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Abstract

Considering the differences in protein expression in small cell lung carcinoma (SCLC) by

molecular classification, it is likely that there are differences in morphology, but the relationship

between molecular classification and morphology has not been examined. Furthermore, there

are limited reports concerning this molecular classification for large cell neuroendocrine

carcinoma (LCNEC) and SCLC simultaneously. Therefore, we investigated the relationship

between immunohistochemistry-based molecular classification and morphology, protein

expression, and clinical features of 146 consecutive resection specimens of pulmonary

neuroendocrine carcinoma (NEC) focusing mainly on POU2F3, the master transcription factor

involved in tuft cell generation. POU2F3-dominant SCLC (n=24) and LCNEC (n=14) showed

overlap in cytomorphology, while non-POU2F3-dominant SCLC (n=71) and LCNEC (n=37)

showed distinct differences in cytomorphology. Additionally, POU2F3-dominant NEC

exhibited significantly more abundant tumor stroma, more prominent nest formation, more

frequent bronchial intraepithelial involvement, and less frequent background fibrosis than non-

POU2F3-dominant NEC. Immunohistochemically, POU2F3-dominant SCLC and LCNEC were

characterized by lower expression of TTF-1, CEA, and neuroendocrine markers, and higher

expression of bcl-2, c-Myec, and c-kit. Clinically, POU2F3-dominant NEC had a significantly

better prognosis than non-POU2F3-dominant NEC for recurrence-free survival. POU2F3-
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dominant NEC had a higher smoking index than non-POU2F3-dominant NEC. POU2F3-

dominant NEC forms a unique population, exhibiting intermediate morphological features

between SCLC and LCNEC, with distinct protein expression as tuft cell-like carcinoma.

Recognition of this unique subtype may provide clues for solving the long-standing issues of

NEC and appropriate therapeutic stratification. It is important to accurately identify POU2F3-

expressing carcinomas by immunohistochemistry and to analyze their clinicopathological

features.

Keywords: POU2F3, tuft cell, small cell lung carcinoma, large cell neuroendocrine carcinoma,

molecular classification

Abbreviation

small cell lung carcinoma (SCLC)

SCLC dominantly expressing ASCL1 (SCLC-A)

SCLC dominantly expressing NEUROD1 (SCLC-N)

neuroendocrine (NE)
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SCLC dominantly expressing POU2F3 (SCLC-P)

SCLC dominantly expressing YAP (SCLC-Y)

large cell neuroendocrine carcinoma (LCNEC)

squamous cell carcinoma (SQCC)

neuroendocrine carcinoma (NEC)

World Health Organization (WHO)

Immunohistochemistry (IHC)

Synaptophysin (SYN)

Chromogranin A(CGA)

cytokeratin (CK)

tumor proportion score (TPS)

triple-negative (TN)

non-small cell lung carcinoma (NSCLC)

triple-negative SCLC (SCLC-TN)

LCNEC dominantly expressing ASCL1 (LCNEC-A)

LCNEC dominantly expressing NEUROD1 (LCNEC-N)

LCNEC dominantly expressing POU2F3 (LCNEC-P)

triple-negative LCNEC (LCNEC-TN)
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NEC dominantly expressing ASCL1 (NEC-A)

NEC dominantly expressing NEUROD1 (NEC-N)

NEC dominantly expressing POU2F3 (NEC-P)

triple-negative NEC (NEC-TN)

recurrence free survival (RFS)

overall survival (OS)

Introduction

Recently, small cell lung carcinoma (SCLC) has been classified into four types by the relative

expression of four transcriptional key factors (ASCL1, NEURODI1, POU2F3, and YAP1) [1].

SCLC dominantly expressing ASCL1 (SCLC-A) or NEURODI1 (SCLC-N) were recognized as

neuroendocrine (NE)-phenotype SCLC, whereas SCLC dominantly expressing POU2F3

(SCLC-P) were recognized as non-NE phenotype SCLC. SCLC-A and SCLC-N usually express

TTE-1 at high levels, whereas SCLC-P showed no or low expression of TTF-1 [2, 3]. YAP1

(SCLC-Y) was also initially recognized as a non-NE phenotype SCLC, but SCLC-Y is a cell-

line-based concept considered inapplicable to primary SCLC [2-7]. For each subtype, different
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effects of immunotherapy or molecular-targeted therapy in models or patients have been

suggested [4,8,9].

POU2F3 is a lineage-defining transcription factor involved in the generation of tuft cells, which

are epithelial chemosensory cells distributed in many organs, including the respiratory tract

[10]. Huang et al. reported the first tuft cell-like cancer as a variant of SCLC that express

POU2F3[8], and since then, there has been increased attention to POU2F3. POU2F3-expressing

carcinoma has been identified in not only SCLC (7-12%) [2,3], but also pulmonary large cell

neuroendocrine carcinoma (LCNEC) (12-20%) [3,11], and pulmonary squamous cell carcinoma

(SQCC) and adenocarcinoma (<5%) [11]. In extrapulmonary regions, POU2F3-expressing

carcinoma has also been reported in the thymus [11,12], skin [13], prostate [ 14], genital organs,

gynecological ducts, and breast [15,16]. Recent studies have shown significantly higher

expression of bel-2 and c-kit in POU2F3-expressing carcinoma, regardless of organ or

histological type [15, 16]. Additionally, POU2F3-expressing SCLC and LCNEC, but not

SQCC, also overexpressed c-Myc [3].
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No large cohort studies have examined the relationship between molecular biological

classification and morphology. Given the differences in protein expression by molecular type, it

is not surprising that there were differences in morphology. Another question is what would

result when this molecular biological classification is applied to LCNEC. Therefore, we

determined the molecular classification of LCNEC and SCLC, and examined whether there are

differences between molecular classification and morphology or protein expression, focusing

mainly on POU2F3. This is the first attempt to combine surgical cases of SCLC and LCNEC

and to evaluate the relationship between molecular biological subtypes and morphology.

Material and Methods

Sample

This study was approved by the Ethics Committee of Kobe University Hospital (No. B220045).

In total, 146 consecutive surgically resected high-grade neuroendocrine carcinoma (NEC)

samples, including SCLC and LCNEC, were obtained at Kobe University Hospital from 2000 to

2022 and at Nara Medical University from 2016 to 2022.
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Morphology review

The histological diagnosis of SCLC and LCNEC was based on the fifth World Health

Organization (WHO) classification of Tumors[17]. All cases were reviewed and reorganized

into SCLC and LCNEC by two pathologists specializing in lung cancer (NJ and CO,

respectively). An average of 4.1 hematoxylin and eosin-stained specimens per case were

evaluated. We agreed with the decision of SCLC or LCNEC in most cases (128 of 146 cases),

while we decided on the final diagnosis with discussion for disagreement cases. Finally, it was

determined that 95 cases were SCLC and 51 cases were LCNEC. The cytomorphological score

(0—-12) was defined as the sum of six cytomorphological parameters: nuclear size, nuclear

molding, chromatin pattern, length-to-width ratio, cytoplasm, and nucleoli, which were scored

as 0, 1, and 2, respectively, with lower values indicating more SCLC-like features. The degree

of tumor stroma and nest formation were evaluated on a 3-point scale (0, 1, and 2).

Cytomorphological score and the degree of tumor stroma and nest formation were each

evaluated by two pathologists, and the average of the values was scored. In addition, comedo

necrosis, bronchial intraepithelial involvement, and background lung fibrosis were evaluated on

a 2-point scale (0 =no, 1 = yes). Bronchial intraepithelial involvement is a tumor invasion into
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the bronchus or bronchioles inside or outside the primary tumor. The detailed methods for

morphological evaluation are described in Supplemental Digital Content 1.

Immunohistochemistry (IHC) and IHC assessment

In this study, a total of 18 types of antibodies, ASCL1, NEURODI, POU2F3, YAPI1,

Synaptophysin (SYN), Chromogranin A(CGA), CD56, INSM1, TTF1, CEA, bcl-2, c-Myc, c-

kit, CD5, p40, cytokeratin (CK) 5/6, Rb1, and PD-L1, were used. Protein expression was

determined using Ventana BenchMark GX (Roche, Basel, Switzerland), BOND-MAX/BOND-

III (Leica, Deer Park, US), or Dako Autostainer Link 48 (Agilent Technologies, Santa Clara,

US) automated immunostainer.

A total of 2626 sections were evaluated for immunostaining on a formalin-fixed paraffin-

embedded block, of which 1509 sections (57%) were evaluated on whole slides and the

remaining 1117 sections (43%) on spiral arrays. Whole slides were used in all cases for YAP1

and p40, as well as in more than 90% of cases for POU2F3, SYN, CGA, and CD56. Spiral

tissue arrays were chosen instead of conventional core tissue microarrays to reduce the effects

of heterogeneity. The methods for constructing a spiral tissue array have been described

previously [18]. The expression of Rbl was scored as retain or loss. PD-L1 expression was

10
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determined by tumor proportion score (TPS) and defined as positive if TPS >1%. The other 16

markers were evaluated using the H-score. H-score (0-300) is defined as the multiplication of

intensity (0, 1=weak, 2=moderate, 3=strong) and proportion (0—100%) of the expressed tumor

cells according to a previously reported study [2, 3]. In addition, the NE-score was calculated as

the average of the H-scores of the four classical NE markers (SYN, CGA, CD56, and INSM1),

with values ranging from 0-300 [2,3]. The marker showing the highest H-score of 50 or more

among the three transcriptional markers, ASCL1, NEURODI1, and POU2F3, was defined as the

dominant type. The triple-negative (TN) group was defined as cases in which ASCLI,

NEURODI, and POU2F3 were all expressed to a score of less than 50. Only the SCLC

component was scored in cases of combined SCLC with non-small cell lung carcinoma

(NSCLC) including LCNEC, while only the LCNEC components were scored in cases of

combined LCNEC and non-NEC NSCLC. IHC details are described in Supplemental Digital

Content 2.

According to whether they were SCLC or LCNEC and IHC-based molecular classification,

eight groups were established: SCLC-A, SCLC-N, SCLC-P, triple-negative SCLC (SCLC-TN),

LCNEC dominantly expressing ASCL1 (LCNEC-A), LCNEC dominantly expressing

NEURODI1 (LCNEC-N), LCNEC dominantly expressing POU2F3 (LCNEC-P), and triple-

negative LCNEC (LCNEC-TN). As the integration of SCLC and LCNEC, NEC dominantly

11
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expressing ASCL1 (NEC-A), NEC dominantly expressing NEUROD1 (NEC-N), NEC

dominantly expressing POU2F3 (NEC-P), and triple-negative TN (NEC-TN) were defined.

Statistical analyses

Statistical analyses between POU2F3-dominant vs. POU2F3-non-dominant type (SCLC,

LCNEC, and NEC, respectively) were performed in patient characteristics, prognosis,

morphological features, and IHC. Additionally, statistical analyses between SCLC vs. LCNEC,

SCLC-P vs. LCNEC-P, and SCLC-non-P vs. LCNEC-non-P with respect to patient

characteristics, morphological features, and IHC are also included. Comparisons of variables for

patient characteristics and pathological features were made using the Mann-Whitney or Fisher’s

exact test. The correlation between the expression of four novel transcriptional markers

(ASCL1, NEURODI1, POU2F3, and YAP1) and each marker’s expression as measured by IHC

was examined using the Spearman correlation coefficient.

Recurrence-free survival (RFS) was defined as the time from the date of surgery to that of

recurrence or death by any cause. Overall survival (OS) was defined as the time from the date of

surgery until death by any cause or until the last follow-up visit. RFS and OS were evaluated

using the Kaplan—Meier method, and differences in survival curves were assessed using the log-

12
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rank test. Statistical analyses were performed using EZR version 1.40 (Saitama Medical Center,

Jichi Medical University, Saitama, Japan) and R (The R Foundation for Statistical Computing,

Vienna, Austria).

Statistical significance was set at p < 0.05. All p-values are two-sided and not adjusted for

multiple testing.

Results

Group configuration and the number of cases in each group

As shown in Table 1, based on our criteria based on IHC, SCLC-P, SCLC-A, SCLC-N, SCLC-

TN, LCNEC-P, LCNEC-A, and LCNEC-TN were assigned to 24, 49, 20, 2, 14, 27, and 10

cases, respectively. None of the cases corresponded to LCNEC-N. The number of NEC-P,

NEC-A, NEC-N, and NEC-TN cases were 38, 76, 20, and 12, respectively.

Patient Characteristics

13
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As shown in Table 2, 146 patients, including 126 men (86%) and 20 women (14%), with a

median age of 73 (range 40—89) years, were selected as subjects. Almost all but three had a

history of smoking, with a median smoking history of 51 pack-years (range 0-300). All NEC-P

patients were smokers. There were significant differences in the smoking index between

LCNEC-P vs. LCNEC-non-P and NEC-P vs. NEC-non-P (p=0.009, 0.02, respectively). In

SCLC, the frequency of stage I SCLC-P (71%) was significantly higher than that of SCLC-non-

P (42%) (p=0.02). Overall, 48% of the patients received postoperative chemotherapy, but

significantly more patients with SCLC (55%) received chemotherapy than those with LCNEC

(35%) (p=0.04). Forty-eight of 146 patients (33%) had NEC combined with NSCLC. There was

no significant difference in the number of cases with combined histology with SQCC between

NEC-P and NEC-non-P. However, when evaluated within combined NEC, all combined NEC-P

(100%, 8/8) had SQCC, while only half of combined NEC-non-P had SQCC (50%, 20/40).

Prognosis

There was a significant difference in RFS among the four groups (SCLC-P, SCLC-non-P,

LCNEC-P, and LCNEC-non-P) (p=0.046), whereas there was no significant difference in OS

(p=0.224) (Figure 1a, b). SCLC-P tended to have a better prognosis for RFS than SCLC-non-P

14
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(p=0.057), but there was no significant difference between LCNEC-P and LCNEC-non-P

(»=0.210) (Figure la). There were no significant differences in OS between SCLC-P vs. SCLC-

non-P (p=0.259) and LCNEC-P vs. LCNEC-non-P (p=0.403) (Figure 1b). NEC-P had a

significantly better prognosis in terms of RFS than NEC-non-P (p=0.026), but no significant

difference in OS (p=0.172) (Figure 1c, d). There were no significant differences in RFS and OS

between the SCLC-P and LCNEC-P (p=0.414 and p=0.372, respectively) (data not shown).

Morphological features

The results of morphological features are shown in Table 3 and Figure 2. As for

cytomorphological scores (0—12), there was a significant difference both SCLC-P (median=5,

red line in Figure 2) vs. SCLC-non-P (3) and LCNEC-P (8) vs. LCNEC-non-P (11) (p<0.001

for both). In contrast, there was no significant difference between NEC-P (6.3) vs. NEC-non-P

(4). Although there was still a significant difference between SCLC-P and LCNEC-P (p<0.001),

interestingly, the scatter dot plots of the cytomorphological score in Figure 2a showed an

overlap between SCLC-P and LCNEC-P. On the other hand, there was an even greater

difference between SCLC-non-P and LCNEC-non-P, evident in the same scatter dot plots.

15
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These indicated that SCLC-P exhibited more LCNEC-like cytomorphology, while LCNEC-P

was closer to SCLC-like cytomorphology.

As for tumor stroma, nest formation, and comedo necrosis, they were significantly more

prominent in SCLC-P than in SCLC-non-P (p <0.001 for all three). Among LCNEC, only tumor

stroma was more significantly prominent in LCNEC-P than in LCNEC-non-P (p <0.001). In an

integrated analysis of SCLC and LCNEC, NEC-P showed significantly more abundant tumor

stroma and nest formation than NEC-non-P (p <0.001, 0.012, respectively). These three features

were significantly more prominent in LCNEC than in SCLC (p <0.001, <0.001, 0.003,

respectively).

The frequency of bronchial intraepithelial involvement was 25%, which was the same rate for

both in SCLC and LCNEC. Notably, it was significantly higher in SCLC-P (46%) than SCLC-

non-P (18%), LCNEC-P (57%) than LCNEC-non-P (14%), and NEC-P (50%) than NEC-non-P

(17%) (p=0.01, 0.003, <0.001, respectively). Background fibrosis was significantly lower in

SCLC-P (4%) than in SCLC-non-P (37%) and significantly lower in NEC-P (8%) than in NEC-

non-P (30%) (p =0.002, 0.007, respectively). Of the 146 cases, 16 cases (11%) required

discussion to distinguish SCLC from LCNEC, 10 cases of which were classified as NEC-P.

16
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Approximately one-fourth (26%) of the type NEC-P cases required discussion, significantly

more frequently than NEC-non-P (6%) (p =0.002).

Representative pathological findings

As shown in a typical representative example (Figure 3), most SCLC-A showed a diffuse

growth pattern with extensive coagulation necrosis, whereas SCLC-P formed relatively round

nests with comedo necrosis and wider stroma with prominent inflammation. Most SCLC-A

showed small cell cytology, and most LCNEC-A showed non-small cell cytology, while SCLC-

P had intermediate features between small cell and non-small cell, for example, slightly larger

nuclei, slightly more prominent cytoplasm, slightly more prominent nucleoli, and slightly

coarser chromatin. Most LCNEC-P exhibited morphological features that were more similar to

SCLC-P than to LCNEC-A.

In NEC-P, approximately half of the cases showed bronchial intraepithelial involvement of

tumor cells in the non-neoplastic ciliated epithelium (Figure 4 a,b). Interestingly, one case of

SCLC-P showed not only bronchial intraepithelial involvement but also a single to several

layers of tumor cells under non-neoplastic pneumocytes, partially resembling the lepidic growth

17
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of adenocarcinoma (Figure 4c¢). Double staining indicated POU2F3-positive tumor cells (red)

extending under the TTF-1-positive alveolar epithelium (blue) (Figure 4d).

IHC

H-score of antibodies, Rb1 expression, and PD-L1 expression in each case are shown in the heat

map (Figure 5). In addition, detailed IHC results including p-value are presented in

Supplemental Digital Content 3. The heatmap of IHC clearly showed similarities in protein

expression between SCLC-P and LCNEC-P, with lower expression of classical NE markers

(although CD56 remained relatively expressed among these), TTF-1, and CEA, and higher

expression of YAPI, bcl-2, c-Myc, and c-kit. At the same time, IHC heatmap showed

significant protein expression differences between SCLC-P vs. SCLC-non-P and LCNEC-P vs.

LCNEC-non-P.

In statistical analysis (each p-values are shown in Supplemental Digital Content 3), NEC-P had

significantly lower expression of classical NE markers, TTF-1, and CEA, and significantly

higher expression of YAP1, bcl-2, c-Myc, and c-kit than NEC-non-P (p <0.001 for all).

Expression of CD5, p40, and CK5/6 was observed in 27, 20, and 18 cases, respectively.

18
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There was no significant difference in CD5 expression between NEC-P and NEC-non-P. The

overall expression of p40 and CK5/6 was very low, but the expression of p40 and CK5/6 was

significantly higher in NEC-P than in NEC-non-P (p=0.043, <0.001, respectively). The only

significant difference between SCLC-P and LCNEC-P was bcl-2 expression (higher in SCLC-P,

£<0.001).

Rb1 loss was observed in 93% of SCLC and was significantly more frequent than LCNEC

(43%) (p<0.001). SCLC-P had significantly fewer cases (79%) showing Rb1 loss than SCLC-

non-P (97%) (p=0.01), whereas LCNEC-P tended to have more cases with Rb1 loss (64%) than

LCNEC-non-P (35%) (p=0.11). Between SCLC-P and LCNEC-P, there was no significant

difference in the frequency of Rb1 loss (79% vs. 64%), whereas there was a significant

difference between SCLC-non-P vs LCNEC-non-P (97% vs. 35%) (»<0.001). PD-L1

expression (TPS>1%) was found in 16% of all cases. There was no significant PD-L1

expression between any two groups.

Correlation coefficients for each marker

Correlations between the expression of the four novel transcriptional markers and various

proteins were examined in all the cases (Supplemental Digital Content 4). Six combinations

19
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with relatively strong correlations above p=0.6 or below p=-0.6 were ASCL1 and SYN (0.60),

ASCL1 and INSM1(0.62), POU2F3 and SYN (-0.67), POU2F3 and c-kit (0.60), YAP1 and

SYN (-0.64), and YAP1 and INSM1(-0.63).

Scatter plot of cytomorphological score and NE-score

Each case was plotted so that the cytomorphological score was on the horizontal axis (0—12)

and NE-score (0—300) was on the vertical axis (Figure 6). SCLC-P was indicated by red

squares, LCNEC-P by blue squares, SCLC-non-P by black circles, and LCNEC-non-P by green

circles, with the respective 95% confidence intervals indicated by each colored thick solid line.

Interestingly, the majority of SCLC-P and LCNEC-P were plotted in the borderline region

between SCLC and LCNEC in the low NE expression area and the 95% confidence intervals for

SCLC-P and LCNEC-P overlapped, suggesting that NEC-P is difficult to determine whether

they are SCLC or LCNEC. Conversely, the plotted areas for SCLC-non-P and LCNEC-non-P

differed, and the 95% confidence intervals for SCLC-P and LCNEC-P overlapped little. In

addition, the thin black lines showed the 95% confidence intervals for SCLC-A, SCLC-N, and

SCLC-TN, and the thin green lines showed the 95% confidence intervals for LCNEC-A and

20
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LCNEC-TN. The distribution of SCLC-N is similar to that of SCLC-A, and the distribution of

LCNEC-TN overlaps that of LCNEC-P.

Discussion

This study is the first large cohort to examine the relationship between IHC-based molecular

biological classification and morphological or immunohistochemical features using 146

resected samples, including SCLC and LCNEC. The most striking and novel finding was that

NEC-P formed a distinctly different group in several respects, showing not only unique protein

expression as a tuft cell-like signature but also intermediate morphology between SCLC and

LCNEC and favorable prognosis for RFS. Furthermore, NEC-P was characterized by a higher

smoking index, higher frequency of bronchial intraepithelial involvement, lower frequency of

background fibrosis, and higher frequency of combined NEC with SQCC.

In our cohort, SCLC-non-P and LCNEC-non-P showed clear cytomorphological differences.

Conversely, the cytomorphological features of SCLC-P and LCNEC-P overlapped. Not only

21



10

11

12

13

14

15

16

17

18

that, but SCLC-P also exhibited features usually considered prominent in LCNEC, such as

abundant stroma, nest formation, and comedo necrosis, suggesting difficulties separating SCLC

and LCNEC. Historically, pure SCLC was recognized as having several distinct morphological

features, including lymphocyte-like, fusiform, and polygonal [19] or oat cell and intermediate

[20], but these have disappeared due to crush artifacts and poor fixation, as well as the low

reproducibility of diagnostic concordance rates, leaving only pure SCLC and combined SCLC

since the third edition of WHO classification [21]. In 1991, the new concept of LCNEC was

introduced [22]. SCLC and LCNEC are distinguished by morphological findings; however, the

difficulty in differentiating between SCLC and LCNEC remains a well-recognized but serious

issue for pathologists and clinicians for a long time because it is directly related to the problem

of different treatment strategies for SCLC and LCNEC [23].

On the contrary, it has also been recognized that there is a borderline high-grade NEC

showing intermediate morphological features between SCLC and LCNEC or cytological

overlap between these two [24-27]. Hiroshima et al. reported that borderline high-grade NEC

had features of both SCLC (small amount of cytoplasm, high nucleus-to-cytoplasmic ratio,

finely granular chromatin, and inconspicuous nucleoli) and LCNEC (polygonal shape, large

nuclei, and neuroendocrine growth patterns). Interestingly, borderline high-grade NEC often

showed synaptophysin (-), chromogranin A (-), CD56 (+), and TTF-1 (-) expression, which is
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consistent with the characteristics of the majority of NEC-P in our cohort [28]. Based on the

above, we believe that histological variety in SCLC is indeed present, and that the majority of

NEC-P cases show intermediate morphological features between SCLC and LCNEC and may

correspond to fusiform, polygonal, or intermediate types in the old histological classification.

The frequency of bronchial intraepithelial involvement was significantly higher in the NEC-P

(50%) than in the NEC-non-P (17%) (p<0.001). Additionally, one unique NEC-P case showed

bronchial intraepithelial involvement as well as beneath the alveolar epithelium. Kojima et al.

reported “bronchial intraepithelial tumor spread” as a unique form of tumor invasion found in

19% (9/47) cases of NEC [29]. They showed that NEC with this pattern was associated with a

high recurrence rate (89%) and a high frequency of positive surgical margins of the bronchus

(44 %). Considering the high frequency of bronchial intraepithelial involvement in NEC-P,

intraoperative diagnosis of the cut end of the bronchus and sleeve lobectomy may be required in

NEC-P. Although it is unclear whether the bronchial intraepithelial involvement represents a

primary lesion (NEC in situ) or invasion by underlying cancer [30], recognition of this feature is

essential not only to determine the appropriate surgical approach, but also as a clue to the

authenticity of the precursor lesion of NEC.
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Most cases of NEC-P showed emphysema and respiratory bronchiolitis with prominent

macrophages, strongly suggesting the influence of smoking; however, background fibrosis was

significantly less common in NEC-P (8%) than in NEC-non-P (30%) (p=0.007). The

relationship between background and subtype has not been previously noted, and more cases

including the effect of smoking need to be accumulated.

In this cohort, NEC-P had a significantly better prognosis concerning RFS than NEC-non-P,

and SCLC-P tended to have a better prognosis concerning RFS than SCLC-non-P. The

favorable results of SCLC-P may be associated with a higher proportion of stage I or a lower

frequency of background fibrosis. We previously reported that NEC with low NE or INSM1

negative have a better prognosis [18,31], which may be related to the possibility that NEC-P are

frequently included in these groups. Some reports found no significant difference in prognosis

between SCLC-P and SCLC-non-P [3, 4], while others reported that SCLC-P has a favorable

prognosis [32]. The exact relationship between molecular classification and prognosis needs to

be investigated through more extensive studies, considering circumstances such as background

lung disease.
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At the protein level, SCLC-P and LCNEC-P shared protein expression features (TTF-1"°%, NE

markers %, CEA °%, bel-2high c-Myc hieh and c-kit he"). These phenotypical features

(particularly TTF-1'%, NE markers ¥, bcl-2high, c-Myc hieh | and c-kit "&") were reproducible

results, consistent with the previous reports on POU2F3-positive SCLC and LCNEC [2,3,33].

As novel findings, significantly lower expression of CEA was found in NEC-P. The expression

of p40 and CK5/6 was very low, but the expression of p40 and CK5/6 was significantly higher

in NEC-P than in NEC-non-P. Notably, there was the strongest correlation between expression

between POU2F3 and SYN (p =-0.67), but also a relatively strong correlation between

POU2F3 and c-kit (p = 0.6).

Regarding the frequency of Rb1 loss, there was no significant difference between SCLC-P and

LCNEC-P, whereas there was a significant difference between SCLC-non-P and LCNEC-non-P

(»<0.001). LCNEC-P (64%) tended to have a higher frequency of Rbl protein loss than

LCNEC-non-P (35%) (p=0.11). The mutation rate of Rh/ was reported to be significantly

higher in tuft cell-like LCNEC than in non-tuft cell-like LCNEC (p=0.0002) [11], consistent

with our results.
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POU2F3-expressing carcinoma is recognized as tuft cell-like carcinoma [8, 15, 16], although it

remains unclear whether tuft cells are the origin of POU2F3-expressing carcinoma [3]. Tuft

cell-like carcinoma have been reported in various histotypes and organs, with co-expression of

c-kit and bcl-2 [15,16,33]. Among these carcinoma, pulmonary tuft cell-like SCLC and LCNEC

(but not SQCC) also showed high expression of c-Myc [3,33]. POU2F3 is a master regulator of

tuft cells, which are epithelial chemosensory cells with long and thick microvilli, distributed in

many organs, including the pancreatic duct, respiratory tract, intestine, salivary gland,

gallbladder, and urethra. Tuft cells sense external stimuli through taste-like signaling pathways

and generate epithelium-specific outputs such as interleukin-25, eicosanoids involved in allergic

immunity, and acetylcholine [10].

Goldfarbmuren et al. created a comprehensive atlas of tracheal epithelial cell types, including

rare cell types (tuft, pulmonary neuroendocrine, and ionocyte), by RNA sequencing of single

cells. Detailed studies have revealed that rare cells are derived from basal cells, with tuft cell-

like cells being the closest to basal cells and likely progenitors of pulmonary neuroendocrine

cells and ionocytes [34]. As a “lineage ambiguity”, tuft cell-like tumors have been shown to co-

express neuroendocrine and squamous differentiation markers [33]. A specific relationship

between POU2F3 and squamous differentiation (higher frequency of combined NEC with
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SQCC and higher expression of p40 and CK 5/6 in NEC-P) was also observed in our cohort,

which may be related to similar “lineage ambiguity” in NEC-P.

Considering lower NE expression, relationship with squamous differentiation, and unique

clinicopathological features in NEC-P, it is seemingly difficult to place NEC-P in the category

of “neuroendocrine carcinoma”. However, the secretory potential of tuft cells may allow NEC-P

to be classified as “neuroendocrine carcinoma” in a broad sense. The high rate of Rb1

abnormalities in LCNEC-P, as in SCLC-P, may also be evidence of NEC-P being a

“neuroendocrine carcinoma”. Thus, the question remains as to what defines a "neuroendocrine

carcinoma" and this dilemma needs to be clarified in the future.

Loss of YAP1 has been reported to define neuroendocrine differentiation in lung tumors [5

ito]. Compared with previous reports, the expression of YAP1 in SCLC-P in our cohort was

generally higher [2]. This might be because all cases of YAP1 and almost all cases of POU2F3

were tested on whole slides, as well as differences in antibodies or IHC protocols. However,

under the assumption that the loss of YAP1 defines neuroendocrine differentiation, our results

may be more reasonable given the low NE expression characteristic of NEC-P. SCLC-Y is

likely to have been established from a minor component of non-NE cells exhibiting YAP1 in
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classic SCLC [6,7], so it should not be applied to primary SCLC. However, YAP1 also

contributes to cancer cell proliferation as an effector of the Hippo pathway in various cancers,

and high YAP1 expression is associated with drug resistance [35]. Additionally, nuclear

overexpression of YAP is associated with poor prognosis in NSCLC [36]. Considering these

aspects, confirming YAP1 expression in each case may be crucial for treatment strategy

considerations.

The treatment of NSCLC is rapidly becoming increasingly personalized. In contrast, the

treatment strategy for SCLC without the appropriate driver gene abnormality has not changed

significantly for approximately 40 years. Despite extensive basic and clinical research, little

progress, such as prolonged OS with the addition of anti-PD-L1 antibody to chemotherapy in

advanced SCLC, has been made [37,38]. One reason targeted therapy for SCLC has not been

effective may be inadequate stratification. The high expression of c-Myc, bcl-2, and SLFN11

are candidate biomarkers for the efficacy of Aurora A kinase inhibitors, bcl-2 inhibitors, and

PARP inhibitors, respectively [4, 16, 39, 40]. The expression of mRNA SLFNI1 is significantly

higher in tuft cell-like tumors of the lung, prostate, and breast [16]. Most NEC-P correspond to

a distinct population with high expression of c-Myc, bcl-2, and SLFN11, and may respond
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specifically to such molecularly targeted therapies. In thymic SQCC, c-kit mutations are found

in approximately 10% of cases, so it may be necessary to search for c-kif mutations to identify

therapeutic targets. Regarding the various peculiarities of NEC-P, it may be required to consider

whether conventional surgical indications, surgical methods, and chemotherapy for SCLC are

appropriate and to reconsider treatment strategies. POU2F3-IHC can be easily performed in any

laboratory, and its routine use is desirable.

The limitations of this study are that this study is limited to IHC testing, there may be

differences at the genetic level. There is no fixed method for determining the dominant type

when two or more types are expressed or when a low expression is observed; therefore, the

results may differ slightly depending on the method. The criteria for determining molecular

classifications may also need to be aligned. Another limitation is the bias caused by limiting to

surgical materials. The present study was limited to surgical materials with fewer artifact effects

for detailed morphological review, but a more extensive study of non-resected cases is also

needed. In addition, NEC-TN cannot be fully discussed because of the small number of cases.

In summary, NEC-P exhibited a distinct population that mainly showed intermediate

morphological features between SCLC and LCNEC, better prognosis than NEC-non-P, and

29



10

11

12

13

14

15

16

specific protein expression pattern (TTF-1"", NE markers "%, CEA ¥, bcl-2 high| c-Myc high and

c-kit "e") as tuft cell-like signatures. The clinical significance of NEC-P separation is important

because of the possibility of different therapeutic responses. A certain number of complex cases

that are difficult to distinguish between SCLC vs. LCNEC or NEC vs. non-NEC, are likely to

be NEC-P. We believe that accurate identification of this distinct subtype and analysis of

clinicopathologic features are clues to solving several issues associated with NEC.
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Figure legends
1. Prognosis

(a,b) Comparing the four groups (SCLC- P, SCLC-non-P, LCNEC-P, and LCNEC-non-P),

there was a significant difference in recurrence-free survival (RFS) (p=0.046), but no

significant difference in overall survival (OS) (p=0.224). There were no significant

differences in RFS and OS between SCLC-P vs. SCLC-non-P and LCNEC-P vs. LCNEC-

non-P (c¢,d) Comparing NEC-P and NEC-non-P, there was a significant difference in

recurrence-free survival (RFS) (p=0.026), but no significant difference in overall survival

(0S) (p=0.172).
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2. Graphic date of morphological features by seven types (refer to Table3 together)

(a) There are significant differences in cytomorphological score between SCLC-P vs.

SCLC-non-P and LCNEC-P vs. LCNEC-non-P. Notably, the scatter dot plots showed an

overlap between SCLC-P and LCNEC-P, and a larger difference between SCLC-non-P and

LCNEC-non-P. (b-d) SCLC-P also exhibited features significantly more prominent in

LCNEC, such as abundant stroma, nest formation, and comedo necrosis, suggesting

difficulties separating SCLC and LCNEC. (¢) Bronchial intraepithelial involvement was

more frequently seen in SCLC-P than SCLC-non-P and LCNEC-P than LCNEC-non-P. (f)

Background lung fibrosis was less in SCLC-P than SCLC-non-P. The red underbars in (a-c)

indicated median values.

Representative pathological features

Typical SCLC-P, LCNEC-P, and LCNEC-A formed relatively round nests with comedo

necrosis and a wider stroma with prominent inflammation, while typical SCLC-A showed a

diffuse growth pattern with extensive coagulation necrosis.
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Typical SCLC-A showed small cell cytology, and typical LCNEC-A showed non-small cell

cytology. Typical SCLC-P and LCNEC-P exhibited intermediate cytomorphological

features between SCLC and LCNEC. Most SCLC-A and LCNEC-A were negative for

YAP1, while most SCLC-P and LCNEC-P were partially positive for YAP1.

Bronchial intraepithelial involvement in NEC-P

(a,b) Half of NEC-P showed bronchial intraepithelial involvement of tumor cells under the

non-neoplastic ciliated epithelium. (c) One case of SCLC-P with intraalveolar involvement

in one to several layers of tumor cells in non-neoplastic pneumocytes. (d) Double staining

indicated that POU2F3-positive tumor cells (red) were present in the TTF-1-positive

alveolar epithelium (blue).

Heatmap of IHC results (see Supplemental Digital Content 3 for details)

The heatmap of IHC clearly showed that SCLC-P and LCNEC-P shared a specific protein

expression pattern (TTF-1"°", NE markers ¥, CEA "%, YAP] high bcl-2 high c-Myc high| and

c-kit &), Conversely, there was a significantly different expression pattern between SCLC-
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P vs. SCLC-non-P and LCNEC-P vs. LCNEC-non-P. For Rb1, 300 (yellow) indicated

retain, and O (blue) indicated total loss. There was no significant difference in the frequency

of Rb1 loss between SCLC-P and LCNEC-P; however, there was a significant difference

between SCLC-non-P and LCNEC-non-P. For PD-L1, 300 (yellow) indicated positive (TPS

>1%) , and 0 (blue) indicated negative.

Scatter plot of cytomorphological score and NE-score

Each case was plotted so that the cytomorphological score was on the horizontal axis (0—12)

and NE-score (0—300) was on the vertical axis. SCLC-P was red squares, LCNEC-P was

blue squares, SCLC-non-P was black circles, and LCNEC-non-P was green circles, with the

respective 95% confidence intervals indicated by each colored thick solid line. The 95%

confidence intervals for SCLC-P and LCNEC-P overlapped, while the 95% confidence

intervals for SCLC-P and LCNEC-P have little overlap. The thin black lines showed the

95% confidence intervals for SCLC-A, SCLC-N, and SCLC-TN, and the thin green lines

showed the 95% confidence intervals for LCNEC-A and LCNEC-TN. The distribution of

SCLC-N is similar to that of SCLC-A, and the distribution of LCNEC-TN overlaps with

that of LCNEC-P.
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Tablel: Group configuration and the number of cases in each group

SCLC (95) LCNEC (51) NEC (146)
SCLC-non-P (71) LCNEC-non-P (37) NEC-non-P (108)
SCLC-P LCNEC-P NEC-P
o4 SCLC-A  SCLC-N  SCLC-TN ) LCNEC-A  LCNEC-TN 68 NEC-A  NEC-N  NEC-TN
(49) (20) 2) (27 (10) (76) (20) (12)

SCLC indicates small cell lung carcinoma; LCNEC, large cell neuroendocrine carcinoma; NEC, neuroendocrine carcinoma;

SCLC-P, SCLC dominantly expressing POU2F3; SCLC-non-P, SCLC other than SCLC-P; SCLC-A, SCLC dominantly expressing ASCL1;

SCLC-N, SCLC dominantly expressing NEUROD1; SCLC-TN, Triple-negative SCLC; LCNEC-P, LCNEC dominantly expressing POU2F3;

LCNEC-non-P, LCNEC other than LCNEC-P; LCNEC-A, LCNEC dominantly expressing ASCL1, LCNEC-TN, Triple-negative LCNEC;

NEC-P, NEC dominantly expressing POU2F3, NEC-non-P, NEC other than NEC-P; NEC-A, NEC dominantly expressing ASCL1;

NEC-N, NEC dominantly expressing NEUROD1; NEC-TN, Triple-negative NEC.




Table2: Patient characteristics

SCLC (95) LCNEC (51) NEC (146) P value P value P vale
P vilue P valne onp FPvame SCLC LCNEC SCLC qo..,. SCLCP SCLCaonP
Features P (24) nonP (71) Pvs P (14) nonP (37) Pvs P (38) a08) Pvs ©95) D vs. vs.  vs. LCNEC-
nonP nond nonP LCNEC LCNEC-P nonP
Famale, N (%) 2(8%) 11(15%) == 1(7%)  6(16%) ns 3(3%) 17(16%)  ns 13(14%) 7(14%) ns 20 (14%) ns ns
Age modim (rngc) 74 (61-88) 72(10-89) 1= 75 (62-81) 70(45-85) ns 74 (61-88) 72(40-89) ns  73(4089)72(4585) ms 73 (40-89) ns ns
Smoking, median of pack-years (zmge) 54 (14-175) 50 (0-188) =ns 72 (20-300) 48 (0-200) 0.009 60 (14-300) 50(0-200) 0.02 52 (0-300)50(0-188) ns 51 (0-300) ns ns
Loation, N (%)
Pexipherl 18 (75%) 54 (76%) 9 (64%) 23 (62%) 27 (71%) 77 (71%) 72 (76%) 32 (63%) 104 (71%)
Interm ediste/Central 6(25%) 17 (24%) 5(36%) 14(38%) 11 (29%) 31@9%)  23(4%) 19G7%) . 42(29%) i ne
Pathological Stage, N (%)
1 17 (71%) 30 (42%) 7(50%) 18 (49%) 24 (63%) 48 (44%) 47 (49%) 25 (49%) 72 (49%)
0.02 ns ns ns ns ns
HV 7(29%) 41 (58%) 7(50%) 19 (51%) 14 (37%) 60 (56%) 48 (519%) 26 (51%) 74 (51%)
Postpostoperative chemotherapy (1), N (%) 11 (46%) 41 (58%) = 4(29%) 14(38%) =s 15 (39%) 55(51%) =s 52(55%) 18(35%) 0.04 70 (48%) ns ns
Combined histology with NSCLC (1), N(%) 5(21%) 27(38%) 1= 3(21%) 13(35%) s 8(21%) 40(37%) s 32(34%) 16(31%) ns 48 (33%) ns ns
Combined histology with SQCC (1), N(%) 5(21%) M (20%) = 3(21%)  6(16%) ns 8(21%) 20(19%) s 19 (20%) 9(18%)  ns 28 (19%) ns ns

N indicates number; NSCLC, non-small cell lung carcinoma; SQCC, squamous cell carcinoma; ns, not significant or p >0.05, SCLC, small cell lung carcinoma;

LCNEC, large cell neuroendocrine carcinoma; NEC, neuroendocrine carcinoma; SCLC-P, SCLC dominantly expressing POU2F3; SCLC-non-P, SCLC other than
SCLC-P; LCNEC-P, LCNEC dominantly expressing POU2F3; LCNEC-non-P, LCNEC other than LCNEC-P, NEC-P; NEC dominantly expressing POU2F3; NEC-

non-P; NEC other than NEC-P.



Table3: Morphological features

SCLC (95) LCNEC (51) NEC (146) P value P value P value
Pvale Pake Pvaue SCLC  LCNEC ... . Tolal SCLC.pvs SCLCuonP
Features P(24) mnonP (71) Pvs non- P (14 nonP (37) P vs non- P (38) nonP (108) P vs. non- ©3) (S]] LCNEC (146) LCNECP & LCNEC-
P P P non P
Cytomomphological score, median score (mnge) (0-12) 5 (0.5-7.5)  3(06) <0001 8(4-115) 11(6512) <0001 63(0.5-115) 4(012) ns 3(075) 100412 <0001 5(012) <0.001 <0.001
Tumor stroma, medim score (0-2) 1 05 <0.001 2 1 <0.001 1 0 <0.001 05 1 <0.001 1 0.0012 0.0019
Nest formation, median score (0-2) 1 05 <0.001 1.5 2 ns 1 0.5 0.012 05 L5 <0.001 1 <0.001 <0.001
Comalo necrosis (+), N (%) 22(92%) 35(49%) <0001 14 (100%) 29 (78%) ns 36 (95%) 64 (59%) ns ST(60%) 43 (84%)  0.003 100 (68%) ns 0.004
Bronchial intmepithelial involvement (+), N (%) 11(46%) 13(18%) 001 8(57%)  5(14%) 0.003 19 (50%)  18(17%)  <0.001 24(25%) 13 (25%) ns 37 (25%) ns ns
Background hng fibrosis (+), N (%) 1(4%) 26(37%) 0002 2(14%)  6(16%) ns 3 (8%) 2(G30% 0007 27 (28%) 8 (16%) ns 35 (24%) ns 0.029
Disassion for SCLC vs. LCNEC (+), N (%) 6 (25%)  3{4%) 0.007 4 (29%) 3 (8%) ns 10 (26%) 6 (6%) 0.002 oO%)  T(14%) ns 16 (11 %) ns ns

N indicates number; ns, not significant or p >0.05; SCLC indicates small cell lung carcinoma; LCNEC, large cell neuroendocrine carcinoma; NEC, neuroendocrine
carcinoma; SCLC-P, SCLC dominantly expressing POU2F3; SCLC-non-P, SCLC other than SCLC-P; LCNEC-P, LCNEC dominantly expressing POU2F3; LCNEC-
non-P, LCNEC other than LCNEC-P, NEC-P; NEC dominantly expressing POU2F3; NEC-non-P; NEC other than NEC-P.
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