Tolima

(Ibague, Colombia) and IMSS National Council foisBarch on Health (Mexico City, Mexico).

Targeted sequencing library preparation and data analysis. ~350bp PCR amplicons covering
the entire coding regions &RCAL, BRCA2, CDH1, PALB2 andRAD51C were amplified from
50ng of genomic DNA using Fluidigm Access arrayteys and libraries were sequenced on a
MiSeq platform with 250PE reads. Sequence dataysisalvas performed with a bioinformatics

pipeline similar to the one described for WES above

Phaselll - Mutation validation by genotyping
Patient recruitment and genotyping: For genotyping, we included 160 non-HDGC casemfr
Colombia (N=93) and Mexico (N=67) that included @a&ses with diffuse histology, 117 with

intestinal histology, 8 with mixed histology and with unknown of histology. All six sequence-
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identified PALB2, RAD51C andBRCAL mutations in Phase | and Il (see above and bodieof
manuscript), as well as four additional known Hiip&8RCAL/2 founder mutations (¢.5123C>T
/p.Alal708Val and c.1674delA/p.Gly559Valfs in BRCAl and
€.2808_2811delTAAA/p.Ala938Profs and ¢.4889C>Gepl830Ter inBRCA2) were included
in Phase Il of genotyping. Genotyping of thesenmitations was performed using competitive

allele-specific PCR using KASP assays (LGC genomfoowing manufacturer’s guidelines.

Sanger sequencing: All mutations identified using WES, targeted satgieg and genotyping in
Phases |, Il and lll were verified using Sangeseging. Details of the sequencing primers are
as follows: PALB p.Arg414Ter - Forward: TGAACTTGGTTGTCCTGTGC, Rewrs
TGACACTCTTGATGGCAGGA. PALB2 c.3201+1G, Forward:
TTTGCCCTCAGGTCCTACAG, Reverse: TGGTTTGTTGGAAGAATGHG

PALB2 p.Lys628 Cys630del, Forward: CCTCCATTTCTGTATCCATGC Reverse:

AAGAGGATTCCCTTTCTTGGA, PALB2_p.Pro918Gin — Forward
CCAGCTGACAGAGACAAAGATG, Reverse: TCTGAGCCTTCAAATGAGAAA,
BRCA1_p.GIn1111Asnf - Forward: GGGTGAAAGGGCTAGGACTC, fRese:
CAGAGGGCCAAAATTGAATG, BRCA1_p.Gly559Valfs - Forward:
ACCAAACGGAGCAGAATGGT, Reverse: GCAATTCAGTACAATTAGGGEGGC,
RAD51C_p.Arg237Ter - Forward: GGTCCCTGCTCTCTTGGAGA, Resee

ACCAACCAAACGTAACTTTACTCAA.

WES of tumor DNA for |oss of heterozygosity (LOH) and mutational signature analysis

DNA was extracted, using a Qiagen tissue kit, ffommalin fixed paraffin embedded (FFPE)
tumor tissue samples from four cases: CG-BALB2 nonsense mutation carrier), 3CG-103
(PALB2 missense mutation carrier), CG-0ZBA[LB2 in-frame deletion carrier) and GM022584

(RAD51C nonsense mutation carrier). WES was performedyusiPA and Agilent SureSelect
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XT kits following manufacturer's guidelines. Sanpleiere sequenced on a HiSeq4000 using
PE150 sequencing. Sequence data analysis was medousing GATK best practices as

described above and somatic variants were calldtd®ATK MuTect2".

Mutational signature analysis: Mutational signature analysis in somatic tissu@ irecent field
that is undergoing active development, improvenaamt statistical grounding. The first general
signature model for mutation signature analysis deseloped by Alexandroet al *® and was
used to analyze the TCGA dataset, leading to teedefined mutational signature resulting from
defects in homologous recombinational DNA repaiR{Hannotated as ‘Signature % A
conceptually different theoretical model of mutatsignatures was developed by Shiragthal

18 with an accompanying computational framework calpedsignature. This model pools all
mutations from all the samples and seeks signatiiras occur relatively frequently in the
mutation pool. The output from the analysis is atrinaof estimated signature parameters
defining the signatures, and a membership weighitixndoat estimates the relative contribution
of each signature to the mutations in each sarijple.number of signatures that is found, K, is a
parameter that must be specifi@griori. The Shiraishi signature model differs from theiea
model in that it assumes independence of the atdjdaeses, so the number of parameters with a
single surrounding base is far fewer than withAlexandrov model, leading to more statistically
stable parameter estimates. We combined the mogadibour four tumor samples with 40 TCGA
GC whole exomes to increase the power to detectmtomGC signatures and to provide positive
and negative HR signature controls. Of the 40 sasp0 were selected from the 27 samples
with non-zero value for ‘Signature 3' and 20 weedested from the remaining samples with a
zero value®™. We configured the Shiraishi framework to use fhases of total context (the
mutated base plus two bases upstream and two desestream) and to include the transcription
strand as a mutation feature. The mutation sigaatnalysis was done using the R languge

order to detect an HR signature, we first deterchimbich of the 27 Shiraishi signatures was
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most similar to the Alexandrost al ‘signature 3’ by using both Frobenius and cosinglarity
measures. Heatmaps depicting the Frobenius andecssnilarity of each of the 27 Shiraishi
cancer signatures to each of the 30 Alexandrov (@K% cancer signatures are shown in
Supplementary Figure 1A and 1B respectively. Fa@bEnius similarity, Shiraishi signatures 16,
23, 24, and 25 all have similarity >= 0.7 to COSMigGnature 3. For cosine similarity, Shiraishi
signatures 16, 23, and 25 all have similarity >t@.TCOSMIC signature 3. We have designated
Shiraishi signatures 16 and 23-25 as HR signatomelseatmaps that show Shiraishi signatures.
Knowing which Shiraishi signatures correspond taHkh signature, we proceeded to determine
which signature, if any, of K signatures producgddor analysis, are similar to one of those
Shiraishi HR signatures. We used Frobenius siihjlan that case, since both signatures being
compared are Shiraishi signatures, and the congpmaiss more reliable than the Alexandrov-
Shiraishi comparison. Frobenius similarity showedtt at K=3, signature #1 [noted as 1(HR)]
was most similar to the Shiraishi HR signatures 2%, and 25 (full analysis, Supplementary
Figure 1C). Tumor DNA from our study samples waswdel from FFPE tissue, and was thus
expected to have a higher percentage of C: G>Tufations. Therefore we analyzed mutational
signatures after removing C:G>T:A from our studynpkes as well as from control samples
(restricted analysis). Similar to the full analysi® first identified signatures with high Frobeniu
similarity to Shiraishi HR signatures, using K=3uflementary Figure 1D). After optimizing
the method, we proceeded to determine whether asigiiiture was demonstrated by the four
study samples where somatic WES data was avai{abeabove). As shown in Supplementary
Figure 2, our study samples as well as the TCGAtipesontrols, at K=3, in full and restricted
analysis have a significantly higher relative ciimttion or membership weight for the HR
signature compared to the negative controls. Ietergly, another hallmark of somatic HR
deficiency is a high frequency of large ind&is™ Consistently, similar to TCGA HR-positive
controls, the mean deletion length found in thedrgrfrom our foulPALB2/RAD51C mutation

carriers was higher than in TCGA nonHR GC case$(Bf vs. 15.4 bp, P= 3 x 1p
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SUPPLEMENTARY MATERIALSAND METHODS

Phase| - Variant discovery by whole-exome sequencing (WES)

Patient recruitment: For whole exome sequencing (WES) analysis, we dedduwenty-eight
GC cases (and six relatives from four different ifeas) with Hereditary Diffuse Gastric Cancer
(HDGC was defined according to the published gingsl?) recruited in the Portuguese
Oncology Institute (University of Porto, Portugahd in the Genomic Medicine group (Santiago
de Compostela, Spain). Sample collection was uaklent with informed consent and ethical
review board approval of the corresponding institut in accordance with the tenets of the
Declaration of Helsinki. All of these 28 index HDGfases tested negative fobH1 mutations

at clinical laboratories in these two Portuguesd &panish institutions. The average age of
HDGC index cases was 48.2 years (standard devit® @ years). 15 of these cases were males
and 13 were females. Interestingly, one of thesiemta (CG-12), who was initially included as
an HDGC case, on histological re-examination by tagependent surgical pathologists (JC-T
and AB) was re-classified as having intestinalditgiy. This case was therefore reclassified as a

non-HDGC in our study.

WES library preparation: Samples were prepared for WES using Agilent SuseBeXT2
protocol. Briefly,up to 1pg of DNA was sheared using Covaris E22@cator. Fragments were
end-repaired, A-tailed and Illlumina-compatible adap were ligated at the ends. The fragments
were then enriched using PCR. Eight multiplexedaswere hybridized to the bait set, washed
and captured fragments were amplified by PCR. Sesnplere then sequenced on an lllumina

HiSeq2000 sequencer with 100PE sequencing.



WES data analysis. For data analysis, publically available toolswadl as custom shell scripts
were used. Raw data was trimmed for adaptors agdesee quality and then aligned to the
human reference genome GRCh37 with decoy sequesies BWA-mem v0.7.12*. For WES,
duplicates were removed with Picard v1.129 (htjcérd.sourceforge.net). BAM files were
locally realigned using GATK IndelRealigner v3.3darecalibration of the quality scores was
performed using GATK BaseRecalibrator v3.3Multiple callers were used to call variants:
GATK HaplotypeCaller non-joint v3.8 Freebayes v0.9.14-17 SNVER &, Varscan v2.3.7,
Samtools mpileup v1.2. Calls were filtered based upon: coverage >=10, bammof reads
supporting variant >=5, minimum variant frequeney0>20, minimum frequency of variant reads
present on opposite strand >0.10, minimum averegéd quality >=22. Variants were annotated
using Annovar'. In addition, SNP and INDEL calling was performesing GATK
HaplotypeCaller joint genotyping. Calling, varidiltering, and variant score recalibration were
performed using GATK v3.3 Best Practice¥. Variants called by at least two different callers
were considered for further analysis. To selectntiost informative SNVSs, filtering of the initial
data was performed to exclude all synonymous SIB8/s that map to pseudo-genes, repeated
regions, segmental duplications and “dispensablkerieg. The remaining protein sequence-
altering variants were subjected to frequencyrfitig using data from publicly available datasets
such as the Exome Variant Server, the UK10K stdgNP and the 1000 Genomes Project to
exclude variants with >1% MAF. Of the remaining I78ariants, SNVs in known cancer
predisposition gene¥ were identified (N=45). Of those, 2 SNVs were tpio- truncating
(PALB2: p.Arg414Ter andRADSIC: p.Arg237Ter) with predicted deleterious amino acid
substitutions (based on Polyphen, SIFT, Mutatioeaser and MutationTaster) and one variant
resulted in disruption of a splice site. For thexabthree candidate causal variants, pileups were
visually inspected in IGV}. No truncating, deleterious mutations were seeaniyp other cancer

genes.



Phase |- Candidate gene validation by targeted sequencing

Patient recruitment: For WES replication by targeted sequencing; weuithetl 14 Chilean GC
cases recruited in a local cancer clinic, four diick satisfied HDGC criteria. Thus, our study
included a total of 31 HDGC index cases in the aiscy (n=27) and validation (n=4) phases.
Out of the remaining 10 Chilean non-HDGC cases fnad intestinal GC and five were of
unknown histology. For targeted sequencing, we aisuded additional GC cases from
Colombia (N=90) and Mexico (N=69) out of which 10dses had diffuse histology, 42 had
mixed histology, one had intestinal histology, amd 2 cases histology was unknown. Together,
53 cases had early onset GC (<50 years). Chilesescaere recruited in Dr. Sétero del Rio
Hospital, and Clinical Hospital Pontificia Univedsid Cétdlica (both in Santiago, Chile). The
Ethics Committees of Dr. Sétero del Rio Hospital &linical Hospital Pontificia Universidad
Catdlica de Chile approved the recruitment protmc6lolombian cases for validation phases I
and lll (see below) were recruited from a multi4egnstudy in Colombia and in the Instituto
Mexicano de Seguro Social (IMSS) following protacapproved by University of Tolima

(Ibague, Colombia) and IMSS National Council foisBarch on Health (Mexico City, Mexico).

Targeted sequencing library preparation and data analysis. ~350bp PCR amplicons covering
the entire coding regions &RCAL, BRCA2, CDH1, PALB2 andRAD51C were amplified from
50ng of genomic DNA using Fluidigm Access arrayteys and libraries were sequenced on a
MiSeq platform with 250PE reads. Sequence dataysisalvas performed with a bioinformatics

pipeline similar to the one described for WES above

Phase|ll - Mutation validation by genotyping
Patient recruitment and genotyping: For genotyping, we included 160 non-HDGC casemfr
Colombia (N=93) and Mexico (N=67) that included @a&ses with diffuse histology, 117 with

intestinal histology, 8 with mixed histology and with unknown of histology. All six sequence-



identified PALB2, RAD51C andBRCAL mutations in Phase | and Il (see above and bodieof
manuscript), as well as four additional known Hiip&8RCAL/2 founder mutations (¢.5123C>T
/p.Alal708Val and c.1674delA/p.Gly559Valfs in BRCAl and
€.2808_2811delTAAA/p.Ala938Profs and ¢.4889C>Gépl830Ter inBRCA2) were included
in Phase Il of genotyping. Genotyping of thesemitations was performed using competitive

allele-specific PCR using KASP assays (LGC genomfoowing manufacturer’s guidelines.

Sanger sequencing: All mutations identified using WES, targeted satgieg and genotyping in
Phases |, Il and lll were verified using Sangeuseging. Details of the sequencing primers are
as follows: PALB p.Arg414Ter - Forward: TGAACTTGGTTGTCCTGTGC, Rewrs
TGACACTCTTGATGGCAGGA. PALB2 c.3201+1G, Forward:
TTTGCCCTCAGGTCCTACAG, Reverse: TGGTTTGTTGGAAGAATGRG

PALB2 p.Lys628 Cys630del, Forward: CCTCCATTTCTGTATCCATGC Reverse:

AAGAGGATTCCCTTTCTTGGA, PALB2_p.Pro918Gin — Forward
CCAGCTGACAGAGACAAAGATG, Reverse: TCTGAGCCTTCAAATGAGAAA,
BRCA1_p.GIn1111Asnf - Forward: GGGTGAAAGGGCTAGGACTC, fRese:
CAGAGGGCCAAAATTGAATG, BRCA1_p.Gly559Valfs - Forward:
ACCAAACGGAGCAGAATGGT, Reverse: GCAATTCAGTACAATTAGGGEGGC,
RAD51C_p.Arg237Ter - Forward: GGTCCCTGCTCTCTTGGAGA, Resee

ACCAACCAAACGTAACTTTACTCAA.

WES of tumor DNA for loss of heterozygosity (LOH) and mutational signature analysis

DNA was extracted, using a Qiagen tissue kit, ffommalin fixed paraffin embedded (FFPE)
tumor tissue samples from four cases: CG-BALB2 nonsense mutation carrier), 3CG-103
(PALB2 missense mutation carrier), CG-0ZBA[LB2 in-frame deletion carrier) and GM022584

(RAD51C nonsense mutation carrier). WES was performedyusiPA and Agilent SureSelect



XT kits following manufacturer's guidelines. Sanpleiere sequenced on a HiSeq4000 using
PE150 sequencing. Sequence data analysis was medousing GATK best practices as

described above and somatic variants were callded®ATK MuTect2".

Mutational signature analysis: Mutational signature analysis in somatic tissua irecent field
that is undergoing active development, improvenaamt statistical grounding. The first general
signature model for mutation signature analysis desgeloped by Alexandroet al *® and was
used to analyze the TCGA dataset, leading to teedefined mutational signature resulting from
defects in homologous recombinational DNA repaiR{Hannotated as ‘Signature . A
conceptually different theoretical model of mutatsignatures was developed by Shiragthal

18 with an accompanying computational framework calpedsignature. This model pools all
mutations from all the samples and seeks signatiiras occur relatively frequently in the
mutation pool. The output from the analysis is atrinaof estimated signature parameters
defining the signatures, and a membership weighitixndoat estimates the relative contribution
of each signature to the mutations in each sarijple.number of signatures that is found, K, is a
parameter that must be specifi@griori. The Shiraishi signature model differs from theiea
model in that it assumes independence of the adjdaeses, so the number of parameters with a
single surrounding base is far fewer than withAlexandrov model, leading to more statistically
stable parameter estimates. We combined the mosadibour four tumor samples with 40 TCGA
GC whole exomes to increase the power to detectmomGC signatures and to provide positive
and negative HR signature controls. Of the 40 sasp0 were selected from the 27 samples
with non-zero value for ‘Signature 3' and 20 weedested from the remaining samples with a
zero value®™. We configured the Shiraishi framework to use fhases of total context (the
mutated base plus two bases upstream and two tesestream) and to include the transcription
strand as a mutation feature. The mutation sigaatnalysis was done using the R languge

order to detect an HR signature, we first deterchimbich of the 27 Shiraishi signatures was



most similar to the Alexandrost al ‘signature 3’ by using both Frobenius and cosinglarity
measures. Heatmaps depicting the Frobenius andecssnilarity of each of the 27 Shiraishi
cancer signatures to each of the 30 Alexandrov (@K% cancer signatures are shown in
Supplementary Figure 1A and 1B respectively. FabEnius similarity, Shiraishi signatures 16,
23, 24, and 25 all have similarity >= 0.7 to COSMigGnature 3. For cosine similarity, Shiraishi
signatures 16, 23, and 25 all have similarity >t@.TCOSMIC signature 3. We have designated
Shiraishi signatures 16 and 23-25 as HR signatomelseatmaps that show Shiraishi signatures.
Knowing which Shiraishi signatures correspond taHkh signature, we proceeded to determine
which signature, if any, of K signatures producgddor analysis, are similar to one of those
Shiraishi HR signatures. We used Frobenius siihjlan that case, since both signatures being
compared are Shiraishi signatures, and the congpaiss more reliable than the Alexandrov-
Shiraishi comparison. Frobenius similarity showedtt at K=3, signature #1 [noted as 1(HR)]
was most similar to the Shiraishi HR signatures 2%, and 25 (full analysis, Supplementary
Figure 1C). Tumor DNA from our study samples wasweel from FFPE tissue, and was thus
expected to have a higher percentage of C: G>Tufations. Therefore we analyzed mutational
signatures after removing C:G>T:A from our studynpkes as well as from control samples
(restricted analysis). Similar to the full analysi® first identified signatures with high Frobeniu
similarity to Shiraishi HR signatures, using K=3uflementary Figure 1D). After optimizing
the method, we proceeded to determine whether asigiiiture was demonstrated by the four
study samples where somatic WES data was avai{abeabove). As shown in Supplementary
Figure 2, our study samples as well as the TCGAtipesontrols, at K=3, in full and restricted
analysis have a significantly higher relative ciimttion or membership weight for the HR
signature compared to the negative controls. Ietergly, another hallmark of somatic HR
deficiency is a high frequency of large ind&is™ Consistently, similar to TCGA HR-positive
controls, the mean deletion length found in thedrgrfrom our foulPALB2/RAD51C mutation

carriers was higher than in TCGA nonHR GC case$(Bf vs. 15.4 bp, P= 3 x 1p
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Supplementary Table 1: Details of mutations identified in the study

Chr position Ref Alt Gene Trasncript 1D cDNA change | Protein change and Pathogenicity Type, effect on EXAC
(Genome name effect prediction protein frequency
assembly =
GRCh37/hg19)
16: 23646627 G A PALB2 NM_024675.3 c.1240C>T p.Arg414Ter, Reported Rgghe in | Nonsense, truncates| NA
Clinvar protein
16: 23625324 C A PALB2 NM_024675.3 €.3201+1G>T| Reported Pathogenic|inSplice-donor variant NA
ClinVar
16: 23641585- | GCAG | - PALB2 NM_024675.3 c. 1882_1890| p.Lys628 Cys630del| Reported as VUS* in In-frame deletion, 3.31X10°
23641593 GACT delGCAGGA | , ClinVar, possible effect on
T CTT recruitment to DNA
damage site (see text)
16: 23635411 G T PALB2 NM_024675.3 c. 2753C>A p.Pro918GIn Reported as VIOS* | Missense, possible | 1.742X10°
ClinVar, predicted effect on protein —
deleterious in SIFT, protein interaction
PolyPhen, LRT and
MutationTaste
17:41244214- | CAAG | - BRCA1 NM_007294.3 C. p.GIn1111Asnfs Pathogenic Frameshift deletion, NA
41244217 3331_3334del truncates protein
CAAG
17: 41245874 A - BRCA1 NM_007294.3 c.1674delA p.Gly559Valfs Reported Pgémic in | Frameshift deletion, | NA
Clinvar truncates protein
17:56787223 C T RAD51C NM_058216.2 €.709C>T p.Arg237Ter Reported Pathimgan | Nonsense, truncates| 8.23X10°

Clinvar

protein

Supplementary Table 5vUS = Variant of uncertain significance, ExAC = Ewe aggregation consortium




SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. Mutational signature analysis methods. Similarity between
mutation signatures identified by Alexandreial (COSMIC) and Shiraishé al. usingA =
Frobenius similarity measures aBd= Cosine similarity measures. For Frobenius siitjla
Shiraishi signatures 16, 23, 24, and 25 all hawelaiity >= 0.7 to COSMIC signature #3, and
for cosine similarity, Shiraishi signatures 16, 28d 25 all have similarity > 0.7 to COSMIC
signature #3. Frobenius similarity was used tordatee, at K=3, which signature showed most
similarity to the Shiraishi HR signatures. Considgrthat our study samples were derived from
FFPE tumor DNA, this analysis was performed onftiieset of SNV mutations (full analysis) as
well as after removal of C:G>T:A changes (restdctmalysis), a known artifact of FFPE tissue
processing. Signatures with high Frobenius sintjlato the Shiraishi HR signhatures were
identified for K=3 forC = full analysis andD = restricted analysis. As shown in C and D,

signature #1 (noted on axis as HR) is most simdlé&hiraishi HR signature.

Supplementary Figure 2: Analysis of mutational signatures in tumor samples. We used
whole exome sequence (WES) data from fdRALB2 and RAD51C mutation carriers
(GM022584, 3CG-103, CG-028 and CG-12) and from &defective (TCGA_GC_HR, n=20)
and HR proficient (TCGA _GC _nonHR, n=20) cases frima TCGA study. These analyses
included all mutations (full analyses, A-C, leftngd) and removal of C:G>T:A changes
(restricted analyses, D-E, left panel) as our WBf& &vas generated from archival tumors, which
are known to accumulate artifactual C:G>T:A mutasioA and D. Logos of somatic HR
signatures. The central base represents the frequdénhe mutation, which is surrounded by the
frequency of bases at positions -2 and -1 (left) &b and +2 (right). The top right bars indicate
the frequency of such mutations in the + and -stdption strand polarities (see ref 14 for more

details). B and E. Heatmaps of relative contribution or membershgights of each signature



within each sample. Dark shading indicates low iGbation of the mutation signature and light
shading represents high contribution of the mutasggnature. Our four samples had highest
membership weight to signature #1 (the HR signatanel clustered in the full (which included
all mutations, panel B, right) and restricted (whiexcluded C:G>T:A changes, panel E, left)
analyses with the TCGA HR-positive cases. The paftevolving signatures #2 (unknown cases
but very similar to a previously reported signatbge Shiraishiet al in gastric and colorectal
tumors) and #3 (cytosine deamination) showed s&omgembership weights with the non-HR
samples. ThePALB2 nonsense mutation carrier and five TCGA_GC_nonHimpes were
removed from the restricted analysis as they had reutations after removal of C:G>T:A
changesC and F. Tables indicating membership weights for each $ampable indicates the
estimated fraction of mutations associated with i signature pattern. Study sample mean
indicates mean membership weight of HR signatuneal®e from Mann-Whitney two-sample U
test compares membership weight of the Study sampbkn or TCGA_GC_HR sample mean to

TCGA_GC_nonHR sample mean (row 6 and 8 and rowd78amespectively.
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