
Molecular Classification of Extrapulmonary
Neuroendocrine Carcinomas With Emphasis
on POU2F3-positive Tuft Cell Carcinoma

Jiwon Koh, MD, PhD,* Haeryoung Kim, MD, PhD,* Kyung Chul Moon, MD, PhD,*
Cheol Lee, MD, PhD,* Kyoungbun Lee, MD, PhD,* Han Suk Ryu, MD, PhD,*

Kyeong Cheon Jung, MD, PhD,* and Yoon Kyung Jeon, MD, PhD*†

Abstract: Extrapulmonary neuroendocrine carcinomas (EP-NECs)
are associated with a poor clinical outcome, and limited in-
formation is available on the biology and treatment of EP-NECs.
We studied EP-NECs by applying the recent novel findings from
studies of pulmonary neuroendocrine carcinomas, including
POU2F3, the master regulator of tuft cell variant of small cell lung
carcinomas. A cohort of 190 patients with surgically resected EP-
NECs or poorly differentiated carcinomas (PDCs) were established.
Immunohistochemistry (IHC) for POU2F3 along with ASCL1,
NEUROD1, YAP1, and conventional neuroendocrine markers
was performed on tissue microarrays. Selected cases with or
without POU2F3 expression were subjected to targeted gene ex-
pression profiling using nCounter PanCancer Pathway panel.
POU2F3-positive tuft cell carcinomas were present in 12.6% of EP-

NEC/PDCs, with variable proportions according to organ systems.
POU2F3 expression was negatively correlated with the expression
levels of ASCL1, NEUROD1, and conventional neuroendocrine
markers (P< 0.001), enabling IHC-based molecular classification
into ASCL1-dominant, NEUROD1-dominant, POU2F3-do-
minant, YAP1-dominant, and not otherwise specified subtypes.
Compared wih POU2F3-negative cases, POU2F3-positive tuft cell
carcinomas showed markedly higher expression levels of PLCG2
and BCL2, which was also validated in the entire cohort by IHC. In
addition to POU2F3, YAP1-positive tumors were a distinct subtype
among EP-NEC/PDCs, characterized by unique T-cell inflamed
microenvironment. We found rare extrapulmonary POU2F3-
positive tumors arising from previously unappreciated cells of ori-
gin. Our data show novel molecular pathologic features of EP-
NEC/PDCs including potential therapeutic vulnerabilities, thereby
emphasizing the need for focusing on unique features of EP-NEC/
PDCs.
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Neuroendocrine carcinoma (NEC) is a rare malig-
nancy with poor prognosis.1 Subtypes of NEC

include small cell NEC and large cell NEC. Although
most NECs arise from the lower respiratory tract, ex-
trapulmonary neuroendocrine carcinomas (EP-NECs)
account for about 2% to 9% of all NECs.2–5 EP-NECs can
originate from any organ system, including gastro-
intestinal tract, hepatopancreatobiliary (HBP) tract, gen-
itourinary (GU) system, gynecologic tract (GYN) and
head and neck (HN), or unknown primary site.6–10

EP-NECs resemble their pulmonary counterparts
and are diagnosed on the basis of morphologic features
and immunohistochemistry (IHC) for neuroendocrine
(NE) markers. Due to the rarity of EP-NECs, molecular
pathologic data on these cancers are extremely limited,
and no specific therapeutic strategies have been developed
for EP-NECs. Currently, platinum-based chemotherapy is
empirically used for the treatment of EP-NECs7,11 based
on the similarity between small cell lung carcinoma
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(SCLC) and EP-NECs. It is crucial to understand the bi-
ology of EP-NECs to develop novel treatment strategies.

Recent studies on SCLC have reported that a subset
show low expression of NE-related genes including ASCL1
andNEUROD1.12 Huang et al identified certain SCLC cell
lines that strongly expressed and showed powerful de-
pendency on POU2F3,13 which is a master transcription
factor (TF) involved in the differentiation of tuft cells. The
so-called tuft cell-like variant of SCLC retains the char-
acteristic morphology of conventional SCLC but lacks the
expression of conventional NE markers on IHC.

Tuft cells are specialized epithelial chemosensory
cells found in various organ systems, including tongue
taste buds, intestinal epithelium, skin, pancreas, and
bronchial epithelium.14–16 The wide distribution of tuft
cells suggests that tuft cell carcinomas may arise from
organs other than the lungs. In line with this, occasional
subsets of poorly differentiated carcinomas (PDCs) in
extrapulmonary sites show classic NE morphology but
negative stains for NE markers,3,17,18 indicating a poten-
tial role of POU2F3 in this subset.

In the present study, we identified POU2F3-positive tuft
cell carcinomas among patients with EP-NEC/PDCs and
compared the clinicopathologic features and gene expression
profiles between POU2F3-positive and POU2F3-negative
EP-NEC/PDCs.

MATERIALS AND METHODS

Study Population
We retrospectively reviewed the pathology database

of Seoul National University Hospital (SNUH) for pa-
tients histopathologically diagnosed with EP-NEC or
PDC during a period of 20 years (from 2000 to 2019).
Formalin-fixed, paraffin-embedded (FFPE) tissue from an
excisional biopsy or surgical resection samples were col-
lected. Hematoxylin and eosin (H&E)-stained slides were
reviewed. We included PDC cases with NE features on
H&E-stainings, regardless of classic NE marker ex-
pression. Cases with overt squamous differentiation on
H&E or IHC examination, and NUT carcinoma, a spe-
cific entity with poorly differentiated morphology, were
excluded. We selected representative 2 mm cores from the
FFPE blocks and constructed tissue microarrays.

Clinical data were collected from medical records,
including sex, age, primary organ involved, clinical stage,
pathologic diagnosis, and overall survival (OS). OS was
defined as the intervals between initial diagnosis and date
of death. This study was approved by the institutional
review board (IRB) of SNUH (IRB number: H-1905-046-
1031), and the written patient consent process was waived.

Immunohistochemistry
Using tissue microarray blocks, IHC was performed

for POU2F3, ASCL1, NEUROD1, YAP1, CD56, syn-
aptophysin, chromogranin A, INSM1, TTF-1, p16, p63,
p53, NUT, BCL2, PLCG2, c-MYC, CD3, CD20, CD8,
PD-1, and PD-L1. Supplementary Table S1 (Supple-
mental Digital Content 1, http://links.lww.com/PAS/B432)

presents detailed information regarding the antibodies
used for IHC.

A histoscore (H-score) was calculated for each case
based on the expression level of markers, except for TTF-
1, p16, p63, NUT, CD3, CD20, CD8, PD-1, and PD-L1,
by multiplying staining intensity with percent of positive
cells. We used H-score 50 as the cutoff value defining low
group (H-score <50) and high group (H-score≥ 50) for
categorization of individual marker expression.19 Com-
bined NE score, defined as the average H-score of CD56,
synaptophysin, chromogranin A, and INSM119 was used
to categorize cases into low (NE score <150) and high (NE
score≥ 150) NE score groups.

We assessed the expression level of PD-L1 using
Combined Proportion Score.20 CD3, CD20, CD8, and PD-
1 immunostains were digitally scanned using Aperio AT2
(Leica Biosystems). Positive cells in representative tumor
areas were quantified using Nuclear V9 algorithm of Im-
ageScope (Aperio Technologies), and the number of positive
cells per analyzed area was used for further analyses.

Gene Expression Profiling
A total of 12 cases were selected for gene expression

profiling (GEP), of which 6 were POU2F3-positive, and 6
were POU2F3-negative. The whole FFPE block of each case
were used to prepare five 10 μm sections. Areas rich in tumor
cells were identified by H&E staining and macrodissected. The
total RNA from each sample was extracted and quantified
using DS 11 spectrophotometer (DeNovix Inc.). In all, 1200 ng
total RNA was used for hybridization and sample preparation
using nCounter Prep Station (Nanostring Technology Inc.).
GEP was based on the nCounter PanCancer Pathway panel
encompassing 770 genes and was digitally assessed using
nCounter Digital Analyzer (Nanostring Technology Inc.).

Raw expression data were normalized against the
expression levels of reference genes, and the differ-
entially expressed genes (DEGs) between POU2F3--
positive and POU2F3-negative groups were analyzed
using nSolver Analysis Software version 4.0 (NanoString
Technologies Inc.). DEGs were defined as genes with a
log2FC > ± 2.0 and adjusted P value <0.05. Gene set
enrichment analysis21 was performed using gene set
permutation mode, and gene sets from MSigDB (http://
software.broadinstitute.org/gsea/msigdb),22 Reactome,23 and
BioCarta.24 Gene sets with false discovery rate q-values of
≤ 0.25 were considered significantly enriched.

Statistical Analysis
We used the χ2, and linear-by-linear, and Fisher

exact tests to compare categorical variables, and the
Mann-Whitney, Kruskal-Wallis, and Tukey multiple
comparison tests to compare continuous variables, as
appropriate. The Pearson correlation test was performed,
and Kaplan-Meier survival analyses were performed using
the log-rank test. Statistical significance was defined as P
value <0.05. The analyses were performed using SPSS
software (version 25; IBM Corp.) and the R statistical
package (version 3.6.0; R Foundation for Statistical
Computing; http://www.r-project.org).
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RESULTS

Clinicopathologic Characteristics
In all, 190 EP-NEC/PDC patients were included in

the study (Table 1). The study patients had a median age
of 61 years (18–92), and 50.5% were males. EP-NEC/
PDCs originated from diverse primary sites, including
GYN (33.2%), HBP (27.4%), GU tract (17.9%), HN
(11.1%), and skin (5.3%). A small number of cases origi-
nated from thymus, breasts, and adrenal glands, whereas 1
patient had cancer of unknown primary.

Initial histopathologic diagnoses were reviewed from the
pathology reports, where major diagnostic classes included
mixed adenocarcinoma and NEC (MANEC; 23.7%), small
cell NEC (17.9%), undifferentiated carcinoma (12.6%), large
cell NEC (7.4%), and PDC (6.8%). Some organ-specific di-
agnoses were noted; 8 of 10 skin cancers were Merkel cell
carcinomas, and 1 patient had mesonephric carcinoma arising
from the uterus. TTF-1 and p16 positivity were observed in
16.7% (31/186) and 59.5% (113/190) of cases, respectively;
61.3% (111/180) cases showed null or overexpression of p53
(Supplementary Table S2, Supplemental Digital Content 2,
http://links.lww.com/PAS/B433; Supplementary Fig. S1, Sup-
plemental Digital Content 3, http://links.lww.com/PAS/B434).

In addition, 38.9% (74/190) of EP-NEC/PDC patients
presented with distant metastases. Various treatment modal-
ities were administered, including curative or palliative oper-
ation (85.9%), and were followed by adjuvant chemotherapy,
radiation therapy, or both in some patients. Among the 190
patients, death was documented in 141 (74.2%), and the
median survival was 30.0 months (range, 0.5 to 217.3 months).

POU2F3-positive Tuft Cell Carcinomas
Originated From Various Organ Systems

POU2F3 expression was found in 12.6% (24/190) of
EP-NEC/PDCs. The proportions of POU2F3-positive tuft
cell carcinomas varied widely according to organ system
(Table 1, Fig. 1A); 20.6% (7/34) of EP-NEC/PDCs
originating from GU tract were POU2F3-positive, followed
by 19.0% (4/21) from HN, 14.3% (9/63) from GYN, and
7.7% (4/52) from HBP. More specifically, POU2F3-positive
tuft cell carcinomas in the GU tract originated from the
urinary bladder (4/7), renal pelvis and ureter (2/7), and
prostate (1/7). HN origin tuft cell carcinomas also included
rarer sites such as paranasal sinus, larynx, and parotid glands.
In the present study, none of the cancers originating from the
skin, thymus, adrenal glands, breasts, or unknown primary
were POU2F3-positive. POU2F3-positive tuft cell carcinoma
more frequently originated from the GU tract and HN (11/
55) compared with the other sites combined (13/135), with
marginal statistical significance of difference (P=0.051; χ2).
There were no significant differences in terms of patient age,
sex, initial metastasis, and expression of TTF-1, p63, p16, and
p53 according to POU2F3 expression.

Taken together, these results confirm that POU2F3-
positive tuft cell carcinomas can arise from organs other than
the pulmonary system, and that certain organs are somehow
more likely to harbor POU2F3-positive tumors.

POU2F3 Expression Is Associated With Low NE
Score

Because POU2F3-positive SCLC had low expression
levels of NE markers, we compared POU2F3 expression
and NE score in EP-NEC/PDCs. We also compared other
TFs introduced in the molecular classification of SCLC:
ASCL1, NEUROD1, and YAP1. Expression levels of

TABLE 1. Clinicopathological Characteristics of Study
Population

POU2F3 expression, n (%)

Positive Negative Total P

Age, median (range) 60 (37–88) 61 (18–92) 61 (18–92) 0.976
Sex 0.956
Male 12 (12.5) 84 (87.5) 96 (50.5)
Female 12 (12.8) 82 (87.2) 94 (49.5)

Primary organ 0.051*
GU 7 (20.6) 27 (79.4) 34 (17.9)
HN 4 (19.0) 17 (81.0) 21 (11.1)
GYN 9 (14.3) 54 (85.7) 63 (33.2)
HBP 4 (7.7) 48 (92.3) 52 (27.4)
Skin 0 (0.0) 10 (100.0) 10 (5.3)
Breast 0 (0.0) 2 (100.0) 2 (1.1)
Thymus 0 (0.0) 5 (100.0) 5 (2.6)
Adrenal 0 (0.0) 2 (100.0) 2 (1.1)
MUO 0 (0.0) 1 (100.0) 1 (0.5)

Pathologic diagnosis 0.086
SCNEC 8 (23.5) 26 (76.5) 34 (17.9)
LCNEC 3 (21.4) 11 (78.6) 14 (7.4)
NEC, type unspecified 1 (8.3) 11 (91.7) 12 (6.3)
MANEC 4 (8.9) 41 (91.1) 45 (23.7)
ADC 1 (12.5) 7 (87.5) 8 (4.2)
PDC with NE features 2 (33.3) 4 (66.7) 6 (3.2)
UCC with NE features 2 (28.6) 5 (71.4) 7 (3.7)
SQCC with NE

features
1 (11.1) 8 (88.9) 9 (4.7)

Basaloid/PD SQCC 0 (0.0) 3 (100.0) 3 (1.6)
PDC 1 (7.7) 12 (92.3) 13 (6.8)
UDC 1 (4.2) 23 (95.8) 24 (12.6)
Carcinosarcoma 0 (0.0) 6 (100.0) 6 (3.2)
Meckel 0 (0.0) 8 (100.0) 8 (4.2)
Mesonephric

carcinoma
0 (0.0) 1 (100.0) 1 (0.5)

Distant metastasis 0.293
Absent 17 (70.8) 99 (59.6) 116 (61.1)
Present 7 (29.2) 67 (40.4) 74 (38.9)

Treatment 0.122
OP/RT/CT 8 (14.3) 48 (85.7) 56 (29.5)
OP/RT 3 (20.0) 12 (80.0) 15 (7.9)
OP/CT 9 (13.4) 58 (86.6) 67 (35.3)
RT/CT 1 (16.7) 5 (83.3) 6 (3.2)
OP 3 (12.0) 22 (88.0) 25 (13.2)
CT 0 (0.0) 10 (100.0) 10 (5.3)
RT 0 (0.0) 3 (100.0) 3 (1.6)
BSC 0 (0.0) 5 (100.0) 5 (2.6)
NA 0 (0.0) 3 (100.0) 3 (1.6)

Death 0.925
Dead 18 (75.0) 123 (74.1) 141 (74.2)
Alive 6 (25.0) 43 (25.9) 49 (25.8)

Total 24 (12.6) 166 (87.4) 190 (100.0)

*Compared between GU/HN group versus others, by χ2 test.
ADC indicates adenocarcinoma; BSC, best supportive care; CT, chemo-

therapy; LCNEC, large cell neuroendocrine carcinoma; MANEC, mixed ad-
enocarcinoma and neuroendocrine carcinoma; MUO, metastasis of unknown
origin; NA, not applicable; OP, operation; PD, poorly differentiated; RT, radiation
therapy; SCNEC, small cell neuroendocrine carcinoma; SQCC, squamous cell
carcinoma; UCC, urothelial carcinoma; UDC, undifferentiated carcinoma.
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FIGURE 1. Expression of POU2F3 and its association with various TFs. A, POU2F3 expression levels varied in EP-NECs and PDCs
with NE features. Representative cases from each organ system are shown: GU tract (first row), HN (second row), nasal cavity
(second row, right), GYN (third row, right and left), and biliary tract (fourth row) cancers. B, The expression levels of ASCL1 and
NEUROD1 were positively correlated with combined NE score (Pearson R=0.28 and 0.41), while expression levels of POU2F3 and
YAP1 were inversely correlated with combined NE score (Pearson R=−0.16 and −0.28). Asterisks indicate P<0.05. C, Tumors with
low ASCL1 and NEUROD1 expression levels were classified as DNs. POU2F3-positive and YAP1-positive cases had increased
proportions in the DN group (P=0.036 and 0.005).
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POU2F3 and YAP1 were negatively correlated with NE
score (Pearson R=−0.16 and −0.28; P < 0.05 for both),
while ASCL1 and NEUROD1 expression levels were
positively correlated with NE score (Pearson R= 0.28 and
0.41, respectively; P< 0.05 for both) (Fig. 1B).

Using the H-scores for ASCL1 and NEUROD1,
we classified EP-NEC/PDCs into 3 groups: ASCL1-
dominant (ASCL1 H-score ≥ 50), NEUROD1-dominant
(NEUROD1 H-score ≥ 50), and double negative (DN;
both ASCL1 and NEUROD1 H-scores <50). We found
POU2F3 expression was significantly increased in DN
group (P= 0.036 by Kruskal-Wallis test; Fig. 1C), and
higher YAP1 H-scores were associated with the DN
phenotype of EP-NEC/PDCs (P= 0.005 by Kruskal-
Wallis test; Fig. 1C). These results confirm the previous
findings from SCLCs that POU2F3 is expressed in variant
SCLC tumors that have low NE marker expression.13

The unique expression pattern of YAP1 suggests the
existence of a YAP1-positive subtype among EP-NEC/
PDCs, although the existence of YAP1-positive tumors
among SCLCs still remain controversial.19,25,26 Moreover,
in line with a previous report,27 c-MYC expression by
IHC showed a positive association with NEUROD1 ex-
pression (Pearson R= 0.16; P= 0.034), and the H-scores of
c-MYC in NEUROD1-dominant were significantly higher
than ASCL1-dominant or DN group (P= 0.008 by
Kruskal-Wallis test; Supplementary Fig. S2, Supplemental
Digital Content 4, http://links.lww.com/PAS/B435).

Immunohistochemically Defined Molecular
Subtypes of EP-NEC/PDC

Based on the aforementioned findings, we applied
the molecular classification strategy for SCLCs to our EP-
NEC/PDC cohort.19,28 The DN subtype were further
divided into 3 categories: POU2F3-dominant (POU2F3
H-score ≥ 50), YAP1-dominant (YAP1 H-score ≥ 50),
and not otherwise specified (NOS). The proportions
of each molecular subtype were as follows: ASCL1-
dominant, 10.5%; NEUROD1-dominant, 5.8%; POU2F3-
dominant, 11.6%; YAP1-dominant, 14.7%; NOS, 57.4%
(Fig. 2A). Figure 2B and Supplementary Figure S3
(Supplemental Digital Content 5, http://links.lww.com/
PAS/B436) presents representative cases along with ex-
pression of TFs and conventional NE markers.

The distribution of molecular subtypes varied
according to tumor site (Fig. 2C). GU cancers had a
higher proportion of ASCL1-dominant subtype (23.5%)
compared with other sites, while none of the cases
originating from the HN region were ASCL1-dominant.
Among HN cancers, the proportion of YAP1-dominant
subtype (33.3%) was only second to that of NOS subtype
(42.9%). The 10 EP-NEC/PDCs arising from the skin were
not classified into any TF-dominant subgroups.

There were no differences in terms of OS between to
the molecular subtypes (P= 0.830; Fig. 2D). We
performed survival analyses using the expression levels
of each TF, where no significant survival differences were
observed (Supplementary Fig. S4, Supplemental Digital
Content 6, http://links.lww.com/PAS/B437), unlike a

previous report on SCLC.28 Of note, higher expression of
c-MYC was associated with shorter OS in the total pop-
ulation and ASCL1-dominant subtype (P= 0.001 and
0.019, respectively; Supplementary Fig. S4, Supplemental
Digital Content 6, http://links.lww.com/PAS/B437).

Key Oncogenic Pathways in POU2F3-positive
Tuft Cell Carcinomas

POU2F3 SCLC showed distinct biological features,
including dependence on the IGF1R pathway.13 To assess
whether certain biomarkers of oncogenic pathways are
enriched in POU2F3-positive EP-NEC/PDCs, we per-
formed GEP in 12 selected cases (6 POU2F3-positive
and 6 POU2F3-negative EP-NEC/PDCs). Supplementary
Table S3 (Supplemental Digital Content 7, http://links.
lww.com/PAS/B438) presents detailed characteristics of 12
patients who underwent GEP.

DEG analysis revealed that PIK3R5, MYB,
PLCG2, BCL2, and PAX5 were significantly upregu-
lated in POU2F3-positive tuft cell carcinomas (Fig. 3A;
Supplementary Table S4, Supplemental Digital Content
8, http://links.lww.com/PAS/B439). In addition, gene set
enrichment analysis revealed significant enrichment of
cellular pathways involved in the immune response,
phosphatidylinositol metabolism, complement signaling,
and STAT signaling (Fig. 3B).

PLCG2 and BCL2 Are Highly Expressed in
POU2F3-positive Tuft Cell Carcinomas

We focused on the high expression levels of PLCG2 and
BCL2 in POU2F3-positive tuft cell carcinomas and performed
immunostainings for each marker in the entire study pop-
ulation. We confirmed the tumor cell expression of PLCG2
and BCL2 (Fig. 3C). The H-scores of PLCG2 and BCL2 were
significantly higher in POU2F3-positive cases compared with
POU2F3-negative cases (P < 0.001 and 0.003, respectively;
Fig. 3D). The expression levels of PLCG2 and BCL2 were
compared among the 5 molecular subtypes of EP-NEC/PDCs,
and BCL2 expression was significantly higher in
POU2F3-dominant subtype than NOS subtype (P=0.049 by
Tukey multiple comparison test; Fig. 3E). The PLCG2H-score
was significantly higher in POU2F3-dominant subtype than
YAP1-dominant subtype; however, no significant differences
were observed compared with other TF-dominant subtypes,
possibly owing to the small numbers of cases in each class.

PLCG2 Expression as a Prognostic Factor in
POU2F3-positive Tuft Cell Carcinomas

Based on a previous report suggesting worse prog-
nosis of SCLCs with PLCG2-high phenotype,26 we sought
to explore the clinical implications of PLCG2 expression
in EP-NEC/PDCs. Considering the low positivity rate of
PLCG2 in EP-NEC/PDCs compared with other NE-re-
lated TFs, we used a cutoff H-score of 10 for dis-
tinguishing between PLCG2-high and PLCG2-low cases.
There was no significant differences in the OS between
PLCG2-high and PLCG2-low cases, in the entire study
population (P= 0.191; Fig. 4). Interestingly, among the
TF-based molecular subgroups, high PLCG2 expression
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was significantly associated with reduced OS only in the
POU2F3-dominant subgroup (P= 0.008; Fig. 4). Taken
together, these data indicate that PLCG2 expression is
significantly increased in POU2F3-positive tuft cell
carcinomas and suggests a poor prognosis.

Profiles of Tumor-infiltrating Lymphocytes in EP-
NEC/PDC

We then focused on the PAX5 upregulation in
POU2F3-positive tuft cell carcinomas. Because PAX5 is
involved in immune responses and B-cell activation,29,30

we hypothesized that the immune microenvironment
would differ according to POU2F3 expression. To test this
hypothesis, we performed IHC for CD3, CD20, PAX5,
CD8, PD-1, and PD-L1 in the EP-NEC/PDC cohort, and
found no differences in the CD20-positive B-cell dis-
tribution according to POU2F3 expression level (Fig. 5A).

Regarding T cells, CD3-positive tumor-infiltrating
lymphocytes (TILs) were more densely present in POU2F3-
negative cancers compared with POU2F3-positive cancers
(P=0.019; Fig. 5A). Conversely, a unique immune micro-
environment was noted in YAP1-positive EP-NEC/PDCs.

FIGURE 2. IHC-based molecular classification of EP-NECs and PDCs with NE features. A and B, Five classes were defined based on
the expression of 4 TFs. C, The proportions of each subtype varied according to the primary organ system. D, No significant
differences were observed in OS according to the subtypes.
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FIGURE 3. Gene expression profiles of POU2F3-positive tuft cell carcinomas and high expression levels of PLCG2 and BCL2. A,
DEGs according to POU2F3 expression are depicted. Notable upregulation of PIK3R5, PLCG2, MYB, BCL2, and PAX5 was observed.
B, Gene sets representing immune response were enriched in POU2F3-positive tuft cell carcinomas. C and D, Significant over-
expression of PLCG2 and BCL2 among POU2F3-positive tuft cell carcinoma cells was validated by IHC. E, Among the 5 subtypes,
slight increases in PLCG2 and BCL2 expression levels were noted in the POU2F3-dominant subtype. FDR indicates false
discovery rate.
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The patients had T-cell inflamed microenvironment,
evidenced by significantly increased infiltration of CD3-
positive and CD8-positive T cells (P=0.006 and 0.029;
Fig. 5B, Supplementary Fig. S5, Supplemental Digital
Content 9, http://links.lww.com/PAS/B440). The TIL pro-
files were compared among 5 IHC-defined subtypes, which
again showed the higher CD3-positive and CD8-positive T
cells in YAP1-dominant subtype compared with the
POU2F3-dominant subtype (P=0.012 and 0.069, re-
spectively; Fig. 5C). There was nonsignificant PD-L1
expression in EP-NEC/PDCs, and only 14 of 190 cases
(7.4%) had PD-L1 Combined Proportion Score of >1,
without any predilection toward any particular TF expression
or subtype.

DISCUSSION
In this study, we established a large cohort of EP-

NEC/PDCs and identified the presence of POU2F3-
positive tuft cell carcinomas arising from extrapulmonary
sites. In addition, we investigated the clinicopathologic
features as well as oncogenic pathways and micro-
environmental factors of these carcinomas.

To date, POU2F3-positive tuft cell carcinomas have
only been reported in about 15% of SCLCs,12,31 70% of
thymic squamous cell carcinomas,31 and 66.7% of 30 cases
with castration-resistant prostate cancer and NE prostate
cancer.32 Our study was the first to assess the expression of
POU2F3 in a wide range of clinical samples with EP-
NEC/PDCs arising from various organ systems. Tuft cells
have been found in the urethra,33 nasal cavity,34 biliary-
pancreatic tract,35,36 and salivary glands,37 which is in line
with our finding of tuft cell carcinomas in GU, HN, and
HBP systems. Interestingly, tuft cells have not been well-
described in female genital organs; our discovery of

POU2F3-positive tuft cell carcinomas of uterine origin
suggest the possible existence of chemosensory receptor
tuft cells, a previously unappreciated cell-of-origin.

The minor but notable enrichment of POU2F3 pos-
itivity among GU and HN cancers requires further inves-
tigation. In particular, the majority of POU2F3-positive tuft
cell carcinomas in our cohort of GU cancers originated from
the urinary tract, except for a single case arising from the
prostate. While NE differentiation is well-known in prostate
cancers,38 it has been less investigated in urothelial carcinomas.
Although the data on POU2F3 expression in extrapulmonary
tumors are limited, recent studies on thymic tumors have re-
ported significant POU2F3 expression.31,39 However, none of
the thymic origin tumors among EP-NEC/PDCs expressed
POU2F3. In our patients, thymic epithelial tumors were se-
lected on the basis of atypical histologic characteristics, in-
cluding basaloid or NE features; therefore, thymomas or
thymic squamous cell carcinomas showing typical histo-
pathologic characteristics were not included, which may
explain the discrepancy in POU2F3 level in thymic tumors.

Similar to previous studies on SCLC,12,13,19,40,41 we
found that POU2F3 expression was inversely associated
with the expression of conventional NE markers. More-
over, POU2F3-dominant tumors were enriched in the DN
group, and demonstrated low ASCL1 and NEUROD1
expression levels. These findings suggest that POU2F3-
positive carcinomas make up a distinct subset of
EP-NEC/PDCs, and more importantly, gives a valuable
lesson in therapeutic perspective. A recent study on the
transcriptional mechanism of the tuft cell lineage identified
a critical transcriptional complex composed of POU2F3,
OCA-T1, and OCA-T2; these interactions may become an
important target for pharmacological blockade in tuft cell-
like SCLC.42 Therefore, assessment of POU2F3 ex-
pression should be encouraged when diagnosing unusual

FIGURE 4. Survival analyses according to PLCG2 expression. PLCG2 expression was significantly associated with poor prognosis in
the POU2F3-dominant subgroup (P=0.008).
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EP-NEC/PDCs showing low expression of conventional
NE markers, to allow better characterization of the
disease.

To identify additional key oncogenic pathways or po-
tential therapeutic targets of POU2F3-positive tuft cell car-
cinomas, we compared the gene expression patterns
according to POU2F3 expression. The members of IGF1R
signaling pathway included in the studied panel (IGF1,
IGF1R, and IGFBP3) showed no significant differential ex-
pression according to POU2F3 phenotype. Interestingly,
PLCG2 and BCL2 were notably upregulated in POU2F3--
positive tumors, which was verified by IHC of the entire EP-
NEC/PDC cohort. A recent study identified PLCG2 as a key

element of intracellular signaling in tuft-2 cells, a tuft cell
subset43; this strengthens our hypothesis that POU2F3--
positive EP-NEC/PDCs could arise through malignant
transformation of tuft cells. In addition, high PLCG2 ex-
pression in a subgroup of SCLC cells was found by single-cell
transcriptome sequencing, and PLCG2-high subpopulation
of SCLC was closely associated with increased invasiveness,
prometastatic potential, stem-like features, and poor
prognosis.26 In line with this report, we found that the
PLCG2 expression level in POU2F3-dominant subgroup
was significantly associated with worse survival, further
emphasizing the unique biology of POU2F3-positive tuft cell
carcinomas and the role of PLCG2 in them.

FIGURE 5. Immune microenvironment according to POU2F3 and YAP1 expression. A, No significant differences were noted in
tumor-infiltrating lymphocytes according to POU2F3 expression, except for low CD3-positive T-cell density in POU2F3-positive
tumors (P=0.019). B and C, YAP1-positive tumors were characterized by inflamed microenvironment, represented by higher
CD3-positive and CD8-positive T-cell infiltration.
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In SCLCs, enrichment of BCL2 was associated with
the ASCL1-dominant SCLC subtype,44 and was suggested
to be a novel therapeutic target, because a higher BCL2
expressions level was associated with a better response to
BCL2 inhibitors.45,46 Therefore, our finding of a sig-
nificantly high BCL2 expression level in POU2F3-positive
tuft cell carcinomas suggests that, despite certain similarities
between SCLC and EP-NEC/PDC, the unique features of
EP-NEC/PDC should be studied further. In particular,
further investigation of the use of BCL2 inhibitors for the
treatment of a subset of EP-NEC/PDCs is strongly sug-
gested. We also found significantly higher c-MYC ex-
pression levels in NEUROD1-dominant EP-NEC/PDCs,
which is in line with previous findings from a study on
SCLC, which demonstrated the potential efficacy of
aurora kinase inhibitors for the treatment of MYC-driven
SCLCs.27 Taken together, our findings suggest that EP-
NEC/PDCs are a disease group composed of heterogenous
tumors, with distinct potential treatment options.

Because of enrichment of PAX5, and other immune-
related gene sets in POU2F3-positive cases, we evaluated
the immune microenvironment of EP-NEC/PDCs, and
did not identify any evidence of inflamed microenviron-
ment in POU2F3-positive tumors. Instead, the micro-
environment of POU2F3-positive tumors resembled the
“immune cold” microenvironment of SCLCs,47 repre-
sented by no significant infiltration of TILs and minimal
PD-L1 expression. By contrast, YAP1-dominant tumors
had an inflamed tumor microenvironment, with higher
infiltration of CD3-positive and CD8-positive T cells. This
phenotype is similar to the SCLC-inflamed subtype pro-
posed by Gay et al,44 which was showed the greatest re-
sponse to treatment with immune checkpoint blockade.
Although the previous study did not identify an associa-
tion between SCLC-inflamed and YAP1 expression
level,44 another one reported that YAP1-expressing
SCLCs are characterized by T-cell inflamed gene ex-
pression signature.48 In line with this, our study suggests
that the YAP1-dominant EP-NEC/PDC is a distinct
subgroup, whereas the existence of YAP1-dominant
SCLCs is controversial.19,25,44,48 The unique tumor mi-
croenvironment suggests that this subtype may demon-
strate a good response to immune checkpoint blockade
treatment.

Our EP-NEC/PDC cohort mainly included patients
with available surgically resected samples, and excluded
patients with inoperable diseases. In addition, due to the
rarity of this disease, we used archival FFPE tissues; thus,
our GEP analyses relied on panel-based profiling, and
comprehensive assessment of POU2F3 target genes could
not be performed. Therefore, our findings should be
verified in future studies, particularly among patients with
advanced and inoperable EP-NEC/PDCs.

In summary, we observed the POU2F3 expression in
EP-NEC/PDCs arising from various organ systems,
thereby extending our understanding of the clinical spec-
trum of POU2F3-positive tuft cell carcinomas. We
showed that the molecular classification of SCLCs can be
applied to EP-NEC/PDCs, and that POU2F3-dominant

or YAP1-dominant subtypes are distinct subtypes of
EP-NEC/PDCs. We found significantly high expression
levels of PLCG2 and BCL2 in POU2F3-positive tuft cell
carcinomas, which supports the novel cell-of-origin and
suggests potential therapeutic vulnerability. The T-cell
inflamed microenvironment of YAP1-dominant cases
warrants further investigation. Taken together, despite the
similarities between EP-NEC/PDCs and their pulmonary
counterparts, our data suggest novel molecular pathologic
features of EP-NEC/PDCs, emphasizing the need to focus
on unique features of EP-NEC/PDCs.
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