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Kenan Sevinç,1,7 Gülben Gürhan Sevinç,1,7 Aysxe Derya Cavga,1,2 Martin Philpott,3 Simge Kelekçi,1
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SUMMARY
Epigenetic reprogramming to pluripotency requires extensive remodeling of chromatin landscapes to silence existing cell-type-specific

genes and activate pluripotency genes. ATP-dependent chromatin remodeling complexes are important regulators of chromatin structure

and gene expression; however, the role of recently identified Bromodomain-containing protein 9 (BRD9) and the associated non-canon-

ical BRG1-associated factors (ncBAF) complex in reprogramming remains unknown.Here, we show that genetic or chemical inhibition of

BRD9, as well as ncBAF complex subunit GLTSCR1, but not the closely related BRD7, increase human somatic cell reprogramming effi-

ciency and can replace KLF4 and c-MYC. We find that BRD9 is dispensable for human induced pluripotent stem cells under primed but

not under naive conditions. Mechanistically, BRD9 inhibition downregulates fibroblast-related genes and decreases chromatin accessi-

bility at somatic enhancers. BRD9maintains the expression of transcriptional regulatorsMN1 andZBTB38, both of which impede reprog-

ramming. Collectively, these results establish BRD9 as an important safeguarding factor for somatic cell identity whose inhibition lowers

chromatin-based barriers to reprogramming.
INTRODUCTION

Expression of transcription factors such as OCT4, SOX2,

KLF4, and MYC (OSKM) can erase somatic cell identity

and reprogram the cells to pluripotency (Takahashi and

Yamanaka, 2006; Takahashi et al., 2007). In doing so, re-

programming factors reset the entire epigenetic land-

scape established throughout development (Papp and

Plath, 2013). The varying and low efficiencies of this pro-

cess point to the presence of intrinsic barriers to cell fate

conversions. Several chromatin factors such as DOT1L

methyltransferase (Onder et al., 2012), histone chap-

erone CAF-1 (Cheloufi et al., 2015), BET family proteins

(Shao et al., 2016), RNA Pol II regulator RPAP1 (Lynch

et al., 2018), SUMO modification (Cossec et al., 2018),

chromatin regulator FACT (Kolundzic et al., 2018), and

CBP/EP300 bromodomains (Ebrahimi et al., 2019) have

emerged as potent barriers to reprogramming acting

mainly by safeguarding pre-existing gene expression pro-

grams. Inhibition of these factors greatly facilitates re-

programming of a wide range of cell types (Brumbaugh

et al., 2019). Discovery of additional safeguarding factors

will likely yield important insights into chromatin-based

mechanisms that maintain cell identity and restrict cell

plasticity.
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ATP-dependent chromatin remodeling complexes evict,

exchange, and space nucleosomes driven by the hydrolysis

of ATP (Hota and Bruneau, 2016). Chromatin remodelers

can facilitate transcriptional activation or repression based

on the genomic location they bind to and additional chro-

matin factors they recruit (Ho et al., 2011; Hodges et al.,

2016; Kadoch et al., 2017). Among these, NuRD, INO80,

and SWI/SNF complexes have been shown to modulate re-

programming in a variety of contexts (dos Santos et al.,

2014; Singhal et al., 2010; Wang et al., 2014; Zhuang

et al., 2018). For example, overexpression of BAF complex

subunits Smarca4 and Smarcc1 enhances murine somatic

cell reprogramming by facilitating binding of Oct4 to its

gene targets (Singhal et al., 2010). In contrast, BAF complex

subunits, Smarca2 and Smarcc2, have shown to be barriers

in this context through upregulation of Stat3 and its target

genes (Jiang et al., 2015). Suppressing these somatic BAF

subunits has been shown to activate the pluripotency cir-

cuit (Jiang et al., 2015). These studies point to regulatory

roles for different ATP-dependent chromatin remodeling

complexes in various reprogramming frameworks.

Non-canonical BAF (ncBAF) complex is a recently identi-

fied SWI/SNF complex that includes specific subunits such

as BRD9 and Glioma tumor suppressor candidate region

gene 1 (GLTSCR1) (Alpsoy andDykhuizen, 2018;Mashtalir
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et al., 2018;Michel et al., 2018; Pan et al., 2018;Wang et al.,

2019). BRD9 binds to enhancers in a cell-type-specific

manner and inhibition of its bromodomain leads to

apoptosis in acute myeloid leukemia cells (Del Gaudio

et al., 2019). Similarly, BRD9 inhibition leads to decreased

cell proliferation, G1-arrest, and apoptosis in rhabdoid tu-

mor cells (Wang et al., 2019). In mouse embryonic stem

cells (mESCs), ncBAF has been shown to co-localize with

key regulators of naive pluripotency (Gatchalian et al.,

2018). These studies suggest that BRD9 is important for

regulating cell identity and survival. However, the role of

BRD9 and the ncBAF complex in somatic cell reprogram-

ming remains unknown. In this study, we addressed this

question using a combination of chemical and genetic

tools in somatic cells and revealed an important role for

BRD9 in safeguarding cell identity in the context of human

reprogramming.
RESULTS

Genetic suppression of ncBAF-specific subunits

increases reprogramming efficiency

To investigate the role of BAF complexes in human somatic

cell reprogramming, we depleted individual complex

members in fibroblasts using guide RNMAs (gRNAs) and

Cas9 and quantified the resulting reprogramming effi-

ciency. gRNAs targeting common BAF complex members

such as SMARCC1 (BAF155) and SMARCA4 (BRG1) in-

hibited reprogramming. In contrast, depletion of BRD9

and GLTCSR1 increased human induced pluripotent stem

cell (iPSC) generation efficiency (Figure 1A). BRD9 and

GLTCSR1 are specific members of the ncBAF complexes,

which led us to hypothesize that among the various BAF

complexes in somatic cells, BRD9-containing ncBAF com-

plex is a specific barrier for reprogramming. To test this,

we used two genetic loss-of-function approaches. First,

knockdown of BRD9 using two independent short hairpin

RNAs (shRNAs) increased reprogramming efficiency 2-fold

(Figures S1A and S1B). In contrast, suppression of BRD9 pa-

ralog and PBAF-specific subunit, BRD7, had no effect on re-

programming (Figures S1A and S1C). In the second

approach, knockout of BRD9, but not BRD7, boosted re-

programing efficiency up to 3-fold compared with control

gRNA expression (Figures 1B and 1C). Similarly, knockout

of ncBAF-specific subunit GLTSCR1 increased reprogram-

ming efficiency up to 3.5-fold (Figure 1D). Targeting

GLTSCR1 paralog, GLTSCR1L, had no effect on reprogram-

ming (Figures 1D and S1D). BRD9 is expressed at similar

levels in fibroblasts and on day 6 of reprogramming,

modestly decreasing in fully reprogrammed human iPSCs

(Figure S1E). Exogenous overexpression of BRD9 does not

block iPSC generation (Figures S1F and S1G). Collectively,
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these results suggest that endogenous ncBAF complex

members act as barriers to human somatic cell

reprogramming.

Bromodomain inhibition and degradation of BRD9

facilitate reprogramming

To confirm the role of BRD9 in somatic cell reprogram-

ming, we used three structurally different inhibitors,

LP99, BI-7273, and I-BRD9, all of which selectively target

the bromodomain of BRD9 (Clark et al., 2015; Martin

et al., 2016; Theodoulou et al., 2016) (Figure 2A). All three

BRD9 inhibitors significantly increased reprogramming

efficiency up to 2-fold (Figure 2B). Importantly, I-BRD9

had an additive effect with inhibition of DOT1L, a

potent reprogramming enhancer that we had previously

identified (Onder et al., 2012). Combined inhibition of

BRD9 and DOT1L led to a 4.5-fold increase in the

number of iPSCs generated from human fibroblasts (Fig-

ure 2C). Next, we took advantage of a recently described

PROteolysis Targeting Chimera (PROTAC) targeting

BRD9, dBRD9, to acutely deplete this protein (Remillard

et al., 2017). Time-course treatment with dBRD9 dramati-

cally decreased BRD9 protein levels for up to 72 h without

any effects on the closely related BRD7 (Figure 2D). Re-

programming efficiency increased to 2-fold compared

with control treatment even at the lowest concentration

of 0.1 mM dBRD9 tested (Figures 2E and 2F). iPSCs gener-

ated from both control and BRD9 inhibitor-treated cells

exhibited canonical characteristics of pluripotency, such

as expression of OCT4, SSEA4, and NANOG, silencing of

retroviral transgenes and generation of teratomas contain-

ing differentiated cells from all three germ layers

(Figures S2A–S2C). BRD9 inhibition or degradation did

not increase the expression levels of exogenous OSKM

during reprogramming (Figure S2D). Episomal plasmid-

based reprogramming of an additional human dermal

fibroblast line was increased with I-BRD9 or dBRD9, indi-

cating that BRD9 inhibition enhances iPSC generation

independently of reprogramming strategy or cell line (Fig-

ure S2E). Upon I-BRD9 or dBRD9 treatment, OCT4-GFP

reporter fibroblasts (Balboa et al., 2017) generated an

increased number of GFP-positive colonies that activated

the endogenous POU5F1 loci (Figure S2F). Taken together,

these results show that bromodomain inhibition or acute

degradation of BRD9 increases human somatic cell reprog-

ramming efficiency.

To understand how BRD9 blocks iPSC generation, we

determined when in the reprogramming process its inhibi-

tion has the maximal effect. I-BRD9 and dBRD9 had the

most effect on reprogramming efficiency when applied

during the first 6 days after OSKM expression (Figures 2G

and S2G). As there were no further increases in the number

of iPSCs with longer periods of treatments, we concluded
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Figure 1. Genetic suppression of ncBAF-specific subunits increases reprogramming efficiency
(A) Fold change in TRA-1-60 positive colonies for average of two sgRNAs targeting each gene compared with control sgRNA (NT). n = 2,
independent experiments in technical duplicates. Representative well images are shown below the graph.
(B) Western blots for BRD9 and BRD7 in control (sgNT1), BRD9-targeted (top) and BRD7-targeted cells (bottom). HDAC1 serves as loading
control for nuclear lysates.
(C) Fold change in the number of TRA-1-60-positive colonies with indicated sgRNAs compared with control (sgNT1). Representative well
images are shown above the graph. Bar graphs show the mean, and error bars represent SEM. n = 3 independent experiments. p values are
calculated by one-sample t test for mu = 1.
(D) Fold change in the number of TRA-1-60-positive colonies with indicated sgRNAs compared with control (sgNT1). Representative well
images are above relative bars. Bar graphs show the mean and error bars represent SEM. n = 3, independent experiments. p values are
calculated by one-sample t test for mu = 1.
that BRD9 is a barrier for the initial stage of reprogram-

ming. In addition, the percentage of emerging TRA-1-60-

positive cells on day 6, as assessed by flow cytometry, was

significantly higher in BRD9 inhibitor-treated cultures

comparedwith controls (Figure S2H). Taken together, these

results indicate that the initial stage of reprogramming is

most sensitive to BRD9 inhibition and that even a transient
BRD9 inhibition is sufficient to increase the efficiency of

human iPSC generation.

BRD9 inhibition and degradation enable iPSC

generation without KLF4 and c-MYC

To investigate if BRD9 inhibition can enable human iPSC

generation with fewer Yamanaka factors, we carried out
Stem Cell Reports j Vol. 17 j 2629–2642 j December 13, 2022 2631
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Figure 2. Bromodomain inhibition and degradation of BRD9 facilitate reprogramming
(A) Chemical structures of LP99, BI-7273, and I-BRD9.
(B) Fold change in TRA-1-60-positive colonies with compounds compared with DMSO. Representative well images are shown above. Bar
graphs show the mean and error bars represent SEM. n = 5, independent experiments with technical triplicates. p values are calculated by
one-sample t test for mu = 1.
(C) Fold change in TRA-1-60-positive colonies upon I-BRD9, EPZ00477 (DOT1L inhibitor), and their combination treatment to DMSO.
Representative well images are above the graph. Bar graphs show the mean and error bars represent SEM. n = 5, independent experiments. p
values for DMSO comparisons are calculated by one-sample t test for mu = 1.
(D) Chemical structure of dBRD9 (top), western blots for BRD9 and BRD7 at indicated time points after treatment with 0.3 mM dBRD9
(bottom). HDAC1 serves as loading control for nuclear lysates.
(E) Fold change in TRA-1-60-positive colonies with dBRD9 compared with DMSO. Representative well images are above the graph.
Bar graphs show the mean and error bars represent SEM. n = 3, independent experiments. p values are calculated by one-sample t test for
mu = 1.
(F) NANOG-positive colonies generated with indicated chemicals. Representative well and colony images are shown above the graph. DAPI
was used to stain the nuclei. Scale bars denote 200 mm. Bar graphs show the mean and error bars represent SEM. n = 3, independent
experiments with technical triplicates.
(G) Schematic depicting the time intervals for treatment of compounds during reprogramming (top). Fold change in the number of TRA-1-
60-positive colonies upon inhibitor treatment between indicated days of reprogramming (bottom). Bar graphs show the mean and error
bars represent SE of mean. n = 4, independent experiments for I-BRD9 treatment. n = 3, independent experiments for dBRD9 treatment.
p values are calculated by one-sample t test for mu = 1. Dotted line indicates a fold change of 1 compared with respective controls.
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Figure 3. BRD9 inhibition and degradation
enable iPSC generation without KLF4 and
c-MYC
(A) Fold change in TRA-1-60-positive col-
onies generated by OSK in the presence of
DMSO, I-BRD9, or dBRD9. Representative well
images are above the graph. Bar graphs show
the mean and error bars represent SE of mean.
n = 5, independent experiments. p values are
calculated by one-sample t test for mu = 1.
(B) TRA-1-60 positive colonies generated by
OCT4 and SOX2 (OS) in the presence of DMSO,
I-BRD9, or dBRD9. Representative well im-
ages are above the graph. n = 5, independent
experiments with at least technical tripli-
cates. p values are calculated by two sample
t test.
(C) Agarose gel images of PCR products
for exogenous OCT4, SOX2, KLF4, and
c-MYC transgenes in iPSCs generated from
fibroblasts.
(D) Phase contrast and GFP fluorescence im-
ages of colonies (marked by dotted lines)
derived by OS and dBRD9 (upper) or I-BRD9
(lower) treatments showing typical iPSC
morphology and silencing of retroviral GFP
transgene. Scale bars, 100 mm.
(E) OCT4, SSEA4 (left), and NANOG (right)
immunofluorescence of iPSCs derived from
OS-expressing fibroblasts. Hoechst 33324
was used to stain the nuclei. Scale bars,
300 mm.
(F) Hematoxylin and eosin-stained sections
of teratomas of iPSCs derived from OS-ex-
pressing fibroblasts treated with dBRD9 or
I-BRD9 show tissues from endoderm, ecto-
derm, and mesoderm lineages. Scale bars,
100 mm.
reprogrammingwith onlyOSK orOS. In both cases, reprog-

ramming efficiency was increased with BRD9 inhibition

(Figures 3A and 3B). PCR with vector-specific primers vali-

dated the absence of KLF4 andMYC transgenes in genomic
DNAs of iPSCs derived fromOS-transduced fibroblasts (Fig-

ure 3C). OS-iPSCs could be stably propagated and exhibited

pluripotency characteristics such as silencing of retroviral

transgenes, expression of pluripotency markers such as
Stem Cell Reports j Vol. 17 j 2629–2642 j December 13, 2022 2633



OCT4, SSEA4, and NANOG, and ability to form teratomas

containing differentiated cells from all three germ layers

(Figures 3D–3F). These results show that BRD9 inhibition

can enable iPSC generation with fewer exogenous factors.

BRD9 has state-specific roles in pluripotency

induction

While small molecules allow for transient inhibition or

degradation of BRD9 during reprogramming, single guide

RNAs (sgRNAs) may result in a permanent knockout in

the resulting iPSCs. iPSCs generated from fibroblasts ex-

pressing BRD9 sgRNAs were expanded in culture (Fig-

ure S3A). Nine iPSC lines out of 14 did not express BRD9

at all, suggesting a homozygous knockout. Four iPSC lines

had reduced protein expression suggestive of a heterozy-

gous knockout and one iPSC colony retained wild-type

levels of BRD9 (Figure S3B). Complete knockout clones

robustly expressed OCT4, NANOG, and SSEA4 similar to

control iPSC lines (Figure S3C). To further characterize

the pluripotency of BRD9 knockout human iPSCs, we

investigated their differentiation capacity. BRD9-knockout

iPSCs were able to form teratomas containing cells from all

three germ layers (Figure S3D). These results suggest that

BRD9 is dispensable for human primed pluripotency

acquisition.

Naive mouse ESCs are sensitive to BRD9 bromodomain

inhibition (Gatchalian et al., 2018), therefore we investi-

gated the role of BRD9 in human pluripotent stem

cells. BRD9 inhibitor or degrader treatment of primed hu-

man iPSCs did not change the proliferation rate nor the

percentage of OCT4-positive cells compared with controls

(Figures 4A and 4B). These results, in combination with

the knockout iPSC lines, suggest that BRD9 inhibition

does not abrogate human primed pluripotency despite

negatively affecting naive pluripotency in the mouse. To

specifically examine if the role of BRD9 in pluripotency

acquisition is state-specific, we reprogrammed mouse em-

bryonic fibroblasts in the presence of BRD9 inhibitors.

BRD9 inhibitors did not increase murine somatic cell re-

programming; in fact, we observed a modest decrease in

efficiency with the degrader (Figure 4C). A time-course

experiment using the dBRD9 on Oct4-GFP MEFs also indi-

cated no difference in the generation of Oct4-positive

mouse iPSCs (Figure 4D).

To investigate the effects of transient BRD9 inhibition

during reprogramming of human somatic cells to a naive-

like state, we transduced fibroblasts with lentiviruses ex-

pressing OSKM,mir302/367 andNANOG and subsequently

cultured them in PGXLmedium (Bredenkamp et al., 2019).

Transient BRD9 inhibition during reprogramming did not

block the generation of TRA-1-60 and KLF17-positive

naive-like human iPSCs (Figure 4E). To assess if BRD9 is

required for maintenance of the naive-like state in human
2634 Stem Cell Reports j Vol. 17 j 2629–2642 j December 13, 2022
cells, we cultured control and BRD9 knockout primed iPSCs

under naive conversion conditions and monitored the in-

duction of naive markers KLF17, DNMT3L, and DPPA5.

While control primed iPSCs robustly activated the naive

marker genes, three independent BRD9 KO lines failed to

do so (Figure 4F). This result suggests that, in contrast to

primed cells, naive human PSCs require BRD9 expression.

BRD9 maintains somatic-specific gene expression and

enhancer accessibility

Given that BRD9 inhibition is most effective in early re-

programming, we next sought to identify the transcrip-

tional effects elicited by different modes of BRD9 inhibi-

tion. We performed mRNA-sequencing from fibroblasts

treated with BI-7273, I-BRD9, and dBRD9, as well as those

expressing Cas9 and BRD9 sgRNA. BRD9 inhibitors differ-

entially downregulated 928, 170, and 577 genes (dBRD9,

I-BRD9, and BI-7273, respectively), of which 70 were com-

mon to all treatments (Figures S4A and S4B). In contrast, 22

genes were commonly upregulated with BRD9 inhibitors

(Figure S4B). Cas9 and sgBRD9 expression resulted in

greater numbers of differentially expressed genes (2,115

up, 2,237 down), but a majority of the commonly downre-

gulated genes with inhibitors were also downregulated by

the knockout (48 of 70 genes). Gene ontology (GO) anal-

ysis of this common set of downregulated genes revealed

that they were highly enriched in cellular process linked

to fibroblast identity and function, such as epithelial-to-

mesenchymal transition (EMT), extracellular matrix com-

ponents, and adhesion (Figure 5A). More broadly, Gene

Set Enrichment Analysis (GSEA) indicated EMT gene sets

were among the topmost negatively regulated gene sets

upon I-BRD9 and dBRD9 treatments (Figure 5B). This

finding led us to ask specifically whether the fibroblast

expression program as a whole was downregulated upon

BRD9 inhibition. GSEA revealed that all BRD9 perturba-

tions resulted in a highly significant downregulation of

the fibroblast-related gene set (Ebrahimi et al., 2019) (Fig-

ure 5C). A total of 117 out of the 307 fibroblast-related

genes were significantly downregulated by at least one

BRD9 inhibitor and the commonly downregulated genes

had significant overlap with the fibroblast-related gene

set (26 of 70; Hypergeometric p value = 4.1e-31). Single-

cell RNA-sequencing (RNA-seq) studies have identified

genes such as DCN and POSTN, which are commonly ex-

pressed by fibroblasts of various origin (Deng et al., 2021;

Muhl et al., 2020; Vorstandlechner et al., 2020). Examina-

tion of our RNA-seq data revealed that a majority of such

fibroblast-related genes were downregulated by BRD9 inhi-

bition (Figures 5D and S4C). In contrast, we did not observe

positive enrichment of pluripotency-associated gene sets

with any BRD9 perturbation, indicating that BRD9 inhibi-

tion on its own does not activate the pluripotency network
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Figure 4. BRD9 has species-specific roles in acquisition of pluripotency
(A) Cell proliferation analysis upon 2-day treatment of OCT4-GFP reporter iPSCs with indicated small molecules. Bar graphs show the mean.
n = 2, independent experiments with technical triplicates.
(B) Percentage of GFP-positive cells in OCT4-GFP reporter hiPSCs upon indicated treatments (left). Bar graphs show the mean. n = 3,
independent experiments. Brightfield and GFP fluorescence images of OCT4-GFP reporter hiPSCs (marked by dotted lines) after 2-day
treatment (right). Scale bars, 100 mm.
(C) Fold change in the number of SSEA1-positive colonies generated from MEFs. Representative well images are above the graph. Bar graphs
show the mean and error bars represent SEM. n = 3, independent experiments.
(D) Fold change in the number of Oct4-GFP-positive colonies generated with dBRD9 at indicated time intervals compared with DMSO.
Dotted line indicates a fold change of 1 compared with respective controls. Bar graphs show the mean. n = 2, independent experiments.
(E) Schematic depicting the timeline for naive reprogramming (left). Number of TRA-1-60 and KLF17-positive colonies generated with
DMSO and I-BRD9 treatment (right). Bar graphs show the mean. n = 2, independent experiments. Representative colony images stained
with TRA-1-60 (green) and KLF17 (red) are shown above the graph. DAPI was used to stain the nuclei. Scale bars, 200 mm.
(F) Expression levels of naive pluripotency markers before and after naive conversion of BRD9 KO primed iPSCs. Bar graphs show the mean
and error bars indicate the SEM. n = 3, independent experiments.
(Figure S4D). To understand if BRD9 inhibition suppresses

fibroblast-related genes during reprogramming, we per-

formed RNA-seq on day 6 post-OSKM. Inhibition of

BRD9 during reprogramming resulted in significant nega-

tive enrichment of fibroblast-related gene set (Figures 5E–

5G). Long-term treatment of fibroblasts with inhibitors

did not affect fibroblast cell morphology but slightly
decreased cell proliferation (Figures S4E and S4F). In addi-

tion, reprogramming of human iPSC-derived motor neural

progenitors with dBRD9 resulted in 2.5-fold greater effi-

ciency, suggesting that BRD9’s barrier role in pluripotency

induction is independent of the starting somatic cell type

(Figure S4G). Taken together, these analyses suggest that

BRD9 acts as a barrier to reprogramming at a transcriptional
Stem Cell Reports j Vol. 17 j 2629–2642 j December 13, 2022 2635
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Figure 5. BRD9 maintains fibroblast-related gene expression and enhancer accessibility
(A) Top five GO and Hallmark gene sets enriched in common downregulated genes with dBRD9, BI-7273, and I-BRD9. Number of genes
(n) in comparison were 70. p values were calculated by hypergeometric distribution.
(B) GSEA on pre-ranked gene lists according to log2FC value for comparisons of fibroblasts treated with I-BRD9 and DMSO (left) and dBRD9
and DMSO (right) for all genesets available at The Molecular Signatures Database (MSigDB). Red circles indicate Hallmark_EMT and GO_EMT
gene sets.
(C) GSEA of indicated treatments for the fibroblast-related gene set. NES: normalized enrichment score; q val: False discovery rate q-value.
(D) log2 fold change in expression levels of fibroblast marker genes. Bar graphs show the mean and n = 3, independent experiments.
(E) GSEA of reprogramming cells at day 6 for the fibroblast-related gene set.
(F) Venn diagram showing intersection of fibroblast-related genes with downregulated genes upon BRD9 knockout (KO) in both fibroblasts
and reprogramming cells (day 6).

(legend continued on next page)
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level by sustaining starting cell-type-specific gene

expression.

To gain insight into how BRD9 functions to maintain

expression of somatic-specific genes, we performed Assay

for Transposase-Accessible Chromatin using sequencing

(ATAC-seq) in fibroblasts treated with I-BRD9 and dBRD9.

Both inhibitors had no effect on accessible chromatin

around promoters marked by overlap of H3K27ac and

H3K4me3 (Figure 5H). However, BRD9 inhibitors reduced

the chromatin accessibility around putative active en-

hancers as marked by overlap of H3K27ac with H3K4me1

(Figure 5I). Importantly, fibroblast-related active enhancers

start to lose accessibility upon OSKM expression, suggest-

ing that BRD9 inhibition augments this process (Figure 5I)

(Li et al., 2017). The loss of accessibility was more pro-

nounced at enhancers, but not promoters, of genes down-

regulated by BRD9 inhibition (Figure S4H). These results

indicate that BRD9 constitutes a barrier to reprogramming

by maintaining accessibility of active enhancers in the

starting cell populations.

MN1 and ZBTB38 are putative BRD9 target genes that

suppress reprogramming

Among the most consistently downregulated genes upon

BRD9 inhibition were transcriptional regulators MN1 and

ZBTB38 (Figure 6A). MN1 has not been implicated in re-

programming, but regulates palate development (Mak

et al., 2020) and can act as co-factor for various transcrip-

tion factors, such as retinoic acid receptor/retinoic X recep-

tor (RAR/RXR) (Meester-Smoor et al., 2008). It is also impli-

cated in transcriptional control of leukemic transformation

in collaboration with DOT1L (Riedel et al., 2016). ZBTB38

is predicted to be a master regulator in fibroblasts and is

controlled by a fibroblast-specific super-enhancer (Hnisz

et al., 2013). We hypothesized that downregulation of

these two factors soon after OSKM expression is necessary

for efficient reprogramming. To test this notion, we overex-

pressedMN1 or ZBTB38 at a relatively low level along with

OSKM,which resulted in a 40%decrease in reprogramming

efficiency (Figures 6B and 6C). This result suggested that

these two factorsmay themselves obstruct reprogramming.

Interestingly, experimental downregulation of ZBTB38 has

recently been shown to increase reprogramming (Mellis

et al., 2021). To corroborate this finding and investigate

whether the same holds true for MN1, we lowered the

expression levels of these two factors in fibroblasts using

shRNAs and assessed reprogramming efficiency. Downre-
(G) Average expression levels of fibroblast-related genes upon BRD9
(H) Aggregate ATAC-seq plots from fibroblasts treated with I-BRD9 (to
sites of all fibroblast H3K27ac and H3K4me3 summits. n = 3, indepen
(I) Aggregate ATAC-seq plots from fibroblasts expressing OSKM (day
fibroblast H3K27ac and H3K4me1 summits. n = 3, independent exper
gulation of MN1 or ZBTB38 resulted in 30% to 40% more

iPSCs compared with controls (Figures 6D and 6E). These

results suggest that BRD9 may obstruct reprogramming in

part by sustaining the expression these two transcriptional

regulators (Figure 6F).
DISCUSSION

In this study, we investigated the role of BRD9 in human

somatic cell reprogramming via a combination of genetic

and chemical perturbation approaches. Knockdown or

knockout BRD9 increased human reprogramming effi-

ciency. Importantly, the contrasting effects of BRD9 and

BRD7 inhibition on reprograming efficiency indicate that

the recently identified BRD9-containing ncBAF, but not

BRD7-containing PBAF, is a barrier to reprogramming.

This notion is supported by our finding that loss of an addi-

tional specific member of ncBAF complex, GLTSCR1, has a

similar positive effect on iPSC formation. To acutely block

BRD9 function, we took advantage of selective bromodo-

main inhibitors and a PROTAC degrader, all of which

significantly increased reprogramming efficiency and

enabled iPSC generation in the absence of KLF4 and

cMYC. Taken together, these findings demonstrate that

BRD9-containing ncBAF complexes act as a barrier to

reprogramming.

Notably, we observed that BRD9 is dispensable for induc-

tion of human primed pluripotency. BRD9 knockout fibro-

blast could efficiently generate iPSCs that could be propa-

gated and expanded while retaining canonical properties

of primed pluripotent stem cells. This is in contrast to the

non-BRD9 containing ES-specific BAF complexes that are

required for pluripotency and self-renewal of mouse ESCs

(Ho et al., 2009). Naive mESCs have been shown to lose

self-renewal capacity and enter into a primed, epiblast-

like transcriptional state upon BRD9 inhibition (Gatcha-

lian et al., 2018). Human iPSCs are considered to be in a

primed state, and our data indicate that BRD9 is dispens-

able for their maintenance. It is therefore likely that BAF

complexes other than ncBAF support human primed plu-

ripotency (Huang et al., 2021). Murine reprogramming

was not enhanced upon BRD9 inhibition nor degradation

in two different MEF reprogramming systems. This is

consistent with a recent study in which I-BRD9 was found

not to increase reprogramming efficiency (Janiszewski

et al., 2019). Collectively, these observations point to
KO in fibroblasts and reprogramming cells (day 6).
p), dBRD9 (bottom), and DMSO on the +/�1 kb of transcription start
dent experiments.
6) or treated with I-BRD9, dBRD9 and DMSO around +/�2kb of all
iments.
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Figure 6. BRD9-regulated MN1 and ZBTB38 act as barrier to reprogramming
(A) Expression ofMN1 and ZBTB38 in TPM across different treatments in fibroblasts (left) and for BRD9 sgRNA and control sgRNA expression
(right). Bar graphs show the mean and error bars represent SE of mean. n = 3, independent experiments. p values were calculated by two-
sample t test.
(B) Fold change in relative MN1 and ZBTB38 mRNA levels upon their overexpression in fibroblasts compared with empty vector controls.
n = 2, technical replicates.
(C) TRA-1-60-positive colonies upon overexpression of MN1 and ZBTB38. Representative well images are above the graph. Bar graphs show
the mean. n = 2, independent experiments with technical duplicates for MN1 and ZBTB38 and quadruplicate for empty vector.
(D) Fold change in relative MN1 and ZBTB38 mRNA levels upon shRNA transduction compared with non-targeting shFF controls. n = 2,
technical replicates.
(E) TRA-1-60-positive colonies generated upon shRNA expression targeting MN1 and ZBTB38. Representative well images are above the
graph. Bar graphs show the mean. n = 2, independent experiments with technical duplicates.
(F) Model for BRD9-containing BAF complex’s role in human somatic cell reprogramming.
distinct roles for BRD9 in somatic cell reprogramming and

pluripotency maintenance.

BRD9 inhibition leads to a broad downregulation of

fibroblast-enriched genes accompanied by decreased chro-

matin accessibility across putative active enhancers. Previ-

ous studies show BRD9 occupies distal enhancers (Bell

et al., 2019; Del Gaudio et al., 2019) and co-localizes with

CTCF (Inoue et al., 2019; Michel et al., 2018) and is impor-

tant for maintaining cell-type-specific transcription pro-
2638 Stem Cell Reports j Vol. 17 j 2629–2642 j December 13, 2022
grams (Loo et al., 2020). Genes downregulated by BRD9 in-

hibition in fibroblasts are specific to this cell type, such as

collagens and ECM components. Downregulation of such

genes does not causemajor defects in cell viability, suggest-

ing that interfering with ncBAF can downregulate cell-

type-specific genes to an extent that will facilitate reprog-

ramming while avoiding cell death that may result from a

more extensive shut down of cell identity. Despite our

extensive efforts to perform BRD9 chromatin



immunoprecipitation sequencing (ChIP-Seq) to under-

standwhether regulatory elements of target genes are occu-

pied by BRD9 and ncBAF, we were unable to do so. As there

are no publicly available data regarding BRD9 ChIP-Seq in

human fibroblasts, it remains to be investigated whether

the genes identified herein are directly bound by BRD9.

Nonetheless, we transcriptionally identified several key

transcription factors such as MN1 and ZBTB38 as putative

BRD9 targets. Our functional data collectively establish

these putative BRD9-regulated genes as important barriers

to reprogramming.

The present findings add BRD9 inhibitors to the arsenal

of small molecule inhibitors that can be used to regulate

and direct cell fate changes. We also show that BRD9

inhibition can be combined with other modulators such

as DOT1L inhibitors to boost reprogramming efficiency.

Importantly, inhibition of DOT1L-mediated H3K79

methylation facilitates the generation of chemically

induced pluripotent stem cells (ciPSCs) from both mouse

and human cells (Guan et al., 2022; Zhao et al., 2015)

and results in a permissive epigenome state that enables re-

programming by alternative transcription factors (Kim

et al., 2020). Interestingly, DOT1L and BRD9 seem to regu-

late largely non-overlapping sets of genes (Onder et al.,

2012). Identification of BRD9 as a mechanism that sustains

cell identity-related expression programs suggests that

combinatorial perturbations, which include BRD9 inhibi-

tors, can enhance various reprogramming methods.
EXPERIMENTAL PROCEDURES
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Materials availability
Unique materials generated in this study are available from the

lead contact with a completed Materials Transfer Agreement. Sta-

ble reagents generated in this study are available from the lead con-

tact without restriction.

Data and code availability

RNA-seq and ATAC-seq data are deposited to the NCBI GEO data-

base with the accession number GSE161640. This study did not

generate any novel codes but used previously published methods.
Reprogramming assays
Reprogramming assays were performed as described previously

(Ebrahimi et al., 2019; Park et al., 2008). Unless stated otherwise,

I-BRD9, LP99, BI-7273, and dBRD9 were used at final concentra-

tions of 1, 3, 1, and 0.3 mM, respectively, for the first 2 weeks of re-

programming. EPZ-004777 was used at final concentration of

3 mM.
Cloning
sgRNA and shRNA oligonucleotides (Table S1) were cloned into

lentiCRISPR v2 (Addgene #52961) and into pSMP vector (Addgene

#36394), respectively, as previously described (Onder et al., 2012).

ZBTB38 expression vector in pLenti6.2/V5-DEST was obtained

from DNASU Plasmid Repository (Clone IDs: HsCD00436332).

MSCV-MN1 plasmid was a gift from Kathrin Bernt (University of

Pennsylvania).

Virus production and transduction
A total of 2.53 106 293Tcells were transfectedwith 2.5 mg viral vec-

tor, 0.25 mg pCMV-VSV-G (Addgene #8454), 2.25 mg psPAX2

(Addgene #12260) for lentivirus or pUMVC (Addgene #8449) for

retroviruses using 20 mL FuGENE 6 (Promega) in 400 mL DMEM

per plate. Supernatants were collected 48 h and 72 h post-transfec-

tion and filtered. Fibroblasts were doubly transduced in consecu-

tive days in the presence of 8 mg/mL protamine sulfate (Sigma)

and selected by puromycin at 1 mg/mL.

Western blot
Cell pellets were resuspended in cytosolic lysis buffer (10 mM

HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.4% NP-40, Protease

Inhibitor [1X] [Roche]) and shaken on ice for 15 min. After centri-

fugation at 3,000g for 3 min, pellets were washed once with cyto-

solic buffer and resuspended in nuclear lysis buffer (20 mMHEPES

pH 7.9, 0.4M NaCl, 1 mM EDTA, 10% Glycerol, Protease Inhibitor

[1X] [Roche]) and sonicated. Membranes were incubated with

BRD9 antibody (Active Motif, Catalog: 61,537) at 1:1,000, BRD7

antibody (Cell Signaling, D9K2T) at 1:1,000, and HDAC1 antibody

(Santa Cruz, sc-7872) at 1:500 overnight at 4�C.

Quantitative RT-PCR analyses
qPCR assays were performed as described previously (Ebrahimi

et al., 2019) with the indicated primers (Table S1).

Immunostaining
TRA-1-60 staining was performed as previously described (Onder

et al., 2012) and anti-SSEA1 antibody (Biolegend, 125604) was

used to quantify MEF reprogramming. For immunofluorescence-

based characterization of iPSCs, cells were passaged onto mito-

mycin-C-treated MEFs in hESC medium as previously described

(Ebrahimi et al., 2019). The antibodies used were KLF17

(Atlas, HPA024629), OCT4 (Abcam, ab19857), SSEA4/A647 (BD,

560218), and NANOG (Abcam, ab21624).

RNA-seq and analysis
Fibroblasts andOSKM transduced cells were treated for 5 days with

DMSO, BI-7273 (1 mM), I-BRD9 (1 mM), and dBRD9 (0.3 mM). Total

RNAwas prepared using Direct-zol kit according to manufacturer’s

instructions (Zymo Research). Libraries were prepared using

NEBNext Poly(A) mRNA Magnetic Isolation Module from the

NEBNext ultra-directional RNA kit to create a first stranded library.

Reads were mapped to hg19 built-in genome by HISAT2 after as-

sessing their quality by FastQC. DESeq2 package was used to iden-

tify differentially expressed genes between samples. Genes were

considered as differentially regulated based on adjusted p value
Stem Cell Reports j Vol. 17 j 2629–2642 j December 13, 2022 2639
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<0.05. Rank-ordered gene lists were used for GSEA (Subramanian

et al., 2005). A list of genes that are differentially downregulated

upon at least 2 BRD9 compound treatment is provided (Table S2).

ATAC-seq and analysis
ATAC-seq was performed using 100,000 cells as described previ-

ously (Buenrostro et al., 2013) using in-house-produced Tn5 trans-

posase. Samples were purified using the GeneJET PCR purification

kit (Thermo). PCR amplification was performed using the

following protocol: 3 min at 72�C, 30 s at 98�C, and 11 cycles of

10 s at 98�C, 30 s at 63�C, and 3 min at 72�C. Samples were run

on a Tapestation (Agilent) to determine library size and quantifica-

tion before paired-end (23 41 base pair) sequencing on a NextSeq

500 (Illumina). Sequence reads were quality controlled with

FastQC and mapped to the most recent human reference genome

(hg38) using bowtie (Langmead et al., 2009), allowing amaximum

of two mismatches and only uniquely mapped reads. Reads with

mapping quality score below 30 and blacklisted regions were

filtered. DeepTools (Ramı́rez et al., 2016) ComputeMatrix and plot-

Profile commands were used to generate aggregate ATAC plots. For

this, BigWig files were generated using deepTools bamCoverage

command, eliminating duplicates and normalizing by sequencing

depth and effective genome size. Intersecting regions among fibro-

blast ChIP peaks for H3K27ac, H3K4me1, and H3K4me3 were

identified using previously published fibroblast ChIP-seq data

(Ebrahimi et al., 2019), calling the peaks using macs2 (Zhang

et al., 2008) with the parameters –keep-dup 1 and –broad, and

finding the intersecting regions using bedtools (Quinlan and

Hall, 2010) intersect.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8 for

t tests or R 4.0.2 for Wilcoxon-signed rank test. The test details,

number of independent experiments, and exact p values were pro-

vided in related figure legends.
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