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Background: Small cell lung cancer (SCLC) and large cell neuroendocrine carcinomas (LCNEC) are 
characterized by a rapid progressive course. Therapy for SCLC has not much changed for decades, and in 
LCNEC controversies exist, favoring either SCLC-like or non-small cell lung cancer (NSCLC)-like therapy. 
Three subtypes of SCLC identified in cell cultures, namely ASCL1, NeuroD1, and POU2F3 have been 
confirmed by immunohistochemistry. The fourth type based on the expression of YAP1 was questioned, and 
another type, inflamed SCLC, was proposed. 
Methods: SCLC and LCNEC samples were investigated by immunohistochemistry for different subtypes. 
Additionally, immunohistochemical markers as potential tools to identify patients who might respond to 
targeted treatment were investigated. For validation a biopsy set was added.
Results: ASCL1, NeuroD1, and POU2F3 were expressed in different percentages in SCLC and LCNEC. 
Similar percentages of expression were found in biopsies. ATOH was expressed in combination with one of 
the subtypes. YAP1 and TAZ were expressed in some SCLC and LCNEC cases. HES1 expression was seen 
in few cases. Predominantly stroma cells expressed programmed cell death ligand 1 (PD-L1). The dominant 
MYC protein was N-MYC. Aurora kinase A (AURKA) was expressed in the majority of both carcinomas, 
whereas fibroblast growth factor receptor 2 (FGFR2) in few. 
Conclusions: SCLC and LCNEC can be subtyped into ASCL1-, NeuroD1-, and POU2F3-positive 
types. AURKA expression and positivity for N-MYC protein was not associated with subtypes. AURKA 
and FGFR2 are both possible targets for inhibition in SCLC and LCNEC, but patients’ selection should 
be based on expression of the enzyme. Combined chemo- and immunotherapy might be decided by PD-L1 
staining of stroma cells.
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Introduction

High-grade neuroendocrine lung carcinomas are 
divided into small cell lung cancer (SCLC) and large cell 

neuroendocrine carcinoma (LCNEC). They are very 

aggressive tumor types with limited therapeutic options and 

poor prognosis. For decades the therapy protocol for SCLC 
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did not change. For LCNEC treatment some reports 
proposed SCLC chemotherapy protocols as the best option 
(1-4). However, based on the recent molecular profiling 
data LCNEC can be classified as SCLC-like and NSCLC 
(non-small cell lung cancer)-like. It is still unclear if therapy 
protocols should be adjusted accordingly (1,3).

The histologic diagnosis of SCLC can be made purely by 
morphology. It can be confirmed by a positive reaction for 
neuroendocrine markers [chromogranin A, synaptophysin, 
neural cell adhesion molecule (NCAM)/CD56, insulinoma-
associated protein 1 (INSM1)]. Furthermore, low-
molecular-weight cytokeratin antibodies show a typical, 
so-called “caping”, staining reaction, which is due to a 
polar accumulation of intermediate filaments. A high 
proportion of SCLC aberrantly express the second isoform 
of TTF-1 (5). The mitotic rate is high, which is visible 
in frozen sections, but not easily seen in formalin-fixed 
tissues. Staining with Ki67 will show a high proliferation 

rate in fixed specimens. Few SCLC cases do not express 
neuroendocrine markers and some of them are even 
negative for cytokeratin, and instead express vimentin (6,7). 

Recently, four subtypes of SCLC were identified in 
cell cultures (8). Two of these subtypes are characterized 
by the high expression of neuroendocrine master genes 
achaete scute family BHLH transcription factor 1 (ASCL1) 
and NeuroD1. The third subtype expresses POU class 
2 homeobox 3 (POU2F3), which is a gene expressed 
in tuft cells in the lung periphery (9). The expression 
of neuroendocrine markers such as chromogranin A, 
synaptophysin, and NCAM is predominantly found in 
the ASCL1 and NeuroD1 subtypes, whereas the POU2F3 
group is usually negative for these markers. The fourth 
subtype was defined by the expression of YAP1. YAP1 is 
often amplified or overexpressed in NSCLC and might 
suppress a neuroendocrine profile (10). It is an important 
regulator of tumor cell migration and regulator of the 
epithelial-to-mesenchymal transition (EMT) (11). The 
role of YAP1 as a gene characterizing the fourth subtype 
of SCLC was questioned by recent publications using 
immunohistochemistry (12,13). Furthermore, Gay et al. (14) 
in their analysis of 4 subtypes, confirmed the existence of 
ASCL1, NeuroD1, and POU2F3 subtypes, and identified 
an additional subtype, which they called SCLC-inflamed 
(SCLC-I). This subtype had lower expression of ASCL1, 
NeuroD1, and POU2F3, but had high expression of genes 
for human leukocyte antigens and immune checkpoints, 
such as programmed cell death ligand 1 (PD-L1) (“inflamed 
gene signature”). This is also one of the rare papers analyzing 
the therapeutic relevance of those 4 different subtypes. In cell 
lines and tumor xenografts, the POU2F3 (15) subtype turned 
out to be very sensitive to cisplatin, whereas SCLC-I was 
resistant. Furthermore, the SCLC-I population emerges 
during cisplatin chemotherapy. Using publicly available 
data from the Impower133 trial (16) they also showed 
that SCLC-I tumors have greater benefits from immune 
checkpoint inhibitor therapy. Some authors proposed a 
treatment response for DLL3 and BCL2 inhibitors in 
the ASCL1 group (17,18), and the response for Aurora 
kinase inhibitors in the NeuroD1 group was suggested by 
Mollaoglu et al. (19). 

LCNEC expresses neuroendocrine markers, but often 
in a lower percentage of tumor cells, and the cytokeratin 
reaction is present on the entire circumference of the tumor 
cells. In contrast to SCLC, in addition to neuroendocrine 
morphology, at least one neuroendocrine marker must be 
positive for the diagnosis of LCNEC (WHO, Classification 
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of Thoracic Tumors) (20). On the molecular level, LCNEC 
is also more heterogeneous. Some cases of LCNEC present 
with mutations similar to SCLC such as alterations in 
MYCL1 and MYC genes (21,22), and others with mutations 
found in NSCLC like alterations in FGFR1 and NKX2-1 
genes (15).

In LCNEC two variants were identified with losses 
of either RB1 or PTEN, respectively, or alternatively 
alterations of STK11/KEAP1 and/or PI3KCA (21,22). 
These subtypes might explain different treatment responses 
for LCNEC: those with RB1-loss might respond better 
to a SCLC-like regime, whereas the other subtype might 
respond better to a NSCLC-like regime (21,23).

Our study aimed to retrospectively evaluate the 
expression of ASCL1, NeuroD1, POU2F3, and YAP1 
in SCLC and LCNEC. Furthermore, we investigated 
if possible therapeutic targets can be evaluated by 
immunohistochemistry and might be used to identify 
patients, who might benefit from such treatment. As the 
expression of Myc-genes was also reported to be associated 
with NeuroD1 and YAP1, and in addition might induce 
vulnerability to aurora kinase A (AURKA) treatment, we 
evaluated this by using different antibodies for all three Myc-
variants (19,24,25). We present this article in accordance 
with the MDAR reporting checklist (available at https://tlcr.
amegroups.com/article/view/10.21037/tlcr-23-505/rc).

Methods

From the pulmonary pathology archive of the D&R 
Institute of Pathology, Medical University of Graz, high-
grade neuroendocrine carcinomas surgically removed in 
a period from 1992 to 2020 were selected. A part of them 
were available as a tissue microarray (TMA), and other 
cases as regular tissue blocks. For the TMA at least 4 
cores, 0.6 mm in diameter, of tumor tissue and one core of 
normal adjacent lung tissue were inserted into the recipient 
block. The exploration set consisted of 41 SCLC and 49 
LCNEC, including also combined SCLC [combined with 
LCNEC (n=1), adenocarcinoma (AC, n=2), squamous cell 
carcinoma (SCC, n=1) and pleomorphic carcinoma, n=1], 
and combined LCNEC (one of each with AC or SCC, 
respectively). 

Since our cases on the TMA showed a predominance 
of NeuroD1 positive cases, we suspected a selection bias 
as these were from surgical resections (lung and/or lymph 
nodes). therefore, we added another set of cases (validation) 
using bronchial and transthoracic needle biopsies. A total of 

36 consecutive cases were selected based on available tissues 
on the paraffin blocks.

Four µm thick sections were cut from all tissues and 
were incubated with antibodies for ASCL1, NeuroD1, 
YAP, POU2F3, TAZ, C-MYC, L-MYC, N-MYC, 
vimentin, HES1, FGFR1, FGFR2, AURKA, PD-L1, 
RB1, PTEN, and p53 (details for the antibodies used are 
presented in Table 1). As some SCLC cases were negative 
for all major genes, atonal homolog 1 (ATOH1), a gene 
responsible for nerve development, was added to our 
immunohistochemistry panel. The antibodies used in this 
study were tested for specificity on TMAs with cancers 
of different organ systems. In addition, antibodies were 
selected, if the company provided a Western blot showing 
the specificity of the antibody. Patient characteristics are 
given in Table 2. This study was approved by the Ethical 
Committee of the Medical University of Graz (EK 24-135 
ex 11/12). As no patient identification data were used in this 
study, informed consent of patients was not required. The 
study was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013).

Statistical analysis 

Statistical analysis was done for patient data, using mean and 
standard deviation of age and overall survival (see Table 2). 
For an immunoscore the intensity of staining (0–3+) and the 
percentage of stained tumor cells were multiplied, giving 
a range of 0–300. Percentages were calculated with 10% 
increments. No further statistical analysis was required.

Results

In the exploration set, 17/41 SCLC cases expressed ASCL1 
and 32/41 NeuroD1, respectively (Figure 1A,1B). In 8/41 
cases POU2F3 was expressed (Figure 1C). A combined 
expression of ASCL1 and NeuroD1 was seen in 9/41. In 
LCNEC ASCL1 was expressed in 10/49, NeuroD1 in 30/49 
cases (Figure 1D). A combination of expression patterns for 
ASCL1 and NeuroD1 was seen in 6/49 cases. Five cases 
(5/49) expressed POU2F3, two of them also expressing 
NeuroD1 (Table 3). In cases showing coexpression of 
these proteins, a higher percentage of tumor cells usually 
expressed one of the proteins and a smaller percentage 
expressed the other marker. This can be interpreted as the 
presence of different tumor cell populations. However, there 
were also cases coexpressing both ASCL1 and NeuroD1 
at a high percentage, which has to be interpreted that the 

https://tlcr.amegroups.com/article/view/10.21037/tlcr-23-505/rc
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same tumor cells expressed both. YAP1 was expressed in 
2/41 and 17/49 of SCLC and LCNEC cases, respectively. 
TAZ was expressed in 6/41 SCLC and 5/49 LCNEC. YAP1 
expression was combined in all cases with the expression 
of either POU2F3 or NeuroD1, but never with ASCL1. A 
combination of YAP1 and TAZ was seen in five cases (Figure 
1E,1F). 17/41 SCLC and 24/49 LCNEC cases expressed 
ATOH1. ATOH1 was always combined with the expression 
of one of the two neuroendocrine master genes, as well as 

with POU2F3 (Figure 2A). 
As HES1 is an antagonist for the neuroendocrine 

markers, especially ASCL1, we were interested if HES 
expression can be found in untreated SCLC and LCNEC. 
HES1 expression was seen in the study set in 7/41 SCLC, 
however, only in cases of combined SCLC (SCLC 
combined with NSCLC), whereas HES1 expression was 
seen in 14/49 LCNEC cases (Figure 2B,2C, Table 3). Out of 
these seven SCLC cases, five expressed NeuroD1, and two 

Table 1 Antibodies used in the investigation

Antibody Company, clone Dilution Pretreatment Detection

ASCL1 Sigma, polyclonal 1:50 Ventana CC1 32 min Ventana ultraView

NeuroD1 Abcam, polyclonal 1:500 MW9.0 40 min DAKO K5007 Envision DAB

POU2F3 Sigma, polyclonal 1:500 MW9.0 40 min DAKO K5007 Envision DAB

YAP1 Abcam, EP1675Y 1:300 Ventana CC1 32 min Ventana ultraView

TAZ Santa Cruz, polyclonal 1:50 MW6.0 40 min DAKO K5007 Envision DAB

Vimentin Dako, V9 Rtu OMNIS, Low ph OMNIS Flex DAB

C-MYC Abcam, Y69 1:100 OMNIS high ph OMNIS Flex DAB

L-MYC Invitrogen, Polyclonal PA5-41114 1:500 Ventana CC1 64 min Ventana Optiview + Amplification

N-MYC Abcam, Ab198912 1:1,000 Ventana CC1 64 min Ventana Optiview + Amplification

HES1 Cell signaling, D6P2U 1:1,000 Ventana CC1 64 min Ventana Optiview + Amplification

FGFR1 Abcam, polyclonal, EPR806Y 1:100 MW9.0 40 min DAKO K5007 Envision DAB

FGFR2 Abcam, polyclonal, ab10648 1:1,000 MW9.0 40 min DAKO K5007 Envision DAB

Aurora A Biosource, polyclonal 1:100 Ventana CC1 32 min Ventana ultraView

PD-L1 Ventana 741-4905, SP263 Rtu Ventane CC1 64 min Ventana optiView 

RB1 Santa Cruz, sc-102 1:100 OMNIS high ph OMNIS Flex DAB

PTEN Dako M3627 1:100 MW6.0 40 min DAKO K5007 Envision DAB

P53 Dako, GA616 Rtu OMNIS high ph OMNIS Flex DAB

ATOH1 LSBio, LS-B6529 1:50 Citrate solution, pH 6.0 DAKO K5007 Envision DAB

ASCL1, achaete scute family BHLH transcription factor 1; POU2F3, POU class 2 homeobox 3; YAP1, Yes1 associated transcription 
regulator 1; TAZ, Tafazzin; Rtu, ready to use; HES1, Hes family bHLH transcription factor1; AURKA, aurora kinase A; FGFR, fibroblast 
growth factor receptor; PD-L1, programmed cell death ligand 1; RB1, retinoblastoma gene 1; PTEN, phosphatase and tensin homolog; 
ATOH1, atonal homolog 1. 

Table 2 Patient characteristics and OS

Cancer type Gender
Age range at 

diagnosis, years
Range of OS 

months
Therapy

SCLC, all cases in stage IV M=35, F=6 54–79 14–26 Chemotherapy in all cases: cisplatin + etoposide; in 
cases with cerebral metastasis additional radiation

LCNEC, stages IIB–IIIB M=37, F=12 27–75 22–42 Resection; preoperative chemotherapy in one case

OS, overall survival; SCLC, small cell lung cancer; LCNEC, large cell neuroendocrine carcinoma.
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A B

C D

E F

Figure 1 Immunohistochemical reactions for ASCL1 in SCLC (A), NeuroD1 (B), and POU2F3 (C). The reaction for NeuroD1 in 
LCNEC is shown in (D); a membraneous and nuclear reaction pattern is shown for YAP1 (E) and nuclear for TAZ (F). Bars 50 and 100 μm, 
respectively. ASCL1, achaete scute family BHLH transcription factor 1; SCLC, small cell carcinoma; POU2F3, POU class 2 homeobox 3; 
LCNEC, large cell neuroendocrine carcinoma; TAZ, Tafazzin.

expressed POU2F3. HES1 expression was restricted to a 
few SCLC cells, but was highly expressed for example in the 
squamous cell component in combined SCLC. In LCNEC 
more cells expressed HES1. So probably HES1 expression 
is already found in single tumor cells and might expand 
during chemotherapy. As we did not have enough cases with 
pre- and post-chemotherapy biopsies, we cannot finally 
answer the question if HES1 upregulation is a regular 
mechanism for chemotherapy resistance. This will have to 
be addressed in a future investigation. 

In 36 biopsy cases of SCLC (Table 3), ASCL1 was 
expressed in 20, and NeuroD1 in 25 cases, respectively, 
whereas POU2F3 was seen in one case only (Figure 3A-3C; 

for NeuroD1 in LCNEC see also Figure 1D). Coexpression 
of ASCL1 and NeuroD1 was seen in 14 cases. There were 
variations such as a majority of cells expressing either one 
and a minority of the other gene, but again here in a few 
cases both genes were coexpressed in high percentages in 
the same tumor cells.

Identification of possible therapeutical targets? 

AURKA was expressed in 24/41 and 37/49 cases of SCLC 
and LCNEC, respectively (Figure 4A,4B). There was a trend 
of higher positivity in those cases expressing NeuroD1, 
but no significance was reached (Table 3). There was some 
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Figure 2 Immunohistochemical reaction for ATOH1 in SCLC (A). The reaction is confined to the nuclei of tumor cells. 
Immunohistochemical reactions for HES1 in a combined SCLC, here the reaction in the SCC component (B) whereas few nuclei are 
stained in SCLC. In LCNEC more tumor cell nuclei are stained (C). Bars represent 50 and 100 μm, respectively. ATOH1, atonal homolog 
1; SCLC, small cell carcinoma; SCC, squamous cell carcinoma; HES1, HES1, Hes family bHLH transcription factor 1; LCNEC, large cell 
neuroendocrine carcinoma.

A B C

variation with respect to staining intensity and percentage 
of positive tumor cells, as can be seen in Figure 4A,4B. Only 
few cases showed a high staining intensity combined with 
high percentage of stained tumor cells (Table S1; H-score 
for each case). No case expressed FGFR1, whereas FGFR2 
was seen in 5 cases each of SCLC and LCNEC (Figure 
4C,4D, Table 4).

To see if the SCLC-I can be identified by PD-L1 
immunohistochemical staining, the cases were studied for 
this immune-checkpoint molecule. An expression on tumor 
cells was seen in only two cases (one LCNEC, and one 
combined SCLC-LCNEC). In SCLC cases, the expression 
of PD-L1 was almost exclusively seen in lymphocytes and 
dendritic cells in ten cases (Figure 5A,5B, Table 4). PD-L1 

Table 3 Expression of different proteins in SCLC and LCNEC, in the test-set and the validation-set, respectively

Gene/marker Test set SCLC (N=41) Test set LCNEC (N=49) Validation-set SCLC (N=36)

ASCL1 17/41 10/49 20/36

NeuroD 32/41 30/49 25/36

POU2F3 8/41 5/49 1/36

ASCL1/NeuroD 9/41 6/49 14/36

ATOH1 17/41 24/49 n.d.

YAP1 2/41 17/49 n.d.

TAZ 6/41 5/49 n.d.

HES1 7/41 14/49 n.d.

AURKA 24/41 37/49 n.d.

FGFR1 0 0 n.d.

FGFR2 5/41 5/49 n.d.

PD-L1 5/41 17/49 n.d.

C-MYC 5/41 4/49 n.d.

L-MYC 0/41 3/49 n.d.

N-MYC 41/41 49/49 n.d.

SCLC, small cell lung cancer; LCNEC, large cell neuroendocrine carcinoma; ASCL1, achaete scute family BHLH transcription factor 1; 
POU2F3, POU class 2 homeobox 3; ATOH1, atonal homolog 1; n.d., not done; YAP1, Yes1 associated transcription regulator 1; TAZ, 
Tafazzin; HES1, Hes family bHLH transcription factor 1; AURKA, Aurora kinase A; FGFR, fibroblast growth factor receptor.

https://cdn.amegroups.cn/static/public/TLCR-23-505-Supplementary.pdf
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positivity was found in two cases positive for ASCL1, three 
cases with a combined expression of ASCL1 and NeuroD1, 
two cases expressing NeuroD1, and one case of each 
expressing POU2F3, POU2F3/NeuroD1, and ATOH1. In 
LCNEC, PD-L1 was expressed in the stroma of 17 cases 
(5 combined ASCL1/NeuroD1, 7 NeuroD1, 1 ASCL1, 
1 POU2F3/NeuroD1, and 3 without neuroendocrine 
gene expression). Neither in SCLC nor LCNEC did the 
expression for PD-L1 define a subtype. The percentage of 

positively stained stroma cells was less than 50% in all cases.
In our study we used antibodies for three MYC variants, 

C-MYC, L-MYC, and N-MYC. Interestingly N-MYC was 
expressed in all cases of SCLC and LCNEC. C-MYC was 
expressed in 5/41 cases of SCLC and 4/49 cases of LCNEC, 
the reaction for L-MYC was negative in all SCLC cases, 
but positive in three cases of LCNEC (Figure 6A-6F). A 
semiquantitative H-score was established for the expression 
of the MYC proteins: N-MYC 190±59 (median ± standard 

A B

C D

Figure 4 A cytoplasmic positive immunohistochemical reaction is shown for AURKA in SCLC (A) and LCNEC (B), and for FGFR2 in 
SCLC (C) and LCNEC (D). Most high-grade carcinomas were positive for AURKA, only five cases stained for FGFR2. Bars 50 and 100 μm, 
respectively. AURKA, aurora kinase A; SCLC, small cell lung cancer; LCNEC, large cell neuroendocrine carcinoma; FGFR2, fibroblast 
growth factor receptor 2.

A B C

Figure 3 Immunohistochemical expression of neuroendocrine master genes products in biopsies: (A) and (B) with different percentages for 
ASCL1 in SCLC; in (C) POU2F3 expressed in SCLC. Bars 100 μm. ASCL1, achaete scute family BHLH transcription factor 1; SCLC, 
small cell lung cancer; POU2F3, POU class 2 homeobox 3.
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Table 4 Correlation of possible therapeutic targets and master genes in the exploration set

Possible targets Tumor type ASCL1 NeuroD
Combined 

ASCL1/NeuroD
POU2F3 ATOH1

Combined 
POU2F3/NeuroD

Null

AURKA expression and 
subtypes of SCLC and LCNEC

SCLC 2 8 7 2 4 1

H-Score,  
mean ± STD

245±63 158±86 125±44 132±17 187+140 80

LCNEC 1 20 8 0 3 5

H-Score,  
mean ± STD

290 99±50 115±42 250±78 117±38

Expression of FGFR2 in 
relation to the expression of 
neuroendocrine master genes

SCLC 0 2 2 0 0 1

H-Score,  
mean ± STD

25±21 73±38 60

LCNEC 0 2 1 0 0 2

H-Score,  
mean ± STD

97±60 130 112±38

Expression of PD-L1 in 
correlation to master genes; 
study set

SCLC 1 0 3 0 1* 1

LCNEC 1 7 5 1 3

Expression of RB1 and PTEN 
in LCNEC, and correlation to 
master genes

LCNEC, RB1 loss 2 4 6 1 3

LCNEC, RB1 
retained, PTEN loss

8 1 2 1 5

*, ATOH1 positive cases included in ASCL1 case. Due to the small amount of tissues in the validation set (biopsies) these markers were 
not evaluated. Null = in these cases no staining for any of the three neuroendocrine master genes was seen. ASCL1, achaete scute family 
BHLH transcription factor 1; POU2F3, POU class 2 homeobox 3; AURKA, aurora kinase A; FGFR2, fibroblasts growth factor 2; PD-L1, 
programmed cell death ligand 1; RB1, retinoblastoma gene 1; PTEN, phosphatase and tensin homolog; STD, standard deviation; SCLC, 
Small cell lung cancer; LCNEC, large cell neuroendocrine carcinomas.

A B

Figure 5 Immunohistochemical reaction patterns for PD-L1 as seen in SCLC (A) and LCNEC (B). In (A) only the stroma cells express PD-
L1 in SCLC, whereas in (B) also a small focus of positive tumor cells was seen in this LCNEC case. PD-L1, programmed cell death ligand 1; 
SCLC, small cell lung cancer; LCNEC, large cell neuroendocrine carcinoma.

deviation; range, 120–300), C-MYC 30±23 (range, 10–70), 

L-MYC 140±65 (range, 80–210). An association of MYC 

and aurora kinase expression could not be established in our 

study.

LCNEC and RB1-loss

A loss of RB1 was seen in 16/49 but retained in 17/49 
cases (Figure 7A-7C, Table 4). PTEN was lost in 17/49 of 
LCNEC, but retained in 6/49 cases. Interestingly in 2/41 
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cases of SCLC PTEN was retained. In the majority of 
SCLC and LCNEC cases, TP53 was mutated resulting 
in positive staining for the p53 protein. Only 4/41 cases 
of SCLC and 9/49 cases of LCNEC were unstained. This 
could be due to a gene truncation with the inability to 
synthesize a protein detectable for the p53 antibody.

Discussion

Our study confirmed the existence of three subtypes in 

both SCLC and LCNEC. Interestingly, the NeuroD1 gene 
expression was more often seen in the surgical samples and 
in biopsy samples (validation set) compared to ASCL1. 
This is in contrast to published series from North America, 
China, and Europe (12,13,26). If this is due to population 
differences or due to a selection bias in this retrospective 
series of a rather small number of cases cannot be 
answered. Larger prospective series might clarify this issue. 
Interestingly, and previously reported NeuroD1 was more 
often expressed in LCNEC (27).

A B C

D E F

Figure 6 Expression of MYC proteins in SCLC and LCNEC; N-MYC in SCLC (A) and LCNEC (D), L-MYC in SCLC (B) and LCNEC (E), 
and C-MYC in SCLC (C) and LCNEC (F). N-MYC was positively stained in all cases, however, with a different percentage and staining intensity, 
C-MYC was positive in few cases of SCLC and LCNEC, whereas L-MYC was seen focally only in one case of LCNEC. Immunohistochemical 
staining for C-, N-, and L-MYC proteins. Bars 100 μm. SCLC, small cell lung cancer; LCNEC, large cell neuroendocrine carcinoma.

Figure 7 In immunohistochemical reactions for RB1 a loss is seen in SCLC (A). Two cases of LCNEC showed retained RB1 (B) and loss of 
RB1, respectively (C). RB1, retinoblastoma gene 1; SCLC, small cell lung cancer; LCNEC, large cell neuroendocrine carcinoma.
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The function of the neuroendocrine master genes has 
been elucidated only in part. Wang et al did a secretome 
analysis in cell lines and showed that ASCL1 enhances 
the transcription of insulin growth factor binding protein 
5 (IGFBP5). If suppressed, reduced IGFBP5 leads to 
hyperactivation of IGFR1 signaling. Downregulation of 
both might, however, downregulate the proliferation of 
SCLC (28). ASCL1 suppresses HES1, which in concert 
with NOTCH1/2/3 inhibits neuroendocrine and neuronal 
differentiation in the fetal lung (29). In EGFR-mutated 
AC treated with EGFR inhibitor transdifferentiation has 
been seen, where besides loss of RB1 and mutations in 
TP53, ASCL1 upregulation inhibited HES1 and NOTCH 
expression, resulting in a neuroendocrine phenotype (30-32).  
Much less is known about NeuroD1. NeuroD1 is a basic 
helix-loop-helix type transcription factor involved in 
neuroendocrine differentiation (29). It was reported to 
be more frequently expressed in LCNEC compared to  
ASCL1 (27), which we can confirm from our cases. 
Similarly, to ASCL1, NeuroD1 also binds to another IGF-
binding protein, namely IGFBP2 (33). ATOH1 has been 
identified to regulate gut development but also is involved 
in nerve development (34,35). This protein was expressed 
in several cases of our cohort, both SCLC and LCNEC. 
However, the expression of ATOH1 did not define a new 
subtype in contrast to a previous report (36). But, as ATOH1 
is involved in the regulation of several cancer genes within 
the Wnt pathway, its expression might be more generally 
associated with the carcinogenesis of these tumors (37). 
The POU2F3 gene is normally expressed in peripheral 
chemosensory lung cells (38), and therefore unexpected 
in tumors, usually arising in central lung. However, these 
chemosensory cells can also be found in nasal epithelia and 
down along the airways, and even in the thymus sensing 
foreign invaders. Therefore, the expression of POU2F3 in 
SCLC is not so unexpected anymore.

The coexpression of ASCL1 and NeuroD1 in tumor cells, 
as seen in our investigation, does not seem logically. Why 
both markers are expressed, when each alone is sufficient 
to keep a neuroendocrine phenotype? This phenomenon 
has been studied experimentally. Transcriptomic analysis 
showed a shift from ASCL1 to NeuroD11 expression (24). 
Another study showed plasticity and phenotypic switching 
between the subtypes (39). Therefore, the coexpression seen 
in our study probably reflects this kind of transition stages 
between the two neuroendocrine master genes. In a recent 
investigation by Wollenzien et al. (40) subclonal analysis 
showed the presence of ASCL1 and NeuroD1 clones, where 

during evolution of the carcinoma a shift towards NeuroD1 
occurred. Although confirming our finding, it still does 
not explain the reasons for such switching, as a response to 
chemotherapy cannot be the case in our samples.

Myc oncogenes plays a role in SCLC. In cooperation 
with RB1-loss and TP53 mutation, it caused chemotherapy 
resistance in SCLC in a mouse model (41), and similar 
f indings were reported in human tumors (19).  In 
neuroendocrine cells ,  MYC activates NOTCH to 
dedifferentiate tumor cells, promoting a temporal shift in 
SCLC from ASCL1high to NeuroD11high and YAP1high states. 
MYC alternatively promotes POU2F3+ tumors as discussed 
above (24). In addition, a vulnerability was proposed for 
Aurora A kinase treatment when MYC genes are activated 
(19,42). In these reports no information was provided, 
which of the three forms of MYC proteins were identified. 
Three different isoforms of MYC are known, labeled as 
C-, L-, and N-MYC. All of them exert similar functions 
in carcinogenesis and if amplified or overexpressed act 
as oncogenes. Whereas many reports can be found for 
C-MYC and N-MYC not much has been reported about 
L-MYC. N-MYC is expressed predominantly in tumors of 
the nervous system, for example as a progression factor in 
neuroblastoma (43). However, it was found as a downstream 
target of the RET oncogene, which acts via gene fusion 
in pulmonary ACs (44). C-MYC acts as a transcription 
factor in many cancer types. C-MYC deregulates the 
microenvironment in tumors, plays a role in tumor cell 
metabolism for glucose and lactate, and plays a promoting 
role in the chemoresistance of cancer cells (45-47). We 
have demonstrated, that C-MYC is expressed in a minority 
of SCLC cases, whereas N-MYC was expressed in all 
cases of SCLC and LCNEC. L-MYC was only seen in 
three cases of LCNEC. This is in contrast to the reports 
by George et al. (48). In these reports amplifications were 
found for C-MYC and L-MYC, however in a minority of 
cases. A protein expression was not evaluated. Activation of 
oncogenes is not only based on amplification, but also on 
posttranslational modification, such as pathway activation. 
There were some variations in staining intensity: those cases 
expressing C-MYC showed a reduced staining intensity for 
N-MYC (score 2+), whereas all other cases showed strong 
reactivity for N-MYC (score 3+). There was no association 
of N-MYC expression and subtypes of SCLC, and no 
correlation with the expression of AURKA. As all our 
cases are therapy-naïve, MYC expression is not related to a 
previous therapy. Both SCLC and LCNEC have different 
mechanisms to facilitate proliferation, such as inactivation 
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of RB1, loss of PTEN, and others (49,50). Therefore very 
likely MYC functions in tumor cells by regulating glucose 
metabolism fueling the cancer cell needs for energy (51).

We confirmed that YAP1 is not a separate subtype 
neither in SCLC or LCNEC (12). In our series, YAP1 
was constantly expressed together with one of the 
neuroendocrine master genes. The function of YAP1 was 
recently identified as being important in cell migration 
and induction of EMT (11,52). As SCLC predominantly 
migrates in small cell complexes or single cells similar but 
not identical to classical EMT, the expression of YAP1 
fits well with this function. However, as only a minority 
of SCLC and LCNEC cases expressed YAP1, yet another 
gene might drive migration in these carcinomas. TAZ 
was reported to replace YAP1 functionally, therefore we 
evaluated this marker too. There was an overlap of TAZ and 
YAP1 expression in five cases, which make it unlikely, that 
YAP1 can be replaced by TAZ expression. It is more likely, 
that TAZ has other functions in these carcinomas. YAP1 and 
TAZ are both transcriptional cofactors, which do not bind 
to the DNA, but are both regulators of the Hippo pathway 
and influence the rigidity of the matrix components (53).  
Recently DLL3-SNAI1 were experimentally shown to 
enhance migration in SCLC, while another group reported 
on N-acetylglucosaminyltransferase V inducing N-cadherin 
and ZEB2, both associated with migration (54,55). A so-
called inflammatory subtype was recently proposed and 
besides different cytokines, PD-L1 was also upregulated in 
these cases (14). We tried to identify this group using the 
expression of PD-L1 on stroma cells as a surrogate marker. 
The expression of PD-L1 in tumor stroma (lymphocytes, 
dendritic cells) in our cases did not identify an unique 
subtype weather in SCLC or LCNEC. Therefore, PD-L1 
should be assessed by immunohistochemistry to select those 
patients, which might benefit from immune-oncologic 
treatment. Further investigation to more precisely define 
the inflammatory subtype of SCLC is necessary. In such an 
investigation, markers should be identified, which allows an 
easy separation.

For decades no improvement in the treatment of 
SCLC was achieved. The standard of care was (and still is) 
chemotherapy often combined with radiation. The overall 
survival of patients with SCLC is very short, as most of 
them present with stage IV disease. Due to recent progress in 
the molecular characterization of SCLC, new targets have 
been identified and clinical trials are showing new treatment 
options (14,16,19,42,56-58). In these trials no analysis of 
the expression patterns of these new targets have been 

reported. However, it might be important to select patients, 
who have a high probability to respond to such treatments. 
It was proposed, that SCLC showing upregulation of the 
MYC oncogene will respond to an AURKA inhibition 
(58,59).  We, therefore,  evaluated AURKA for  i ts 
immunohistochemical expression. AURKA was expressed 
in two-thirds of our SCLC and LCNEC cases. A blockade 
of this kinase in combination with conventional therapy 
might increase the survival of patients. A clinical study 
is underway (19), but patients have not been selected for 
the kinase expression, but instead retrospectively been 
evaluated for MYC expression. The type of MYC protein 
was not reported. In our study, AURKA was not associated 
with any SCLC or LCNEC subtype, and no association 
between AURKA expression with any of the three variants 
of MYC proteins was seen. But we saw some variation in 
the expression of the kinase illustrated by staining intensity 
and percentage of positively stained tumor cells. This might 
correspond to the response to the tyrosine kinase inhibitor 
therapy (TKI). 

FGFR2 might be another target for TKI since inhibitors 
for the fibroblast growth factor receptors already exist (60). 
In our cases, strong immunohistochemical staining was 
observed in five cases, and these cases might be candidates 
for FGFR2 inhibitor therapy. In a recent investigation of 
multiple carcinomas, inhibition of tumor growth was only 
seen, when the mutation of the receptor lies within exon 18, 
resulting in a truncated protein (61). If the response to TKI 
will be dependent similarly on the type of FGFR2 mutation 
needs to be investigated in a new study. 

Immuno-oncologic treatment is now being applied to 
almost every solid tumor. Based on some case reports, 
clinical trials are being conducted also in SCLC. Different 
approaches are followed, but in all, a combination with 
chemotherapy is applied, either simultaneously or 
subsequentially (56,62). In our study, we could identify 
the expression of PD-L1 in stroma cells in a small subset 
of both high-grade neuroendocrine carcinomas, which 
might correlate with a response to a combined chemo- 
and immunotherapy. Therefore, staining for PD-L1 and 
probably other checkpoint inhibitors should be routinely 
performed using an immunoscore. A recent investigation 
pointed to another option to assess the possibility of 
immunotherapy: high expression of stimulator of interferon 
genes (STING) was associated with enrichment with 
immune cell infiltration. As STING expression can be 
therapeutically influenced, this opens another treatment 
option (63).
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HES1 is an antagonist for ASCL1 and was seen in some 
of our SCLC and LCNEC cases. Strong expression was 
seen in some cases of combined SCLC, where the non-
neuroendocrine part was intensely positive. However, even 
within SCLC and LCNEC cases few scattered positive 
carcinoma cells were encountered. If these cells could be 
the source of chemotherapy-resistant SCLC could not be 
answered, as we had only two cases available with tissue 
biopsies before and after chemotherapy and therefore an 
answer to the question could not be provided. Here further 
studies are necessary.

Chemotherapy for LCNEC has long been debated. 
Some reports claimed that a SCLC-based therapy protocol 
resulted in longer overall survival, whereas others published 
data on improved survival using cisplatin-based therapy (1). 
Recent investigation shed light on the likely background: 
LCNEC presenting with genetic modifications similar to 
SCLC respond better to an SCLC-type of treatment. Most 
important here is the loss of RB1 on one allele combined 
with the silencing of the second one. LCNEC with 
retained RB1 and loss of PTEN, or an amplified PI3KCA 
responded better to cisplatin-based therapy (23). Therefore, 
immunohistochemistry for RB1 and PTEN should be 
routinely performed in LCNEC. A clinical trial might be 
performed based on this assumption.

Our study has some limitations: first the number of cases 
is small. This is due to the decrease of SCLC in general. 
Whereas SCLC was common in the 1980-ties (25%), the 
percentage has dropped to 8% in the last decade. Using 
older samples might be an option, but requires many tests 
to exclude degradation of the proteins. Another limitation 
of the study is, that it was done retrospectively. With respect 
to our data on PD-L1 staining, probably a more detailed 
analysis of immune cells infiltrating the tumor should be 
done, especially subtyping macrophages and dendritic cells. 
A recent report already pointed this aspect (64).

Conclusions

In this investigation we confirmed three SCLC subtypes 
and excluded YAP1 as a separate one. ATOH although 
expressed did not create another subtype. We presented 
new data on LCNEC, which similar to SCLC can be 
separated by ASCL1, NeuroD1, and POU2F3. MYC 
expression was specified by N-MYC in all whereas C-MYC 
expression was restricted to five and four cases of SCLC 
and LCNEC, respectively. AURKA seems to be promising 
target for inhibition in both high-grade carcinomas, 

whereas FGFR2 inhibition might be an option in few cases. 
If the variation in staining intensity and percentage of 
tumor cells expressing AURKA has an impact on response 
to TKI treatment needs to be explored in further studies. 
Immuno-oncologic treatment in SCLC and LCNEC might 
be based on the expression of PD-L1 in the tumor stroma. 
Finally, chemotherapy of LCNEC might be guided by 
immunohistochemical staining for RB1 and PTEN.
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Table S1 The expression of AURKA is shown using a H-score 
and compared to the expression of the master genes given as 
percentages of stained nuclei (no H-score was built because staining 
intensity was 3+ in all cases). The cases were ordered according to 
the expression score for AURKA into three blocks, H-score low  
10-49 (green), median 50-100 (yellow), high 101-300 (red)

AURKA ASCL1 NeuroD POU2F3

10 45 0 0

10 0 100 0

15 6 13 0

15 0 0 0

17 100 10 0

20 50 5 0

20 0 0 0

20 0 0 0

25 10 0 0

25 10 0 0

25 40 15 0

25 0 30 0

30 0 0 80

30 20 40 90

30 0 0 60

30 0 20 0

40 50 100 2

40 0 40 0

44 30 0 0

50 0 10 0

55 30 50 0

56 20 20 0

60 0 14 0

64 0 60 0

66 0 50 0

80 0 0 0

80 0 16 0

83 5 70 0

85 0 0 0

100 10 70 0

100 50 35 0

100 0 30 0

Table S1 (continued)

Table S1 (continued)

AURKA ASCL1 NeuroD POU2F3

106 23 50 0

120 35 40 22

120 0 10 100

120 60 50 0

130 90 80 0

130 10 60 0

130 10 12 0

140 60 50 0

140 0 60 0

140 0 0 0

140 0 50 0

140 0 0 0

140 0 0 0

145 35 30 0

145 0 15 90

160 10 50 0

160 0 10 0

160 3 40 100

160 10 60 0

170 10 50 0

180 50 35 0

200 90 40 0

260 90 80 0

280 90 80 0

290 30 0 0

290 10 70 0

290 50 35 0

290 35 30 0

300 0 30 0

ASCL1, achaete scute family BHLH transcription factor 1; 
POU2F3, POU class 2 homeobox 3; AURKA, aurora kinase A.
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