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Summary Small intestine-neuroendocrine tumors (SI-NETs) are one of the most common tumors of the
small bowel. Despite an increasing incidence, the exact mechanisms driving underlying pathology
remain to be determined. Interestingly, recent studies linked the development of (SI-)NETs to both
Lynch syndrome (LS) and MUTYH variants. If confirmed, these associations would have important
consequences for treatment. In this study we therefore investigated the prevalence of mismatch repair
(MMR) deficiency and MUTYH variants in 64 primary resected SI-NETs. Immunohistochemistry was
used to assess the expression of the MMR genes, and competitive allele-specific PCR (KASPar) target-
ing two hotspot MUTYH variants [p.(Tyr179Cys), p.(Gly396Asp)] was performed to determine their
prevalence in SI-NETs. Strikingly, all 64 SI-NETs stained positive for MSH6 and PMS2, indicating
LS, Lynch syndrome; MAP, MUTYH-associated adenomatous polyposis; MMR, Mismatch repair; MUTYH, MutY

e carcinoma; (SI-)NET, (Small intestine-)neuroendocrine tumor; VAF, Variant allele frequency.
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MMR proficiency. In addition, no MUTYH hotspot variant was found in any of the 64 SI-NETs. As
such, these results do not support an association between SI-NET development and LS or MUTYH var-
iants. In order to gain insight into SI-NET pathogenesis and optimally manage patients, future research
should therefore focus on other candidate genes.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Small intestine-neuroendocrine tumors (SI-NETs) repre-
sent one of the most common tumor subtypes in the small
bowel [1,2]. In contrast to small bowel adenocarcinomas,
which are predominantly located in the duodenum and
proximal jejunum, SI-NETs more often occur in the ileum
and jejunum [3]. Several environmental factors, including
alcohol consumption and smoking, have been linked to the
development of SI-NETs, though data are mixed and a
strong correlation between risk factors and disease has not
been reported [4,5]. Symptoms range from abdominal pain
to the manifestations of carcinoid syndrome, including
episodic facial flushing, dyspnea and diarrhea [2,6].

SI-NET incidence has risen in recent decades, partly as
a result of increased incidental discovery and improved
pathological classification. According to the most recent
estimates from the SEER database, SI-NET incidence is
approximately 1.2 per 100,000 persons per year, having
risen from around 0.02 per year in the 1970’s [1,7] Despite
this increasing incidence, little research has been con-
ducted regarding possible genetic mechanisms. SI-NETs
were long considered sporadic but clustering of SI-NETs
in certain families suggests a genetic element and a
recent study argued that at least a subset of SI-NETs has a
familial origin [8]. Interestingly, NETs at several locations
outside the small bowel are linked to genetic cancer pre-
disposition syndromes such as multiple endocrine
neoplasia type 1 and von Hippel-Lindau syndrome [9e11].
In addition, there have been numerous reports of patients
with Lynch syndrome (LS) who developed either a
mismatch repair-deficient (MMR) NET, or a more
advanced, poorly differentiated MMR-deficient neuroen-
docrine carcinoma (NEC) [12e18]. LS is caused by a
pathogenic germline variant in one of the MMR genes
(MLH1, MSH2 (EPCAM ), MSH6 and PMS2), which
encode proteins involved in the recognition and repair of
nucleotide mismatches in DNA [19e21]. Carriers of
pathogenic MMR variants are at high risk for colorectal
cancer (CRC) and endometrial cancer, but also have a
relative risk>100 (1e4% lifetime risk) for small bowel
cancer [22,23]. As there are case reports of patients with
LS who also had a NET, it is conceivable that LS con-
tributes to the development of SI-NETs. However, several
studies have failed to detect the presence of MMR
deficiency/microsatellite instability in SI-NETs so far
[16,24e28]. As such, a large-scale, unbiased screen of SI-
NETs for the presence of MMR deficiency is needed in
order to validate the previous findings and in this way
confirm whether or not SI-NETs belong to the cancer
spectrum of LS.

In addition to LS, numerous candidate genes and
genomic alterations may be involved in the development of
SI-NETs. The most compelling finding is loss of hetero-
zygosity at chromosome 18, with a reported prevalence in
SI-NETs of 55e78% [29e34]. Variants in MEN1 [35e38],
CDKN1B [39e41], NF1 [42,43] and IMPK [44,45] have all
been found as somatic and/or germline variants in SI-NETs,
although the level of supporting evidence varies strongly
per gene. Recently, mutY DNA glycosylase (MUTYH ) was
proposed as a new candidate gene by Dumanski et al. [46].
These authors reported that a monoallelic variant of
MUTYH, p.(Gly396Asp), was enriched in SI-NET patients
compared to several population control cohorts. Interest-
ingly, the same variant, along with other pathogenic vari-
ants in this gene, was described by Scarpa et al. [15], who
studied the molecular profile of pancreatic NETs, as well as
by Weidner et al. [47], who reported a SI-NET in a
MUTYH-associated adenomatous polyposis (MAP) patient.
MUTYH, best known for its involvement in the cancer
predisposition syndrome MAP, encodes a DNA glycosylase
involved in the repair of oxidative DNA damage [21,48].
When defective, increases in oxidative stress may promote
the development of cancer [21,48]. Interestingly, the pres-
ence of heterozygous MUTYH variants already increases
CRC risk [49] and as such may be a driver of SI-NET
tumorigenesis.

As the suggested associations of LS and MUTYH vari-
ants with SI-NET are currently supported by only a limited
number of studies, implications for the management and
follow-up of SI-NETs remain theoretical. If confirmed, they
may have important implications for daily clinical practice,
including testing for LS and/or MUTYH variants in families
with clustered SI-NETs. With this in mind, as well as
gaining a better understanding of SI-NET pathogenesis, we
determined the prevalence of both MMR deficiency and
MUTYH variants in a Dutch nationwide cohort of 64 pri-
mary resected SI-NETs.

http://creativecommons.org/licenses/by/4.0/


Table 1 Cohort description.

Description Patients (n Z 64)

Sex (%)
Male 35/64 (55)
Female 29/64 (45)

Age of diagnosis (years)
Mean (SD) 65.9 (10.2)
Median (IQR) 66.5 (58.3e74)
Range 46e84

Histological grade (%)
G1-2 64/64 (100)

Tumor status (%)
T1 1/44 (2)
T2 10/44 (23)
T3 19/44 (43)
T4 14/44 (32)
Missing 20/64 (32)

Nodal status (%)
N0 5/44 (11)
N1 37/44 (84)
N2 0/44 (0)
NXa 2/44 (5)
Missing 20/64 (31)

Metastases status (%)
M0 1/44 (2)
M1 6/44 (14)
MXa 37/44 (84)
Missing 20/64 (31)

Stage according to AJCC (%)
1 2/44 (5)
2 4/44 (9)
3 32/44 (73)
4 6/44 (14)
Missing 20/64 (31)

Location (%)
Duodenum 7/64 (11)
Ampulla of Vater 0/64 (0)
Jejunum 2/64 (3)
Ileum 29/64 (45)
Small bowel not otherwise specified 26/64 (40)

History of other cancer (%)b 13/64 (20)
Breast 1/6 (17)
Carcinoma in situ (bladder)c 1/7 (14)
Colonc 2/7 (29)
Liver 2/6 (33)
Prostate 2/6 (33)
Sigmoid/rectumc 1/7 (14)
Skin (melanoma) 1/6 (17)
Stomachc 1/7 (14)
Urinary tractc 2/7 (29)

MMR-proficient (%) 64/64 (100)
MUTYH variants (%)
p.(Tyr179Cys) 0/64 (0)
p.(Gly396Asp) 0/64 (0)

Abbreviations: AJCC, American Joint Committee on Cancer; MMR,

mismatch repair; MUTYH, mutY DNA glycosylase; SD, standard de-

viation; IQR, interquartile range(25e75%).
a A stage could not be assigned with certainty.
b Basal cell carcinomas were excluded.
c Fit the cancer spectrum of Lynch Syndrome.
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2. Materials and methods

2.1. Cohort

Formalin-fixed, paraffin-embedded tissue from 64 pri-
mary resected SI-NETs, registered during a 5-year period
(2012e2016), were obtained via the Dutch Pathology
Registry (PALGA) (Supplementary Table 1).[50] Clinical
data were retrieved from pathology reports. Since all data
were anonymized, patient consent was not required.

2.2. Study procedure

For a detailed description of the study procedure and
protocols used for MMR analysis, see Suerink et al. [51], as
well as the Supplementary Methods. Briefly, 4 mm sections
taken from formalin-fixed paraffin-embedded tissue blocks
were stained for PMS2 and MSH6 using standard immu-
nohistochemical procedures. Positive expression was
defined as the presence of nuclear staining within both the
neoplastic and adjacent non-neoplastic cells, while loss of
expression was defined as the absence of nuclear staining in
neoplastic cells in combination with the presence of nuclear
staining in non-neoplastic cells (Supplementary Fig. 1). If
loss of expression of PMS2 or MSH6 was detected, the SI-
NET was additionally stained for MLH1 or MSH2,
respectively. This approach shows good sensitivity and is
based on the well-known MLH1-PMS2 functional hetero-
dimer (MutLa) that prevents PMS2 degradation, while
MSH2 partners with MSH6 (MutSa) to prevent MSH6
degradation. While MSH6 or PMS2 protein expression
indicates intact MutS or MutL DNA repair, loss of
expression of one of these proteins has several possible
explanations and therefore requires further analysis of other
MMR proteins. This two-antibody approach is validated for
clinical decision making and has been shown to be cost-
effective [52,53]. Competitive allele-specific PCR (KAS-
Par), as described previously [54e56], was used to identify
the two common MUTYH variants in all SI-NETs,
p.(Tyr179Cys) and p.(Gly396Asp), which together ac-
count for the majority of all MUTYH variants. One sample
known to be heterozygous for p.(Gly396Asp) and two
samples known to be heterozygous for p.(Tyr179Cys) were
used as controls.

3. Results

3.1. Cohort description

A total of 64 SI-NETs from 64 patients were included
in the study (Supplementary Table 1). The mean age of
SI-NET diagnosis was 65.9 (�10.2) years (Table 1). At
the time of diagnosis the majority of SI-NETs were
advanced, with 73% classified as stage III and 14% as
stage IV according to the staging system of American
Joint Committee on Cancer [57]. Histologically, all SI-
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NETs were classified as NET grade 1/2 according to the
latest version of the WHO classification (2019) [58]. In
line with literature, most SI-NETs were found in the ileum
(45%), although the duodenum was also commonly
affected (11%). Thirteen of 64 (20%) SI-NETs originated
in patients with a previously diagnosed other type of
cancer, of which seven (11%) fit the cancer spectrum of
LS.

3.2. Lack of MMR deficiency in SI-NETs

All 64 SI-NETs showed a normal staining pattern for
MSH6 and PMS2 (Table 1). One SI-NET (ID Z 39)
showed weak staining for the PMS2 protein, although
sufficient to allow both pathologists to classify the tumor as
PMS2 proficient.

3.3. Lack of MUTYH variants in SI-NETs

None of the 64 SI-NETs were found to carry either the
p.(Tyr179Cys) or the p.(Gly396Asp) MUTYH variant
(Table 1).

4. Discussion

Despite the increasing incidence of SI-NETs, little is
known about pathogenesis. It was recently suggested that
the development of at least a subset of SI-NETs depends on
a familial predisposition. In line with this, associations
between LS and NETs and between MUTYH variants and
SI-NETs have been suggested [12e15,46,47]. However, in
this study of 64 primary resected SI-NETs neither MMR
deficiency nor MUTYH variants were identified. Therefore,
our results do not support LS or MUTYH carriership as
genetic risk factors for the development of SI-NETs.

These results highlight the differences between SI-
NETs and other types of small bowel cancer in which
MMR deficiency is commonly found. For example,
Suerink et al. [51] recently showed that the contribution of
MMR and LS to the development of small bowel adeno-
carcinoma, which together with SI-NETs constitute the
majority of small bowel tumors, is at least comparable to
that of CRCs. Regarding earlier studies that linked LS to
NET development, the complete absence of MMR defi-
ciency in our cohort may have been a consequence of the
inclusion of only grade 1/2 SI-NETs, whereas the majority
of previous studies that linked LS to neuroendocrine ma-
lignancies focused on NECs and NETs located outside the
small bowel [12e18]. As NECs are known to more
resemble adenocarcinomas, in which MMR deficiency is
commonly found, this may in part explain observed dif-
ferences with our cohort. Nonetheless, our results are in
line with previous studies which failed to detect micro-
satellite instability in SI-NETs [16,24e28], as well as with
the literature describing the genetic landscape of SI-NETs,
which is characterized by relatively few variants that
affect only a small number of genes compared to other
tumor types [9]. Although the mechanism behind this
mutagenically mild phenotype in (low-grade) SI-NETs has
yet to be elucidated, our results may have immediate
clinical implications in that the complete absence of MMR
deficiency suggests that universal screening of SI-NETs
for LS/MMR deficiency cannot be recommended. Addi-
tionally, as tumors displaying MMR deficiency show
improved responses to immunotherapies as compared to
tumors with an MMR proficient status, our results impli-
cate that SI-NET patients may not be good candidates for
immunotherapies [59]. To what extent these findings can
be applied to grade 1/2 NETs at other locations (e.g.
pancreas, thyroid gland, adrenal glands) remains to be
elucidated. Several case reports have already described
MMR deficiency in NETs outside the small intestines, so
although a high prevalence of mismatch repair deficiency
and/or Lynch syndrome is not expected, similar studies
within large cohorts of these tumors would be required
[12,13,15,60,61].

Regarding the recent proposal by Dumanski et al. [46]
of MUTYH as a candidate gene for SI-NETs, we could not
confirm the enrichment of the monoallelic p.(Gly396Asp)
variant in the SI-NETs in our cohort. However, the
conclusion by Dumanski et al. [46] that there is a statis-
tically significant enrichment for the p.(Gly396Val)
MUTYH variant in their cohort may be an over-
interpretation of the data. Dumanski et al. [46] reported a
VAF of 0.013 for SI-NETs and compared this to a VAF of
0.003 in the control group. However, the overall carrier
frequency for (likely) pathogenic MUTYH variants in the
general population is estimated to be 0.010 [62].
Considering that the p.(Glu396Val) variant is one of the
most common MUTYH variants, the overrepresentation of
this specific variant in the cohort could be coincidental
although a variant specific NET risk cannot be excluded.
Furthermore, no statistical correction was applied for
multiple testing.

This study has a number of strengths as well as weak-
nesses. To the best of our knowledge, this is one of the
largest, unbiased screen of SI-NETs for the presence of
MMR deficiency. Nevertheless, the sample size may have
been too small to detect a possible correlation between SI-
NETs and MUTYH variants. Furthermore, our analysis of
MUTYH was limited to two well-known hotspot variants
and the possible presence of other variants in MUTYH was
not analyzed. As tissue and data were provided anony-
mously, no data on family history or alternative genetic
diagnoses were available.

In conclusion, we found no association between LS or
MUTYH variants and the development of SI-NETs. Further
research focusing on current and new candidate genes is
therefore of vital importance regarding a possible genetic
contribution to the pathogenesis of SI-NETs. Only then will
we reach our goal of optimizing the management of pa-
tients with SI-NETs.
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