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Abstract

Small cell lung cancer (SCLC) is a recalcitrant malignancy that urgently needs new therapies.
Four master transcription factors (ASCL1, NEUROD1, POU2F3, and YAP1) have been identified
in SCLC, and each defines the transcriptome landscape of one molecular subtype. However,
these master transcription factors have not been found directly druggable. We hypothesized

that blocking their transcriptional coactivator(s) could provide an alternative approach to target
these master transcription factors. Here, we identify that BET proteins physically interact with
NEURODL1 and function as transcriptional coactivators. Using CRISPR knockout and ChlIP-
seq, we demonstrate that NEUROD plays a critical role in defining the landscapes of BET
proteins in the SCLC genome. Blocking BET proteins by inhibitors led to broad suppression

of the NEUROD1-target genes, especially those associated with superenhancers, resulting in the
inhibition of SCLC growth /n vitroand in vivo. LSAMP, a membrane protein in the IgLON
family, was identified as one of the NEUROD1-target genes mediating BET inhibitor sensitivity
in SCLC. Altogether, our study reveals that BET proteins are essential in regulating NEUROD1
transactivation and are promising targets in SCLC-N subtype tumors.
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Introduction

Small cell lung cancer (SCLC) is a recalcitrant malignancy with few treatment options

(1). Despite recent advances in therapeutics, durable responses are typically infrequent

in extensive-stage SCLC, and the prognosis remains dismal (2,3). Growing evidence has
suggested that SCLC is a heterogeneous group of cancers. A recently proposed classification
divided it into four molecular subtypes (SCLC-A, SCLC-N, SCLC-P, and SCLC-Y) on

the basis of the expression of several master transcription factors (TFs), namely ASCL1,
NEUROD1, POU2F3, and YAP1 (4,5). While the existence of the SCLC-Y subtype

tumors is still debatable, several studies have confirmed the presence of the tumors in

three other molecular subtypes (6,7). Emerging evidence suggests that various molecular
subtypes of SCLC have different therapeutic susceptibilities, likely because of their distinct
transcriptome profiles dictated by the master TFs (8,9). There has been substantial interest in
targeting specific SCLC subtypes (8,10), but these master TFs have not been found directly
druggable.

NEURODL1 is a neurogenic basic helix-loop-helix TF and plays a critical role in neuronal
differentiation (11). It is vital for tumorigenesis by promoting migration and invasion of
SCLC through NTRK2 (previously known as TrkB) and NCAM (12). Although both
regulate neuroendocrine genes in SCLC, NEUROD1 and ASCL1 share only 5-7% of the
occupied genomic regions (13). It is still unclear how NEUROD1 activates its downstream
gene transcription and what genes, and to what degree, are dependent on it in SCLC. Such
information is critical for developing new strategies to target this master TF.

The bromodomain and extraterminal domain (BET) family of proteins, including BRD2,
BRD3, BRD4, and BRDT, are involved in multiple aspects of transcriptional regulation (14).
Each of these proteins has two bromodomains (BDs) at the N-terminus essential for binding
to active chromatin (14,15). BET inhibitors (BETis) selectively bind to these BDs and block
BET proteins from accessing active chromatin, causing suppression of gene transcription
(16,17). Although BET proteins are broadly associated with gene promoters and enhancers,
BETi only inhibits a subset of genes, particularly those with unusually high levels of BRD4
occupancy at their enhancer sites known as superenhancers (SEs) (18,19).

We hypothesized that targeting the transcriptional cofactors could effectively block the
transcriptional activity of the master TFs in SCLC. Here we demonstrated that BET proteins
function as the transcriptional coactivators of NEUROD1 and are promising therapeutic
targets in the SCLC-N subtype tumors.

Materials and Methods

Cell Culture.

All SCLC lines used in this study were purchased from commercial vendors (Supplementary
Table S1). Cells were cultured in recommended media and maintained in a humidified
incubator at 37 °C with 5% CO,. Cells were used for experiments within 15 passages after
revival from cryopreservation. LX33 SCLC line was established by culturing tumor cells
isolated from an LX33 SCLC PDX in HITES media (see Supplementary Table S1 for media
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composition). All cell lines tested negative for mycoplasma, and the short tandem repeat
analysis was performed to authenticate commercial cell lines (last tested in November 2021).

CRISPR Knockout.

CRISPR was performed using a standard two-step method (20). Briefly, a Cas9

expression vector, lentiCas9-Blast (Addgene, #52962, RRID: Addgene 52962; a

gift from Feng Zhang (21)), was transfected into H446 and DMS-273 cells by

lipofection. The cells were selected with 1 (DMS-273) and 2.5 (H446) ug/ml

blasticidin (Gibco). Subsequently, the Cas9-expressing cells were infected with lentiviral
particles containing gRNA-carrying vectors targeting NEUROD1 (Sigma): HS5000024297
(abbreviated as #297), GAGTCCTCCTCTGCGTTCATGG; HS5000024298 (#298),
GAGGAGGAGGACGAAGATGAGG. Transduction was performed at a multiplicity of
infection (MOI) of 2 in the presence of 5 ug/ml polybrene (Sigma). Three days after
transduction, the cells were selected with 0.5 (DMS-273) and 2.5 (H446) pg/ml puromycin
(Gibco) for 2-3 months to enable clone expansion. Afterward, the KO of NEUROD1 was
verified by western blot and Sanger sequencing and then maintained in the complete media
without puromycin before any subsequent experiments.

RNA Sequencing (RNA-seq).

Total RNA libraries (COR-L279) and mRNA libraries (H446 and LX22) were constructed
using a TruSeq Stranded Total RNA Kit (Illumina, RS-122-2201) and an mRNA Library
Prep kit V2 (Illumina, RS-122-2001), respectively. Paired-end sequencing of the constructed
libraries was performed on a HiSeq 4000 system (Illumina), and the raw fastq data were
analyzed using the CCBR/Pipeliner (22). A false-discovery rate of 0.05 was set as a cutoff to
define significant alterations in gene expression.

Gene Set Enrichment Analysis (GSEA).

GSEA was performed using GSEA (v.4.0.2; RRID:SCR_003199) under the setting of
gene_set permutation at 1,000 times, with the DESeq2 normalized counts as data input.
The NEUROD1 gene signature comprises 384 NEUROD1-target genes that showed at least
4-fold alterations in gene expression upon NEUROD1 KO in H446 cells (Supplementary
Table S2).

ChlIP-sequencing (ChIP-seq).
ChiIP-seq was performed as described previously (23). For each assay, 4 — 10 ug antibodies
were used: a-NEURODZ1, Cell Signaling Technology, #4373, RRID:AB_10549071,;
a-BRD2, Cell Signaling Technology, #5848, RRID:AB_10835146; a-BRD3, Bethyl,
A302-368A, RRID:AB_1907251; a-BRD4, Bethyl, A700-004, RRID:AB_2631885; a-
H3K27Ac, Abcam, ab4729, RRID:AB_2118291. The ChlP-seq analysis was detailed in
supplemental methods.

siRNA Transfection and Screen.

LSAMP siRNAs (#58299 and #S8301; ThermoFisher Scientific) were transfected into cells
using Lipofectamine RNAiMax (Thermo Scientific) at a final concentration of 20nM.
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The siRNA library that contained 90 siRNA targeting 45 genes of interest was custom
synthesized by Qiagen.

Plasmid Transfection and Establishment of Stable Transformant.

Plasmids were transfected into cells using Lipofectamine 3000 reagent (ThermoFisher
Scientific) following a standard protocol. LSAMP stable transformants were established by
transfecting COR-L279 cells with a tagged ORF clone of this gene (Origene; # RC207618),
followed by selection with G418 (1mg/ml; Roche) in semi-solid media (ClonaCell™-TCS
medium, Stem Cell Technology). The surviving cell clones were expanded and maintained
in complete media with 0.4 mg/ml G418.

Animal Studies.

The animal experiments were approved and performed according to the regulations set by
the National Cancer Institute-Bethesda Animal Care and Use Committee. SCLC-N subtype
PDX LX22 and LX33 models were generously provided by John T. Poirier and Charles M.
Rudin from MSKCC (24, 25). Freshly isolated PDX tumors were dissociated into single-cell
suspension using a Human Tumor Dissociation Kit (Miltenyi Biotec) and a gentleMACS™
Octo Dissociator (Miltenyi Biotec). After lyzing red blood cells with ACK lysis buffer
(Quality Biological), the remaining cells were washed with ample PBS three times and
resuspended in PBS at 5x107 viable cells per ml. One hundred pl of cell suspension (~
5x108 viable cells) was injected subcutaneously into the right flanks of NOD-SCID mice (6-
week-old; both males and females; Charles River Laboratories, RRID:IMSR_JAX:005557).
Once the tumor volume reached between 50 and 100 mm?3 (average, 14-21 days), mice were
randomized and drug treatments were given at specified doses and frequencies. Animals
were euthanized if 1) tumor volume was =1500 mm3; 2) tumor became ulcerated; 3) 75 days
had elapsed after a tumor became palpable.

For the transcriptome analysis of LX22 tumors, a magnetic-activated cell sorting method
(26) was employed to separate tumor cells from mouse stromal cells using a Mouse Cell
Depletion Kit (Miltenyi Biotec). Subsequently, RNA was extracted from the isolated tumor
cells using an RNeasy Mini Kit (Qiagen).

For tumorigenicity assay, H446 NEUROD1-KO cells (JRNA-297, cl.12 and cl.15) and
control cells (cl.10) were mixed with equal volumes of Matrigel (Corning). 1x10° cells
in 100 pl were inoculated subcutaneously into each flank of athymic mice. Tumors were
resected at the specified time intervals.

Statistical Analysis.

Statistical analyses and graphing were performed using GraphPad Prism (RRID:
SCR_005012). All tests were performed with a two-sided significance level of 0.05.

Data availability.

RNA-seq and ChlP-seq datasets generated in this study are deposited at NCBI GEO
(GSE210114).
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Results

NEURODL is critical for the growth and tumorigenicity of SCLC-N cell lines.

To determine whether NEURODL is necessary for the growth of SCLC-N tumors, we used
CRISPR to knock out this gene in H446 cells (an SCLC-N cell line) with two distinct guide
RNASs (gRNAs). Western blots confirmed a complete loss of NEUROD protein expression
in the KO clones (Figs. 1A and S1A). We validated NEUROD1 KO by identifying indels

in the targeted NEUROD1 genomic sequences (Supplementary Fig. S1B-C) and finding a
drastically decreased expression of two known NEUROD1-target genes - NEURODZ and
NHLHI (Figs. 1B and S1D).

We next assessed the impact of NEUROD1 KO on the growth and tumorigenicity of H446
cells. As shown in Figure 1C, KO of NEURODL1 significantly decreased the proliferation
of H446 cells. We profiled the transcriptome of three KO clones and three control clones
and compared the expression of cell-cycle-specific genes (27). Supplementary Figure S1E
shows almost identical expression patterns of these cell-cycle-specific genes between the
KO and control cells, suggesting that the decreased proliferation was not due to cell cycle
arrest in the KO cells. Next, we tested the tumorigenicity of the KO cells by injecting them
subcutaneously into athymic mice. Compared to control cells, fewer and smaller xenografts
formed in the KO group (Fig. 1D, top), and similar results were found when the KO cells
were given five additional weeks to grow /in vivo (Fig. 1D, bottom). Consistent with these
findings, the CRISPR screens in the Dependency Map (DepMap) project confirmed that
NEUROD1 is a high-dependency gene in the SCLC-N lines (Fig. 1E). Collectively, these
results demonstrate that NEURODL is critical for the growth and tumorigenicity of the
SCLC-N cell lines.

BET proteins interact with NEURODL1.

We hypothesized that targeting transcriptional coactivator(s) can block the transactivation of
NEURODL1. To identify its transcriptional partner(s), we first performed ChlP-sequencing
(ChlP-seq) to map NEUROD1 genome occupancy in the H446 control and KO cells. As
expected, the NEUROD1/NEUROG?2 binding motif was enriched in the genomic sequences
corresponding to NEUROD1 peaks (Supplementary Fig. S2A). Most of the NEUROD1
peaks locate in intronic (45.8%) and intergenic regions (45.9%), and the remaining was
present at transcription start sites (TSS; 1.12%), promoter-TSS sites (3.88%), and exons

+ 3’ or 5’ untranslated regions (UTRs; 3.28%) (Fig. 2A). Compared to the NEUROD1
ChlIP-seq reported in two other SCLC-N lines (13), H446 shared a substantial number of
NEUROD1-occupied genomic regions with H82 and H524, despite each having a high
percentage of private binding sites (Supplementary Fig. S2B). A metagene analysis showed
that NEURODL binds to the genomic regions within seven kilobases upstream of TSS and
downstream of transcription end sites, suggesting that it binds to both promoters and distal
regulatory elements (e.g., enhancers) (Fig. 2B).

To identify transcription regulators in the NEUROD1-occupied genomic regions, we
performed enrichment analysis using the lung-related ChiP-seq datasets archived at ChIP-
atlas.org (28). Among the eight identified candidates, the top two are NEUROD1 in H524
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and H82, demonstrating the validity of this approach (Fig. 2C). BRD4 and MED1, two
markers of active enhancers, showed high degrees of enrichment. ASCL1, which shares
5-7% of the genomic binding regions with NEUROD1 (13), is also among the identified
candidates. We chose BRD4 for further study because there are inhibitors targeting this gene
and its association with NEUROD1 has not been previously characterized.

To confirm the colocalization of BRD4 and NEUROD1 in the H446 genome, we performed
ChiIP-seq to map the occupancies of BRD4 and its two analogs - BRD2 and BRD3.
Figure 2D shows that all three BET family proteins colocalized with NEUROD1, with
their occupancies peaking at the centers of the NEURODZ1-occupied genomic regions.

To determine whether NEUROD physically interacts with BET proteins, we performed
co-immunoprecipitation (co-1P) assays using the nuclear extracts from H446 and H524
cells. Figure 2E and Supplemental Figure S3 show that endogenous NEUROD1 was
immunoprecipitated with the BET proteins and vice versa in both cell lines, indicating
physical interaction between these proteins. To assess whether BET proteins interact
with other master TFs in SCLC, we performed a co-IP assay using the nuclear extract
from H1963 cells, an SCLC-A line. Supplementary Figure S4 shows that BRD4 was
immunoprecipitated with ASCL1 and vice versa in H1963 cells, demonstrating that BET
proteins also interact with ASCL1. The associations between BET proteins and two other
master TFs — POU2F3 and YAP1, remain to be determined due to a lack of suitable
antibodies for IP.

We next assessed the impact of NEUROD1 KO on the genome occupancies of BET proteins.
As shown in Figure 2F, the occupancy of BET proteins decreased substantially in the
NEUROD1-occupied genomic regions upon NEUROD1 KO, suggesting that NEUROD1
directs the binding of BET proteins in the SCLC genome. To determine whether these
changes are restricted to the NEUROD1-occupied genomic regions, we grouped all BRD4
peaks in H446 control cells on the basis of the presence or absence of NEUROD1 co-
occupancy (Supplementary Fig. S5A, density plot 1 vs. 4). NEUROD1 KO abrogated BRD4
occupancy in the genomic regions co-occupied by BRD4 and NEUROD1 (Supplementary
Fig. S5A, density plot 3 vs. 2) but did not affect BRD4 occupancy in the genome

singly occupied by BRD4 (Supplementary Fig. S5A, density plot 6 vs. 5). Similarly, in
supplementary Figure S5B, the aggregate signal plots show that BRD4 occupancy was only
affected by NEUROD1 KO in the genomic regions co-occupied by BRD4 and NEUROD1,
but not in the locations singly occupied by either of these two proteins. Together these
results demonstrate that NEUROD1 defines the landscapes of BET proteins in SCLC-N cell
lines.

Targeting BET proteins leads to the suppression of NEUROD1-target genes.

We posited that BET proteins function as the transcriptional coactivators of NEUROD1 and
that inhibiting the former proteins would suppress NEUROD1-target genes. To assess the
transcriptional activity of NEUROD1, we first identified its target genes in H446 (N=1,216)
through an integrated analysis of the gene expression data and the ChIP-seq data using the
Binding and Expression Target Analysis (BETA) algorithm (29) (Fig. 3A). This analysis
also found that NEUROD functions as a transcriptional activator (Fig. 3B). Consistent
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with a previous report that NEURODL1 plays a crucial role in neuron differentiation (11),
Ingenuity pathway analysis identified multiple neuronal-related pathways enriched in the
NEUROD1-target genes (Supplementary Fig. S6).

We next selected a subset of NEUROD1-target genes with at least 4-fold alterations in
gene expression upon NEUROD1 KO to constitute a NEUROD1 gene signature (n=384;
Fig. 3A and Supplemental Table S2). Using the transcriptome data of the SCLC cell

lines in the CCLE dataset, we found a significant enrichment of this signature in the
SCLC-N lines versus all others (Supplementary Fig. S7). JQ1 significantly depleted this
NEURODL1 gene signature in H446 and COR-L279 (an SCLC-N line) (Fig. 3C) without
decreasing NEUROD1 expression (Supplementary Fig. S8), supporting our hypothesis that
the transcriptional activity of NEUROD could be blocked by targeting its coactivators -
BET proteins.

BETi preferentially suppresses the NEUROD1-target genes associated with
superenhancers.

To determine what subset of NEUROD1-target genes is more susceptible to BETi, we
assessed the effect of JQ1 on the genes with SEs. We compared the BRD4- or NEUROD1-
loaded SEs in H446 control cells to the BRD4-loaded SEs in the KO cells (Supplementary
Fig. S9A-C, and Fig. 3D). Consistent with our conclusion that NEUROD1 defines the
landscape of BET proteins in SCLC, we found a substantial overlap between the BRD4-
and NEUROD1-loaded SEs in H446 control cells (Fig. 3D), as well as a strong correlation
between the NEUROD1 and BRD4 signals in these SE regions (Supplementary Fig. S9D).
In contrast, the KO and control cells only shared a few SEs (Fig. 3D).

Among the NEUROD1-target genes, KO of NEUROD1 caused a more substantial
suppression of the genes with NEUROD1-loaded SEs than those without (Fig. 3E),
suggesting that these SEs are critical in the regulation of gene expression. Similarly, JQ1
suppressed the genes with the NEUROD1-loaded SEs to a greater degree than those without
in H446 control cells (Fig. 3F, left two). In contrast, neither of these two lists of genes was
affected by JQ1 in the NEUROD1-KO cells (Fig. 3F, right two), suggesting these genes
became less dependent on the BET proteins after NEUROD1 KO. To rule out the possibility
that BET proteins become unresponsive to BETi in the KO cells due to an unknown cause
(e.g., posttranslational modifications), we identified the genes associated with BRD4-loaded
SEs in the H446 control cells (n=307) and those in KO cells (n=258). Despite these two lists
of genes being vastly different, both were suppressed by JQ1 to the same degree (Fig. 3G),
indicating that BET proteins remain sensitive to JQ1 after NEUROD1 KO.

BETi is known to block BET proteins from accessing active chromatin by binding to their
BD domains. To evaluate whether BETi disrupts the interaction between BET proteins and
NEUROD1, we performed a co-IP assay after treating H446 cells with JQ1. As shown in
Figure 3H, the physical interaction between NEUROD1 and BRD4 remained intact despite
JQ1 treatment, suggesting that the interaction between these two proteins depends on neither
the BD domains of BRD4 nor a chromatin scaffold. Collectively, these results demonstrate
that BETi preferentially suppresses the NEUROD1-target genes associated with SEs.
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The SCLC-N cell lines are more susceptible to BETI.

On the basis of the above findings, we predicted that the SCLC-N tumors are more sensitive
to BETi. We measured NEUROD1 expression and the sensitivity to JQ1 and OTX-015 (a
BETi) in 50 SCLC lines. Supplementary Figure S10A shows a strong correlation between
the 1Cgq values of JQ1 and OTX-015, demonstrating that these measurements were reliable.
Consistent with our prediction, NEURODI is only expressed in the cell lines sensitive to
JQ1 using the cutoff of 1C5q to JQ1 = 5uM (Fig. 4A). By choosing a different cutoff (ICsq to
JQ1 = 1pM), we found NEURODL expression remains significantly elevated in the sensitive
lines compared to the resistant lines (Supplementary Fig. S10B). By grouping the SCLC
lines according to their molecular subtypes, we found that the SCLC-N lines were more
susceptible to BETi than the SCLC-A lines (Fig. 4B). The differences between the SCLC-N
lines and the SCLC-P or SCLC-Y lines had no statistical significance, likely because of

too few cell lines in the latter two groups. Figure 4C shows the JQ1 IC5q values as a
function of NEUROD expression in all SCLC lines. Using a public high-throughput drug
screen dataset (30), we confirmed that the SCLC-N lines are more sensitive to JQ1 than the
SCLC-A lines (Supplementary Fig. S10C).

To further assess the role of NEURODZ1 in BETi sensitivity, we compared the response to
JQ1 treatment between H446 KO and control cells. Figure 4D shows that NEUROD1 KO
led to a more than 20-fold increase in the JQ1’s ICgq in H446 cells. To ensure that these
findings are not cell-type specific, we knocked out NEUROD1 in DMS-273 (an SCLC-N
line) and found a similar increase in the JQ1’s 1Cgq value in the KO cells (2.5 uM in the KO
cells versus 0.15 uM in control cells; Supplementary Fig. S11A-B). These findings confirm
that NEURODL is critical in determining BETi sensitivity in SCLC.

MY C expression has been found to predict BETi sensitivity in some but not all tumor types.
To examine whether MY C mediates NEUROD1’s regulation of BETi sensitivity, we first
assessed MY C expression after NEUROD1 KO. KO of NEUROD1 modestly suppressed
MY C gene and protein expression in H446 but not in DMS-273 cells (Supplementary
Figure S12A-B). Next, we utilized a reporter to assess the effect of BETi on MYC’s
transactivation and found a similar dose- and time-dependent suppression by JQ1 in the
H446 KO and control cells (Supplementary Figure S12C). These findings indicate that
NEURODL1 regulates BETi sensitivity independent of MYC. Collectively, these results
demonstrate that the SCLC-N lines are more susceptible to BETi due to the dependence

of NEURODZ1 on BET proteins for transcriptional activation.

LSAMP is one of the NEUROD1-target genes mediating BETi sensitivity.

To identify the NEUROD1-target gene(s) that mediates BETi sensitivity, we reasoned
that both NEUROD1 and BET proteins should regulate such a gene(s). Therefore, we
focused on the NEUROD1-target genes that showed > 2-fold change in expression after
BETi treatment, among which we selected 45 genes that had substantial losses of BET
proteins occupancy upon NEUROD1 KO for further analysis (Fig. 5A). Through siRNA
screens, we found 13 and 14 candidate genes that consistently showed > 20% growth
inhibition upon knockdown by two distinct SiRNAs in H446 and COR-L279 cells (Fig.
5B; Supplementary Table S3). Among the ten shared candidate genes between these two
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cell lines (highlighted in red in Fig. 5B), we chose LSAMP (limbic system-associated
membrane protein) for further investigation because a higher expression of this gene was
associated with a worse prognosis in SCLC patients (Fig. 5C). Next, we confirmed that

both NEURODL1 and BET proteins regulate LSAMP gene transcription. Supplementary
Figure S13A shows that NEUROD1 occupied the TSS site of LSAMP in H446, H524, and
H82 cells. Consistent with these ChlP-seq results, NEUROD1 KO substantially decreased
LSAMP gene and protein expression in H446 and DMS-273 cells (Supplementary Fig.
S13B-D). Finally, JQ1 decreased LSAMP protein expression in a dose-dependent manner in
H446 cells (Supplementary Fig. S13E).

To assess the function of LSAMP in SCLC, we knocked down this gene using two sSiRNAs
distinct from the ones included in the initial screens (Fig. 5D left panel) and found a

similar degree of growth inhibition in H446 cells (Fig. 5D right panel). Next, we stably
overexpressed LSAMP in COR-L279, which has a much lower basal level of this gene than
H446 (Fig. 5E). Figure 5F shows that the COR-L279 cells with ectopic LSAMP were less
susceptible to high doses of BETi than control cells. Because a recent study found that
LSAMP regulates the expression of Sprouty — a negative regulator of ERK signaling (31),
we examined the effect of LSAMP overexpression on ERK phosphorylation. As shown in
Figure 5G, overexpression of LSAMP, but not NTNG2 (another NEUROD1-target gene),
increased ERK1/2 phosphorylation in COR-L279 cells. Because ERK signaling plays a vital
role in survival, we examined the effects of LSAMP on apoptosis. As shown in Figure

5H, ectopic expression of LSAMP lessened the JQ1-induced cleavage of caspase 3 and 9,
indicating that LSAMP mitigates the JQ1-induced apoptosis in SCLC. Together these results
support that LSAMP is one of the NEUROD1-target genes mediating BETi sensitivity.

BETi inhibits the NEUROD1 gene network and suppresses SCLC growth in vivo.

To assess the therapeutic effects of BETi /in7 vivo, we chose NHWD-870 (a potent BETi

in early-phase clinical trials) over JQ1 because the latter has unfavorable pharmacokinetic
properties /n vivo (32). We first confirmed that NHWD-870 has a similar sensitivity profile
as JQ1 among SCLC lines (Supplementary Fig. S14). Using LX22 - an SCLC-N PDX
model, we found NHWD-870 significantly decreased tumor burden and extended median
survival of the tumor-bearing mice from 27 to 42 days (Fig. 6A). To assess how NHWD-870
affected NEUROD1-target genes in LX22 tumors, we performed RNA-seq to profile the
transcriptome changes in the tumor cells isolated from the xenografts following one week
of NHWD-870 treatment. As shown in Figure 6B—-C, NHWD-870 significantly depleted the
NEURODL1 gene signature and decreased LSAMPtranscript levels in the xenograft tumors
without affecting NEUROD1 expression.

To demonstrate that NHWD-870 has antitumor activity in SCLC-N tumors in general, we
used another SCLC-N PDX model - LX33. Like LX22, NHWD-870 significantly lessened
the tumor burden and extended the median survival in the LX33 model (Fig. 6D). We
attempted to establish tumor cell lines from both PDX models but could only succeed with
LX33. In the LX33 SCLC line, NHWD-870 suppressed LSAMP expression as low as 16nM
(Fig. 6E). LSAMP knockdown decreased LX33 cell proliferation, supporting that BETi
inhibits SCLC growth by suppressing the NEUROD1 gene network /n vivo (Fig. 6F).
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Discussion

Because the master TFs define the transcriptome landscapes of SCLC, it is appealing to
target these genes for therapeutic purposes. Here, we present evidence that BET proteins
partner with NEUROD1 to activate the transcription of its downstream genes, resulting in
the susceptibility of the SCLC-N tumors to BET inhibitors. Our results suggest that targeting
transcriptional coactivators is a new approach to blocking the functions of the master TFs
and can be potentially developed into a subtype-specific therapy.

Consistent with the role of NEUROD1 as a master TF in SCLC, our results demonstrated
that it physically interacts with BET proteins and defines their genomic landscapes in H446
cells. The development of BETi resistance in the NEUROD1-KO cells is likely connected
with the altered landscapes of BET proteins causing these factors to be associated with a
distinct set of genes. Although BETi was equally effective in inhibiting BET proteins in the
NEUROD1-KO cells, the resistance of these cells to BETi suggests that the new set of genes
associated with the BRD4-loaded SEs are not critical for cell growth.

MY C is commonly amplified in SCLC-N cell lines (9,33), which raised the question

that NEURDOL expression may sensitize SCLC to BETi through MYC. Several lines

of evidence suggest that NEURODL1 regulates BETi sensitivity independent of MYC,
although MY C could be another factor contributing to BETi sensitivity in SCLC-N

lines. In our study, H1694 - an SCLC-N line expressing N-MY C but not MYC, is also
sensitive to BETi (Supplementary Table S4). Secondly, KO of NEURODL in H446 and
DMS-273 substantially increased resistance to BETi without affecting MY C expression or
transactivation.

In search for the genes mediating BETi sensitivity in SCLC-N tumors, we identified LSAMP
as one of the potential candidates through the siRNA screens. LSAMP, a member of the
IgLON family of immunoglobulin domain-containing cell adhesion molecules, is considered
a tumor suppressor gene in ovarian cancer and osteosarcoma on the basis of its frequent
deletion and a positive correlation between LSAMP expression and overall survival (34,35).
However, in SCLC, a higher expression of this gene was correlated with a worse prognosis,
suggesting that the functions of LSAMP could be tumor-type-specific. Consistent with

a recent report that LSAMP and its homolog regulate Sprouty family genes in human
glioblastoma cell lines and drosophila brain (31), we found overexpression of LSAMP
increased ERK phosphorylation and lessened JQ1-induced apoptosis. Besides LSAMP, our
SiRNA screen results suggest that several other NEUROD1-target genes suppressed by

BETi also play a role in tumor growth. Therefore, BETi inhibits SCLC growth likely by
suppressing a panel of NEUROD1-target genes.

In contrast to a previous report that ASCL1 expression could predict BETi sensitivity in
SCLC (36), the results from this study and a public high-throughput screen dataset (30)
show that the SCLC-A lines are generally more resistant to BETi than the SCLC-N lines.
Interestingly, BRD4 also interacts with ASCL1 in H1963 (a BETi-sensitive SCLC-A line
with an ICgq to JQ1 = 0.83 uM; Supplemental Table S4), which may contribute to its
sensitivity to BETi. However, whether BET proteins interact differently with ASCL1 in the
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BETi-resistant SCLC-A lines remains to be investigated. Recently, Wang et al. reported
that, in SCLC-A lines, BETi activates IGF1 signaling by suppressing IGFBP5, an ASCL1-
target gene and a negative regulator of IGF1 signaling (37). In contrast, such a feedback
mechanism was not present in SCLC-N lines (37), which could contribute to the differential
BETi sensitivity between SCLC-A and SCLC-N lines.

Substantial intratumoral heterogeneity is present in SCLC, which could be an obstacle for
subtype-specific therapies. For instance, immunohistochemical analyses of the molecular
subtype composition in SCLC tumors revealed that 20.4-37% of the tumors had two or more
subtypes (6,7). Since our results showed that the non-SCLC-N subtypes are less sensitive

to BETI, BETi single therapy may select for the subtypes other than SCLC-N and result

in early recurrence. One potential solution to this obstacle is to use drug combinations

that would be effective against two or more subtypes. For instance, in another study, we
found that the mTOR inhibitors could potentiate the antitumor activities of BETi in the
BETi-resistant SCLC lines (38).

In summary, our study demonstrates that SCLC-N subtype tumors are susceptible to BETI,
likely due to their dependence on BET proteins in NEUROD1 transactivation. Our results
suggest that blocking transcriptional coactivator(s) is an alternative approach to targeting the
master TFs in SCLC and warrants further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications:

Our findings suggest that targeting transcriptional coactivators could be a novel approach
to blocking the master transcription factors in SCLC for therapeutic purposes.
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NEURCOD1
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Figure 1. NEURODZ1 iscritical for the growth and tumorigenicity of the SCLC-N cdll lines.
A) Western blot shows a complete loss of NEURODA protein expression in two H446

NEUROD1-KO clones, with one representative clone from each gRNA (#297 cl. 15 and
#298 cl. S3). B) Expression of two NEUROD1-target genes, NEURODZ and NHLHI, in
two H446 NEUROD1-KO clones. The gene expression was measured by gRT-PCR and
plotted relative to control cells. C) The H446 NEUROD1-KO cells (#297 cl. 15 and #298
cl. S3) proliferated substantially slower than control cells. Cell numbers were indirectly
measured using the CellTiter Glo 2.0 assay every other day and compared to day one.

Error bar represents SD of 4 replicates. D) NEUROD1 KO impaired the tumorigenicity of
H446 cells. Top, the xenografts formed three weeks after injection (1x108 H446 control or
NEUROD1-KO cells, #297 cl. 15; n=10 injections per group). Bottom, xenografts formed
eight weeks after injection (1x10% H446 NEUROD1-KO cells, #297 cl. 12; n=10 injections
per group). E) NEUROD1 gene dependency in the SCLC-N versus other molecular subtypes
of SCLC lines in the CRISPR dataset (Version 2020, Q2) of the Cancer Dependency Map
(DepMap) project (RRID:SCR_017655). The significance of two-group comparisons was
determined using the ANOVA test with Dunnett’s multiple test correction (B), the Student’s
ttest with multiple test correction (C), or the Student’s #test (E). ***, P < 0.001; **** P <
0.0001. Ctr, Control; gRNA, guide RNA; ND1, NEUROD1.
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Figure 2. NEURODL1 interactswith BET proteinsand definestheir genomic landscapesin SCLC.
A) A breakdown of the genomic locations of the NEUROD1 peaks identified by ChlP-seq

in H446 control cells (control gRNA). B) A metagene profile of NEUROD1 occupancy

in H446 control cells. C) The bar graph shows the top eight TF candidates identified

by an Enrichment Analysis (ChIP-Atlas, RRID:SCR_015511) that occupy the genomic
regions in other lung cells corresponding to the NEUROD peaks in H446 control cells.
NEUROD1 and BRD4 were highlighted. D) BRD2, BRD3, and BRD4 occupancy near

the centers of NEUROD1-occupied regions in H446 control cells (2.5 kilobases [KB]
bilateral). E) Co-IP assays using H446 nuclear extracts. Left, detection of NEUROD1 after
BRD4 IP; right, detection of BRD2, BRD3, and BRD4 after NEUROD1 IP. F) Effect of
NEUROD1 KO on BRD4, BRD2, and BRD3 occupancy near the centers of the NEUROD1-
occupied regions in H446 control cells. Ctr, control; KO, knockout; 1B, immunoblotting;
IP, immunoprecipitation; TSS, transcription start site; TES, transcription end site; UTR,

untranslated region.
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Figure 3. BETi suppresses NEUROD1-target genes, particularly those associated with
superenhancers.

A) A flow chart illustrating the procedures to identify NEUROD1-target genes and to
constitute a NEUROD1 gene signature. B) The BETA algorithm predicts that NEUROD1
primarily functions as a transcriptional activator (red curve). C) GSEA plots showing
depletion of NEURODL gene signature after 24-hr JQ1 treatment in H446 (left; 1 pM)

and COR-L279 cells (right; 0.5 uM). D) Venn diagrams show the overlaps between

the NEUROD1- and BRD4-loaded SEs in H446 control and NEUROD1-KO cells. E)
Comparing the effects of NEUROD1 KO on the expression of the NEUROD1-target genes
with NEUROD1-loaded SEs and those without in H446 control cells. F) Differential effects
of JQ1 (1uM, 24 hrs) on the expression of the NEUROD1-target genes (with or without

the NEUROD1-loaded SESs) in H446 control cells (left two bars) versus the NEUROD1-KO
cells (right two bars). G) JQ1 (1uM, 24 hrs) suppressed the genes with BRD4-loaded

SEs in H446 control cells (n=307) and those in NEUROD1-KO cells (n=258). H) co-IP

of BRD4 or NEURODL using the nuclear extract from H446 cells treated with JQ1

(1uM, 6 hrs). Left, detection of NEURODL1 after IP of BRD4. Right, detection of BRD4
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after IP of NEURODL1. Whiskers represent minimum to maximum, and boxes show the
first, median, and third quartile (E-G). The significance of two-group comparisons was
determined using the Student’s #test (E-G). ****, P<0.0001; ns: not significant. BETA, the
Binding and Expression Target Analysis; FC, fold change; GEP, gene expression profile;
IB, immunoblotting; IP, immunoprecipitation; NES, normalized enrichment score; SE;
superenhancer.
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Figure 4. The SCLC-N lines are more susceptible to BETi.
A) NEUROD1 expression was compared between the JQ1-sensitive and -resistant SCLC

lines (N=52). An ICgp =5 pM JQ1 was used as the cutoff to define sensitive and resistant
SCLC lines. B) Differential sensitivity to JQ1 (ICsp) among four molecular subtypes of
SCLC lines (N=52). C) A plot showing NEUROD1 expression at the function of JQ1 ICgq
in the 52 SCLC lines included in (A-B). D) Viability of the H446 NEUROD1-KO and
control cells after 72-hr JQ1 treatment. The significance of the two-group comparisons was
determined using the Student’s #test (A) and the ANOVA test with Dunnett’s multiple test
correction (B). **, P<0.01; ns: not significant.
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Figure5. LSAMP, a NEUROD1-target gene, partially mediates BETi sensitivity.
A) A diagram depicts the selection of 45 genes regulated by both NEUROD1 and BET

proteins for siRNA screens. B) The results of siRNA screens (72 hrs) in H446 (left)

and COR-L279 cells (right). The genes highlighted in red are the shared candidate genes
between H446 and COR-L279 cells showing = 20% growth inhibition upon knockdown
with each of two distinct sSiRNAs. C) Kaplan-Meier curves show an inverse correlation
between LSAMP expression and the overall survival in SCLC patients (N=69; ref. (39)).
The patients were dichotomized on the basis of LSAMPtranscript levels in the tumors (top
50% vs. bottom 50%). D) H446 proliferation was suppressed by LSAMP knockdown using
two siRNAs distinct from the ones in the initial screens (B). Left, LSAMP expression in the
membrane fractions of the knockdown cells. NaK-ATPase serves as a loading control. Right,
the effect of LSAMP knockdown on H446 proliferation (measured by the CellTiter Glo 2.0
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assay) at 72 hrs post-transfection. E) Stable expression of ectopic LSAMP in COR-L279
cells. A tapering amount of membrane protein from H446 (20, 10, 5, 2.5 ug) was loaded
and compared with 20 ug membrane protein from the COR-L279 cells with or without
ectopic LSAMP. F) Differential sensitivity to JQ1 (72 hrs) between the COR-L279 cells
with ectopic LSAMP and those with control vector. G) Western blots show increased ERK
phosphorylation in the COR-L279 cells following the overexpression of LSAMP, but not
NTNG2. H) JQ1 (5uM, 24 hrs) induced less caspase 3 and 9 cleavage in the COR-L279
cells with ectopic LSAMP than in control. The significance of two-group comparisons
was determined using the Log-rank test (C), the ANOVA test with Dunnett’s multiple test
correction (D, right panel), and the Student’s #test with multiple test correction (F). **,
P<0.01; ****, P<0.0001. Ctr, control; FC, fold change; OE, overexpression.

Mol Cancer Res. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

A

Relative tumor volume

FPKM

LSAMP expression

LX22 PDX (SCLC-N subtype)

Page 22

LX22 PDX

287 ~=- Vaehide 100
= NHWD-870 : NEUROD1! Gene Signature
21+ = - = NES: 1.32
§ ™ s P=0.04
14 S i
. > ) i
E Y i
3 : =
74 25- I
0 T T T + 0 1 Vehicla NHWD-870
0 10 20 30 50
Days
D
LX22 PDX
28 o Vehcke
ns
140 ——— - Voo E
- 3 7
:gi = NHWO-ST0 S . eoen
01 o
80 i 3
40 = Ew
-d
3 g 7-
20 & .‘_.-.—!'*
10 1 T
NEUROD! LSAMP Days
LX33 cell line F LX33 ceoll lne
1.5+
- ? 129
zZ Z -
e @ .49 e—
4 <3 B
1.0 - é a o 10+
” : g 3 o 094 -
0.5+ 0O g J ﬁﬂl*
o I g,
INalkC-AT]
o0- scATPase g

0 8 16 32
NHWD-870 (nM)

Figure 6. BETi suppresses NEURODL transactivation and inhibits SCL C growth in vivo.
A) NHWD-870 (2mg/kg via gavage on a 5-day-on/2-day-off schedule) suppressed the

tumor growth (left) and extended the survival (right) in the LX22 SCLC PDX model (an
SCLC-N subtype). n=13 per group. B) A GSEA plot shows that NHWD-870 (2mg/kg
via gavage daily for five days) significantly depleted the NEUROD gene signature in
the LX22 PDX xenografts. n=6 per group. C) The effect of NHWD-870 on NEUROD1
and LSAMP transcript abundance (FPKM) in the LX22 model. D) NHWD-870 (3mg/kg
via gavage daily) suppressed the growth (left) and extended the survival (right) in the
LX33 SCLC PDX model (an SCLC-N subtype). n=6 per group. E) NHWD-870 (24 hrs)
caused a dose-dependent decrease of LSAMP expression (QRT-PCR) in LX33 cells. F)
LSAMP knockdown decreases L X33 proliferation. Left, knockdown of LSAMP by two

Mol Cancer Res. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chenetal.

Page 23

siRNAs. Right, the effects of LSAMP knockdown on the proliferation of LX33 cells (72 hrs
post-transfection). The significance of the two-group comparison was determined using the
Student’s #test with multiple test correction (A and D, left panels), the Student’s #test (C),
the Log-rank test (A and D, right panels), and the ANOVA test with Dunnett’s multiple test
correction (E, and F right panel). *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant.
Ctr, control; FPKM, Fragments Per Kilobase of transcript per Million mapped reads; NES,
normalized enrichment score; PDX, patient-derived xenograft.
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