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CANCER

POU2AF2/C110rf53 functions as a coactivator
of POU2F3 by maintaining chromatin
accessibility and enhancer activity

Aileen Patricia Szczepanski1'21', Natsumi Tsuboyama"zf, Jun Watanabe®*,

Rintaro Hashizume'**%, Zibo Zhao'?**, Lu Wang1’2'5*1=

Small cell lung cancer (SCLC), accounting for around 13% of all lung cancers, often results in rapid tumor growth,
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early metastasis, and acquired therapeutic resistance. The POU class 2 homeobox 3 (POU2F3) is a master regulator
of tuft cell identity and defines the SCLC-P subtype that lacks the neuroendocrine markers. Here, we have identi-
fied a previously uncharacterized protein, C110rf53, which is coexpressed with POU2F3 in both SCLC cell lines and
patient samples. Mechanistically, C110orf53 directly interacts with POU2F3 and is recruited to chromatin by
POU2F3. Depletion of C170rf53 reduced enhancer H3K27ac levels and chromatin accessibility, resulting in a re-
duction of POU2F3-dependent gene expression. On the basis of the molecular function of C110rf53, we renamed
it as “POU Class 2 Homeobox Associating Factor 2” (POU2AF2). In summary, our study has identified a new coact-
ivator of POU2F3 and sheds light on the therapeutic potential of targeting POU2AF2/POU2F3 heterodimer in hu-

man SCLC.

INTRODUCTION

Lung cancer is one of the leading causes of cancer death worldwide
(1). Specifically, small cell lung cancer (SCLC) is a highly aggressive
and lethal form of malignancy that develops within tissues of the
lungs and is typically diagnosed at later stages when it has already
metastasized (2-4). Although SCLC consists of approximately 13% of
all lung cancer cases, it has one of the lowest 5-year survival rates and
a very poor prognosis (5).

Recent studies have made advancements in the classification of
SCLC defined by relative expression of four major molecular subtypes
of key lineage-specific transcription and cotranscription regulators:
achaete-scute homolog 1 (ASCL1; SCLC-A), neurogenic differentia-
tion factor 1 (NEUROD1; SCLC-N), yes-associated protein 1 (YAP1;
SCLC-Y), and POU class 2 homeobox 3 (POU2F3; SCLC-P) (6). Anal-
ysis of the morphological features have further indicated that SCLC
can be classified into neuroendocrine (NE)-high (SCLC-A and
SCLC-N) or NE-low (SCLC-Y and SCLC-P) subtypes on the basis
of the expression pattern of different NE markers and the diver-
sity in genetic alterations, growth properties, and immune infiltra-
tion (7-10).

Previously, we have identified an essential epigenetic coregulator
and biomarker, additional sex combs-like protein 3 (ASXL3), which
is associated with the SCLC-A molecular subtype. ASXL3 functions
as a scaffold protein that links histone H2A deubiquitinase BAP1
and the bromodomain-containing protein BRD4 at active enhancer
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and drives lineage-specific transcriptional programming (11). There-
fore, our study suggested that it is necessary to globally identify and
study these subtype-specific essential factors to gain a more in-depth
understanding of underlying mechanisms regulating SCLC tumor-
igenesis that may potentially assist in treatment decisions for SCLC
and create a much-needed individualized strategic approach.

For instance, the SCLC-P subtype, which is defined by the ex-
pression of a master transcription factor, POU2F3, is known to be a
variant form of SCLC that lacks NE features (12). However, identi-
fying other contributing factors in the progression of SCLC-P, spe-
cifically a cofactor of POU2F3 function, has yet to be determined.
Through our current dependency data analysis and subsequent bio-
chemical and genetic studies, we have identified a previously un-
characterized gene, C110rf53, as a codependent gene of POU2F3. In
these studies, we have comprehensively uncovered an essential role
of Cl11orf53 as a coactivator of POU2F3 in regulatory gene expres-
sion to establish the cell identity of the SCLC-P subtype.

RESULTS

Landscape of SCLC subtype-specific dependency

Global gene expression profiling has been widely used to define
molecular subtypes in human cancers (13, 14), including lung cancer
(6). However, not all highly expressed genes are essential for tu-
mor cell growth or cell viability. Therefore, to identify the functional
subtype-specific dependent factor within the four SCLC molecular
subtypes, we used Cancer Cell Line Encyclopedia (CCLE) SCLC cell
lines (15) encompassing all four subtypes (6) defined previously
and explored the genes that are most selectively essential to each
subtype compared to the other classifications. Following the criteria
for target gene effect score (<-0.5; median difference <0.2 versus
median value of the average of all other groups), we identified 48
genes for SCLC-A, 88 genes for SCLC-N, 66 genes for SCLC-P,
and 177 genes for SCLC-Y subtypes defined as being selectively es-
sential in each SCLC subtype (Fig. 1A and table S1). The expression
levels of these genes were compared with no global up- or down-
regulation in each subgroup (fig. S1A). The essential genes in each
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Fig. 1. Landscape of SCLC subtype-specific dependency. (A) Gene effect scores of all genes were retrieved from DepMap Public 21Q3 datasets for the following 17
SCLC cell lines: A-subtype, CORL47, DMS53, NCI-H1092, NCI-H209, and SHP77; N-subtype, CORL279, NCI-H1694, NCI-H446, and NCI-H82; P-subtype, CORL311, NCI-H1048,
NCI-H211, and NCI-H526; Y-subtype, NCI-H1339, NCI-H2286, NCI-H841, and SW1271. A- and N-subtypes were classified as NE and P- and Y-subtypes were classified as
non-NE groups. For each subtype, the median gene effect scores of each subtype were calculated, and the z-score heatmap showed genes selectively essential in each
group with the criteria that target gene effect score is < —0.5 and the median difference is 0.2 less than the median value of the average of all other groups. (B) Metascape
pathway analysis of the essential genes in each subtype as identified above. (C) Volcano plots of the gene essentiality in the four subtypes. X axis is the median difference
between the indicated group and others, and y axis is negative logso P value calculated with t test for the means of two independent samples of scores. Highlighted genes
have P < 0.05 and median difference > 0.4 for SCLC-A, SCLC-N, and SCLC-P; P < 0.01, median difference > 0.5 for SCLC-Y subtypes. (D) Box plots showed the ASCL1,

NEUROD1, POU2F3, and YAP1 gene dependency in each subtype.

Szczepanski et al., Sci. Adv. 8, eabq2403 (2022)

5 October 2022



SCIENCE ADVANCES | RESEARCH ARTICLE

subtype are enriched in distinct pathways (Fig. 1B), suggesting
that each subtype may depend on a unique set of signaling pathways
for cell survivability and proliferation. Next, we highlighted the top
genes that are essential or redundant in each subtype (Fig. 1C), re-
vealing the nonoverlapping essentiality profiles in these subtypes. The
gene effect scores of the four markers—ASCL1, NEUROD1, POU2F3,
and YAPI—showed the selective dependency (Fig. 1D), which is
consistent with previous studies for the function of each gene.

Identification of C110rf53 as a new marker

for SCLC-P subtype

Previous studies have identified that the transcription factor POU2F3
is a master regulator of a tuft cell-like variant of small cell lung can-
cer (12). Therefore, POU2F3 has been widely used to define the
SCLC-P subtype. On the basis of our dependency data analysis in
Fig. 1A, we noted that the gene dependency score related to a gene
called chromosome 11 open reading frame 53 (C110rf53; fig. S2A)
is selectively higher in rank (1 of 66) versus POU2F3 (2 of 66) in its
significance to maintain the integrity of SCLC-P subtype (Fig. 2A).
Cllorf53 is an uncharacterized gene that is an evolutionarily con-
served sequence from zebrafish to human (fig. S2, B and C) and
is expressed at high levels in all four SCLC-P cell lines examined
(fig. S2D).

The Cl11orf53 gene encodes for a 288-amino acid protein product
without any known functional domain/motif or cellular localization
signal. When analyzing the codependency scores of top genes that
are selectively essential in SCLC-P subtype, POU2F3 and Cl11orf53
have an overall correlation coefficient of 0.812 in the SCLC-P subtype
compared to 0.357 in all 17 SCLC cell lines (Fig. 2B). This prompted
us to investigate the functional relationship between C11orf53 and
POU2F3 in P-subtype SCLC. In published SCLC patient samples
(EGAS00001000925), we have detected a strongly positive correlation
between the expression levels of POU2F3 and C11orf53 (Fig. 2C).
Therefore, this gene may function as a new biomarker for SCLC-P
subtype cells.

To study the function of C11orf53 in SCLC cells, we generated
our homemade polyclonal antibody for C11orf53 (fig. S2E) and de-
tected the protein levels of C11orf53 in four different SCLC cell lines.
As shown in Fig. 2D, we have detected very high levels of C110rf53
protein in the NCI-H526 and NCI-H211 SCLC-P subtype cell lines.
In contrast, there were no detectable signals from NCI-H510 nor
NCI-H1963 non-SCLC-P subtype cell lines. Genetic depletion of
Cl1orf53 by two distinct CRISPR single guide RNAs (sgRNAs) in
SCLC cells markedly reduced cell viability (Fig. 2, E and F). To fur-
ther determine how this gene contributes to cell viability, we exam-
ined the protein levels of several factors involved in both cell cycle
regulatory checkpoints and apoptosis from two different SCLC-P
cell lines. As shown in Fig. 2G, in both SCLC-P cell lines, we found
that genetic depletion of C11orf53 via CRISPR knockout could in-
duce cleavage of poly(adenosine diphosphate-ribose) polymerase
(PARP), caspase 3, and caspase 7. In addition, loss of C11orf53 protein
also induces a notable cell cycle arrest, as shown by fluorescence-
activated cell sorting analysis in NCI-H526 cells (fig. S2F). In sum-
mary, our results suggest that the CI1o7f53 gene is critical for the
maintenance of SCLC-P cell viability. Consistent with the in vitro
cell growth results, genetic depletion of C1107f53 in the in vivo
xenograft model significantly repressed tumor growth (P =0.0033;
Fig. 2H) and delayed further progression of disease in mice (P =
0.0023; Fig. 2I).
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C110rf53 regulates lineage-specific genes expression at
super enhancers

To understand how C11orf53 globally affects gene expression in SCLC
cells, we conducted RNA sequencing (RNA-seq) in the NCI-H526
cellline transduced with either nontargeting CRISPR sgRNA or two
distinct C11orf53-specific sgRNAs. As shown in Fig. 3A, we found
a total of 3719 and 3259 genes that were significantly down- and
up-regulated, respectively, upon genetic depletion of C110rf53. More-
over, gene set enrichment analysis (GSEA) pathway analysis had
identified several key cellular growth biological processes, such as
Myc and E2F signaling pathway-dependent gene signatures, which
were markedly down-regulated upon genetic depletion of C11orf53
(Fig. 3B). To understand how this small protein regulates gene expres-
sion, we first sought to determine the cellular localization of C11orf53
by cell fractionation assay. Unexpectedly, we found that the C11orf53
protein could be detected in the cytosol, soluble nuclear, and chroma-
tin (insoluble nuclear) fractions (Fig. 3C), although it obviously has
no nuclear localization signal. To further investigate how this pro-
tein regulates gene expression at the chromatin, we conducted chro-
matin immunoprecipitation sequencing (ChIP-seq) with two of our
homemade polyclonal antibodies. On the basis of our ChIP-seq anal-
ysis, both of our antibodies showed a consistent performance and
the peaks are highly correlated (fig. S3, A and B). In general, we have
detected 8820 C11orf53-specific peaks in NCI-H526 cells (Fig. 3D).
We found that most of these peaks were localized at intergenic or
intron regions, indicating that C11orf53 may regulate gene expression
at distal enhancer elements. In addition, the motif analysis has iden-
tified POU2F3 motif being matched the top hit (Pvalue, 1 x 107°°°)
at C1lorf53 peaks (Fig. 3E). This result implies that there might be
a similar functionality or genetic interaction between POU2F3 and
Cl1lorf53 within SCLC-P subtype cells.

To further characterize the function of C11orf53 at the genome-
wide scale and understand how C11orf53 regulates gene expression
at distal enhancers, we divided all C110rf53 peaks into four clusters
based on k-means clustering. As shown in Fig. 3F, we have detected
a very significant overlap between enhancer marker H3K4mel and
Cl1lorf53 peaks. Both of cluster 1 and 2 peaks are also enriched with
active enhancer marker H3K27ac, suggesting that C11orf53 may
function as a transcriptional activator at active enhancers. We fur-
ther integrated our RNA-seq data with the ChIP-seq data and iden-
tified the expression change of the genes that are nearest to C11orf53
peaks (table S2). As shown in the middle panel of Fig. 3F and fig. S3C,
we found that genes nearest to cluster 1 peaks are markedly reduced
upon C11orf53 depletion, where very broad H3K4mel peaks were
detected. As shown in Fig. 3G, most of the super enhancer (SE)-
associated genes (table S3) are reduced after C11orf53 depletion. In
general, around 66% (71 of 108) SE-associated genes are occupied
by Cl1lorf53 (table S4), in which 73.2% (52 of 71) genes were down-
regulated upon C11orf53 depletion (fig. S3D). Pathway analysis with
genes nearest to cluster 1 peaks show a significant enrichment in sev-
eral neuronal function and differentiation pathways (fig. S3E). Next,
to further confirm the role of C11orf53 involvement in regulating SE-
associated genes, we determined the gene expression profiles within
cells treated with either dimethyl sulfoxide or JQ1 (table S5). As shown
in the right panel of Fig. 3 (F and G) and fig. S3 (F to I), the JQ1 treat-
ment has induced a very similar change in the gene expression pro-
file as C11o7f53 depletion. The SCLC-P subtype cells are tuft cell-like
variant of small cell lung cancer, which express tuft cell-like spe-
cific markers, such as SOX9, GFI1B, and PTGS1. Notably, these tuft
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Fig. 2. Identification of C110rf53 as a new marker for SCLC-P subtype. (A) Box plots showed the C110rf53 gene dependency in each subtype. (B) Codependency
matrix showing the Pearson correlation coefficient values of the top 30 genes selectively essential in SCLC-P subtype. (C) The scatter plot shows the correlation between
POU2F3 and C110rf53 mRNA levels in 110 patient samples (EGAS00001000925). RNA-seq, RNA-sequencing. (D) The protein levels of C110rf53 were determined by West-
ern blot in four different SCLC cell lines. (E) Four different SCLC cell lines—NCI-H526 (SCLC-P), NCI-H211 (SCLC-P), NCI-H510 (hon-SCLC-P), and NCI-H1963 (non-SCLC-P)—
were transduced with either nontargeting CRISPR sgRNA or C110rf53-specific sgRNAs for 4 days. The cell viability was determined by cell counting assay, n = 3, two-tailed
unpaired Student’s t test. **P < 0.01; *P < 0.05. (F) NCI-H526 and NCI-H211 cell lines were transduced with either nontargeting CRISPR sgRNA or C110orf53-specific sgRNAs
for 4 days. The cell morphology was shown under bright field microscopy. (G) The protein levels of C110rf53, cyclin B1, cyclin E1, cyclin A2, cleaved PARP, cleaved caspase
3, and cleaved caspase 7 were determined by Western blot in NCI-H526 and NCI-H211 cell lines with C110rf53 CRISPR depletion. HSP90 was used as an internal control. A
total of 1x 10° of NCI-H526 SCLC cells were transduced with either nontargeting sgRNAs or two distinct C170rf53 sgRNAs that were then inoculated into the right flank
of athymic nude mice, n =8 per group. The tumor growth was measured using a calibrated caliper every 2 to 3 days. Weltch’s t test was used for statistical analysis (H).
When each tumor reached 1.cm?, a mouse was euthanized and the survival probability was shown in (I). Log-rank test was performed.
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Fig. 3. C110rf53 regulates lineage-specific gene expression at super enhancers. (A) RNA-seq was conducted with NCI-H526 cell lines transduced with either nontar-
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in NCI-H526 cells. Hockey-stick plot representing the normalized rank and signals of H3K27ac. Representative SE-associated genes that are occupied by C110rf53 are
labeled. TE, typical enhancers. (H) Representative tracks showing the enhancer binding of C110rf53, which contributes to activation of gene expression.
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cell-like specific genes were down-regulated after C11orf53 deple-
tion or JQ1 treatment (Fig. 3H and fig. S3]).

Loss of C110rf53 reduces enhancer activity and

chromatin accessibility

Because C11orf53 occupies active enhancers and is critical for main-
tenance in the expression levels of the enhancer-nearby genes, we
asked whether loss of C110rf53 affects the protein levels of enhancer
histone marks, such as H3K4mel and H3K27ac. We conducted
Western blot in cells transduced with either nontargeting CRISPR
sgRNA or two distinct C11orf53 sgRNAs. As a result, we found that
loss of C11o0rf53 expression does not affect the bulk of histone mod-
ifications (Fig. 4A). Next, we conducted ChIP-seq to determine
whether there were locus-specific changes in active enhancer marks
(H3K4mel/H3K27ac levels). As shown in Fig. 4 (B and C), C11orf53
genetic depletion strongly reduced H3K27ac levels and a moderate
reduction in H3K4mel levels. Then, we centered the log, fold change
of H3K4mel/H3K27ac levels at the previously defined four C11orf53-
specific clusters in Fig. 3F. As shown in Fig. 4D, we have detected a
very strong reduction of H3K27ac and H3K4mel histone marks near
Cl1orf53 peaks. Consistently, there is also a marked reduction of
SE signals in C11orf53-depleted cells (Fig. 4, E and F). Last, we con-
ducted transposase-accessible chromatin with sequencing (ATAC-seq)
experiments to determine whether the chromatin accessibility has
been altered in Cl1orf53-depleted cells. As a result, we have detected
a total of 55,111 ATAC-seq peaks with 7805 of those peaks being oc-
cupied by Cl11orf53 (Fig. 4G). We further separated the total ATAC-seq
peaks into two groups, depending on whether they were cobound
with C11orf53 or not. As shown in Fig. 4H, we found that group
1 peaks (ATAC-seq*/Cl11orf53") were strongly reduced upon both
sgRNA treatments [Fig. 4, H (left) and I, and fig. S4, A and B],
while group 2 peaks (ATAC-seq'/C11orf53") were not significantly
reduced upon C11orf53 genetic depletion (Fig. 4H, right, and fig. S4C).
In summary, our results have shown a novel function of Cl1orf53
involved in chromatin accessibility and maintenance of enhancer-
driven transcriptional program in SCLC-P subtype cells.

C110rf53 is a coactivator of POU2F3 in SCLC cells

As an uncharacterized 288—amino acid protein, there is no obvious
functional domain/motif within C11orf53. To study the underlying
molecular basis of how C11orf53 is recruited to chromatin and regu-
lates gene expression, we purified green fluorescent protein (GFP)-
tagged proteins from SCLC cell line NCI-H526 that stably express
either GFP or GFP-tagged C11orf53. By mass spectrometry analysis,
we found POU2F3 as one of the top candidates that interacted with
Cllorf53 (Fig. 5, A and B). We further performed IP experiments
with whole-cell lysate from NCI-H526 cells (Fig. 5, C and D) and
NCI-H211 cells (fig. S5, A and B) to confirm the protein-protein in-
teraction between the endogenous C11orf53 and POU2F3. To under-
stand how C11orf53 interacts with POU2F3, we truncated POU2F3
into several different truncated fragments (Fig. 5E) and purified each
of these GFP-tagged fragments in human embryonic kidney (HEK)
293T cells cotransfected with Halo-tagged C11lorf53 (Fig. 5F). As
shown in Fig. 5G, we found that the POU domain within the POU2F3
protein is critical for the interaction with C11orf53. To determine a
potential cofunction between C11orf53 and POU2F3, we conducted
ChIP-seq to determine the chromatin occupancy of POU2F3 in
NCI-H526 cells. As we expected, there is a significant overlap be-
tween POU2F3 and Cl1orf53 occupancy across the genome in both
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NCI-H526 [Fig. 5, H (left) and I, and fig. S5F] and NCI-H211 (fig. S5,
Cto E and G) cells.

Because Cl1orf53 protein has no known DNA or histone bind-
ing domain, we hypothesized that it may be transported into the
nuclei and recruited to chromatin by POU2F3. To test this hypoth-
esis, we transfected HEK293T cells (which express neither POU2F3
nor Cllorf53) with Halo-tag or Halo-tagged POU2F3 in the pres-
ence of GFP-tagged Cl1lorf53. As shown in fig. S6 (A and B), the
chromatin bound C110rf53 was markedly increased in the presence
of POU2F3, as determined by Western blot and ChIP-seq results.
To confirm this observation in SCLC cells, we depleted POU2F3 by
CRISPR knockout in NCI-H526 cells for 2 days and determined the
chromatin-bound C11orf53 levels. As shown in fig. S6 (C and D),
genetic depletion of POU2F3 could also reduce the chromatin-bound
Cllorf53, as determined by Western blot and ChIP-quantitative
polymerase chain reaction (QPCR) results. These results imply that
Cl1lorf53 might function as a coactivator that is recruited to chro-
matin by POU2F3 (16).

In NCI-H526 cells, POU2F3 genetic depletion reduced the ex-
pression of group 1-clustered genes, which is similar compared to
Cl1Iorf53 genetic depletion (Fig. 5H, right, and table S6). In total, there
are 327 genes that are co-down-regulated by C11orf53 or POU2F3
genetic depletion (fold change >2), in which we have identified nu-
merous tuft cell lineage genes—which has been demonstrated to be
targeted genes of POU2F3 (Fig. 5] and fig. S6E). Because the chro-
matin binding motif between Cl1orf53 and POU2F3 is extremely
similar, we have introduced a luciferase assay to further confirm the
cofunction between these two factors. As shown in Fig. 5K, we found
that cotransfection of C11orf53 and POU2F3 has the strongest ef-
fect on inducing luciferase expression. Similar to CI1orf53 genetic
depletion, aloss in the expression of POU2F3 also markedly induces
apoptosis and reduces cell viability in two different SCLC-P cell lines
(Fig. 5, L and M). In summary, our model has shown that this pre-
vious uncharacterized protein, C11orf53, functions as a coactivator of
POU2F3 and maintains chromatin accessibility at POU2F3-targeted
genes in SCLC cells (Fig. 5N).

DISCUSSION

The POU family proteins are a large class of DNA binding transcrip-
tion factors that are divided into six classes, with POU2F3 belonging
to the POU II class, which includes POU2F1 (Oct-1) and POU2F2
(Oct-2) (17). As the only known binding partner of POU II class,
POU2AFI1 (POU Class 2 Homeobox Associating Factor 1) functions
as coactivator of POU2F1, and to a lesser extent than POU2F1, as a
coactivator of POU2F2 (18-21). Our current study has provided evi-
dence for a previously uncharacterized protein, C11orf53, function-
ing as a coactivator of POU2F3 (also known as Oct-11). Therefore,
we are defining this gene on the basis of its novel function and clas-
sifying it as the POU Class 2 Homeobox Associating Factor 2 (or
POU2AF2). On the basis of our mass spectrometry analysis of puri-
fied C110rf53, we did not detect POU2F1 or POU2F2, which are both
expressed in NCI-H526 cells based on our RNA-seq data. This result
suggested that C11orf53 is quite a unique coactivator of POU2F3. It
is known that POU2AF1 binds to POU2F1 and POU2F?2 using its
o-helical segment, while C11orf53 does not display a similar struc-
ture (22). Therefore, it would be interesting to determine the crystal
structure of C11orf53 bounded to POU2F3 but also challenging be-
cause of the disordered nature of C11orf53 structure.
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Fig. 4. Loss of C110rf53 reduces enhancer activity and chromatin accessibility. (A) NCI-H526 cell lines transduced with either nontargeting CRISPR sgRNA or
C110rf53-specific sgRNAs for 4 days. The protein levels of C110rf53, H3K4me1, H3K4me3, H3K27me3, and H3K27ac levels were determined by Western blot. Total histone
H3 was used as internal control. The average plot shows the total H3K27ac (B), and H3K4me1 (C) peaks in NCI-H526 cell lines transduced with either nontargeting CRISPR
sgRNA or C11orf53-specific sgRNAs. Chromatin from Drosophila S2 cells (10%) was used as spike-in. IgG, immunoglubulin G. (D) The log, fold-change heatmap shows the
loss of H3K4me1 and H3K27ac signal at C110RF53 peaks after C110RF53 depletion. (E) Histone H3K27ac signals from ChiP-seq identifies putative SEs in NCI-H526 cells
transduced with either nontargeting CRISPR sgRNA (top) or two distinct C110rf53-specific sgRNAs (middle and bottom). Hockey-stick plot representing the normalized
rank and signals of H3K27ac. Representative of top-ranked SE-associated genes from each group are labeled. aa, amino acids. (F) Representative track examples have
shown the H3K27ac levels at SOX9, GFI1B, and PTGS1 gene loci in cells transduced with either CRISPR sgRNA or C11orf53-specific sgRNAs. (G) The Venn diagram shows
the overlap between ATAC-seq peaks and C110rf53 peaks in NCI-H526 cells. (H) The average plot shows the ATAC-seq signal between cells transduced with either CRISPR
sgRNA or C110rf53-specific sgRNAs. The group 1 peaks are ATAC-seq/C110rf53 common peaks. Group 2 peaks are ATAC-seq alone peaks. (I) Representative tracks show-
ing ATAC-seq peaks at GFI1B gene loci in cells transduced with either CRISPR sgRNA or C11orf53-specific sgRNAs.
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Fig. 5. C110rf53 is a coactivator of POU2F3 in SCLC cells. (A) The volcano plot shows the significant enriched protein during GFP-tagged C110rf53 purification from
NCI-H526 cells, n = 3. Peptide numbers of POU2F3 and C110rf53 were shown (B). IP of endogenous POU2F3 from NCI-H526 cells followed by immunoblotting (IB) for
POU2F3 and C110rf53 (C) and vice versa (D). (E) Schematic diagram depicting the domain organization of the human POU2F3 protein and the GFP-tagged fusion trunca-
tions. (F) Whole-cell lysates were used for Western blot with GFP antibodies in cells transfected with empty vector (GFP) or different POU2F3 fragments in (E). (G) IP with
GFP antibodies followed by IB for Halo-tag in cells cotransfected with Halo-tagged C110rf53, and either empty vector (GFP) or POU2F3 fragments in (E). (H) The heatmaps
show the co-occupancy of C110rf53 and POU2F3 in NCI-H526 SCLC cells. All rows are centered on C110rf53 four clusters as divided by k-means clustering (left). The log,
fold-change heatmaps shows the expression change of nearest genes to C110rf53 peaks (middle) after POU2F3 depletion, n =2 (right). (I) The representative tracks show
the colocalization of POU2F3 and C110rf53 at SOX9 and GFI1B gene loci. (J) The Venn diagram shows the overlap of targeted genes between POU2F3 and C110rf53.
(K) HEK293T cells were transfected with GFP-tagged C110rf53 and/or POU2F3 in the presence of 3 x PRE (POU2F3 Response Element) reporter plasmid. Luciferase assay
was performed 48 hours after transfection, n=3. (L) NCI-H526 and NCI-H211 cell lines were transduced with either nontargeting CRISPR sgRNA or POU2F3-specific sgRNAs
for 4 days. The cell morphology was shown under bright field. (M) The protein levels of POU2F3, cleaved PARP, and cleaved caspase 3 were determined by Western blot.
(N) Model of C110rf53 functions as coactivator of POU2F3 in SCLC cells.
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The function of POU2F3 in small cell lung cancer has been iden-
tified by genome-wide CRISPR screening in previous studies (12).
Therefore, it has been widely used as the biomarker that defines the
SCLC-P subtype, which expresses markers of the chemosensory lin-
eage instead of NE markers. Mechanistically, POU2F3 binds to distal
enhancer elements and drives the expression of the lineage-specific
genes. As a nonhistone/DNA binding coactivator, C11orf53 is re-
cruited to chromatin by the DNA binding transcription factor, POU2F3,
and maintains openness of the chromatin to regulate the expres-
sion of POU2F3-targeted genes. On the basis of our model (Fig. 5N),
Cl1lorf53 may not function as a canonical pioneer factor that recruits
transcription factor(s) to chromatin.

On the basis of our genome-wide RNA-seq analysis in Fig. 5],
there are approximately 32% of C11orf53-targeted genes that are not
affected upon POU2F3 genetic depletion, which suggests that C11orf53
may have a POU2F3-independent function. On the basis of our cel-
lular fractionation assay (Fig. 3C and fig. S6C), a significant propor-
tion of C110f53 proteins have been detected in the cytoplasm, while a
vast majority of POU2F3 could only be detected in the nuclei. There-
fore, future studies may be focused on the cytoplasmic function of
Cllorf53 in SCLC cells.

Dysregulation or mutations within enhancer binding factors have
been identified as direct drivers for many types of cancers (23, 24).
Our current studies have shown a critical role of C11orf53 at SEs.
Consequently, loss of C11orf53 leads to a loci-specific reduction
of H3K27ac levels and gene expression, which is similar to the ef-
fects of JQ1 treatment. Our result is consistent with previous re-
ports that SCLC cells are more sensitive to BET inhibitor treatment
(11, 25, 26).

In summary, our study sheds light on the potential impact of
targeting C11orf53 or C110rf53/POU2F3 heterodimer for new ther-
apeutic approaches against SCLC-P subtype because of its specificity
and high dependency in this particular cancer type, which is in agree-
ment with a recent work published by Vakoc’s group (27).There-
fore, establishing small-molecule inhibitors or peptide drugs that
can disrupt C11orf53/POU2F3 interaction may specifically inhibit
POU2F3-dependent transcriptional programming in SCLC cells
and thus aid in the development of a more personalized approach
to SCLC therapy.

MATERIALS AND METHODS

Antibodies and reagents

POU2F3 (no. 36135), H3K27ac (no. 8173S), H3K4mel (no. 5326S),
H3K4me3 (no. 9751), H3K27me3 (no. 9733), histone H3 (no. 4499S),
cyclin B1 (no. 12231), cyclin E1 (no. 20808), cyclin A2 (no. 91500), cleaved
PARP (no. 5625), cleaved caspase 3 (no. 9664), and cleaved caspase 7
(no. 8438) antibodies were purchased from Cell Signaling Technology.
Tubulin antibody (E7) was purchased from Developmental Studies
Hybridoma Bank. Heat shock protein 90 (HSP90) (sc-7947) and GFP
(sc-9996) antibodies were purchased from Santa Cruz Biotechnol-
ogy. Halo-tag (G9211) antibody was purchased from Promega. The
C11orf53 antibody was produced in rabbit in house by using full-
length C11o0rf53 recombinant protein as antigen.

Cell lines

HEK293T cells were obtained from American Type Culture Collec-
tion (ATCC) and then maintained with Dulbecco’s modified Eagle’s
medium (Gibco, Gaithersburg, MD) containing 10% fetal bovine
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serum (FBS; Sigma-Aldrich). The SCLC cell lines NCI-H526, NCI-H211,
NCIOH510, and NCI-H1963 were obtained from ATCC and were
maintained with ATCC-formulated RPMI 1640 medium contain-
ing 10% FBS (Sigma-Aldrich). The Drosophila S2 cells were main-
tained in HyClone SFX-Insect Cell Culture Media containing 10%
FBS (Sigma-Aldrich).

Mouse experiments

All mouse work was performed in accordance with protocols ap-
proved by The Center for Comparative Medicine of Northwestern
University. Five- to 6-week-old athymic nude mice were used for
xenograft experiments. The human NCI-H526 SCLC cell line was
transduced with either nontargeting CRISPR sgRNA or two distinct
Cl1orf53-specific CRISPR sgRNAs that we used for all the other bio-
chemical studies, and further selected with puromycin (1 pg/ml) for
48 hours. Then, we determined the cell viability by trypan blue stain-
ing, and injected 1 x 10° of living cells from each group were inocu-
lated into the right flank of nude mice, respectively. Tumor growth
was monitored every 3 days for 2 weeks after inoculation.

Immunoprecipitation

The IP experiment was performed as previously described (11).
Briefly, the cells were lysed in the lysis buffer [50 mM tris (pH 8.0),
150 mM NacCl, 0.5% Triton X-100, 10% glycerol, protease inhibitors,
and benzonase]. After centrifugation at maximum speed at 4°C for
15 min, the supernatants (1-mg protein lysate for each sample) were
collected and incubated with the primary antibody and immobilized
Protein A/G (Santa Cruz Biotechnology) at 4°C overnight with ro-
tation. Then, the samples were washed with lysis buffer four times
and boiled in 5x SDS sample loading buffer.

RNA interference, CRISPR-mediated knockouts,

and real-time PCR

Designed sgRNAs were cloned into lentiCRISPR v2 (Addgene, 52961)
vector. The lentiviral-mediated CRISPR-Cas9 knockout was described
previously (28). Oligo sequences used in this manuscript were as fol-
lows: sgNONT (GCTGAAAAAGGAAGGAGTTGA),sgCl1orf53-1
(GTGACGTCTACACCTCCAGCG),sgCl110rf53-2(GAGAGGCAA-
CTCGTGCTGGG), sgPOU2F3-1 (GCCCACGCTTAGGGAGATGTG),
and sgPOU2F3-2 (GTCCTACCAAATACTTCACTG). Primer se-
quences for ChIP-qPCR used in this manuscript were as follows:
SOX9-E1-F: 5'-CTTCCAACCCTACTCCAGGC-3’, SOX9-E1-R:
5'-TTGGGACAAGGGTAGGCTCT-3'; SOX9-E2-F: 5'-CTGGAAA-
GGGCTAGAGGCTG-3',SOX9-E1-R:5-TCCCCTGCTAGTTTTAT-
GGGC-3'; GFI1B-E1-F: 5'-ACCACTTTCACAAGCCCACT-3/,
SOX9-E1-R: 5'-GGCCGCCTTCGGAGATTTTA-3'; GFI11B-E2-F:
5-CGGGATTTCAGCCACTTCTG-3', GFI1B-E2-R: 5-CGCCAAA-
CCTCAGTCGACAA-3;and IRAG2-E1-F: 5'-GTATCCAAGACACC-
TGGTCCC-3',IRAG2-E1-R: 5'-ACATGGCAAAACAAGTTGGCT-3'.

RNA-seq and analysis

RNA-seq was conducted as previously described. Paramagnetic
beads coupled with oligo (dT) are combined with total RNA to isolate
polyadenylated [poly (A)"] transcripts based on NEBNext Poly(A)
mRNA Magnetic Isolation Module manual. All remaining steps for
library construction were used according to the manufacturer’s rec-
ommendations. Samples were pooled and sequenced on a HiSeq with
aread length configuration of 150 paired-end (PE). Gene counts were
computed by HTSeq and used as an input for edgeR 3.0.85257. Genes

90of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

with Benjamini-Hochburg-adjusted P values less than 0.01 were con-
sidered to be differentially expressed (unless otherwise specified).

ChIP-seq assay and analysis

ChIP-seq was performed as described previously (11). For histone
modifications, 10% of Drosophila chromatin was used as spike-in con-
trol. For ChIP-seq analysis, all the peaks were called with the MACS
v2.1.0 software using default parameters and corresponding input
samples. Metaplots and heatmaps were generated using the ngsplot
database to display ChIP-seq signals. Peak annotation, motif analy-
sis, and SE analysis were performed with HOMER and ChIPseeker.
Pathway analysis was performed with Metascape and ChIPseeker.

ATAC-seq and analysis

ATAC-seq was performed as described previously (29). In brief,
frozen cells were thawed and washed once with phosphate-buffered
saline (PBS) and then resuspended in 500 pl of cold ATAC lysis
buffer. The cell number was assessed by Cellometer Auto 2000
(Nexcelom Bioscience). Nuclei (50 to 100K) were then centrifuged
(prechilled) at 500g for 10 min. Supernatant was then removed, and
the nuclei were resuspended in 50 pl of tagmentated DNA by pipet-
ting up and down six times. The reactions were incubated at 37°C
for 30 min in a thermomixer shaking at 1000 rpm and then cleaned
up by the MinElute Reaction Cleanup Kit (Qiagen). Tagmentated
DNA was amplified with barcode primers. Library quality and quan-
tity were assessed with Qubit 2.0 DNA HS Assay (Thermo Fisher
Scientific, Massachusetts, USA), Tapestation High Sensitivity D1000
Assay (Agilent Technologies, California, USA), and QuantStudio 5
System (Applied Biosystems, California, USA). Equimolar pooling of
libraries was performed on the basis of quality control (QC) values and
sequenced on an Illumina HiSeq (Illumina, California, USA) with
a read-length configuration of 150 PE for 50M PE reads (25M in each
direction) per sample. ATAC-seq reads are shifted +4 bp and —5 bp for
positive and negative strands, respectively, using the alignmentSieve
function from the deepTools package. ATAC-seq peaks are called
with Macs v2.1.0. sgNONT ATAC-seq peaks were intersected with
C11orf53 peaks using bedtools.

Mass spectrometry sample preparation and analysis

Mass spectrometry was performed as described previously. Protein
pellet was denatured in 50 pl of 8 M urea/0.4 M ammonium bicar-
bonate followed by reduction in 2 ul of 100 mM dithiothreitol. The
digests were acidified to 0.5% trifluoroacetic acid and the peptides
were then desalted on C18 Sep-Paks (Waters). The pooled extracts
were dried in a vacuum concentrator and resuspended in 30 pl of
5% ACN/0.1% FA for liquid chromatography (LC) mass spectrom-
etry analysis. Peptides were analyzed by LC-tandem mass spectrom-
etry using a Dionex UltiMate 3000 Rapid Separation LC (RSLC)
system and a linear ion trap-Orbitrap hybrid Elite mass spectrom-
eter (Thermo Fisher Scientific, San Jose, CA).

Statistical analyses

For statistical analyses, GraphPad Prism 7, Microsoft Excel, and R
were used. All data being reported that met the criteria to use the
appropriate statistical tests involved a statistical analysis; for the nor-
mal distribution of data, the empirical rule was used to infer the
distribution. For growth curves and time course, RNA-seq t tests
were calculated between the area-under-the-curve values. Statis-
tical tests used are reported in the figure legends.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq2403

View/request a protocol for this paper from Bio-protocol.
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