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Abstract

Introduction: Recent studies have identified subtypes of small cell lung carcinoma (SCLC)
defined by RNA expression of ASCL1, NEURODI, POUZF3and YAPI transcriptional regulators.
There are only limited data on distribution of these markers at the protein level and associated
pathologic characteristics in clinical SCLC samples.

Methods: Expression of ASCL1, NEUROD1, POU2F3 and YAP1 was analyzed by
immunohistochemistry in 174 SCLC patient samples. Subtypes defined by these markers were
correlated with histologic characteristics, expression of neuroendocrine markers (synaptophysin,
chromogranin A, CD56, INSM1) and other SCLC markers including neuroendocrine phenotype-
associated marker DLL3.
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Results: ASCL1 and NEURODL. expression had the following distribution: ASCL1+/
NEUROD1- 41%, ASCL1+/NEUROD1+ 37%, ASCL1-/NEUROD1+ 8% and ASCL1-/
NEUROD1- 14%. Based on the relative expression, 69% of cases were ASCL1-dominant and
17% NEUROD1-dominant. POU2F3 was expressed in 7% of SCLC, and was mutually exclusive
of ASCL1 and NEUROD1. YAP1 was expressed at low levels, primarily in combined SCLC, and
was not exclusive of other subtypes. Both ASCL1-dominant and NEUROD1-dominant subtypes
were associated with neuroendocrine markerMi9h/DLL3M9N profile, whereas POU2F3 and other
ASCL1/NEUROD1-double-negative tumors were neuroendocrine marker'©V/DLL3!oW,

Conclusions: This is the first comprehensive immunohistochemical and histopathologic analysis
of novel SCLC subtypes in patient samples. We confirm that ASCL1/NEUROD1-double-negative
tumors represent a distinct neuroendocrine-low subtype of SCLC which is either uniquely
associated with POU2F3 or lacks a known dominant regulator. Expression profiles of these
markers appear more heterogeneous in native samples than in experimental models, particularly

in regard to high prevalence of ASCL1/NEURODL co-expression. These findings may have
prognostic and therapeutic implications and warrant further clinical investigation.
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INTRODUCTION:

Small cell lung carcinoma (SCLC) is a highly aggressive malignancy with few available
treatment options.l 2 Pathologically, SCLC is characterized by distinct morphology,
expression of neuroendocrine (NE) markers and exceptionally high proliferation rate.3
The hallmarks of SCLC and small cell carcinomas arising in other organs include overall
histologic homogeneity, with only limited variability under light microscopy. Only two
subtypes of SCLC are recognized in standard pathologic classifications — one in its

pure form and another combined with non-SCLC (NSCLC) or large cell neuroendocrine
carcinoma (LCNEC).3 Although expression of NE markers is well known to be variable
in SCLC,* historically the extent of NE marker expression has not been regarded as
biologically significant and was not known to be associated with any specific tumor
characteristics. Genomically, SCLC is also a highly homogeneous disease, with the vast
majority of cases characterized by inactivating £B81 and 7P53alterations.>: ©

Biological heterogeneity of SCLC has started to emerge only recently. First, recent studies,
based primarily on pre-clinical models utilizing SCLC cell lines, genetically engineered
mouse models (GEMMs) and patient-derived xenografts (PDXs), have identified distinct
subtypes of SCLC defined by divergent gene expression programs driven by neuronal
transcription factors achaete-scute homologue 1 (ASCL1) and neurogenic differentiation
factor 1 (NEURODZ1).” ASCL I-high tumors were suggested to be associated with high
expression of NE markers,> 8-11 while NEURODI-high tumors were associated with
lower overall NE marker expression.8-12 However, the characteristics of NEURODI-high
SCLC are not firmly established given that closer similarity to ASCL 1-high tumors was
reported in several later studies.13 14 Subsequently, a subset of ASCL 1/NEURODI double-
negative, so called “non-NE” SCLC, was found to express and show dependence on
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POU class 2 homeobox 3 (POU2F3) — a marker of chemosensory tuft cells, which in

the lung airways are also known as brush cells.1>17 Finally, yes-associated protein 1
(YAP1), a transcriptional regulator in the HIPPO growth signaling pathway, was found

to be preferentially expressed in a subset of non-NE SCLC:5: 18 however, its role as a
subtype-defining transcriptional driver is not well established. Pre-clinical studies suggested
distinct therapeutic vulnerabilities in the novel marker-defined subtypes of SCLC.12 15, 19-21
Furthermore, several molecules with suggested roles in the selection of emerging therapeutic
agents, including Delta-like ligand 3 (DLL3) — an inhibitor of NOTCH signaling pathway
whose expression is regulated by ASCL 1 and associated with NE phenotype,10: 14, 22, 23
were found to be differentially distributed among SCLC subtypes.® 10.12.24 Qverall, the
emerging data on molecular heterogeneity of SCLC holds promise for biomarker-driven
personalized therapeutic approaches for this aggressive disease.2>: 26

As a result of the aforementioned studies, a recent consensus proposal suggested grouping
SCLC into four subtypes defined by RNA expression of ASCL1, NEUROD1, POUZF3

and YAPI, referring to these respectively as SCLC-A, SCLC-N, SCLC-P, and SCLC-Y.’
Although there is a substantial volume of data on SCLC subtypes in pre-clinical models,
there is currently very limited information on expression of a full set of these markers

in the native clinical samples of SCLC, as well as pathologic characteristics associated

with these subtypes. In addition, while SCLC subtypes have been defined based on
transcriptional profiling, the expression of the subtype-defining markers has not been
characterized in detail at the protein level. In this study, we analyzed the protein expression
of ASCL1, NEUROD1, POU2F3 and YAP1 as measured by immunohistochemistry (IHC)
in a large cohort of clinical samples of SCLC (N = 174). We assessed the distribution

of these markers and comprehensively analyzed associated pathologic characteristics. This
consisted of the analysis of morphologic features and standard diagnostic markers of SCLC,
including conventional NE markers (synaptophysin, chromogranin A, CD56 and INSM1)
and other classic markers of SCLC (TTF-1/NKX2-1 and Ki-67 proliferation marker). We
also examined expression of DLL3 as both an additional marker of NE differentiation and a
therapeutic target.

MATERIALS AND METHODS:

Sample selection

The study was performed with the approval of the institutional review board of Memorial
Sloan Kettering Cancer Center, New York (MSKCC). The specimens included in the
analysis comprised 122 clinical samples of SCLC diagnosed at MSKCC primarily during
the period of January 2017 and January 2020, with a minority of samples diagnosed prior
to these dates. In addition, 52 SCLC were analyzed in tissue microarrays (TMA). Samples
were included in the analysis if an evaluable result was available for at least one of the
subtype-defining markers (ASLC1, NEUROD1, POU2F3 or YAP1).

Immunohistochemistry

All cases were analyzed for novel markers of SCLC subtypes (ASCL1, NEUROD1,
POU2F3 and YAP1) as well as conventional markers of SCLC (synaptophysin,
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chromogranin A, CD56/NCAM, INSM1, Ki-67 and TTF-1). A subset of cases (TMA
only) was also analyzed for DLL3. Detailed IHC protocols and total number of cases
with evaluable results for each marker are summarized in Supplementary Tables 1 and 2,
respectively.

With the exception of POU2F3, all IHC protocols were performed using previously
established methods. POU2F3 protocol was developed using a commercial antibody (clone
6D1, Santa Cruz), and confirmed to show specific strong nuclear labeling in scattered
intramucosal cells of gastrointestinal tract and pulmonary bronchial epithelium.

IHC scoring criteria

Detailed scoring criteria for each marker are summarized in Supplementary Table 1.
Expression of markers was recorded by two parameters: percent of positive cells (1-100%)
and intensity of labeling (1 = weak, 2 = moderate, 3 = strong). For NE markers and

DLL3, a histoscore (H-score) was derived by multiplying the percent positivity by intensity
score yielding a range of possible H-scores of 0 - 300.27: 28 Ki-67 index was recorded as

a percentage of positive cells, and TTF-1 was scored as either positive (any extent and
intensity of labeling) or negative. To determine the “combined NE score”, the H-scores

for chromogranin A, synaptophysin, CD56 and INSM1 were combined, and an average
combined H-score was derived. Only cases with all 4 NE markers available were included in
combined NE score. For descriptive purposes, for individual markers, H-scores of <50 were
regarded as “low”, and those >50 as “high”. For combined NE score, scores of <150 were
regarded as “NE-low” and those of >150 as “NE-high”. To define the dominant phenotype
for cases with expression of both ASCL1 and NEUROD1, cases with higher ASCL1
H-scores than NEUROD1 were regarded as ASCL1-dominant and vice versa. In SCLC

with combined SCLC and NSCLC components, IHC scores reflect expression exclusively in
SCLC component.

TMA construction

SCLC TMA was constructed in the Pathology Core Laboratory, Precision Pathology
Biobanking Center (PPBC), MSKCC using the automated TMA Grand Master™ (3D
Histech, Hungary) and TMA Control software (Version 2.4). The H&E slides were reviewed
to select most viable tumor areas, and corresponding areas in the paraffin block were
punched as 1.0 mm cores (2 cores per case). A custom TMA layout was designed using the
TMA Control software.

Statistical analysis

JMP version 14.0 software (SAS Institute) was used for statistical evaluation of the data.
Two-tailed t-test was used for analysis of continuous variables (H-scores, Ki-67 proliferative
index, etc.), while the likelihood-ratio /1/2 test was used for analysis of categorical data.
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Patient and sample characteristics

Detailed patient and sample characteristics for 174 SCLC cases in this study are summarized
in Supplementary Table 3. The patients included 96 females (55%), had an average age

of 67 years, and an average smoking history of 45 pack-years. Specimens comprised 43
(25%) primary tumor resections, 105 (60%) biopsies, and 26 (15%) fine needle aspirates.

Of biopsy/cytology samples, 57 (44%) were from the primary lung tumors and 74 (56%)
from metastatic sites, including intra-thoracic lymph nodes (N = 40) and distant metastases
(N = 34). Histologically, 82% of cases were pure SCLC, whereas 18% were combined,
including combinations of SCLC with adenocarcinoma (7%), squamous cell carcinoma (3%)
and LCNEC (9%).

Individual expression of ASCL1, NEUROD1, POU2F3 and YAP1

As summarized in Table 1, expression of ASCL1, NEUROD1, POU2F3 and YAP1 at any
level was detected in 80%, 56%, 8% and 33% of tumors, respectively. The mean H-score
in positive cases was 173 (range 4-300) for ASCL1, 95 (range 1-300) for NEUROD1, 137
(range 6-280) for POU2F3 and 22 (range 1-100) for YAP1.

Among positive cases, expression of either ASCL1 or POU2F3 was typically high, with
H-score >50 seen in 92% of cases with each marker. NEUROD1 showed a broader range of
expression, with similar distribution of high expressors (H-score >50 in 52% of cases) and
low expressors (48% of cases). In contrast, YAP1 expression was generally low with only 4
cases (7%) above an H-scores of 50, and none above an H-score of 100.

SCLC subtypes defined by relative expression of ASCL1 and NEUROD1

Results for both ASCL1 and NEUROD1 were available for a total of 159 SCLC, yielding
the following distribution: ASCL1-only (41%), NEUROD1-only (8%), ASCL1/NEUROD1
double-positive (37%), and ASCL1/NEUROD1 double-negative (14%) (Figure 1A). Dual-
high expression (both ASCL1 and NEUROD1 H-score of >50) was seen in 35 (22%)
tumors.

The distribution of SCLC defined by the relative dominance of ASCL1 and NEUROD1
was as follows: ASCL1-dominant 69%, NEUROD1-dominant 17% and double-negative
14% (Figure 1B). Despite frequent co-expression of ASCL1 and NEUROD1, in most
of the cases (120/137; 88%) one of the markers was strongly dominant over the other
(H-score differential of >50 points) (Figure 1C). Cases with near-equivalent expression
mostly occurred in the low end of expression of both markers.

Microscopic examination of tumors with dual-high ASCL1 and NEUROD1 expression
revealed that all but one case had both markers co-expressed in same tumor cell populations
(Figure 1D). Only a single case exhibited ASCL1 and NEUROD1 expression in spatially
distinct sub-populations (Supplementary Figure 1).
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ASCL1/NEUROD1-defined groups and expression of POU2F3 and YAP1

Results for ASCL1+NEUROD1+POU2F3 were available for 152 SCLC. Strikingly,
POU2F3 expression was nearly exclusively restricted to ASCL1/NEUROD1-double-
negative tumors (p < 0.0001, Figure 2A), of which 45% (10/22) were POU2F3-positive.
Conversely, there was only a single case with POU2F3 expression in non-double-negative
tumors. Notably, this was the aforementioned unique case that contained distinct geographic
regions with divergent ASCL1/NEUROD1 immunoprofiles; this case also contained a third
distinct area with POU2F3 expression in the absence of ASCL1 and NEURODL expression
(Supplementary Figure 1). Thus, at an individual cell level, expression of POU2F3 was
strictly mutually exclusive of both ASCL1 and NEUROD1 in all cases.

Results for ASCL1+NEUROD1+YAP1 were available for 151 SCLC. Unlike POU2F3,
YAP1 expression was distributed widely in all subtypes (Figure 2B). Although YAP1 was
enriched in ASCL1/NEUROD1-negative tumors, its distribution in double-negative cases
with vs without POU2F3 was similar, which together with its wide distribution in other
subtypes precluded delineation of a distinct SCLC subtype defined by YAP1.

Based on the above findings, we grouped the tumors as ASCL1-dominant, NEUROD1-
dominant, ASCL1/NEUROD1-double negative with POU2F3 expression (POU2F3) and
ASCL1/NEUROD1-double negative, not otherwise specified (NOS). In following sections,
we compared immunophenotypic and histologic characteristics of these subtypes. Separate
analysis for ASCL1-only vs NEUROD1-only vs double-positive subtypes is shown in
Supplementary Figure 2.

ASCL1/NEUROD1/POU2F3-defined subtypes and expression of conventional markers of

SCLC

We next examined the relationship between the ASCL1/NEUROD1/POU2F3-defined
subtypes and the expression of standard diagnostic markers of SCLC, including conventional
markers of NE differentiation (synaptophysin, chromogranin A, CD56 and INSM1), Ki-67
proliferation marker and TTF-1. Strikingly, expression of conventional NE markers -
analyzed as a combined NE score for the four markers (see Methods) - was significantly
lower in ASCL1/NEUROD1-double-negative compared with ASCL1- or NEUROD1-
dominant subtypes (P<0.0001) (Figure 3A). Namely, the mean combined NE score in
ASCL1- and NEUROD1-dominant subtypes was 196 and 191, respectively, while in
POU2F3 and NOS cases it was 76 and 89, respectively. Overall, 100% of POU2F3

and 83% of NOS cases had combined NE H-score of <150 (“NE-low™) compared to

only 20% of ASCL1- and NEURODZ1-dominant cases. When analyzed individually, all

4 NE markers were expressed at lower levels in POU2F3 and NOS subtypes (data not
shown). Furthermore, the number of expressed NE markers was significantly higher in

the ASCL1- and NEUROD1-dominant subtypes compared to POU2F3 and NOS subtypes
(p<0.0001), with all 4 markers typically expressed in the former versus an average of ~2

in the latter subtypes (Figure 3B). Notably, none of the ASCL1/NEUROD1-double-negative
tumors were entirely negative for conventional NE markers, since at least one NE marker
was expressed at least weakly or focally in all POU2F3 and NOS cases. For ASCL1-

vs NEUROD1-dominant subtypes, the extent and number of expressed NE markers was
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equivalent. Similarly, analysis of ASCL1-only vs NEUROD1-only subtypes also revealed
equivalent extent and number of expressed NE markers (Supplementary Figure 2D and 2E,
respectively).

Analysis of Ki-67 revealed equivalent distribution in all groups, with mean proliferation
indices of 88%, 90% and 89% and 86% in ASCL1-dominant, NEUROD1-dominant,
POU2F3 and NOS subtypes, respectively (Figure 3C). Conversely, TTF-1 expression

was strongly linked with ASCL1: most SCLC with ASCL1 expression were TTF-1-
positive, whereas tumors with NEUROD1-only expression were entirely TTF-1-negative
(Figure 3D and Supplementary Figure 2F). Accordingly, NEUROD1-dominant subtype had
substantially lower rate of TTF-1 expression compared to ASCL1-dominant subtype (Figure
3D). Nearly all POU2F3 and most of NOS tumors were TTF-1-negative.

ASCL1/NEUROD1/POU2F3-defined subtypes and expression of DLL3

Given previously reported association of DLL3 with ASCL1-high SCLC and its role as

a marker associated with NE-high phenotype, in an exploratory analysis, we examined
DLL3 expression in a subgroup of SCLC typed for other markers using a TMA (N =

41 with evaluable results). Strikingly, DLL3 was entirely negative in ASCL1/NEUROD1-
double-negative tumors compared to consistently high expression in both ASCL1- and
NEUROD1-dominant groups (p <0.0001, Figure 3E). Expression of DLL3 was equivalent in
ASCL1- vs NEUROD1-dominant subtypes. See Supplementary Figure 3 for an illustrative
example.

Clinicopathologic and histologic characteristics of ASCL1/NEUROD1/POU2F3-defined

subtypes

Comparison of patient and tumor characteristics, including age, gender, pack-year smoking
history, tumor site (primary vs metastatic), site of metastasis (lymph node vs other organ)
and specimen type revealed similar distribution in SCLC subtypes (Supplementary Table 4).

We also confirmed that histologically, all tumors in ASCL1-dominant, NEUROD1-
dominant, POU2F3 and NOS subtypes represented small cell carcinoma of either pure or
combined subtype.

However, we found that POU2F3 and NOS subtypes were significantly enriched in
combined histology (Figure 3F). While combined histology comprised only 14% and 11%
of ASCL1- and NEUROD1-dominant subtypes, respectively, POU2F3 and NOS subtypes
were combined in 50% and 45% of cases, respectively. In all cases, SCLC components

of combined tumors had classic histologic features of SCLC, and expression of ASCL1,
NEUROD1 and POU2F3 was present exclusively or primarily in SCLC components.
Histologic subtype of NSCLC components (LCNEC vs adenocarcinoma vs squamous cell
carcinoma) was distributed similarly in different subtypes (Supplementary Table 4).

Lastly, given prior suggestion of genomic similarly of some ASCL1/NEUROD1-double-
negative SCLC to squamous cell carcinoma,?® we confirmed that these tumors lacked
evidence of squamous differentiation morphologically and consistently lacked the
expression of squamous master regulator p40 (ANp63).

J Thorac Oncol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baine et al. Page 8
Histologic illustration of marker-defined SCLC subtypes is provided in Figure 4.

Correlates of YAP1 expression

Lastly, we analyzed correlates of YAP1 expression in SCLC. As shown in Figure 5A,
YAP1 expression was inversely associated with NE marker expression as reflected by lower
combined NE score, especially in tumors with higher YAP1 H-scores (>50). Furthermore,
YAP1 expression was associated with combined SCLC histology. In particular, all tumors
with higher level of YAP1 expression (H-score >50) had combined histology compared to
18% of YAP-low or negative tumors (p < 0.001). In the combined SCLC, expression of
YAP1 was consistently high in the NSCLC components, and its expression in associated
SCLC components ranged from absent to variably retained (Figure 5B).

DISCUSSION:

In this study, using a large cohort (N = 174) of SCLC clinical samples we analyzed

the protein expression of ASCL1, NEUROD1, POU2F3 and YAP1, and assessed their
association with tumor histology and expression of standard markers of SCLC. This
included 1) conventional markers of neuroendocrine differentiation - synaptophysin,
chromogranin A, CD56 and INSM1 - which are expressed at varied levels in virtually all
SCLC, 2) transcriptional regulator TTF-1 (NKX2-1), which is expressed in ~90% of SCLC,
and 3) Ki-67 (MIB1) proliferation index marker. In a smaller exploratory subset, we also
examined the expression of DLL3, given prior data on its distinctive distribution in ASCL1/
NEUROD1-defined subtypes and its link with markers of NE differentiation. Our findings
confirm some of the observations from experimental models regarding the predicted features
of marker-defined subtypes, but also reveal higher level of marker expression heterogeneity
and associated phenotypes in patient samples.

Overall, we confirm that the vast majority of SCLC is characterized by dominant expression
of either ASCL1 (69%) and/or NEUROD1 (17%), while a minor subset of SCLC (14%)
lacks either of these regulators. We found that YAP1 had distinctly low expression and

did not define a distinct subtype of SCLC. Conversely, POU2F3 was uniquely associated
with ASCL1/NEUROD1-double-negative subtype, comprising 7% of SCLC, while the

rest of double-negative tumors (7% of SCLC) remained with no identified dominant
transcriptional regulator (i.e. not otherwise specified; NOS). We found highly distinctive
pathologic and immunophenotypic characteristics of SCLC defined by the presence vs
absence of ASCLINEURODL. In particular, prior studies have suggested that expression
of markers of NE differentiation, DLL3 and TTF-1 represents a coordinated “NE program”
in SCLC.10.12.14 Ag sych, we found that SCLC with either ASCL1 and/or NEUROD1
expression was associated with a high NE program (NE markern9h/DLL3Mgh/TTE-1high),
whereas POU2F3 and NOS subtypes were associated with a low NE program (NE
marker!oW/DLL3 low/TTE-1low),

An important clarification provided by our data relates to the degree of ASCL1 and
NEURODL1 co-expression in clinical samples of SCLC. In several experimental models,
ASCL1 and NEUROD?1 were found to have predominantly exclusive expression, with
only low degree of co-expression.® 7- 910, 29-31 Conversely, we found significant level
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of co-expression, with 37% of SCLC expressing both ASCL1 and NEURODZ, and 22%
being dual-high expressors (H-score >50 for both markers). Notably, our data are closely
in line with a study by Zhang et al, in which using a smaller set of human SCLC FFPE
samples (N = 81), the authors also found frequent (19.8%) ASCL1 and NEUROD1 dual-
high expression.1# It is possible that in experimental models there is clonal selection for
a dominant transcription factor and inhibition of the minor factor under culture or PDX
conditions, as supported by experimental evidence of SCLC subtype plasticity.31: 32

Notably, in the series by Zhang et al,1# the question of whether ASCL1 and NEUROD1
were co-expressed in the same cell populations or exhibited subclonal expression in distinct
tumor cell populations was not addressed. In a study of circulating-tumor-cell-derived
xenografts (CDX), it was suggested that dual expression was present in distinct cell
subpopulations.13 Conversely, our study is the first to document that in native patient
samples, nearly all cases of dual-high expression represent co-expression within the same
cell populations, as illustrated in Figure 1D, while only a single case exhibited sub-clonal
areas with divergent ASCL1 and NEURODL1 (as well as POU2F3) expression.

Several distinctive characteristics of NEUROD1-high SCLC have been suggested in prior
studies compared to ASCL1-high tumors, including highly divergent global gene expression,
with lower expression of NE genes and DLL3.12: 24 Conversely, we found that in

patient samples, NEUROD1-dominant SCLC expressed high levels of NE markers and
DLL3, equivalent to those of ASCL1-dominant tumors. Analysis of NEUROD1-associated
characteristics was complicated by the fact that most (83%) of NEURODZ1-dominant tumors
co-expressed ASCL1, and only a small subset of cases had exclusive NEUROD1 expression.
However, our findings in these NEUROD1-only tumors confirmed that they also had high
expression of NE markers and DLL3. This discrepancy could reflect RNA versus protein
level analysis in the current versus prior studies, respectively, in part due to the wider
dynamic range of gene expression measurements when compared to IHC. Nonetheless, we
note that similar to the results of this study, other recent RNA-based investigations also
suggested that NEUROD1-high SCLC have greater transcriptional overlap with ASCL1-
high tumors than previously proposed.13: 14 Interestingly, we did find that TTF-1 was
consistently negative in NEURODZ1-only tumors but positive in nearly all ASCL1-dominant
tumors and NEUROD1-dominant tumors with variable levels of ASCL1 co-expression,
which is in line with the known co-dependence of TTF-1 and ASCL1 expression.33 This
might suggest that distinct transcriptional program may correspond to SCLC with exclusive
NEURODL1 expression as measured by IHC. However, further studies will be required

to clarify IHC-based criteria for SCLC-N vs SCLC-A subtypes associated with globally
distinct transcriptional programs as defined in mMRNA-based studies using parallel MRNA
and protein analysis.®: 10. 30

One of the major findings in this study is the confirmation of a highly distinct nature of

the POU2F3-positive SCLC, defined by POU2F3 expression and strict lack of ASCL1 and
NEUROD1. POU2F3 is a transcription factor required for the generation and chemosensory
and immune functions of specialized tuft cells in the skin, oropharyngeal, gastrointestinal,
and respiratory tracts.34-42 It has been proposed that POU2F3 defines a distinct subset of
SCLC arising from or recapitulating the differentiation of the tuft cells.1> 16 However,
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the singular case with distinct ASCL1-positive, NEUROD1-positive and POU2F3-positive
components calls into question the suggestion that SCLC-P might derive from a different
cell of origin from other SCLC subtypes. We confirm that POU2F3-positive SCLCs are
characterized by NE marker!®V/TTF-119W/DLL3!oW profile. Importantly, we also confirm that
pathologically, POU2F3-positive tumors represent true SCLC as defined by morphology and
extremely high proliferation rate, despite the low NE markers and near-universal lack of
TTF-1 expression. Enrichment of POU2F3 expression in combined SCLC suggests either
greater morphologic plasticity or closer ontogenetic relationship with NSCLC than ASCL1/
NEUROD?1 subtypes. Similar to conventional SCLC, we confirmed that POU2F3-expressing
tumors lack RB expression (data not shown).

YAP1 has been proposed to represent one of the subtype-defining markers of SCLC

within the “non-NE” ASCL1/NEUROD1 double-negative group of tumors, associated

with decreased INSM1 expression and enrichment for intact RB.”: 18 However, the role

of YAP1 as a major transcriptional driver in SCLC remains unclear given that it was

also reported that YAP1 expression in SCLC is consistently absent or minimal,2! and

no distinct YAP1 subtype was identified in a recent study of SCLC circulating tumor
cell-derived xenografts.13 Consistent with these latter observations, we also found that YAP1
expression in SCLC was either entirely absent or present only at a low level. Few cases that
exhibited moderate expression of YAP1 were confined to SCLC with combined histology,
where YAP1 was strongly expressed in the NSCLC component and focally retained YAP1
expression in the SCLC component could reflect transitional phenotype between NSCLC
and SCLC in such regions. Furthermore, YAP1 did not define a distinct subgroup of SCLC,
although its expression was mildly elevated in the ASCL1/NEUROD1 double-negative
tumors and was associated with low expression of NE markers. Overall, the role of YAP1 as
a subtype-defining marker in SCLC will require clarification in future studies.

In our series, 7% of SCLC lacked a known transcriptional regulator as they were negative
for ASCL1, NEUROD1 and POU2F3, and were generally either negative or low for YAPL.
Overall, these tumors were similar to the POU2F3 subtype in that they were NE marker!oW/
TTF-1'ow/DLL3!%W and enriched in combined histology. Identification of a dominant lineage
marker in this subtype of NE-low SCLC requires further study.

Another important clarification provided by our data concerns the so-called “non-NE”
subtype of SCLC.” It is known from prior IHC-based FFPE studies that some SCLC have
only minimal NE marker expression.* However, with the use of the most sensitive markers

— CD56 and the recent marker INSM1 — the prevalence of entirely NE-negative SCLC

is exceptionally low.% 43. 44 These concepts are closely recapitulated by our data, which
clarify that rather than being entirely “non-NE”, ASCL1/NEUROD1-double-negative tumors
represent primarily SCLC with NE-low (or NE-intermediate) phenotype, indicating that they
have lower extent and fewer number of expressed NE markers compared to ASCL1 and/or
NEUROD1-expressing SCLC.

Dr. Gazdar and colleagues originally proposed, based primarily on SCLC cell lines,
the existence of “variant” SCLC, characterized by semi-adherent larger cells compared
to floating spherical aggregates of “classic” SCLC.8 However the precise translation of
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these concepts to FFPE tissue and clinical patient samples has not been established.

In relation to marker expression, in some studies, “variant” SCLC corresponded to the
ASCL1/NEUROD1 double-negative tumors, but in others to the NEUROD1-high tumors.
We demonstrate enrichment for combined histology in the double-negative SCLC both with
and without POU2F3 expression, raising the consideration that what has been referred

to as “variant” morphology in experimental settings may reflect at least in some cases
combined SCLC histology. Although we did not identify enrichment for combined or

other distinctive histology in NEUROD1-expressing SCLC, it cannot be excluded that
variant characteristics of some SCLC are only apparent or amplified under culture or other
experimental conditions.

In summary, in the first comprehensive IHC-based study in patient samples, we confirm
highly distinct characteristics of SCLC with ASCL1 and/or NEUROD1 expression (86%)
versus SCLC lacking these markers (14%). The former are associated with a high “NE
program” (NE markernigh/TTF-1Nigh/DL13ig") and pure SCLC histology, whereas the latter
demonstrate a low “NE program” and enrichment in combined histology. We also confirm

a highly distinctive nature of POU2F3-expressing tumors, which account for 7% of SCLC.
Further studies are warranted to determine whether expression-based subtypes of SCLC are
associated with distinct patient outcomes and/or predict distinct therapeutic vulnerabilities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ASCL1 and NEURODL1 co-expression profiles.

(A) Pie chart illustrating the expression patterns of ASCL1 [A] and NEUROD1 [N] in

Page 14

SCLC. (B) Pie chart illustrating the distribution of marker-dominant subtypes: ASCL1-
dominant (ASCL1 H-score > NEUROD1 H-score), NEUROD1-dominant (NEUROD1 H-
score > ASCL1 H-score), and double-negative (negative for both markers). (C) Dot-plot
depicting the H-score difference between ASCL1 and NEUROD1 (AH-score): each dot
represents an individual case with its corresponding AH-score on the y-axis. All positive
values represent ASCL1-dominant tumors, and all negative values represent NEUROD1-
dominant ones. Bracket indicates a minority of cases with close scores for both markers
(AH-score <50). (D) A case with dual-high ASCL1 and NEURODY, illustrating that both
markers are co-expressed in the same cell population.
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Figure 2. POU2F3 and YAP1 expression in ASCL1/NEUROD1-defined subtypes.
Dot-plots depicting POU2F3 (A) and YAP1 (B) expression in ASCL1-dominant (ASLC1),

NEUROD1-dominant (NEUROD) and double-negative (DN) tumors. The superimposed
diamond plots display the group means (central horizontal lines), with the diamond height
representing the 95% confidence interval (CI), and overlap marks drawn within the diamond
at v2/2 x C1/2 above or below the mean, such that when the interval between these marks

in one group overlaps with the mean of another group, it indicates that these groups are

not different at the 95% confidence level. Thick gray lines indicate standard deviations.
Gray arrow in A indicates an exceptional tumor with divergent immunoprofiles in different
areas, in which POU2F3 expression was limited to a sub-population of cells lacking any
NEUROD1 or ASCL1 expression (see Supplementary Figure 1). Inset in B shows YAP1
scores in the DN subset with or without POU2F3 expression. Table columns in B correspond
to ASCL1, NEUROD1, DN, POU2F3 and DN, NOS. NOS: not otherwise specified; | £ o:
mean + standard deviation
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Figure 3. Association of SCLC subtypes with classical markers of SCLC, DLL3 and tumor

histology.

Dot-plots with superimposed diamond plots (see Figure 2 legend for details) and bar graphs
illustrating (A) NE marker expression (combined NE score; see Methods), (B) the average
number of positive NE markers, (C) Ki-67 proliferative index, (D) TTF-1 expression, (E)
DLL3 expression, and (F) tumor histology in SCLC subtypes.

Abbreviations: ASCL1 = ASCL1-dominant; DN, NOS = ASCL1/NEUROD1-double-
negative, not otherwise specified; DN, POU2F3 = ASCL1/NEUROD1-double-negative,
POU2F3-positive; Comb = combined; NE = neuroendocrine; NEUROD1 = NEUROD1-
dominant; Tot = total; 4 £ o: mean * standard deviation
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Figure 4. Histology illustration.
Examples of SCLC subtypes defined by ASCL1, NEUROD1 and POU2F3 expression. H&E

illustrates classic histologic features of SCLC in all subtypes. Low-level co-expression of
NEURODL is seen in the ASCL1-dominant case, and low-level ASCL1 co-expression is
seen in the NEURODZ1-dominant case. YAPL1 is negative in tumor cells, but labeling is seen
in benign stromal and endothelial cells. Expression of chromogranin (Chromo) illustrates
high expression of neuroendocrine markers in ASCL1 and NEUROD1 subtypes, and low
expression in the double-negative subtypes (for illustrated POU2F3-positive case, INSM1
and CD56 were expressed; not shown).
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(A)
YAPL P value VAP P value
(pos vs neg)* (high vs low)* .
[N=32 vs N=132] (pos v neg) [N=4 vs N=160] thighyslow)
ASCL1 + 63% vs 82% 0.03 50% vs 79% ns
ASCL1 mean H-score 101 vs 147 0.02 48 vs 141 ns
NEUROD1 + 42% vs 47% ns 25% vs 46% ns
NEUROD1 mean H-score 44 vs 56 ns 15 vs 55 ns
POU2ES 21% vs 4% 0.01 0% vs 7% ns
POU2F3 mean H-score 26 vs 7 0.03 Ovs1l ns
TTE-1 + 62% vs 77% ns 75% vs 74% ns
Ki-67 mean 87% vs 88% ns 85% vs 88% ns
Combined NE H-score (mean) 128 vs 187 < 0.001 61 vs 181 <0.001
Combined histology 38% vs 15% 0.01 100% vs 18% <0.001
*High = YAP1 H-score >50, low = YAP1 H-score <50, pos = YAP1 H-score >10, neg = YAP1 H-score < 10
IAbbreviations: ns = not significant, NE neuroendocrine

T e
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Figure 5. Correlates of YAP1 expression in SCLC and example of YAP1 expression in a case of
combined small cell carcinoma and adenocarcinoma.

(A) Comparison of ASCL1, NEUROD1, POU2F3, conventional markers of SCLC, and
histology in tumors with differential YAP1 expression. (B) A case of combined small cell
carcinoma and adenocarcinoma illustrating strong YAP1 expression in the adenocarcinoma
component with weak focal staining in the adjacent SCLC component (highlighted in the
high-power inset). In the background, strongly YAP1-positive cells are endothelial and

stromal cells.
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Table 1.

Expression of individual subtype-defining markers in SCLC

: H-score Range
Total cases with . . H-score
Marker Ntteusggrs expression N (% cases with expression) Mean
N (%) 1-10 | >10-50 | >50-150 | >150 | (full range)
173
ASCL1 160 128 (80) 2(2) 8(6) 1@ (7760 [ 415
NEURODL | 163 91 (56) 180) | 2508 | 246 |20 | _9200)
137
POU2F3 159 12(8) 1(8) 0(0) 768 | 464 | (50
YAPL 164 54 (33) 22(41) | 28(52) 4(7) 00 | 4 —2500)
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