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Abnormalities in genetic and epigenetic modifications can lead to
drastic changes in gene expression profiles that are associated with
various cancer types. Small cell lung cancer (SCLC) is an aggressive
and deadly form of lung cancer with limited effective therapies
currently available. By utilizing a genome-wide CRISPR-Cas9
dropout screen in SCLC cells, we identified paired box protein 9
(PAX9) as an essential factor that is overexpressed in human
malignant SCLC tumor samples and is transcriptionally driven
by the BAP1/ASXL3/BRD4 epigenetic axis. Genome-wide studies
revealed that PAX9 occupies distal enhancer elements and
represses gene expression by restricting enhancer activity. In
multiple SCLC cell lines, genetic depletion of PAX9 led to
significant induction of a primed-active enhancer transition,
resulting in increased expression of a large number of neural

Introduction

Lung cancer is the leading cause of cancer deaths in men and the
second leading cause of cancer deaths in women worldwide (1). Lung
cancer is classified as small cell lung carcinoma (SCLC; around 13%) or
non-small cell lung carcinoma (NSCLC; around 83% of cases; ref. 2).
The 5-year survival for SCLC (6%) is lower compared with NSCLC
(23%) for all stages combined as well as for each stage. SCLC is
characterized as being more aggressive and a deadlier form of lung
cancer with a predisposition for rapid growth, early metastasis, and
acquired therapeutic resistance (3, 4).

Emerging studies from primary human SCLC tumors, patient-
derived xenografts, cancer cell lines, and genetically engineered mouse
models appear to be converging on a new model of SCLC subtypes
defined by the differential expression of four key transcription reg-
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differentiation and tumor-suppressive genes. Mechanistically,
PAX9 interacted and cofunctioned with the nucleosome remod-
eling and deacetylase (NuRD) complex at enhancers to repress
nearby gene expression, which was reversed by pharmacologic
HDAC inhibition. Overall, this study provides mechanistic
insight into the oncogenic function of the PAX9/NuRD complex
epigenetic axis in human SCLC and suggests that reactivation of
primed enhancers may have potential therapeutic efficacy in
treating SCLC expressing high levels of PAX9.

Significance: A genome-wide screen in small cell lung cancer
reveals PAX9/NuRD-mediated epigenetic enhancer silencing and
tumor progression, supporting the development of novel personal-
ized therapeutic approaches targeting the PAX9-regulated network.

ulators: achaete-scute homolog 1 (ASCL1I), neurogenic differentiation
factor 1 (NEURODI), yes-associated protein 1 (YAPI), and POU class
2 homeobox 3 (POU2F3; ref. 5). The A-subtype SCLC is defined by
ASCLI, the most abundant (~70%) of all the human SCLC sub-
types (6). ASCLI is a lineage-specific transcription factor that directly
regulates the expression of genes involved in SCLC tumor
growth (7-10). In addition, ASCL1 is required for neuroendocrine
(NE) tumor formation in the Rb/p53/p130 mutant mouse model (11).
To date, it still remains unknown as to what each subtype’s molecular
features are and whether these subtypes respond differently to specific
treatments. Therefore, discovering the functional biomarkers for each
subtype is critical for understanding the molecular basis underlying
SCLC tumorigenesis and in guiding the clinical treatment for patients
with SCLC.

Dysregulations and mutations within epigenetic factors, such as
histone lysine methyltransferases (12-14), deubiquitinases (15), DNA
methyltransferases (16), and DNA demethylases (17), are all common
mechanisms of tumorigenesis. Emerging pieces of evidence have shown
that SCLC carcinogenesis may be driven by these epigenetic process-
es (4, 18,19). Our previous studies have identified and characterized an
SCLC-specific additional sex combs-like protein, ASXL3, which is the
largest subunit within the Polycomb repressive deubiquitinase (PR-
DUB) complex, or also known as the BAP1 complex (20). Interestingly,
ASXL3 defines the SCLC-A subtype tumors independent of ASCLI.
Mechanistically, the chromatin bound ASXL3 functions as an adaptor
protein, which directly connects BRD4 to the BAP1/ASXL3 complex
and maintains chromatin occupancy of the functional BAP1/ASXL3/
BRD4 epigenetic axis at active enhancers (20). However, how ASXL3
maintains cell viability and how the BAP1/ASXL3/BRD4 epigenetic axis
determines cell fate remains to be discovered. In our current studies, by
utilizing genome-wide CRISPR-Cas9 screening and unbiased genetic/
epigenetic approaches, we have identified the primary transcriptional
targets of ASXL3 in multiple SCLC cells and further uncovered the
mechanisms as to how transitions made in the status of enhancers
determine gene expression and cell viability in SCLC.
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Materials and Methods

Cell lines

HEK293T cells were obtained from ATCC, and then maintained
with DMEM (Gibco) containing 10% FBS (Sigma). The SCLC cell lines
were obtained from ATCC. NCI-H748, NCI-H1963, NCI-H69, NCI-
H889, NCI-H196, NCI-H226, and NCI-H209 cells were maintained
with ATCC-formulated RPMI1640 medium containing 10% FBS
(Sigma). NCI-H1882, NCI-H1105, and NCI-H2171 cells were main-
tained with ATCC-formulated DMEM/F12 cell culture media contain-
ing 10% FBS (Sigma). All cell lines were authenticated through STR
profiling and tested bi-weekly for Mycoplasma by PCR. Cell lines were
not passaged more than 20 times.

Genome-wide CRISPR screening

SCLC cells were transduced with lentiviruses expressing the GeCKO
CRISPR library A and library B (21), which contains 123,411 gRNAs
targeting 19,050 genes. The A and B libraries contain six sgRNAs per
gene (three sgRNAs in each library), and 1,000 control sgRNAs as well.
Cells were infected with virus pools at multiplicity of infection = 0.3.
Starting at 2 days postinfection, infected cells were selected in 2 pg/mL
puromycin for 2 days. Surviving cells were then cultured without
puromycin for 14 days before their genomic DNA was isolated, and
amplified with primers as described previously (21).

IHC

Staining for PAX9 was performed with formalin-fixed, paraffin-
embedded tumor microarrays, as we described previously (22). Details
and references are provided in the Supplementary Materials and
Methods.

Immunoprecipitation

The immunoprecipitation (IP) experiment was performed as
described previously (20). Details and references are provided in the
Supplementary Materials and Methods.

RNA interference, CRISPR, and real-time PCR

The cells were infected with lentivirus containing short-hairpin RNAs
(shRNA) in the presence of 4 ug/mL polybrene (Sigma) for 24 hours in
RPMI1640 supplemented with 10% FBS. The shRNA constructs were
purchased from Sigma. The clone IDs for PAX9 are TRCN0000274075
(shPAX9-1), TRCN0000285142 (shPAX9-2), and TRCN0000020381
(shPAX9-3). The nontargeting (shCtrl) shRNA construct (SHC002) was
purchased from Sigma. The infected cells were selected with 2 pig/mL
puromycin for an additional 48 hours. Oligo sequences used in this
manuscript were listed in the Supplementary Table S1.

RNA-seq

The RNA-seq experiment was performed as described previous-
ly (20). Paramagnetic beads coupled with oligo d(T) are combined with
total RNA to isolate poly(A)+ transcripts based on NEBNext Poly(A)
mRNA Magnetic Isolation Module manual. All remaining steps for
library construction were used according to the NEBNext Ultra I RNA
Nondirectional Library Prep Kit from Illumina. Illumina 8-nt dual-
indices. Samples were pooled and sequenced on a HiSeq with a read
length configuration of 150 PE. Details and references are provided in
the Supplementary Materials and Methods.

Chromatin immunoprecipitation sequencing assay

Chromatin immunoprecipitation sequencing (ChIP-seq) was per-
formed as described previously (20). Briefly, the cells were harvested,
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fixed, and lysed with our standard protocol. For histone H3K27ac
ChIP-seq analysis, 5% of chromatin from drosophila S2 cells were
added as a spike-in control. All the peaks were called with the MACS
v2.1.2 software using default parameters and corresponding input
samples. Details and references are provided in the Supplementary
Materials and Methods.

ATAC-seq

Frozen cells were thawed and the nuclei were harvested and
subjected to tagmentation. The tagmentated DNA was further ampli-
fied with barcode primers, and sequenced on an Illumina HiSeq
(INlumina) with a read length configuration of 150 PE for 50M PE
reads (25M in each direction) per sample. Details and references are
provided in the Supplementary Materials and Methods.

Mouse experiments

All mouse work was performed in accordance with protocols
approved by The Center for Comparative Medicine of Northwestern
University. 5- to 6-week-old athymic nude mice were used for xeno-
graft experiments. For tumor growth assays, 5.0 x 10° KP1 (mouse
SCLC cell line) cells were inoculated into the right flank of nude mice.
Tumor growth was monitored every 3 days, 2 weeks after inoculation.

Statistical analyses

For statistical analyses, GraphPad Prism 7, Microsoft Excel, and R
were used. All data involving a statistical analysis being reported met
the criteria to use the appropriate statistical tests; for the normal
distribution of data, the empirical rule was used to infer the distribu-
tion. For growth curves and time-course, RNA-seq t tests were
calculated between the AUC values. Statistical tests used are reported
in the figure legends.

Data availability
NSG data generated for this study are available at the Gene
Expression Omnibus (GEO) under accession number GSE164247.

Results

Genome-wide CRISPR-Cas9 screening identifies factors that are
essential for ASXL3-highly expressed cells’ viability

To study how the BAP1/ASXL3/BRD4 epigenetic axis maintains
SCLC cell viability and determines cell fate, we sought in our current
studies to globally identify the factors that are selectively essential for
ASXL3-high expressing cells (SCLC-A). Consequently, it has been
demonstrated that a complete depletion of ASXL3 is lethal for SCLC
cells (20, 23). Hence, we introduced two neuroendocrine SCLC cell
lines with different ASXL3 levels for the screening: NCI-H1963
(ASXL3-high) and NCI-H2171 (ASXL3-low) cells. As a typical
SCLC-A type cell line, NCI-H1963 cells express high levels of ASCL1,
ASXL3, and MYCL (Fig. 1A). In contrast, the SCLC-N type NCI-
H2171 cell line is NEUROD1 positive, ASCL1/ASXL3 negative, and
expresses a high level of MYC (Fig. 1A). MYCL and MYC have been
demonstrated to be critical drivers in SCLC-A and SCLC-N cancer
types, respectively (5). Thus, MYCL and MYC served as positive
controls in our CRISPR-Cas9 dropout screenings as we identify
essential factors for NCI-H1963 and NCI-H2171 cells, respectively.
Both cell lines were then transduced with lentiviruses expressing the
GeCKO CRISPRlibrary (21), which contains 123,411 gRNAs targeting
19,050 genes (Fig. 1B). After confirming the quality of our CRISPR-
Cas9 screening and observing an identical gRNA distribution pattern
between the two cell lines (Supplementary Figs. S1A and S1B), as well
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Figure 1.

Genome-wide CRISPR-CAS9 screen identifies factors that are essential for ASXL3 highly expressed cells’ viability. A, The protein levels of ASXL3, ASCL1, MYCL,
NEURODT, and MYC were determined by Western blot analysis in NCI-H1963 (ASXL3-high) and NCI-H2171 (ASXL3-low) SCLC cells, with total histone H3 as a control.
B, The method flowchart shows genome-wide CRISPR-Cas9 screening with GeCKO lentiviral gRNA library in NCI-H1963 and NCI-H2171 cells. C, Hockey stick plot
representing the top 10 factors that are essential for ASXL3-high but not ASXL3-low (left) or ASXL3-low but not ASXL3-high (right) cells. D, Pathway analysis with
Metascape of genes that are essential in either ASXL3-high or ASXL3-low cells. E, The scatter plot shows the genes that are transcriptional targets of ASXL3 and also
essential for ASXL3-high expressing cell viability. x-axis, log,-fold change of gene expression with ASXL3 knockdown from RNA-seq; y-axis, negative log;o value of
the negative RRA score from the CRISPR-Cas9 screening. F, Representative tracks showing the enhancer binding of ASXL3 at BCL2, PAX9, and CDH7 gene loci, which
contribute to active gene expression.
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as a remarkable correlation between the two sublibraries (Supplemen-
tary Fig. S1C), we then applied the MAGeCK (24) algorithm to identify
essential genes in both cell lines. As expected, MYCL and MYC were
found among the top 10 genes essential for NCI-H1963 and NCI-
H2171 cells, respectively (Fig. 1C). Compared with the ASXL3-lowly
expressed NCI-H2171 cells, we found that the ASXL3-highly
expressed NCI-H1963 cells were more sensitive to depletion of genes
involved in pathways related to transcription and RNA metabolism
(Fig. 1D).

To identify ASXL3 target genes that were also essential for ASXL3-
highly expressed cells’ viability, we performed an integration analyses
of the genome-wide, CRISPR-Cas9 screening with the RN A-seq results
using ASXL3 shRNA knockdown in NCI-H1963 cells. Overall, we have
identified 103 ASXL3 target genes in NCI-H1963 cells that were
essential for cell viability (Supplementary Fig. SID). Interestingly,
pathway analysis has identified a handful of neural differentiation
and neural function pathways significantly enriched within this 103-
gene signature (Supplementary Fig. S1E). The top 10 genes among the
103-gene signature include the following: TNNT2, PRMTS, RERG,
NFIA, PPMIN, WDR72, NETO1, CDH7, PAX9, and BCL2 (Fig. 1E;
Supplementary Fig. S1F). We further validated the CRISPR screening
results by performing a small-scaled validation with the top two
CRISPR gRNA hits from each of the top ten gene signatures in both
NCI-H1963 and NCI-H2171 cell lines (Supplementary Fig. S1G). On
the basis of our ChIP-seq analysis, ASXL3 does not bind to all of these
target genes listed here, suggesting that these genes might instead be
indirect targets of ASXL3 (Fig. 1E). For the five direct target genes of
ASXL3 (WDR72, NETOI1, CDH7, PAX9, and BCL2), we detected a
significant amount of enrichment for ASXL3 at the indicated enhancer
regions (Fig. 1F; Supplementary Figs. S1H and SII).

PAX9 is a potential biomarker of SCLC and is required for SCLC
viability

It has been reported that there are significantly higher levels of
ASXL3 expression in SCLC samples relative to a normal lung tissue
sample by THC staining, suggesting that ASXL3 could serve as a
prognostic biomarker for human SCLC (23). To determine whether
these 10 candidate genes are also involved in the clinical outcome of
patients with SCLC, we first retrieved the RNA-seq data from a dataset
that contains a total of 79 SCLC patients’ tumor samples and 7 normal
lung tissue samples (GSE60052; ref. 25). Then, we compared the gene
expression profiles to determine the expression levels of those ten
factors between normal and SCLC tissues. Consistent with previous
reports, we found that there are significantly higher levels of ASXL3
expression in patient SCLC samples compared with normal lung tissue
(P value = 8.2e—06; Fig. 2A). Intriguingly, we also found that two out
of the ten candidate genes, BCL2 (P-value = 1.56e—07) and PAX9 (P-
value = 4.24e—03), had expression levels that are significantly higher
in SCLC tumor tissues versus normal tissue samples.

To determine whether there is a positive correlation between BCL2,
PAX9, and ASXL3 mRNA levels in the more diverse human SCLC cell
lines, we compared the gene expression with RNA-seq results from 50
human SCLC cell lines (26). Overall, there was a trend representing all
positive correlations between ASXL3 versus BCL2 and PAX9 (Fig. 2B),
and other essential factors (Supplementary Fig. S2A) within the 50
SCLC lung cancer cell lines. To further confirm the correlation
between BCL2, PAX9, and ASXL3 at the protein level, we conducted
a western blot using different SCLC cell lines with different ASXL3
expression levels. Consistent with the correlation revealed by mRNA
levels, we found that there was also a strong proportional relationship
between PAX9 and ASXL3 protein levels (Fig. 2C). Interestingly, there
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is no apparent correlation between BCL2 and ASXL3 at the protein
level, suggesting that other factors may contribute to the BCL2 protein
levels in SCLC. On the basis of previous studies, BCL2 is a known
transcriptional target of the BAP1 complex (27) as well as BRD4 (28).
This finding led us to test whether PAX9 could also be controlled by the
BAP1/ASXL3/BRD4 epigenetic axis. Thus, we found that depletion of
BAP1 by CRISPR-Cas9 (Supplementary Figs. S2B and S2C) or phar-
maceutical inhibition of BRD4 (Supplementary Figs. S2D and S2E)
resulted in a significant reduction in the expression of both BCL2 and
PAX9. In addition, both BAP1 and BRD4 were detected at active
enhancers located near the BCL2 and PAX9 gene loci (Supplementary
Fig. S2F). These results reveal a direct transcriptional control of PAX9
expression by the BAP1/ASXL3/BRD4 epigenetic axis.

Then, we sought to introduce RNAI to validate our CRISPR-Cas9
screening result in different cell lines and determine whether the loss of
PAXO9 could affect different SCLC cells’ viability in vitro and in vivo. As
a result, we knocked down PAX9 with its specific sShRNAs in NCI-
H1963 (Fig. 2D) and NCI-H1882 cell lines (Fig. 2E), both of which
express high levels of PAX9 (Fig. 2C). We found that both of these cell
lines depend on PAX9 for cell viability and proliferation in vitro
(Fig. 2F-I). This observation was further confirmed in a number
of other ASCLI positive (NCI-H69, NCI-H748) and negative (NCI-
H196, NCI-H226, and NCI-H2171) cell lines (Supplementary
Fig. S2G). To minimize the off-target effect of shRNAs, we also
confirmed the results using the top two CRISPR gRNAs hits from
the CRISPR screening in NCI-H1963 and NCI-H1882 cell lines
(Supplementary Figs. S2H-S2]). Mechanistically, we found depletion
of PAX9 dramatically induced the protein levels of phosphorylated
histone H3S10 and reduced the protein levels of cyclin A2 (Supple-
mentary Fig. S2K), indicating a potential function of PAX9 in the cell-
cycle progression in SCLC cells. Indeed, consistent with the results
from the in vitro experiment, we found depletion of PAX9 in mouse
SCLC cell line KP1 (p53/Rb mutant) also significantly repressed tumor
growth in animals (Fig. 2J-L).

Finally, we retrieved data from cBioPortal to determine whether
PAX9 mRNA levels correlates with SCLC tumor stages (29). As shown
in Fig. 2M, we have detected a remarkable increase of PAX9 expression
in high-grade SCLC samples. To further determine the correlation
between PAX9 and SCLC tumor stages at the protein level, we utilized
an SCLC tissue microarray, which contains both normal lung tissue
and malignant SCLC tumor samples to perform IHC staining. As a
result, there were dramatically higher levels of PAX9 protein detected
in malignant SCLC samples compared with normal lung tissues
(Fig. 2N). In summary, 14 of 25 (56%) of stage I, II SCLC samples
and 16 of 20 (80%) of stage III, IV SCLC samples have positive staining
signals, whereas 1 of 5 (20%) of normal tissue is positive for PAX9
staining signals. In comparison with other types of lung cancer cell
lines, SCLC cells tend to be more sensitive to PAX9 depletion
(Supplementary Fig. S2L). All these results suggest that PAX9 can
serve as a potential biomarker for human SCLC malignancy.

PAX9 marks enhancers of genes involved in neural function and
differentiation

To determine the functions of PAX9 as a transcription factor in
SCLC cells, we conducted ChIP-seq in NCI-H1963 cells with PAX9-
specific antibody. In total, 6,847 PAX9-specific peaks were detected in
two independent biological replicates (Pearson = 0.92), with more
than 90% of PAX9 peaks annotated within intron and intergenic
regions (Fig. 3A; Supplementary Fig. S3A). PAX9 peaks demonstrated
enrichment in Nkx2.1, DLX5, Sox21, and PAX1 motifs, most of which
are critical for lung tumorigenesis (Fig. 3B). To elucidate PAX9
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Figure 2.

PAX9 is a potential biomarker of SCLC and is required for SCLC viability. A, The RNA-seq data was retrieved from the GEO database (GSE60052), which contains the
gene expression profiles of 7 normal lung tissue and 79 primary SCLC tissue samples. The box plot identified ASXL3, BCL2, and PAX9 (red) with a significantly higher
gene expression profile within tumor samples compared with normal tissue samples. The Pvalue is calculated on the basis of the Welch two-sided ¢ test. B, The scatter
plot shows the correlation between BCL2, PAX9, and ASXL3 gene expression within 50 human SCLC cell lines using the regression line and confidence interval
analysis. R value represents the Pearson correlation coefficient. C, The Western blot shows protein levels of BCL2, PAX9, and ASXL3 in different SCLC cell lines. D and
E, PAX9 protein levels were determined by Western blot in NCI-H1963 (D) and NCI-H1882 (E) cells transduced with either nontargeting shRNA or three distinct PAX9-
specific shRNAs. F and G, Representative photographs showed the colony formation in NCI-H1963 (F) and NCI-H1882 (G) cells transduced with either nontargeting
shRNA or PAX9-specific ShRNAs. H and I, The cell number for each group was determined by cell counting assay. n = 3, two-tailed unpaired Student ¢ test
(**, P < 0.01). J, Mouse SCLC cell line KP1 was transduced with either nontargeting gRNA or two distinct PAX9-specific gRNA. The protein levels of PAX9 were
determined by Western blot analysis. K, A total of 5.0 x 10° cells from each group in J were inoculated into the right flank of nude mice (n = 6). The tumor growth was
measured every 3 days 2 weeks after the inoculation. A two-tailed unpaired Student ¢ test was used for statistical analysis. L, Images for all tumor tissue from
each mouse were taken at the end of the experiment. M, The RNA-seq data from 81 patients with SCLC were retrieved from cBioPortal. (data set from U cologne,
Nature 2015; ref. 29). The mRNA expression z scores relative to all samples (log RNA-seq FPKM) were used to define the two groups with differential PAX9 expression
(z-score >1o0r z-score « —1 as the cutoff values). The PAX9 levels in each tumor stage category are shown. N, IHC staining of PAX9 in representative normal lung,
SCLC_IB, SCLC_IIB, and SCLC_IIIA on the US Biomax BS04116a tissue microarray. IgG was used as a negative control. The hematoxylin and eosin (H&E) stain results
were directly retrieved from US Biomax.
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functions at enhancers, we divided PAX9 peaks into transcription start
site (TSS) group and non-TSS group based on Homer annotation. The
non-TSS group was further divided into two subgroups by K-means
clustering. Then, we performed H3K4mel, H3K27ac, and H3K4me3
ChIP-seq experiments in NCI-H1963 SCLC cells, and centered the
signals from each of the histone marks onto three clusters of PAX9
peaks to determine the enrichment of each histone modifications at
PAX9 occupied loci (Fig. 3C).

It has been shown that enhancers are cell-type specific due to the
existence of different epigenetic states, such as active, primed, or
poised, based on the occupancy levels of H3K4mel, H3K27ac, and
H3K27me3 (30). As shown in Fig. 3C, the non-TSS Cluster 1 (14% of
total peaks) contains 971 peaks, which were enriched with higher levels
of both H3K4mel and H3K27ac signals compared with non-TSS
Cluster 2 peaks (82% of total peaks), suggesting that peaks in Cluster
1 are enriched with active enhancers. Interestingly, in non-TSS Cluster
2, we also noticed that there still was a significant amount of PAX9
peaks with moderate levels of H3K4mel but negligible levels of
H3K27ac (Fig. 3D and E; Supplementary Fig. S3B). Furthermore, we
performed the transposase accessible chromatin with high-throughput
sequencing (ATAC-seq) experiment to determine the chromatin
accessibility in each of PAX9 occupied clusters (Fig. 3C and F).
Genome-wide analysis with our ATAC-seq data revealed a lower (but
still significantly enriched) level of open chromatin at non-TSS Cluster
2 peaks, compared with TSS and non-TSS Cluster 1 peaks (Fig. 3F and
G). The gene expression levels also correlated well with our defined
clusters, with relatively higher expression levels in Cluster 1 than in
Cluster 2 (Supplementary Fig. S3C). In addition, the box plot showed a
very low enrichment of H3K27me3 levels at all PAX9-bound regions
compared with H3K27me3-enriched loci (Fig. 3H), and there is also
no detectable enrichment of PAX9 at H3K27me3 peaks and vice versa,
suggesting that PAX9 is not an associated binding factor to poised
(repressed) enhancer regions (Fig. 31 and J; Supplementary Fig. S3D).
Overall, these results suggest that PAX9 preferentially binds and
interacts with primed enhancers compared with active and poised
enhancers.

Notably, genes occupied by PAX9 at TSS or close to PAX9 peaks at
active enhancers (Cluster 1) are enriched for pathways that are
fundamental, such as cell junction organization and signal transduc-
tion pathways, according to ChIPseeker and clusterProfiler analyses
(Fig. 3K; Supplementary Figs. S3E and S3F). However, genes close to
the Cluster 2 peaks enriched by primed enhancers are more involved
with multiple neural-related pathways, such as the neuronal system,
neurotransmitter receptors, and postsynaptic transmission pathways
(Fig. 3K; Supplementary Fig. S3G). The representative track examples
showed that PAX9 occupies at primed enhancers, which are enriched
with H3K4mel (but not H3K27ac) for several genes that are involved
in the neural function and differentiation pathways, including BDNF,
DDX6, DNMT3B (Fig. 3L), CDH2, and MYCBP2 (Supplementary
Fig. S3H). In summary, these results from our genome-wide studies
provide an insight to a new potential role involving the association of
PAXO9 in controlling neural differentiation and neural gene expression
in SCLC.

PAX9 functions as a transcriptional repressor in SCLC cells

To investigate whether PAX9 loss at enhancer regions can alter
nearby genes’ expression, we performed RNA-seq in cells transduced
with either nontargeting shRNA (shNONT) or two distinct PAX9
shRNAs to minimize off-target effects. As a result, a total of 1,026 genes
were consistently downregulated, and a total of 1,089 genes were
upregulated in PAX9-depleted cells (Fig. 4A). Interestingly, based on
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the GO pathway analysis, a number of neural-related pathways were
enriched within the total upregulated vs. downregulated genes after
PAX9 depletion (Supplementary Figs. S4A and S4B). To determine
how PAX9 regulates gene expression at the transcription level, we
integrated our RNA-seq data with PAX9 ChIP-seq analysis. We then
examined the gene expression change surrounding PAX9 peaks at both
non-TSS and TSS regions (Fig. 4B). As a result, majority of these genes
with PAX9 occupancy are upregulated after PAX9 depletion (Fig. 4B
and C). Interestingly, based on the GO pathway analysis, a handful of
neural-related pathways were enriched among 244 of the upregulated
genes after PAX9 depletion (Fig. 4D), compared with the 114 down-
regulated genes (Supplementary Fig. S4C). Overall, these results reveal
a robust transcriptional repressive function of PAX9 in SCLC cells.

Gene set enrichment analysis (GSEA) was further introduced to
determine the most significantly enriched pathways in PAX9-depleted
cells. As a result, we found the gene signatures that are related to
Polycomb-mediated transcription reprogramming, such as BMI_DN.
V1_UP and PRC2_EZH2_UP.V1_DN, were significantly enriched in
the upregulated genes in PAX9-depleted SCLC cells (Fig. 4E), and the
gene signatures that are related to lung cancer development, such as
KRAS.LUNG_Up.V1_DN and PTEN_DN.V1_DN, were significantly
enriched in the upregulated genes within PAX9-depleted SCLC cells
(Supplementary Fig. S4D). To determine whether the repressive
transcriptional function of PAX9 is a general mechanism in different
SCLC-A type cells, we knocked down PAX9 within three of the SCLC
cell lines (NCI-H1963, NCI-H748, and NCI-H1882) with PAX9-
specific sShRNAs. Depletion of PAX9 induced a significant expression
increase of EPHBI1, NGF, EBF2, MSX1, and CNTNAP2, which indi-
cated neural differentiation in different cell lines (Fig. 4F). Finally, to
determine whether PAX9 plays a direct role in regulating transcrip-
tional repression at those representative enhancer loci in Fig. 4G, the
enhancer DNA (highlighted) were individually cloned into luciferase
reporter constructs cotransfected with either GFP or GFP-tagged
PAX9 in HEK293T cells (Fig. 4H). As a result, we observed a
statistically significant amount of repressive transcriptional activity
of PAX9 at these indicated loci (Fig. 4I).

The nucleosome remodeling deacetylase complex is required
for PAX9-mediated transcriptional repression

To characterize the interactomes of PAX9 in cells, we stably
expressed GFP and GFP-PAX9 in HEK293T cells (Fig. 5A) and
purified GFP-tagged PAX9 proteins from benzonase-treated nuclear
lysates with GFP purification as a negative control. By mass spec-
trometry analysis, we have identified 259 unique proteins that spe-
cifically interacted with GFP-tagged PAX9 but not GFP (Supplemen-
tary Fig. S5A). Pathway analysis with the 259 binding proteins revealed
that multiple protein complexes involved in transcriptional regulation
were coprecipitated with PAX9 (Supplementary Fig. S5A), such as the
nucleosome remodeling deacetylase (NuRD) complex. The NuRD
complex has been identified as a multi-subunit complex with both
nucleosome remodeling and histone deacetylase activities (31), and
participates in the establishment or maintenance of transcriptional
repression at regions of the genome corresponding to highly meth-
ylated DNA (32). On the basis of our mass spectrometry analysis, we
have been able to narrow it down by identifying components of the
NuRD complex that are primary interactors with PAX9 in HEK293T
cells (Fig. 5B). To validate our mass spectrometry result, we performed
coimmunoprecipitation against GFP-tagged PAX9 and detected
the interaction between PAX9 and several subunits within the
NuRD complex, such as CHD4, HDACI1, and MTA1 (Fig. 5C).
The copurification of endogenous HDACI1, HDAC2, LSD1, and
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Figure 3.

PAX9 marks enhancers of genes involved in neural function and differentiation. A, Distribution of PAX9 binding to genomic regions in the human SCLC cell line NCI-
H1963, as assessed by ChIP-seq. Peak annotation of PAX9 is summarized in a pie chart format. B, Motif enrichment analysis of the 6,847 specific PAX9 peaks from two
independent biological replicates in NCI-H1963 cells. C, Heatmaps generated from ChIP-seq data analyses showed the occupancy of H3K4mel, H3K27ac, and
H3K4me3 markers (left) and signals from ATAC-seq (right) in NCI-H1963 SCLC cells centered on the clustered PAX9 peaks. Non-TSS and TSS peaks were annotated
with Homer annotation. Non-TSS peaks were then further divided into two clusters by k-means clustering (Cluster 1and Cluster 2). D-F, The average plots showed the
chromatin occupancy of H3K4mel (D), H3K27ac (E), and chromatin accessibility (F) levels centered on PAX9 peaks of TSS, Cluster 1, and Cluster 2. G, The box plot
shows the log,-fold change of PAX9, H3K4mel, H3K4me3, H3K27ac, and ATAC-seq signals versus input. H, The box plot shows the log,-fold change of total
H3K27me3 and the enrichment of H3K27me3 levels on TSS, Cluster 1, and Cluster 2 peaks of PAX9 versus input. I, The average plots showed the chromatin occupancy
of PAX9 levels centered on H3K27me3 peaks. J, The average plots showed the chromatin occupancy of H3K27me3 levels centered on PAX9 Cluster 2 peaks.
K, Pathway analysis was performed using ChlPseeker with genes nearest to PAX9 Cluster 1, Cluster 2, and TSS peaks. L, Representative track examples show the
occupancy of PAX9 at primed enhancers of BDNF, DDX6, and DNMT3B gene loci.
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Figure 4.

PAX9 functions as a genome-wide transcription repressor. A, PAX9 was knocked down by two different shRNAs. RNA-seq was performed for NCI-H1963 cells
transduced with nontargeting shRNA and two different ASXL3-specific sShRNAs. Hierarchical clustering heatmaps showed all differentially expressed genes with
ASXL3 knockdown. B, Heatmaps generated from ChIP-seq data analysis show the occupancy of PAX9 binding sites. Each row represents a unique PAX9 peak and the
ChlIP-seq signals of PAX9 were centered at PAX9 peaks and then further divided into TSS and non-TSS regions. The right panel shows the log,-fold change of nearby
gene expression in NCI-H1963 cells transduced with nontargeting shRNA (shNONT) or ASXL3-specific shRNAs. C, The Venn diagram identifies the direct
transcriptional targets (|[Log,FC| > 0.25) of PAX9. D and E, Pathway analysis by Metascape (D) and GSEA (E) of genes that are occupied by PAX9, and upregulated
and downregulated upon PAX9 depletion in NCI-H1963 cells. BMIT_DN.V 1_UP, genes upregulated in DAQY cells (medulloblastoma) upon knockdown of BM/7 gene by
RNAI.PRC2_EZH2_UP.V1_DN, genes downregulated in TIG3 cells (fibroblasts) upon knockdown of EZH2 gene. F, The mRNA levels of PAX9, EBF2, EPHBI, NGF, MSX1,
and CNTNAP2 were determined by real-time PCR in three different SCLC cell lines transduced with sShNONT or ASXL3-specific ShRNAs. n = 3, two-tailed unpaired
Student ttest. **, P< 0.01. G, Representative tracks showing the enhancer binding of PAX9, which contributes to repressive gene expression. H, The enhancer regions
highlighted in G were cloned into luciferase reporter vectors and cotransfected into HEK293T cells with either GFP or GFP-tagged PAX9. I, After 24 hours, cells were
harvested, and luciferase activity was measured. Relative luciferase induction is plotted as a fold change based on cells transfected with empty reporter vectors.n =3,
two-tailed unpaired Student ¢ test. **, P < 0.01.
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Figure 5.

The NuRD complex is required for PAX9-mediated transcriptional repression. A, HEK293T cells were infected by lentivirus expressing either GFP or GFP-tagged
PAX9 and the protein levels of GFP or GFP-PAX9 were determined by Western blot analysis. B, The GFP-tagged proteins were purified from HEK293T cells and stably
expressed either GFP or GFP-PAX9. The purified proteins were subjected to mass spectrometry analysis. Peptide numbers of the NURD complex’s subunits and PAX9
are shown. C, IP from whole cell lysates were performed with antibodies against the GFP epitope, followed by immunoblotting with antibodies against CHD4, HDACI,
and MTA1in HEK293T cells transduced with either GFP or GFP-PAX9. HSP90 was used as a negative control. D, IP of endogenous PAX9 from NCI-H1963 cells followed
by immunoblot (IB) for PAX9, HDAC1, HDAC2, LSD1, and MTA2. IgG was used as a negative control, n = 2. E, Nuclear extract from NCI-H1963 SCLC cells was subjected
to size exclusion chromatography and then protein levels of PAX9, CHD3, CHD4, HDAC1, MTA2, and MBD3 were determined by Western blot analysis. n = 2.
F, Heatmaps generated from ChIP-seq data analyses show the occupancy of HDACI, HDAC2, and MTA2 in NCI-H1963 SCLC cells. ChIP-seq signals are centered on
PAX9 peaks. G, Pathway analysis by Metascape with 4,004 common peaks among HDACT, HDAC2, and PAX9. H, The average plot shows the chromatin occupancy of
H3K27ac in NCI-H1963 cells transduced with either nontargeting shRNA or two distinct PAX9 shRNAs. I, Representative track examples show the H3K27ac levels at
EPHB1 and NGF gene loci in cells transduced with either nontargeting shRNA or PAX9 shRNAs. Histone H3 lysine 27 acetylation (H3K27ac) signals from ChIP
sequencing identifies putative super enhancers in NCI-H1963 cells transduced with either nontargeting shRNA or two distinct PAX9 shRNAs. J, The Venn diagram
shows the overlapped super enhancers (SE) between each group. K, Hockey stick plot representing the normalized rank and signals of H3K27ac. Representative of
top-ranked super enhancer-associated genes from each group are labeled.
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MTA2—subunits within the NuRD complex—along with PAX9 in
SCLC cell line NCI-H1963 were also validated via Western blotting
(Fig. 5D). Finally, to study the stoichiometry of endogenous PAX9 and
the NuRD complex interaction, nuclear extracts from NCI-H1963 cells
were subject to size exclusion chromatography, followed by Western
blot analysis of the elution profile of PAX9, CHD3, CHD4, MTA2,
HDACI, and MBD?3 (Fig. 5E). These studies indicated a significant
proportion of PAX9 that co-eluted with most of the subunits from the
NuRD complex at approximately 670 kDa.

To elucidate a possible cofunction between PAX9 and HDAC1/2,
we conducted ChIP-seq for HDAC1, HDAC2, and MTA2 in NCI-
H1963 cells. As shown in Supplementary Fig. S5B, a great portion of
HDAC1/2 and MTA2 occupies intron and intergenic regions, similar
to PAX9. Motif enrichment analysis with HDAC1/2 and MTA?2 peaks
indicated significant enrichment in NKX family and SOX family
motifs (Supplementary Fig. S5C), which is also similar to PAX9
(Fig. 3B). Indeed, we found a significant amount of colocalization of
HDACI1/2 and MTA2 with PAX9 when centered on the three clusters
of PAX9 peaks (Fig. 5F). Collectively, there were 3,063 peaks that
overlapped among PAX9, HDAC1, HDAC2, and MTA2 (Supplemen-
tary Fig. S5D). Intriguingly, majority of these overlapped peaks
localized at other intron and distal intergenic regions (Supplementary
Fig. S5E) and were enriched with genes involved in the neural system
and various neural function pathways (Fig. 5G).

To determine the impact of PAX9 on the H3K27ac deacetylase
activity of both HDAC1 and HDAC2, we compared the H3K27ac
levels between cells transduced with either nontargeting shRNA or
PAX9-specific shtRNAs by ChIP-seq and genome-wide analyses. As a
result, we found a dramatic increase of H3K27ac levels at PAX9 loci
after PAX9 depletion (Fig. 5H and I). Consistent with this result,
depletion of PAX9 leads to a dramatic reduction of chromatin bound
HDACI1/2 at a subset of PAX9 and HDAC1 or HDAC2 co-occupied
regions, suggesting a potential role of PAX9 in mediating the NuRD
complex recruitment to chromatin (Supplementary Fig. S5F). Finally,
we compared the super-enhancer (SE)-associated genes between NCI-
H1963-shNONT and NCI-H1963-shPAX9, based on the ranking of
H3K27ac ChIP-seq signals. Depletion of PAX9 by two distinct
shRNAs led to a discovery of 42 new super-enhancers within SCLC
cells (Fig. 5] and K). In summary, these results suggest a potential co-
function between PAX9 and the NuRD complex with their involve-
ment in repressing enhancer activity and gene expression among SCLC
cells.

Pharmaceutical inhibition of HDAC abrogates PAX9-mediated
transcriptional repression

To determine whether inhibition of the catalytic activity of HDAC1/
2 could rescue the expression of PAX9 target genes, we treated NCI-
H1963 cells with an HDAC1/2 selective inhibitor MERCK60 for
24 hours (Fig. 6A), whereas the 4-day EZH2 inhibitor treatment
(GSK126) was used as a control (Fig. 6B). As a result, we found both
inhibitors could efficiently induce histone modification changes in
NCI-H1963 cells. Then we conducted RNA-seq to determine the
transcriptional profile of cells treated with DMSO and the HDAC
inhibitor or EZH2 inhibitor. As shown in Fig. 6C, we found more than
half of PAX9 repressed genes (170/337, log,FC > 0.5), such as tumor
suppressive gene NGF (33), CDH4 (34), PTPRM (35), FEZ1 (36),
DOCK4 (37), and MSX1 (38), were significantly rescued by HDAC
inhibitor treatment, whereas the EZH2 inhibitor could only rescue
47 genes. A box-plot analysis of Log2 fold change gene expression of
common-upregulated genes identified from the two distinct PAX9
shRNAs in NCI-H1963 cells were also affected by MERCKG60 treat-

AACRJournals.org

Role of PAX9 in Small Cell Lung Cancer

ment (Fig. 6D). In addition, pathway analysis revealed that regulation
of neural differentiation pathway was the most significantly enriched
pathway identified by the 170 PAX9 target genes that could be re-
elevated by HDAC inhibitor treatment (Supplementary Fig. S6A).
Then, we integrated the RNA-seq data with PAX9 ChIP-seq analysis
and found that the HDAC inhibitor (but not EZH2 inhibitor) could
induce the re-expression of genes that are occupied by PAX9 at primed
enhancers within the non-TSS Cluster 2 group (Fig. 6E, left, and F),
along with a concomitant increase of histone H3K27ac levels (Fig. 6E,
right). We further validated the RNA-seq data with real-time PCR and
found that most of the neural differentiation genes that are repressed
by PAX9 can be rescued upon HDAC inhibitor treatment (Fig. 6G;
Supplementary Fig. S6B). Intriguingly, the H3K27ac levels at PAX9-
dependent primed enhancers were significantly increased upon
HDAC inhibitor treatment (Fig. 6H-]), which is similar to PAX9
depletion (Supplementary Fig. S6C). HDAC inhibitors have been
shown to alter histone acetylation levels and reduce tumor growth
in vivo (39). However, in human SCLC clinical trials, HDAC inhibitors
have not shown an objective response in patients with chemo-sensitive
SCLC (40). These results suggest a need for a more personalized
therapeutic approach, which requires identifying and utilizing func-
tional predictive biomarkers that can significantly improve SCLC
outcomes. To determine whether the expression level of PAX9 is a
determinant of responsiveness to HDAC inhibitor, we selected four
SCLC cell lines with different PAX9 expression levels and treated them
with the HDAC inhibitor MERCKG®60 in vitro. As a result, we found that
treatment with MERCK60 could induce a significant increase in
H3K27ac levels for all four cell lines (Fig. 6K). NCI-H748 and
NCI-H1963 cells, which express high levels of ASXL3 and PAX9, are
more sensitive to HDAC inhibitor treatment than those two other low
expressing cell lines (Fig. 6L). Moreover, the drug sensitivity trend was
also observed and shown to be consistent with other SCLC cell lines
expressing both high and low levels of ASXL3 and PAX9 (Supple-
mentary Figs. S6D and S6E). Finally, we asked whether the cells
expressing high levels of PAX9 are also sensitive to depletion of the
catalytic core subunit CHD4 within the NuRD complex. As a result, we
found depletion of CHD4 with two distinct CRISPR gRNAs could
significantly reduce cell growth in vitro (Supplementary Figs. S6F and
$6G). In summary, these results reveal a potential therapeutic strategy
by targeting the NuRD complex for patients with SCLC with a highly
expressed PAX9 phenotype (Fig. 6M).

Discussion

ASXL3 is a tissue-specific additional sex comb-like protein and
plays an essential function in the human nervous system (41). On the
basis of our previous research findings and other groups’ combined
results, ASXL3 is critical for human SCLC cell viability, both in vitro
and in vivo (23). We have further characterized the function of a novel
epigenetic axis involving interactions with BAP1, ASXL3, and BRD4 at
active enhancers in human SCLC cells (20). However, how ASXL3
maintains SCLC cell viability and determines cell fate remains to be
uncovered.

To circumvent the difficulty generating stable ASXL3-KO cells due
to the lethal nature of complete depletion of ASXL3 in SCLC cells, we
alternatively introduced two lung cancer cell lines with different
ASXL3 levels for the CRISPR-Cas9 dropout screening in our current
studies. By comparing RN A-seq data generated from ASXL3 wild-type
with knockdown cells, we were able to identify a specific 10-gene
signature that is essential for ASXL3-highly expressed cell viability.
However, based on the RNA-seq results from primary patient-derived
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Figure 6.

Pharmaceutical inhibition of HDAC abrogates PAX9-mediated transcriptional repression. NCI-H1963 cells were treated with different concentrations of HDAC
inhibitor MERCK60 (selective for HDAC1 and HDAC2) for 24 hours or EZH2 inhibitor GSK126 for 96 hours. A and B, The protein levels of H3K27ac (A) and H3K27me3
(B) were determined by Western blot analysis. C, The Venn diagram shows the overlap of upregulated genes among PAX9 depletion, MERCK60, and GSK126
treatments. D, Common upregulated genes with two distinct PAX9 shRNAs in NCI-H1963 cell line (adj. P< 0.01, 10g,FC > 0.25) were extracted. The box plot shows this
group of gene expression change with PAX9 knockdown and MERCK6E0 treatment (n = 805). The expression count is log, (FPKM+1) transformed. Red dashed line, no
change. E, Left, the heatmaps show the log,-fold change of nearby gene expression in NCI-H1963 cells treated with DMSO, HDAC inhibitor MERCK60, or
EZH2 inhibitor GSK126. Right, the log,-fold change of H3K27ac levels is shown. F, The box plot shows gene expression changes with MERCK60 treatment in NCI-
H1963 cell line among three clusters defined in E. The expression count is log, (FPKM-+1) transformed. G, NCI-H1963 cells were treated with MERCK60 for 24 hours.
The mRNA levels of NGF, EBF2, EPHBI, and MSX71 were determined by real-time PCR. n = 3, two-tailed unpaired Student ¢t test. *, P < 0.05; **, P < 0.01. H=J, The
heatmap (H) and track examples (I and J) show the H3K27ac levels at PAX9 occupied primed enhancers before (DMSO) and after MERCK60 treatment. K, Four
different human SCLC cell lines, NCI-H748, NCI-H1963, NCI-H209, and NCI-H2171, were treated with MERCK60 for 24 hours. The protein levels of H3K27ac were
determined by Western blot analysis. L, The cell viability of each cell line from K was determined by CellTiter-Glo Cell Viability Assay after 72-hour treatment of
different concentrations of MERCK60. n = 3. M, The model shows how elevated ASXL3 in SCLC cells increases cell viability by driving a 10-gene signature, such as
PAX9 and BCL2. PAX9 cooperates with the NuRD complex at primed enhancers to repress normal neural function genes such as NGF, MSX1, and ADCYAPI, many of
which, function as tumor suppressors in SCLC. Upon HDAC inhibition, expression of functional genes related to neural differentiation was re-elevated to suppress
cell growth.
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SCLC samples and normal lung tissue, not all of the genes within the
10-gene signature were significantly elevated in tumor samples, except
for BCL2 and PAX9. PAX9 is a lineage-specific transcription factor,
and has been linked to tumorigenesis (42-44). In human lung cancer, a
discovery was made with identifying a recurrent lung cancer amplicon
located at 14q13.3, which contains three genes in the core region
(NKX2.1, NKX2.8, and PAX9). Overexpression of PAX9 with either
Nkx2.1 or Nkx2.8 showed pronounced synergy in promoting the
proliferation of immortalized human lung epithelial cells. Although
we have not detected an increase of Nkx2.1/Nkx2.8 expression in
SCLC patient samples, based on our motif analysis shown in Fig. 3B,
Nkx2.1 and PAX9 both share very similar DNA binding motifs,
suggesting there might be a critical role in the involvement of
PAX9/Nkx2.1 in lung tumorigenesis (45, 46).

Surprisingly, as a transcription factor, we found less than 7% of
PAX9 occupies the promoter/TSS regions at the chromatin in SCLC
cells. Instead, the vast majority (more than 92%) of PAX9 occupies
distal regulatory elements in SCLC cells, pointing to the role of PAX9
as an enhancer-specific binding factor in SCLC. Enhancers play a
crucial role in driving gene expression and can activate targeted genes
from great distances (47, 48). Enhancers can exist in various epigenetic
states, including active, primed, or poised. Poised enhancers are
marked by H3K4mel and H3K27me3 histone marks. Primed enhan-
cers are marked by histone H3 lysine 4 (H3K4) mono/di-methylation
(H3K4mel/2), whereas active enhancers are then further marked by
H3K27 acetylation (H3K27ac; ref. 30).

In our current studies, we have uncovered a novel role of PAX9
functions as transcriptional repressor that restricts enhancer activity
and maintains the primed status of enhancers in human SCLC cells,
leading to a strong repression of numerous neural differentiation genes
and tumor suppressors. These results lead us to further investigate the
mechanism as to how PAX9 represses gene expression at enhancers.
On the basis of our PAX9 purification and mass spectrometry analysis,
we identified the NuRD Complex as one of the top interactors of PAX9,
which has been identified as a transcriptional repressor across different
cell types. Consequently, genetic depletion of PAX9 leads to an
increase of H3K27ac levels at enhancer loci, similar to HDAC1/2
inhibitor treatment. Notably, we did not observe any significant hits for
the NuRD complex in our genome-wide CRISPR-Cas9 screening. This
is probably due to there being different compositions of the NuRD
complex, and also some of these subunits have redundant roles as
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