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1 | INTRODUCTION

Background: Many families with a high burden of colorectal cancer fulfil the clinical criteria for
Lynch Syndrome. However, in about half of these families, no germline mutation in the mis-
match repair genes known to be associated with this disease can be identified. The aim of this
study was to find the genetic cause for the increased colorectal cancer risk in these unsolved
cases.

Materials and methods: To reach the aim, we designed a gene panel targeting 112 previously
known or candidate colorectal cancer susceptibility genes to screen 274 patient samples for
mutations. Mutations were validated by Sanger sequencing and, where possible, segregation
analysis was performed.

Results: We identified 73 interesting variants, of whom 17 were pathogenic and 19 were var-
iants of unknown clinical significance in well-established cancer susceptibility genes. In addi-
tion, 37 potentially pathogenic variants in candidate colorectal cancer susceptibility genes were
detected.

Conclusion: In conclusion, we found a promising DNA variant in more than 25 % of the
patients, which shows that gene panel testing is a more effective method to identify germline
variants in CRC patients compared to a single gene approach.

KEYWORDS

colorectal cancer, diagnostics, gene panel testing, inherited cancer, Lynch syndrome, next

generation sequencing (NGS)

epimutations in well-known cancer susceptibility genes that include
MLH1, PMS2, MSH2, MSH6, EPCAM, APC, SMAD4, BMPR1A, STK11,

Colorectal cancer (CRC) is one of the most common cancers in the
world with approximately 1.3 million new cases diagnosed each year,
and is a significant cause of cancer mortality.> Inherited factors are
estimated to be involved in the development of one third of CRC
cases. However, Mendelian CRC syndromes only explain about 5%

of these cases.? These syndromes are caused by mutations or

MUTYH, PTEN, KLLN, PIK3CA, AKT1, POLE, POLD1, AXIN2, BUB1 and
BUB3. Mutations in high penetrance genes such as TP53 and CDH1
resulting in other cancer aggregations reveals ambiguous results in
terms of their association with colorectal cancer risk.>* Four other
genes, ATM, CHEK2, MLH3, and EXO1 (all associated with some
aspect of DNA repair), have been implicated in CRC susceptibility.>~®
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ATM and CHEK?2 are increasingly being recognised as moderate pene-
trance genes primarily associated with an increased risk of breast
cancer, but they have also been associated with CRC.>” The involve-
ment of MLH3 and EXO1 in CRC is still disputed and if any effect at
all, they are more likely to modify the risk of other high penetrant
genes.®® Previous low-throughput sequencing studies aimed at inves-
tigating genes potentially involved in CRC susceptibility have identi-
fied candidates like GALNT12 and PTPRJ.”'° However, these studies
have not been replicated in additional independent cohorts and these
genes require further validation before being included in the clinical
management of CRC patients.

CRC is also considered as a complex disease, and low penetrant
variants together with environmental factors are likely to be asso-
ciated with the missing heritability apparent for the disease. Genome-
wide association studies (GWASs) have identified at least 31 common
low-penetrant genetic variants associated with CRC susceptibility
(reviewed in''). One GWAS has revealed that common variants in
BMP4 influence CRC risk!? which has been supported by a study that
has potentially identified pathogenic germline mutations in BMP4 in
early onset CRC patients with a family history of cancer.®® It is there-
fore possible that rare coding variants in genes identified by GWAS
can cause hereditary CRC.

Recent advances in sequencing technology have aided a high-
throughput approach in the search for new genes involved in hereditary
identified

several potential predisposition alleles.**1” However, these studies only

CRC. Four recent exome sequencing studies have
implicate potential candidates and require verification before these genes
can be considered bone fide hereditary colorectal cancer genes.

In some families there is a clustering of CRC, which is suggestive
of a hereditary predisposition. These families typically fulfil the Amster-
dam 1/1l criteria (AM I/Il) and/or the revised Bethesda guidelines (RBG),
which were devised to help identify patients with Lynch Syndrome
(LS) (MIM #609310, #120435, #614350, #614337)'87 In this study,
we included 274 patients who fulfilled the AM I/Il criteria and/or the
RBG. The patients had previously been referred for clinical genetic
testing of 1 or more of the MMR genes (MLH1, PMS2, MSH2, MSH6),
but no germline mutations were identified. The aim of this study was
to find the genetic cause for the increased CRC risk in these unsolved
cases, by using a gene-panel targeting 112 previously known or candi-
date CRC susceptibility genes.

2 | MATERIALS AND METHODS

2.1 | Samples

This study included DNA samples from 274 (82 Norwegian and 192 -
Australian) familial CRC patients. Some of the individuals were related
and altogether there were 8 families with 2 to 3 family members each
(19 individuals). All patients fulfilled AMI/Il and/or RBG and had pre-
viously been screened for mutations in 1 or more of the MMR genes
(MLH1, PMS2, MSH2 and MSH¢) without any pathogenic findings
(80 of the Norwegian samples were also screened by MLPA). Some
patients were also tested for other CRC-susceptibility genes, again

without any pathogenic germline mutations being identified. Table 1

shows the clinical characteristics of the patients included in the study.
The Norwegian samples were screened for mutations as part of their
standard patient healthcare, and all genetic testing was performed
only after written informed consent from the participants. The
Australian patients included in the study had previously given
informed consent for their de-identified DNA and clinical records to
be used in research related to their condition. Ethics approval was
obtained from the Hunter New England Human Research Ethics
Committee and the University of Newcastle's Human Research Ethics
Committee. DNA was isolated from EDTA-preserved whole blood
using iPrep PureLink gDNA Blood kit (Thermo Fisher Scientific, Wal-
tham, Massachusetts) (Norwegian samples) or the salt precipitation

method?® (Australian samples).

2.2 | Gene panel sequencing

We designed a custom HaloPlex (Agilent Technologies, Santa Clara,
California) gene panel targeting 112 genes (Table S1, Supporting
information) including both well-known CRC genes and candidate
CRC susceptibility genes. The design was generated using the webt-
ool SureDesign (Agilent Technologies). Target enrichment was per-
formed according to manufacturer's protocol. Briefly, the samples
were quantified on Qubit 2.0 Fluorometer (Life Technologies, Carls-
bad, California) using dsDNA BR Assay Kit (Life Technologies). DNA
was fragmented by restriction digestion, hybridized to HaloPlex
probes containing indexes and purified using magnetic beads. Frag-
ments were then ligated and amplified through 18 PCR cycles. Each
library was quantified on Agilent 2100 Bioanalyzer (Agilent Technolo-
gies) using the High Sensitivity DNA kit (Agilent Technologies) and
finally equimolarly pooled into sequencing ready libraries. The Nor-
wegian samples were sequenced using an lllumina HiSeq 2500 using
HiSeq Rapid SBS kit v2 (200 cycles) (lllumina, San Diego, CA). The
Australian samples were sequenced on a NextSeq (lllumina) using
NextSeq 500 High Output Kit (300 cycles).

2.3 | Data analysis

Analysis of sequencing data was performed as previously described
21 with only minor variation. PCR duplicates were not removed from
these datasets due to the use of restriction enzymes in the HaloPlex
library preparation, leading to non-random fragmentation. Removing
PCR duplicates at this step can lead to removal of ~90% of reads.??
The variant caller used was HaplotypeCaller. For filtering variants we
used the filtering tool FILTUS version 0.99-91.2%

2.4 | Filtering of variants

Our aim was to detect potentially pathogenic variants and therefore
our filtering strategy aimed at removing neutral variants and sequen-
cing errors. First, we selected variants tagged as ‘PASS’ after quality
control, present in 1000 Genomes Project with MAF <0.01 and with
a sequencing depth >10. To remove systematic sequencing errors
and variants common in the patients included in this study, we
excluded all variants detected in 210 individuals in these datasets

(if over 10 individuals carry a specific variant it can be regarded as
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TABLE 1 Clinical characteristics of the patients included in this
study

Total
Nationality cohort (N = 274)
Norwegian 82
Australian 192
Female 183
Male 91
Median age at first 51.5(21-86)
cancer®
Cancer history®
CRC 229
Other cancers® 28
Only adenomas 14
Multiple primary 64
cancers?
Amsterdam criteria
Positive 262
Negative® 12
Microsatellite instability
status
MSS 38
MSI-L 6
MSI-H 27
IHC®
Loss of MMR protein 83
staining
Normal staining 56

Abbreviations: CRC, colorectal cancer; RBG, revised Bethesda guidelines;
MSS, Microsatellite stable; MSI-L, Microsatellite instability low; MSI-H,
Microsatellite instability high; MMR, mismatch repair.

@ Data missing for 6 patients.
b Data missing for 3 patients.

¢ Cancer in locations other than colon and rectum.
d Patients with more than 1 case of cancer, regardless of location.
¢ AM negative patients were RBG positive.

fOnly available for the Norwegian npatients.
203 patients.

Data missing for

& Data available for 68 Norwegian and 71 Australian samples. Data miss-
ing for 135 patients

common and therefore not likely to be pathogenic). Further, we
included non-synonymous, splice-site and frameshift variants. The
selected non-synonymous variants were located in conserved regions
based on phastCons score, predicted to be at conserved sites by Phy-
loP and to be deleterious by SIFT, Polyphen2, LRT and MutationTa-
ster. We also included all frameshift and splice-site variants.
Following is a brief explanation of the thresholds used to define what
is conserved: Annovar uses UCSC phastCons 46 species alignment to
annotate variants that fall within conserved regions. It assigns a score
ranging from O to 1000. The higher score, the more conserved. We
selected all variants with any score. In addition, we used PhyloP for
base level conservation scores where a score >0.95 is conserved.

The next steps in the filtering process was to review bam files to
discover and remove artifacts and variant interpretation to only select
variants most likely to be pathogenic. Variant interpretation was per-
formed utilizing Alamut software (Interactive Biosoft-ware, Rouen,

France) and evaluating the available literature. Detected variants
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were classified into 5 classes according to the American College of
Medical Genetics and Genomics (ACMG) and the Association for
Molecular Pathology (AMP) guidelines.?*

2.5 | Validation and segregation analysis by Sanger
sequencing

Sanger sequencing was used to confirm detected variants remaining
after applying filtering steps described above and to test for detected
variants in additional family members. Sanger sequencing was done
as previously described.?! The variants confirmed were submitted to
Leiden Open Variation Database 3.0 (http://databases.lovd.nl/
shared/genes).

3 | RESULTS

31 |

The 95 Norwegian samples had a mean coverage of: 256.03. The

Filtering results

192 Australian samples had a mean coverage of: 320.26. This is per
base coverage in the targeted sequenced regions. Prior to filtering we
identified 13 783 unique variants in the 274 samples, and after in
silico filtering 148 unique variants remained. Manual filtering and
interpretation to remove artefacts and to select variants most likely
to be causal left 92 unique variants. Validation by Sanger sequencing
confirmed 73 variants. Of these, 37 were found in known CRC sus-
ceptibility genes (Tables 2 and 3). The other 36 variants were found
in candidate genes, where the association to CRC is yet to be clarified
(Table 4). The 19 variants not confirmed by Sanger sequencing were
mostly false positive frameshift variants, due to the remaining adapter
sequences. All but 1 of the patients with Sanger validated variants
fulfilled the Amsterdam criteria.

3.2 | Pathogenic variants in known CRC
susceptibility genes

We found 17 pathogenic variants in 21 samples (Table 2). Of these,
there were 4 mono-allelic MUTYH mutation carriers and 1 mono-allelic
BLM mutation carrier. The mono-allelic BLM mutation carrier did not
fulfil the Amsterdam criteria. One patient (no. 203) was bi-allelic for
MUTYH mutation (NM_001128425; c.1187G>A and c.1227_1228dup).
When excluding the mono-allelic MUTYH and BLM mutation carriers,
we found a most probable genetic explanation for the increased cancer
risk in 16 (6%) of the patients’ families using this multigene panel.

We identified 3 pathogenic (class 5) variants in the MMR genes
MLH1 and MSHé in 3 patient samples. The MSH6 (NM_000179.2)
variant, c.3261dup (p.Phe1088Leufs*5) had previously been identi-
fied in a diagnostic setting and was included as a positive control.
The 2 other samples were originally classed as mutation negative for
the MMR genes.

Two patients had pathogenic mutations in ATM, which is known
to be a moderate penetrance gene that confers an increased risk of
breast cancer. Both patients had a personal and family history of
CRC, and 1 of the patients (no. 154) had breast cancer in the family.
The ATM variant ¢.8584+2T>C (NM_000051.3) was also tested, but


http://databases.lovd.nl/shared/genes
http://databases.lovd.nl/shared/genes

3
&
z
w
(%2}
z
<
T
"Aliusey awes a3 03 3uojaq g pue /g ‘&7 Jusled ,
"9Ua8 HALNIA 3y} ul suoienwi dlussoyed g sey £0g jusiied
‘Alluie) swes syl Wwo.) S|enplAlpul palaajjeun pue pajdajje [euollippe ul punoyj JUeleA
‘papodal Jou ‘YN d1uadoyied ARy ‘] ‘O1usdoyied ‘d :suoljeinauqqy
1T ‘9T $24 14 dN AN [eA9ZTElV d 1<2/4L€D ¥#1€000 NN N3ld €€
AN S AN AN [eAG/gdsyd 1<V¥Z8™ €TET900 NN 370d (474
TC $2d S dN dN aydgsiALd 1<VELETD €TE€T900 NN 310d 8T LTy
d1:99/L1% S 15662000 07000 OLTCYSLLS) ¢d O<VZ-¥€62  T'STY8CITO0 WN  HALNIN 981
d ‘T€8LCT S T000'0 8£008L/L8SS4 Er=SHD0TYNID'd  dnpgzeT £22T?  T'SZP8ZTT00 WN  HALNIA q€0¢
B S¥C ‘0€T
d ‘76CS S L196€£2000 82000 £66£509€S4 dsy9egA|Dd V<9/8TT2  T'G¢¥#8CTT00 AN  HALNN 4€0C ‘SE€T
d ‘¥9€68 S 81000  66CCSY8Y/S4 GxS4N971880T3Ydd dnp 19z€" T'6/1000 WN 9HSN 19%
d ‘9/T0TC000ADY S AN €80809£9¢S4 Y:xSPRINY69sADd dnp/02 T'6/T000 WN 9HSIN €81
d1:T€55Z0000ADd S dN  888£09L9¢S4 &d 1<9T+E0TCD €'672000 NN THIN 911
d :G92ECTO00NADY S 78660000 81000 ST+SPdINL9EYLd ISPOOT T €761L00 NN OIFHD T6C
[< RIAAN) S S0-9G9T TS€65€08s4 TZ+5}01d8g6elv'd [SPT18Z 80822 €'650000 NN [Ave)::] 791
d ‘¢06.LE S AN Y099T/L81/S4 9+SHUYL1Z/pTSATd [9P8T ¥ ST €'650000 NN [Ave)::] LST
d1 ¢¥870000ADYd 14 dN GT085€08s4 &d D<VE+960¥72 €762.00 WN Tvoud L
d1:T291.LE 14 G0-9G9'T  €888ESSY/S) ¢d 1<V¢-¥¢8¢™ €'/50000 WN W14 8
dN S dN dN Psyna1e99di) d dnp/86172 €'659700 NN CNIXY il
d1/d ‘668181 14 AN 92E€T8B0ELSA éd J<1C+¥858™ €TS0000 NN N1V 7€
d1/d :65¥/LTT S 90-3%C'8  CL86LLL8SS) sADzegzdiy-d 1<D%618™ € 150000 NN W1V ST
uonejasdiayul sawouad (1v) 8ETANSAP ui04d VvNa ‘bas joy auan | 9|dwes
pue qj JeAulld 000T ovx3

sauag A3|iqiadadsns Jadued UMOUY-||oM Ul Sjuellea djuasoyled g 31avL

WILEY |

408



409

WILEY |

"Aliwe) swes ayy 03 SUojaq 8Z pue /g ‘7 Judlled g
“Alllie) swes sy} Woly s|enplAIpul pajdajjeun pue pajdajje [euoliippe ul punoy JueLieA

‘ugiuaq Aoyl ‘g ‘papodal Jou ‘YN :9duedusis ulepadun ‘g SUoneIAIqaY

HANSEN ET AL.

[2P98Y
N AN N ¢d =788y~ '#T€000" NN N3Ld vL 'Sy
1°P98Y B
AN AN AN ¢d - T6h-2 ' #T€000 NN N3Lld Y4
S0
SN :6TE9YC -9G9'T  TZTI¥0S89/S4 sAD06€T34y°d 1<289T7 €T€2900 NN 310d TLT
SN 0£L62T000ADY T9€66€0000 TEZOOO'0  TOO00  OT9LOZBETS 195z8z04d'd 1<D¥8" €T€T900 NN 310d YT
T
N jomo T AN N sAD/ /31y d 1<2622" €T€2900 WN 310d ql€ ‘TT€
T
SN ‘TGLLTT Jo01Ino Q €0000 tT0OETSO0TSA Jasgegusyd 9<V#00T 2 G'GES000 NN ZSd 74
AN AN N A9/ /G31yd O<V6ZLTD 2812900 NN VoedId e
90
AN 9428  £62CT8TILSA nogzysATd 9<VZ8TT? 26,1000 NN 9HSIN 691
S0
SN ¢TS06 ££0000°0 -990'6  6£6/09.9CS4 e|y6c0idd 9<IGH0T2 Z'152000 NN CHS 18¢
€
SN 75906 630310 ¢ J03In0 0 €000°0 19Z96€E€ES uo9psiHd 9<D8ETD Z'T52000 WN CHS 6
SN :00£5/0000ADY AN AN shizsInod V<Op162 €'6¥2000 NN THIN 0S¢
SN/4d1:958TY 80£0000  TO000  +E8EV966TSI 81yg0ssAT1d O<VETSTD S L661HT NN ND14 €8
S0
UN -969'T  620V068LLSA 195£065ADd D0<980ST2 S L66vYT NN ND14 €L
AN UN 1N [eAO6OT eV d 1<2692€2  T'STT8TOTO0 WN  ¢ADNV4 /2T
N 4N 4N A190z831y'd 9<V8SYPZ?  1'9198/Z1T00 NN Tdngd 6vc
SN :T029ZT 4N 0796G€08s)  Baysulgeztas gegnD'd  dnpoT/ T/ €'650000 NN vodd G/T
UN £/0000°0 AN TTPECLTHTSI SIHG664ALd D<1€8622 €'/50000 WN W1g St
S0
SN/d1 +00EYT -96/'S  98878//8SS4 u|908edIyd V<D6ETTD G'8€0000 N 2dV 95C
S0
SN 1680581 -969'T  TTL90V0LLSA 1Yy19%0zelvd V<D9€192 G'8€0000 N 2dv €1e
uonejaidiajul  pajayeun  pa1ddyy sawousd ds3 ovx3 8ETANSIP uiajoid VYNa ‘bas oy auan | odwes
pue @j JeAurd 000T

S2US3 A}|1q13d32SNS J32UBD UMOUY-|[9M Ul SNA € 31aVL



HANSEN ET AL.

WILEY |

410

(sanunuo))
4N COLLYTLLLS) £€000°0 €T:SelvzérAnd 19PSLYTD T'LYSTTOT00 NN 6VSI1S (0194
AN 4N AN pT:SH9SZ9EAd d 19PS80T 2 €'€8200 WN ridld S/T
AN 4N 4N 1950£0184y°d V<2802€™ €'€r8Z00 NN ridld S6C
4N 896610000 88G¢€9099S!  S0-3/L¥'C PING9ZTIeAd V<OE6LE™ €'€78Z00 NN rdd.id 134"
4N 4N AN 8T:SINA1E6CTUID'd  [9P6LBE™8L8ED €'€8700 NN rdd.id [xA4%
AN 690000  OVSZLOLYTSA 680000 1as6ghDd V<OSTT? €'£/5700 NN HdSd L9T ‘L6
4N 4N AN usypiaALd V<10€T2 2°099800100 WN W1VIId 9LC
AN SSYTTEB/LSA ¢10000 uipT6sIVd V<9¢LT? T'€99S01T00 NN £1AdNN 1:1 %
4N 896610000 9€€0000  £9€09L6615/ 120000 di10934yd 1<28/17 T°€9950TT00 N L1ANN 29T ‘6¥1
SN €¢ieLe 1896610000 £/00000  8¥9COVEFTS ¢1000°0 di1gegTaiyd 1<2€097 CTv/L¥Z00 NN TTHAN L6
4N 896610000 +8€000'0  18S£5969€S!  #Z0000 [BA69TAIDd 1<990672 €'802L00 NN E1ddN S61
d ‘€948 ¢jomofg j0 H:No T 4N AN ZT+SHYL96ZsIHd [9pS8872 1°80T0¥0T00 N EHIN 145
AN T403n0Q 0 Eﬁo 0 896610000 +¢/0000  T¥1C0C00Cs €0000 aydogedasd 1<26€TT2  €'6/760S00000LSN3 EINVIN 6
AN 4N AN 81ye9esiHd 9<V880T2 €'€62200 NN TONV1 6S¢C
4N 4N AN AlD608dsyd 9<V9ZYCD €'€62200 NN TONV1 9L
4N 4N 4N SIH605dsyd 0<9GeST T'95€L00 NN ANV 6¥¢
AN AN AN nogzgAnd V<D89¥C2 T'95€£00" NN ANV 9eT
4N 68€0000  OT8T¥L0STSA G€0000 JaszzeTAIod V<O¥96€ €095500 LN SYINV 44
4N 80000  CL6TYETGLSI €0000 [9PTY+ELCT 9C+ELTT D 621861 NN EVINV 9.C
AN €60C€883/S4 10000 €xSJna18eTTIALd dnpgT/E T'6C1861T NN EVINV €T¢
S0
4N £688886L/54 -RETY'L 1a5868¢usyd 9<VEL98 621861 NN EVINV 6L
4N £/00000  1620LSPLESH  90-96C°'8 aydezy/sAod 1<96¢ce™ T9€9€ET NN O13H 4’
4N ££0000'0  80LLELOVISH  SO-990'S nayTo.dd 1<21¥2 T'0TZT00T00 WN V99TV 99
AN £/0000'0  ¢S/E0CCLES  S0-988'9 SIHG/z3vd V<9282 9'¥6E£100 NN ¥dsnd €T
4N ¢jomofg 0 usﬁo 0 189661000  #8€2¢00°0 ¥E9C6CTYSA 82000 #8€78Mv'd 1<2CT¥™ €1887YT0 NN  VI3Y1Dd 1€T1 ‘09
AN 80€000'0  89T8TIT6YTSI ¢10000 sIHEYET Y d V<98¢0% €'6TZS00 NN 20d 761
AN 896610000 C810C6/L17GS4 910000 sAD¥ZTT84v d 1<20L€€ €'G1Z500 NN 20d o1
S0
AN €0/£88G€LLS4 /Y9 81y9090.d'd 9<D/18T2 €'612500 NN 20d 1C
AN €9G89C19/s4 AN €T+SIDTZZTNATA  [PPEYPE CIIE™D ¥'988902" NN 812d20 L1
AN 4N AN digdiy-d 1<205¢2 €70Z100 NN rdiNg 061
4N 4N UN 31991495°d 1<9/L6¥7 €70S€00 NN TNIXV 0T
uopejaidiaul  paddyeun  PIRRHY sauwiouas ds3 8ETdNSIP ovx3 uij0.d VNAa ‘bas “Joy 3u’9 ai
pue | feAul|d 0007 s|dwes
sauag A 1d22sNs DY d1epipued ul sjuelieA djuagoyjed jeipuajod v 319v.L




HANSEN ET AL.

(Continued)

TABLE 4

ClinVar ID and

1000

Sample
ID

interpretation
6663: RF
NR

dbSNP138 ESP genomes Affected® Unaffected®

ExAC

Protein

DNA

Ref. seq.

Gene

rs121917864
rs199930089

NR

7.44e-05

p.Argb677Trp

c.2029C>T
c.1543G>A
c.583T>C

NM_138557.2

NM_003264.3

TLR2
TLR4

189
213
189
53

0.00019968

8.43e-05
NR

p.Gly515Ser

NM_020648.5

NR

p.Trp195Arg
p.Arg834GIn

NM_018449.2

TWSG1

NR

rs777110723
rs749286362
rs749848475

8.25e-06
4.34e-05

¢c.2501G>A
c.874C>T

NM_001080491.2

UBAP2

NR

p.Arg292Cys
p.Gly336Cys

NM_020917.2

USP6NL
ZFP14

198
99

NR

0.00016

c.1006G>T

Abbreviations: CRC, colorectal cancer; NR, not reported; RF, risk factor.

Variants marked in bold are interesting candidates to be looked further into for their potential role in CRC susceptibility.

@ Variant found in additional affected and unaffected individuals from the same family.
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not found, in a maternal cousin with 3 synchronous cancers and mul-
tiple polyps. The unaffected mother of the index patient has now
been tested, and did not harbour the ATM variant. Therefore, the
cousin might have another predisposing genetic variant leading to his
high cancer burden.

One patient diagnosed with CRC at age 65 had a frameshift
mutation in AXIN2. This patient is deceased, but abnormal dentition
was reported, consistent with Oligodontia-colorectal cancer syn-
drome (MIM #608615).

One patient had a mutation in BRCA1 (no. 7) and 2 individuals in
BRCA2 (no. 157 and 164). These 3 female patients were affected
with early onset CRC. Two of them (nos 7 and 164) had a family his-
tory of CRC, breast and ovarian cancer, whereas the third (no. 157)
had no family history of breast or ovarian cancer.

Two unique pathogenic variants were detected in 4 patients in
POLE (NM_006231.3). In 3 of these patients a pathogenic POLE
mutation c.1373A>T (p.Tyr458Phe) previously reported by Hansen

[?* was observed. These individuals are all related and belong to

eta
the previously reported family.?! Variant c.824A>T (p.Asp275Val)
was identified in individual no. 42 affected with bilateral ovarian can-
cer at age 37. She was included in this study because of lack of blood
sample from her deceased mother. The mother was affected with
endometrial cancer at age 49 and CRC at age 88, and the POLE var-
iant (c.824A>T) was detected in paraffin-embedded tissue sample
from her surgery. This variant is previously found as a somatic change
in endometrial cancer 2°, but not as a germline variant. Asp275 forms
the exonuclease catalytic site of POLE and is involved in binding of
metal ions important for exonuclease activity.

We found 1 PTEN (NM_000314.4) variant ¢.377C>T (p.Alal126-
Val) in a patient diagnosed with 4 metachronous tumours (CRC, clear
cell renal carcinoma, thymoma and parathyroid adenoma), some of
which overlap with the tumour spectrum of Cowden Syndrome (MIM
#158350). CRC was the first cancer, diagnosed at 46 years of age.
The PTEN missense variant is within a highly conserved catalytic
domain, and it is reported to give rise to completely inactive
protein.2627

The CHEK2 (NM_007194.3) variant (c.1100del, p.
Thr367Metfs*15) was found in a patient who was diagnosed with
CRC at age 37. This CHEK2 variant is a well described, lower pene-
trant mutation, mainly associated with breast cancer, but also CRC

and prostate cancer.28%?

3.3 | Variants of unknown significance (VUS) in
known CRC susceptibility genes

A total of 19 variants of unknown clinical significance were detected
in 21 samples in known cancer susceptibility genes, and some of
these may also prove to be pathogenic (Table 3).

MLH1 variant ¢.514G>A (p.Glul172Lys) was found in a patient
diagnosed with CRC at age 51 who has several family members
affected with CRC. Residue Glu172 is highly conserved and located
in the ATPase domain of MLH1, although not at the ATP binding site.
This variant has previously been observed 3 times in the COSMIC
database. Two times as a somatic change in breast and endometrial

cancer and once in a cell culture from the large intestine. A MSHé
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variant c.1282A>G (p.Lys428Glu) was found in a patient diagnosed
with cancer at age 41 with a family history of CRC and uterine can-
cer. Lys428 is highly conserved and located in the MutS | domain.
The variant has not been previously reported.

The POLE variant, c.229C>T (p.Arg77Cys), was identified in
3 affected individuals from the same family and in 1 obligate carrier.
All 4 family members had early onset CRC and 1 had polyposis. Most
of the previously identified pathogenic mutations in POLE are found
in the DNA binding sites within the exonuclease domain.?%3%3% pOLE
p.Arg77is conserved (up to S. cerevisiae), and there is a large physico-
chemical difference between Arg and Cys (Grantham distance 180).
However, it is not located in any exonuclease domain or at an active
site, thus further investigation is needed in order to decide whether it
is a causative variant.

A BUB1 (NM_001278616.1) variant c.2458A>G (p.Arg820Gly)
was found in a patient affected with CRC at age 42. Residue
Arg820 is highly conserved and located in the protein kinase catalytic
domain of BUB1. The mutant residue potentially disturbs the domain
and is predicted to abolish its function. Although, the physiochemical
difference between Arg (positively charged) and Gly (no charge) is
moderate (Grantham distance 125), the difference in size, hydropho-
bicity and charge between the wild-type and mutant residue is pre-
dicted to disturb hydrogen bonds (Cys891 and Asp%32) and ionic
interactions (salt bridges) (Glu819, Glu892 and Asp932) between resi-
due 820 and these other internal residues. The loss of charge can
also cause loss of interaction with other molecules.?? The mutation
is therefore likely to affect the function of the protein.

PIK3CA (NM_006218.2) VUS c.1729A>G (p.Arg577Gly) was
found in a patient diagnosed with CRC at age 58 and 3 metachronous
melanomas. Arg577 is highly conserved, it is predicted to be patho-
genic by 6 prediction programs (PolyPhen, SIFT, MutationTaster,
Align GVD, SNPs3D and UMD Predictor), and it located in the PIK
domain which has been suggested to be involved in substrate presen-
tation. As described above for the BUB1 mutation, the physicochem-
ical difference between Arg and Gly is moderate (Grantham distance
125). However, this change is predicted to disturb ionic interactions
(salt bridges) between PIK3CA residue 577 and Aspartic acid at posi-
tion 395 and 578, indicating an effect on the protein's function.3?

Two PTEN variants c.-491_-486del and c.-488_-486del are located
in 5 UTR (or exon 1 in transcript NM_001304717) at a binding site for
RNA Polymerase Il. Detecting mutations in this region in 3 unrelated
Norwegian individuals suggests that these variants are common in the
Norwegian population. However, because these patients are highly
selected the 2 PTEN variants may be pathogenic if they disrupt RNA
Polymerase Il binding, but this needs further investigation.

The variants in Table 3 with reported minor allele frequencies
are less likely to be pathogenic, except for that identified in BLM,
which is associated with recessive disease. In addition, segregation
analysis of the MSH2 variant c.138C>G (p.His46GIn) and PMS2
c.1004A>G (p.Asn335Ser) does not support pathogenicity. How-
ever, PMS2 is found to have much lower penetrance for CRC than
the other MMR genes, and therefore mutations may not always be
associated with disease.®>3 For the remaining variants listed in
Table 3, there is no further information indicating whether they are

pathogenic or benign.

3.4 | Variants in candidate CRC genes

We identified 37 unique variants in 36 different patients in candidate
genes that have a potential role in CRC susceptibility (Table 4). There
was no evidence of autosomal recessive disease identified in this
dataset. Variants with a reported allele frequency are less likely to
cause a highly penetrant disorder, although moderately penetrant dis-
orders are possible but more difficult to identify. Laminins are essen-
tial components of connective tissue basement membranes and
influence cell differentiation, migration, and adhesion. Laminin is vital
for the maintenance and survival of tissues and defective laminins
can lead to the autosomal recessive disorders such as congenital mus-
cular dystrophy (MIM #607855), junctional epidermolysis bullosa
(MIM  #226700 and #226650) and Pierson Syndrome (MIM
#609049).3* We identified 8 variants in laminin genes; LAMAS3,
LAMAS5, LAMB4 and LAMC1. Based on Laminins function, these var-
iants are not the most probable candidates to play a role in CRC
susceptibility.

Segregation analysis was only possible for the variants DCLRE1A
(NM_014881.3) c412C>T (p.Arg138%), MAML3
(ENSTO0000509479.3) ¢.1139C>T  (p.Ser380Phe) and MLH3
(NM_001040108.1) c.885del (p.His296Thrfs*12) due to the availabil-
ity of samples from additional family members. However, none of
these variants seemed to segregate with disease. The MLH3 variant
has previously been found in 2 CRC patients, 1 endometrial cancer
patient and 1 unaffected below the age of 75 in a family 3, suggest-
ing the variant to have reduced penetrance. They further suggested
MLH3 to be a low risk gene for CRC. DCC variant c.1817C>G (p.
Pro606Arg) identified in patient no. 21 was not found in 2 affected
family members (nos 3 and 37) who also were included in this study.
Instead, these 3 family members all had the POLE VUS c.229C>T
described above. Another DCC variant, ¢.3370C>T (p.Arg1124Cys),
was identified in patient no. 164 who also has a pathogenic BRCA1
mutation. Consequently, these 2 DCC variants are not likely to be
associated with a predisposition to CRC.

The remaining 14 variants in the genes AXIN1, BMP4, CCDC18,
NUDT7, PICALM, PTPRJ, SLC5A9, TLR2, TWSG1, UBAP2, USP6NL
and ZFP14 have a potential role in CRC susceptibility (marked bold
in the table). Of these, the missense variants in AXIN1, BMP4,
NUDT7, PICALM, PTPRJ, TLR2, TWSG1, USP6NL and ZFP14 are
located in protein functional domains and the residue (Arg91)
affected in NUDT7 is a putative active site. Four variants in
CCDC18, PTPRJ and SLC5A9 are frameshift variants. The most inter-
esting candidates are the 2 frameshift and the missense variant
(marked bold) in the PTPRJ gene. Epigenetic silencing of this gene
due to an inherited duplication in a CRC family has previously been

d'® suggesting that this may be a new CRC susceptibility

reporte
gene. The 2 frameshift mutations are predicted to disrupt the func-
tion of this gene and the missense variant alters a highly conserved
amino acid involved in 2 functional domains (PTP type protein
phosphatase and protein-tyrosine phosphatase-like). All the patients
with PTPRJ alterations in this study were diagnosed with CRC
above the age of 50 years and have several family members
affected with CRC. Unfortunately no samples from additional family

members were available at this stage.
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In this study, we found several pathogenic or likely pathogenic (class
4-5) variants in known cancer susceptibility genes, which validates
our approach for identifying disease causing variants. Some of the
VUS's revealed in this study may also prove to be pathogenic, as
more becomes known about the functional impact of these variants.

Three variants in MLH1 and MSHé6 as well as a number of var-
iants of unknown significance (VUS) were identified in our sample
set. The most likely explanation for this finding is the accuracy of
some of the screening protocols that were used to identify variants
in known MMR genes. Using high-throughput screening approaches
that are significantly more accurate than previous methodologies it is
to be expected some additional mutations in these genes will come
to light. We recommend that samples screened by methodologies
that do not employ direct DNA sequencing be re-evaluated by better
more cost-effective and accurate assays.

The phenotype of hereditary cancer syndromes often overlap,
because of the pleiotropy of cancer genes. For example in LS a wide
spectrum of cancer types are associated with mutations in MMR
genes, like ovary cancer. Increased risk of ovary cancer is also asso-
ciated with mutations in BRCA1 and BRCA2. The spectra of cancer
types associated with each cancer syndrome are not always totally
determined either. Whether breast cancer is a part of the LS spectrum
have been widely debated. There has also been discussed whether
there is an increased risk for CRC in BRCA mutation carriers, and
recent studies have shown that there is an increased for CRC in female
BRCA1 mutation carriers below the age of 50 years (reviewed in®%).
This makes it more difficult to choose the appropriate gene(s) to test.
By using multigene panels, all relevant genes can be tested simulta-
neously, increasing the probability of finding a causal variant. An exam-
ple in this study is patient no. 7 in which we discovered the pathogenic
BRCA1 variant c.4096+3A>G. This patient and a first degree relative
were both affected with CRC and consequently this patient was, at
that time, only tested for MMR genes. There was also a case of bilat-
eral breast cancer and 2 cases of ovarian cancer in this family, but the
2 CRC cases in the index patient and her parent suggested a CRC pre-
disposition rather than a breast ovarian cancer family.

Another advantage by using a broader gene panel testing
approach is that it may reveal whether there is more than 1 pathogenic
variant in a high-risk family. Mutations in different genes in 1 family
may explain an untypical spectrum spectre of cancer types in a family.

For LS there are several aspects that can lead to misguided
genetic testing of MMR genes. Loss of MMR gene expression may be
a result of somatic inactivation mimicking that observed in LS
tumours.3” These patients do not have LS, but a mutation in another
CRC-predisposing gene may be associated with their increased can-
cer risk. This may well be the case for many of the patients included
in this study because 83 showed a lack of MMR protein staining in
their tumours, 27 were MSI-High and 6 were MSI-Low. The tumours
from 4 of the patients with pathogenic mutations identified in POLE
(nos 4 and 28), BRCA1 (no. 7) and ATM (no. 34), were MSI-High (nos
28 and 34) or MSl-Low (nos 4 and 7), and some had aberrant MMR
expression. Nos 28 and 34 did not express MLH1 and PMS2
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(no promoter methylation), no.7 did not express MSH6, while
no. 4 had normal MMR staining. Tumour immunohistochemical ana-
lyses can fail to indicate LS. In previous studies we have shown that
some pathogenic MMR variants do not affect protein staining or
MSI.383? These patients are at risk for not being tested for LS.

We identified several potentially pathogenic variants in pre-
viously proposed candidate CRC susceptibility genes thereby increas-
ing the evidence that they are associated with disease risk.
Notwithstanding, additional studies on these genes are required to
unequivocally define them as CRC susceptibility genes. Although we
have narrowed the list down to some interesting candidates (indi-
cated in Table 4), we could not confirm any of the proposed candi-
date CRC susceptibility genes due to the absence of additional family
members participating in this study. The POLE variant c.229C>T (p.
Arg77Cys) exemplifies this point, where additional family members
appeared to confirm the association. Owing to the paucity of data on
what it actually means to harbour a potential causative variant in any
of the genes we have identified, we do not recommend the inclusion
of candidate genes in a diagnostic setting, as they would only confuse
an already complex situation.

For many of the patients we did not find any genetic explanation
for their increased CRC risk. The cause for CRC susceptibility in these
patients may be found in non-coding regions of the genes of interest
or could be explained by copy number variations, which were not
addressed in this study. Alternatively, the mutational yield was not
particularly high in this study suggesting that other variants are
located in genes not targeted by our panel design. These unexplained
cases are candidates for exome and whole-genome sequencing.

In conclusion, we have identified a most probably genetic cause
for the increased risk of CRC for 17 (6%) of the patients included in
this study. We have also identified some variants both in known- and
candidate CRC susceptibility genes which should be the subject of
further research to determine their involvement in CRC risk. Overall,
the results show that gene panel sequencing is a more effective
method by which to identify pathogenic germline variants in CRC

patients compared with a single gene approaches.
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