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Abstract

Small cell lung cancer (SCLC) is a highly aggressive neuroendocrine tumor with dis-
mal prognosis. Recently, molecular subtypes of SCLC have been defined by the ex-
pression status of ASCL1, NEUROD1, YAP1, and POU2F3 transcription regulators.
ASCL1 is essential for neuroendocrine differentiation and is expressed in the majority
of SCLC. Although previous studies investigated ASCL1 target genes in SCLC cells,
ASCL1-mediated regulation of miRNAs and its relationship to molecular subtypes
remain poorly explored. Here, we performed genome-wide profiling of chromatin
modifications (H3K27me3, H3K4me3, and H3K27ac) by CUT&Tag assay and ASCL1
knockdown followed by RNA sequencing and miRNA array analyses in SCLC cells.
ASCL1 could preferentially regulate genes associated with super-enhancers (SEs)
defined by enrichment of H3K27ac marking. Moreover, ASCL1 positively regulated
several SE-associated miRNAs, such as miR-7, miR-375, miR-200b-3p, and miR-429,
leading to repression of their targets, whereas ASCL1 suppressed miR-455-3p, an
abundant miRNA in other molecular subtypes. We further elucidated unique patterns
of SE-associated miRNAs in different SCLC molecular subtypes, highlighting subtype-
specific miRNA networks with functional relevance. Notably, we found apparent de-
repression of common target genes of different miRNAs following ASCL1 knockdown,
suggesting combinatorial action of multiple miRNAs underlying molecular heteroge-
neity of SCLC (e.g., co-targeting of YAP1 by miR-9 and miR-375). Our comprehensive
analyses provide novel insights into SCLC pathogenesis and a clue to understanding

subtype-dependent phenotypic differences.
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1 | INTRODUCTION

Small cell lung cancer (SCLC) is an aggressive tumor that accounts
for approximately 15% of lung cancers.>? Recently, genome and
transcriptome analyses of SCLC have made great progress,3’S SCLC
typically expresses neuroendocrine markers such as synaptophysin
and chromogranin A (CHGA).” Achaete-scute complex homolog 1

(ASCL1), a master regulator for neuroendocrine differentiation,*®!

is expressed in the majority of SCLC (designated as SCLC-A).}>1®
ASCL1 interacts with NK2 homeobox 1 (NKX2-1) and prospero ho-
meobox 1 (PROX1)* and regulates genes unique to neuroendocrine
tumors, such as delta-like 3 (DLL3).}

Genetically engineered mouse models of SCLC based on Trp53
and Rb1 loss suggest that MYC drives NEUROD1 expression during
SCLC progression,'®Y” and NEUROD1 subtype (SCLC-N) presumably
originates from SCLC-A. Insulinoma-associated protein 1 (INSM1), a
novel marker for pulmonary neuroendocrine tumors,'® is a common
transcriptional target of ASCL1 and NEUROD1.23

Previous studies, including ours, reported SCLC cases lacking

1920 which cor-

ASCL1 expression and neuroendocrine features,
respond to Yes-associated protein 1 (YAP1) subtype (SCLC-Y)**?!
and POU class 2 homeobox 3 (POU2F3) subtype (SCLC-P).%°
Overall, four molecular subtypes of SCLC defined by the expres-
sion of ASCL1, NEURODZ1, YAP1, and POU2F3 transcription reg-
ulators are recognized'®'® and subtype-dependent therapeutic
vulnerabilities have been reported.?'"?* Transcriptomic features
unique to SCLC subtypes correlate with distinct signatures of
super-enhancers (SEs), which are large genomic regions marked by
high levels of H3 acetylation at lysine 27 (H3K27ac) or Mediator
binding, 131425727

MicroRNAs (miRNAs) display tissue-specific expression patterns
and regulate gene expression by binding to the 3’ untranslated re-
gions (3'UTRs) of target mRNAs. 28?7 SEs play critical roles in the
tissue-specific miRNA expression and function to shape cell-type
identity.2%3% A few reports have identified transcriptional targets of
ASCL1.3332 However, miRNA profiles regulated by ASCL1 in SCLC
cells and its relationship to SEs remain poorly studied.

Here, we performed genome-wide profiling of histone modifi-
cations by Cleavage Under Targets and Tagmentation (CUT&Tag)
assay,33 RNA sequencing, and miRNA array analyses to elucidate SE-

associated gene and miRNA regulation in SCLC cells.

2 | MATERIALS AND METHODS

2.1 | Public datasets

Public datasets analyzed in this study are summarized in
Table $1.3%3%43% Mapped sequence data were visualized using
Integrative Genomics Viewer.?® Gene set enrichment analysis was
performed as described previously.37 Predicted target genes with
conserved sites for each miRNA were obtained from TargetScan
(v7.2).%8

2.2 | Cellcultures

Details were described previously.19 Small interfering RNA against
human ASCL1 and negative control were purchased from Invitrogen
(Thermo Fisher Scientific).*’ Electroporation was performed for
SiRNA delivery.®® Lipofectamine RNAIMAX Transfection Reagent
(Invitrogen) was used for transfection of negative control or miR-
CURY LNA miR-455-3p mimic (Qiagen).

2.3 | Cleavage Under Targets and Tagmentation
Cleavage Under Targets and Tagmentation (CUT&Tag) was performed
according to the protocol with minor modifications.®3*! Lu134A cells
(1x 105) were bound to concanavalin-coated magnetic beads (Bangs
Laboratories). After permeabilization with digitonin, cells were incu-
bated with primary antibody at room temperature for 2 h and subse-
quently incubated with secondary antibody for 1 h. Then, CUTANA
pAG-Tn5 for CUT&Tag (EpiCypher) was bound to secondary antibody.
After incubation with Mg?* containing solution to cleave the target
DNA, the extracted DNA was amplified by PCR. The PCR product
was purified using AMPureXP magnetic beads (Beckman Coulter).
Sequence libraries were pooled at 5 nM. For non-specific IgG, the en-
tire library was pooled. The pooled library was sequenced on HiSegX
(Ilumina) using 150bp paired end reads. Rabbit monoclonal anti-H3
acetylation at lysine 27 (H3K27ac) antibody (Abcam, ab4729), rab-
bit monoclonal anti-H3 tri-methylation at lysine 27 (H3K27me3) an-
tibody (CST, #9733S), and rabbit polyclonal anti-H3 tri-methylation
at lysine 4 (H3K4me3) antibody (Active Motif, #39159) were used
as primary antibodies. Rabbit IgG (Merck Millipore, PP64B) was
used for IgG control. Guinea pig anti-rabbit 1gG (antibodies-online,
ABIN101961) was used as secondary antibody.

2.4 | Data processing of Cleavage Under
Targets and Tagmentation

After quality control, reads were aligned against hg38 by Bowtie2
(version 2.3.5.1). Peak calling was performed by SEACR (version
1.4) for H3K27ac and H3K4me3 with relaxed mode using non-
normalized 1gG control track*? or by SICER2 (version 1.0.3) for
H3K27me3.** A heatmap was generated using deepTools (version
3.3.2, binSize = 10).** Data were deposited in the Gene Expression
Omnibus (GEO) repository (GSE185083).

2.5 | Identification of super-enhancers

Super- enhancers (SEs) were identified according to the algorithm de-
scribed previously.?®> We calculated the linkage score between miRNA
genes and enhancers as reported previously.30 SE-associated miRNA
genes were defined when the transcription start site (TSS) or hairpin
sequence has a linkage score <0.2 or is located within the SE region.
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2.6 | MicroRNA expression profiling and
PCR analysis

Expression of 2578 human mature miRNAs was profiled using
Affymetrix GeneChip miRNA 4.0 Array (Filgen).*° Data were depos-
ited in GSE180315. Mature miR-7-5p and miR-375 were quantified
using TagMan microRNA assays (Thermo Fisher Scientific) and ex-

pression levels were normalized to that of Ué.

2.7 | RNA-sequencing

RNA-sequencing (RNA-seq) reads were analyzed using CLC
Genomics workbench software (Qiagen). Reads per kilobase of tran-
script per million mapped reads (RPKM) data were obtained as re-

ported previously.39 Data were deposited in GSE180314.

2.8 | Quantitative RT-PCR analysis
Expression levels were normalized to glyceraldehyde-3-phosphate

dehydrogenase. The primers are shown in Table S2.

2.9 | Immunoblot analysis
Mouse monoclonal antibodies for ASCL1 and a-tubulin were from

BD Pharmingen and Sigma-Aldrich, respectively.

2.10 | Immunohistochemistry

Lung specimens were obtained from 4 patients pathologically diag-
nosed with SCLC. For antigen retrieval, tissue sections for ASCL1,
YAP1, thyroid transcription factor-1 (TTF-1), and synaptophy-
sin were autoclaved for 20min at 120°C in 10mM sodium citrate
buffer (pH 6.0), and tissue sections for NEUROD1 were boiled at
95°C. Antibodies and dilutions used for immunohistochemistry
were as follows. ASCL1 (BD Pharmingen, #556604, 1:50); YAP1
(CST, #14074, 1:150); TTF-1 (Nichirei Biosciences, SPT24); synap-
tophysin (DakoCytomation, A0010, 1:100); NEUROD1 (Abcam,
EPR20766, ab213725, 1:3000). The sections were then incubated
with Histofine Simple Stain MAX-PO (MULTI) (Nichirei Biosciences)

as secondary antibodies with peroxidase for 30 min.

2.11 | Statistical analysis

Pearson's correlation coefficient (r) was calculated for correla-
tion analyses. The Wilcoxon rank test was used for comparisons
of different gene sets. ANOVA followed by the Tukey-Kramer
honestly significant difference (HSD) test was used for pairwise
comparisons.

3 | RESULTS

3.1 |
cells

Super-enhancer-associated genes in Lu134A

Lul34A cells harbor TP53 and RB1 mutations® and express
ASCL1.Y We performed CUT&Tag assay of H3K27me3, H3K4me3,
and H3K27ac in Lul34A cells and determined 972 SE-associated
genes based on H3K27ac profiles (Figure 1A and Table S3). As com-
pared to 795 SE-associated genes in SCLC-A identified by a recent
study,* 18.6% of SE-associated genes in LUu134A cells were overlap-
ping, which included ASCL1, INSM1, NKX2-1, and forkhead box Al
(FOXA1).4°

Next, we compared H3K27me3, H3K4me3, and H3K27ac his-
tone marks of the previously reported 141 transcriptional targets
of ASCL1 (Table S4).*® For more than half of these genes, including
key transcription factors (ASCL1, INSM1, and NKX2-1) and neu-
roendocrine markers (DLL3 and CHGA), we noted high H3K4me3
and H3K27ac signals around their TSSs (Figure 1B). Visualization of
H3K4me3 and H3K27ac signals in the genomic regions of ASCL1,
INSM1, NKX2-1, and FOXA1 showed markedly broad distributions
(Figure S1). Cell identity genes are frequently associated with both
SEs and broad H3K4me3 domains (>4.0 kb),® and this observation
supported their essential roles for cell-type specification.

H3K27me3 marks are associated with transcriptional repres-
sion of cell-type-specific genes.***” A previous study identified
H3K27me3-marked 60 genes whose expression levels were gen-
erally repressed in SCLC cell lines (Table $4).*¢ We compared
H3K27me3, H3K4me3, and H3K27ac histone marks in their ge-
nomic regions and noted high H3K27me3 marks for most genes in
contrast to scant H3K4me3 and H3K27ac signals (Figure S2).

3.2 | ASCL1 regulates super-enhancer-associated
genes in LU134A cells

For loss-of-function experiments, we treated Lul34A cells with
siRNAs against ASCL1, and efficient knockdown of ASCL1 was
confirmed by immunoblotting (Figure 1C). RNA-seq analysis was
conducted following ASCL1 knockdown, and we identified 409
downregulated and 95 upregulated transcripts, using the thresholds
of RPKM >1 in the control, and fold change <0.67 or >1.5 (Figure 1D
and Table S5). Downregulated genes included ASCL1 and its known
target genes (e.g., DLL3 and INSM1)*® while upregulated genes in-
cluded YAP1 (Figure 1D).

Gene set enrichment analysis indicated that the ASCL1 target
gene signature (Table $4)* was enriched among the genes downreg-
ulated by ASCL1 knockdown (p <0.01) (Figure 1E), confirming effec-
tive suppression of ASCL1-mediated transcription.

ASCL1 knockdown led to preferential suppression of SE-
associated genes compared to typical enhancer (TE)-associated
genes or others (Figure 1F). Of note, SE-associated genes sup-
pressed by ASCL1 knockdown included NKX2-1, INSM1, and
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FIGURE 1 Chromatin modifications and achaete-scute complex homolog 1 (ASCL1)-mediated regulation of super-enhancer (SE)-
associated genes in Lu134A cells. (A) H3K27ac profiles at enhancers in Lu134A cells. SEs were distinguished from typical enhancers (TEs)
by identifying an inflection point of H3K27ac signal vs enhancer rank. Representative SE-associated genes are indicated. (B) Distribution
of H3K27me3, H3K4me3, and H3K27ac signals within the intervals of 3.0 kb upstream of transcription start sites (TSSs), gene bodies, and
3.0 kb downstream of transcription end sites (TESs) of the ASCL1 target genes. ASCL1, insulinoma-associated protein 1 (INSM1), and NK2
homeobox 1 (NKX2-1) showed markedly broad distribution of both H3K4me3 and H3K27ac signals around their TSSs. y-axis values of the
upper panels indicate normalized read counts. (C) Immunoblotting for ASCL1 in Lu134 cells treated with control (siNC) or ASCL1 siRNAs
(siASCL1). Alpha-tubulin was used as the loading control. (D) Scatter plot representation of genes in Lu134A cells treated with siASCL1
(y-axis) compared to siNC (x-axis). Expression levels are shown as log, (1+RPKM) values. Key transcription regulators and neuroendocrine
markers are indicated. (E) Gene set enrichment analysis using the RNA-seq result of Lu134A cells treated with siNC or siASCL1. (F)
Cumulative distribution plot of log,-transformed gene expression fold changes of SE-associated genes (SE-genes), TE-associated genes
(TE-genes) and others. The genes with RPKM >1 in both siNC- and siASCL1-treated groups were analyzed. The p-value was calculated by
one-sided Wilcoxon rank test. SE-genes vs others: p<2.2x 107, TE-genes vs others: p<2.2x 107, SE-genes vs TE-genes: p = 1.3x 1077, (G)
Schematic representation of ASCL1-mediated preferential regulation of SE-genes.

FOXA1 (Figure 1G). These observations supported that ASCL1 is
a bona fide master regulator that governs SE-associated transcrip-
tional regulation and cell identity in Lu134A cells, consistent with
the previous report that ASCL1-bound sites are enriched in the SEs
of SCLC cells.®®

3.3 | Profiling of miRNAs regulated by ASCL1 in
Lu134A cells

We conducted miRNA array analysis following ASCL1 knockdown
and reliably detected 824 miRNAs in the cells treated with control
and ASCL1 siRNAs (Figure 2A). We selected 417 miRNAs with ex-
pression values >50 in the control, and among them, 111 miRNAs
showed downregulation (fold change <0.8) and 37 miRNAs showed
upregulation (fold change >1.25; Figure 2B and Table S6).

To further select miRNAs associated with ASCL1, we exploited
gene and miRNA expression profiling data obtained from the
Cancer Cell Line Encyclopedia (CCLE) (Table S7).6 We evaluated log-
transformed expression levels of ASCL1 and miRNAs in 50 differ-
ent SCLC cell lines and identified 27 or 7 miRNAs whose expression
levels were positively or negatively correlated with that of ASCL1
(r>0.35 or <-0.35) (Figure 2B). Comparing them with downregu-
lated or upregulated miRNAs by ASCL1 knockdown, we identified
four miRNAs (miR-7-5p, miR-375, miR-200b-3p, and miR-429) or
miR-455-3p, as positively or negatively regulated miRNAs by ASCL1,
respectively (Figures 2B,C and S3). Strong positive or negative cor-
relations with miR-375 (r = 0.62) or miR-455-3p (r = -0.68) were
noteworthy (Figure 2C).

Next, we validated expression levels of miR-7-5p and miR-375
in SCLC cell lines (Figure 2D)*? and found that miR-7-5p and miR-
375 were expressed in SCLC-A but not in SCLC-Y cell lines without
ASCL1 expression (Figure 2D).

We further analyzed the public ChIP-seq dataset™ and identi-
fied ASCL1 binding sites around MIR7-3 host gene (MIR7-3HG) and
MIR375 gene loci in SCLC-A cell lines, suggesting direct regulation
of miR-7 and miR-375 by ASCL1 (Figure 2E). In contrast, NEUROD1
binding peaks were not found around MIR7-3HG or MIR375 gene loci
in SCLC-N cell lines (Figure 2E).

t13

Consistently, H3K4me3 and H3K27ac active marks were abun-
dant, while H3K27me3 repressive mark was scant around MIR7-3HG
and MIR375 gene loci in Lul34A cells (Figure S4A). SE formation
overlying MIR375 gene locus was identified and three peaks of
H3K27ac signals were found in the upstream region of the MIR7-3
gene (Figure S4A).

3.4 | Repression of miR-455-3p in LUu134A cells

To clarify the genome-wide landscape of chromatin modifications of
miRNA genes, we comprehensively profiled H3K27me3, H3K4me3,
and H3K27ac signals within 2.0 kb upstream and 2.0 kb downstream
of the TSSs of miRNA genes. We selected the top 100 miRNA genes
with high signals for each histone mark and obtained a list of 196
miRNA genes (Table S8). According to H3K4me3 and H3K27ac
signals, these miRNA genes were separated into two clusters
(Figure 3A). Cluster 1 was enriched with H3K4me3 and H3K27ac
marking and included the miR-375 gene. Cluster 2 was character-
ized by high H3K27me3 marking and included the miR-455 gene
(Figure 3A). Visualization of H3K4me3, H3K27ac, and H3K27me3
signals showed a broad peak of H3K27me3 repressive mark cov-
ering the host gene of miR-455, collagen type XXVII alpha 1 chain
(COL27A1) (Figure S4B).

Expression levels of COL27A1 and miR-455-3p in SCLC cell
lines were strongly correlated (r = 0.90) (Figure S5A). Furthermore,
log-transformed expression levels of ASCL1 and COL27A1 were in-
versely correlated (r = -0.47) in SCLC tissue samples (Figure S5B).3
We also found that miR-455-3p expression levels were lower in
SCLC compared to lung adenocarcinoma (LUAD), squamous cell car-
cinoma (LUSC), and normal lung tissue samples (Figure 3B).% Given
that ASCL1 is expressed in the majority of SCLC with neuroendo-
crine features,’®2 but not in most cases of LUAD, LUSC, or normal
lung tissues,*? this observation supported that miR-455-3p expres-
sion might be suppressed by ASCL1 in SCLC tissues.

Next, we tested the effect of miR-455-3p mimic transduction.
Because it was difficult to transduce miRNA mimic into Lu134A cells
cultured as floating aggregates, we alternatively utilized SBC5 cells.
RNA-seq analysis of SBC5 cells transfected with miR-455-3p mimic
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FIGURE 2 Profiling of miRNAs regulated by achaete-scute complex homolog 1 (ASCL1) in Lu134A cells. (A) Scatter plot representation
of miRNAs in Lu134A cells treated with siASCL1 (y-axis) compared to siNC (x-axis). Expression levels are shown as log, values of microarray
signal intensity. Representative miRNAs upregulated and downregulated by ASCL1 knockdown are indicated. (B) Venn diagrams showing
overlaps of downregulated or upregulated miRNAs by ASCL1 knockdown and miRNAs positively or negatively correlated with ASCL1 in 50
small cell lung cancer (SCLC) cell lines in the Cancer Cell Line Encyclopedia (CCLE). Numbers of miRNAs are indicated. (C) Correlations of
ASCL1 with miR-7 (left), miR-375 (middle), and miR-455-3p (right) in 50 SCLC cell lines. Expression levels of genes and miRNAs are shown
as log, (1+RPKM) and log, values of microarray signal intensity, respectively. (D) Quantitative PCR for miR-7-5p (upper) and miR-375 (lower)
in SCLC-Y (SBC5 and SBC3) and SCLC-A (H209, Lu139, Lu134A, and Lu134B) cell lines. Bars represent means + standard errors. (E) ASCL1
ChIP peaks in SCLC-A cell lines (H128, H2107, and H889) and NEUROD1 ChlP peaks in SCLC-N cell lines (H82 and H524) around MIR7-3
(upper) and MIR375 (lower) gene loci. Note that ASCL1 binding peaks are present in the upstream regions of MIR7-3 (upper) and MIR375

(lower) genes only in SCLC-A cell lines.

revealed 2356 downregulated genes (fold change <0.8), and expres-
sion levels of 146 genes were negatively correlated with that of miR-
455-3p (r<-0.35) in SCLC cell lines (Figure 3C). Furthermore, 7 of 146
genes were predicted targets by TargetScan (Figure 3C). Among them,
we selected nuclear factor | B (NFIB) and nuclear receptor subfamily
2 group F member 1 (NR2F1) for validation experiments (Figure 3D),
because previous studies demonstrated that NFIB is implicated in
SCLC metastasis,*®*? and NR2F1 is involved in neural development.50
Consistent with the RNA-seq result, quantitative RT-PCR analysis
revealed that NFIB and NR2F1 were downregulated by miR-455-3p
mimic in SBC5 and A549 lung adenocarcinoma cells (Figure 3E). Of
clinical relevance, log-transformed expression levels of ASCL1 and
NR2F1 were positively correlated in SCLC tissue samples (Figure 3F).3

3.5 | Identification of super-enhancer-associated
miRNA genes in small cell lung cancer cells

We have previously demonstrated that SEs drive the biogenesis of
cell-type-specific miRNAs and determined a catalog of SE-associated
miRNA genes across 86 different kinds of human cell and tissue sam-
ples (Table 59).%0 Similarly, we assigned SEs to miRNA genes using
H3K27ac profiles in Lu134A cells and identified 18 SE-associated
miRNA genes, including let-7b-7a3, miR-200a-200b-429, miR-141-
200c, miR-23a-24-2-27a, miR-375, and miR-191-425 (Figure 4A and
Table S10). Considering that miR-375, miR-200b-3p, and miR-429
were downregulated by ASCL1 knockdown (Table Sé), their associa-
tions with SEs suggested a role for ASCL1 in the preferential regu-
lation of SE-associated miRNA genes analogous to SE-associated
genes (Figure 1G).

Next, we defined SE-associated miRNA genes across different
molecular subtypes using the public datasets of H3K27ac ChlIP-seq
in SCLC cell lines (Table 51).24%° In addition to Lu134 A cells, we de-
termined SE-associated or TE-associated miRNA genes in 7 SCLC-A,
4 SCLC-N and 4 SCLC-P cell lines (Table $11)%° and further selected
SE-associated miRNA genes found in 23 SCLC-A, 22 SCLC-N, or
>2 SCLC-P cell lines. Consequently, we obtained a list of 57 SE-
associated miRNA genes as summarized in Table S12. With a few
exceptions, such as let-7b-7a3, many SE-associated miRNA genes in
SCLC cell lines were rarely associated with the SEs of the aforemen-
tioned 86 samples (Table S9), indicating the highly cell-type-specific
nature of SEs.3°

Some miRNA genes were ubiquitously associated with SEs across
different SCLC subtypes (e.g., let-7b-7a3, miR-9-2 and miR-203)
(Figure 4B and Table S12). Other SE-associated miRNA genes were
related to one or two molecular subtypes. For example, miR-200a-
200b-429 was associated with SEs in both SCLC-A and SCLC-P but
not in SCLC-N (Figure 4B and Table S12).

A subset of miRNA genes was associated with SEs preferen-
tially in SCLC-A cell lines, including miR-95, miR-375, and miR-7-3
(Figure 4B and Table S12). Remarkably, miR-375 was not associated
with SEs in any of the 86 samples (Table S12), indicating its highly
specific association with SEs and phenotypic relevance to SCLC-A.
Of note, miR-7-3 was associated with SEs in two SCLC-A cell lines
(H69 and H128), but not in SCLC-N or SCLC-P cell lines (Figure 4B
and Table S11).

SE-associated miRNA genes unique to SCLC-N (e.g., miR-124-1
and miR-578) or SCLC-P (e.g., miR-9-1 and miR-196a-2) were also
identified (Figure 4B and Table S12).

In any SCLC-A cell line, miR-455 gene was not associated with
either SE or TE. In contrast, miR-455 was associated with SEs or TEs
in three out of four SCLC-P cell lines (Figure 4B and Table S12). We
analyzed the public ChIP-seq dataset?® and found POU2F3 binding
peaks around the TSS of COL27A1 (host gene for miR-455) in H1048
cells of SCLC-P subtype, suggesting direct regulation of miR-455 by
POU2F3 (Figure S5C). Consistently, POU2F3-high SCLC cell lines
in the CCLE expressed higher miR-455-3p (Figure S5D). Taken to-
gether, miR-455 might be negatively regulated by ASCL1 in SCLC-A
and positively regulated by POU2F3 in SCLC-P (Figure S5E).

We compared expression levels of key transcription regulators
(ASCL1, NEUROD1, YAP1, and POU2F3), neuroendocrine markers
(DLL3, INSM1, and CHGA), and miRNAs associated with SCLC-A
(miR-7, miR-9, miR-200b, miR-375, miR-429, and miR-455-3p) in

1213 heuroendo-

SCLC cell lines. Consistent with previous studies,
crine markers were expressed in SCLC-A and SCLC-N but not in
SCLC-Y and SCLC-P cell lines (Figure 4C).

Expression of miR-7 was found in SCLC-A and SCLC-N cell lines
and that of miR-9 was more ubiquitous (Figure 4C). In line with the
result of miRNA array analysis (Figure 2B), miR-200b, miR-375,
and miR-429 were preferentially expressed in SCLC-A cell lines
(Figure 4C). Expression of miR-455-3p was generally low in SCLC-A
but was the highest in SCLC-P cell lines (Figure 4C). Thus, miRNA ex-
pression levels and SE associations were overall concordant across

SCLC subtypes.



MIYAKAWA ET AL.

(A)

©

H3K27ac3

H3K27me3 H3K4me3

— Cluster 1 (C1)
Cluster 2 (C2)

miR-375

2.0kb -2.0 TSS 2.0kb

SBC5 CCLE
miR-455-3p mimic  miR-455-3p coexpression
fold change < 0.8 r<-0.35

(E)
1.4

1.2

0.8
0.6

0.4

Relative expression

0.2

(o)

L

NFIB 14

1.2
0.8
0.6
0.4
0.2
0
o
Y «i\?\, &0&\?\,

o
A549 SBC5

N

NFIB NR2F1
CERS4 SEPW1
RGP1 KLHL24
HAGH

NR2F1

[l

0 0
© ,byﬁrb \’06%
\?~ ((g\@

A549 SBCS

H 3939
Cancer Science A yins A

(B)

miR455-3p
61 !
54 ! :
c |
S - ,
2 | R
g ! ! ! —
X ! ! o
o 3 ! —
G') 1
2 —
T 2-
(04
1 e
0_ —_
LUAD LUSC SCLC Normal
(D)
ASCLA1
H3K27me3 ,
- NFIB
miR-455 —1
NR2F1
(F)
George et al.
g. r=041,P<0.01
8
7 .l
4
— 6 °
LL L]
& 51 -
Z 4
3
2
1
0
0 4 8 12



MIYAKAWA ET AL.

AR RWATS 2 Cancer SCience

FIGURE 3 miR-455 gene is repressed in Lu134A cells and miR-455-3p possibly targets nuclear factor | B (NFIB) and nuclear receptor
subfamily 2 group F member 1 (NR2F1). (A) Distribution of H3K27me3, H3K4me3, and H3K27ac signals within 2.0 kb upstream and 2.0 kb
downstream of the transcription start sites (TSSs) of 196 miRNA genes. Clustering analysis based on H3K27me3 and H3K27ac signals
yielded two clusters. Cluster 1 (C1) included 112 miRNA genes marked by H3K4me3 and H3K27ac (e.g., miR-375). Cluster 2 (C2) miRNA
genes were marked by H3K27me3 in contrast to lower H3K4me3 and H3K27ac signals (e.g., miR-455). y-axis values in the upper panels
indicate normalized read counts. (B) Expression levels of miR-455-3p in lung adenocarcinoma (LUAD, n = 36), squamous cell carcinoma
(LUSC, n = 30), small cell lung cancer (SCLC, n = 17), and normal lung tissue samples (n = 44) were compared using the GSE74190 dataset.
Note that miR-455-3p expression is generally low in SCLC tissue samples. Tukey-Kramer honestly significant difference (HSD) test, p <0.01.
(C) Venn diagram showing an overlap of downregulated genes by miR-455-3p mimic in SBC5 cells, and the genes negatively correlated

with miR-455-3p in 50 SCLC cell lines. Among 146 overlapping genes, the indicated seven genes were predicted as miR-455-3p targets by
TargetScan (miR-455-3p.1). Numbers of genes are indicated. (D) Schematic representation of achaete-scute complex homolog 1 (ASCL1)-
mediated negative regulation and H3K27me3 marking of miR-455 gene and possible targeting of NFIB and NR2F1 by miR-455-3p. (E)
Quantitative RT-PCR for NFIB and NR2F1 in A549 and SBC5 cells following negative control (NC) or miR-455-3p mimic transfection. Data
are shown as means + standard errors. (F) Correlation of ASCL1 and NR2F1 in 81 SCLC tissue samples reported by George et al. Expression

levels are shown as log, (1+FPKM) values.

3.6 | Target gene candidates of miR-7, miR-9, and
miR-375

We aimed to explore target genes of miRNAs with pathological sig-
nificance and focused on miR-7, miR-9, and miR-375 as SE-associated
miRNAs in SCLC-A cell lines. Referring to the public dataset,® these
miRNAs were highly expressed in SCLC as compared to LUAD,
LUSC, and normal lung tissues (Figure 5A).

We then compared target genes with conserved sites predicted
by TargetScan and those negatively correlated with the miRNAs
(r<-0.4 for miR-7 and miR-9, and r<-0.5 for miR-375) in SCLC cell
lines (Figure 5B). These comparisons identified possible miRNA
target genes, such as DNA polymerase epsilon 4, accessory sub-
unit (POLE4) for miR-7, nuclear factor kappa B subunit 1 (NFKB1)
for miR-9, and YAP1 for miR-375 (Figure 5C). POLE4 is a subunit of
DNA polymerase epsilon and plays a key role for DNA replication.
Interestingly, double knockout of Pole4 and Trp53 in mice exhibits
accelerated tumorigenesis, suggesting that replication stress and
p53 inactivation are implicated in cancer development.®* NFKB1 is a
subunit of NFxB, a central regulator of inflammatory responses and
is presumably important for tumor immune reactions.>?

We compared expression levels of ASCL1, POLE4, NFKB1, and
YAP1 in lung cancer tissue samples using the public dataset.3* ASCL1
expression was restricted to the majority of SCLC and part of LUAD
tissue samples. In contrast, expression levels of POLE4, NFKB1, and
YAP1 were generally low in SCLC as compared to LUAD, LUSC, and
normal lung tissues (Figure 5D). Regarding higher expression of miR-
7, miR-9, and miR-375 in SCLC tissue samples (Figure 5A), lower ex-
pression of their possible target genes POLE4, NFKB1, and YAP1
suggested miRNA-mediated regulation.

3.7 |
SCLC-A

Co-targeting of miRNAs associated with

We explored whether predicted target genes of SE-associated miR-
NAs in SCLC-A were de-repressed by ASCL1 knockdown in Lu134A
cells using the RNA-seq result. We focused on ASCL1-regulated

miRNAs identified in this study (miR-7-5p, miR-375, miR-200b-3p,
and miR-429) and miR-9-5p that is ubiquitously expressed in SCLC.
We found that silencing of ASCL1 tended to upregulate the ex-
pression levels of predicted target genes of miR-375, miR-7-5p,
miR-200b-3p, miR-429, and miR-9-5p with statistical significance
(Figure 6A,B, upper panel), although such effect on miR-9-5p tar-
get genes was modest. These observations indicated that down-
regulation of these miRNAs following ASCL1 knockdown led to
de-repression of their target genes, underscoring the functional rel-
evance of miRNA-mediated gene regulation.

Given that multiple miRNAs frequently repress shared target

53 we examined expression changes

genes in a cooperative manner,
of common target genes of two different miRNAs following ASCL1
knockdown. Based on the potential importance of miR-375 as
ASCL1-regulated, SE-associated and SCLC-specific miRNA, we fo-
cused on combined effects between miR-375 and other miRNAs.
Common target genes of miR-375 and another miRNA (miR-7-5p,
miR-200b-3p, miR-429, or miR-9-5p) tended to be upregulated by
ASCL1 silencing and those of miR-375 and miR-9-5p showed a no-
ticeable trend toward upregulation (Figure 6B, lower panel). Such
upregulated co-target genes of miR-375 and miR-9-5p included
YAP1 (Table S5). Interestingly, the 3'UTR region of YAP1 contains
target recognition sequences for miR-375 and miR-9-5p in close
proximity (20 nt distance) (Figure 6C), which is important for cooper-
ative action of two miRNA target sites.>*

We further found that YAP1, POU2F3, and NEUROD1 mRNAs
have target recognition sequences for SE-associated miRNAs
unique to SCLC-A, SCLC-N, and/or SCLC-P (Figure Sé). Notably,
miR-153-2-595 was associated with SEs only in SCLC-A cell lines
(Table S12), and TargetScan predicted NEUROD1 as a target gene
of miR-153-3p. Considering its specific association with SEs, miR-
153-3p may be involved in SCLC subtyping via NEUROD1 sup-
pression in SCLC-A.

Taken together, our findings indicated that ASCL1 induces SE-
associated genes (e.g., NKX2-1 and INSM1) as well as SE-associated
miRNAs (e.g., miR-200b-3p, miR-429, and miR-375) (Figure 6D).
Moreover, SE-associated miRNA-mediated cooperative regulation
of target genes may contribute to SCLC subtyping (Figure 6D).
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FIGURE 4 Super-enhancer (SE)-
associated miRNA genes in small cell lung
cancer (SCLC) cell lines. (A) H3K27ac
signals at enhancers in Lu134A cells.
Enhancer regions are plotted in an
increasing order based on their signals.
Representative SE-associated miRNA
genes are indicated, and the full list is
described in Table S10. (B) Associations
of representative miRNA genes with

SEs or typical enhancers (TEs) in eight
SCLC-A (including Lu134A), four SCLC-N,
and four SCLC-P cell lines. H3K27ac
Cleavage Under Targets and Tagmentation
(CUT&Tag) data were used for Lu134A
and H3K27ac ChlP-seq data obtained
from the GSE151002 and GSE115124
datasets were used for the other cell
lines. (C) Heatmap of relative expression
levels of key transcription regulators,
neuroendocrine markers, and miRNAs
related to SCLC-A in 50 SCLC cell lines.
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FIGURE 5 Candidate target genes of miR-7, miR-9, and miR-375 in small cell lung cancer (SCLC). (A) Expression levels of miR-7 (left), miR-
9 (middle), or miR-375 (right) in lung adenocarcinoma (LUAD, n = 36), squamous cell carcinoma (LUSC, n = 30), SCLC (n = 17), and normal
lung tissue samples (n = 44) were compared using the GSE74190 dataset. Note that expression levels of these miRNAs are generally high

in SCLC tissue samples. Tukey-Kramer honestly significant difference (HSD) test, p <0.01. (B) Venn diagrams showing overlaps of target
genes of miR-7, miR-9, and miR-375 predicted by TargetScan and the genes negatively correlated with each miRNA in 50 SCLC cell lines
(Pearson's r<-0.4 for miR-7 and miR-9, and r<-0.5 for miR-375). Numbers of genes are indicated. (C) Correlations between miR-7 and

DNA polymerase epsilon 4, accessory subunit (POLE4) (left), miR-9 and nuclear factor kappa B subunit 1 (NFKB1) (middle), and miR-375

and Yes-associated protein 1 (YAP1) in 50 SCLC cell lines. Expression levels of genes and miRNAs are shown as log, (1+RPKM) and log,
values of microarray signal intensity, respectively. (D) Expression levels of achaete-scute complex homolog 1 (ASCL1) (left), POLE4 (middle
left), NFKB1 (middle right), and YAP1 (right) in LUAD (n = 85), LUSC (n = 61), SCLC (n = 21) and normal lung tissue samples (n = 14) were
compared using the GSE30219 dataset. Note that expression levels of POLE4, NFKB1, and YAP1 are generally low in SCLC tissue samples in
contrast to high expression of ASCL1. Tukey-Kramer HSD test, p <0.01.
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FIGURE é Yes-associated protein 1 (YAP1)is a common target of miR-9-5p and miR-375. (A) Cumulative distribution plot of log,-
transformed gene expression fold changes of predicted target genes of miR-375, miR-7-5p, miR-200b-3p, miR-429, or miR-9-5p and other
genes with no target site. The RNA-seq result of Lu134A cells treated with siNC or siASCL1 was analyzed. (B) Upper panel: Comparisons

of log,-transformed gene expression fold changes of predicted target genes. Compared to other genes with no target site, predicted target
genes of miR-375, miR-7-5p, miR-200b-3p, miR-429, and miR-9-5p were preferentially de-repressed following ASCL1 knockdown (p <1074,
p<1072, p<107*2, p<1078 and p< 1074 respectively). The p-value was calculated by one-sided Wilcoxon rank test. Lower panel: Compared
to other genes with no target site, common predicted target genes of miR-375 and miR-7-5p (375 & 7-5p), miR-375 and miR-200b-3p (375

& 200b-3p), miR-375 and miR-429 (375 & 429), and miR-375 and miR-9-5p (375 & 9-5p) were preferentially de-repressed following ASCL1
knockdown. *p = 4.5x 1072, **p = 2.7x 1073, ***p = 3.8x 1073, ****p = 4.3x 10™*. The p-value was calculated by one-sided Wilcoxon rank
test. (C) Target sequences of miR-9-5p and miR-375 in the 3'UTR region of YAP1 mRNA. (D) Schematic representation of achaete-scute
complex homolog 1 (ASCL1)-mediated regulation of super-enhancer (SE)-genes and SE-associated miRNAs (SE-miRNAs). (E) Upper left:
H&E staining (low magnification). The square indicates the area used for the high magnification view. Upper middle: H&E staining (high
magnification). Tumor and stromal areas are indicated. Upper right: Immunohistochemistry (IHC) for ASCL1. Lower pictures indicate IHC for
YAP1, thyroid transcription factor-1 (TTF-1) also known as NK2 homeobox 1 (NKX2-1), synaptophysin, and NEUROD1. Arrowheads indicate
positive YAP1 staining in stromal cells. Scale bar is shown in each picture.

Finally, we performed immunohistochemistry for ASCL1, YAP1,
NEUROD1, TTF-1 (an alias for NKX2-1), and synaptophysin as a neu-
roendocrine marker. In four SCLC tissue samples evaluated in this
study (Table S13), tumor cells were positive for ASCL1, TTF-1, and
synaptophysin, while YAP1 was only positive in stromal cells and not
in tumor cells (Figure 6E). These observations on clinical samples
were consistent with our experimental results that ASCL1 positively
regulates NKX2-1 and suppresses YAP1, possibly through induction
of miR-375 (Figure 6D).

NEUROD1 was negative in two cases while NEUROD1 positivity
was noted in the other two cases (Figure S7). These findings were
in line with previous studies showing ASCL1/NEUROD1 double-
positive as well as ASCL1-positive/NEUROD1-negative SCLC

cases.>¢

4 | DISCUSSION

In the present study, we revealed the histone modification land-
scape in SCLC cells utilizing a novel technique, CUT&Tag assay. We
found SEs and broad H3K4me3 domains overlying ASCL1, INSM1,
NKX2-1, and FOXA1 gene loci, suggesting their importance for cell-
type identity.3® ASCL1 knockdown followed by RNA-seq analysis
demonstrated that ASCL1 preferentially governs the expression of
SE-associated genes, highlighting its significance as a master tran-
scription regulator. These findings were consistent with the previous
reports showing that JQ1, a BET bromodomain inhibitor commonly
used for suppressing SE-associated gene regulation, inhibits ASCL1
expression and cell growth in SCLC cell lines.””>8

Our study is the first to profile miRNAs regulated by ASCL1, and
we identified miR-7, miR-375, miR-200b-3p, and miR-429 as ASCL1-
regulated miRNAs. Moreover, we determined SE-associated miRNA
genes across different molecular subtypes and revealed subtype-
specific miRNA networks with potential relevance to phenotypic
differences.

A previous study demonstrated that ASCL1 directly induces
miR-375 that inhibits YAP1 expression, thereby regulating neuroen-
docrine features.>® Our results further confirmed ASCL1-mediated

regulation of miR-375 and its highly cell-type-specific association
with SEs suggested its role as a cell-type-defining miRNA. Because
target sequences of miR-9-5p and miR-375 are closely located in the
3'UTR of YAP1, co-targeting by these two miRNAs may be an im-
portant mechanism for YAP1 suppression in SCLC-A. In analogy, the
ubiquitous association of miR-9 with SEs in SCLC-A, SCLC-N, and
SCLC-P suggested that miR-9 and its cooperative action with other
SE-associated miRNAs may be a prerequisite for YAP1 repression.

ASCL1 is known to be negatively regulated by Notch signaling,°
and Notch activation has a tumor suppressive role.> We noted that
NOTCH2 is a common target gene of miR-9-5p and miR-375, and this
mechanism may contribute to suppression of Notch signaling and
sustained expression of ASCL1. As such, differential combinations
of SE-associated miRNAs might be generally involved in determining
SCLC molecular subtypes and phenotypic differences.

In addition to intertumoral differences, recent studies demon-
strated intratumoral coexpression of ASCL1, NEUROD1, and YAP1
at various levels in SCLC tissue samples.55'56 In line with previous
reports, two out of four SCLC tissue samples evaluated in this study
were positive for both ASCL1 and NEURODZ1. This finding may re-
flect a phenotypic shift from SCLC-A to SCLC-N, as suggested in
previous mouse models.***” Thus, different expression patterns of
miRNAs targeting SCLC subtype-defining genes might participate in
forming intratumoral heterogeneity.

In summary, our findings revealed ASCL1-mediated miRNA reg-
ulation, SE-associated miRNAs, and their potential contributions to
complex transcriptional networks underlying SCLC heterogeneity.
Further investigations are necessary to obtain the whole picture of
the miRNA-mediated combinatorial regulation of target genes asso-
ciated with SCLC subtyping, such as YAP1 suppression by miR-375
and miR-9-5p in SCLC-A.
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