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Summary The gene mutation profiles of gastric neuroendocrine neoplasms are incompletely under-
stood. The purpose of this study was to characterize the molecular pathology of poorly differentiated
neuroendocrine carcinoma (NEC) and mixed neuroendocrine‒non-neuroendocrine neoplasm
(MiNEN) of the stomach. Surgical cases of gastric NEC (nZ 7) and MiNEN (nZ 6) were examined
by clinical review, immunohistochemistry, microsatellite instability (MSI) analysis and whole-exome
sequencing. NEC cases consisted of small- (nZ 2) and large-cell types (nZ 4). All cases of MiNEN
were histologically composed of large-cell type NEC and tubular adenocarcinoma. Whole-exome
sequencing analysis detected recurrent mutations in TP53 in 8 cases (62%), and they were more
frequently observed in MiNEN than in NEC (100% vs. 29%). Frameshift mutations of APC were
observed in two cases of MiNEN. One case of large-cell type NEC had a frameshift mutation with
loss of heterozygosity in RB1. The other mutated genes (e.g., ARID1 and KRAS ) were detected in a
Liver Studies King’s College Hospital, London, UK

c.uk (Y. Zen).

2.008

hts reserved.

mailto:yoh.1.zen@kcl.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.humpath.2020.12.008&domain=pdf
https://doi.org/10.1016/j.humpath.2020.12.008
https://doi.org/10.1016/j.humpath.2020.12.008
https://doi.org/10.1016/j.humpath.2020.12.008
http://www.elsevier.com/locate/humpath


2 S. Ishida et al.
single case each. A high level of MSI was confirmed in one case of MiNEN, which harbored muta-
tions in two well-differentiated neuroendocrine tumor (NET)-related genes (MEN1 and ATRX1). In
cases of MiNEN, two histological components shared mutations in TP53, APC and ZNF521, whereas
alterations in CTNNB1, KMT2C, PTEN and SPEN were observed in neuroendocrine components
only. In conclusion, TP53 is a single, frequently mutated gene in gastric NEC and MiNEN, and al-
terations in other genes are less common, resembling the mutation profiles of gastric adenocarci-
nomas. Gene mutations frequently observed in well-differentiated NET were uncommon but not
entirely exclusive.
© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Neuroendocrine neoplasms have two major diagnostic
categories. Neuroendocrine tumor (NET) is a well-
differentiated group with an indolent clinical course and
relatively monomorphic histological appearance [1e3].
Neuroendocrine carcinoma (NEC) is a poorly differenti-
ated, aggressive malignancy with immunohistochemical
evidence of neuroendocrine differentiation, and is further
classified into small- and large-cell types, histologically
corresponding to small-cell carcinoma and large-cell
neuroendocrine carcinoma of the lungs, respectively
[1e3]. Another less common category is mixed neuroen-
docrine‒non-neuroendocrine neoplasm (MiNEN), in which
a neuroendocrine neoplasm is combined with a non-
neuroendocrine component, each element constituting
�30% of the entire tumor. Cases traditionally diagnosed as
mixed adeno-neuroendocrine carcinoma are currently
included in that group.

Neuroendocrine neoplasms are increasingly diagnosed
worldwide. In the gastrointestinal tract, NEC and MiNEN
more frequently develop in the colorectum than in other
areas, including the stomach and small intestine. In
contrast, the lungs, pancreas, and small intestine are the
three prevalent anatomical locations for well-differentiated
NET [4e6]. Of note, the incidence of NET in some organs
differs among races, with rectal NET more commonly
found in Asia than in Europe and USA, whereas small-
intestinal NET more frequently develops in Caucasians
than in Asians [5,6].

It is controversial whether NET and NEC belong to a
single tumor entity or are two distinct neoplasms. Another
question is whether there are molecular differences in
neuroendocrine neoplasms among organs despite the
similar microscopic appearance. Recent deep sequencing
studies provided insights into these two aspects. The lack of
mutations in NET-related genes (e.g., MEN1, ATRX and
DAXX ) in NEC of the lungs and pancreas suggested that
NEC and NET are biologically distinct [7e10]. In addition,
the incidence of MEN1 alterations in NET differs among
organs, and mutations in ATRX and DAXX are almost
restricted to pancreatic NET [9,11,12], suggesting that
different molecular events drive the development of NET in
individual organs.

However, molecular data of neuroendocrine neoplasms
are mainly based on investigations of pulmonary and
pancreatic lesions, whereas the genetic features of neuro-
endocrine neoplasms in other organs are incompletely un-
derstood. In the present study, the molecular pathology of
NEC and MiNEN of the stomach was investigated using
whole-exome sequencing.

2. Materials and methods

2.1. Case selection

This study was approved by the ethics committee of
Kobe University Graduate School of Medicine. The study
cohort consisted of 13 consecutive patients with gastric
NEC (n Z 7) or MiNEN (n Z 6) who underwent gas-
trectomy at Kobe University Hospital between 2000 and
2017. Cases were identified by searching pathology ar-
chives and only surgical cases were selected considering
the large amount of DNA required for deep sequencing.

2.2. Evaluation of clinicopathologic features

Clinical data, treatment history, and outcomes were
retrieved from electronic medical records. The pathology
reports and histology slides of all patients were also
reviewed in terms of tumor size, location, degree of
microscopic lymphovascular invasion (0, none: 1, mild; 2,
moderate; 3, severe), and lymph node metastasis. Original
stained slides of chromogranin A (stained by clone DAK-
A3; Dako Cytomation, Glostrup, Denmark), synaptophysin
(clone MRQ-40; Roche Diagnostics, Basel, Switzerland),
and CD56 (clone MRQ-42; Roche Diagnostics) were
reviewed and evaluated as positive (expressed in �5% of
tumor cells) or negative (<5% of tumor cells). Ki67-stained
slides (stained by clone MIB1; Dako Cytomation) were
also reviewed. The Ki67 labeling index (5% intervals) at a
hot spot with >500 tumor cells and mitotic counts per 10
high-power fields were calculated in neuroendocrine
components.
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2.3. Immunostaining

Additional immunostaining for p53 and HER2 was
performed on the most representative section from each
case using Benchmark XT (Ventana Medical Systems,
Tucson, AZ, USA) or Bond Max (Leica Microsystems,
Wetzlar, Germany). The used antibodies were as follows:
p53 (clone DO-7; Leica Microsystems) and HER2 (clone
4B5; Roche Diagnostics). The expression of p53 was
classified into “normal”, with occasional weakly stained
cells, “positive”, with diffuse nuclear staining, and “loss”,
with entirely negative staining suggesting null-type muta-
tions, and the latter two were considered to be abnormal
p53 expression. The HER2 overexpression status was
scored as 0 (negative), 1 þ (negative), 2 þ (equivocal), or
3 þ (positive) according to a previously reported method
[13]. In cases of MiNEN, expression of p53 and HER2 was
separately evaluated in neuroendocrine and non-
neuroendocrine components. Additional immunostaining
for mismatch repair (MMR) proteins was performed in
cases that had high microsatellite instability (MSI) by
molecular assays. The used antibodies were as follows:
MLH1 (clone G168-728; Cell Marque, Rocklin, CA),
MSH2 (clone G219-1129; Cell Marque), MSH6 (clone
EP49; Dako Cytomation), and PMS2 (clone EP51; Dako
Cytomation).

2.4. Exome sequencing

Genomic DNA extracted from tumor tissue in individual
cases was applied to a whole-exome sequencing protocol
according to the previously described method [14e16]. In
cases of MiNEN with two distinctly recognized compo-
nents, each element was separately analyzed. In cases of
MiNEN in which two components were intermixed, areas
composed purely of a neuroendocrine component were
selected for DNA extraction. Ten 10-mm-thick sections
were obtained from formalin-fixed paraffin-embedded tis-
sue blocks, and areas composed of a large proportion of
tumor cells (>50%) were selected under a microscope.
DNA extraction was performed using the GeneRead DNA
FFPE kit (Qiagen, Hilden, Germany) following the manu-
facturer’s protocol. DNA content was measured using the
Qubit� 2.0 fluorometer (Thermo Fisher Scientific, Wal-
tham, MA, USA). The Agilent SureSelect Exon V6 target
enrichment system was used to enrich a 60-Mb exome
following Illumina Hiseq X platform sequencing using 150-
bp paired-end reads. At least 12 Gb of raw read data were
produced for all samples. BWA (http://bio-bwa.
sourceforge.net/) and SAMtools (http://samtools.
sourceforge.net/) were used for read alignment and single
nucleotide variation (SNV) calling, respectively, using fully
validated filtering criteria for identifying high-quality DNA
variants. The variants were filtered for synonymous, non-
synonymous, stop-causing or stop-loss variants in exonic
or essential splice site locations with a variant allele
frequency of at least 5%. An allele frequency cutoff of 5%
was selected to minimize the inclusion of sequencing ar-
tifacts related to formalin fixation. SNVs and indels of
well-known pathogenic genes were selected from the
whole-exome sequencing results. Coverage of these vari-
ants �20x was filtered by COSMIC, the Japanese 3500
Genome project and Tohoku Medical Megabiobank Orga-
nization databases, to exclude single nucleotide
polymorphisms.

2.5. MSI analysis

Tumor DNA extracted from formalin-fixed paraffin-
embedded specimens was also applied to PCR/capillary
electrophoresis-based MSI analysis using a pentaplex panel
of microsatellite markers (BAT25, BAT26, NR21, NR24
and NR27). High MSI was scored if at least two of the five
markers exhibited genetic instability.

2.6. Statistical analysis

A chi-square test was applied to compare the frequency
of TP53 mutations between NEC and MiNEN groups.

3. Results

3.1. Clinical features

The clinical features of gastric NEC (cases 1e7) and
MiNEN (cases 8e13) are summarized in Table 1. All pa-
tients were adults with a median age of 70 years (range
57e93). Four patients (cases 3, 11e13) had a history of
malignancy in other organs, but none exhibited neuroendo-
crine differentiation. Synchronous malignancy was also
confirmed in three cases and they were resected at the same
time of gastrectomy for NEC/MiNEN. Diagnostic gastric
biopsy samples were interpreted as NEC (n Z 3; cases 5, 6,
and 12), adenocarcinoma (n Z 9; cases 1, 3, 4, 7e11, and
13) and poorly differentiated carcinoma with features sug-
gestive of squamous differentiation (n Z 1; case 2). Un-
derlying chronic atrophic gastritis was suspected in 9 cases
by endoscopic findings, and it was confirmed histologically
by pre-operative biopsy and/or resected specimen. Four pa-
tients (cases 8, 10, 12 and 13) were positive for Helicobacter
pylori infection, but it was not tested in the remaining pa-
tients. All patients underwent surgical resection, and two
also received neoadjuvant chemotherapy with cisplatin and
etoposide prior to surgery. In those cases, postchemotherapy
specimens were used for the following studies.

3.2. Pathological characteristics

As summarized in Table 2, NEC cases consisted of
small- (n Z 2) and large-cell types (n Z 4) (Fig. 1A).
Cases 1 and 5 also had small foci of adenocarcinoma
(<10% of the neoplasm), which did not meet the criteria of
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Table 1 Clinical features and outcomes.

Pt Age/gender Diagnosis Other malignancies Chronic
atrophic
gastritis

Neoadjuvant
chemotherapy

Adjuvant
chemotherapy

Follow-up
(month)

Outcome

1 68F NEC None No None None 2.6 DOD
2 64M NEC None No None None 7.4 DOD
3 63M NEC Lung

adenocarcinoma
(past); esophageal
SCC (synchronous)

Yes None None 10.0 DOA

4 70M NEC Gastric
adenocarcinoma
(synchronous)

Yes None None 39.7 DOA

5 66M NEC None No None None 4.9 DOD
6 58M NEC None Yes CDDP þ VP16 S-1 86.0 DOD
7 75M NEC None No None CPT-11þCDDP; S-1;

PTX
24.6 DOO

8 81M MiNEN None Yes CDDP þ VP16 None 34.6 Alive
9 93F MiNEN None Yes None None 2.3 Alive
10 85M MiNEN None Yes None None 56.6 Alive
11 71M MiNEN Hypopharyngeal

SCC (past); gastric
adenocarcinoma
(synchronous)

Yes None CPT-11þCDDP 55.8 Alive

12 80M MiNEN Hepatocellular
carcinoma (past)

Yes None None 8.1 DOA

13 69M MiNEN Esophageal SCC
(past)

Yes None None 8.9 DOA

SCC, squamous cell carcinoma; CDDP, cisplatin; VP16, etoposide; CPT-11, Irinotecan; PTX, Paclitaxel; DOD, died of the disease (gastric NEC/

MiNEN); DOA, died of another diseases; NEC, neuroendocrine carcinoma; MiNEN, mixed neuroendocrine‒non-neuroendocrine neoplasm.

4 S. Ishida et al.
MiNEN (each component should be � 30%). Case 7
demonstrated abnormal spindle-cell transformation of
neuroendocrine cancer cells, and that area was immunore-
active to pan-cytokeratins (Cam5.2 and AE1/AE3) and
synaptophysin (Fig. 1B). Neuroendocrine components in
all cases of MiNEN were large-cell type, and their pro-
portions ranged from 30% to 50%. No components of well-
differentiated NET were identified. Non-neuroendocrine
components were all conventional tubular adenocarci-
noma and one case also had foci of poorly differentiated
adenocarcinoma. All but one case of mixed cancer
(including cases 1 and 5) exhibited a collision pattern, in
which a NEC component was next to an adenocarcinoma
element (Fig. 2A and B). In case 9 with a combined pattern,
two components intermixed (Fig. 2C). However, there were
several foci consisting purely of neuroendocrine compo-
nents and those areas were used for the sequencing studies
described in the following context.

Tumors varied in location and size (median size 30 mm;
range: 15e155 mm) (Table 2). Neuroendocrine differenti-
ation was confirmed by the immunohistochemical expres-
sion of chromogranin A (n Z 2), synaptophysin (n Z 5) or
both (n Z 6). CD56 was also expressed in 9 cases.
Microscopic lymphovascular invasion was common.
Regarding the tumor stage, the depth of invasion was down
to the submucosal layer in 3 cases (pT1b; 23%), the mus-
cularis propria in 3 cases (pT2; 23%), and the subserosal
layer in 7 cases (pT3; 54%). No case had serosal surface
involvement. Lymph node metastasis was confirmed in 9
cases (69%). Cases 1, 7, and 11 were classified as M1
because of liver metastasis or para-aortic nodal involve-
ment. In two cases with neoadjuvant chemotherapy, tumor
necrosis and degeneration were only focally observed.

3.3. Immunohistochemistry for p53 and HER2

As shown in Fig. 3, abnormal expression of p53 was
observed in 9 cases (69%), and p53 immunoreactivity was
similar in adenocarcinoma and neuroendocrine components
in all cases of MiNEN. In case 11, HER2 was strongly
expressed in adenocarcinoma (score 3) but not in the
neuroendocrine component (score 0). The other cases were
considered to be HER2-negative (scores 0 or 1).

3.4. Outcome

As shown in Table 1, 6 patients died of gastric NEC/
MiNEN in the median period of 8.7 months after surgery
(range: 2.6e86.0 months). Three patients died of another
condition (case 4, lung cancer; case 12, intestinal



Table 2 Pathological features.

Pt Neuroendocrine
component (type,
%)

Adenocarcinoma
component (type,
distribution)

Location Size
(mm)

Lymphatic
invasion*

Venous
invasion*

Ki67
index (%)

Mitotic
counts (/10 hpf)

pT pN cM Stage R

1 Small cell type
(>90%)

Tubular,
moderately diff.;
collision

Middle, lesser
curvature

140 3 3 50 33 3 1 1 (liver) IV R1

2 Large cell type
(100%)

None Upper, anterior
wall

155 3 3 25 9 3 3a 0 IIIB R0

3 Large cell type
(100%)

None Upper, posterior
wall

30 1 3 40 4 2 1 0 IIA R0

4 Large cell type
(100%)

None Lower, greater
curvature

18 0 1 50 16 1b 0 0 IA R0

5 Large cell type
(>90%)

Tubular, well diff.;
collision

Lower, lesser
curvature

37 2 2 25 28 2 2 0 IIB R0

6 Small cell type
(100%)

None Lower, greater
curvature

35 0 0 60 21 2 2 0 IIB R0

7 Large cell type with
spindle cells
(100%)

None Lower,
circumferential

90 1 3 40 19 3 0 1 (para-aorta LN) IV R2

8 Large cell type
(30%)

Tubular well diff.;
collision

Middle,
posterior wall

35 0 2 95 24 3 1 0 IIB R0

9 Large cell type
(50%)

Mixed tubular and
poorly cohesive;
combined

Middle, anterior
wall

90 2 2 50 16 3 3a 0 IIIB R0

10 Large cell type
(30%)

Tubular,
moderately diff.;
collision

Upper, lesser
curvature

31 0 1 40 2 3 0 0 IIA R0

11 Large cell type
(30%)

Tubular,
moderately diff.;
collision

Lower, greater
curvature

15 2 2 80 11 3 2 1 (liver) IV R2

12 Large cell type
(30%)

Tubular,
moderately diff.;
collision

Middle, anterior
wall

30 1 0 90 22 1b 1 0 IB R0

13 Large cell type
(40%)

Tubular, well diff.;
collision

Upper, lesser
curvature

30 0 0 70 5 1b 0 0 IA R0

*, semiquantitative analysis (0, none; 1, mild; 2, moderate; 3, severe); LN, lymph node.
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neuroendocrine
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A B C

Fig. 2 Histopathology of MiNEN. (A and B) A tumor of collision-type MiNEN consists of well-differentiated adenocarcinoma (A) and
large-cell type NEC (B). This is an MSI-high tumor (case 8; H&E; original magnification �200). (C) In a tumor of combined-type MiNEN,
adenocarcinoma and neuroendocrine components are intermixed. Tubule formation confirming glandular differentiation and solid nests
representing a neuroendocrine element are observed (case 9, H&E, original magnification �100). MiNEN, mixed neuroendocrine‒non-
neuroendocrine neoplasm.

A B

Fig. 1 Histopathology of NEC of the stomach. (A) In a case of small-cell type NEC, round-shaped cancer cells with dark nuclei, coarse
chromatin and indistinct nucleoli are arranged in a diffuse fashion. No glandular differentiation is observed (case 1; H&E; original
magnification �200). (B) A case of large-cell type NEC is associated with spindle cell transformation, which is immunoreactive to
synaptophysin (inset) (case 7; H&E and synaptophysin immunostaining; original magnification �200).
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obstruction; case 13, unknown cause). The remaining four
patients with MiNEN were alive at the median period of
45.2 months (range: 2.3e56.6).
3.5. MSI

A single case of MiNEN (case 8) was judged to be MSI-
high cancer with an instable pattern of electrophoresis
confirmed by four of the five markers tested. Immuno-
staining confirmed the loss of MSH2 and MSH6 expres-
sion, whereas the expression of MLH1 and PMS2 remained
(Fig. 4). No genetic instability was observed in any other
cases.
3.6. Whole-exome sequencing

Deep sequencing studies of neuroendocrine components
were successful in all cases. After manual inspection by the
Integrative Genomics Viewer to exclude false-positive
findings, the whole-exome sequencing analysis detected
recurrent mutations in TP53 (n Z 8; 62%): 6 missense, 1
nonsense, and 1 frameshift mutation (Fig. 3 and Table 3).
TP53 mutations were more commonly found in MiNEN (6/
6 cases; 100%) than in NEC (2/7 cases; 29%; P Z 0.039).
A good correlation between TP53 mutations and p53
immunohistochemistry was observed except in case 1, in
which p53 was diffusely positive on immunostaining, but
no exonic mutations were confirmed by sequencing



Fig. 4 MMR protein expression in case 8. Expression of MLH1 and PMS2 remained, whereas that of MSH2 and MSH6 was lost.
Infiltrating lymphocytes or stromal cells in the background are immunoreactive to MSH2 and MSH6 (internal controls) (original
magnification �200). MMR, mismatch repair.

Fig. 3 Results of exome sequencing, immunohistochemistry, and MSI analysis. In immunohistochemical analysis, the diffuse expression
(pos) and complete loss of expression (loss) are considered abnormal p53 expression.
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(Fig. 3). Frameshift mutations in APC were observed in two
cases. MSI-high MiNEN (case 8) had 8 mutations, two of
which were present in NET-related genes, MEN1 and
ATRX1, the former associated with a loss of heterozygosity.
A frameshift mutation in RB1 with loss of heterozygosity
was also confirmed in case 4. Other gene alterations were
observed in a single case each. The detected gene mutations
are summarized in Table 3.



Table 3 Gene mutations detected.

Gene Case Mutation

APC 8 NM_001127511: exon 14:
c.3131delA: p.Q1044fs

APC 12 NM_001127511: exon 14:
c.4719dupA: p.A1573fs

ARID1A 9 NM_006015: exon 20: c.6796delT:
p.L2266X

ATRX 8 NM_000489: exon 28: c.C6253T:
p.R2085C

B2M 8 NM_004048: exon 2: c.T133C:
p.C45R

CTNNB1 13 NM_001904: exon 3: c.C98G:
p.S33C

JAK2 8 NM_004972: exon 13: c.1736delT:
p.L579fs

KMT2C 13 NM_170606: exon 23: c.C3709T:
p.R1237X

KRAS 7 NM_033360: exon 2: c.G34T:
p.G12C

MEN1 8 NM_000244: exon 2: c.T394C:
p.S132P

PTEN 11 NM_000314: exon 8: c.963dupA,
p.T321fs

RB1 4 NM_000321: exon 19:
c.1960_1960del: p.V654fs

RYR2 8 NM_001035: exon 104:
c.14758dupT: p.L4919fs

SPEN 10 NM_015001: exon 11: c.C9541T:
p.Q3181X

TGFBR2 1 NM_001024847: exon 7: c.G1565A:
p.R522Q

TP53 4 NM_001126112: exon 9: c.T981G:
p.Y327X

TP53 6 NM_001126112: exon 5: c.G524A:
p.R175H

TP53 8 NM_001126112: exon 8:
c.790_791del: p.L264fs

TP53 9 NM_001126112: exon 5: c.G524A:
p.R175H

TP53 10 NM_001126112: exon 5: c.T434C:
p.L145P

TP53 11 NM_001126112: exon 5: c.C452A:
p.P151H

TP53 12 NM_001126112: exon 7: c.C742T:
p.R248W

TP53 13 NM_001126112: exon4: c.C215G:
p.P72R

UBR5 8 NM_015902: exon 45: c.6360delA:
p.K2120fs

ZNF521 11 NM_015461: exon 4: c.546delG:
p.A182fs
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Adenocarcinoma components of collision type MiNEN
were separately analyzed. Case 9 with an intermixed, com-
bined type morphology was excluded. Sequencing of the
adenocarcinoma component of cases 8 was unsuccessful
because of the low quality or quantity of DNA. Thus, paired
samples were compared in cases 10e13. TP53 was mutated
in all of those cases, and the same mutation was detected in
both neuroendocrine and adenocarcinoma components.
Mutations in APC and ZNF521 were also identified in the
two components. In contrast, alterations of CTNNB1,
KMT2C, PTEN and SPEN were observed in neuroendocrine
components only. Mutations that were present in an adeno-
carcinoma component only were not observed.

4. Discussion

The present study identified TP53 as a single cancer-
related gene frequently mutated in gastric NEC and
MiNEN. TP53 mutations are also common in NEC/MiNEN
in other organs, and the mutation rate of gastric NEC/
MiNEN (62%) is lower than that of pulmonary small-cell
carcinoma (>95%) [8] and pulmonary large-cell neuroen-
docrine carcinoma (w80%) [7], and comparable to that of
pancreatic NEC/MiNEN (w60%) [9,10] and colorectal
NEC/MiNEN (w50%) [17]. Of note, TP53 was more
frequently mutated in MiNEN than in NEC in the present
study. However, a previous exome sequencing study of 6
cases of gastric NEC found TP53 mutations in all cases
examined [18]. In addition, case 1 in the present study
demonstrated diffuse immunoreactivity to p53 despite the
lack of TP53 mutation, suggesting inhibition of p53 by
non-exonic genetic alteration.

RB1 is another gene frequently mutated in pulmonary
small-cell carcinoma (>95%) [8,19], pulmonary large-
cell neuroendocrine carcinoma (w40%) [9,19] and
pancreatic NEC (w40%) [9,10]. In the present study, a
single case had RB1 mutation along with loss of het-
erozygosity. In a previous study, RB1 mutation was
identified in 1 of 25 cases of colorectal NEC/MiNEN, but
it was a heterologous deletion and therefore less likely to
be pathognomonic [17]. Based on the frequencies of
mutations in TP53 and RB1, gastric NEC/MiNEN are
more similar to their colorectal counterparts than to
pulmonary or pancreatic NEC/MiNEN. Unlike our cases,
colorectal NEC/MiNEN also had recurrent mutations in
BRAF (37%), KRAS (21%), and APC (16%) [17]. That
difference may represent distinct molecular features
among conventional carcinomas of the two organs.
BRAF, KRAS, and APC are common driver genes of
colorectal cancers [20], whereas mutations in non-TP53
genes are less common (<10%) in gastric adenocarci-
noma [21,22].

There is growing evidence that NEC is distinct from
NET. This is most notable in pancreatic neoplasms.
Pancreatic NET has mutations in MEN1 (43%), DAXX
(28%), ATRX (11%), TSC2 (6%), and PTEN (5%) [11,23],
whereas pancreatic NEC typically lacks such abnormal-
ities, and instead has mutations in TP53 and RB1 [9].
Likewise, pulmonary NET has mutations in MEN1 in 18%
of cases, but usually lacks alterations of TP53 and RB1
[11]. However, a similar comparison is difficult for
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gastrointestinal neuroendocrine neoplasms because only a
handful of genes are recurrently mutated in gastrointes-
tinal NET: BCOR (6%) and CDKN1B (4%) in small in-
testinal NET; ATM (15%) in colorectal NET [11].

To our knowledge, four previous studies examined the
gene mutation profiles of gastric NET using a next-
generation sequencing protocol [11,24e26], and two pro-
vided detailed results [24,25]. Combining the two studies,
22 cases were examined in total, and sporadic mutations
were found in TP53 (3/22 cases; 14%), RB1 (2/22; 9%),
and SMAD4 (2/22; 9%). Mutations in NET-related genes
were also rare: MEN1 (1/15; 7%), ATRX (1/15; 7%), TSC2
(1/15; 7%), and PETN (1/22; 5%) (the former three genes
were not examined in one study [25]). Half of the cases (11/
22; 50%) did not harbor mutations in any of the genes
tested. Although the molecular features of gastric NET
remain to be determined, considering the other data, NEC
and MiNEN share molecular features with conventional
cancers of individual organs, supporting the idea that NEC
is more closely related to conventional carcinomas than to
NET.

One case of MSI-high MiNEN had mutations in MEN1
and ATRX. These genes require homozygous mutations for
tumorigenesis. As the identified mutation in MEN1 was
associated with a loss of heterozygosity and ATRX is
located on the X chromosome (the patient was male and
had one X chromosome), these genes were likely signifi-
cantly suppressed. Sporadic cases of NEC/MiNEN with a
NET-related gene mutation have also been reported in other
organs [27,28]. These cases suggest that mutations in NET-
related genes in conventional carcinomas lead to neuroen-
docrine differentiation of cancer cells. Conversely, rare
examples of otherwise morphologically typical NET were
reported to harbor mutations in two NEC-related genes,
TP53 or RB1 [10,26,27,29], suggesting that mutations in
TP53 or RB1 are involved in the progression of well-
differentiated NET in some cases [30,31]. Future studies
are needed to characterize these outliers with hybrid
morphological and genetic features.

In one previous study, MSI was investigated in 89 sur-
gically resected cases of NEC or MiNEN of the esophagus
(nZ 6), stomach (nZ 36), duodenum (nZ 4), colorectum
(n Z 37), gallbladder (n Z 3), and pancreas (n Z 3) [32].
High MSI was found in 11 cases (12%), including 4 cases
of gastric NEC/MiNEN (11% of the gastric cases), a fre-
quency similar to that in the present study. Of note, MSI
was a better independent prognostic factor in the entire
cohort [32].

A previous deep sequencing study of gastric cancers
suggested four distinct molecular groups: Epstein-Barr
virus (EBV)-positive (9%), MSI-high (21%), genomically
stable (20%), and chromosomal instability types (50%)
[21]. EBV-associated gastric carcinoma exhibits unique
lymphocyte-rich morphological features, which were not
observed in our study cohort. The genomically stable group
is characterized morphologically by diffuse infiltrating
growth and molecularly by mutations in CDH1 or RHOA.
The chromosomal instability type typically has an
intestinal-type tubular morphology and TP53 mutations
(>50% of cases) [21]. Mutations in non-TP53 genes are
markedly less common in the last group, similar to our
cases. Most cases in our cohort except for the MSI-high
MiNEN may correspond to the chromosomal instability
type, but this cannot be concluded without chromosomal
instability analyses.

In conclusion, the present study revealed that TP53 is a
single, frequently mutated gene in gastric NEC and
MiNEN, and alterations in other genes are markedly less
common. The molecular features were similar to those of
gastric adenocarcinoma. Gene mutations frequently
observed in well-differentiated NETs were uncommon but
not entirely exclusive.
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