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Hereditary factors are thought to play a role in at least one third of patients with colorectal cancer (CRC) but only a
limited proportion of these have mutations in known high-penetrant genes. In a relatively large part of patients with a few
or multiple colorectal polyps the underlying genetic cause of the disease is still unknown. Using exome sequencing in com-
bination with linkage analyses together with detection of copy-number variations (CNV), we have identified a duplication
in the regulatory region of the GREM/ gene in a family with an attenuated/atypical polyposis syndrome. In addition, 107
patients with colorectal cancer and/or polyposis were analyzed for mutations in the candidate genes identified. We also
performed screening of the exonuclease domain of the POLE gene in a subset of these patients. The duplication of 16 kb
in the regulatory region of GREMI| was found to be disease-causing in the family. Functional analyses revealed a higher
expression of the GREMI gene in colorectal tissue in duplication carriers. Screening of the exonuclease domain of POLE
in additional CRC patients identified a probable causative novel variant c.1274A>G, p.Lys425Arg. In conclusion a high
penetrant duplication in the regulatory region of GREM/, predisposing to CRC, was identified in a family with attenuated/
atypical polyposis. A POLE variant was identified in a patient with early onset CRC and a microsatellite stable (MSS) tumor.
Mutations leading to increased expression of genes can constitute disease-causing mutations in hereditary CRC
Syndr‘omes. © 2015 The Authors. Genes, Chromosomes & Cancer Published by Wiley Periodicals, Inc.

INTRODUCTION

One third of the variance in CRC risk is presumed
to be due to genetic factors, but only around 6% of
the patients have mutations in known high-
penetrant genes. Definitions of hereditary CRC syn-
dromes are based on phenotypical features like his-
tology, location and number of polyps, extra-
intestinal manifestations, cancer risk and inheritance
mode (Aaltonen et al., 2007). Syndromes character-
ized by polyposis include familial adenomatous pol-
yposis (FAP), MUTYH-associated polyposis (MAP),
juvenile polyposis (JPS), Cowden syndrome, Peutz—
Jeghers syndrome, serrated polyposis (SPS), heredi-
tary mixed polyposis (HMPS), and the recently
described polymerase proofreading-associated poly-
posis (PPAP). This syndrome is caused by germ-line
mutations in the exonuclease domain of POLE and
POLDI (Palles et al., 2013) and is recognized by

multiple or very large adenomas and early onset
CRC with microsatellite stable tumors (MSS).
Exome studies have also recently identified high
penetrant mutations in new CRC predisposing
genes e.g. the NTHLI gene with a recessive inheri-
tance of the phenotype, predisposing to BER
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associated adenomatous polyposis and CRC (Weren
et al., 2015). However, in the attenuated and mixed
polyposis syndromes only a fraction of the disease-
causing mutations can still be identified (Fodde
et al., 1992; Miyoshi et al., 1992; Lynch et al., 1995).
The low mutation-detection rate implicates the
probable presence of additional unknown disease-
causing genes and possibly also recognition of new
mutation mechanisms.

The HMPS is characterized by an autosomal
dominant inheritance of multiple types of colo-
rectal polyps (including serrated, hamartomatous,
and conventional adenomas) and CRC. The
genetic cause of this syndrome is still to a large
extent unknown but a duplication of 40 kb includ-
ing the 3’ region of the SCG5 gene and upstream
region of GREMI has been described as the
disease-causing mutation in families of Ashkenazi
descent (Jaeger et al., 2012).

The aim of this study was to identify a causative
germ-line mutation predisposing to CRC in a fam-
ily with AFAP/atypical polyposis. Combinations of
techniques were used including, exome sequenc-
ing, linkage analysis, MLPA (multiplex ligation-
dependent probe amplification) and array analyses
for SNP and CNV detection. In addition, 107
patients with or without a family history of polypo-
sis and/or CRC were analyzed for mutations in the
candidate genes identified. In a subset of these
patients also the exonuclease domain of the POLE
gene was screened.

MATERIAL

The material consists of one large atypical AFAP
family for which the clinical characteristics are
described below and of 107 index patients. The 107
patients either constitute simplex cases without any
known inheritance for the disease or the index
patient in a family where also other members are
affected. The patients are described in Supporting
Information Table S1 and each index patient is num-
bered in bold. Based on the initial referral the
patients are divided into seven groups which are the
following: (I) CRC familial or unknown inheritance
not polyposis without identified mutation, (II) FAP
familial without identified mutation, (III) FAP or
Gardner syndrome (no inheritance) without identi-
fied mutation, (IV) AFAP familial without identified
mutation, (V) AFAP (no inheritance) without identi-
fied mutation, (VI) Atypical FAP/mixed polyposis/
serrated polyposis, familial or unknown inheritance
without identified mutation, (VII) Polymerase Proof-
reading Associated Polyposis (PPAP), familial or
unknown inheritance. Unfortunately we did not
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have enough DNA from the index patients so that
we could include all of them in all of the mutation
and genotype analyzes.

The AFAP/Atypical Polyposis Family

This family is shown in Figure 1 with the
clinical diagnoses indicated. In general the syn-
drome in this family resembles an AFAP pheno-
type but some indications of polyp morphology
similar to a juvenile and a metaplastic type have
also been reported. Family member IV:2 had
follow-ups since the age of 21 and due to polyps a
prophylactic IRA (ileo-rectal anastomosis) was per-
formed at age 28. The histological examination
showed one polyp in the rectum and six in the
transverse colon and basophilic epithelium. Family
member V:2 had follow-ups since the age of 11. At
the age of 25 coloscopy showed tubular and tubulo-
villous adenomas in the ascending and transverse
colon. One year later a few polyps in transverse
colon and left colic (splenic) flexure were removed.
At the age of 27 a polyp in the transverse colon was
found and the year after a polyp in the right colic
(hepatic) flexure and a rectal polyp (tubular ade-
noma or perhaps juvenile polyp) were observed.

Family member III:2 had a colectomy at the
age of 52 where histological examinations detected
five polyps in the colon and a 4 cm polyp 12 cm
from the valvula bauhinia (ileoceacal valve). Meta-
plastic polyps in the rectum were also found on
multiple follow-ups. Family member III:3 was
operated for cancer in the transverse colon at the
age of 33 with a colon resection, 18 years later pol-
yps in the left flexure and in the rectum were
found and she had CRC at age 51. A total colec-
tomy was performed. The sister of the twin sisters
(I11:4) was afflicted with breast cancer, their father
(IT:2) with gastric cancer and lymphosarcoma, and
a cousin (II1:6) with gastric cancer. A grandchild
(V:8) had polyps (colectomy at 26 years of age) as
had her mother (IV:6) (colectomy at 47 years of
age) who also developed breast cancer at 61 years
of age. Her sister (IV:5) was afflicted with CRC at
age 66 without polyps. She has been followed with
regular colonoscopies since 20 years of age without
any findings of polyps why CRC in this patient
probably can be considered as sporadic. Genomic
DNA from peripheral blood from four affected
(IV:2, V:2, IV:6, V:8) and four unaffected (IV:4,
V:1, IV:5, IV:7) family members were available for
the exome and linkage analyses. In addition, RNA
purified from samples from normal colon mucosa
were available from individual IV:2 and V:2 for
expression analyses of GREM1.
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Figure I. Pedigree of the AFAP/atypical polyposis family. Individuals with clinical diagnosis indi-
cated, patients marked with * were sequenced by whole exome sequencing and linkage analysis
was also performed on these patients. The duplication was present in heterozygote form in
patients indicated with a (+) and family members which did not carry the mutation are indicated
with a (—). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Ethical Statement

Ethical approval for the study was obtained from
the regional ethics committee in Gothenburg
(administration number 227-10) and includes the
family with AFAP/atypical polyposis (both affected
and healthy individuals) and patient no. 106 (Sup-
porting Information Table S1), all provided written
informed consent at the time of collection of their
samples, no samples were from minors. The con-
sent also includes access to medical record data. All
other samples in the study were anonymized. All
samples used in this study were blood samples if
not otherwise stated.

The sequence data is deposit in European
Nucleotide Archive (ENA), accession number
PRJEB7926.

METHODS

Sanger Sequencing, TagqMan Analyses and MLPA

Genomic DNA was extracted using the BioRobot
EZ1 (Qiagen, Hilden, Germany) with the EZ1 DNA
Blood 350 pl kit (Qiagen). Amplification, purification

and sequencing of GREM 1 (NM_013372.6), TPRM 1
(NM_001252020.1), and the exonuclease domain,
exon 9-14, of the POLE gene (NM_006231) were
carried out as described previously (Kanter-Smoler
et al., 2008). Primers used for direct sequencing were
identical to those used in the amplification reactions.
All primer information is available in Supporting
Information Table S2.

Custom TagMan Assay Design Tool was used
to design the probes for variants in GREMI and
TRPMI and Genotyping TaqMan SNP assays
(Life Technologies, Carlsbad, CA) was used for
variant analysis. The analyses were performed on
the Applied Biosystems® 7500 Fast Real-Time
PCR System (Life Technologies) in 96-well plates
according to the manual instructions. The results
were analyzed by using the settings for the SNP
assay with subsequent determination of genotypes.
Since limited amounts of DNA were available sub-
sets of patients were analyzed for the variants.

Copy-number detection by MLLPA was performed
using the SALSA MLPA kits: P043 APC (version
B1), P003 MLLH1/MSH2 (version B2), P072 MSH6
(version C1), P008 PMS2 (version C1), and P378

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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MUTYH (version B1) (MRC-Holland, Amsterdam,
The Netherlands) according to the protocol pro-
vided by the supplier. The MLPA data were ana-
lyzed using GeneMapper 4.0 genotyping software
(Life Technologies, and SeqPilot version 3.3.2 (JSI
medical systems, GmBH, Kippenheim, Germany).

Exome Capture

DNA samples were quantified using the Qubit
system (Life Technologies). Three pug of DNA was
fragmented using the Covaris S2 Ultrasonicator
(Covaris, Woburn, MA). The samples were then
analyzed on the Bioanalyzer (Agilent Technology,
Santa Clara, CA) for correct fragment sizes. Libraries
were constructed using the “Agilent SureSelect X'T
Human All Exon 50Mb library kit” or “Agilent
SureSelect_X'T"_Human_All_Exon_V5” for Illumina
Paired End Sequencing (v3 protocol version 1.4.1
or  G7530  90000_SureSelect_IlluminaX'TMulti-
plexed_1_5) (Agilent Technologies) according to
instructions. The concentration of each library was
determined by use of the Qubit and the Bioanalyzer.
Whole exome sequencing was performed on the
[llumina HiScanSQ with 2x76 bp paired-end reads
using T'rue Seq SBS HS-v3 clustering and sequenc-
ing chemistry (Illumina, San Diego, CA).

Analyses of Exome Sequencing Data and Filtering
of Variants

Quality assessment of the sequence reads was
performed by generating QC statistics with FastQC
(http://www.bioinformatics.bbsrc.ac.uk/projects/
fastqc). Read alignment to the reference human
genome (hgl9, UCSC assembly, February 2009)
was done using Burrow Wheelers Aligner (BWA)
(Li and Durbin, 2009) with default parameters.
A summary of the sequencing data is shown in
(Supporting Information Table S3). After removal
of PCR duplicates (Picard tools, http://picard.sour-
ceforge.net) and file conversion (Samtools (Li
et al.,, 2009)) quality score recalibration, indel
realignment, and variant calling were performed
with the Genome Analysis Tool Kit (GATK)
package (McKenna et al., 2010). Variants were
annotated with Annovar (Wang et al., 2010) using
a wide range of databases such as dbSNP build
135 (Sherry et al., 2001), dbNSFP (Liu et al,
2011), KEGG (Kanehisa et al., 2012), the Gene
Ontology project (Ashburner et al., 2000), MI'TO-
MAP (Ruiz-Pesini et al., 2007) and tracks from the
UCSC (Fujita et al., 2010), and also the National
Heart, Lung and Blood Institute (NHLBI) Exome
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Sequencing Project (ESP6500) (http://evs.gs.wash-
ington.edu/EVS/).

Four affected and four unaffected individuals
were available (Fig. 1). All common variants among
the four affected individuals (not present among
the unaffected) were filtered for technical artifacts
and common polymorphic variants against an in-
house control data set (generated from exome data
from 38 individuals) provided by Genomics Core
facility (Gothenburg, Sweden). Variants were
then compared with the following public data-
bases; the Single Nucleotide Polymorphism data-
base (dbSNP) together with 1000 Genomes
(Abecasis et al., 2012), the National Heart, Lung
and Blood Institute (NHLBI) Exome Sequencing
Project (ESP6500) (http://evs.gs.washington.edu/
EVS/), and the Exome Aggregation Consortium
(ExAC), Cambridge, MA (URL:http://exac.broad-
institute.org). Selected variants with a MAF <1%
were also compared with cbioportal (http://www.
cbioportal.org/) (Cerami et al., 2012; Gao et al,,
2013) and the COSMIC database (Forbes et al.,
2014). To distinguish variants from local polymor-
phisms between 200 and 248 anonymized in-house
normal control blood samples were sequenced over
the positions of interest. Variant were interpreted
for their deleteriousness by using SIF'T (Sorting
Intolerant From Tolerant), PolyPhen-2, (Polymor-
phism Phenotyping version 2), Mutation Taster,
Condel (CONsensus DELeteriousness score of
missense SNVs), and PON-P (Pathogenic-or-Not—
Pipeline) (Sunyaev et al., 2001; Kumar et al., 2009;
Schwarz et al., 2010; Gonzalez-Perez and Lopez-
Bigas, 2011; Olatubosun et al., 2012). Splice-site
prediction of variants was performed with
SpliceSiteFinder-like, MaxEntScan, NNSPLICE,
GeneSplicer and Human Splicefinder (Reese
et al., 1997; Zhang, 1998; Pertea et al., 2001;
Fairbrother et al., 2002; Cartegni et al., 2003; Yeo
and Burge, 2004; Desmet et al., 2009; Houdayer
et al., 2012).

Detection of copy-number alterations in our
exome analysis, was done by applying FREEC
v6.7 (Boeva et al., 2011) with default settings on
reads that were uniquely mapped to the reference
genome.

Detection of Copy Number Variations (CNVs) and
Linkage Analyses Using Affymetrix Genome-Wide
Human SNP Array 6.0 and Cytoscan®HD Array

Samples were prepared according to standard
conditions (Affymetrix Inc, Santa Clara, CA). Puri-
fication of PCR products was performed using
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Magnetic Beads (Agencourt Bioscience Corpora-
tion, Beverly, MA). Hybridization, washing and
staining of arrays was performed as described by
the supplier (Affymetrix). Affymetrix Genotyping
Console 3.0.1 (G'T'C) and/or Chromosome Analysis
Suite (ChAS) 1.0.1. software (Affymetrix) was
used for genotyping and copy number analyses on
both of the array platforms. The Genotyping Con-
sole Contrast Quality Control metric was used to
filter out low-quality samples using the default
threshold of cQC <0.4. The birdseed analysis soft-
ware package included in G'TC was used to gener-
ate the genotypes. For the CN analysis the
Median Absolute Pairwise Difference (MAPD)
value threshold was set to MAPD <0.3. For the
cytoscan HD array these values where QC >15,
MAPD <0.25 and waviness Sd <0.12. To exclude
regions that represent normal CNVs we compared
all detected CNVs with those present in the Data-
base of Genomics Variants (DGV) (MacDonald
et al., 2014) and an in-house data set of 44 blood
controls. CNVs included in the in-house dataset or
at least twice in DGV were considered normal. In
the family common CNVs among affected were
manually inspected.

Parametric linkage analyses based on SNP data
from both of the array platforms was done with
Allegro 2.0 (Gudbjartsson et al.,, 2000) using a
dominant model with a rare disease allele, full
penetrance, and no phenocopies. The set of SNPs
were pruned to 26,000 high quality SNPs with
limited LD before running the analysis.

RNA Preparation and Expression Analyses by
Droplet Digital PCR (ddPCR)

RNA from four tissue samples (fresh frozen nor-
mal colon mucosa) two each from patients, 1V:2
and V:2 (from different locations in the colon),
were extracted using RNeasy Mini Kit (Qiagen)
according to the manufacturers instructions. RNA
extracted from normal colon mucosa from six
patients with sporadic CRC was included as con-
trols. The samples were diluted to 1 ng/pl and run
in duplicates, except for V:2 which was run in trip-
licates. Nontemplate controls (NTC) were also
included in duplicates. The master mix included
One-Step RT-ddPCR supermix (Bio-Rad, Her-
cule, CA) and the TagMan assay GREM1 (Assay
ID HS000171951 (Life Technologies, Carlsbad,
CA)), a total reaction volume of 20 pl was used.
Five microliters RNA (1 ng/ul) was added to all
reactions. Droplets were formed by adding 70 pl
oil and 20 pl sample to each cartridge which was
then placed in the QX100 Droplet Generator

(Bio-Rad). The instrument generates about 20,000
droplets in a mixture of sample and oil. Forty
microliters droplets (the total volume generated)
were carefully transferred to the PCR plate.
Reverse transcription and PCR were performed in
one step on T100 Thermal Cycler instrument
(Bio-Rad) with the program (reverse transcription
60°C 30 min, enzyme activation 95°C 5 min, dena-
turation 30 sec 94°C, annealing/extension 60°C 60
sec with a ramp rate of 2.5°C/sec for 40 cycles and
finally enzyme deactivation for 10 min at 98°C).
The PCR plate was placed in the QX100 Droplet
Reader (Bio-Rad), and 14,010-18,795 droplets for
each sample were analyzed by fluorescence mea-
surement. Manual settings were used to establish
a cut-off threshold (1,212) for negative versus posi-
tive droplets (partitions). Statistical significance
was performed by using Student’s z-test. The
expression analyses were performed at the
"TATAA Biocenter AB (Gothenburg, Sweden).

Methylation Analysis of the GREMI Region

A region of 2,166 bp (chr15:33,009,531-
33,011,696) was identified as the GREMI CpG
island region including 336 unique CpG sites.
Assays were designed targeting CpG sites in the
specified region of interest (ROI) using primers
created with Rosefinch, Zymo Research’s proprie-
tary sodium bisulfite converted DNA-specific
primer design tool (Zymo research, Irvine, CA).
Following primer validation, samples were bisul-
fite converted using the EZ DNA Methylation
Lightning"™ Kit (Zymo Research) according to
the manufacturer’s instructions. Multiplex amplifi-
cation of all samples using ROI specific primer
pairs and the Fluidigm Access Array'™ System
(Fluidigm, South San Francisco, CA) was per-
formed according to the manufacturer’s instruc-
tions. Targeted region was amplified in 16
amplicons. The resulting amplicons were pooled
for harvesting and subsequent barcoding according
to the Fluidigm instrument’s guidelines. After bar-
coding, samples were purified and then prepared
for massively parallel sequencing using a MiSeq
V2 300 bp Reagent Kit (Illumina) and paired-end
sequencing according to the manufacturer’s guide-
lines was carried out. Sequence reads were identi-
fied using standard Illumina base-calling software
and then analyzed using a Zymo Research proprie-
tary analysis pipeline. Low quality nucleotides
and adapter sequences were trimmed off during
analysis QC. Sequence reads were aligned back to
the reference genome using Bismark (htep://www.
bioinformatics.babraham.ac.uk/projects/bismark/),

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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an aligner optimized for bisulfite sequence data
and methylation calling (Krueger and Andrews,
2011). Paired-end alignment was used as default
thus requiring both read 1 and read 2 to be aligned
within a certain distance, otherwise both read 1
and read 2 were discarded. Index files were con-
structed using the bismark_genomer_preparation
command and the entire reference genome. The
non-directional parameter was applied while run-
ning Bismark. All other parameters were set to
default. Nucleotides in primers were trimmed off
from amplicons during methylation calling. The
methylation level of each sampled cytosine was
estimated as the number of reads reporting a
C, divided by the total number of reads reporting
a C or T. All analyses were carried out at Zymo
Research.

RESULTS

In order to find the disease-causing mutation in
the AFAP/atypical polyposis family we performed
two exome analyses. In the first only exome regions
were targeted while in the second also 5'- and 3'-
UTR gene regions were included. In the initial anal-
ysis we sequenced four affected and four unaffected
individuals from the family using Agilent version
“All exome 50MB capture kit”. Linkage data was
used to restrict our search to shared regions in the
genome. We had previously determined linkage to
five regions with LOD >1.5 on chromosome 3
(LOD = 2.94), 7 (LOD = 2.97), 8 (LOD = 1.58), 15
(LOD = 2.18), and X (LOD = 1.80). These regions
were the only regions that fit a fully penetrant
dominant model, by necessity or by random co-
segregation. The differences in max LLOD is due to
varying information content. Analyses for variants
segregating with disease in coding sequences in
these regions were performed, only one variant
shared between affected but not present in unaf-
fected individuals was found. This variant was
TRPM1 c.2200G>C, p.Ala734Pro on chromosome
15. This was the only shared variant of any kind in
the coding regions among the affected individuals
(entire exome analyzed) after the previous filtering
steps had been applied. The TRPM1 variant has an
MAF of 0.63% (ExAC), and 0.12% (ESP6500). The
variant was also present in 2 of 248 (0.8%) in-house
blood controls from the western part of Sweden.
The G in position ¢.2200 is highly conserved with a
phyloP value of 5.86. The amino acid substitution is
predicted to be deleterious according to SIF'T, prob-
ably damaging according to Polyphen-2, deleterious
according to Condel but neutral according to
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PON-P. Sixty-six index patients were analyzed for
the presence of this variant (Supporting Information
Table S4, Column 2). Patient 99 was also positive
for the variant. As the 7RPM1 variant is a known
rare polymorphism and has not been associated with
CRC previously it was unlikely that this variant
was the disease causing mutation and therefore we
performed a second exome sequencing with an
updated Agilent exome kit, version 5, in which also
UTRs are included for further investigations. "T'wo
affected (IV:2, IV:6) and two unaffected (IV:4, 1V:7)
(Fig. 1, Supporting Information Table S3) indi-
viduals, one from each branch of the family were
sequenced. In this analysis a GREMI variant
(c.—76C>G (g.33,010,288) in exon 1 (5UTR) was
found. This variant was located in one of the regions
which showed linkage to the disease allele on
chromosome 15.

Sanger sequencing of all affected and unaf-
fected individuals confirmed that this variant seg-
regated with the disease. The variant was not
found to be present in ExAC, ESP6500, or in
dbSNP, nor in 213 in-house blood controls. This
variant was not found in any of the 84 index
patients, for which DNA were available in our
material (Supporting Information Table S4, Col-
umn 3). The disease haplotype is 3.7 Mb and is
located between rs12912234 and rs2928022. Sev-
eral genes are located in this region, among them
the SCG5 gene, in which a duplication leading to a
higher expression of the GREMI gene has been
found in a large HMPS family (Jacger et al., 2012).
Analysis of CNVs in the SCG5 and GREMI gene
regions by MLLPA on the same individuals as those
analyzed by whole exome sequencing revealed a
duplication of approximately 20 kb in affected
family members. Duplication carriers were esti-
mated to have three copies relative to controls and
the duplicated region included two MLPA probes,
the first probe located 42 bp downstream of the
last exon in SCG5 and the second further down-
stream the SCG5 gene but still upstream (8,423
bp) of exon 1 in the GREMI gene. The GREMI
gene is located downstream of SCG5. PCR amplifi-
cation across the duplication breakpoints mapped
it to chr.15:32,986,220-33,002,449 (16,229 bp) and
it was found to be a tandem repeat, located
approximately 7.7 kb upstream of the GREM]I
gene as illustrated in Figure 2.

In order to investigate if the ¢.—76C>G variant
had any effect on the methylation among the
affected individuals the whole CpG island of 2,166
bp upstream of GREM1 was sequenced in all avail-
able family members (blood), in three normal
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Figure 2. Schematic view of the duplicated region on chromosome |5. The tandem repeat of
16,229 bp (chr15:32,986,220-33,002,449 (GRCh37/hgl9) including the 3’part of the SCG5 gene.
The rs4779584 C allele in the duplicated region is indicated with an arrow as is the c.—76 C/G
SNP in the CpG island upstream of the GREMI gene. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

blood controls and a normal colon mucosa control.
In 9 to 23 (depending on the sample analyzed) of
the CpG-sites some methylation was detected but
it was not observed in more than approximately
20% of the reads and the sites were not found to
be significantly methylated in any of the samples
analyzed. No difference between patients and
control were found and position ¢.—76 was not
methylated to any significant degree in any of the
samples analyzed and this variant could not be
considered the disease-causing mutation either
(Fig. 3 and Supporting Information Fig. S1) How-
ever, the duplication, segregated with the discase
in all the affected family members but was not
present in any of the unaffected subjects (Fig. 1).
Normal colon mucosa was available from two
patients (IV:2 and V:2) and we analyzed for ele-
vated expression of GREM in these samples. The
two samples from different locations in the colon
were analyzed with droplet digital PCR (ddPCR)
using the described TagMan expression assay for
the GREM1I locus. The expression levels (copies/
pl) for patients (IV:2 and V:2) compared with con-
trols are presented in Figure 4. The controls

included normal colon mucosa from sporadic colon
cancer patients and a purchased control (normal
colon mucosa). A significantly higher expression of
the GREM1 gene was found in the patient samples
compared with controls (P = 0.013). The SNP
154779584 (C/T) located in the duplicated region
have been associated with increased risk of CRC
in several GWAS studies (Yang et al., 2014). We
genotyped the family for this SNP and found the
duplicated allele to be associated with the C allele
(Fig. 5).

To find out if possibly other variants in 7TRPM1
or GREM]1 were present in other patients included
in the study the entire coding regions of TRPM1
(27 exons) and GREM1 (two exons including the
SUTR) were sequenced in 40 patients for which
DNA was available (Supporting Information
Table S4, Column 4). Variants with a MAF < 1%
in these genes were investigated further. In the
TRPMI gene the variant ¢.602G>A, p.Arg201Gln
(MAF: dbSNP 0.07%, ESP6500 0.06%, and ExAC
0.10%) rs188852505 was found in patient I:6. This
variant was considered as a possible disease-causing
variant and was predicted deleterious by Condel and
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Figure 3. CpG-methylation level boxplot showing the overall meth-
ylation levels of each sample compared side by side. The methylation
level on the Y-axis is the fraction of methylated reads/total number of
reads. Sample IV:2, V:2, IV:6, and V:8 are from affected members and
QIl, Q2, Q3 are blood controls. The overall degree of methylation
detected is low and there is no significant difference between the
patients and the control. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 4. The absolute expression analysis of the GREMI gene in
patients and controls. The number of copies/pil is shown in this abso-
lute expression analysis of GREMI. Six controls of normal colon
mucosa and normal colon mucosa from two samples each from patient
IV:2 and V:2 were analyzed. The GREMI gene is significantly higher
expressed in samples from colon mucosa in the affected family mem-
bers compared with controls (P = 0.013). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

SIF'T, probably damaging by Polyphen-2 and
unclassified by PON-P. The amino acid was evolu-
tionary conserved between species down to frog.
Splice site predication tools also predicted the base
change to possibly introduce a new donor site. No
variants with a MAF <1% was found in the GREM1
gene To find out if a duplication in the same region
upstream of GREM 1 was present in any of 42 index
patients for which DNA was available (Supporting
Information Table S4, Column 5) MLPA analysis
was performed on all of these. No duplications or
deletions were found in this region in any of the
patients. We also performed CNV analyses on array
and exome data to exclude the presence of other
large deletions or duplications in the samples
from the family. All regions harboring deletions or
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duplications were manually inspected. No gene-
containing region that was shared between affected
individuals could be found. The duplicated GREM 1
region in the family was not detected with the array
method.

Sanger Sequencing of the POLE Exonuclease
Domain

Mutations in the DNA polymerase € gene
(POLE) were recently reported as predisposing for
inherited colorectal cancer (Palles et al., 2013). In a
previous study we present a mutation in the proof-
reading exonuclease domain of this protein in a
large Swedish family with CRC (Rohlin et al., 2014),
Supporting Information Table S1. This finding
prompted us to search for mutations in the whole
proof-reading exonuclease domain of the POLE
gene (exons 3-14) in 76 index patients for which
DNA was available (Supporting Information Table
S4, Column 1). A missense mutation c.1274A>G,
p.Lys425Arg in the POLE gene was found in one
individual VII:107 (Supporting Information Table
S1). This individual was a single case with only sig-
moid CRC and we had not access to any information
about inheritance of the disease in the family. The
tumor was MSI negative. The variant is present in
the ExAC database at a frequency of 0.003%. In an
attempt to try to understand if the amino-acid substi-
tution could confer a functional effect on the pro-
tein, in silico prediction based on the yeast DNA
polymerase, polE, structure (4M8O.pdb), was per-
formed (Hogg et al., 2014). The region of interest
exhibits high amino-acid identity. The positively
charged basic amino acids, arginine and lysine, are
mostly exposed to protein surface, and may take part
in electrostatic interactions. In particular, the guani-
dinium group of arginine allows interactions in three
possible directions, which enables arginine to form a
higher number of electrostatic interactions compared
with lysine. Considering the close proximity of the
Lys425 to the negatively charged phosphate group
of the DNA in the exo-site, it is conceivable that the
lysine to arginine mutation affects the proof-reading
activity of POLE (Fig. 6). The sequence L.eu424,
Lys425, Ala426 is also completely conserved in
eukaryote polE polymerases (Supporting Infor-
mation Fig. S2). Also theoretical predictions of the
effect of the amino-acid substitution suggest the
variant to be deleterious (SIFT: Deleterious, Poly-
phen-2:  Probably Damaging, Mutation Taster:
Disease Causing, Condel: Deleterious and PON-P:
Pathogenic).
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a ALY

Figure 5. Sanger sequencing over rs4779584. (a) Family member
V:2 (affected), presents with three alleles C,C,T (where C is blue and
T is red). The duplication of C on the affected allele is clearly seen
compared with the normal control in b. (b) Normal control (alleles

Figure 6. Superposition of yeast DNA polymerase and ssDNA sub-
strate from Escherichia coli DNA polymerase Klenow fragment. Yeast
DNA polymerase epsilon (yellow) and bound dsDNA (magenta) with
ssDNA substrate (red, green, blue, orange) from E. coli DNA polymer-
ase Klenow fragment superimposed onto the exonuclease domain of
the yeast DNA polymerase. The magnification shows a slice through

DISCUSSION

Exome resequencing is a powerful tool to find
novel disease-causing genes and mutations,
although a major challenge is to be able to identify
disease alleles among a large background of nonpa-

C,T). (c) Family member IV:2 (affected) with three C alleles, C,C,C.
The duplicated C allele cannot be distinguished from the other normal
C allele in this case. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

the polE structure (4M8Q.pdb) superimposed with the ssDNA (red,
green, blue, orange) in the exo-site from the structure of the Klenow
fragment (18Y.pdb). The side chains of the Lys425 and the Leu424 resi-
dues are shown in red and green, respectively. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

thogenic variants. In families or simplex cases with
hereditary cancer syndromes identification of new
tumor suppressor genes or inactivating mutations
in existing genes is most often the case (Gylfe
et al., 2013; Smith et al., 2013; Gala et al., 2014;
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Nieminen et al., 2014; Segui et al., 2015; Weren
etal., 2015). In our study an activating 16 kb dupli-
cation was found upstream of GREMI. A duplica-
tion of approximately 40 kb of an upstream region
containing parts of the SCG5 gene and also a region
between, but not the GREMI gene itself, has
recently been shown to over express GREMI in
colorectal epithelium (Jaeger et al., 2012; Davis
et al, 2015). The GREMI gene encodes the
secreted BMP antagonist Gremlin. Compared with
other tumorigenic pathways in CRC, the BMP sig-
naling pathway is not well known. Ligands binding
to BMP receptors are involved in the driving pro-
cess of this pathway. Increased levels of GREM1
are expected to reduce BMP ligand levels and it is
suggested that the cell favors a more stem cell-like
phenotype (Jacger et al., 2012). The duplication
which segregates with the disease phenotype in
our family is about half the size (16.2 kb) of the
duplication reported by Jaeger et al. (2012), but
includes the same enhancer element that cause the
increased GREM expression in this larger duplica-
tion (Fig. 2). In concordance with the results of
their study an increased expression of the GREM 1
transcript in normal colon epithelium from duplica-
tion carriers was expected. This was in true also
found in colon mucosa from the two available
duplication carriers analyzed, which confirms the
disease mechanism. Interestingly, a reduction in
BMP signaling is also responsible for initiation of
JPS tumors. JPS can be caused by mutations in the
BMPRIA gene (encoding the type 1A BMP recep-
tor) or in SMAD4, which is a downstream effector
of the BMP pathway. In fact the polyps in the fam-
ily display some interesting histology resembling
juvenile polyps and metaplastic polyps, which
could define it as a family with mixed polyposis. In
the HMPS family identified by Jaeger et al. (2012)
a mixed phenotype was also suggested. To our
knowledge this family has no Ashkenazi ancestry
in contrast to the family by Jaeger et al. (2012). We
did not find any other mutation of this kind in our
cohort of FAP/AFAP or atypical FAP patients,
which does point to the fact that these duplications
are rare. A whole gene duplication of the GREM1
gene has been reported (Venkatachalam et al.,
2011) and this duplication also contained a part
(exons 3 to 6) of the SCG5 gene in a patient with
early onset sigmoid colon cancer. A variant in a
CpG site (g.33,010,288) in the GREM1 CpG island
was also found to segregate with the disease in the
family and we analyzed for methylation differences
between affected, unaffected and controls. As no
significant methylation was found in any of the
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samples, we propose that this variant does not
cause the phenotype in the family. However, a
SNP close to GREM1 has been found to be associ-
ated with an increased susceptibility to CRC in the
general population (Lewis et al., 2014).

Separate from the exome analysis we sequenced
the exonuclease domain of the POLE gene in a
subset of the patients. The reason for this addi-
tional sequencing was that heterozygote mutations
in the DNA polymerase genes, POLD/I and POLE,
were recently identified in patients with multiple
adenoma and/or CRC. The mutations were
restricted to the proofreading exonuclease domain
of the proteins (Palles et al, 2013). We have
recently reported a family with a mutation in the
exonuclease domain of POLE in Sweden. The
mutation predisposes carriers to a multitumor phe-
notype (Rohlin et al., 2014). In our current study
we identified another POLE mutation in the exonu-
clease domain of the POLE protein. The mutation
was identified in a single case with limited informa-
tion of the phenotype and inheritance (Supporting
Information Table S1). The effect of this variant
was analyzed using theoretical structure/function
predictions and a possible deleterious effect is pro-
posed for the Lys425Arg substitutions. This effect
is supported by theoretical predictions of the conse-
quence of the substitution as well as conservation
of the amino acid between species. The close prox-
imity to the Leu424Val mutation which has previ-
ously been shown to be the cause of CRC (Palles
et al.,, 2013), further strengthens a pathogenic effect
of the Lys425Arg substitution.

Our study demonstrates the possibilities whole-
exome sequencing provides in the demanding task
to reveal new genes and mutations conferring dele-
terious effects caused by activation or inactivation of
genes and gene products in CRC predisposing syn-
dromes. Although exome sequencing is a powerful
tool to identify new disease-causing mutations, the
GREM1 duplication in this study was not identified
with this method as its location is outside the exonic
region. In fact, the localization of the duplication-
site was indicated by a combination of linkage analy-
sis and exome sequencing. The base substitution in
the CpG island of the GREMI gene that was
not previously reported, was at first identified by
exome-sequencing and as the linkage analyses sup-
ported the possibility of a variant segregating with
disease in this chromosomal region we focused on
this gene. Finally the duplication was found with
MLPA analysis. A limitation with exome sequencing
is clearly illustrated with this case. Whole-genome
sequencing that includes regulatory regions outside
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the coding part of the gene is probably better suited
to find the whole spectra of diverse mutation mecha-
nisms in CRC and also other cancer syndromes.
Interestingly the duplicated GREM1 region in the
family was not detected with the array method even
by careful manual inspection without any cut-off set-
tings, even though probes are located in the region.
"T'he region only contains a few probes and the regu-
latory region is quite GC-rich which might affect
hybridization, which could be one reason why this
duplication was not found. In the exome data
this region was not covered with any probes and
therefore the duplication was not detected in this
analysis either.

In this study we found one high penetrant muta-
tion in GREM 1 and also a probable causative POLE
variant. In both of these genes disease-causing
alleles have recently been found in hereditary CRC
families. Interestingly, candidate CRC predisposing
genes in the BMP signaling pathway have been
identified in GWAS and exome studies. The contri-
bution of variants to CRC susceptibility in genes in
this pathway needs further investigation. The
GREM1 duplication also confirms that alterations
of regions giving rise to amplifications and up-
regulation of expression can have an effect on tumor
initiation also in germ-line cells. The genotype,
phenotype, and also the increased expression levels
of GREM1 in our family give further support to the
suggested role of activation of GREM] as a cause of
initiation and development of colorectal tumors
(Jaeger et al., 2012; Davis et al., 2015).
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