:\' frontiers
in Oncology

ORIGINAL RESEARCH
published: 04 August 2021
doi: 10.3389/fonc.2021.709097

OPEN ACCESS

Edited by:
Yoichiro Okubo,
Kanagawa Cancer Center, Japan

Reviewed by:

Mauro Cives,

University of Bari Aldo Moro, ltaly
Leonidas Apostolidis,

National Center for Tumor Diseases
Heidelberg (NCT), Germany

Maja Cigrovski Berkovic,

Clinical Hospital Dubrava, Croatia

*Correspondence:
Go Eun Bae
goeunbae1@gmail.com

"These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Gastrointestinal Cancers,

a section of the journal
Frontiers in Oncology

Received: 13 May 2021
Accepted: 12 July 2021
Published: 04 August 2021

Citation:

Yeo M-K, Yoon N and

Bae GE (2021)
Clinicopathologic and
Molecular Characteristics of
Gastrointestinal MINENS.

Front. Oncol. 11:709097.

doi: 10.3389/fonc.2021.709097

Check for
updates

Clinicopathologic and
Molecular Characteristics of
Gastrointestinal MINENs

Min-Kyung Yeo ", Nara Yoon?" and Go Eun Bae™*

" Department of Pathology, Chungnam National University School of Medicine, Daejeon, South Korea, 2 Departments of
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Background: A mixed neuroendocrine-non-neuroendocrine neoplasm (MINEN) is a
recently defined entity that comprises a neuroendocrine tumor (NEN) component and a
non-neuroendocrine tumor (NNEN) component. As MINEN is a recently defined entity, its
molecular nature is not well known. Here, we evaluated the clinicopathologic and
molecular characteristics of gastrointestinal (Gl) MiINENSs.

Methods: We performed a genomic analysis of 31 samples from 12 Gl MINEN cases
using next-generation sequencing. We examined the primary NEN and nNEN
components, as well as the metastatic NENs and nNENs. The relationships between
the clinical tumor features (component, location, and grade) and their molecular
characteristics were examined.

Results: The 12 MINENSs included in the study were found in the stomach (n=10), distal
rectum (n=1), and anus (n=1). Primary MiNENs that had NENs as the major component
showed a worse clinical outcome than those that had nNENs as the major component. All
distant metastatic tumors originating from MINENs were NENSs. In addition, NENs
generally carried 1.5 times more gene mutations and copy number variations than
NNENs. The ATRX gene deletion and TP53 gene mutation were the most common
variants in both components of GI MiNENSs.

Conclusions: We have revealed the detailed clinicopathologic and molecular findings
with distinguishable alterations of GI MiNENs. To our knowledge, this is the first study to
report the ATRX gene deletion in GI MINENs. The molecular characteristics of GI MiINENs
could provide clues to the pathogenic origin and progression of Gl MiNENs.

Keywords: ATRX, gastrointestinal, neoplasms, neuroendocrine, molecular, sequence, pathology

INTRODUCTION

A mixed neuroendocrine-non-neuroendocrine neoplasm (MiNEN) is a very rare neoplasm that
consists of two morphologically and immunohistochemically distinct components, a
neuroendocrine tumor (NEN) component and a non-neuroendocrine tumor (nNEN)
component, with each component constituting more than 30% of the neoplasm (1). Most
MiINENs are known to arise in the gastrointestinal (GI) tract and typically present as small or
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large cell neuroendocrine carcinomas (SCNEC or LCNEC,
respectively) in the case of NEN and adenocarcinomas in the
case of nNEN (1, 2).

The mechanism underlying the tumorigenesis of MiNENs is
unclear; however, three theories have been proposed: (i) the
neuroendocrine and non-neuroendocrine components merge
after arising independently from separate progenitor cells, (ii)
the two components derive from a common pluripotent stem cell
progenitor that undergoes bi-phenotypic differentiation during
carcinogenesis, and (iii) the two components originate from
common monoclonal cells, but neuroendocrine differentiation
occurs in a non-neuroendocrine phenotype following the
accumulation of molecular aberrations (3-5). Several studies
have attempted to characterize the main genetic and epigenetic
aberrations underlying MiNENs, and have sought to identify
both the biological similarities between the two components and
potential therapeutic targets. However, current knowledge of
MIiNENS is based on case reports and small retrospective studies
in which the pathologic and molecular characteristics of
MIiNENSs are not well defined (5).

In the GI tract, nNENSs are usually located superficially near to
mucosa, whereas NENs are located at the invasive front of the
MINEN in a deeper area of the GI tract. Therefore, we
hypothesized that a superficial nNEN may develop into an
NEN via the accumulation of molecular aberrations that
induce a transitional morphologic change. Here, we used next-
generation sequencing (NGS) to examine the primary NEN and
nNEN components of GI MiNENs, as well as their nodal and
distant metastatic tumors. We compared the NGS results with
the clinicopathologic characteristics of the GI MiNENs,
including the histologic tumor components, location, and grade.

MATERIALS AND METHODS

Cases and Tissue Samples

From January 2012 to December 2019, 12 patients who
underwent surgical excision at Chungnam National University
Hospital, Daejeon, South Korea. were diagnosed with MiNEN
tumors. Two licensed pathologists (Bae and Yeo) reviewed and
confirmed all cases) according to the 5th edition of the WHO
Classification of Digestive System Tumors (1). Clinical and
pathological data, including the age of cases at initial diagnosis,
type of surgical treatment, duration of follow-up, histologic
subtype, depth of invasion, lymphovascular and perineural
invasion, lymph node metastasis, presence of local recurrence
and/or distant metastasis were obtained from the electronic
medical record system, imaging studies, and pathology reports.
This study was approved by the Institutional Review Board (IRB)
at the Chungnam National University Hospital, Daejeon, South
Korea (2019-11-043), and was performed in compliance with
the Declaration of Helsinki. Because the study was retrospective,
a waiver of consent was approved by the IRB.

Next-Generation Sequencing and Data Analysis
A total of 31 formalin-fixed paraffin embedded (FFPE) tissues
from 12 patients were available for DNA/RNA extraction.

Among them, three samples from one patient failed to yield
adequate quality of DNA. Therefore, a total of 28 samples from
11 patients, including 11 pairs of NENs and nNENs and six
metastatic tumors were successfully examined. DNA and RNA
were isolated from 10 pm sections of tumor FFPE tissue samples
using a sterile 26-gauge needle and the RecoverAll"” Multi-
Sample RNA/DNA Isolation Workflow (Ambion, Austin, TX,
USA), according to the manufacturer’s instructions. Each
primary NEN, nNEN, and metastatic tumor component was
obtained by manual microdissection, and DNA and RNA were
extracted for library preparation. For each case, normal control
tissue was also dissected from an adjacent non-malignant region.
DNA and RNA were quantified using a Qubit 2.0 fluorometer
(Thermo Fisher Scientific, Waltham, MA, USA). The libraries
were generated from 10 ng of DNA and RNA per sample using
the TonAmpliSeq ' Kit for Chef DL8, the Ion 540 Chef kit, and
the Ton S5 Chef system (all Thermo Fisher Scientific),
according to the manufacturer’s instructions.

Sequencing was performed using the Ion S5 sequencer and
Ion 540 chips (Thermo Fisher Scientific), according to the
manufacturer’s instructions. Sequencing data analysis was
performed using Torrent Suite version 5.10.2 and Ion Reporter
version 5.6 (Thermo Fisher Scientific), as well as the commercial
pan-cancer Oncomine Comprehensive Assay version 3. The
Oncomine panel enables analysis of variations in 161 genes,
including 86 mutational hotspot oncogenes and 48 full-length
tumor suppressor genes, (all exons); copy number variations
(CNV) in 47 genes and fusion drivers in 51 genes
(Supplementary Table 1). The workflow was created by
adding custom hotspots Browser Extensible Data (BED) file to
report mutations of interest (MOlIs) and a custom CNV baseline
(described in the next paragraph) using the manufacturer’s
default workflow as previously described (6).

ANNOVAR software (http://www.openbioinformatics.org/
annovar/) was used for functional annotation of the identified
single nucleotide polymorphisms (SNPs) to investigate their
genomic locations and variations (7). To eliminate error
artifacts, sequence data were confirmed visually using the
Integrative Genomics Viewer. This workflow could identify
SNVs and indels with a variant allele fraction as low as 1%.
Based on the results of a feasibility study, the variant allele
fraction threshold was established at 3%.

Somatic SNVs/indels that passed filtering in gain-of-function
genes (oncogenes) were considered gain-of-function when they
occurred at the predefined hotspot residues targeted by the
Oncomine panel. Somatic variants in a loss-of-function gene
were considered loss-of-function when deleterious (nonsense or
frame shifting) changes occurred at a pre-defined hotspot
residue. Copy number analysis was performed using the copy
number module within the previously mentioned Ion Reporter
system workflow. If copy numbers of target genes were four or
more, they were considered as amplifications. Additionally, if
copy numbers of target genes were less than one, they were
considered as deletions. Somatic CNVs were considered for
potential actionability analysis when they were concordant
with predicted alteration (amplification or deletion) from the
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Oncomine analysis, as described above. Somatic gene fusions
were considered for actionability analysis when they represented
known gene fusions from the Mitelman database (National
Cancer Institute, Bethesda, MD, USA) or Oncomine analysis,
or if they involved known 3’ or 5’ drivers with novel partners.
These prioritized variants were then associated with potential
actionability using the Oncomine database. For each patient, the
“most actionable” alteration was identified based on the
following criteria: (i) variants referenced in Food and Drug
Administration (FDA) drug labels, (ii) variants referenced in
National Comprehensive Cancer Network (NCCN) treatment
guidelines for the patient’s cancer type, (iii) variants referenced
in an NCCN guideline for another cancer type, and (iv) variants
referenced as inclusion criteria in a clinical trial. Actionable
variants were identified by manual curation of FDA labels and
NCCN guidelines, as well as by keyword searches and manual
curation of clinical trial records in the TrialTrove database (6).
The genetic variants identified were interpreted by a board-
certified pathologist (Yoon) and categorized as “pathogenic”,
“likely pathogenic”, “variant of unknown significance”,
“presumed benign,” or “benign”, based on their clinical
significance according to ClinVar-indexed variants (National
Center for Biotechnology Information, USA) (8). When
assessing the mutation frequencies of individual genes,
“pathogenic” and “presumed pathogenic” were counted as
mutations, whereas “benign” “presumed benign”, and “variants
of unknown significance” were excluded.

RESULTS

Clinicopathologic Characteristics of the
MiIiNEN Cases
The male-to-female ratio was 11:1 and the median age of the
subjects was 66.4 years (range, 50-81 years). The follow-up
interval ranged from 2 to 71 months with a median of 4
months. Ten cases were located in the stomach, with one case
in the lower rectum and one case in the anus. Gastric MiNEN
cases presented frequently in mid and lower body (50%) and
antrum (30%) locations. The sizes of the tumors ranged from 1.7
to 7 cm (median, 3.84 cm). The pathologic tumor stages (pTs)
were classified as pT1/T2 (n=6, 50%) and pT3/T4 (n=6, 50%),
and the stage groups were classified as I/II (n=3, 25%) and III/IV
(n=9, 75%). In 12 cases, regional lymph node metastasis was
detected in nine (75.0%) and distant metastasis (only liver) in
three (25%). Two cases displayed liver metastasis at the time of
diagnosis and another case presented delayed liver metastasis
during follow-up. Table 1 summarizes the clinicopathologic
characteristics of the 12 GI MiNEN cases included in the study.
Figure 1 shows representative histologic features of four
MINENSs. In the 12 cases examined, NENs were commonly
located in the deeper portion of the GI tract, whereas nNENs
were located superficially. The NENs were histologically
classified as LCNEC (n=7, 58.3%), neuroendocrine tumor
grade 3 (NETG3) (n=3, 25%), or SCNEC (n=2, 16.7%). The
nNENs were classified as adenocarcinomas (tubular and

TABLE 1 | Clinicopathologic characteristics of the 12 gastrointestinal MiNEN
cases included in the study.

Characteristics Number of patients (%)

Age at diagnosis

<60 years 3 (25.0)
>60 years 9 (75.0)
Sex
male 11 (91.7)
female 1(8.3
Primary tumor site
stomach 10 (83.3)
rectum, anus 2 (16.7)
Size
<5cm 9 (75.0)
>5cm 3(25.0)
Lymph node metastasis
absent 3 (25.0)
present 9 (75.0)
Distant metastasis
absent 9 (75.0)
present 3(25.0)
Pathologic T stage
T1/T2 6 (50.0)
T3/T4 6 (50.0)
Stage group
/11 3(25.0)
v 9 (75.0)
Adjuvant therapy
no 7 (68.3)
yes 5(41.7)
Histology of primary nNEN
Adenocarcinoma 10 (83.3)
tubular type 8
mucinous type 2
Tubular adenoma, high-grade 2 (16.7)
Histology of primary NEN
neuroendocrine tumor grade 3 3 (25.0)
SCNEC 2 (16.7)
LCNEC 7 (58.3)
Histology of nodal metastatic tumor
nNEN 3(37.5)
NEN 5 (62.5)
Major tumor component (>50%) of primary tumor
nNEN 6 (50)
NEN 6 (50)

LCNEC, large cell neuroendocrine carcinoma; NEN, neuroendocrine tumor component;
NETG3, neuroendocrine tumor grade3; SCNEC, small cell neuroendocrine carcinoma.

mucinous types) (n=10, 83.3%) or high-grade adenomas
(tubular and serrated types) (n=2, 16.7%), the latter of which
were only identified in anorectal areas. The eight lymph nodal
metastatic tumors that were pathologically confirmed consisted
of five NENs and three nNENSs; the origin of each metastatic
tumor matched the major tumor component (>50% tumor
volume) of the primary MiIiNEN, and all liver metastatic
tumors were NENG.

Molecular Comparison of the Tumor
Components of Gl MiNENs

A total of 28 samples from 11 patients, including 11 pairs of
NENs and nNENs and six metastatic tumors, were examined
successfully using NGS. The results of the sequencing analysis

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 709097


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Yeo et al.

Sequencing of GI MiINENs

neuroendocrine tumor component; MNEN, metastatic neuroendocrine tumor.
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FIGURE 1 | Microscopic features of four representative cases of MINENs. (A-D) An early gastric MINEN (pT1) from patient 5. (B-D) show a mucosal well-
differentiated adenocarcinoma, submucosal large cell neuroendocrine carcinoma (LCNEC), and hepatic metastatic LCNEC. (E-H) showing a gastric MiINEN from
patient 6. (F-H) show a tubular adenocarcinoma and a neuroendocrine tumor grade 3(NETG3) and nodal metastatic NETG3. (I-L) show a gastric MiINEN from
patient 8. (J-L) show a high-grade mucinous adenocarcinoma, a small cell neuroendocrine carcinoma (SCNEC), and a nodal metastatic SCNEC. (M-P) show a
locally excised anal MINEN from patient 10. (N-P) show a high-grade serrated adenoma, a LCNEC, and a hepatic metastatic neuroendocrine tumor. (P) show less
aggressive neuroendocrine tumor cells without prominent nucleoli and necrosis than those of the original large cell neuroendocrine carcinoma. Insets: ki-67
immunohistochemical stains of the each NENs. All tissue sections were stained with hematoxylin and eosin. NEN, neuroendocrine tumor component; NEN,

are shown in Tables 2 and 3. The most common genomic
variations seen in the GI MiNENs were a TP53 gene mutation
and an ATRX gene deletion. Across all 28 samples, pathogenic
missense mutations were detected in four genes: TP53 (n=18
samples, 64.3%), ARID1A (n=3, 10.7%), PIK3CA (n=3, 10.7%),
and CTNNBI (n=3, 10.7%). CNVs were observed frequently at
various sites; copy number gain was detected for the CCNE1
(n=6, 21.4%), MYC (n=4, 14.3%), TERT (n=3, 10.7%),
FGF19 (n=1, 3.6%), CCND1 (n=1, 3.6%), FGF3 (n=1, 3.6%),
RICTOR (n=1, 3.6%), KRAS (n=1, 3.6%), AKT (n=1, 3.6%), and
FGFRI (n=1, 3.6%) genes, and copy number loss was detected
for the ATRX (n=10, 35.7%), CDKN2A (n=6, 21.4%), CDKN2B
(n=6,21.4%), RB1 (n=3, 10.7%), NBN (n=1, 3.6%), RAD50 (n=1,
3.6%), and FANCD2 (n=1, 3.6%) genes.

Overall, NENs carried 1.5 times more genetic variations than
nNENSs, most of which were CNVs. The NENSs displayed frequent
copy number gains for the MYC gene and copy number losses for
the CDKN2A and CDKN2B genes. NENs displayed exclusive
CNVs for the RB1, RAD50, FANCD2, TERT, CCND, FGF19,
FGF3, FGFR1, and RICTOR genes. nNENSs carried more missense
mutations of the ARIDIA and PIK3CA genes than NENs. In
addition, nNENs carried three exclusive variants of the NBN,
KRAS, and CTNNBI genes that were not detected in NENS.

Molecular Comparison of Primary

and Metastatic GI MiNENs

To compare the characteristics of the primary and metastatic
MiINENs, 11 samples from five MiNEN cases (five primary
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TABLE 2 | The mutational landscape of the 11 primary gastrointestinal MiNENSs.

Patient Site Histology (% of component) Ki-67 index of NEN (%) Gene Code AA change Allelic frequency (%) CNV (copy number)
change
1 stomach ACAT (40) TP53 c.401T>G p.Phe134Cys 29.42
CCNET Amplification (6.11)
NET G3 (60) 30 TP53 c.401T>G p.Phe134Cys 35.92
CCNEH Amplification (18.86)
2 stomach ACA T (70) TP53 c.844C>T p.Arg282Trp 29.43
SCNEC (30) 60 TP53 c.844C>T p.Arg282Trp 42.40
RB1 Deletion (0.66)
3 stomach ACAT (60) ARID1A  ¢.1435C>T p.GIn479Ter 30.62
TP53 c.527G>A p.Cys176Tyr 22.64
LCNEC (40) 50 ARID1A  ¢.1435C>T p.GInd79Ter 55.65
TP53 c.527G>A p.Cys176Tyr 56.29
CCND1 Amplification (5.14)
FGF19 Amplification (6.65)
FGF3 Amplification (5.6)
CDKN2A Deletion (0.39)
CDKN2B Deletion (0.44)
4 stomach ACA T (30) TP53 €.993+1G>A  splicing site 23.48
CCNET Amplification (34.24)
LCNEC (70) 55 TP53 €.993+1G>A  splicing site 45.94
CCNET Amplification (67.75)
5 stomach ACAT (30) TP53 C.742C>T p.Arg248Trp 11.35
ATRX Deletion (0.9)
LCNEC (70) 60 TP53 c.742C>T p.Arg248Trp 69.23
ATRX Deletion (0.94)
6 Stomach ACA M (35) TP53 c.673-2A>G  Splicing site 22.13
ATRX Deletion (0.9)
NETG3 (65) 30 TP53 c.673-2A>G  Splicing site 49.71
MYC Amplification (5.67)
TERT Amplification (8.22)
7 Stomach ACA T (30) ATRX Deletion (0.83)
NETG3 (70) 60 ATRX Deletion (0.63)
8 Stomach ACA M (60) TP53 c.827C>G p.Ala276Gly 19.92
SCNEC (40) 60 TP53 c.827C>G p.Ala276Gly 27.48
9 Stomach ACA T (40) PIKBCA  c.2176G>A p.Glu726Lys 17.64
LCNEC (60) 40 CTNNB1 ¢.94G>C p.Asp32His 39.35
CDKN2A Deletion (0.78)
CDKN2B Deletion (0.04)
10 Anus SA,HGD (40) MYC Amplification (16.72)
CDKN2A Deletion (0)
CDKN2B Deletion (0)
NBN Deletion (0.43)
ATRX Deletion (0.67)
LCNEC (60) 60 MYC Amplification (7.035)
CDKN2A Deletion (0)
CDKN2B Deletion (0)
RAD50 Deletion (0.7)
11 Rectum TA, HGD (40) PIKBCA  ¢.353G>A p.Gly118Asp 3.59
ATRX Deletion (0.57)
LCNEC (60) 40 PIKBCA  c.353G>A p.Gly118Asp 6.72

ATRX

Deletion (0.42)

AA, amino acid; ACA, adenocarcinoma; CNV, copy number variation; HGD, high-grade dysplasia; LCNEC, large cell neuroendocrine carcinoma; M, mucinous; NEN, neuroendocrine
tumor component; NETG3, neuroendocrine tumor grade3; T, tubular; TA, tubular adenoma; SA, serrated adenoma; SCNEC, small cell neuroendocrine carcinoma.

tumors and six metastatic tumors) were examined using NGS
(Table 3). The metastatic tumors were localized in regional
lymph nodes (n=4) or the liver (n=2). Histologic analyses
revealed that all metastatic tumors matched the major tumor
components of the primary MiNENs. The metastatic tumors
retained most of the genetic variants found in the original
tumors, but some cases had additional CNVs, including copy
number gains for the KRAS, AKT3, RICTOR, FGFR, and

FANCD2 genes, and copy number losses for the MYC and
RADS50 genes.

Molecular Differences Based on
Pathologic Types and Grades of the

Gl MiNENs

The NENs were histologically classified as LCNEC, NETG3, or
SCNEC. The LCNEC and NETG3 samples shared a number of
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TABLE 3 | Mutational analyses of primary and metastatic MINENs.

Patient Site

Histology (% of component) Ki-67 Index of NEN (%)

Gene Codechange AA change Allelic frequency (%) CNV (copy number)

3 Stomach ACA T (60) ARID1A  ¢.1435C>T p.GIn4d79Ter 30.62
TP53 c.527G>A p.Cys176Tyr 22.64
LN ACAT (100) ARID1A  ¢.1435C>T p.GIn4d79Ter 18.77
TP53 c.527G>A p.Cys176Tyr 10.37
KRAS Amplification (13.72)
5 Stomach LCNEC (70) 60 TP53 c.742C>T p.Arg248Trp 69.23
ATRX Deletion (0.94)
LN LCNEC (100) 60 TP53 c.742C>T p.Arg248Trp 62.13
ATRX Deletion (0.91)
Liver LCNEC (100) 60 TP53 C.742C>T p.Arg248Trp 80.22
ATRX Deletion (0.98)
6 Stomach NETGS (65) 30 TP53 c.673-2A>G  splicing site 49.71
TERT Amplification (8.22)
RB1 Deletion (0.37)
MYC Amplification (5.67)
LN NETG3 (100) 20 TP53 c.673-2A>G  splicing site 69.3
TERT Amplification (9.25)
RB1 Deletion (0)
AKT3 Amplification (4.93)
RICTOR Amplification (8.65)
FGFR1 Amplification (6.5)
9 Stomach LCNEC (60) 40 CTNNB1  ¢.94G>C p.Asp32His 39.35
CDKN2A Deletion (0.78)
CDKN2B Deletion (0.04)
LN LCNEC (100) 40 CTNNB1 ¢.94G>C p.Asp32His 38.5
CDKN2A Deletion (0.53)
CDKN2B Deletion (0)
10 Anus LCNEC (60) 60 MYC Amplification (70.35)
CDKN2A Deletion (0)
CDKN2B Deletion (0)
RAD50 Deletion (0.7)
Liver *NET G3(100) 20 MYC Amplification (97.12)
CDKN2A Deletion (0)
CDKN2B Deletion (0)
FANCD2 Deletion (0.67)

*Neuroendocrine cells in a biopsy sample of a hepatic lesion did not show prominent nucleoli or necrosis, which were present in the primary large cell neuroendocrine carcinoma.
Considering that the biopsy was too small to explore the full specimen, we diagnosed the hepatic lesion as a neuroendocrine tumor G3.
AA, amino acid; ACA, adenocarcinoma; CNV, copy number variation; HGD, high-grade dysplasia; LCNEC, large cell neuroendocrine carcinoma; NEN, neuroendocrine tumor component;

NETG3, neuroendocrine tumor grad 3; T, tubular.

molecular characteristics and presented many CNVs and
missense mutations. By contrast, the SCNEC samples carried
limited mutations in the TP53 and RB1 genes only. The nNENs
were classified as adenocarcinomas or adenomas. The
adenocarcinomas comprised tubular (80%) and mucinous
(20%) subtypes and generally shared variants of the TP53,
ATRX, and CCNE genes. Adenomas carried ATRX deletions
but did not carry variants of the TP53 or CCNE1 genes.

DISCUSSION

This study examined the clinicopathologic and molecular
characteristics of GI MiNENs. At the time of diagnosis, the
majority of the MiNENs examined were advanced stage (III/IV)
and frequent nodal or distant metastasis was observed, even for
low tumor stages. Histologically, the metastatic tumors matched
the major tumor component of the primary MiNENs. Primary
MIiNENSs that had NEN as the major component showed a 2-fold
higher rate of nodal metastasis than those with nNEN as the major

component. All distant metastatic tumors were NENs. In general,
NENS carried 1.5 times more mutations and CNVs than nNENSs.
In addition, compared with the nNENSs, the NEN components
carried a higher allele imbalance and displayed a more aggressive
nodal metastasis, suggesting that a high allelic imbalance may be a
characteristic of aggressive NEN disease behavior.

Previous studies have reported that nNENs display a closer
developmental relationship with MiNENs than NECs based on
comparative analyses of their pure counterparts (5). Analyses of
gastro-enteric and pancreatic MiNENs have shown that mutations
that are shared between NENs and nNENs usually involve cancer
driver genes such as TP53, KRAS, BRAF, APC, and PI3KCA, and
have higher allele frequencies (5, 9). In particular, TP53 mutation
and loss of heterozygosity are the most common alterations seen
in both the NEN and nNEN components of MiNENs (9, 10).
Some MINEN cases reportedly harbor cancer-related pathogenic
mutations that are restricted to the NEN component, suggesting a
monoclonal origin and a multistep progression model of gastric
MINEN development (8, 10, 11). Sun et al. reported that up to 50%
of gastric MiNENs displayed CCNE1 gene amplification and
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increased protein expression (12). Here, we identified frequent
TP53 gene mutations (18/22, 81.8%) and limited CCNEI gene
amplification (4/22, 18.2%) in gastric MiNENs. We did not detect
mutations of the BRAF, APC, or SMAD4 genes in the
adenocarcinomas, although these genes have been reported as
frequently mutated in previous studies. We identified frequent
CNVs of the ATRX and RB1 genes in NENs and key driver
mutations of the ARID1A, PIK3CA, CTNNB1, and MYC genes in
nNENs, especially adenocarcinomas. Overall, our findings show
that NENs and nNENs both display pathogenic mutations, most
of which are in genes involved in chromatin remodeling pathways.

Molecular subdivision, including neuroendocrine tumors
(NETs) and neuroendocrine carcinomas (NECs), has been
established via differential mutations of ATRX/DAXX/MEN1
and TP53/RB1 in the pancreas (13). The molecular criteria have
not been established for GI MiINENs since the molecular
landscape has been suggested to pure adenocarcinomas and
ATRX mutation has not been reported (5). ATRX is a novel
tumor suppressor gene that encodes an SWI/SNF-like chromatin
remodeling protein (11). ATRX deletion mutations occur in
various malignancies, including glial tumors, pediatric
adrenocortical carcinoma, osteosarcoma, and neuroblastoma (3).

Here, we identified ATRX mutations (n=10/27, 37.0%),
primarily partial loss in GI MINENs. A recent study suggests
that ATRX haploinsufficiency cooperates with p53 deficiency to
promote multiple types of carcinoma and sarcoma, including
epithelioid sarcoma, angiosarcoma, undifferentiated
pleomorphic sarcoma, papillary serous carcinoma, biliary
carcinoma, malignant peripheral nerve sheath tumor, and
high-grade glioma (14). Our study identified ten samples
carrying a partial ATRX loss, of which seven samples carried
additional mutations of the tumor suppressor TP53 (n=5/7,
71.4%) or the oncogenic PIK3CA (n=2/7, 28.6%). Despite the
apparent genetic difference between pancreatic NETs and NECs,
NETG3 and LCNEC were comparable in this study. In addition,
although ATRX deletion was frequently observed in NETG3s
and LCNECs, it was not seen in SCNECs or nNENs. SCNECs
carried mutations of the RB1 and TP53 loci; these are frequently
observed mutation sites, validated by prior studies (8, 15, 16).
Further studies with a large number of cases will be conducted to
evaluate the presence and functional significance of ATRX
deletion in GI MiNENs.

In the cases examined here, nNENs were usually located
superficially and NENs were located in a deeper area of the GI
tract, which was considered the invasive front. We hypothesized
that NENs might develop from superficial nNENs via the
accumulation of additional molecular aberrations. For 10 of
the 11 (90.9%) pairs of nNENs and NENs examined here, the
two components of the MiNEN shared common genetic
alterations. However, 3 of these 10 cases carried additional
mutations in the NEN and nNEN components. Based on these
findings, we suggest that MiNENs are primarily of monoclonal
origin, but can undergo bi-phenotypic differentiation during the
carcinogenesis process in some cases (4). We also identified one
case of gastric MiINEN that had no shared molecular alterations
in the nNEN and NEN components, indicating that MiNEN can

emerge from two distinct entities during tumorigenesis in
some cases.

This study has some limitations that need to be further
improved. First, the study cohort was relatively small and
consisted mainly of gastric MINEN, thus, it was difficult to
generalize the results for gastrointestinal MiNEN in general.
Second, genetic evaluation was limited by selected genes in a
commercial panel. Lastly, all sequencing data in this study were
extracted from FFPE blocks; it is known that formalin-fixation
would cause nucleic acid fragmentation, degradation, and cross-
linking to proteins (17).

In conclusion, this study used NGS to compare the molecular
characteristics of GI MiNENSs that were classified according to
tumor component and grade. The majority of pathogenic
variants identified were shared between the paired NEN and
nNEN components of the MiNENs. However, some NEN and
nNEN samples carried distinct mutations that were not seen in
the corresponding paired component. Metastatic tumors
retained most of the genetic variants found in the primary
MIiNENSs, but also gained additional copy number alterations.
Our results give clues to the mechanisms underlying the
developmental progression of gastric MiNENSs. Further studies
involving large numbers of cases and additional functional
studies should be performed to clarify the detailed molecular
characteristics and tumorigenic mechanisms of GI MiNENSs.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Review Board at the Chungnam
National University Hospital, Daejeon, South Korea (2019-11-
043). Written informed consent for participation was not
required for this study in accordance with the national
legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

GB, NY and M-KY had full access to all of the data in the study
and take responsibility for the integrity of the data and the
accuracy of the data analysis. Study concept and design, M-KY.
Acquisition, analysis, and interpretation of data, GB and NY.
Drafting of the manuscript, GB. Critical revision of the
manuscript for important intellectual content, GB, NY and
M-KY. Obtained funding, GB, NY and M-KY. Administrative
technical support, NY. Study supervision, GB, NY and M-KY.

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 709097


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Yeo et al.

Sequencing of GI MiINENs

All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MSIT)
(No. 2019R1G1A1100578), a grant of Korea Health Technology
R&D Project through the Korea Health Industry Development
Institute (KHIDI) funded by the Ministry of Health & Welfare,
Republic of Korea (grant number: HR20C0025), and a grant of
Translational R&D Project through the Institute for Bio-Medical
Convergence, Incheon St. Mary’s Hospital, The Catholic
University of Korea.

REFERENCES

. Klimstra DS KG, La Rosa S, Rindi G. Digestive System Tumors. In: WHO
Classification of Tumors, 5th ed. Lyon, France: International Agency for
Research on Cancer Press Lyon (2019).

2. La Rosa S, Sessa F, Uccella S. Mixed Neuroendocrine-Nonneuroendocrine
Neoplasms (MiNENs): Unifying the Concept of a Heterogeneous Group of
Neoplasms. Endocr Pathol (2016) 27:284-311. doi: 10.1007/s12022-016-9432-9

3. Dyer MA, Qadeer ZA, Valle-Garcia D, Bernstein E, ATRX, DAXX.
Mechanisms and Mutations. Cold Spring Harb Perspect Med (2017) 7.
doi: 10.1101/cshperspect.a026567

4. Bazerbachi F, Kermanshahi TR, Monteiro C. Early Precursor of Mixed
Endocrine-Exocrine Tumors of the Gastrointestinal Tract: Histologic and
Molecular Correlations. Ochsner J (2015) 15:97-101.

5. Frizziero M, Chakrabarty B, Nagy B, Lamarca A, Hubner RA, Valle JW, et al.
Mixed Neuroendocrine Non-Neuroendocrine Neoplasms: A Systematic
Review of a Controversial and Underestimated Diagnosis. J Clin Med
(2020) 9(1):273. doi: 10.3390/jcm9010273

6. Hovelson DH, McDaniel AS, Cani AK, Johnson B, Rhodes K, Williams PD,
et al. Development and Validation of a Scalable Next-Generation Sequencing
System for Assessing Relevant Somatic Variants in Solid Tumors. Neoplasia
(2015) 17:385-99. doi: 10.1016/j.ne0.2015.03.004

7. Yang H, Wang K. Genomic Variant Annotation and Prioritization With
ANNOVAR and wANNOVAR. Nat Protoc (2015) 10:1556-66. doi: 10.1038/
nprot.2015.105

8. Kim KM, Kim M]J, Cho BK, Choi SW, Rhyu MG. Genetic Evidence for the
Multi-Step Progression of Mixed Glandular-Neuroendocrine Gastric
Carcinomas. Virchows Arch (2002) 440:85-93. doi: 10.1007/s004280100540

9. Milione M, Maisonneuve P, Pellegrinelli A, Grillo F, Albarello L, Spaggiari P,
et al. Ki67 Proliferative Index of the Neuroendocrine Component Drives
MANEC Prognosis. Endocr Relat Cancer (2018) 25:583-93. doi: 10.1530/
ERC-17-0557

10. Scardoni M, Vittoria E, Volante M, Rusev B, Bersani S, Mafficini A, et al. Mixed

Adenoneuroendocrine Carcinomas of the Gastrointestinal Tract: Targeted Next-
Generation Sequencing Suggests a Monoclonal Origin of the Two Components.
Neuroendocrinology (2014) 100:310-6. doi: 10.1159/000369071

11. Furlan D, Cerutti R, Genasetti A, Pelosi G, Uccella S, La Rosa S, et al.

Microallelotyping Defines the Monoclonal or the Polyclonal Origin of Mixed
and Collision Endocrine-Exocrine Tumors of the Gut. Lab Invest (2003)
83:963-71. doi: 10.1097/01.1ab.0000079006.91414.be
12. Sun L, Zhang ], Wang C, Zhao S, Shao B, Guo Y, et al. Chromosomal and
Molecular Pathway Alterations in the Neuroendocrine Carcinoma and

—

ACKNOWLEDGMENTS

The biospecimens and data used in this study were provided by
the Biobank of Chungnam National University Hospital, a
member of the Korea Biobank Network.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.709097/
full#supplementary-material

Supplementary Table 1 | Gene lists for Oncomine Comprehensive Assay version
3 (n=161).

Adenocarcinoma Components of Gastric Mixed Neuroendocrine-
Nonneuroendocrine Neoplasm. Mod Pathol (2020) 33:2602-13.
doi: 10.1038/s41379-020-0579-z

13. Rindi G, Klimstra D, Abedi-Ardekani B, Sylvia L, Brambilla E, Klaus J. A
Common Classification Framework for Neuroendocrine Neoplasms: An
International Agency for Research on Cancer (IARC) and World Health
Organization (WHO) Expert Consensus Proposal. Mod Pathol (2018)
31:1770-86. doi: 10.1038/s41379-018-0110-y

14. Oppel F, Tao T, Shi H, Ross KN, Zimmerman MW, He S, et al. Loss of Atrx
Cooperates With P53-Deficiency to Promote the Development of Sarcomas
and Other Malignancies. PloS Genet (2019) 15:e1008039. doi: 10.1371/
journal.pgen.1008039

15. Tang LH, Basturk O, Sue JJ, Klimstra DS. A Practical Approach to the
Classification of WHO Grade 3 (G3) Well-Differentiated Neuroendocrine
Tumor (WD-NET) and Poorly Differentiated Neuroendocrine Carcinoma
(PD-NEC) of the Pancreas. Am ] Surg Pathol (2016) 40:1192-202.
doi: 10.1097/PAS.0000000000000662

16. Uccella S, La Rosa S, Metovic J, Marchiori D, Scoazec JY, Volante M, et al.
Genomics of High-Grade Neuroendocrine Neoplasms: Well-Differentiated
Neuroendocrine Tumor With High-Grade Features (G3 NET) and
Neuroendocrine Carcinomas (NEC) of Various Anatomic Sites. Endocr
Pathol (2021) 32:192-210. doi: 10.1007/s12022-020-09660-z

17. Zhang P, Lehmann B, Shyr Y, Guo Y. The Utilization of Formalin Fixed-
Paraffin-Embedded Specimens in High Throughput Genomic Studies. Int J
Genomics (2017). doi: 10.1155/2017/1926304

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Yeo, Yoon and Bae. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 709097


https://www.frontiersin.org/articles/10.3389/fonc.2021.709097/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.709097/full#supplementary-material
https://doi.org/10.1007/s12022-016-9432-9
https://doi.org/10.1101/cshperspect.a026567
https://doi.org/10.3390/jcm9010273
https://doi.org/10.1016/j.neo.2015.03.004
https://doi.org/10.1038/nprot.2015.105
https://doi.org/10.1038/nprot.2015.105
https://doi.org/10.1007/s004280100540
https://doi.org/10.1530/ERC-17-0557
https://doi.org/10.1530/ERC-17-0557
https://doi.org/10.1159/000369071
https://doi.org/10.1097/01.lab.0000079006.91414.be
https://doi.org/10.1038/s41379-020-0579-z
https://doi.org/10.1038/s41379-018-0110-y
https://doi.org/10.1371/journal.pgen.1008039
https://doi.org/10.1371/journal.pgen.1008039
https://doi.org/10.1097/PAS.0000000000000662
https://doi.org/10.1007/s12022-020-09660-z
https://doi.org/10.1155/2017/1926304
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Clinicopathologic and Molecular Characteristics of Gastrointestinal MiNENs
	Introduction
	Materials and Methods
	Cases and Tissue Samples
	Next-Generation Sequencing and Data Analysis

	Results
	Clinicopathologic Characteristics of the MiNEN Cases
	Molecular Comparison of the Tumor Components of GI MiNENs
	Molecular Comparison of Primary and Metastatic GI MiNENs
	Molecular Differences Based on Pathologic Types and Grades of the GI MiNENs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


