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ABSTRACT

The neuroendocrine carcinoma of the gastrointestinal system (GIS-NEC) is a rare
but highly malignant neoplasm. We analyzed 115 cases using whole-genome/
exome sequencing, transcriptome sequencing, DNA methylation assays, and/or ATAC-seq and found
GIS-NECs to be genetically distinct from neuroendocrine tumors (GIS-NET) in the same location.
Clear genomic differences were also evident between pancreatic NECs (Panc-NEC) and nonpancre-
atic GIS-NECs (Nonpanc-NEC). Panc-NECs could be classified into two subgroups (i.e., “ductal-type”
and “acinar-type”) based on genomic features. Alterations in TP53 and RB1 proved common in
GIS-NECs, and most Nonpanc-NECs with intact RB1 demonstrated mutually exclusive amplification
of CCNEI or MYC. Alterations of the Notch gene family were characteristic of Nonpanc-NECs. Tran-
scription factors for neuroendocrine differentiation, especially the SOX2 gene, appeared overex-
pressed in most GIS-NECs due to hypermethylation of the promoter region. This first comprehensive
study of genomic alterations in GIS-NECs uncovered several key biological processes underlying
genesis of this very lethal form of cancer.

GIS-NECs are genetically distinct from GIS-NETs. GIS-NECs arising in different organs
show similar histopathologic features and share some genomic features, but considerable differences
exist between Panc-NECs and Nonpanc-NECs. In addition, Panc-NECs could be classified into two sub-

groups (i.e., “ductal-type” and “acinar-type”) based on genomic and epigenomic features.

INTRODUCTION

Neuroendocrine neoplasms (NEN), characterized by neu-
roendocrine differentiation, can arise in most epithelial
organs of the body. The digestive system is the most com-
mon location, accounting for two thirds of NENs, with the
pancreas as a major primary site. These neoplasms include a
number of distinct entities with widely differing etiologies,
clinical features, and morphologic and genomic findings.

The World Health Organization (WHO) Classification of
Digestive System Tumours was recently updated (1). The
highlight of this updated classification is a new distinc-
tion between well-differentiated neuroendocrine tumors
(NET; Supplementary Fig. S1A) and poorly differentiated
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neuroendocrine carcinomas (NEC; Supplementary Fig. S1B
and S1C). NETs have histologically low-grade nuclear fea-
tures, and are graded as G1, G2, or G3 on the basis of pro-
liferation activity as assessed by the mitotic rate and the
Ki-67 proliferation index. NECs have high-grade, carcinoma-
like nuclear features and characteristically exhibit aggressive
clinical behavior, frequent metastases, and poor survival (2).
NECs may be pure or mixed with variable amounts of adeno-
carcinoma, squamous cell carcinoma, or other components
(ref. 3; Supplementary Fig. S1D).

Somatic mutations in pancreatic NETs (Panc-NET) have
been well characterized (4, 5). In contrast, little is known about
molecular drivers of the neuroendocrine carcinoma of the gas-
trointestinal system (GIS-NEC), for which few specimens have
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been available for analysis. We previously reported abnormal
immunolabeling of p53 and RB1 protein to be frequent in 19
pancreatic NECs (Panc-NEC; ref. 6). In the present study, tak-
ing advantage of international collaboration, we conducted
a comprehensive genomic analysis of a relatively large series
of cases, the results implicating several previously unknown
biological processes in the pathogenesis of neuroendocrine
neoplasms of the gastrointestinal system (GIS-NEN).

RESULTS
Clinicopathologic Features of GIS-NENs

An international cohort of 114 clinically and pathologi-
cally well-characterized GIS-NEN cases (115 independent
lesions), comprising 79 from Japan, 23 from the United
States, and 12 from the Netherlands, underwent broad analy-
ses. Included were 60 GIS-NECs (18 pancreatic, 14 gastric, 10
biliary, 9 colorectal, 6 ampullary, and 3 esophageal) and 55
GIS-NETs (48 pancreatic, 6 colorectal, and 1 nonampullary
duodenal). Of note, two (cases NE067 and NE115) of nine
patients with colorectal NEC suffered from inflammatory
bowel disease (i.e., ulcerative colitis), one for 20 years and the
other for 18 years (Supplementary Table S1).

Pathologic diagnosis was based on criteria of the 2019
WHO classification of digestive system tumors. A flow chart
for the entire analysis is provided in Supplementary Fig. S2.
Clinicopathologic features are detailed in Supplementary
Tables S1-S3. The age of patients with Panc-NECs was sig-
nificantly greater than the age of patients with Panc-NETs
(Supplementary Table S3).

Kaplan-Meier analyses and log-rank tests were performed
to determine relationships between clinicopathologic features
and five-year disease-specific survival rates (Supplementary
Fig. S3A-S3D). Patients with GIS-NECs had significantly worse
outcomes than did patients with GIS-NETs (P =4.32 x 1071).
In addition, patients with Panc-NECs had poorer five-year
disease-specific survival than patients with nonpancreatic
GIS-NECs (Nonpanc-NEC; P = 0.0382). There was also a
significant difference in survival between patients with GIS-
NETGS3 and patients with GIS-NETG1/G2 (P = 0.00309).

Significantly Mutated Genes in GIS-NECs

We performed whole-genome sequencing (WGS), transcrip-
tome sequencing [RNA sequencing (RNA-seq)], DNA methylation

analysis, and/or Assay for Transposase Accessible Chromatin
sequencing (ATAC-seq) on 76 frozen samples including 4
organoids (Supplementary Tables S4 and S5). Whole-exome
sequencing (WES) was also conducted on formalin-fixed and
paraffin-embedded (FFPE) material from 56 cases (Supplemen-
tary Table S6). We further examined the integration of virus
genomes previously reported to be associated with neuroen-
docrine carcinomas (Supplementary Table S7). To accurately
evaluate the frequency, distribution, and clonality of somatic
mutations, targeted gene sequencing was performed on 107
cases. This targeted sequencing provided deeper read coverage
for 78 genes with recurrent mutations identified in WGS/WES,
or for examples selected as being identified as driver genes in a
previous report (ref. 5; Supplementary Tables S8-S10). An onco-
plot based on targeted gene sequencing is shown in Supplemen-
tary Fig. S4. Significantly mutated genes (SMG) in GIS-NECs
(Supplementary Table S11) and GIS-NETs (Supplementary
Table S12) were investigated by WGS and/or WES and validated
by targeted gene sequencing. The median numbers of nonsyn-
onymous mutations in GIS-NECs and GIS-NETs were 60 and
10.5, respectively. The SMGs in GIS-NECs are TP53, KRAS, RBI,
CCNE1, CDKN2A, and MYC. KRAS gene alterations were mainly
detected in Panc-NECs, APC in colorectal NECs, and ELF3 in
ampullary (7) and biliary tract NECs (8). Thus, driver mutations
initially detected in conventional carcinomas in each body site
were found to be to a large extent organ-specific. Recurrent
mutations in noncoding DNA regions were not observed.

Structural Variation in GIS-NECs

Differences were noted at the genomic level between Panc-
NECs and Nonpanc-NECs (Fig. 1), the number of struc-
tural variations (SV) being significantly larger in the latter
(P =3.82 x 107 Fig. 1; Supplementary Table S13). We iden-
tified loci frequently affected by SVs by counting break-
points within 1 Mb windows genome-wide (Supplementary
Fig. SSA and S5B). Loci characteristically affected contained
the PTPRD gene in Panc-NECs as with pancreatic ductal
adenocarcinoma (PDAC; ref. 9) and Panc-NET (5). SMAD4
and CDKN2A, which are frequently targeted for SV in PDAC,
were not found to be targeted in Panc-NECs. In Nonpanc-
NECs, recurrent SV-affected genes listed in the COSMIC
Cancer Gene Census were CLTC, TCF, NOTCHI1, CREBBP,
and ZNFR3, in descending order of prevalence. We identi-
fied whole-genome duplication (WGD) in 17 (33.4%) of 51

>

Figure 1. Genomic alterations of GIS-NECs. A, Landscape of genomic alterations in GIS-NEC cases. The left oncoplot indicates WGS data, and
representative gene expression data are obtained from frozen samples. The cases are arranged from left to right according to descending order of the
number of SVs in each primary organ. Asterisks, organoid samples. The right oncoplot shows WES data in patients differing from patients available on
the WGS data. B, Hematoxylin and eosin (H&E) staining and synaptophysin immunolabeling of TP53 and RB1 double knockout (TR-KO) organoids before
and after blocking Notch signaling with a y-secretase inhibitor (DAPT). The synaptophysin-positive cells were increased by the Notch inhibitor. Scale

bar, 100 um. C, Unsupervised hierarchical cluster analysis with 2,000 high variant probes for DNA methylation in GIS-NECs. D, Integration of RNA-seq
and DNA methylation array data comparing GIS-NECs with normal tissues. RNA-seq data were filtered using significant differentially expressed gene
(DEG; abs [log,FC] > 1) with significant FDR values (<0.05). DNA methylation assay data were filtered using differentially methylated regions (DMR; abs
[AB value] = 0.1) with significant adjusted P values (<0.05). In the area of the figure showing high levels of gene expression and hypermethylation, 199
DMRs are situated, of which 39 (19.6%) are transcription factors (TF; red dots) including SOX2 and ASCL1. In contrast, in the area of the figure showing
high levels of gene expression and hypomethylation, 424 DMRs are situated, of which 28 (6.6%) are TFs. CHGA, chromogranin A. E, Schematic of NET-
AKR fusion genes detected in two gastric NECs. The neuroepithelioma transforming genel (NET1) is a specific guanine nucleotide exchange factor for
RhoA. Both aldo-keto reductase family 1 members C3 (AKR1C3) and C4 (AKR1C4) are reductase enzymes that play critical roles in the biotransformation
of endogenous substrates such as steroids. The chimeric genes demonstrate in-frame fusion of the NETI amino terminus (exons 1-3) and the AKRIC3
carboxyl terminus (exons 2-9) or the AKR1C4 carboxyl terminus (exons 6-9). NLS, nuclear localization signal; DH, Dbl homology; PH, pleckstrin homology;
PDZ, post-synaptic density 95; aa, amino acids. F, Gastric NEC with the Merkel cell polyomavirus (MCPyV; case NE0OO2). The read depth along the poly-
omavirus genome is shown in blue, and read pairs bridging the polyomavirus genome and the integration site on chromosome 8 are indicated by red lines.
Polyomavirus genes are indicated by large T antigen, small T Antigen, VP1, VP2, and VP3.
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GIS-NECs (Supplementary Table S14). To determine chro-
mothripsis presence, we applied ShatterSeek (10) to 57 GIS-
NENSs (35 GIS-NECs and 22 GIS-NETs), with positive results
in 14 of the 35 (40.0%) GIS-NECs (Supplementary Table S15).
Of these 14, 12 (85.8%) harbored TP53 mutations statistically
significantly (P = 0.0320) as compared with the prevalence
of only 10 of 21 GIS-NECs without chromothripsis. This
result is in agreement with previous findings for other types
of neoplasm (11, 12). Recurrent chromothripsis involving
chromosome 11 was detected in four GIS-NECs (Supplemen-
tary Fig. S5C). In contrast, GIS-NETs were not found to har-
bor regions of chromothripsis. Although chromothripsis has
been associated with a poor prognosis, fusion genes created
by chromosome shattering may have therapeutic potential
for GIS-NECs with this feature (13).

Genomic Distinction between Panc-NECs and
Nonpanc-NECs

The number of nonsynonymous mutations was sig-
nificantly larger in Nonpanc-NECs than in Panc-NECs
(P = 0.00238). Loss of RB1 protein and TP53 mutations
proved prevalent in both. In Nonpanc-NECs with intact
RB1, CCNEI and MYC amplification was a mutually exclu-
sive event. In addition, alterations of Notch family genes
were frequently detected in Nonpanc-NECs (12/23, 52.1%;
Fig. 1A; Supplementary Fig. S5A), in contrast to their relative
paucity in conventional gastrointestinal adenocarcinomas
(14). Notch family genes are known to act as tumor suppres-
sors and master regulators of neuroendocrine differentia-
tion in pulmonary NEC, i.e., small-cell lung cancer (SCLC;
ref. 15). In contrast to Nonpanc-NECs, Panc-NECs lacked
any SV of Notch family genes except for one organoid,
which demonstrated an unstable SV phenotype (>200 SVs;
Fig. 1A). No significant differences in lymph node metasta-
sis, tumor purity, age, and race were evident between Panc-
NECs and Nonpanc-NECs.

To determine the effect of dysregulation of Notch signal-
ing in TP53- and RB1-deficient cells, we tested whether block-
age with a y-secretase inhibitor would alter the expression of
synaptophysin in TP53 and RBI double knockout (TR-KO)
organoids, generated from normal colon epithelium using
CRISPR/Cas9 (16). These TR-KO cells had increased synap-
tophysin levels after administration of the y-secretase inhibi-
tor (Fig. 1B and Supplementary Text). In TP53 KO gastric
organoids, the same phenomenon was also observed (Sup-
plementary Fig. S6).

Genomic Distinction between Small-Cell Type
GIS-NECs, Large-Cell Type GIS-NECs, and Mixed
Neuroendocrine-Nonneuroendocrine Neoplasms

Genetic differences based on morphologic subclassifica-
tion of GIS-NECs were investigated. Regarding frequently
altered genes, targeted deep sequence data, derived from both
frozen and FFPE samples, showed RBI gene mutations to be
significantly more prevalent in small-cell than in large-cell
type GIS-NECs (P = 0.00513) and mixed neuroendocrine-
nonneuroendocrine neoplasms (MiNEN; P = 0.0239; Supple-
mentary Fig. S7A). However, WGS data, derived solely from
frozen samples, demonstrated SVs in the RBI gene in large-
cell type GIS-NECs (Supplementary Fig. S7B). These findings

indicate that inactivation mechanisms of RBI may be differ-
ent between small-cell and large-cell GIS-NECs.

DNA Methylation Status and Transcriptome
Profiling of GIS-NECs

Unsupervised hierarchical cluster analysis of methylation
status divided GIS-NECs into three groups (Fig. 1C). The
third group (Methyl-C3) consisted mainly of Panc-NECs
and the second group (Methyl-C2) mostly of Nonpanc-
NECs. The remaining cluster (Methyl-C1) featured a CpG
island methylator phenotype (CIMP) status due to alter-
ations of DNA methylation-related genes and/or MLHI
promoter hypermethylation. The microsatellite instability
(MSI) scores using MSIsensor-pro (17) were significantly
higher (P = 0.00794) in Methyl-C1 (median, 0.91) than in
Methyl-C2 and Methyl-C3 (median, 0.09) cases.

Transcriptome analysis confirmed overexpression of tran-
scription factors for neuroendocrine differentiation (NE-
TF), especially SOX2, in GIS-NECs (Fig. 1A; Supplementary
Fig. S8A-S8C). Interestingly, overexpression of SOX2 and
other NE-TFs (e.g., ASCLI) was regulated by hypermethyla-
tion of the promoter regions of these genes, rather than by
hypomethylation of the promoter (Fig. 1D; Supplementary
Fig. S9A). Gene expression of SOX2 was strongly correlated
(p = 0.620, P = 2.40 x 107°) with DNA methylation sta-
tus of that gene’s promoter (Supplementary Fig. S9B and
S9C). Furthermore, in GIS-NECs with increased expression
of SOX2, ATAC-seq demonstrated an open chromatin status
in the region surrounding the SOX2 gene (Supplementary
Fig. S9D).

NET1-AKR1C3/4 Fusion

A recurrent novel fusion gene, NET1-AKR1C3/4, was found
in two gastric NECs [2/60 (3.3%) GIS-NECs; Fig. 1E]. The
neuroepithelioma transforming gene 1 (NET1) is a specific
guanine nucleotide exchange factor (GEF) for RhoA. Aldo-
keto reductase family 1 members C3 (AKR1C3) and C4
(AKR1C4) are both reductase enzymes that play critical roles
in biotransformation of substrates such as steroids. The chi-
meric genes featured in-frame fusion of the NET1 amino ter-
minus (exons 1-3) and the AKR1C3 carboxyl terminus (exons
2-9) or the AKR1C4 carboxyl terminus (exons 8-11; Fig. 1E;
Supplementary Fig. S10A). The same exons of the NETI gene
were fused with AKRIC, which harbors nuclear localization
signals without enzymatic activity of Rho GEFs. To assess the
function of this fusion, an immortalized normal epithelial
cell line of gastric fundus origin (HFundEC4N) expressing
NET1-AKR fusion proteins was established, and RNA-seq of
NET1-AKRIC3 and NETI-AKRIC4 fusion gene-expressing
cells was performed (see Supplementary Text and Supple-
mentary Fig. SI0B-S10D). Analysis of upregulated genes
showed that pathways related to cell-cycle regulation were
top ranked in both NET1-AKRIC3 and NET1-AKR1C4-
expressing cells, but neuroendocrine markers [e.g., SYP (syn-
aptophysin), CHGA (chromogranin A), and NCAMI] were
not increased (Supplementary Fig. S10B). Recently, the Pan-
Cancer Analysis of Whole Genomes (PCAWG) Consortium of
the International Cancer Genome Consortium (ICGC) and
The Cancer Genome Atlas (TCGA) identified AKR1C genes as
novel structural-variant driver candidates (18).

696 | CANCER DISCOVERY MARCH 2022

AACRJournals.org



Comprehensive Genomic Profiling of NECs of the Gastrointestinal System

Nonpanc-NECs Caused by Virus Infection

Case NE002, a gastric NEC with Merkel cell polyomavirus
(MCPyV), appeared to be caused by monoclonal integra-
tion of MCPyV (Supplementary Text and Supplementary
Fig. S11A-S11H). Merkel cell carcinoma is a highly aggressive
neuroendocrine carcinoma of the skin whose main etiologic
agent is MCPyV, detected in 80% of cases (19). A complete
and accurate examination of the skin of the patient revealed
no suspicious lesions. The MCPyV large T antigen directly
binds to and inactivates RB1 (20), and MCPyV integration
was found in an intron of the CNGB3 gene on chromosome
8q21 (Fig. 1F). The patient had regularly taken steroids for
polymyalgia rheumatica, suggesting a state of chronic drug-
induced immune suppression.

Recently, a significant subset of rectal and anal NEC was
concluded to be driven by high-risk human papillomavi-
rus infection, without genomic alteration in RBI, TP53, or
CCNEI (21). In the present study, case NE066 with a rectal
NEC showing intact RB1 and pS53 and no amplification of
CCNE1/MYC proved positive for high-risk human papillo-
mavirus (HPV-18). The patient had regularly taken Famci-
clovir for herpes simplex virus infection, which suggests an
immunocompromised state.

Nonpanc-NECs Expressing Tuft Cell
Lineage Markers

Three GIS-NECs (colon, NE030; esophagus, NE0SS; stom-
ach, NE023) exhibited high expression of POU2F3 (Fig. 1A;
Supplementary Fig. S8A), recently recognized as one of
four key transcriptional regulators (i.e., ASCLI, NEURODI,
POU2F3, and YAPI) distinguishing biological subtypes of
SCLC and a marker of the tuft cell lineage (22). Tuft cells have
been identified in not only the lung (23) but also the gastroin-
testinal tract (24), suggesting that they might act as a cell of
origin for a proportion of Nonpanc-NECs.

LINE1-MET Chimeric Transcript

In most GIS-NECs (74.3%, 26/35) but not present in GIS-
NETs (0%, 0/30), LINE1-MET chimeric transcripts could be
identified, presumably due to demethylation of the long
interspersed nuclear element (LINEI) antisense promoter
(ref. 25; Supplementary Fig. S12A-S12C). LINE1-MET chi-
meric transcripts have been reported in some cancers, espe-
cially aggressive tumor subtypes (26).

“Ductal-Type Panc-NEC” and “Acinar-Type
Panc-NEC”

A focus on genomic distinction between Panc-NECs and
Panc-NETs (Fig. 2) revealed significantly higher SV num-
bers in the former (P = 3.82 x 107 Fig. 2A). Panc-NECs
were classified into two groups based on multiomics data
(Fig. 2A and B), the first group featuring high expression of
pancreatic ductal lineage markers (e.g., SPP1 and CFTR) and
harboring KRAS mutations. In this “ductal-type Panc-NEC,”
transcription factors, such as SOX2, ASCL1, NKX2-1, EZH2,
and E2FI, were characteristically overexpressed (Fig. 2B;
Supplementary Fig. S8A). Unlike PDAC (27), loss of p16 and
SMAD4 protein immunolabeling was rare (Supplementary
Table S16), indicating a pathway to progression different
from PDAC development. Most “ductal-type Panc-NEC”

showed RB1 protein loss and TP53 mutations, and gener-
ally CIMP (Fig. 2B). In the second Panc-NEC group and one
gastric NEC (NE020) lacking KRAS mutation, the PTFIA
gene, a marker of acinar cell differentiation (28), was mostly
overexpressed. However, IHC staining for acinar cell mark-
ers (trypsin, chymotrypsin, and BCL10) was negative except
for the case of one mixed acinar-neuroendocrine carcinoma
(NEO051), in which trypsin, chymotrypsin, and BCL10 were
found to be partially positive (Supplementary Table S16).
The “acinar-type Panc-NEC” featured altered WNT sig-
naling (e.g., mutations of APC and CTNNBI genes) and
characteristically alterations of CDKN2A (i.e., homozygous
deletion, large deletion, or promoter hypermethylation;
Fig. 2A) and overexpression of transcription factors, such as
PTF1A, GATA4, NR5A2, and RBPJL (Fig. 2B). Of note, hot-
spot mutations of DCAFII [c.714G>T: NEO16, tumor vari-
ant allele frequency (TVAF) = 0.511; NE0S1, TVAF = 0.400]
and hemizygous loss of chromosomes 3 and 4 were observed
in all cases in this group (Supplementary Tables S4 and
S14). It was found that Panc-NEC patients whose tumors
were KRAS wild-type had a significantly (P = 0.00279) better
prognosis than their counterparts with tumors that har-
bored KRAS mutations (Supplementary Fig. S3D).

Deleterious germline variants in the PALB2 gene have
been reported in 3% to 4% of familial PDAC cases (29). Here
we identified a deleterious germline mutation (frameshift
deletion) of PALB2 in one patient (NE103) with Panc-NEC
(small-cell type) at 30 years of age harboring somatic loss
of heterozygosity (LOH) of the PALB2 wild-type allele (Sup-
plementary Table S17). In addition, a pathogenic germline
variant of MADIL1 was identified in one Panc-NEC (NE071).
We also detected pathogenic germline variants in VHL (n = 2),
APC (n=1), FANCG (n=1),and EPHB2 (n=1) in patients with
GIS-NETs (Supplementary Table S17).

Genomic Features of Panc-NETs Based on RNA-seq

Two driver genes (i.e., MENI and DAXX) were significantly
(FDR-corrected P <0.1) mutated in the 55 GIS-NETs (Supple-
mentary Table S12). The MENI gene was frequently included
in SV in Panc-NETs (Supplementary Fig. S5A). One patho-
genic germline large deletion (NE042) resulted in a novel
ATG2A-MENI fusion transcript (Supplementary Fig. S13A
and S13B). This patient (23-year-old female) with the germ-
line large deletion had a family history (father, parathy-
roid tumor; brother, pituitary tumor) consistent with MEN1
syndrome (Supplementary Table S1). Most Panc-NETG3s
harbored alterations of driver genes (e.g., TP53 mutation,
CDKN2A hypermethylation) in addition to MENI mutations
(Fig. 2A and C).

The Panc-NETs were roughly divided into three clusters
based on RNA-seq data. In RNA cluster 5 (CS in Fig. 2B), ARX
was overexpressed and the MENI gene was characteristically
inactivated (30). RNA cluster 3 (C3 in Fig. 2B) showed high
expression of PDXI. The remaining cluster (C4 in Fig. 2B)
featured high expression of both ARX and PDXI1. Of note,
increased expression of immune checkpoint molecules was
found in C4. All Panc-NETG3s belonged to the ARX-high
groups (C4 or CS5).

Clinically, the Panc-NETs analyzed in this study were
diagnosed as nonfunctional tumors. We nevertheless
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comprehensively investigated the expression of 94 neuro-
peptides listed in the neuropeptide database (http://www.
neuropeptides.nl/) and TPHI and selected 27 high variant
neuropeptides and TPHI [standard deviation of transcripts
per million (TPM) > 3.0 among Panc-NETs] for further analy-
sis (Supplementary Fig. S14). Unexpectedly, expressed neu-
ropeptides included neuropeptides not normally produced
in the pancreas. In addition, we found that Panc-NETs with
high-level expression of gamma cell-specific, delta cell-specific,
and epsilon cell-specific hormones in addition to alpha and
beta cell-specific were present.

DNA Methylation Status in Panc-NECs
and Panc-NETs

Cluster analysis of DNA methylation results stratified pan-
creatic NENs into three subgroups (Fig. 2C). First, Panc-
NECs and Panc-NETs branched. Second, Panc-NETs were
classified into two clusters. The classification of Panc-NETs
based on epigenomes generally resembled that of transcrip-
tomes (Fig. 2B and C). DAXX hypermethylation was found
in almost all of Panc-NETs (Fig. 2C). Hypermethylation of
CDKN2A was evident in 3 of 7 Panc-NETG3s, compared with
2 of 23 Panc-NETG1/G2s (P = 0.0332; Fig. 2C). The two clus-
ters of Panc-NETs were strongly linked with MENI findings.
Methylation cluster 2 (Methyl-C2) harboring MENT altera-
tions showed greater hypermethylation of RASSF1, PDX1, and
CDX2 and hypomethylation of HNF4A and 18 genes listed in
the COSMIC Cancer Gene Census (e.g., MGMT and TERT),
as compared with methylation cluster 3 (Methyl-C3; Supple-
mentary Fig. S15A). A focus on DNA methylation modifiers
from RNA-seq data showed that the expression of IDH2 and

TET3, methylation erasers, and UHRFI and DNMT1, meth-
ylation maintainers, was significantly higher in Methyl-C1
mostly consisting of NECs than that in Methyl-C2 and/or C3
(Supplementary Fig. S15B).

ATAC-seq in Panc-NECs and Panc-NETs

We performed ATAC-seq for seven Panc-NECs and four
Panc-NETs (Fig. 2D; Supplementary Fig. S16). Principal com-
ponent analysis (PCA) of chromatin accessibility at distal
elements (n = 191,422) revealed distinct clusters (Fig. 2D).
Motif enrichment analysis of transcription factors showed
that the SOX2 and/or ASCLI motif was enriched in “ductal-
type Panc-NECs” and the RBPJ and RARA were enriched in
the “acinar-type Panc-NEC.” Regarding four Panc-NETs, the
RFEX3 motif was enriched in all, but the enrichment of two
motifs, PDX1 (NE042 and NE038, Methyl-C3 in Fig. 2C)
and HNF4A (NE032 and NE045, Methyl-C2 in Fig. 2C), were
mutually exclusive.

Genome-Wide LOH and Subsequent
WGD in Panc-NETs

Striking genome-wide LOH that affected nearly half their
chromosomes was observed in 17 of 43 (39.6%) Panc-NETs
(13 NETG1s, 20 NETG2s, and 10 NETG3s) that underwent
WGS and/or WES (Fig. 3). The most common targets of hap-
loidy were chromosomes 1,2, 3, 6, 8, 10, 11, 15,16, 21, and 22,
generally in accord with the previous report (5, 31). In these
patients, MENI alterations (mutations and/or SVs) were fre-
quently observed (11/17, 64.7%). Of interest, in nearly half
of Panc-NETs (9/17, 53.0%) with genome-wide LOH, WGD
occurred after the LOH (Fig. 3; Supplementary Table S14).
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Figure 4. Mutational signature analysis of GIS-NENs. Hierarchical clustering by de novo extraction of mutational signatures with nonnegative matrix
factorization of available WGS data. Stability plotting indicated 12 mutational signatures (>0.85; Supplementary Fig. S18). Their profiles and functions
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Platinum, platinum chemotherapy treatment; Merkel, gastric NEC with Merkel cell polyomavirus. The parentheses in the left figure indicate cosine simi-

larity to COSMIC signatures.

Sawicki and colleagues (32) recently reported that menin,
which is encoded by the MENTI gene, during early mitosis is
localized to the mitotic spindle poles and to the mitotic spin-
dle, and during cytokinesis to the intercellular bridge micro-
tubules. Menin depletion has the following effects: during
early mitosis, defects in spindle assembly and chromosome
congression; during anaphase, lagging chromosomes; and
defective cytokinesis. We discovered a novel group of Panc-
NETs with loss of one copy in entire chromosome 3, in addi-
tion to a group with loss of one copy in entire chromosome
11 as previously reported (5), which were mutually exclusive
in nearly one third of the Panc-NETs (15/43, 34.9%). Presum-
ably, MENI on chromosome 11 and VHL on chromosome
3 could be targeted during tumorigenesis. In addition, the
frequency of lymph node metastasis in Panc-NETs in group 3
(loss of one copy in entire chromosome 11) was significantly
lower than Panc-NETs in other groups (P = 0.00293).

Novel Splicing Machinery by Large Deletion
of SNRNP70

Among two neoplasms exhibiting RBI exon skipping,
case NEO0OS, with exon 15 skipping, had a large deletion of
SNRNP70, an RNA splicing factor (Supplementary Fig. S17A-
S17D). This carcinoma had the most alternative splicing
events among all neoplasms in the present study using the
rMATS software (33). To the best of our knowledge, there has
been no documentation of any relationship between aber-
rant SNRNP70 and cancer, but it has been reported that

knockdown of the SNRNP70 gene dramatically induced signif-
icant alternative splicing events in the HepG2 cell line (ref. 34;
Supplementary Fig. S17E), suggesting that inactivation of
RB1 in NE0OS might be caused by such a novel splicing event.

Mutational Signatures in GIS-NENs

De novo extraction of mutational signatures by nonnegative
matrix factorization (NMF) analysis using WGS data defined
12 robust mutational signatures (Supplementary Fig. S18),
in accord with any of the Cosmic Single Base Substitution
(SBS) Signatures (v3.1; Fig. 4). SCLC is a representative
smoking-related disease, with a typical mutational signature
(SBS4; ref. 35). However, smoking-related signatures were
not detected in GIS-NECs in this series, suggesting distinct
mutational processes. Clustering analysis showed that GIS-
NECs derived from the same organ were generally grouped.
Panc-NETs were divided into two clusters, namely dominant
contribution of SBSS or SBS16. “Ductal-type Panc-NECs”
were clustered into the group that was characterized by
dominant contribution of SBS1, whereas “acinar-type Panc-
NECs” were clustered in the group consisting of Panc-NETs
(dominant contribution of SBSS). Most gastric NECs were
clustered in the group exhibiting dominant contributions
of SBS17a and SBS17b. The number of gastric NECs with
a dominant contribution of SBS17 is likely high (cases with
SBS17 accounted for >50% of total signatures: 6/10, 60%),
compared with the Chinese WGS cohort of 168 conventional
gastric cancers (14). We also identified a rare signature [i.e.,
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Figure 5. Bidirectional differentiation in GIS-NECs. A, Representative microscopic features of GIS-NECs with nonneuroendocrine carcinoma elements
(Non-NEC; adenocarcinoma or squamous cell carcinoma). Based on RB1 immunolabeling, these GIS-NECs are classified into three patterns. Pattern 1,
loss of RB1 only in the NEC component; pattern 2, loss of RB1 in both the NEC and Non-NEC components; pattern 3, intact RB1 in both the NEC and Non-
NEC components. The NEC components are positive for synaptophysin in all cases. NEC, NEC component; Ad, adenocarcinoma component. B, In three
cases of GIS-NECs with Non-NEC elements (adenocarcinoma or squamous cell carcinoma), NEC and Non-NEC components were separately macrodis-
sected from FFPE materials. WES was performed for each component. The table shows driver mutations (TVAF > 0.1) identified by OncodriveMUT (39)

in the NEC and Non-NEC components in these cases. The genes in bold font are listed in the COSMIC Cancer Gene Census. SCC, squamous cell carcinoma
component; aVAF, variant allele frequency adjusted to tumor purity; Liver met., liver metastasis.

SBS31 in a Panc-NEC (NE024)] in the updated COSMIC
mutational signatures (v3.1). Although the number of cases
with this mutational signature is relatively few (SBS31,
six cases reported in the ICGC/TCGA PCAWG; ref. 36), it
should be borne in mind that the signature may be due to
platinum drug treatment (37). Indeed, our case received
platinum-based chemotherapy before the carcinoma was
harvested. Findings of a mutational signature analysis of
GIS-NECs by deconstructSigs (38) using WGS and WES data
are provided in Supplementary Fig. S19.

Divergent Genetic Alterations
in NEC and Non-NEC Components

Several of the neuroendocrine carcinomas had a nonneu-
roendocrine component (MiNENSs). The nonneuroendocrine
components included adenocarcinoma or squamous cell car-
cinoma. We observed three patterns of RB1 immunolabeling
in these MiNENs: pattern 1, loss of RB1 only in the NEC
component; pattern 2, loss of RB1 in both NEC and Non-NEC
components; and pattern 3, intact RB1 in both components
(Fig. SA). Most cases belonged to pattern 1 or 3, but given
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the existence of NECs showing pattern 2, we conducted
WES using macrodissected FFPE materials of NEC and Non-
NEC components independently in the same patients (n = 3;
Fig. 5B; Supplementary Table S18). In all three cases, the
phenotypically different cells had a common origin because
they shared specific genomic aberrations. In case NE028
(esophageal NEC), RB1 protein was lost in both the NEC and
Non-NEC components. The number of mutations was larger
in the Non-NEC component than in the NEC components.
Four driver mutations detected by OncodriveMUT (39) were
common in both components, and driver mutations of onco-
genic genes including KRAS (p.G12A) had accumulated in the
Non-NEC component (Fig. 5B).

Multiregion Analysis Using Multiomics Data in an
Autopsied Patient with Panc-NEC

We also performed multiregion WES, whole-transcrip-
tome sequencing, and methylation assay on 20 regions of
the primary and five separate metastases from an autop-
sied patient with Panc-NEC (case NE004). The number of
nonsynonymous somatic mutations ranged from 30 to 47
with an average of 38.5 (Supplementary Table S19). Because
somatic phylogenetics is complicated by sample heterogene-
ity, we inferred the evolutional lineage tree based on vari-
ant allele frequency (VAF)-based clustering of each sample
to detect subclones, in this case using the method that
automates the phylogenetic inference of cancer progression
from multiple somatic samples (LICHeE; ref. 40; Fig. 6A).
We also inferred a phylogenic tree based on mutations
and LOH patterns using randomized axelerated maximum
likelihood (RAXML; ref. 41), which showed widely spread-
ing branches (Supplementary Fig. S20A and S20B). All 20
regions and S liver metastases shared mutations in major
driver genes (i.e., KRAS, RB1, and TP53). In Fig. 6B, sections
are colored corresponding to the colors of the evolutional
lineage tree in Fig. 6A. Interestingly, ploidy levels and copy-
number analysis demonstrated that WGD occurred in only
adjacent regions 12, 16, and 17 in the primary Panc-NEC
(Supplementary Table S20). In this case, WGD occurred in
the same subclone as a late event. Of note, histologic exami-
nation showed adenocarcinoma elements only in region 12
(WGD region; Fig. 6C), where synaptophysin was positive
in only NEC components, but RB1 protein was negative in
both immunohistochemically.

One liver metastasis (M29) was located in different
branches from four other liver metastases in both lineage
and phylogenic trees and diverged in the early stage of the
RAXML phylogenetic tree, indicating that this metastasis
(M29) occurred at an earlier stage of disease compared with
the others. We next performed hierarchical clustering based
on the methylation data (Supplementary Fig. S20C-S20E).
The map based on methylation assay was similar to that
based on somatic mutations and LOH status, regions 12, 16,
and 17 (WGD regions) being clearly separated.

At autopsy, we obtained blood from inferior vena cava
from this patient and performed WES using circulating cell-
free DNA (cfDNA; Supplementary Table S21). The cfDNA
concentration was extremely high (5,000 ng/mL plasma).
We compared somatic mutations in ¢fDNA with the muta-
tions in tissue samples: 29.4% (50/170) of cfDNA mutations

were shared with all 25 samples, while 45.3% (77/170) of the
cfDNA mutations were unique to cfDNA (Fig. 6D). We also
observed that common mutations shared with many samples
(e.g., KRAS, TPS3, and RBI) tend to have higher TVAF in
cfDNA. Comparison of TVAFs in cfDNA to median aVAFs
(variant allele frequencies adjusted to tumor purity) among
the 25 samples showed a strong correlation (Spearman rank
correlation: p = 0.850, P < 2.2 x 107), as shown in Supple-
mentary Fig. S20F and S20G. The mutational signature of
cfDNA belonged to the different cluster than that for tissue
samples (Supplementary Fig. S19).

DISCUSSION

In the present study, we first verified that Panc-NECs are
genetically distinct from Panc-NETs. Most Panc-NETs har-
bor MENI, DAXX gene mutations, and hemizygous loss of
specific chromosome(s). GIS-NECs harbor TP53 mutations
and RBI alterations and/or CCNE1/MYC amplification. Of
interest, Panc-NECs and Nonpanc-NECs have moderately
different genomic characteristics, the latter exhibiting more
SVs and nonsynonymous mutations. Panc-NECs could be
furcher divided into “ductal” or “acinar” types. A schematic
representation of genomic alterations of GIS-NENs during
tumor progression is shown in Fig. 7.

In addition to prevalent TP53 mutations and RBI alter-
ations and/or CCNE1/MYC amplification in GIS-NECs,
we found that inactivation of Notch family genes was
characteristic in Nonpanc-NECs, and a Notch inhibitor
induced neuroendocrine features in genome-engineered
organoids. The Notch pathway is known to be involved
in the clinical behavior of SCLC through its action on a
number of biological processes such as neuroendocrine
differentiation (42).

Our findings suggest that NE-TFs, especially the SOX2
gene, have crucial roles in GIS-NECs. Akiyama and col-
leagues reported five of seven Panc-NECs to be positive for
SOX2 immunohistochemically (43). SOX2 is an embryonic
stem cell transcription factor that is essential both for the
pluripotency of embryonic stem cells and for the mainte-
nance of physiologically migratory neural progenitor cells
(44). Mu and colleagues (45) reported that lineage plasticity
is promoted by SOX2, in particular in neuroendocrine trans-
differentiation in TP53- and RBI-deficient prostate cancers.
Harold and colleagues (46) reported the SOX2-dependent
conversion of an undifferentiated aggressive cancer cell
to a differentiated neuron-like phenotype in Merkel cell
carcinomas. Unexpectedly, the high expression of SOX2 in
GIS-NECs observed here appeared to be regulated by hyper-
methylation of the promoter region of SOX2, so-called para-
doxical gene activation. Recently, growing evidence has been
presented that this association may not always hold true,
and promoter hypermethylation also appears to be associ-
ated with high transcriptional activity (47). In addition,
ATAC-seq showed open chromatin peaks in the region sur-
rounding the SOX2 gene. Thus, our comprehensive genomic
profiling demonstrated that epigenetic aberrations play a
significant role in GIS-NECs.

Most GIS-NECs presumably arise from precursor lesions
that typically give rise to nonneuroendocrine carcinomas
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Figure 6. Geographic mapping of subclones based on multiregion WES and proposed clonal evolution of the Panc-NEC in the autopsied patient.

A, Proposal clonal evolution model drawn according to the evolutional lineage tree based on VAF of the mutations (LICHeE; ref. 40) in 20 primary regions
and 5 liver metastases. The numbers inside the circles are for mutations used by LICHeE to infer the subclonal structure. The colors in each subdivision
describe the mutation groups characterizing cells in this subpopulation. The numbers and colors inside the squares indicate the region numbers shown

in B and the composition of subpopulations, respectively. B, Macroscopic picture of the maximum section through the primary Panc-NEC. Sections are
marked, corresponding to the colors of the predicted subclones based on the evolutional lineage tree. C, Microscopic picture of region 12 in the primary
Panc-NEC (H&E staining). Copy-number analysis demonstrated that WGD occurred in only the adjacent regions 12, 16, and 17 (Supplementary Table S20).
Adenocarcinoma component observed together with NEC only in region 12. NEC, NEC component; Ad, adenocarcinoma component. D, Pie chart showing
the relationship between mutations detected in plasma cfDNA and in tissue samples (20 primary regions and 5 liver metastases).
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Figure 7. Schematic diagram of genomic alterations involved in the genesis of pancreatic NEC, pancreatic NET, and nonpancreatic NEC of the
gastrointestinal system (GIS). NE-TF, transcription factor for neuroendocrine differentiation.

of the respective organ, since organ-specific initial genetic
events were detected (e.g., KRAS in ductal-type Panc-NECs
and APC in colorectal NECs). In addition, the observation
that tubulovillous adenomas were located adjacent to the
colorectal NEC in two cases (NE035 and NE084) supports
this hypothesis.

There is a possibility that NEC and Non-NEC components
develop bidirectionally. In case NE028, RB1 protein was lost
in both the NEC and Non-NEC components. Four driver
mutations were common in both components, and driver
mutations of oncogenic genes including KRAS (p.G12A) had
accumulated in the Non-NEC component (Fig. 5B). In addi-
tion, the evolutional lineage tree of our autopsied case indi-
cated that the Non-NEC component (adenocarcinoma) was
linked to a unique WGD-positive subclone. Although sponta-
neous transformation from conventional adenocarcinoma or
squamous cell carcinoma to NEC has been reported (48), the
possibility of the reverse occurring was recently postulated
from a case study of SCLC (49). In addition, Calbo and col-
leagues (50) reported that Ras"!? promoted transition from a
neuroendocrine to a nonneuroendocrine phenotype in RbI-
and Trp53-deficient mouse SCLC cells.

We here observed that two GIS-NECs were etiologically
linked to viruses (MCPyV for a gastric NEC and HPV for
a colorectal NEC), indicating that more attention should
be devoted to this possibility in future analyses in clini-
cal practice. It has been reported that the combination
of dinaciclib, a CDK1/2/5/9 inhibitor, with other drugs

(e.g., AKT inhibitors) showed selective and potent activity
in CCNEI-amplified carcinomas (51). In addition, early-
phase trials of CHK1 and WEEI inhibitors identified
high frequencies of CCNEI amplification among respond-
ers, though the sample sizes were limited (52). These
drugs might offer promising therapeutic strategies for
CCNE1-amplified GIS-NECs.

In conclusion, Panc-NECs are genetically distinct from
Panc-NETs and may not be etiologically related. GIS-NECs
arising in different organs show similar histopathologic fea-
tures and share some genomic features, but considerable dif-
ferences exist between Panc-NECs and Nonpanc-NECs.

METHODS

Patients and Tissue Samples

This study included 115 GIS-NENs from patients evaluated and
treated at the National Cancer Center Hospital (Tokyo, Japan), the
National Cancer Center Hospital East (Chiba, Japan), Tokyo Wom-
en’s Medical University Hospital (Tokyo, Japan), Osaka University
Hospital (Osaka, Japan), Wakayama Medical University Hospital
(Wakayama, Japan), Hiroshima University Hospital (Hiroshima,
Japan), Kagawa University Hospital (Kagawa, Japan), the Johns
Hopkins Hospital (Baltimore, MD), and the University Medical
Center Utrecht (Utrecht, the Netherlands). Tumors and corre-
sponding nontumor tissues were frozen or FFPE after surgical
resection (Supplementary Table S1). In addition, two frozen sam-
ples were taken at autopsy, four organoid samples were derived
from biopsied materials following upper or lower gastrointestinal
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endoscopy, and three specimens of liver metastasis were taken
via biopsy. We performed macrodissection in order to enrich
the tumor content relative to the surrounding normal cells in
most frozen and FFPE tumor tissues. The study was conducted
in accordance with the ethical guidelines of each country. This
study was approved by the institutional review boards of each
contributing institute. Written informed consent was obtained
from all patients.

The histologic features of all GIS-NENs were reviewed, and each
case was also assessed for the mitotic index and the Ki-67 prolif-
eration index according to the WHO Classification of Tumours
(5th Edition, Digestive System Tumours; ref. 1). Mitotic rates
were expressed as the number of mitoses/2 mm? as determined by
examining 50 fields of 0.2 mm? The Ki-67 value was determined
by counting at least 500 cells in the regions of highest labeling
(hotspots). In cases in which the grade differed for mitotic count
compared with the Ki-67 proliferation index, the higher grade
was assumed. As for the biopsy samples, the Ki-67 proliferation
index value was assigned. NECs were divided into small-cell type
NECs and large-cell type NECs. Specifically, carcinomas with a
diffuse, infiltrative growth pattern, small-sized to medium-sized
cells with minimal cytoplasm, and fusiform nuclei with finely
granular chromatin pattern, inconspicuous nucleoli, and nuclear
molding by adjacent nuclei were categorized as small-cell type
NEC (Supplementary Fig. S1B). In contrast, carcinomas with a
more pronounced nesting pattern and abundant necrosis, and con-
taining neoplastic cells with a moderate amount of amphophilic
cytoplasm, large nuclei with coarsely clumped chromatin, and
prominent nucleoli were categorized as large-cell type NEC (Sup-
plementary Fig. S1C). MiNENSs are classified as having a neuroen-
docrine component that is combined with a nonneuroendocrine
component, each morphologically and immunohistochemically
recognizable as discrete and constituting >30% of the neoplasm
(Supplementary Fig. S1D).

Due to the lack of easily recognizable morphologic criteria, the
distinction of a NETG3 from an NEC is challenging (53). Therefore,
all the evaluations were first performed by a pathologist at each insti-
tution according to WHO Classification of Tumours, and then we
selected a single representative hematoxylin and eosin (H&E) slide to
represent the high-grade region of the tumor, which was blinded and
reviewed by a single central pathologist specialized in gastrointesti-
nal and hepatopancreatobiliary pathology (T. Furukawa). Cases for
which a consensus diagnosis was not achieved (ambiguous morpho-
logic cases) were removed.

IHC

Paraffin-embedded samples for each tumor were immunolabeled
using the antibodies listed in Supplementary Table S22. To dis-
criminate between pure Panc-NECs, MiNEN, and pure acinar cell
carcinoma (54), IHC for acinar cell markers (trypsin, chymotrypsin,
and BCL10) was performed for all of the Panc-NECs. IHC labeling
was carried out using a Bond Max instrument (Leica Microsystems)
or VENTANA BenchMark ULTRA (Roche Diagnostics), as previously
described (27).

DNA-Sequencing Analysis

Genomic DNA was extracted from frozen tissues using a QlAamp
DNA Mini Kit (QIAGEN) for WGS or from FFPE tissues using
a QIAamp DNA FFPE Tissue Kit (QIAGEN) for WES. For WGS,
short-fragment libraries (insert size 350 bp) were prepared with
1-2 pg aliquots of genomic DNA from tumor and matched non-
neoplastic tissues using a TruSeq DNA PCR-Free Library Prep Kit
(lumina) according to the manufacturer’s instructions. The librar-
ies were made from DNA fragmented with an average size of 150-
200 bp using a Covaris S2 or E220ev system (Covaris). Paired-end

sequencing of the libraries was performed using a HiSeq 2000/2500
sequencer (Illumina). WGS depths were 44.7 on average (range,
27.3-69.0). Whole-exome capture libraries were prepared from tumor
and matched normal DNA using a TruSeq Exome Library Prep Kit
(Ilumina), according to the manufacturer’s instructions. DNA librar-
ies were sequenced in a paired-end mode with 100-bp reads, using a
HiSeq 2000/2500 sequencer (Illumina). WES depths were 360.9 on
average (range, 58.9-1876.2).

With the autopsied patient, blood was collected from the inferior
vena cava, and WES was performed using circulating cfDNA. Before
DNA extraction, plasma samples were centrifuged at 16,000x g for
10 minutes at 4°C in order to remove cell debris. Circulating cfDNA
was extracted from 6 mL of plasma using a QlAamp DNA Circulat-
ing Nucleic Acid kit (QIAGEN). DNA libraries were sequenced in a
paired-end mode with 100-bp reads, using a HiSeq 2500 sequencer
(Mlumina). Paired-end sequencing of the libraries was performed in
the same way as exome sequencing on DNA from tissue specimens.
WES depths were 579.3 on average.

Targeted deep resequencing was performed to validate muta-
tions and accurately evaluate the VAF using the SureSelect Target
Capture System (Agilent Technologies). In addition to the SMGs
in WGS/WES, cancer-related genes and previously identified SMGs
in a Panc-NET cohort (5) were included in target regions (total
of 78 genes; Supplementary Table S8). Preparation of sequence
libraries and target capture were carried out using SureSelect XT
Low Input Kit (Agilent Technologies). All samples were sequenced
on a HiSeq 2500 (Illumina) platform with paired read of 100 bp.
The depths of targeted deep resequencing were 2,306.0 on average
(range, 217.6-5131.8).

Mutation Calling

Paired-end reads were aligned to the human reference genome
(GRCh37) using BWA-MEM for both tumor and nontumor sam-
ples. Potential PCR duplications, for which paired-end reads
aligned to the same genomic position, were removed, and pileup
files were generated using SAMtools (55) and programs developed
in-house. To find somatic point mutations [single-nucleotide vari-
ations (SNV)] and short indels, the following cutoff values for the
base selection were used: (i) a mapping quality score of at least
20; (ii) a base quality score of at least 10. Then somatic mutations
were selected using the following two filtering conditions; (iii)
the numbers of reads supporting a mutation in each tumor sam-
ple were at least 4 or 8 when TVAF > 0.15 or 0.15 > TVAF > 0.05,
respectively, and at least a quality score of one base of these reads
must be greater than 30; (iv) the VAF of the matched nontumor
sample was less than 0.03 with a read depth of at least 8. To further
exclude sequence-context-dependent errors, the sequence reads of
all nontumor samples were grouped and used to discriminate true
positives from false positives. The VAF of grouped nontumor sam-
ples (NVAF) with a sequence depth more than or equal to 10 and a
VAF less than 0.2 was calculated at each mutated genomic position.
Then the following filter was applied: (v) NVAF was less than 0.03
or 0.01 when TVAF = 0.15 or 0.15 > TVAF 2 0.05, respectively; (vi)
the ratio of TVAF to NVAF had to be more than or equal to 20, at
each mutated genomic position; (vii) the ratio of nontumor sam-
ples with a VAF more than or equal to 0.1 must be less than 0.002;
and finally (viii) mutations with a strand bias (between forward and
reverse reads) greater than 95% were removed.

Detection of Germline Variants

We performed germline analysis on WGS and WES data using
DNA derived from nonneoplastic tissues. Sequence reads were
mapped onto the Human Genome Reference, GRCh37/hg19, using
default settings by BWA-MEM. The following reads were removed
using an in-house program: (i) low mapping quality reads (mapping
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quality score < 10); (ii) PCR duplication reads; (iii) reads with a
low alignment score [alignment score (AS tag in SAM file) < 60]
and a mismatch rate > 0.05; and (iv) reads with a high suboptimal-
alignment score [the suboptimal-alignment score (XS tag in SAM
file) > 90] and a mismatch rate > 0.05. The germline SNVs/indel call
analysis pipeline was based on the Genome Analysis Tool Kit (GATK;
v3.5: https://software.broadinstitute.org/gatk/) best practices (56).
After running indel realignment and base quality score recalibra-
tion using IndelRealigner and BaseRecalibrator in GATK, samples
were subjected to HaplotypeCaller runs in genomic VCF mode. The
genomic VCF files for each sample were merged by GenotypeGVCF,
and calls were filtered by VariantRecalibrator. Additionally, the
following calls were filtered using an in-house program: (i) vari-
ants with average read depths <8 and (ii) variants with minor allele
frequencies of all cases <0.2. Pathogenic gene variants were defined
as annotated as “pathogenic” on the ClinVar (57) database. Rare
variants were defined with an allele frequency less than 1% in the
International Genome Sample Resource (IGSR; ref. 58), the Exome
Aggregation Consortium database (EXAC; ref. 59), the NHLBI Grand
Opportunity Exome Sequencing Project (GO-ESP; ref. 60), and the
Integrative Japanese Genome Variation Database (iJGVD; Tohoku
Medical Megabank; ref. 61). In addition, nonsense or frameshift
variants were expected to be pathogenic. Detected variants were visu-
ally reviewed using Integrated Genomics Viewer (Broad Institute,
Cambridge, MA).

Copy-Number Analysis

The initial copy-number ratio was estimated by comparing the
read depths of tumor and nontumor samples. The copy-number
ratio was adjusted using the tumor purity of each sample. Our cal-
culation formula was as follows: R'(x) = 1 — (1 — R(x))/tumor purity,
where R'(x) is the adjusted copy-number ratio at probe x, and R(x)
is the ratio of tumor read depth to nontumor read depth. Ampli-
fications were selected if the adjusted copy-number ratio >8, and
homozygous deletions were selected if the adjusted copy-number
ratio was <0.

Processing SMGs

SMGs were determined by three separate tests (the aggregated
somatic alteration method, ref. 62; the activation bias method; and
the inactivation bias method). The P values from individual signifi-
cance tests were combined as geometric means, and multiple testing
adjustments (FDR-corrected P < 0.1) were performed using the
method described by Benjamini and Hochberg (63).

Estimation of SMGs by the Aggregated Somatic Alteration
Method. SMGs were estimated by aggregating somatic substitu-
tions, short indels, focal amplifications, and homozygous deletions,
as reported previously (62). The expected number of each alteration
was estimated from the background alteration rate, and tests of sig-
nificance were performed by assuming a Poisson distribution (P value).

Estimation of SMGs by the Inactivation Bias Method. The number
of samples with inactivating alterations (nonsense, read-through,
splice-site and frameshift mutations, and homozygous deletions) was
compared with the number of samples with other alterations using
the Fisher exact test.

Estimation of SMGs by the Activation Bias Method. The number of
activating alterations (hotspot missense mutations and focal ampli-
fications) was compared with the number of other alterations using
the Fisher exact test. With at least two identical mutations in the
same genomic position, the position was defined as a hotspot. With
at least two identical mutations within 5 bp of the hotspot, these were
all counted as hotspot mutations. Hotspot missense mutations often

show activating functions but sometimes inactivating or unknown
functions. Therefore, if the P value with the inactivation bias method
was <0.05, the gene was considered a tumor suppressor gene, and the
P value of the activation bias method was set to 1.

Mutational Signature Analysis

De novo mutational signature analysis using WGS data was
performed using NMF software (64), and factorized signatures
were compared with COSMIC mutational signatures v2 and v3.1
(https://cancer.sanger.ac.uk/cosmic/signatures). The contribution of
COSMIC mutational signatures in WGS and WES data was calcu-
lated using the deconstructSigs (38) R package. Cases with a small
number of mutations (<50) were excluded from deconstructSigs
analysis. Clustering by contribution of mutational signatures was
performed using unsupervised hierarchical clustering with cosine
distance and Ward linkage.

Detection of Somatic Structural Variants

An in-house pipeline was developed to detect all types of SVs. As
inputs into the pipeline, 100-bp paired-end reads of approximately
600-bp fragments from paired tumor and nontumor samples were
used for cases with WGS data available. All paired-end reads were
aligned to the human reference genome (hgl9) using BWA-MEM
with a =T 0 option, and then PCR duplication and reads with low
alignment quality were filtered out. After filtering, the sequence
data sets were processed using two independent algorithms. The
first one used paired-end reads mapped discordantly, for which
both ends align to the reference genome uniquely with improper
spacing, orientation, or both (65). The second one utilized single
reads split and mapped apart (so-called soft-clipped reads) to
identify SV breakpoints. All soft-clipped reads with enough map-
ping quality were collected and the genomic positions of split-
alignment junctions were extracted as SV breakpoint candidates.
For each SV candidate, sequences of upstream and downstream of’
the breakpoint were obtained from the reference sequence, and they
were concatenated to reconstruct a local rearrangement sequence.
All input reads were realigned to the reconstructed sequences and
divided into two groups: SV-support reads or reference-support
reads. The number of reads of the two groups, from tumor and non-
tumor samples, were evaluated using the Fisher exact test. Finally,
outputs from the two algorithms using paired-end and soft-clipped
reads were integrated. False-positive SVs were filtered out based on
the following cutoff values: (i) for translocation SVs, the number of
support reads must be eight or more with four or more paired-end
reads; (ii) for other SV types, the number of support reads must be
four or more with two or more paired-end reads; (iii) read depth at
SV breakpoint must be 10 or more; (iv) SV allele frequency must
be 0.07 or more; (v) the total length of alignment region of soft-
clipped reads supporting an SV must be 1.6 times the read length
or more.

Inference of WGD and Chromosome-Scale LOH Patterns

WGD and chromosome-scale LOH patterns were inferred from
somatic copy numbers estimated by FACETS (66). First, copy-num-
ber analysis was performed using cnv_facets (version 0.16.0, https://
github.com/dariober/cnv_facets), and genomes were annotated as
WGD genomes if the estimated ploidy was larger than three. Second,
we considered the possibility that chromosome-scale LOH occurred
extensively before WGD, making the ploidy values almost indis-
tinguishable between diploid (non-LOH) and tetraploid (extensive
LOH followed by WGD) genomes. Even in such cases, WGD should
be detectable, as most chromosomes in a doubled genome have even
copy numbers. Therefore, for each autosome (chr1-22), we classified
chromosomal segments into three groups based on their allelic copy
numbers: even-even, even-odd, or odd-odd. If the total segment
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length of even-even allelic copy numbers was the longest, the chro-
mosome was annotated as doubled chromosomes. If 210 chromo-
somes were doubled, we inferred that the entire genome was doubled
by WGD even if the ploidy was not larger than three. Chromosome-
scale LOH was inferred if at least 90% of the genes on the chromo-
some had a lesser (minor) allele copy number zero.

Detection of Virus-Derived Sequence Reads
in the WGS Data Set

Paired-end reads were mapped to the human genome (hgl19) using
BWA (version 0.7.15), and unmapped reads were mapped to the virus
genomes as shown in Supplementary Table S7.

Whole-Transcriptome Sequencing (RNA-seq)

Total RNA was extracted from frozen tissues using the Illus-
tra RNAspin Mini RNA Isolation Kit (GE Healthcare). A whole-
transcriptome sequencing library was prepared using the TruSeq
RNA Access Library Prep Kit (Illumina). Sequencing was per-
formed on a HiSeq 2500 with paired read of 100 bp. Detection of
gene fusions was performed using our in-house pipeline (8) and
fusionfusion (https://github.com/Genomon-Project/fusionfusion),
as previously reported (67). For calculating gene expression, the
paired-end reads of RNA-seq were mapped and aligned to the
coding-regions of known RNA sequences in the RefSeq databases
using Bowtie (68) version 0.12.7, and TPMs were calculated for
each gene. Gene expression of 1,672 transcriptional factors (TF)
was extracted according to the FANTOMS TF database (https://
fantom.gsc.riken.jp/5/sstar/) and 100 to 200 high variant TFs were
used for clustering. Differential gene expression was performed by
the Wilcoxon-Mann-Whitney test.

DNA Methylation Analysis

Comprehensive DNA methylation analysis was performed using
the Infinium MethylationEPIC BeadChip Kit (Illumina). The meth-
ylation level of CpG sites was represented by B values ranging
from 0 (completely unmethylated) to 1 (completely methylated).
The R-package ChAMP pipeline (version 2.18.2) was used for data
quality control, preprocessing, normalization, and detection of dif-
ferentially methylated regions (DMR; ref. 69). Probes with detection
P> 0.01, probes with <3 beads in at least 5% of samples per probe,
non-CpG probes, SNP-related probes, multihit probes, and probes
located in chromosome X and Y were filtered out. When the ratio of
probes with detection P > 0.01 was over 0.1, samples were removed.
BMIQ was used for normalization and ProbeLasso was applied
for defining DMRs with the following parameters: minProbes = 3,
meanLassoRadius = 1,200, minDmrSep = 1,000, minDmrSize = 50,
adjPvalProbe = 0.05.

ATAC-seq

ATAC-seq was performed with a modified protocol based on
Omni-ATAC for frozen tissue (70). Approximately 20 mg or 50-um-
thick section(s) of frozen tissue was prepared to extract nuclei. Ali-
quots of 50,000 nuclei for each sample were incubated with 50 pL of
Transposition mix [2.5 pL Tagment DNA Enzymel (Illumina), 25 uL
2 x Tagment DNA Buffer (Illumina), 0.5 uL 10% Tween-20, 0.5 uL
1% digitonin, 16.5 uL PBS and 5 uL water| in a Thermomixer. Trans-
posed fragments were purified using a MinElute Reaction Cleanup
Kit (QIAGEN), and PCR was performed according to the original
method. Sequence library was pooled at 5 nmol/L and sequenced on
HiSeq X (Illumina) with 150-bp pair-end reads to obtain at least 20
million leads per sample.

Quality control and adapter removal of raw sequencing reads were
performed using Trim Galore! (version 0.2.2) and reads were aligned
against hg38 by Bowtie2 (version 2.3.5.1). Peak calling was performed

with Genrich (version 0.6, available at https://github.com/jsh58/
Genrich) with default parameters. Transcription start site enrich-
ment, quantification of read counts, and quantile normalization
between samples were performed using R-package ChrAccR (version
0.9.11). Distal element accessibility was used for PCA in line with
a previous report (71). The R-package chromVARmotifs pipeline
(version 0.2.2) was applied for motif enrichment analysis (72), and
deviation scores for motif enrichment were calculated by chromVAR
function. The motif data set was downloaded from the JASPAR 2020
website (available at http://jaspar.genereg.net/downloads/).

HPV Genotyping

HPV genotyping was performed by HPV 14 Screening and 16, 18,
45 Typing Real-TM Quant (Sacace Biotechnologies), a real-time PCR
kit for quantitative detection and genotyping of HPV types 16, 18,
and 45 and quantitative detection of HPV types 31, 33, 35, 39, 51,
58,59, 66, and 68. In brief, a total of 25 uL of PCR reaction contain-
ing 10 uL of DNA per sample was run using the CFX 96 Real-Time
PCR Detection System (Bio-Rad Laboratories) and the results were
automatically analyzed using the Microsoft Excel format supplied
with the kit.

Generation, Gene Manipulation, and IHC of Colon and
Gastric Organoids

For organoid experiments, normal colon organoids with genetic
engineering of TP53 KO and RBI KO, and gastric organoids with
TP53 KO were used in this experiment as previously reported (16).
Culture conditions were as previously described, with Advanced
Dulbecco’s Modified Eagle Medium/F12 supplemented with
penicillin/streptomycin, 10 mmol/L HEPES, 2 mmol/L Gluta-
MAX, 1 x B27 (Thermo Fisher Scientific), 10 nmol/L gastrin I
(MilliporeSigma), and 1 mmol/L N-acetylcysteine (FUJIFILM Wako
Pure Chemical Corporation). Complete medium was prepared by
supplementing the basal culture medium with the following niche
factors: 50 ng/mL mouse recombinant EGF (Thermo Fisher Scien-
tific), 50 ng/mL human recombinant FGF2 (PeproTech), 100 ng/
mL human recombinant IGF1 (BioLegend), 100 ng/mL mouse
recombinant noggin (PeproTech), 1 pg/mL recombinant human
R-spondin-1 (Bio-Techne), 25% Afamin-Wnt-3A serum-free con-
ditioned medium, and 500 nmol/L A83-01 (Tocris Bioscience).
For organoid experiments, N-[N-(3,5-difluorophenacetyl)-1-alanyl]-
S-phenylglycine t-butyl ester (DAPT; MilliporeSigma, 10 umol/L)
was added on day 1. EGF/FGF2/IGF1 were removed from the
culture media on day 5, and the organoids were collected on day
10, fixed with 4% paraformaldehyde, and immunostained using
mouse antisynaptophysin.

Comparison of Mutation Patterns between NEC and
Non-NEC Components in the Same Patients

The numbers of mutations with TVAF > 0.1 for NE028 and NE099
samples, and with TVAF > 0.2 for NE098 due to a higher frequency of
false positives caused by DNA damages characteristic to FFPE sam-
ples are shown in Fig. 5B. All mutations with TVAF > 0.1 were then
annotated by Annovar (73) and Cancer Genome Interpreter (https://
www.cancergenomeinterpreter.org; ref. 39), known or predicted
driver mutations being shown. We calculated aVAF from TVAF and
purity as aVAF = TVAF/purity if TVAF < 0.75, and aVAF = min (1,
(2/purity x TVAF/(1 + TVAF)) otherwise, where the two formulae
account for copy number-neutral cases and LOH cases, respectively.

Multiregion Analysis in an Autopsied Patient with
Pancreatic NEC

To cast light on tumor heterogeneity and genesis of the disease,
multiregion WES, transcriptome sequencing, and DNA methylation
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assays were conducted using samples obtained from an autopsied
patient with a Panc-NEC (case NE004). At autopsy (two hours after
death), diffuse liver metastases, retention of pleural fluid (600 mL),
and abdominal dropsy (1,500 mL) were grossly identified. At the
beginning of the autopsy, blood was collected from the inferior vena
cava, and WES was performed using circulating cfDNA. The primary
tumor and multiple liver metastases were sampled for snap-freezing
in liquid nitrogen. We sectioned a maximum surface of the primary
tumor, which presented a heterogeneous appearance, and divided it
into 20 pieces in a grid shape (Fig. 6B). Genomic DNA and RNA were
extracted from each unit and five liver metastases. We performed
WES and transcriptome sequencing and DNA methylation assay
on each sample obtained from 20 regions, 5 liver metastases and
matched normal spleen tissue.

Inference of the Branching Pattern and Subclonal
Structure from the Multiregion Sequencing Data in the
Autopsied Patient

WES reads were mapped to the reference genome (hgl9) using
BWA (version 0.7.15, https://github.com/lh3/bwa) and duplicate
reads were removed using Picard MarkDuplicates (version 2.9.0,
Broad Institute, Picard Toolkit; GitHub Repository; 2019; hetps://
github.com/broadinstitute/picard). Copy-number analysis was
performed using cnv_facets (version 0.16.0, hrttps://github.com/
dariober/cnv_facets), and chromosomal regions were annotated
as LOH regions if CNLR_MEDIAN < -1.5. To infer phylogenetic
relationships among samples, a multiple sequence alignment was
constructed from somatic mutation patterns in individual sam-
ples (i.e., each column represents a locus where somatic muta-
tions were observed in one or more samples, and each sample
had a reference base if no somatic mutation was detected or an
alternative base if a somatic mutation was detected). Nonmutated
loci in LOH regions were treated as alignment gaps. The phyloge-
netic tree (Supplementary Fig. S20A) was inferred using RAxML
(version 8.2.12, https://github.com/stamatak/standard-RAxML;
ref. 41) with the GTRGAMMA substitution model. Subclones
were inferred from somatic mutation patterns with TVAFs, using
LICHeE (version 1.0, https://github.com/viq854/lichee; ref. 40)
with the following options: -tree 1 —absent 0.05 -present 0.1. Dis-
tinct colors were assigned to (i) all subclonal lineages that diverged
directly from the clonal lineage, (ii) subclonal lineages spanning
multiple regions, and (iii) subclonal lineages having more than
10 lineage-specific mutations (Fig. 6A). We calculated aVAF from
TVAF and tumor purity as aVAF = TVAF/purity if TVAF < 0.75, and
aVAF = min (1, (2/purity x TVAF/(1 + TVAF)) otherwise, where the
two formulae account for copy number-neutral cases and LOH
cases, respectively.

Functional Analysis of NET1-AKR Fusion Genes

An immortalized epithelial cell line of gastric fundus origin
(HFundEC4N) was established and maintained as described previ-
ously with minor modification (74). NETI-AKRIC3 and NETI-
AKR1C4 cDNAs were chemically synthesized. The NET1-AKR fusion-
expressing HFundEC4N cell lines were generated by infection with
the retroviral vectors pQCXIP-Puro-NET1-AKR1C3, pQCXIP-Puro-
NET1-AKR1C3-FLAG, pQCXIP-Puro-NET1-AKR1C4, or pQCXIP-
Puro-NET1-AKR1C4-FLAG. Total RNA was extracted from NET1-
AKRI1C3 or NET1-AKR1C4 fusion-expressing cells using an RNeasy
Mini Kit (QIAGEN). Libraries were prepared using TruSeq stranded
mRNA Sample Preparation Kit (Illumina). RNA-seq was performed
with NovaSeq 6000 (Illumina). Cells were used for no more than five
passages after infection and tested for Mycoplasma contamination by
PCR (e-Myco Mycoplasma PCR Detection Kit; the latest test date:
February 18, 2019).

Data Availability

The raw sequencing data reported in this paper has been depos-
ited in the National Bioscience Database Center with the accession
number JGAS000359.
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