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Abstract

The genetics behind predisposition to small intestinal neuroendocrine tumors (SI-NETs) Key Words
is largely unknown, but there is growing awareness of a familial form of the disease.
We aimed to identify germline mutations involved in the carcinogenesis of SI-NETs.
The strategy included next-generation sequencing of exome- and/or whole-genome of
blood DNA, and in selected cases, tumor DNA, from 24 patients from 15 families with
the history of SI-NETs. We identified seven candidate mutations in six genes that were DNA excision-repair
further studied using 215 sporadic SI-NET patients. The result was compared with the pathway
frequency of the candidate mutations in three control cohorts with a total of 35,688
subjects. A heterozygous variant causing an amino acid substitution p.(Gly396Asp) in
the MutY DNA glycosylase gene (MUTYH) was significantly enriched in SI-NET patients
(minor allele frequencies 0.013 and 0.003 for patients and controls respectively) and
resulted in odds ratio of 5.09 (95% confidence interval 1.56-14.74; P value=0.0038).

We also found a statistically significant difference in age at diagnosis between familial
and sporadic SI-NETs. MUTYH is involved in the protection of DNA from mutations
caused by oxidative stress. The inactivation of this gene leads to specific increase of
G:C->T:A transversions in DNA sequence and has been shown to cause various cancers
in humans and experimental animals. Our results suggest that p.(Gly396Asp) in MUTYH,
and potentially other mutations in additional members of the same DNA excision-
repair pathway (such as the OGG17 gene) might be involved in driving the tumorigenesis
leading to familial and sporadic SI-NETs.

familial cancer
cancer predisposition
small intestinal carcinoid

oxidative stress

vV vV.v.v Vv

Endocrine-Related Cancer
(2017) 24, 427-443

http://erc.endocrinology-journals.org © 2017 The authors This work is licensed under a Creative Commons
DOI: 10.1530/ERC-17-0196 Published by Bioscientifica Ltd. ® Attribution 3.0 Unported License.
Printed in Great Britain


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
mailto:eva.tiensuu_janson@medsci.uu.se
mailto:eva.tiensuu_janson@medsci.uu.se
http://dx.doi.org/10.1530/ERC-17-0196

Endocrine-Related Cancer

Introduction

Small intestinal neuroendocrine tumors (SI-NETs) are
slowly growing, serotonin-producing malignancies
and originate from enterochromaffin cells scattered
throughout the mucosa of the small intestine (Kulke &
Mayer 1999). The majority of patients have metastases
already at diagnosis, but the S-year survival is reported to
be over 75%, despite the presence of distant metastases
(Janson et al. 1997). Patients usually present with
unspecific clinical symptoms such as abdominal pain or
symptoms of the carcinoid syndrome; i.e. mainly diarrhea
and/or flush (Janson et al. 2014). The incidence of SI-NETs
is increasing during the past few decades, exemplified by
the analysis of the SEER database (https://seer.cancer.gov/
faststats/) and a recent publication from Norway, where
the incidence of SI-NETs was 1.72 per 100,000 inhabitants
and the median age at diagnosis was 64 years (Yao et al.
2008, Sandvik et al. 2016). However, the real frequency
of the disease may very well be considerably higher. In
a study based on autopsies from the southern part of
Sweden, an incidence of >5 per 100,000 inhabitants was
reported (Berge & Linell 1976). In this series, the majority
of patients had clinically silent tumors; in fact, 90% were
diagnosed post mortem. Thus, the true prevalence of
these tumors in the general population is likely heavily
underestimated, when the prevalence is based only on
clinically diagnosed tumors.

During the past two decades, efforts have been made
to characterize the genetics of SI-NETs. The vast majority
of studies have focused on genetic events that can be
identified in tumors. One of the most recurrent copy
number variants (CNVs) is the loss of the entire or most
of chromosome 18, occurring in about 70-80% of cases
(Lollgen et al. 2001, Kulke et al. 2008, Cunningham et al.
2011). Consequently, it has been speculated that a tumor
suppressor gene responsible for the development of
SI-NETs might be present on this chromosome. The gene
TCEB3C (elongin A3) was identified as a possible candidate
(Edfeldt et al. 2014). Elongin A3 is one of a few so far
characterized imprinted genes located on chromosome 18,
and it is showing one copy deletion in a majority of
tumors, with reduced elongin A3 gene expression. Other
frequent aberrations involve gain of chromosomes 4, 5, 14
and 20, as well as loss of 9, 11q and 16q (Andersson et al.
2009). Frameshift and heterozygous mutations involving
the CDKNIB gene, coding for the tumor suppressor p27,
were recently described in approximately 8 and 14% of the
analyzed tumors (Francis et al. 2013, Crona et al. 2015).
Furthermore, a recent study using exome sequencing
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pinpointed somatic mutations in genes involved in
different processes such as chromatin remodeling, DNA
damage, apoptosis, RAS signaling and axon guidance.
About 50% of the tumors had deleted or mutated SMAD
genes, suggesting an involvement of the TGF-f pathway
in tumor formation. Single-nucleotide variants were
found in MEN1, FGFR2, HOOK3, EZH2, MLF1, CARD11,
VHL, NONO and SMADI. The amplifications of AKT1 or
AKT2 were the most common alterations detected in the
cases with an alteration of the PI3K/Akt/mTOR signaling
pathway (Banck et al. 2013).

SI-NETs have long been considered and treated as
sporadic conditions, and information about genetic
risks in the germline is limited. However, a heritable
component of the disease has been suggested, especially
after observing that the relative risk for the offspring of
parents having any cancer or specifically a neuroendocrine
tumor is about 4.5-6.5 times higher than that in the rest
of the population (Hemminki & Li 2001, Hiripi et al. 2009,
Neklason et al. 2016). The relative risk of developing the
disease having a sibling already affected with the same
condition is estimated to be even higher (13.4-fold). We
published a series of 10 families with SI-NETs and could
show that deletion of chromosome 18 in tumors was less
frequently found in these familial cases as compared to
sporadic patients (Cunningham et al. 2011). Others have
also reported families with SI-NETs (Wale et al. 1983,
Kinova et al. 2001, Pal et al. 2001, Jarhult et al. 2010).
Furthermore, a group at NIH presented a series of 33
families, having at least two SI-NET patients, and could
identify a 4-bp deletion in the inositol polyphosphate
multikinase gene (IPMK) segregating in one large family
(Sei et al. 2015).

Unlike other endocrine tumor syndromes, such
as multiple endocrine neoplasia type 1 and 2, which
are inherited as autosomal dominant traits with well-
defined genes causing these conditions, the possible
genetic determinants of predisposition to SI-NETs remain
poorly understood. A possible reason why the inherited
component of SI-NETs has been underestimated may
be a combination of late disease onset, unspecific
symptomatology (abdominal pain and/or diarrhea as
predominant symptoms), and that a large fraction of
affected individuals never develop a clinically diagnosed
tumor, resulting in skipped generations in family trees.
Nevertheless, the genetic mechanism behind inherited
SI-NETs is unlikely a single gene with autosomal dominant
mode of inheritance and with high penetrance.
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Considering the above mentioned premises, we
applied a novel approach for analysis of SI-NET patients,
based primarily on study of the constitutional DNA
in familial and sporadic SI-NET patients, in an attempt
to delineate genetic events that might predispose for
this disease. The rationale and hypothesis for our study
was that there is a subgroup of SI-NET patients with an
inherited component behind disease development, since
families with this disease have been reported (Wale et al.
1983, Kinova et al. 2001, Pal et al. 2001, Jarhult et al. 2010,
Cunningham et al. 2011, Sei et al. 2015). Furthermore,
we hypothesized that germline mutations (studied via
analyses of blood DNA), that might be identified in
familial subjects, should also be detectable in apparently
sporadic patients with the disease.

Materials and methods
Familial SI-NET patients

A total of 15 families with at least two documented
individuals affected with SI-NETs were included in
the study. All familial samples were collected at the
Department of Endocrine Oncology at Uppsala University
Hospital, Sweden, with the exception of two subjects
from a Norwegian family ‘No’ (Fig. 1). The diagnosis and
tumor classification were made according to international
guidelines (Rindi et al. 2010, Jann et al. 2011). We
collected clinical information about 26 patients affected
with hereditary disease, with median age at disease onset
of 57 years (range 34-68 years) and median survival of
83 months (Table 1). Blood DNA was also studied from three
unaffected controls from families A, M and N (subjects
A4, M4 and N2) and the healthy putative carrier M3
(Fig. 1). Clinical details, tissue tested and type of
experiments performed for familial subjects are described
in Table 2.

Sporadic SI-NET patients

296 samples from 215 unrelated sporadic SI-NET patients
were collected at the Departments of Endocrine Oncology
and Endocrine Surgery at Uppsala University Hospital,
Sweden. The clinical details, type and number of samples
tested for each of them are described in Supplementary
Table 1 (see section on supplementary data given at
the end of this article). Tumor classification and tumor
staging were obtained in the same fashion as for familial
subjects. Median age at diagnosis was 61 years (range
23-90 years) and median survival for sporadic patients
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was 92.5 months (Table 1). DNA from blood, normal
tissue (NT) or tumor, either primary tumor (PT) or
metastasis (M), was available for analysis from sporadic
patients. All tumor samples were macro-dissected to
contain at least 80% tumor cells. The research protocol
used in the current study was approved by the local
research ethics committee in Uppsala, Sweden, and all
included patients (both familial and sporadic) signed the
informed consent.

Control populations

The vast majority of familial and sporadic cases included
in our collection of patients have a Scandinavian
background (mostly born and living in Sweden). For
assessment of allele frequencies in the general population,
we used three different studies: (i) the Exac Aggregation
Consortium, European fraction, consisting of 33,370
individuals (Lek et al. 2016) and (ii) 1000 Genomes
project  (http://www.internationalgenome.org/).  This
cohort was consisting of 503 individuals of European
ancestry (Genomes Project Consortium et al. 2015);
(iii) the Swedish EpiHealth study (Epidemiology for
Health, https://www.epihealth.se/), which started in
2011 and is a population-based cohort from Uppsala for
analysis of gene-lifestyle interactions (Lind et al. 2013).
We decided to exclude the Finnish component of Exac
and 1000 Genomes from our statistics because of the
peculiarity of its genetics. Finns have been shown to be
a bottlenecked population, descending from a limited
number of families and therefore differing from the rest of
Europeans (Lek et al. 2016). The frequency of variants in
Exac and 1000 Genomes projects is known and registered
in these respective databases, while these numbers had
to be calculated from the genotyping results in the case
of the EpiHealth controls. In order to calculate the final
frequency of the candidate variants detected in SI-NET
patients, we used the EpiHealth cohort, which has a very
similar ancestry. The age range of EpiHealth participants is
45-75 years and the phenotypic scope of EpiHealth study
is broad, including cancer. A random selection of 2500
participants from EpiHealth cohort was genotyped using
[llumina beadchip, allowing analysis of all seven DNA
variants. This chip was designed to contain ~538 K probes
covering mostly exons and other disease-related regions
of interest. Importantly, in EpiHealth cohort we were also
able to exclude all subjects that were affected by cancer at
the entry to the study and 2318 individuals (with a similar
genetic background to the familial and sporadic SI-NET
patients) were included in our analysis.

© 2017 The authors
Printed in Great Britain

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-17-0196

Published by Bioscientifica Ltd.


http://dx.doi.org/10.1530/ERC-17-0196
http://erc.endocrinology-journals.org/cgi/content/full/ERC-17-0196/DC1
http://erc.endocrinology-journals.org/cgi/content/full/ERC-17-0196/DC1
http://www.internationalgenome.org/

Endocrine-Related Cancer

Research J P Dumanski et al. MUTYH substitution 24:8

Figure 1
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Pedigrees and germline variants detected in families with a history of SI-NETs. Clinically affected subjects are indicated by filled symbols. Females are
designated by circles and males by squares, while individuals with unknown gender are depicted as diamonds. All affected and controls subjects studied
for mutations are marked by arrows. Different variants that were considered as candidates for mutations contributing to disease development are

depicted in different colors and explained in the legend under each pedigree. All these variants were present as a single allele in the germline of the
tested individuals.
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Table 1 Summary of clinical data comparing hereditary and
sporadic patients.

Patients Hereditary (n=26) Sporadic (n=215)
WHO grade 12 10 115

WHO grade 22 8 45
Unknown tumor grade 8 55
TxNxMOb 5 61
TxNxM1b 20 147
Unknown tumor stage 1 7

Dead with disease 13 111

Alive with disease 11 96

No follow-up information 2 8
Median age at diagnosis 57 (34-68) 61 (23-90)
Median survival (months) 83 (40-348) 92.5 (2-348)

aRindi G, Arnold R, Bosman FT. Nomenclature and classification of
neuroendocrine neoplasms of the digestive system. In: Bosman FT,
Carneiro F, Hruban RH, Theise ND et al., editors. WHO classification of
tumors of the digestive system. Lyon: IARC, 2010; PTumors classified
according to: Rindi G, Kloppel G, Alhman H et al. TNM staging of foregut
(neuro)endocrine tumors: a consensus proposal including a grading
system. Virchows Arch 2006, 449:395-401.

Next-generation sequencing analysis

We applied a combination of next-generation highly
parallel sequencing (NGS) of exome and/or whole
genome. NGS experiments were performed on blood from
25 subjects (24 affected and one putative healthy carrier;
M3 from family M) with familial history of the disease
and 3 control subjects from 3 distinct families (A, M and
N). Seven whole-genome sequencing (WGS) experiments
were performed on blood DNA from subjects from families
A, D and G with a mean depth of coverage of ~30x. The
remaining samples were exome sequenced either at the
National Genomics Infrastructure, Stockholm, Sweden,
with a mean coverage depth of ~90x or at the Genome
Center in Vancouver, Canada, with a mean depth of
coverage of ~120x. The exomes of additional four tumors
from subjects Al, B3, F2 and H2 were sequenced at a
lower coverage (~25x), allowing to compare the genetic
profiles of blood and paired tumor DNA for these patients
(Table 2). Data pre-processing, variant calling and
refinement were accomplished by following the Broad
Institute’s GATK (https://software.broadinstitute.org/
gatk/) Best Practices workflow (Supplementary Fig. 1).
Raw sequence data from each WES and WGS experiment
were aligned independently to the human reference NCBI
Build 37 using Burrows-Wheeler Aligner (BWA), version
0.7.5 (http://bio-bwa.sourceforge.net/). Reads were
de-duplicated using Picard-Tools, version 1.94 (https://
broadinstitute.github.io/picard/).

GATK, SNPs and
INDELs realignment and base quality recalibration.

version 3.4 was used for
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The same software was adopted for raw variant calling
(HaplotypeCaller) and SNPs and INDELs hard filtering. We
then used ANNOVAR (http://annovar.openbioinformatics.
org/en/latest/) for annotating and filtering called variants
(Wang et al. 2010). We subsequently filtered out single
nucleotide variants (SNVs), insertions and indels with
frequency higher than 5% in the Exome Aggregation
Consortium (Exac, version 0.3; http://exac.broadinstitute.
org/). Exac was chosen as one of references because,
although containing a portion of data derived from cancer
projects such as The Cancer Genome Atlas (TCGA), it is
the biggest NGS dataset available to date, containing data
from more than 60,000 unrelated individuals (Lek et al.
2016). All steps applied to the data in order to extract a
list of potentially damaging and recurring across families
variants, are described in Supplementary Fig. 1.

SNP array analysis of familial cases and
EpiHealth controls

We performed copy number variant analysis from SNP
genotyping experiments on DNA from control and tumor
tissues from patients with familial history of SI-NETs.
Genotyping experiments were performed on two distinct
Mlumina platforms: the Human610-Quad and the 2.5M
Omni Beadchips, which have a density of 610K and 2.5M
probes respectively. Experiments executed on the 610K
platform are described in the study by Cunningham and
coworkers (Cunningham et al. 2011). The advantage of
the SNP array technology is the possibility to analyze
two tracks at the same time: log R ratio (LRR), which is
indicative of the DNA copies for each probe, and the B
allele frequency (BAF), which instead illustrates the relative
ratio between the alleles. DNA samples from familial cases
were genotyped at the SNP&SEQ Technology Platform
in Uppsala, according to the instructions provided by
the manufacturer. A SNP call rate >98% and a LogRdev
<0.2 were used to determine the experiments passing
quality criteria. [llumina raw files were exported using the
Genome Studio Nexus Copy Number Plugin and analyzed
using the Nexus Copy Number software, version 7.5
(Biodiscovery, CA, USA). In order to call structural variants
from genomic profiles, we applied the SNP-FASST2 Nexus
segmentation algorithm, which is based on Hidden
Markov Model (HMM) approach and combines data from
both LRR and BAF for segmentation (Table 2). We also
used SNP array data from the EpiHealth cohort to test the
frequency of candidate alleles in this control population.
For these, we applied the same filtering criteria used for
the familial patients.
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Table 2 Summary of clinical and experimental data in studied subjects from 15 families with small intestine neuroendocrine
tumors (SI-NETs).

TERT Variants

Affected Age at
Family no./ID Subject ID Gender (Yes/No) diagnosis Survival (years)? WHO> Tumor stagec TERT
1/A A1 F Y 45 27.3 (AWD) 1 TXN1M1 p.(Ala279Thr)
A2 M Y 34 13.5 (AWD) 1 TXN1M1 p.(Ala279Thr)
p.(His412Tyr)
A3 M N - - - - p.(Ala279Thr)
A4 M N - - - - p.(His412Tyr)
A5 M N - - - -
A6 F Y 35 n.a. n.a. n.a. p.(Ala279Thr)
A7 M Y 42 6.2 (AWD) 2 TxN1M1 p.(Ala279Thr)
2/B B1 F N - - - -
B2 M Y 62 15+ n.a. TxN1TM1
B3 M Y 42 5.8+ 2 TXN1M1 p.(Ala279Thr)
3/C c2 F Y 68 5.2+ 2 TXN1M1
4/D D8 F Y 63 4.3+ n.a. TxN1M1
D9 F Y 59 11.7+ 1 TXN1M1
5/E E10 F Y 62 6.3+ n.a. TxN1MO
E11 M Y 67 19.4+ n.a. TxN1MO
E12 F Y 62 5.4+ 1 TxN1M1
6/F F1 M Y 38 29+ n.a. TXN1M1
F2 F Y 66 6.3 (AWD) 1 TxN1M1
7/G G1 F Y 68 6.4+ 1 TxN1M1
G2 F Y 50 n.a. n.a. TxN1MO
8/H H2 M Y 52 8+ 1 TXN1M1
9/J " F Y 40 12 (AWD) 1 TxN1M1
10/K K1 M Y 60 6.9 (AWD) 2 TxN1M1
11/M M1 M Y 66 8.8+ 2 TxN1TM1
M2 M Y 43 4 (AWD) 2 TXN1TM1 p.(Ala279Thr)
M3 M N - - - - p.(Ala279Thr)
M4 F N - - - -
12/N N1 M Y 63 2.8 (AWD) 1 TxN1MO
N2 F N - - - -
13/No No1 F Y 57 10.8 (AWD) 1 T3N2M1
No2 M Y 49 3.8 (AWD) 2 T3NOM1
14/0 o1 F Y 57 3.4 (AWD) 2 TXN1MO
15/P P1 M Y 39 20+ n.a. TxN1M1
http://erc.endocrinology-journals.org © 2017 The authors Published by Bioscientifica Ltd.
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Variants in excision-repair

Variants in SDH genes genes Experiments performed
NGS of Illumina SNP
NGS of blood tumor Illumina SNP array array on
SDHA SDHB SDHD MUTYH 0GGT DNAd DNAd on blood DNA® tumor DNAe

WGS (35x) WES (25%x) 610Q 610Q (PT)

WES (78x) 2.5M Omni

WGS (35%x) - 2.5M Omni -

WES (89x)

- - 2.5M Omni -

WES (146x) - 2.5M Omni -

- - 2.5M Omni -
p.(Gly12Ser) WES (164x) - 2.5M Omni -

WGS (33x) - 2.5M Omni -

WES (87x)

- - 2.5M Omni

- - - 610Q (M)

WES (89x) WES (27x) 610Q 2.5M Omni 2.5M Omni
(PT)

WES (78x) - - -
p.(His50Arg) WGS (32x) - 610Q 2.5M Omni -
p.(His50Arg) WGS (27x) - 610Q 2.5M Omni -

WES (111x) - 2.5M Omni -

WES (129x) - 2.5M Omni -

WES (188x) - 2.5M Omni -

WES (89x) WES (28%x) 610Q 2.5M Omni 610Q (M)
610Q (PT)
2.5M Omni
(PT)

p.(Asp38Val) WGS (33x) - 610Q 2.5M Omni 610Q (M)

WES (87x)

p.(Asp38Val) WGS (34x) - 610Q 2.5M Omni 610Q (M)

WES (81x) WES (35x) 610Q 2.5M Omni 610Q (M)

WES (139x) - 2.5M Omni -

WES (200x) - 2.5M Omni -

p.(Arg46GIn) WES (74x) - 2.5M Omni -
p.(Ser163Pro) WES (88x) - 2.5M Omni -
p.(Ser163Pro) p.(Arg46GIn) WES (91x) - - -

WES (88x) - - -

WES (91x) -

WES (77x) -

p.(Gly396Asp) WES (86x) - - -

WES (78x) - - -

p.(Gly396Asp) WES (80x) - 2.5M Omni

WES (82x) - - -

aAWD, alive with disease; *deceased; bgrade of tumor according to Rindi G, Arnold R, Bosman FT. Nomenclature and classification of neuroendocrine
neoplasms of the digestive system. In: Bosman FT, Carneiro F, Hruban RH, Theise ND et al., editors. WHO classification of tumors of the digestive system.
Lyon: IARC, 2010; <tumors classified according to: Rindi G, Kloppel G, Alhman H, Caplin M, Couvelard A et al. TNM staging of foregut (neuro)endocrine
tumors: a consensus proposal including a grading system. Virchows Arch 2006, 449:395-401; dabbreviations: WGS, whole-genome sequencing. WES,
whole-exome sequencing. The number in parentheses denotes the read depth of the NGS experiments. The coverage was calculated for WES data by
using the software GATK (DeptOfCoverage) on exome target regions, while for whole-genome experiments the overall coverage was calculated by
extracting the total base coverage from BAM alignments with Samtools (depth) and then dividing this number by the human genome size (3.1billion
bases); eDNA extracted from blood and tumors (in parenthesis: PT-primary tumor; M-metastasis) was genotyped on two platforms: lllumina Human610-
Quad BeadChip (610Q) and Illumina Omni 2.5 BeadChip (2.5M Omni).

n.a., data not available.
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Sanger sequencing validation of familial germline
variants in sporadic subjects

After having identified candidate variants from WGS and
WES experiments on familial SI-NETs cases, we designed
validation primers for seven loci using PrimerZ (Tsai et al.
2007), using the option ‘Input SNPs or Positions’ with
default settings except for the product size ranges that
was restricted to 100-400 base pairs (http://genepipe.
ngc.sinica.edu.tw/primerz/). Primer sequences and PCR
conditions are described in Supplementary Table 2.
PCR bands were purified from agarose gel and Sanger
sequenced on a ABI3730XL DNA Analyzer (Thermo
Fisher Scientific) at The Uppsala Genome Center, Science
For Life Laboratory in Uppsala, Sweden. The same seven
primer pairs designed for the familial cases were used to
investigate the presence of the same variants in the 296
sporadic samples. In this case, after the PCR amplification
step, samples were directly treated with the ExoSAP-IT
(Thermo Fisher Scientific) prior to performing Sanger
sequencing at the same facility.

Immunohistochemistry

Paraffin-embedded tumor tissue specimens from
SI-NET patients with and without verified mutations in
MUTYH, OGG1 TERT, SDHB and SDHD were cut into
approximately 4-um thick sections and attached to
positively charged glass slides (Superfrost Plus, Menzel
Gléser, Braunschweig, Germany). Before immunostaining,
the sections were treated in a pressure cooker reaching
maximum temperature of 121°C using citrate buffer pH
6.0, as retrieval solution. The sections were incubated
with the primary polyclonal antibody anti-MUTYH (1:10,
HPAOO08732, Atlas Antibodies, Bromma, Sweden) or anti-
OGG1 (1:500, PA1-16505, Thermo Fisher Scientific) at
room temperature for one hour. A polymer-detection
system was used (EnVision Plus-HRP, Dako) according
to manufacturer’s instructions. Diaminobenzidine was
used as a chromogen for five minutes. Tissue sections
from normal liver and normal tonsil were used as positive
controls for MUTYH and OGG1 respectively (not shown),
and omission of the primary antibody was used as a
negative control.

Results

Characterization of candidate mutations predisposing
to SI-NETs in families

The analysis of 15 families with SI-NETs was the starting
point for our investigation (Fig. 1). All but one family
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were Swedish and the exception is family ‘No’, which
was collected in Norway. Overall clinical summary and
details for 26 familial SI-NET patients that were studied
molecularly are shown in Tables 1 and 2. Only one
of the families had four affected subjects (family A).
This was also the only kindred involving more than
two generations of patients affected with SI-NETs. All
other families had two to three affected individuals,
ascertained across two generations only. Blood-derived
DNA was sequenced for 24 familial SI-NET patients, as
well as selected healthy members of families (Table 2). As
shown in Table 1, comparison of median age at diagnosis
between familial and sporadic SI-NET patients suggested a
difference between these two groups (Table 1). We found
that age at diagnosis was significantly lower in familial
SI-NET patients compared to sporadic SI-NET patients
(Mann-Whitney U test; W=1789.5, P=0.0054). As shown
in Table 1, the median age at diagnosis among 26 familial
cases and 207 sporadic cases was 57 and 61 years of
age respectively.

In the analysis of familial patients, we applied a
combination of next-generation highly parallel sequencing
(NGS) of exome- and/or whole-genome and targeted
Sanger sequencing as well as SNP-beadchip analysis of
blood and/or tumor DNA. For analysis of NGS data, we used
a pipeline of stepwise filtering of results from sequencing
of the genomes and exomes. Table 3 and Supplementary
Fig. 1 describe in detail the filtering steps applied in the
analysis of NGS data. After the initial steps of alignment,
variant calling and refinement, we compiled a list of
candidate variants for each family. We populated these
lists with variants present in one (for families with only
one affected subjects sequenced) or more cancer patients,
prioritizing those reported as pathogenic (specifically
cancer causing) in ClinVar database (https://www.ncbi.
nlm.nih.gov/clinvar/) or predicted to be damaging by at
least one of the three functional prediction algorithms:
SIFT, Polyphen and MutationTaster (Kumar et al. 2009,
Schwarz et al. 2010, Adzhubei et al. 2013). Data from
different families were integrated to identify candidates
recurring across different families, protein members of
the same complex or interacting in the same biological
pathway. To further exclude sequencing errors and before
the final validation by Sanger sequencing, we manually
inspected alignments containing candidate variants
using the Integrative Genomics Viewer software (http://
software.broadinstitute.org/software/igv/) (Fig. 2).

The heterozygous missense variant in the telomerase
reverse transcriptase gene (TERT) p.(Ala279Thr) was the
most common DNA sequence variant identified among
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the 24 familial SI-NET patients and was observed in six
patients from three families (subjects Al, A2, A6, A7,
B3 and M2) (Fig. 1, Table 2 and Supplementary Fig. 2).
Prediction of the phenotypic effect of this variant
was discordant in SIFT, Polyphen and MutationTaster;
reported as ‘tolerated’, ‘probably damaging’, and ‘disease
causing’ respectively. Furthermore, one unaffected older
brother of subject Al (subject A3, clinically healthy and
currently 75 years of age) also showed this DNA sequence
variant. A similar situation was encountered in family M,
where the unaffected subject M3 had the variant TERT
p-(Ala279Thr). In addition, in two members of family
A, an additional heterozygous variant of the TERT
gene p.(His412Tyr) was uncovered. It was present in A4
(married to affected subject Al) and he passed on this
allele to his affected son A2, who is therefore a compound
heterozygote for two TERT gene variants; p.(Ala279Thr)
and p.(His412Tyr). SIFT, Polyphen and MutationTaster
predicted this variant in a similar way as the former
one (tolerated, probably damaging and disease causing
respectively) (Table 3). Both Ala279Thr and His412Tyr
variants are described as pathogenic in ClinVar and were
reported in patients affected with bone marrow failure,
aplastic anemia and dyskeratosis congenita, a telomere-
related disorder (Vulliamy et al. 2005, Yamaguchi et al.
2005). This variant has been furthermore described
in esophageal carcinomas, both in heterozygous and
homozygous states. In comparison with normal ones,
cells expressing the TERT A279T variant were shown to
have shorter telomeres and impaired canonical and non-
canonical telomerase functions (Zhang et al. 2014).

NGS analysis of the whole-exome and whole-
genome data on the familial cases also revealed four
likely polymorphisms in three genes (SDHA, SDHB and
SDHD) encoding different subunits of the mitochondrial
succinate dehydrogenase complex (Fig. 1, Table 2 and
Supplementary Figs 3, 4 and 5). These were found in
blood DNA of seven familial subjects (out of 24; 29%)
from four families (A, D, G and M). These four variants
showed conflicting results regarding the effect prediction
(Table 3). Notably, we did not detect any nucleotide
variants affecting the subunit C of the succinate
dehydrogenase complex (SDHC). The SDHD His50Arg
and Glyl2Ser have previously described
neuroendocrine tumors such as pheochromocytomas
and paragangliomas, as well as midgut carcinoids
and Merkel cell carcinomas (Cascon et al. 2002b,
Kytola et al. 2002, Perren et al. 2002, Ni et al. 2008). The
pathogenicity of SDHB Ser163Pro according to ClinVar

variants
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is controversial, but this allele has previously been
detected in familial cases of pheochromocytoma and
paraganglioma (Cascon et al. 2002a). A polymorphism
affecting the A subunit of the complex, SDHA Asp38Val,
detected in two affected individuals of family G, G1 and
G2, has been previously described in gastrointestinal
stromal tumors (Italiano et al. 2012). The above studies
describe homozygous inactivation as the most plausible
mechanism of tumorigenesis for these variants of the
mitochondrial SDHC. We have, however, not observed
biallelic mutations when the variants are detected in the
germline of patients affected with familial SI-NETs.

Furthermore, a heterozygous variant causing an
amino acid substitution p.(Gly396Asp) in the MutY
DNA glycosylase gene (MUTYH) was observed in two
SI-NET patients from different families (subjects O1
and Nol) (Fig. 1), and this DNA sequence change was
considered damaging by all three prediction algorithms
(Table 3). Germline biallelic variants of MUTYH
(including Gly396Asp) have been previously described
in patients affected with multiple colorectal adenomas
and adenomatous polyposis, as well as pancreatic NETs
(Al-Tassan et al. 2002, Sampson et al. 2003, Sieber et al.
2003, Vogt et al. 2009, Scarpa et al. 2017). Finally, in
family M (subject M1), we also observed a variant in the
8-oxoguanine DNA glycosylase gene (OGG1) p.(Arg46Gln),
which was predicted as damaging by all three methods,
and this gene was therefore considered a candidate for
further analysis. This variant was also present in subject
M3 (putative carrier, Fig. 1), who is currently 73 years and
clinically healthy. A study of human kidney carcinomas
has suggested that this variant might be a risk allele
(Audebert et al. 2000). It is also noteworthy that the OGG1
gene encodes a protein that is functionally closely related
to MUTYH; both proteins are involved in the protection
of DNA from mutations caused by oxidative damage
(see below, Discussion section).

In summary, for the familial SI-NET patients,
we analyzed 15 small families and identified seven
heterozygous missense variants affecting six genes,
which could be further tested in sporadic SI-NET patients
(see below). All identified variants were reported as
involved in cancer in ClinVar and pinpointed as possible
pathogenic by our unbiased filtering pipeline of NGS data;
thus, both approaches converged on the same candidate
mutations. Family A and M are the two families that
showed the largest load of uncovered variants. In eight
out of our 15 families, we were unable to identify any DNA
sequence variants that could be considered candidates for
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further analysis (Fig. 1). All the missense variants described
above were present as a single allele in the blood DNA
of the tested individuals, which is presumed to represent
the germline variation. The overall picture of observed
variation suggests heterogeneity of mechanisms involved
in the development of familial form of SI-NETs. The
studied families are not suitable for linkage studies and
should be considered as familial aggregations, instead of
clear-cut kindreds with Mendelian autosomal dominant
inheritance pattern and with high penetrance, which is
typical for inherited cancer syndromes. It should also be
mentioned that we tested, with negative results (details
not shown), our families for mutations in the inositol
polyphosphate multikinase gene (IPMK), which has been
reported in one large family with SI-NETs (Sei et al. 2015).

Sporadic and familial patients reveal that mutations in
MUTYH are associated with SI-NETs

All sporadic patients were treated and samples from them
were collected at Uppsala University Hospital, Sweden.
Samples obtained from 215 unrelated subjects affected
with SI-NETs were screened for the seven candidate

NM_001128425.1 (MUTYH):
c.1187G>A p.(Gly396Asp)

NM_016828.2 (OGG1):
¢.137G>A p.(Arg46Gin)

Identification and validation of genetic variants
in MUTYH and OGGT genes in the germline of
three families with SI-NETs. Whole-exome
sequencing results (panels A, B, Cand G, H, 1)
with corresponding Sanger sequencing
validations (panels D, E, F and J, K, L) of
heterozygous variants MUTYH p.(Gly396Asp) and
OGGT p.(Arg46GIn) in the germline of subjects
with familial history of SI-NETs. NGS data are
presented using the Integrative Genomics Viewer
—IGV software, Broad Institute. Variant MUTYH
p.(Gly396Asp) was initially detected in two
families with history of SI-NETs; families O and
No. The sequenced subject from family O, (subject
O1 (panels A and D)), is a carrier of this variant.
The same substitution was also detected in one of
the two sequenced subjects of family No, i.e. No1
(panels B and E). The variant was not identified in
the other affected subject of the same family,
No2 (panels C and F). Panels G to L illustrate the
presence of variant OGG1 p.(Arg46GIn) in two
subjects of family M (M1 (panels G and J) and M3
(panels | and L)). Subject M1 was diagnosed with
the disease at the age of 66 years, while his
younger brother M3 is considered to be a healthy
carrier, since his son M2 (panels H and K) was
diagnosed with SI-NET at the age of 43 years.

M2 did not show any OGGT mutation, but he is a
carrier of heterozygous alleles TERT p.(Ala279Thr)
and SDHB p.(Ser163Pro) (Fig. 1, Tables 2 and 3).

variants and the results are summarized in Table 3.
DNA was extracted from a total of 296 samples from
SI-NET patients, regarded to the best of our knowledge
as sporadic cases and used for mutation analysis using
Sanger sequencing. Samples were available from tumors
(PT and/or metastases) and/or cancer free-tissues (blood
and/or NT from liver). Figure 3 shows a Venn diagram
summarizing the numbers and types of samples studied
for sporadic patients. Samples for multiple tissues (two to
four) were available for 68 sporadic patients, while 147 of
patients were represented by one specimen only. It was
possible to test constitutional DNA (from blood tissue or
NT) against paired tumor (PT and/or metastasis) for 60
patients. We had the opportunity of studying DNA from
the triad of samples (germline/tumor/metastasis) for
nine subjects.

For assessment of allele frequencies in the general
population, we used three different studies, as described
(see ‘Materials and methods’ section). A comparison of
allele frequencies for the seven variants showed that the
heterozygous variant causing amino acid substitution
p-(Gly396Asp) in MUTYH was significantly enriched
among the patients affected with SI-NETs, compared to all
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Venn diagram showing the different tissues analyzed for the sporadic
SI-NETs. DNA extracted from a total of 296 sample tissues from 215
unrelated subjects was screened for the seven candidate variants.
Samples were available from tumors (PT and/or metastases) and
cancer-free tissues (blood and/or NT from liver). Clinical details, type and
number of samples tested for each affected individual are described in
Supplementary Table 1. Samples for multiple tissues (two to four) were
available for 68 sporadic patients while 147 of these had only one
specimen represented in our collection. All subjects with a NT available
for our analyses (n=30) were also sampled for another tissue, either
blood or tumor/metastasis.

the control cohorts. The minor allele frequencies (MAFs)
for the MUTYH p.(Gly396Asp) variant were: 0.009, 0.004
and 0.003 for the Exac-, 1000 Genomes-, and EpiHealth
cohort respectively. The overall minor allele frequency
of this variant in our collection of affected subjects
(sporadic and familial subjects) was 2-5 times higher
(MAF=0.016) when considering subjects harboring the
variant in the germline. A similar situation was observed
when studying variants found in any tissue (germline
plus tumor samples) resulting in MAF=0.013; 1.4-4 times
higher than that in controls. To calculate these numbers,
we took into account only one subject from each family
with history of SI-NETs, specifically the oldest diagnosed
with the disease. Calculations of odds ratios (Fisher’s
exact test) for being affected with SI-NETs and having SNP
causing amino acid substitution p.(Gly396Asp) in MUTYH
were 6.19 (95% confidence interval (CI): 1.7-19.02,
P value=0.0034) and 5.09 (95% CI: 1.56-14.74,
P value=0.0038) (Table 3). The former calculations
involved only cases studied using the germline DNA of
patients with SI-NET and the latter was calculated also
including data from tumors, in addition to the variation in
the germline respectively. The 95% ClIs for the odds ratios
are wide, largely because of the low MAFs in controls,
suggesting that future studies of p.(Gly396Asp) in MUTYH
in SI-NET patients are necessary using a larger cohort of
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patients. The monoallelic mutation MUTYH p.(Gly396Asp)
was also uncovered in two samples of tumor DNA; i.e. has
not been eliminated by genomic rearrangements arising
in the tumors. However, due to the unavailability of
tumor specimens from the relevant patients, we have not
been able to carefully study tumors from all patients for
deletions on 1p (where MUTYH is located), with an aim to
uncover the mechanism of inactivation of the other allele
of the MUTYH gene. All other studied variants were either
not enriched among studied patients vs controls or the
differences were not statistically significant. The OGGI
mutation p.(Arg46GIln) was enriched in SI-NETs about
two times, compared to EpiHealth, but our patient cohort
would need to be considerably larger in order to reach
the statistical significance, suggesting that future studies
of OGGI p.(Arg46Gln) candidate mutation in SI-NET
patients are necessary. As for the mutation in MUTYH
gene, also this variant in OGG1 was present in a single
copy in all studied subjects, including one metastasis and
one PT from apparently sporadic patients.

Analysis of protein expression in tumors from
familial patients

We have also performed immunohistochemical analysis
of the protein expression in tumors, for candidate genes
that were studied for mutations in both familial and
sporadic cohorts. Tumor samples (PT or liver metastases)
from seven patients with the familial form of SI-NET
were studied. All patients had at least one germline
mutation, five had a TERT mutation, two had MUTYH
mutations and OGGI1, SDHB and SDHD were found in
one patient each. Of the seven patients, one had three
mutations (TERT, MUTYH and OGGI1) and one had two
(TERT and SDHB) (Table 2). All studied tumors showed
immunoreactivity for antibodies used. In Supplementary
Fig. 7, immunohistochemical analysis of MUTYH and
OGG1 is shown. There was no difference in the staining
pattern or intensity of the staining between tumors from
patients with or without a germline mutation in OGG1 or
MUTYH. This indicates that the expression of the protein
in tumors was not affected by the monoallelic mutations
in the MUTYH or OGG1 genes. A similar pattern has been
observed in tumors from familial patients carrying other
observed gene mutations (compared to controls without
the mutation), detected with antibodies against TERT,
SDHB and SDHD (results not shown). These results for the
SDHB and SDHD genes may suggest that these mutations
do not have an effect on the expression of proteins of the
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mitochondrial complex II, speaking against their possible
role in this disease. This is in contrast to observations
in pheochromocytomas and paragangliomas, where
it has been shown that pathogenic variants of these
genes, present in tumors in two copies, lead to loss of
expression with subsequent impaired enzymatic activity
(van Nederveen et al. 2009). The fact that normal and
tumor tissues showed a similar expression of TERT, a
gene that is in general expressed only in embryonic
stages or in adult stem cells, may confirm the importance
of an expressed telomerase in small intestine, where
it is necessary to repair and maintain the turnover of
the epithelium. Our results are also in accordance with
another study showing that TERT Ala279Thr is normally
expressed in esophageal contributing to
chromosome instability (Zhang et al. 2014).

cancers,

Discussion

Using analysis of germline DNA from family members
affected with SI-NETs and sporadic SI-NET patients, we
identified a monoallelic mutation causing an amino
acid substitution p.(Gly396Asp) in MUTYH that was
significantly enriched among the patients affected with
SI-NETs, compared to the controls. Thus, this mutation
is a good candidate for a risk factor predisposing to the
disease. Moreover, the OGGI-related results ought to be
discussed here, because MUTYH and OGG1 proteins share
functional properties. Although we have not reached
statistical significance for enrichment of the mutation
OGG1 p.(Arg46Gln) in patients vs controls, this variant
should also be considered in future studies. We performed
an analysis of statistical power to assess whether a cohort
of SI-NET patients being 10 times larger (i.e. equal
number of patients and controls from EpiHealth cohort,
and assuming the same frequency of OGG1 p.(Arg46Gln)
mutation in SI-NET patient cohort) would be sufficient.
The odds ratios in this hypothetical situation would be
about two and would have a strong statistical significance.
This OGGI-related finding calls for an extended project
delineating a role of both MUTYH and OGG1 variants in
the pathogenesis of the disease.

Interestingly, a recent report on a related disease,
pancreatic neuroendocrine tumors (PAN-NETs), has
described mutations in the MUTYH gene. Mutation
p-(Gly396Asp) in MUTYH, along with other pathogenic
variants in this gene, were reported. The alterations
described in tumors were usually affecting both alleles,
suggesting a complete functional inactivation of this gene

MUTYH substitution 24:8 439
Gly396Asp in SI-NETs

(Scarpa et al. 2017). In our cohort, monoallelic MUTYH
p-(Gly396Asp) mutation was detected in six patients. It
was observed in the germline of two patients from distinct
families and four apparently sporadic subjects (Table 3 and
Supplementary Table 1). For two of these latter sporadic
patients, the only studied tissue was blood. For the third
sporadic patient (254), DNA extracted from blood and a PT
was tested, and Sanger sequencing confirmed the presence
of the heterozygous MUTYH p.(Gly396Asp) variant. The
same monoallelic state was also detected in a metastasis
from sporadic patient 105; the only tissue tested for this
subject. Furthermore, previous analyses of gene copy
number alterations in SI-NETs showed that chromosome
1p (where MUTYH is located) is rarely affected by tumor-
specific deletions, which speaks against a frequent biallelic
inactivation of this gene (Cunningham et al. 2011).
These results might suggest that biallelic inactivation of
MUTYH might not be the only mechanism driving the
tumor development of SI-NETs, as opposed to what was
observed in PAN-NETs (Scarpa et al. 2017). We therefore
hypothesize that additional mutation(s) promoting the
onset of the disease might occur in other genes related
to excision-repair pathway and OGGI is a plausible
candidate. This matter deserves follow-up studies for both
SI-NETs and PAN-NETs.

MUTYH and OGG1 are the orthologues of the bacterial
MutY and MutM genes respectively, in Escherichia coli and
are therefore highly evolutionarily conserved (Michaels &
Miller 1992). They have a synergistic role in protecting
DNA from oxidative damage. The protein product of
OGG1 is responsible for the excision of the mutagenic
base 8-oxoguanine, while the enzyme encoded by MUTYH
excises adenine bases at sites where they are mismatched
with the wrong base. Both these mutational events occur
normally in cells as a consequence of oxidative damage of
DNA (Michaels & Miller 1992). A large number of various
biallelic recessive mutations in MUTYH in the germline of
patients with colorectal adenomatous polyposis have been
described. Furthermore, these mutations have also been
associated with extra-colonic tumors in subjects bearing
two mutations in this gene. In rare cases, SI-NETs have
been shown to be part of the clinical spectrum of patients
with colorectal tumors. Notably, amino acid substitution
p-(Gly396Asp) MUTYH is among the recessive germline
mutations described so far in the MUTYH gene and likely
causing the autosomal recessive form of adenomatous
polyposis (Al-Tassan et al. 2002, Sampson et al. 2003,
Sieber et al. 2003, Vogt et al. 2009). Moreover, the link
between impaired function of MUTYH and OGGI and
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various tumors has been shown in mice bearing biallelic
knockouts of these genes (Xie et al. 2004, Sakamoto et al.
2007). Interestingly, deficient excision of the mutagenic
base 8-oxoguanine causes mutations in codon 12 of k-ras
gene in mice (Xie ef al. 2004) and codon 12 mutations
in human K-RAS have also been described as a somatic
tumor-specific change in SI-NETs (Banck et al. 2013).

Considering the above, we hypothesize that a
monoallelic mutation causing amino acid substitution
p-(Gly396Asp) in MUTYH is conferring a mild functional
impairment, affecting the excision-repair system
of 8-oxoguanine (without disturbing the level of
MUTYH protein expression), eventually leading to the
development of SI-NETs. Such a mutation might set
up an environment that is less protected from reactive
oxygen species. The presence of one copy of the wild-
type allele in patients with MUTYH p.(Gly396Asp) might
temper the effect of the altered protein, giving SI-NET
patient a mild phenotype, late onset and slow progression
of the disease. We speculate that in the presence of the
biallelic MUTYH mutation (as is the case for autosomal
recessive form of adenomatous polyposis (Al-Tassan et al.
2002, Sampson et al. 2003, Sieber et al. 2003, Vogt et al.
2009)), one might, for most of patients, never have time
to observe the onset of SI-NETs, since other aggressive
pathologies (such as colorectal cancer) might lead to the
death of the patient. In this context, one could mention
that heterozygous variant p.(Gly396Asp) in the MutY
DNA glycosylase gene has been shown to be associated
with an elevated risk of breast cancer also in a study
on 930 Sephardi Jewish women of North African origin
(Rennert et al. 2012). The p.(Gly396Asp) in MUTYH is,
however, unlikely a single and sufficient event to cause the
development of SI-NETs. Other mutations in additional
members of the same excision-repair pathway might
also play a role, as well as genes that are not related to
this pathway.

The observed variants in TERT as well as in SDHA,
SDHB and SDHD genes are actually the most common
findings in our familial SI-NET patients, but these alleles
are not enriched in frequency among all SI-NET patients,
when compared to the control population. Furthermore,
mutations in the SDHx genes have previously been
implicated in cancer, and particularly, in forms related to
SI-NETs, such as pheochromocytoma and paraganglioma
(Cascon et al. 2002b, Perren et al. 2002). Somatic, tumor-
specific SDHD mutations have also been shown in SI-NETs
(Kytola et al. 2002). At the current stage of exploration
of the significance of these genes in SI-NET patients, it
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is not possible to draw a firm conclusion. A larger set
of familial and sporadic patients should be studied. We
may only speculate that the variants we characterized
could contribute to the development of tumors in
some patients or in some families. They perhaps might
represent phenotype modifying events, co-operating with
mutations in other genes for the phenotype to appear,
but not being by themselves rate-limiting predisposing
mutations. It is noteworthy that the TERT, SDHA,
SDHB and SDHD genes are all involved in pathways
related to generation of and response to oxidative stress
(Saretzki 2009).

Our finding of statistically significant difference in
age at diagnosis for familial and sporadic SI-NET patients
is consistent with the presence of an inherited component
among the members of families affected with this disease.
However, this presumed inherited component behind
familial SI-NETs appears complex and unclear. The only
previously characterized mutation (4-bp deletion in the
IPMK gene) predisposing to familial SI-NETs is apparently
a private mutation, specific for one large family (Sei et al.
2015). Mutations in IMPK could be found neither in the
remaining set of 32 families studied by Sei and coworkers
nor in the set of 15 families studied here. Furthermore,
all but one so far reported families with patients affected
by clinically diagnosed SI-NETs are unsuitable for
linkage studies, in order to delineate a location of a gene
predisposing for the disease. These families might rather
be categorized as familial clusters and usually involve
two affected subjects in one or two generations, that is
kindreds without clear Mendelian inheritance. Moreover,
in the large family reported by Sei and coworkers, only
two individuals (out of 14 in the third generation with
the IPMK gene mutation, Fig. 2 in ref.: (Sei et al. 2015))
were diagnosed with an SI-NET prior to advanced clinical
screening. Another six individuals were diagnosed after
screening procedures including PET examination with
L-DOPA and/or capsule endoscopy and subsequent surgery;
i.e. about 43% of clinically asymptomatic subjects (with
the mutation) in this family had occult tumors, which is a
very high number. Thus, it appears that expressivity of the
IPMK mutation in causing SI-NETs is variable and there
are likely additional mutation carriers without clinical
symptoms of the disease. In this context, one should
also discuss the important carcinoid (SI-NET) study from
Southern Sweden based on autopsies. It clearly showed
that the majority (90%) of subjects studied post mortem
and having SI-NETs represented clinically silent tumors
(Berge & Linell 1976). Consequently, various alleles that
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may predispose to the familial form of this disease might
be relatively common in the general population. This
suggests, therefore, that perhaps the biggest challenge
in the field of genetics behind SI-NETs is to delineate
how large fraction of SI-NET patients, which are assessed
clinically as sporadic cases, might actually have a familial
background.

In conclusion, SI-NETs can present as both a sporadic
and a familial disease. We have identified monoallelic
germline mutations in MUTYH, involved in DNA repair
following oxidative stress, which may be a candidate gene
for predisposition to SI-NET. However, further studies
with a larger number of families and sporadic patients are
needed in order to better understand the genetics behind
the development of familial SI-NETs.

Supplementary data
This is linked to the online version of the paper at http:/dx.doi.org/10.1530/
ERC-17-0196.

Declaration of interest
JP D andLAF are co-founders and shareholders in Cray Innovation AB.

Funding

This study was supported by the grants from the Swedish Cancer Society,
the Swedish Research Council, the Torsten Séderberg Foundation and Sci-
Life-Lab-Uppsalato J P D and by the grants from the Swedish Cancer Society,
Lion’s Cancer foundation at Uppsala University Hospital and the Selander’s
foundation to E T J. Genotyping and next-generation sequencing were
performed by the SNP&SEQ Technology Platform in Uppsala, Sweden,
which is part of Science for Life Laboratory at Uppsala University and
supported as a national infrastructure by the Swedish Research Council.

Author contribution statement

Study design: J P D, CR, E T J. Interpretation of data: JDP, CR,HD, LAF,
ETJ. Laboratory work: CR, PB,HD, ASA, MG, J L C. Collection of patient
and control samples and clinical information: SW, HS, HG,JLC LL, E|,
PS, P H, ETJ. Writing the manuscript: J P D, CR, E T J. All co-authors were
reading and commenting on the manuscript.

Acknowledgements
The authors thank Laura Batlle Masé and Hamid Reza Razzaghian for
technical assistance.

References

Adzhubei I, Jordan DM & Sunyaev SR 2013 Predicting functional effect of
human missense mutations using PolyPhen-2. Current Protocols in Human
Genetics Chapter 7 Unit 7 20. (doi:10.1002/0471142905.hg0720s76)

MUTYH substitution 24:8 441

Gly396Asp in SI-NETs

Al-Tassan N, Chmiel NH, Maynard J, Fleming N, Livingston AL,
Williams GT, Hodges AK, Davies DR, David SS, Sampson JR, et al.
2002 Inherited variants of MYH associated with somatic G:CT:A
mutations in colorectal tumors. Nature Genetics 30 227-232.
(doi:10.1038/ng828)

Andersson E, Sward C, Stenman G, Ahlman H & Nilsson O 2009 High-
resolution genomic profiling reveals gain of chromosome 14 as a
predictor of poor outcome in ileal carcinoids. Endocrine-Related
Cancer 16 953-966. (doi:10.1677/ERC-09-0052)

Audebert M, Chevillard S, Levalois C, Gyapay G, Vieillefond A,
Klijanienko J, Vielh P, El Naggar AK, Oudard S, Boiteux S, et al. 2000
Alterations of the DNA repair gene OGG1 in human clear cell
carcinomas of the kidney. Cancer Research 60 4740-4744.

Banck MS, Kanwar R, Kulkarni AA, Boora GK, Metge F, Kipp BR,

Zhang L, Thorland EC, Minn KT, Tentu R, et al. 2013 The genomic
landscape of small intestine neuroendocrine tumors. Journal of
Clinical Investigation 123 2502-2508. (d0i:10.1172/JC167963)

Berge T & Linell F 1976 Carcinoid tumours. Frequency in a defined
population during a 12-year period. Acta Pathologica Microbiologica
Scandinavica Series A 84 322-330.

Cascon A, Cebrian A, Ruiz-Llorente S, Telleria D, Benitez ] & Robledo M
2002a SDHB mutation analysis in familial and sporadic
phaeochromocytoma identifies a novel mutation. Journal of Medical
Genetics 39 E64. (d0i:10.1136/jmg.39.10.e64)

Cascon A, Ruiz-Llorente S, Cebrian A, Telleria D, Rivero JC, Diez J],
Lopez-Ibarra PJ, Jaunsolo MA, Benitez ] & Robledo M 2002b
Identification of novel SDHD mutations in patients with
phaeochromocytoma and/or paraganglioma. European Journal of
Human Genetics 10 457-461. (doi:10.1038/sj.ejhg.5200829)

Crona J, Gustavsson T, Norlen O, Edfeldt K, Akerstrom T, Westin G,
Hellman P, Bjorklund P & Stalberg P 2015 Somatic mutations and
genetic heterogeneity at the CDKN1B locus in small intestinal
neuroendocrine tumors. Annals of Surgical Oncology 22
(Supplement 3) S1428-S1435. (doi:10.1245/s10434-014-4351-9)

Cunningham JL, Diaz de Stahl T, Sjoblom T, Westin G, Dumanski JP &
Janson ET 2011 Common pathogenetic mechanism involving
human chromosome 18 in familial and sporadic ileal carcinoid
tumors. Genes, Chromosomes and Cancer 50 82-94. (doi:10.1002/
gcc.20834)

Edfeldt K, Ahmad T, Akerstrom G, Janson ET, Hellman P, Stalberg P,
Bjorklund P & Westin G 2014 TCEB3C a putative tumor suppressor
gene of small intestinal neuroendocrine tumors. Endocrine-Related
Cancer 21 275-284. (doi:10.1530/ERC-13-0419)

Francis JM, Kiezun A, Ramos AH, Serra S, Pedamallu CS, Qian ZR, Banck
MS, Kanwar R, Kulkarni AA, Karpathakis A, et al. 2013 Somatic
mutation of CDKN1B in small intestine neuroendocrine tumors.
Nature Genetics 45 1483-1486. (doi:10.1038/ng.2821)

Genomes Project Consortium, Auton A, Brooks LD, Durbin RM,
Garrison EP, Kang HM, Korbel JO, Marchini JL, McCarthy S, McVean
GA, et al. 2015 A global reference for human genetic variation.
Nature 526 68-74. (doi:10.1038/nature15393)

Hemminki K & Li X 2001 Familial carcinoid tumors and subsequent
cancers: a nation-wide epidemiologic study from Sweden.
International Journal of Cancer 94 444-448. (d0i:10.1002/ijc.1473)

Hiripi E, Bermejo JL, Sundquist ] & Hemminki K 2009 Familial
gastrointestinal carcinoid tumours and associated cancers. Annals of
Oncology 20 950-954. (doi:10.1093/annonc/mdn706)

Italiano A, Chen CL, Sung YS, Singer S, DeMatteo RP, LaQuaglia MP,
Besmer P, Socci N & Antonescu CR 2012 SDHA loss of function
mutations in a subset of young adult wild-type gastrointestinal
stromal tumors. BMC Cancer 12 408. (doi:10.1186/
1471-2407-12-408)

Jann H, Roll S, Couvelard A, Hentic O, Pavel M, Muller-Nordhorn J,
Koch M, Rocken C, Rindi G, Ruszniewski P, et al. 2011
Neuroendocrine tumors of midgut and hindgut origin:

© 2017 The authors
Printed in Great Britain

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-17-0196

Published by Bioscientifica Ltd.


http://dx.doi.org/10.1530/ERC-17-0196
http://dx.doi.org/10.1530/ERC-17-0196
http://dx.doi.org/10.1530/ERC-17-0196
http://dx.doi.org/10.1002/0471142905.hg0720s76
http://dx.doi.org/10.1038/ng828
http://dx.doi.org/10.1677/ERC-09-0052
http://dx.doi.org/10.1172/JCI67963
http://dx.doi.org/10.1136/jmg.39.10.e64
http://dx.doi.org/10.1038/sj.ejhg.5200829
http://dx.doi.org/10.1245/s10434-014-4351-9
http://dx.doi.org/10.1002/gcc.20834
http://dx.doi.org/10.1002/gcc.20834
http://dx.doi.org/10.1530/ERC-13-0419
http://dx.doi.org/10.1038/ng.2821
http://dx.doi.org/10.1038/nature15393
http://dx.doi.org/10.1002/ijc.1473
http://dx.doi.org/10.1093/annonc/mdn706
http://dx.doi.org/10.1186/1471-2407-12-408
http://dx.doi.org/10.1186/1471-2407-12-408

Endocrine-Related Cancer

Research J P Dumanski et al.

tumor-node-metastasis classification determines clinical outcome.
Cancer 117 3332-3341. (doi:10.1002/cncr.25855)

Janson ET, Holmberg L, Stridsberg M, Eriksson B, Theodorsson E,
Wilander E & Oberg K 1997 Carcinoid tumors: analysis of prognostic
factors and survival in 301 patients from a referral center. Annals of
Oncology 8 685-690. (doi:10.1023/A:1008215730767)

Janson ET, Sorbye H, Welin S, Federspiel B, Gronbaek H, Hellman P,
Ladekarl M, Langer SW, Mortensen ], Schalin-Jantti C, et al. 2014
Nordic guidelines 2014 for diagnosis and treatment of
gastroenteropancreatic neuroendocrine neoplasms. Acta Oncologica
53 1284-1297. (doi:10.3109/0284186X.2014.941999)

Jarhult J, Landerholm K, Falkmer S, Nordenskjold M, Sundler F &
Wierup N 2010 First report on metastasizing small bowel carcinoids
in first-degree relatives in three generations. Neuroendocrinology 91
318-323. (doi:10.1159/000299790)

Kinova S, Duris I, Kovacova E, Stvrtina S, Galbavy S & Makaiova I 2001
Malignant carcinoid in two brothers. Bratislavske Lekarske Listy 102
231-234.

Kulke MH, Freed E, Chiang DY, Philips J, Zahrieh D, Glickman JN &
Shivdasani RA 2008 High-resolution analysis of genetic alterations in
small bowel carcinoid tumors reveals areas of recurrent amplification
and loss. Genes, Chromosomes and Cancer 47 591-603. (doi:10.1002/
gcc.20561)

Kulke MH & Mayer RJ 1999 Carcinoid tumors. New England Journal of
Medicine 340 858-868. (doi:10.1056/NEJM199903183401107)

Kumar P, Henikoff S & Ng PC 2009 Predicting the effects of coding non-
synonymous variants on protein function using the SIFT algorithm.
Nature Protocols 4 1073-1081. (doi:10.1038/nprot.2009.86)

Kytola S, Nord B, Elder EE, Carling T, Kjellman M, Cedermark B,

Juhlin C, Hoog A, Isola ] & Larsson C 2002 Alterations of the SDHD
gene locus in midgut carcinoids, Merkel cell carcinomas,
pheochromocytomas, and abdominal paragangliomas. Genes,
Chromosomes and Cancer 34 325-332. (doi:10.1002/gcc.10081)

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T,
O’Donnell-Luria AH, Ware JS, Hill AJ, Cummings BB, et al. 2016
Analysis of protein-coding genetic variation in 60,706 humans.
Nature 536 285-291. (doi:10.1038/nature19057)

Lind L, Elmstahl S, Bergman E, Englund M, Lindberg E, Michaelsson K,
Nilsson PM & Sundstrom J 2013 EpiHealth: a large population-based
cohort study for investigation of gene-lifestyle interactions in the
pathogenesis of common diseases. European Journal of Epidemiology
28 189-197. (doi:10.1007/s10654-013-9787-x)

Lollgen RM, Hessman O, Szabo E, Westin G & Akerstrom G 2001
Chromosome 18 deletions are common events in classical midgut
carcinoid tumors. International Journal of Cancer 92 812-815.
(doi:10.1002/ijc.1276)

Michaels ML & Miller JH 1992 The GO system protects organisms from
the mutagenic effect of the spontaneous lesion 8-hydroxyguanine
(7,8-dihydro-8-oxoguanine). Journal of Bacteriology 174 6321-6325.
(doi:10.1128/jb.174.20.6321-6325.1992)

Neklason DW, VanDerslice J, Curtin K & Cannon-Albright LA 2016
Evidence for a heritable contribution to neuroendocrine tumors of
the small intestine. Endocrine-Related Cancer 23 93-100. (doi:10.1530/
ERC-15-0442)

Ni Y, Zbuk KM, Sadler T, Patocs A, Lobo G, Edelman E, Platzer P, Orloff
MS, Waite KA & Eng C 2008 Germline mutations and variants in the
succinate dehydrogenase genes in Cowden and Cowden-like
syndromes. American Journal of Human Genetics 83 261-268.
(doi:10.1016/j.ajhg.2008.07.011)

Pal T, Liede A, Mitchell M, Calender A & Narod SA 2001 Intestinal
carcinoid tumours in a father and daughter. Canadian Journal of
Gastroenterology 15 405-409. (doi:10.1155/2001/908056)

Perren A, Barghorn A, Schmid S, Saremaslani P, Roth J, Heitz PU &
Komminoth P 2002 Absence of somatic SDHD mutations in sporadic
neuroendocrine tumors and detection of two germline variants in

MUTYH substitution 24:8 442

Gly396Asp in SI-NETs

paraganglioma patients. Oncogene 21 7605-7608. (doi:10.1038/
sj.onc.1205812)

Rennert G, Lejbkowicz F, Cohen I, Pinchev M, Rennert HS & Barnett-
Griness O 2012 MutYH mutation carriers have increased breast
cancer risk. Cancer 118 1989-1993. (doi:10.1002/cncr.26506)

Rindi G, Arnold R & Bosman F 2010 Nomenclature and Classification of
Neuroendocrine Neoplasms of the Digestive System. Lyon, France: IARC.

Sakamoto K, Tominaga Y, Yamauchi K, Nakatsu Y, Sakumi K, Yoshiyama
K, Egashira A, Kura S, Yao T, Tsuneyoshi M, et al. 2007 MUTYH-null
mice are susceptible to spontaneous and oxidative stress induced
intestinal tumorigenesis. Cancer Research 67 6599-6604.
(doi:10.1158/0008-5472.CAN-06-4802)

Sampson JR, Dolwani S, Jones S, Eccles D, Ellis A, Evans DG, Frayling I,
Jordan S, Maher ER, Mak T, et al. 2003 Autosomal recessive
colorectal adenomatous polyposis due to inherited mutations of
MYH. Lancet 362 39-41. (doi:10.1016/50140-6736(03)13805-6)

Sandvik OM, Soreide K, Gudlaugsson E, Kvaloy JT & Soreide JA 2016
Epidemiology and classification of gastroenteropancreatic
neuroendocrine neoplasms using current coding criteria. British
Journal of Surgery 103 226-232. (doi:10.1002/bjs.10034)

Saretzki G 2009 Telomerase, mitochondria and oxidative stress.
Experimental Gerontology 44 485-492. (doi:10.1016/
j-exger.2009.05.004)

Scarpa A, Chang DK, Nones K, Corbo V, Patch AM, Bailey P, Lawlor RT,
Johns AL, Miller DK, Mafficini A, et al. 2017 Whole-genome
landscape of pancreatic neuroendocrine tumours. Nature 543 65-71.
(doi:10.1038/nature21063)

Schwarz JM, Rodelsperger C, Schuelke M & Seelow D 2010
MutationTaster evaluates disease-causing potential of sequence
alterations. Nature Methods 7 575-576. (doi:10.1038/nmeth0810-575)

Sei Y, Zhao X, Forbes ], Szymczak S, Li Q, Trivedi A, Voellinger M, Joy G,
Feng ], Whatley M, et al. 2015 A hereditary form of small intestinal
carcinoid associated with a germline mutation in inositol
polyphosphate multikinase. Gastroenterology 149 67-78.
(doi:10.1053/j.gastro.2015.04.008)

Sieber OM, Lipton L, Crabtree M, Heinimann K, Fidalgo P, Phillips RK,
Bisgaard ML, Orntoft TF, Aaltonen LA, Hodgson SV, et al. 2003
Multiple colorectal adenomas, classic adenomatous polyposis, and
germ-line mutations in MYH. New England Journal of Medicine 348
791-799. (doi:10.1056/NEJM0a025283)

Tsai MF, Lin YJ, Cheng YC, Lee KH, Huang CC, Chen YT & Yao A 2007
PrimerZ: streamlined primer design for promoters, exons and human
SNPs. Nucleic Acids Research 35 W63-W65. (doi:10.1093/nar/gkm383)

Wale RJ, Williams JA, Beeley AH & Hughes ES 1983 Familial occurrence
in carcinoid tumours. Australian and New Zealand Journal of Surgery
53 325-328. (doi:10.1111/j.1445-2197.1983.tb02456.x)

van Nederveen FH, Gaal ], Favier J, Korpershoek E, Oldenburg RA,
de Bruyn EM, Sleddens HE, Derkx P, Riviere J, Dannenberg H, et al.
2009 An immunohistochemical procedure to detect patients with
paraganglioma and phaeochromocytoma with germline SDHB,
SDHC, or SDHD gene mutations: a retrospective and prospective
analysis. Lancet Oncology 10 764-771. (doi:10.1016/51470-
2045(09)70164-0)

Wang K, Li M & Hakonarson H 2010 ANNOVAR: functional annotation
of genetic variants from high-throughput sequencing data. Nucleic
Acids Research 38 e164. (doi:10.1093/nar/gkq603)

Vogt S, Jones N, Christian D, Engel C, Nielsen M, Kaufmann A,

Steinke V, Vasen HF, Propping P, Sampson JR, et al. 2009 Expanded
extracolonic tumor spectrum in MUTYH-associated polyposis.
Gastroenterology 137 1976.e1901-1985.e1910. (d0i:10.1053/
j-gastro.2009.08.052)

Vulliamy TJ, Walne A, Baskaradas A, Mason PJ, Marrone A & Dokal I
2005 Mutations in the reverse transcriptase component of
telomerase (TERT) in patients with bone marrow failure. Blood Cells,
Molecules and Diseases 34 257-263. (d0i:10.1016/j.bcmd.2004.12.008)

© 2017 The authors
Printed in Great Britain

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-17-0196

Published by Bioscientifica Ltd.


http://dx.doi.org/10.1530/ERC-17-0196
http://dx.doi.org/10.1002/cncr.25855
http://dx.doi.org/10.1023/A:1008215730767
http://dx.doi.org/10.3109/0284186X.2014.941999
http://dx.doi.org/10.1159/000299790
http://dx.doi.org/10.1002/gcc.20561
http://dx.doi.org/10.1002/gcc.20561
http://dx.doi.org/10.1056/NEJM199903183401107
http://dx.doi.org/10.1038/nprot.2009.86
http://dx.doi.org/10.1002/gcc.10081
http://dx.doi.org/10.1038/nature19057
http://dx.doi.org/10.1007/s10654-013-9787-x
http://dx.doi.org/10.1002/ijc.1276
http://dx.doi.org/10.1128/jb.174.20.6321-6325.1992
http://dx.doi.org/10.1530/ERC-15-0442
http://dx.doi.org/10.1530/ERC-15-0442
http://dx.doi.org/10.1016/j.ajhg.2008.07.011
http://dx.doi.org/10.1155/2001/908056
http://dx.doi.org/10.1038/sj.onc.1205812
http://dx.doi.org/10.1038/sj.onc.1205812
http://dx.doi.org/10.1002/cncr.26506
http://dx.doi.org/10.1158/0008-5472.CAN-06-4802
http://dx.doi.org/10.1016/S0140-6736(03)13805-6
http://dx.doi.org/10.1002/bjs.10034
http://dx.doi.org/10.1016/j.exger.2009.05.004
http://dx.doi.org/10.1016/j.exger.2009.05.004
http://dx.doi.org/10.1038/nature21063
http://dx.doi.org/10.1038/nmeth0810-575
http://dx.doi.org/10.1053/j.gastro.2015.04.008
http://dx.doi.org/10.1056/NEJMoa025283
http://dx.doi.org/10.1093/nar/gkm383
http://dx.doi.org/10.1111/j.1445-2197.1983.tb02456.x
http://dx.doi.org/10.1016/S1470-2045(09)70164-0
http://dx.doi.org/10.1016/S1470-2045(09)70164-0
http://dx.doi.org/10.1093/nar/gkq603
http://dx.doi.org/10.1053/j.gastro.2009.08.052
http://dx.doi.org/10.1053/j.gastro.2009.08.052
http://dx.doi.org/10.1016/j.bcmd.2004.12.008

Endocrine-Related Cancer

Research J P Dumanski et al.

Xie Y, Yang H, Cunanan C, Okamoto K, Shibata D, Pan ], Barnes DE,
Lindahl T, Mcllhatton M, Fishel R, et al. 2004 Deficiencies in mouse
Myh and Oggl result in tumor predisposition and G to T mutations
in codon 12 of the K-ras oncogene in lung tumors. Cancer Research
64 3096-3102. (doi:10.1158/0008-5472.CAN-03-3834)

Yamaguchi H, Calado RT, Ly H, Kajigaya S, Baerlocher GM,

Chanock §J, Lansdorp PM & Young NS 2005 Mutations in TERT,
the gene for telomerase reverse transcriptase, in aplastic anemia.
New England Journal of Medicine 352 1413-1424. (doi:10.1056/
NEJMo0a042980)

MUTYH substitution 24:8 443

Gly396Asp in SI-NETs

Yao JC, Hassan M, Phan A, Dagohoy C, Leary C, Mares JE, Abdalla EK,
Fleming JB, Vauthey JN, Rashid A, et al. 2008 One hundred years
after ‘carcinoid’: epidemiology of and prognostic factors for
neuroendocrine tumors in 35,825 cases in the United States. Journal
of Clinical Oncology 26 3063-3072. (doi:10.1200/JC0.2007.15.4377)

Zhang Y, Calado R, Rao M, Hong JA, Meeker AK, Dumitriu B, Atay S,
McCormick PJ, Garfield SH, Wangsa D, et al. 2014 Telomerase
variant A279T induces telomere dysfunction and inhibits non-
canonical telomerase activity in esophageal carcinomas. PLoS ONE 9
€101010. (doi:10.1371/journal.pone.0101010)

Received in final form 14 June 2017
Accepted 19 June 2017
Accepted Preprint published online 20 June 2017

© 2017 The authors
Printed in Great Britain

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-17-0196

Published by Bioscientifica Ltd.


http://dx.doi.org/10.1530/ERC-17-0196
http://dx.doi.org/10.1158/0008-5472.CAN-03-3834
http://dx.doi.org/10.1056/NEJMoa042980
http://dx.doi.org/10.1056/NEJMoa042980
http://dx.doi.org/10.1200/JCO.2007.15.4377
http://dx.doi.org/10.1371/journal.pone.0101010

	Abstract
	Materials and methods
	Familial SI-NET patients
	Sporadic SI-NET patients
	Control populations
	Next-generation sequencing analysis
	SNP array analysis of familial cases and 
EpiHealth controls
	Sanger sequencing validation of familial germline variants in sporadic subjects
	Immunohistochemistry

	Results
	Characterization of candidate mutations predisposing 
to SI-NETs in families
	Sporadic and familial patients reveal that mutations in MUTYH are associated with SI-NETs
	Analysis of protein expression in tumors from 
familial patients

	Discussion
	Supplementary data
	Declaration of interest
	Funding
	Author contribution statement
	Acknowledgements
	References

