
Article
Multi-omics integration id
entifies cell-state-specific
repression by PBRM1-PIAS1 cooperation
Graphical abstract
Highlights
d PBRM1 represses differentiation in progenitors but not in the

differentiation state

d PBRM1’s protein interactome, but not genomic binding,

alters in cell-state switch

d PIAS1 and PBRM1 co-localize on chromatin in progenitors

but not in differentiation

d SUMOylation contributes to PBRM1’s repressive function in

progenitor maintenance
Ho et al., 2024, Cell Genomics 4, 100471
January 10, 2024 ª 2023 The Author(s).
https://doi.org/10.1016/j.xgen.2023.100471
Authors

Patric J. Ho, Junghun Kweon,

Laura A. Blumensaadt, ..., SarahM. Lloyd,

Ziyou Ren, Xiaomin Bao

Correspondence
xiaomin.bao@northwestern.edu

In brief

Ho et al. demonstrate that PBRM1

switches from repressive to activating

roles in differentiation gene regulation, as

human skin epidermal cells transition

from progenitor state to differentiation

state. They identified that the changes in

PBRM1’s interacting proteins such as

PIAS1, but not PBRM1’s genomic

binding, underlie this functional change.
ll

mailto:xiaomin.bao@northwestern.edu
https://doi.org/10.1016/j.xgen.2023.100471
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xgen.2023.100471&domain=pdf


OPEN ACCESS

ll
Article

Multi-omics integration identifies
cell-state-specific repression
by PBRM1-PIAS1 cooperation
Patric J. Ho,1 Junghun Kweon,1 Laura A. Blumensaadt,1 Amy E. Neely,1 Elizabeth Kalika,1 Daniel B. Leon,1 Sanghyon Oh,1

Cooper W.P. Stringer,1 Sarah M. Lloyd,1 Ziyou Ren,2 and Xiaomin Bao1,2,3,4,*
1Department of Molecular Biosciences, Northwestern University, Evanston, IL 60208, USA
2Department of Dermatology, Northwestern University, Chicago, IL 60611, USA
3Robert H. Lurie Comprehensive Cancer Center, Northwestern University, Chicago, IL 60611, USA
4Lead contact

*Correspondence: xiaomin.bao@northwestern.edu

https://doi.org/10.1016/j.xgen.2023.100471
SUMMARY
PBRM1 is frequently mutated in cancers of epithelial origin. How PBRM1 regulates normal epithelial homeo-
stasis, prior to cancer initiation, remains unclear. Here, we show that PBRM1’s gene regulatory roles differ
drastically between cell states, leveraging human skin epithelium (epidermis) as a research platform. In pro-
genitors, PBRM1 predominantly functions to repress terminal differentiation to sustain progenitors’ regener-
ative potential; in the differentiation state, however, PBRM1 switches toward an activator. Between these two
cell states, PBRM1 retains its genomic binding but associates with differential interacting proteins. Our tar-
geted screen identified the E3 SUMO ligase PIAS1 as a key interactor. PIAS1 co-localizes with PBRM1 on
chromatin to directly repress differentiation genes in progenitors, and PIAS1’s chromatin binding drastically
diminishes in differentiation. Furthermore, SUMOylation contributes to PBRM1’s repressive function in pro-
genitor maintenance. Thus, our findings highlight PBRM1’s cell-state-specific regulatory roles influenced by
its protein interactome despite its stable chromatin binding.
INTRODUCTION

Epithelial tissue, which lines the surfaces and cavities of all major

organs, undergoes constant regeneration to compensate for

wear and tear. Sustained tissue regeneration relies on the pro-

genitors to continuously undergo self-renewal or differentiation,

maintaining tissue architecture and function. Progenitor self-

renewal requires the repression of terminal differentiation genes

to maintain progenitors’ regenerative potential. In the differenti-

ation process, however, these genesmust be activated to estab-

lish the epithelial barrier function. Dysregulation of differentiation

gene expression underlies a spectrum of diseases, including

cancer. The molecular mechanisms governing the repression

or activation of terminal differentiation genes, in a specific cell

state, remain incompletely understood.

Most life-threatening cancers originate from epithelial tissue.

Recent cancer genomic sequencing studies identified BAF

(SWI/SNF) as the most frequently mutated chromatin-associ-

ated complex in all human cancers.1,2 Each BAF complex incor-

porates 10–13 regulatory subunits in addition to a single catalytic

subunit.3,4While it is well recognized that the catalytic subunit re-

positions nucleosomes to activate gene expression,5,6 how the

regulatory subunits influence gene expression remains less

clear. These regulatory subunits include PBRM1, a defining sub-

unit of a specific BAF assembly termed PBAF. PBRM1 is recog-
C
This is an open access article under the CC BY-N
nized as the second most highly mutated gene in clear cell renal

cell carcinoma (ccRCC).7–11 Frequent PBRM1mutations are also

observed in several other types of epithelial cancer, including

non-small cell lung cancer, intrahepatic cholangiocarcinoma,

and mesothelioma.12–14 In the context of gene regulation,

PBRM1’s roles as a co-activator have been reported in several

cell types. In ccRCC cell lines with impaired PBRM1 function, re-

introduction of wild-type PBRM1 was able to activate the termi-

nal differentiation program.15 For mesenchymal stem cells,

PBRM1 is required for differentiating to the osteolineage, by acti-

vating the BMP/transforming growth factor b (TGF-b) receptor

genes.16 Intriguingly, in the context of DNA damage response,

PBRM1 is required for the transcriptional silencing of the flanking

regions near the damage sites.17 Whether PBRM1’s repressive

function extends beyond the DNA damage response requires

further investigation. It also remains unclear how PBRM1 influ-

ences gene expression in different cell states in normal epithelial

homeostasis, before cancer arises.

The human skin epidermis, a type of stratified epithelium pre-

dominantly composed of keratinocytes, presents an accessible

model for investigating gene regulatory mechanisms underlying

epithelial homeostasis. Primary keratinocytes can be isolated

and cultured from surgically discarded skin, retaining their

regenerative potential to form full-thickness epidermal tissue.

These cells can be cultured in either the progenitor state or
ell Genomics 4, 100471, January 10, 2024 ª 2023 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:xiaomin.bao@northwestern.edu
https://doi.org/10.1016/j.xgen.2023.100471
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xgen.2023.100471&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


(legend on next page)

2 Cell Genomics 4, 100471, January 10, 2024

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
the differentiation state, providing sufficient cell numbers for the

implementation of different ‘‘omics’’ approaches and for ob-

taining high-resolution results. Previous findings from us and

others have highlighted BAF’s crucial but complex roles in

epidermal homeostasis. The catalytic subunits BRG1 and

BRM are essential for activating terminal epidermal differentia-

tion by maintaining the genome accessibility for the lineage-

specific transcription factor p63.5,18 The actin-like regulatory

subunit ACTL6A (BAF53A), on the other hand, is required to

repress terminal differentiation in progenitor maintenance.19–21

How BAF associates with these two seemingly opposite func-

tions remains unexplored. How other BAF subunits, such as

PBRM1, influence gene expression in the progenitor-state

versus differentiation-state keratinocytes also remains largely

unclear.

In this study,we focused oncharacterizingPBRM1 in epidermal

homeostasis.We found that PBRM1’s gene regulatory roles differ

drastically between the progenitor state and the differentiation

state of keratinocytes. In the progenitor state, PBRM1 is required

for repressing differentiation genes; in the differentiation state,

PBRM1’s repressive function diminishes, and PBRM1 becomes

essential for activating a subset of differentiation genes. Between

these two states, we identified drastic changes in PBRM1’s pro-

tein interactome but not in its genomic binding profiles. Using a

targeted RNAi screen focusing on the unique PBRM1-interacting

proteins in the progenitor state, we identified the E3 SUMO ligase

PIAS1 as a top candidate. PIAS1 binds to 56% of PBRM1 chro-

matin immunoprecipitation sequencing (ChIP-seq) peaks in the

progenitor state but drastically reduces its chromatin binding in

the differentiated state. RNA-seq further confirmed 896 differen-

tially expressed genes directly co-regulated by both PBRM1 and

PIAS1 in the progenitor state. We further identified that PBRM1

is associated with SUMOylation and that SUMOylation inhibition

is sufficient to upregulate differentiation in the same pathway

with PBRM1 knockdown. These findings indicate that PIAS1-

PBRM1 cooperation is essential for repressing differentiation in

epidermal progenitor maintenance. This study highlights the con-

tributions of protein-protein interactions in influencing BAF’s gene

regulatory roles, despite its stable chromatin binding, in a cell-
Figure 1. PBRM1 represses terminal differentiation in epidermal proge

(A) Bar graph showing the knockdown (KD) efficiency of PBRM1 with three indep

****p < 0.0001, two-tailed unpaired t test, data are represented as average ± sta

(B and C) Western blots and quantification showing the KD efficiency of the

****p < 0.0001, two-tailed unpaired t test, data are represented as average ± sta

(D and E) Representative image of clonogenic assays comparing keratinocytes

diameter >1 mm2 were quantified (****p < 0.0001, two-tailed unpaired t test, data

(F and G) Representative images of epidermal tissue regenerated using 50% con

labeled by dsRed (red). Dotted lines indicate the basement membrane. Scale b

Quantification is of red:green ratio in the basal layer comparing tissue sections of

two-tailed unpaired t test, data are represented as average ± standard error).

(H) Heatmap showing the fold change of 1,349 differentially expressed genes fr

DESeq2).

(I) Bar graph showing the top Gene Ontology (GO) terms of the genes differentia

(J) Venn diagram showing the overlap of significantly altered genes (fold chang

differentiated (DF) keratinocytes (p = 6.03 3 10�157, Fisher’s exact test).

(K and L) Bar graphs showing the relative mRNA levels of epidermal differentiation

using RT-qPCR (n = 3 biological replicates, *p < 0.05, **p < 0.01, ***p < 0.001,

standard error).

See also Figures S1 and S2 and Table S1.
state-dependent manner to differentially control gene expression

in tissue homeostasis.

RESULTS

PBRM1 loss de-represses differentiation in the
progenitor state
To begin to investigate PBRM1’s gene regulatory roles, we de-

signed and screened multiple short hairpin RNAs (shRNAs) tar-

geting PBRM1. Three independent shRNAs were validated at

both the mRNA and protein levels, achieving over 80% knock-

down efficiency (Figures 1A–1C). In the progenitor-state kerati-

nocytes, PBRM1 knockdown drastically reduced clonogenicity

when compared to the non-targeting control knockdowns

(Figures 1D and 1E), suggesting that PBRM1 is essential for

maintaining progenitor self-renewal. We subsequently per-

formed a progenitor competition assay in epidermal tissue

regeneration. In this assay, the same numbers of keratinocytes

labeled with GFP or dsRed were mixed to regenerate epidermis

in organotypic culture. dsRed-labeled keratinocytes co-ex-

pressing an shRNA targeting PBRM1, but not the non-targeting

control shRNA, were outcompeted by GFP-labeled keratino-

cytes expressing the non-targeting control shRNA in the basal

progenitor compartment of the regenerated epidermis (Figures

1F and 1G). Thus, the intact function of PBRM1 is essential for

epidermal progenitor maintenance.

To determine how PBRM1 modulates the transcriptome in

the progenitor state, we performed RNA-seq comparing kerati-

nocytes expressing PBRM shRNAs or non-targeting control

shRNAs. In total, 1,349 differentially expressed genes were

identified (fold change R 2, p < 0.05; Figure 1H; Table S1).

Interestingly, the majority (72.9%) of these genes were

upregulated, with their top Gene Ontology (GO) terms being

associated with epidermal differentiation, such as ‘‘keratiniza-

tion,’’ ‘‘epidermal development,’’ and ‘‘establishment of skin bar-

rier.’’ Only 27.1%differentially expressed geneswere downregu-

lated, and the GO terms of these genes were associated with cell

proliferation (Figure 1I). These differentially expressed genes

significantly overlap with the gene signature of calcium-induced
nitor maintenance

endent shRNAs at the mRNA level using RT-qPCR (n = 3 biological replicates,

ndard error).

shRNAs targeting PBRM1 at the protein level (n = 4 biological replicates,

ndard error).

expressing PBRM1 shRNAs colonies versus control shRNAs. Colonies with

are represented as average ± standard error).

trol shRNA labeled by GFP (green) and 50% PBRM1 shRNA or control shRNA

ar: 125 mm. Representative images from 25 images per condition are shown.

CTRL/CTRL versus CTRL/PBRM1 sh (n = 10 images/condition, ****p < 0.0001,

om PBRM1 KD RNA-seq in the progenitor state (fold change R 2, p < 0.05,

lly expressed from PBRM1 KD RNA-seq in the progenitor state.

e R 2, p < 0.05, DESeq2) in PBRM1 KD keratinocytes and calcium-induced

markers and transcription factors between PBRM1 KD versus control shRNAs

****p < 0.0001, two-tailed unpaired t test, data are represented as average ±
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Figure 2. PBRM1’s repressive function diminishes in the differentiation state

(A) Heatmap showing the fold change of 483 differentially expressed genes from PBRM1 KD RNA-seq in keratinocytes in the differentiation state (fold changeR

2, p < 0.05, DESeq2).

(B) Bar graph showing the top GO terms of significantly downregulated genes in PBRM1 KD RNA-seq.

(C) Bar graph showing the relative mRNA levels of epidermal differentiation markers and transcription factors from PBRM1 KD versus control in DF keratinocytes

using RT-qPCR (n = 2 biological replicates, *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed unpaired t test, data are represented as average ± standard error).

(legend continued on next page)
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differentiation (p = 6.033 10�157, Fisher’s exact test; Figures 1J,

S1A, and S1B). Using RT-qPCR,we validated the upregulation of

both epidermal differentiation marker genes (IVL, SPRRIA,

S100A9, LCE3D, and SBSN) as well as differentiation-activating

transcription factors (GRHL3,OVOL1, and PRDM1) with PBRM1

knockdown (Figures 1K and 1L). In addition, we confirmed that

PBRM1 knockdown was not resulting in apoptosis (Figure S1C).

Thus, these findings suggest that PBRM1 functions predomi-

nantly in repressing differentiation gene expression in progenitor

maintenance.

Since PBRM1 is a defining subunit of the PBAF complex, we

examined if PBRM1 knockdown influences the assembly and

chromatin binding of other PBAF-specific subunits. Co-immuno-

precipitation experiments using an ARID2 antibody showed that

ARID2 retained its association with BRG1 and BRD7 in keratino-

cytes with PBRM1 knockdown, suggesting that the rest of PBAF

complex can still assemble in this context (Figure S2A). To deter-

mine if the chromatin binding of other PBAF-specific subunits is

altered with PBRM1 knockdown, we optimized the CUT&RUN

technique for BRD7 and compared between keratinocytes with

PBRM1 knockdown versus non-targeting control. To our sur-

prise, PBRM1 knockdown using the three shRNAs consistently

abolished BRD7 chromatin binding when compared to the two

independent control shRNAs (Figures S2B–S2E). These results

suggest that PBRM1, which features six bromodomains, is

essential for chromatin binding but dispensable for the assembly

of the partial PBAF complex in primary human keratinocytes.

PBRM1’s repressive function diminishes in the
differentiation state
Given PBRM1’s repressive function in the progenitor state, we

investigated if this repressive function is retained in the differen-

tiated state. Keratinocytes expressing shRNAs targeting PBRM1

or non-targeting control shRNAs were seeded in the differentia-

tion condition using the established protocol (full confluency for

4 days with 1.2 mM exogenous Ca2+).5,22,23 RNA-seq analysis

identified a total of 483 genes that were differentially expressed

between PBRM1 knockdown versus control conditions (fold

changeR 2, p < 0.05, DEseq2; Table S2). Intriguingly, themajor-

ity (73.9%) of the differentially expressed genes in the differenti-

ation state were downregulated by PBRM1 knockdown (Fig-

ure 2A), an opposite trend as compared to the observations

from the progenitor state. The top GO terms of these downregu-

lated genes were associated with epidermal terminal differentia-

tion, such as ‘‘keratinization’’ and ‘‘keratinocyte differentiation’’

(Figure 2B). Only 126 genes were significantly upregulated

without being associated with any significant GO terms

(p < 0.01). Using RT-qPCR, we validated that representative dif-

ferentiation marker genes (SBSN, ALOX12B, LCE3D, and

LCE3C) were significantly downregulated with PBRM1 loss in

the differentiation condition (Figure 2C). Thus, the cell-state
(D) Gene set enrichment analysis (GSEA) comparing upregulated RNA-seq gene s

PBRM1 KD in epidermal progenitors, and downregulated RNA-seq gene sets fo

(E–H) Heatmaps comparing the relative expression in PBRM1 KD and control

significantly upregulated or downregulated genes identified in the progenitor sta

change for each gene, between the progenitor state and differentiation state, are

See also Table S2.
switch involves drastic changes in differentiation gene expres-

sion regulated by PBRM1.

To clarify PBRM1’s regulation of differentiation genes in the

progenitor state versus the differentiation state, we compared

the three groups of genes that were associated with terminal dif-

ferentiation: (1) downregulated genes by PBRM1 knockdown in

the differentiated state, (2) upregulated genes by PBRM1 knock-

down in the progenitor state, and (3) upregulated genes in the

Ca2+-induced differentiation signature (Figure 2D). Of the genes

that intersected with the Ca2+-induced differentiation signature,

only a subset of genes (55.5%, 91 genes) downregulated by

PBRM1 knockdown (KD) in the differentiation state were shared

with the upregulated genes by PBRM1 knockdown in the pro-

genitor state. Furthermore, PBRM1 knockdown impacted about

four times asmany differentiation-related genes in the progenitor

state than in the differentiation state. Most of the upregulated

genes by PBRM1 KD in the progenitor state (87.1%, 615 genes)

overlapped with the Ca2+-induced differentiation signature

without overlapping with the downregulated gene by PBRM1

KD in the differentiation state. These findings indicate that

PBRM1 controls substantially distinct subsets of differentiation

genes in the two cell states and that PBRM1 controls a broader

spectrum of differentiation genes in the progenitor state than in

the differentiation state.

We further compared the relative expression of individual

genes with PBRM1 knockdown in the progenitor state versus

the differentiation state. Among the 984 significantly upregulated

genes by PBRM1 loss identified in the progenitor state, 97.8% of

them showed reduced fold change in the differentiation state

with an average reduction of 3.1 (log2) (Figure 2E), suggesting

diminished repression and even gained activation of these indi-

vidual genes in differentiation. Similarly, 92.2% of the 357 down-

regulated genes by PBRM1 loss in the differentiation state

showed higher levels of relative fold change in the progenitor

state, with an average reduction of 3.4 (log2) (Figure 2F), sug-

gesting that most of them were less activated and even

repressed in the progenitor state. In contrast, the downregulated

genes in the progenitor state and the upregulated genes in the

differentiated state showed only mild differences (log 2 fold

change <1 in both cases) (Figures 2G and 2H). Taken together,

the switch from the progenitor state to the differentiation state in-

volves major changes in PBRM1’s gene regulatory functions,

especially for the target genes involved in differentiation.

PBRM1 directly represses differentiation genes in the
progenitor state but retains its binding in the
differentiation state
To determine how PBRM1 differentially regulates gene expres-

sion in the progenitor state versus the differentiation state, we

compared PBRM1’s chromatin binding using ChIP-seq. Among

the total 17,527 PBRM1 ChIP-seq peaks we identified (MACS2,
ets for calcium-induced DF keratinocytes, upregulated RNA-seq gene sets for

r PBRM1 KD in DF keratinocytes.

KD, between the progenitor state and the differentiation state, in the list of

te or differentiation state with PBRM1 KD. The differences of the relative fold

indicated in the dot plots on the right.

Cell Genomics 4, 100471, January 10, 2024 5



Figure 3. PBRM1 retains its genomic binding between the progenitor and differentiation states

(A) Summit-centered heatmaps comparing PBRM1 ChIP-seq enrichment between the progenitor state (UD) versus the differentiation state (DF). The 17,527 total

peaks are divided into 3 groups (‘‘stable,’’ ‘‘reduced,’’ and ‘‘increased’’) based on differential analysis of the peaks between UD andDF (fold changeR 2, p < 0.05,

EdgeR).

(B–D) Average profile plots of PBRM1 ChIP-seq for the ‘‘stable,’’ ‘‘reduced,’’ and ‘‘increased’’ groups. Lines represent the average enrichment between the two

PBRM1 ChIP-seq replicates in the progenitor state (dark green) or the differentiation state (dark brown). The shared areas indicate standard errors between the

(legend continued on next page)
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broad peak, q < 0.001; Table S3), 96.6% of these peaks did not

show significant changes in PBRM1 ChIP enrichment between

the two states (fold change R 2, p < 0.05, EdgeR). We termed

these as ‘‘stable peaks.’’ Only 137 (0.8%) peaks were signifi-

cantly reduced and 451 (2.6%) peaks were significantly gained

in the differentiation state. Most of the stable peaks (74.5%)

and the reduced peaks (65%) were localized within 3 kb of the

transcription start sites (TSSs) (Figures 3A–3D). To determine

how PBRM1’s chromatin binding influences gene expression,

we assigned the ChIP-seq peaks to the genes associated with

the nearest TSSs. Intersection of the ChIP-seq and RNA-seq

data led to the identification of 765 direct targets in the progen-

itor state. 512 (67%) of these direct target genes were upregu-

lated with PBRM1 knockdown, with GO terms related to ‘‘kera-

tinocyte differentiation’’ and ‘‘epidermal development.’’ The

downregulated direct target genes (33%, 253 genes) were asso-

ciated with the cell cycle. In particular, 94.1% of the downregu-

lated direct targets (238 out of 253) and 91.4%of the upregulated

direct targets (468 out of 512) were associated with stable

PBRM1 ChIP peaks between the progenitor state and the differ-

entiation state (Figures 3E and 3F). PBRM1 ChIP-seq enrich-

ment, between the progenitor state and the differentiation state,

also demonstrated high correlation in peaks associated with the

upregulated and downregulated direct targets (Figures 3G and

S3). These direct target genes associated with stable PBRM1

chromatin binding included the differentiation-activating tran-

scription factors PRDM1 and GRHL3, which are repressed by

PBRM1 in the progenitor state but not in the differentiation state

(Figures 3H and 3I). Therefore, the drastic changes of PBRM1’s

regulatory function on differentiation genes is not a result of

altered PBRM1 chromatin binding.

Proteomic screen identified PIAS1-PBRM1 interaction
enriched in the progenitor state
As PBRM1’s chromatin binding between the two states did not

explain its differential regulatory roles between the cell states,

we subsequently investigated PBRM1’s protein-protein interac-

tions, leveraging the recently developed TurboID proximity label-

ing system.24,25 We tagged PBRM1 at either its N terminus or C

terminus using the TurboID tag fused with 3xHA and a nuclear

localization sequence (NLS). The expression of TurboID with

3xHA and NLS by itself served as a negative control (Figure 4A).

We expressed these constructs in both undifferentiated and

differentiated keratinocytes, purified the biotinylated proteins,

and submitted the gel bands for protein identification using

mass spectrometry. Both C-terminal and N-terminal tagging
biological replicates. In each group, the percentage of peaks within 3 kb from t

associated pie charts.

(E) Pie chart showing the subset of differentially expressed genes from PBRM1 KD

relative expression of these genes in PBRM1 KD are shown in the red-blue heatm

(stable, gained, or reduced) are represented in the orange-magenta-green heatm

(F) Bar graph showing the top GO terms of the direct target genes, which are

associated with PBRM1 ChIP peaks.

(G) Scatterplot comparing PBRM1ChIP enrichment in all the peaks between UD v

with the upregulated direct target genes (red, Pearson’s coefficient r = 0.892).

(H and I) Representative genome browser tracks showing the stable binding of P

epidermal terminal differentiation, such as PRDM1 and GRHL3, in the progenito

See also Figure S3 and Table S3.
identified the core subunits of the PBAF complex in both the

progenitor state and the differentiation state. These included

PBRM1 itself, SMARCC2 (BAF170), SMARCC1 (BAF155),

ARID2, SMARCA4 (BRG1), SMARCA2 (BRM), and BRD7 (Fig-

ures S4A and S4B). To identify the differential PBRM1-interact-

ing proteins, we calculated the relative enrichment ratio between

the progenitor state and the differentiation state. The PBAF core

subunits as well as the lineage-specific transcription factor p63

showed comparable enrichment in both cell states.

Interestingly, we identified a group of proteins that are de-

tected only in the progenitor state but not in the differentiation

state (Figures 4B and 4C). At the mRNA level, the genes encod-

ing these progenitor-specific interacting proteins showed vari-

able relative expression levels in differentiation (Figure S4C).

To determine which of these proteins may cooperate with

PBRM1 in repressing differentiation in the progenitor, we per-

formed a targeted genetic screen. Two shRNAs were designed

and validated for each of the top 8 most enriched PBRM1-inter-

acting proteins. Knockdowns were performed in the progenitor

state to evaluate the relative expression of representative differ-

entiation genes (OVOL1, SBSN, SPRR1A, GRHL3, and PRDM1)

using RT-qPCR. PIAS1 stood out as the top candidate, with two

shRNAs consistently resulting in high upregulation of these dif-

ferentiation marker genes and transcription activators (Fig-

ure 4D). Using co-immunoprecipitation, we further validated

that the PIAS-PBRM1 interaction is significantly enriched in the

progenitor state when compared to the differentiation state

(Figures 4E and 4F). These findings suggest that PIAS1 may

play a crucial role in cooperating with PBRM1 to repress differen-

tiation in progenitor maintenance.

PIAS1 knockdown phenocopies PBRM1 knockdown in
the progenitor state
Building on the substantial upregulation of representative differ-

entiation marker genes in PIAS1 knockdown, we proceeded to

functionally characterize PIAS1 knockdown inmore detail in pro-

genitor-state keratinocytes. The knockdown efficiency was vali-

dated at the protein level (Figures 5A and 5B). Similar to what

was observed with PBRM1 knockdown, keratinocytes with

PIAS1 knockdown exhibited drastically reduced clonogenicity

when compared to the non-targeting controls (Figures 5C and

5D). In the progenitor competition assay, PIAS1 knockdown cells

were also depleted from the basal progenitor compartment of

the regenerated epidermal tissue (Figures 5E and 5F). These

data indicate that PIAS1, similar to PBRM1, is essential for main-

taining the regenerative capacity of epidermal progenitors.
he nearest transcription start sites (TSSs) is represented in dark shade in the

RNA-seq in progenitors that are associated with PBRM1ChIP-seq peaks. The

ap, and the relative changes of PBRM1 ChIP-seq peaks between UD and DF

ap.

differentially expressed in PBRM1 KD RNA-seq in progenitors and are also

ersus DF (gray, Pearson’s coefficient r = 0.918), as well as the peaks associated

BRM1 near the promoter regions of representative transcriptional activators of

r and differentiation states. ChIP-seq peaks are highlighted in beige.
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Figure 4. Proximity labeling coupled with a targeted screen identified PIAS1-PBRM1 interaction in progenitors

(A) Schematic of the PBRM1 TurboID and control constructs used for proximity labeling to identify PBRM1-interacting proteins in UD and DF keratinocytes.

(B) Scatterplot showing the relative enrichment of proteins identified by PBRM1 TurboID in the progenitor state versus the differentiation state. Representative

known interacting proteins, such as other PBAF subunits and p63, are labeled in dark gray. Top enriched PBRM1-interacting proteins in the progenitor state

identified by TurboID are labeled in green.

(C) Table comparing the spectra counts of representative proteins identified from the TurboID experiments between the progenitor state versus the differentiation

state.

(D) Heatmaps showing the shRNA screen among the top enriched PBRM1-interacting proteins identified in the progenitor state. The green-black heatmap shows

the KD efficiency of the two independent shRNAs designed for each target gene. The red-blue heatmap shows the fold induction of differentiation markers genes

with shRNA-mediated KD.

(E and F) Western blots and quantification of PIAS1 enrichment in HA-PBRM1 co-immunoprecipitation experiments comparing the progenitor state versus the

differentiation state (n = 3 biological replicates, **p < 0.01, two-tailed unpaired t test, data are represented as average ± standard error).

See also Figure S4.
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Figure 5. PIAS1 KD de-represses differentiation in the progenitor state

(A and B) Western blots and quantification showing the KD efficiency of PIAS1 using two independent shRNAs at the protein level (n = 3 biological replicates,

****p < 0.0001, two-tailed unpaired t test, data are represented as average ± standard error).

(C and D) Representative image of clonogenic assays comparing keratinocytes expressing PIAS1 shRNAs versus control shRNAs. Colonies with diameter

>1 mm2 were quantified (n = 3 technical replicates, ***p < 0.001, ****p < 0.0001, two-tailed unpaired t test, data are represented as average ± standard error).

(E and F) Representative image of epidermal tissue regenerated using 50% control shRNA labeled by GFP (green) and 50% PIAS1 shRNA or control shRNA

labeled by dsRed mCherry (red). Scale bar: 125 mm. Quantification of red:green ratio in the basal layer comparing tissue sections of CTRL/CTRL versus CTRL/

PIAS1 sh (n = 10 images per condition, ****p < 0.0001, two-tailed unpaired t test, data are represented as average ± standard error).

(legend continued on next page)
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To identify how PIAS1 knockdown influences the transcrip-

tome in the progenitors, beyond the selected markers initially

tested using RT-qPCR in the initial screen, we performed RNA-

seq. In total, we identified 3,075 genes that are differentially

expressed with PIAS1 knockdown (fold change R 2, p < 0.05,

DEseq2; Table S4). Of those genes, 896 overlapped with the

differentially expressed genes from PBRM1 knockdown in the

progenitor state (p = 6.33 10�308, Fisher’s exact test). In partic-

ular, these 896 genes accounted for 66.4% of total differentially

expressed genes with PBRM1 knockdown and were altered in

the same up- or downregulated direction by PBRM1 knockdown

and PIAS1 knockdown. The majority (73.2%) of these PIAS1-

PBRM1 overlapping genes were upregulated, and the top GO

terms of these genes were associated with epidermal differenti-

ation. The downregulated overlapping genes were associated

with the cell cycle (Figures 5G and 5H). These findings suggest

that PIAS1 and PBRM1work together to regulate common target

genes in progenitor maintenance, especially to repress differen-

tiation gene expression.

Given the high degree of target gene overlap between PBRM1

and PIAS1 in the progenitor state, we further investigated how

PIAS1 knockdown influenced gene expression in the differentia-

tion state. PIAS1 knockdown in the differentiation state led to

significant changes of 1,101 genes (Table S5). In contrast to

PBRM1 knockdown in the differentiation state, which primarily

impaired genes associated with terminal differentiation, these

differentially expressed genes were associated with impaired

cell division and growth (Figures S5A and S5B). Among all these

1,101 differentially expressed genes with PIAS1 knockdown,

only 74 of these overlapped with PBRM1 knockdown, and these

genes were not related to epidermal differentiation (Figures

S5C–S5E). A juxtaposed comparison of these two datasets

further indicated that the differentially expressed genes from

PBRM1 knockdown were not recapitulated by PIAS1 knock-

down in the differentiation state (Figure S5F). Thus, the gene

expression changes with PIAS1 knockdown support its cooper-

ation with PBRM1 in the progenitor state but not in the differen-

tiation state.

PIAS1 co-localizeswith PBRM1near the TSSs to repress
differentiation in the progenitor state
To determine how PIAS1 cooperates PBRM1 in gene regula-

tion, we profiled PIAS1’s chromatin-binding sites using ChIP-

seq in the progenitor state and the differentiation state. In

contrast to the stable binding of PBRM1, we observed that

PIAS1’s genomic binding diminished in the differentiation state.

Among the total 20,083 peaks identified, 19,856 (98.7%)

showed significant reduction of ChIP enrichment (p < 0.05,

fold change R 2, EdgeR) in the differentiation state (Figures

6A–6C; Table S6). In total, these PIAS1 ChIP-seq peaks over-

lapped with 55.5% PBRM1 ChIP-seq peaks (Figure 6D), and

PIAS1 ChIP-seq peaks also exhibited higher enrichment in

distal intergenic regions as compared to PBRM1 ChIP-seq
(G) Venn diagram comparing the differentially expressed genes with PIAS1 KD or P

change of the 896 overlapping genes in PIAS1 KD or PBRM1 KD RNA-seq in the

(H) Bar graph showing the top GO terms of the overlapping genes differentially a

See also Figure S5 and Tables S4 and S5.
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peaks (Figure S6A). The PIAS1-unique peaks were primarily

localized away from the TSSs, with enriched motifs related to

the AP1 and p53 family transcription factors (Figure S6B). In

contrast, the overlapping peaks between PIAS1 and PBRM1

were predominantly (85.4%) located within 3 kb of their nearest

TSSs, suggesting that PIAS1, in association with PBRM1, may

play distinct roles in gene regulation in association with PBRM1.

By assigning the overlapping ChIP-seq peaks to the nearest

TSSs, we identified that 369 out of the total 896 genes down-

stream to PBRM1 and PIAS1 were associated with their direct

ChIP-seq binding (Figure 6E). Furthermore, 92.1% of these

direct targets (340 out of 369) were associated with stable

PBRM1 binding but with reduction of PIAS1 binding in differen-

tiation. These direct target genes were related to cell cycle and

keratinocyte differentiation processes (Figure S6C). In partic-

ular, these shared direct targets included transcription factors

that are upregulated during the differentiation process to

drive epidermal barrier function, including both GRHL3 and

PRDM1 (Figures 6F and 6G). Thus, PBRM1 and PIAS1 co-

bind near the TSSs to repress terminal differentiation in progen-

itor maintenance.

Given the PBRM-PIAS1 association in chromatin binding and

gene regulation in the progenitor state, but not in the differentia-

tion state, we further investigated their relative expression in

these two cell states (Figure S7). Although PIAS1’s expression

was significantly upregulated at themRNA level in differentiation,

its protein expression showed significant reduction, with an

average of 46% remaining levels in differentiation. This downre-

gulation of PIAS1 was consistently observed in human tissue

sections, with PIAS1 immunofluorescence staining signals being

enriched in the basal progenitor layer and reduced in the differ-

entiated epidermal layers immediately above the basal progeni-

tor layer. PBRM1 also showed modest reduction at both the

mRNA and the protein levels in keratinocyte differentiation.

Thus, PIAS1’s downregulation in keratinocyte differentiation

supports its association with PBRM1 in the progenitor-state ker-

atinocytes, though additional factors are likely involved in this

cell-state-specific interaction.

The repressive function of PBRM1 involves
SUMOylation
Since PIAS1 is an E3 SUMO ligase, and given its cooperation in

gene regulation with PBRM1 in progenitor maintenance, we

asked if PBRM1 is associated with SUMOylation. Leveraging

proximity ligation assay (PLA), we detected strong signals

between SUMO (SUMO1 or SUMO2/3/4) and the HA-tagged

PBRM1 (Figure 7A), suggesting that PBRM1 is in proximity with

SUMOylation. To determine if SUMOylation is involved in repres-

sing differentiation in the progenitor state, we leveraged the

SUMO inhibitor ML792 that targets the SUMO-activating enzyme

(SAE).26 Keratinocytes treatedwithML792 resulted in the upregu-

lation of differentiation genes in a time- and dose-dependent

manner (Figures 7B and 7C), suggesting that SUMOylation is
BRM1 KD in RNA-seq in the progenitor state. Heatmap shows the relative fold

progenitor state (fold change R 2, p < 0.05, DESeq2).

ltered in PIAS1 KD RNA-seq and PBRM1 KD RNA-seq in the progenitor state.
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involved in repressing differentiation. Interestingly, SUMOylation

inhibition did not further elevate the induction of differentiation

from PBRM1 knockdown (Figures 7D and 7E), suggesting that

SUMOylation and PBRM1 function in the same pathway to

repress differentiation in the progenitor state.

DISCUSSION

Our findings highlight the cell-state-specific gene regulation by

PBRM1, even when its chromatin binding remains stable be-

tween the different cell states. By integrating proteomics and

genomics, we uncovered that the differential protein-protein in-

teractions underlie the differential gene regulatory roles of

PBRM1. Our findings further identified the PBRM1-PIAS1 inter-

action in repressing differentiation in the progenitor state but

not in the differentiation state. Although cell-state-specific

gene regulation by the BAF complex has been recognized,

such as in the context of T cell activation and exhaustion,27 the

molecular mechanisms underlying this observation remained

unclear, partially due to limitations in obtaining sufficient cell

numbers for in-depth proteomic profiling in many types of pri-

mary cells. The expandability of primary human keratinocytes

provides an advantage in integrating proteomics, together with

genomics and human tissue genetics, to investigate gene regu-

latory mechanisms controlled by BAF in different cell states.

In the differentiation state, our findings agree with several

previous studies implicating PBRM1 functions as a co-acti-

vator in promoting differentiation, such as in osteolineage

differentiation, kidney proximal tube differentiation, heart

chamber maturation, and T cell activation.15,16,28,29 However,

in the progenitor-state keratinocytes, we uncovered that

PBRM1 predominantly functions in repressing differentiation,

and this repressive function influences a broader spectrum

of target genes than the genes modulated by PBRM1’s acti-

vating function. Our findings indicate that PBRM1’s role in

transcriptional repression extends beyond the DNA damage

response.17 These observations suggest a possibility that

shared gene regulatory mechanisms could be employed in

both DNA damage response (silencing of the flanking regions

near the damaged sites) and progenitor maintenance (repres-

sing terminal differentiation genes).

This study links PBRM1’s repressive function to the E3 SUMO

ligase PIAS1. In contrast to PBRM1, PIAS1’s role as a repressor
Figure 6. PIAS1 co-localizes with PBRM1 to directly repress differentia
(A) Summit-centered heatmap comparing PIAS1ChIP-seq enrichment in the proge

ChIP-seq peaks, two groups (‘‘stable’’ and ‘‘reduced’’) were identified from diffe

(B and C) Average profile plots comparing PIAS1 ChIP-seq enrichment in proge

average enrichment between the two PIAS1 ChIP-seq replicates in the progenito

indicate standard errors between the replicates.

(D) Venn diagram showing the overlap of PIAS1 total ChIP-seq peaks and PBRM1

3 kb of the nearest TSSs in each category.

(E) Pie chart showing the percentage of differentially expressed genes identifie

ChIP-seq peaks of both PIAS1 and PBRM1. These are identified as ‘‘direct tar

expression of these direct target genes in RNA-seq data with PIAS1 KD or PBRM1

or PBRM1 ChIP-seq peaks between UD and DF (stable, gained, or reduced).

(F and G) Representative genome browser tracks showing the co-localization of

transcription factors such as GRHL3 and PRDM1. ChIP-seq peak regions are hig

See also Figures S6 and S7 and Table S6.
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has been reported in multiple contexts, including the repression

of differentiation in natural regulatory T cells and hematopoietic

stem cells.30,31 As an E3SUMO ligase, multiple PIAS1 substrates

have been identified in the context of transcriptional regulation,

including the androgen receptor (AR), STAT1, MYC, p53, and

MAML1.32–36 A recent study further identified more than 500 po-

tential PIAS1 substrates using quantitative SUMO profiling.37

Consistent with PIAS1’s roles as a repressor, we found that

PIAS1 directly binds near the TSSs of differentiation-activating

transcription factors and differentiation effectors to repress their

expression. We also uncovered that PBRM1 is associated with

SUMOylation and that SUMOylation inhibition also de-represses

keratinocyte differentiation. Furthermore, we found that this

PBRM1-PIAS1 interaction is enriched in the progenitor state

and that PIAS1 chromatin binding drastically reduces in the dif-

ferentiation state. These observations suggest that PIAS1 aswell

as its SUMO ligase activity contribute to PBRM1’s role as a

repressor. SUMOylation has been previously linked to the

recruitment of transcriptional repressors such as the histone de-

acetylases (HDACs).38,39 In keratinocytes, HDACs play essential

roles in repressing differentiation gene expression in progenitor

maintenance,40,41 and the acetyltransferase p300 is involved in

activating terminal differentiation in cooperation with the BAF

complex.5 Therefore, we speculate that PBRM1’s association

with SUMOylation could facilitate the recruitment of HDAC to

the differentiation gene promoters in undifferentiated keratino-

cytes to repress differentiation, whereas in the differentiation

state, the dissociation between PIAS1 and PBRM1may promote

the association between p300 and PBAF to activate keratinocyte

terminal differentiation.

Using TurboID coupled with a targeted RNAi screen, we iden-

tified PBRM1-interacting proteins unique to the progenitor state

or the differentiation state. Although PBRM1’s interacting pro-

teins have been investigated using IP mass spectrometry in

293T cells and ACHN cells, only limited interactors were identi-

fied.15 None of the top candidates we identified in progenitor-

state keratinocytes were reported in that previous study. PIAS1

stood out from our targeted screen, with two shRNAs both

consistently inducing high levels of representative differentiation

marker expression; however, these findings do not exclude the

impact from other PBRM1-interacting proteins in repressing dif-

ferentiation. For example, the two shRNAs targeting PHIP also

consistently upregulated differentiationmarker gene expression,
tion genes in progenitors
nitor state (UD) and the differentiation state (DF). Among the 20,083 total PIAS1

rential analysis (fold change R 2, p < 0.05, EdgeR).

nitors (UD) and DF keratinocytes in the two groups. Dark lines represent the

r state (dark green) or the differentiation state (dark brown). The shared areas

total ChIP-seq peaks, with pie charts showing the percentage of peaks within

d in both PIAS1 and PBRM1 KD RNA-seq in progenitors that associate with

get genes’’ of PIAS1 and PBRM1. The red-blue heatmap shows the relative

KD. The orange-magenta-green heatmap shows the relative changes of PIAS1

PIAS1 and PBRM1 near the TSSs of representative differentiation-activating

hlighted in red.



Figure 7. PBRM1’s repressive function in progenitors involves SUMOylation

(A) Representative images of proximity ligation assay (PLA) using antibodies recognizing HA-PBRM1 (HA) or SUMOylation (SUMO-1 or SUMO-2/3/4). The nuclei

are stained with Hoechst 33342, and the PLA signals are shown as red dots. Scale bar: 25 mm.

(B and C) Bar graphs showing the relative expression of representative PIAS1-PBRM1 direct target genes (GRHL3, OVOL1, PRDM1), with 2 different doses and

time points of the SUMOylation inhibitor ML792, in progenitor-state keratinocytes (n = 3 biological replicates, *p < 0.05, **p < 0.01, two-tailed unpaired t test, data

are represented as average ± standard error).

(D and E) Bar graphs comparing the relative expression of representative PIAS1-PBRM1 direct target genes (GRHL3, OVOL1, PRDM1), in PBRM1 KD with or

without the addition of ML792, in progenitor-state keratinocytes (n = 4 biological replicates, *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed unpaired t test, data are

represented as average ± standard error).
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although the relative fold change was not as high as what was

observed with PIAS1 knockdown. Similarly, CHD1 knockdown

also led to the upregulation of multiple differentiation markers.

These findings suggest that PBRM1’s repressive function is

more likely to be a result of multiple protein-protein interactions,

with PIAS1 being one of them. Future studies will be necessary to

clarify how these PBRM1-interacting proteins cooperate with
each other to establish the repressive function of differentiation

genes in progenitor maintenance.

We found that PBRM1 knockdown diminished the chromatin

binding of another PBAF-specific subunit, BRD7, without impair-

ing its association with ARID2 and BRG1. These findings are

consistent with the previous finding that PBRM1 is the last sub-

unit to be integrated into the PBAF complex.42 However, a recent
Cell Genomics 4, 100471, January 10, 2024 13
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paper using a ccRCC cell line identified redistribution of other

PBAF-specific subunits from the promoters to enhancers with

PBRM1 loss.43 The differences in chromatin binding of other

PBAF subunits observed in this study can be explained by

several potential reasons. First, the knockdown experiment of

PBRM1 in primary human keratinocytes can be completed

within several days, while the ccRCC cancer cells have been

adapted to PBRM1 depletion for a much longer time period. It

is possible that the cancer cells have evolved unique mecha-

nisms to recruit the partial PBAF complex to chromatin during

this long-term adaptation process. Second, ccRCC cancer cells

have accumulated multiple alterations in gene regulation as

compared to the primary human keratinocytes isolated from

normal skin. These additional mutations may facilitate the

recruitment of other PBAF subunits to chromatin. In addition, it

is also possible that the chromatin-binding mechanisms of other

PBAF subunits could be different between skin epidermal cells

versus renal epithelial cells. Future work comparing the normal

and cancer cells between these two tissue types can help to

clarify the mechanistic details underlying the differences in chro-

matin-binding patterns.

Taken together, our findings highlight theplasticity of PBRM1’s

gene regulatory roles in different cell states. Without substantial

alterations in its chromatin binding, PBRM1 switches from a pre-

dominantly repressive function to an activating function in the

process of epithelial progenitor differentiation. Findings from

this study suggest that altered protein interactions could be a

mechanism underlying the functional changes. Further work

elucidating how PBRM1 differentially interacts with additional

unique subsets of interacting proteins, and whether PBRM1

mutations identified from cancer alter these specific interactions,

will advance our understanding of PBAF’s roles in normal

tissue homeostasis and how different BAF mutations influence

carcinogenesis.

Limitations of the study
Integrating genomics and proteomics, we identified 200

PBRM1-interacting proteins in the progenitor state or the

differentiation state, though we elected to focus on the

detailed characterization of PBRM1 and PIAS1 in this study.

Other PBRM1-interacting proteins are likely to also influence

PBRM1’s functionality in gene regulation and will be character-

ized in detail in future studies. Although we used both the N-ter-

minal and C-terminal tagging strategy tomaximize the capture of

its interacting proteins, the TurboID method is limited by the bio-

tinylation radius (10–15 nm) and the availability of lysine residues

on the surface.44,45 Therefore, it is possible that this strategy

might not have uncovered the entire PBAF interactome in the

two states examined in this study. We also acknowledge the

fact that different epithelial cell types have their own uniquely ex-

pressed proteins. This study is also limited to examining PBAF-

interacting proteins in the progenitor state versus one time point

in the differentiation time course (day 4). The process of keratino-

cyte differentiation typically takes 6 days. Therefore, day 4 differ-

entiation represents a mid-to-late time point. While describing

the binary switch between these two time points, it is possible

that additional PBRM1 interactions occur between the time

points as intermediate states between the transition. In addition,
14 Cell Genomics 4, 100471, January 10, 2024
it is likely that the differentiation process in three-dimensional

epidermal tissue may have unique features that were not fully

recapitulated by this calcium-induced differentiation process in

cultured primary human keratinocytes.
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Antibodies

Anti-PBRM1 Bethyl Cat#A700-019; RRID:AB_2891820

Anti-PIAS1 (D33A7) Cell Signaling Cat#3550; RRID:AB_1904090

Anti-PIAS1 (F-1) Santa Cruz Biotechnology Cat#sc-365127; RRID:AB_10707973

Anti-ARID2 (D8D8U) Cell Signaling Cat#82342; RRID:AB_2799992

Anti-BRG1 (G-7) Santa Cruz Biotechnology Cat#sc-17796; RRID:AB_626762

Anti-ARID1A (PSG3) Santa Cruz Biotechnology Cat#sc-32761; RRID:AB_673396

Anti-BRD7 Bethyl Cat#A302-304A-T; RRID:AB_1850214

Anti-BRD7 Bethyl Cat#A700-221-T

Anti-HA (C29F4) Cell Signaling Cat#3724; RRID:AB_1549585

Anti-HA Proteintech Cat#66006-2-Ig; RRID:AB_2881490

Anti-Lamin A/C (E�1) Santa Cruz Biotechnology Cat#sc-376248; RRID:AB_10991536

Anti-SUMO-1 (D-11) Santa Cruz Biotechnology Cat#sc-5308; RRID:AB_628300

Anti-SUMO-2/3/4 (C-3) Santa Cruz Biotechnology Cat#sc-393144; RRID:AB_2905545

Anti-COL7A1 (4D2) Santa Cruz Biotechnology Cat#sc-33710; RRID:AB_2229746

Mouse IgG (G3A1) Cell Signaling Cat#5415; RRID:AB_10829607

IRDye 680LT goat anti-mouse LI-COR Cat#926–68020; RRID:AB_10706161

IRDye 800CW goat anti-rabbit LI-COR Cat#926–32211; RRID:AB_621843

Goat anti-Mouse IgG (H + L) Alexa Fluor 594 Invitrogen Cat#A-11005; RRID:AB_2534073

Goat anti-Rabbit IgG (H + L) Alexa Fluor 488 Invitrogen Cat#A-11034; RRID:AB_2576217

Chemicals, peptides, and recombinant proteins

ML792 MedChemExpress Cat#HY-108702

SuperScript VILO Master Mix Invitrogen Cat#11755050

PowerUp SYBR Green Master Mix Applied Biosystems Cat#A25742

Quick Start Bradford 1x Dye Reagent Bio-Rad Cat#5000205

NuPAGE LDS Sample Buffer (4X) Invitrogen Cat#NP0008

Dynabeads Protein G Invitrogen Cat#10004D

Dynabeads MyOne Streptavidin C1 Invitrogen Cat#65001

cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail Roche Cat#11836170001

16% Formaldehyde Pierce Cat#28906

RNase A Thermo Scientific Cat#FEREN0531

Proteinase K Invitrogen Cat#AM2546

Duolink In Situ Detection Reagents Orange Sigma-Aldrich Cat#DUO92007

Duolink In Situ PLA Probe Anti-Mouse MINUS Sigma-Aldrich Cat#DUO92004

Duolink In Situ PLA Probe Anti-Rabbit PLUS Sigma-Aldrich Cat#DUO92002

Hoechst 33342 Thermo Scientific Cat#62249

Intercept (PBS) Blocking Buffer LI-COR Cat#927-70001

Benzonase Nuclease Millipore Cat#E1014-5KU

DBPS Gibco Cat#14190144

UltraPure DNase/RNase-Free Distilled Water Invitrogen Cat#10977023

Keratinocyte-SFM Gibco Cat#17-005-042

Medium 154 Gibco Cat#M154500

DMEM Gibco Cat#11995065

Penicillin-Streptomycin Gibco Cat#15140122

(Continued on next page)
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Antibiotic-Antimycotic (100X) Gibco Cat#15240062

Fetal Bovine Serum Cytiva HyClone Cat#SH3039603HI

TrypLE Express Gibco Cat#12604013

Trypsin-EDTA (0.25%) Gibco Cat#25200056

Critical commercial assays

Quick-RNA MiniPrep Zymo Research Cat#R1055

ChIP DNA Clean & Concentrator kit Zymo Research Cat#D5205

CUTANA ChIC/CUT&RUN Kit EpiCypher Cat#14-1048

NEBNext Ultra II DNA Library Prep Kit NEB Cat#E7645S

NEBNext Ultra II Directional RNA Library Prep Kit NEB Cat#E7760S

NEBNext Poly(A) mRNA Magnetic Isolation Module NEB Cat#E7490S

Lipofectamine 3000 Invitrogen Cat#L3000001

MitoView 633 Biotium Cat#70055-T

Deposited data

Raw and analyzed sequencing data In this paper GEO: GSE228221

Experimental models: Cell lines

Primary human keratinocytes In this paper N/A

Oligonucleotides

See Table S7 for oligonucleotides in this study. In this paper N/A

Recombinant DNA

pLKO.1-puro Addgene Cat#8453

pCDH-puro-cMyc Addgene Cat#46970

TetO-FUW-PBRM1-pgk-puro Addgene Cat#85746

3xHA-TurboID-NLS-pCDNA3 Addgene Cat#107171

pLZRS-3xHA-TurboID-NLS-PBRM1 In this paper N/A

pLZRS-PBRM1-3xHA-TurboID-NLS In this paper N/A

pCDH-HA-PBRM1-puro In this paper N/A

pLKO.1-puro-shRNAs targeting PBRM1, PIAS1, BNC1,

GTF3C1, NSD3, TASOR, RNF169, CHD1, and PHIP

(shRNA sequences listed in Table S7)

In this paper N/A

Software and algorithms

GraphPad Prism 9.0 GraphPad Software RRID: SCR_002798

RStudio Posit RRID: SCR_000432

Nextflow RRID: SCR_024135

Trim Galore RRID: SCR_011847

FastQC RRID: SCR_014583

STAR RRID: SCR_004463

Salmon RRID: SCR_017036

BWA-MEM RRID: SCR_010910

MACS2 RRID: SCR_013291

BEDTools RRID: SCR_006646

HOMER RRID: SCR_010881

deepTools RRID: SCR_016366

UCSC Genome Browser RRID: SCR_005780

DESeq2 RRID: SCR_015687

Diffbind RRID: SCR_012918

ChIPseeker RRID: SCR_021322

Scaffold 5 Proteome Software RRID: SCR_014321

Image Studio LI-COR RRID: SCR_015795

(Continued on next page)
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Other

QuantStudio 3 Applied Biosystems N/A

Bioruptor Pico Diagenode N/A

Odyssey CLx LI-COR N/A

Leica CM1860 Leica N/A

EVOS FL Auto 2 Invitrogen N/A
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Lead contact
Requests for additional information or experimental materials should be directed to Xiaomin Bao (xiaomin.bao@northwestern.edu),

the lead contact for this study.

Materials availability
Plasmid constructs or other reagents generated in this study are available upon request. Please contact the lead contact for details.

Data and code availability
All the sequencing data generated in this study, including RNA-seq, ChIP-seq data, and CUT&RUN data, are deposited in GEO

(GSE228221). The source data for the figures are deposited in Mendeley (https://doi.org/10.17632/ymsbzh6c7h.1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary human keratinocyte isolation and culture
Primary human epidermal keratinocytes were isolated from surgically discarded skin specimens. The use of primary keratinocytes in

this research has been reviewed by the Institutional Review Board (IRB) at Northwestern University, and it was determined as non-

human research. For all the experiments conducted in this study, pre-mixed keratinocytes isolated from 6 de-identified donors were

used. These pre-mixed keratinocytes minimize the batch-to-batch variations from different donors, and the next-generation

sequencing data could not be identifiable to a specific donor. To culture keratinocytes in the progenitor state, these keratinocytes

were cultured in sub-confluent conditions using a 1:1 mixture of Keratinocyte-SFM (Gibco #17-005-142) and Medium 154 (Gibco

#M154500). Calcium-induced differentiation was implemented by seeding keratinocytes at 100% confluency with the addition of

exogenous 1.2 mM CaCl2 for four days.

METHOD DETAILS

Plasmid construction
All the shRNAs constructs were generated using the pLKO.1-puro vector.46 The shRNA sequences targeting PBRM1, PIAS1, BNC1,

GTF3C1, NSD3, TASOR, RNF169, CHD1, and PHIP were designed using the ThermoFisher BLOCK-iTTM RNAi Designer, and the

oligos were synthesized by Integrated DNA Technologies. The shRNA sequences are listed in the Table S7.

All the TurboID constructs were generated using the pLZRS retroviral expression system.47 The 3xHA-TurboID-NLS sequencewas

amplified using the 3xHA-TurboID-NLS-pCDNA3 plasmid (Addgene #107171).25 PBRM1 cDNA sequence was amplified from the

TetO-FUW-PBRM1-pgk-puro construct (Addgene #85746).48 The 3xHA-TurboID-NLS fragment was then added to the N or C termi-

nus of PBRM1 and cloned to the pLZRS vector using In-Fusion (Takara).

The HA-PBRM1 expression plasmid was constructed by adding an HA-tag to the N-terminus of PBRM1, and inserted into the

pCDH-puro lentiviral expression vector, modified from the pCDH-puro-cMyc plasmid (Addgene #46970).49

Progenitor competition assay in epidermal tissue regeneration
Primary keratinocytes were first labeled with GFP or dsRed using retroviral infection, and subsequently infected with an shRNA tar-

geting genes of interest or non-targeting control shRNA. Equal number (0.5 million) GFP- or DsRed-labelled keratinocytes were

mixed and seeded onto a piece of devitalized dermis, and lifted to the liquid-air interface. The tissue was allowed to regenerated

for 7 days in organotypic culture.50 The tissue was then fixed with formalin and embedded with Optimal Cutting Temperature com-

pound (OCT) prior to cryosectioning at 7 uM thickness (Leica). Both red and green fluorescence from the tissue sections were ac-

quired using the EVOS FL Auto Imaging System (Life Technologies).
Cell Genomics 4, 100471, January 10, 2024 e3
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Gene transfer and expression in keratinocytes
Phoenix and HEK293T cells, cultured in DMEM (Gibco) with 10% fetal bovine serum (HyClone), were used for retroviral or lentiviral

mediated gene delivery and expression. For transfection, the Lipofectamine 3000 Transfection Reagent (Invitrogen) was used,

following the manufacturer protocol. Viral supernatant was collected 48 h and 72 h after transfection. For the infection, viral super-

natant was added to the keratinocytes together with polybrene (20 mg/mL, Sigma) and centrifuged at 1250 rpm for 1 h at 32�C.
24–48 h post infection, the keratinocytes were then selected with puromycin (2 mg/mL, Thermo) for 48 h.

Inhibitor treatments
ML792 (MedChemExpress) was resuspended in DMSO for a working concentration of 10 mM. Keratinocytes were treated with 1 or

5 mM ML792 or equal volumes of DMSO for 24 or 72 h.

Clonogenicity assay
Mouse fibroblast 3T3 cells were treated with mitomycin C (15 mg/mL) in serum-free DMEM for 2 h and then seeded at 83105 cells per

well in a 6-well plate. The media was replaced with FAD (Skin Biology and Disease Research Center, Northwestern) the next day and

800 keratinocytes were seeded per well. Over the following 10–12 days, the colony formation was monitored daily with medium

changes every other day. At the endpoint, the 3T3 cells were washed away with PBS and the keratinocytes were fixed with 1:1

acetone/methanol for 5 min. The plates were air dried and then stained with crystal violet to visualize the individual clones.

Apoptosis assay
MitoView 633 (Biotium) staining was used to determine potential induction of apoptosis in live keratinocytes. Keratinocytes were

seeded onto a 24-well plate. A positive control was included by treating keratinocytes expressing control shRNA with H2O2

(2 mM) for 6 h at 37�C. MitoView was added to the keratinocytes at 1:000 and incubated for 20 min in the cell culture incubator.

Hoechst 33342 (10 mg/mL, Thermo) was then added for 5 min to stain the DNA before imaging.

Tissue immunofluorescence
Tissue samples were frozen in OCT and cryosectioned at 7 mM thickness (Leica). Each slide was fixed with 10% formalin for 15 min

and washed twice with a 1% phosphate-buffered saline (PBS) solution. A solution of 5% goat serum in 1% PBS was applied to each

slide for 45min. A 1:50 ratio ofmouse anti-COL7 primary antibodywas added to a solution of 1%goat serum in 1%PBS, and split into

primary antibody variations, maintaining a 1:200 ratio of anti-rabbit primary antibodies. Each primary antibodymixture was applied to

the slides and incubated at 4�C overnight. Primary antibodies used include anti-PBRM1 (Bethyl, A700-019), anti-PIAS1 (D33A7) (Cell

Signaling, 3550), and anti-COL7A1 (4D2) (Santa Cruz Biotechnology, sc-33710). The next day, the slides were washed three times

with a 1% PBS solution. A 1:400 ratio of Goat anti-Mouse IgG (H + L) Alexa Fluor 594 (Thermo Fisher, A-11005) and a 1:400 ratio of

Goat anti-Rabbit IgG (H + L) Alexa Fluor 488 (Thermo Fisher, A-11034) in a 1% goat serum in 1% PBS solution was applied to each

slide and incubated at room temperature for 1 h in the dark. After, the slides were washed with 1% PBS, treated with Hoechst 33342

(10 mg/mL, Thermo) for 5 min, and then washed two more times with 1% PBS. Each slide was then mounted and imaged using the

EVOS FL Auto 2 imaging system.

RT-qPCR
RNA was extracted using Quick-RNA MiniPrep (Zymo Research) following the manufacturer’s protocol. Subsequently, cDNA was

synthesized using SuperScript VILO cDNA Master Mix (Invitrogen) following the manufacturer protocol, with equal amount of RNA

from control or treated group in each experiment. RT-qPCR was performed using PowerUp SYBR Green Master Mix (Applied Bio-

systems). The RT-qPCR primers used are listed in the Table S7.

Western blotting
For immunoblot analysis, 10–30 mg of cell lysate was loaded per lane for SDS-page and then transferred to PVDF membranes. Blots

were blocked with Odyssey Blocker PBS (Li-COR) + 2.5% BSA at room temperature for 1 h. Blots were then incubated with primary

antibody at 4�C overnight and then with secondary antibodies (IRDye 680LT goat anti-mouse, LI-COR, 926–68020, 1:15,000, and/or

IRDye 800CW goat anti-rabbit, LI-COR, 926–32211, 1:15,000) at room temperature for 1 h. The blots were imaged using Li-COROd-

yssey CLx (LI-COR). Primary antibodies used for western blotting include anti-PBRM1 (Bethyl, A700-019), anti-PIAS1 (D33A7) (Cell

Signaling, 3550), anti-ARID2 (D8D8U) (Cell Signaling, 82342), anti-BRG1 (G-7) (Santa Cruz Biotechnology, sc-17796), anti-ARID1A

(PSG3) (Santa Cruz Biotechnology, sc-32761), anti-BRD7 (Bethyl, A302-304A-T), anti-HA (C29F4) (Cell Signaling, 3724), and anti-

Lamin A/C (E�1) (Santa Cruz Biotechnology, sc-376248).

Co-immunoprecipitation
Nuclei were extracted from keratinocytes using a hypotonic buffer (10 mM HEPES pH 7.5, 1.5 mMMgCl2, 10 mM KCl, 0.2% NP-40,

13 protease inhibitor EDTA free (Roche)). The pelleted nuclei were lysed using IP buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM

MgCl2, 5% glycerol, 1% NP-40, 13 protease inhibitor EDTA free (Roche)) with shearing using a 27.5-gauge needle. For immunopre-

cipitation, anti-HA (Proteintech, 66006-2-Ig), anti-ARID2 (D8D8U) (Cell Signaling, 82342), or Mouse IgG (G3A1) (Cell Signaling, 5415)
e4 Cell Genomics 4, 100471, January 10, 2024
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antibodies were pre-coupled with Dynabeads Protein G (Invitrogen) overnight at 4�C, and then incubated with the nuclear lysate

at 4�C overnight. The next day, the beads were washed with IP wash buffer (150 mM NaCl, 50 mM Tris pH 7.5, 5% glycerol,

0.05% NP-40, 13 protease inhibitor EDTA free (Roche)) 4 times for 10 min each at 4�C. The sample was then eluted with IP wash

buffer mixed with loading dye and beta-mercaptoethanol for western blotting.

Proximity ligation assay
Keratinocytes were seeded on Poly-L-ornithine-treated cover slips to culture overnight, and fixed using 10% Buffered Formalin

(Fisher Scientific) for 15 min. These coverslips were briefly washed, blocked using blocking buffer (PBS with 0.3% Triton X-100,

3% normal goat serum) and then incubated with anti-HA (C29F4) (Cell Signaling, #3724), anti-SUMO-1 (D-11) (Santa Cruz Biotech-

nology, sc-5308), or anti-SUMO-2/3/4 (C-3) (Santa Cruz Biotechnology, sc-393144) overnight at 4�C. The next day, cover slips were

incubated with PLA probes anti-mouse and anti-rabbit (Sigma-Aldrich). Duolink In Situ Detection Reagents Orange (Sigma-Aldrich)

was then used for ligation and signal amplification following the manufacturer’s protocol. Images were acquired using the EVOS FL

Auto 2 imaging system (Thermo Fisher).

PBRM1 TurboID and mass spectrometry
Nuclei were extracted from keratinocytes using a hypotonic buffer (10 mMHEPES pH 7.5, 1.5 mMMgCl2, 10 mM KCL, 0.2% NP-40,

13 protease inhibitor EDTA free (Roche)). The nuclear pellets were subsequently lysed using a lysis buffer (50 mM Tris pH 7.4,

500 mMNaCl, 0.2% SDS, 1 mMDTT, and 2% Triton X-100, 13 protease inhibitor EDTA free (Roche)). The samples were briefly son-

icated using the Bioruptor Pico (Diagenode) for 10 cycles of 30 s and 30 s off. A 3 kDa Amicon Ultra-4 Centrifugal Filter Unit (Millipore)

was used to remove excess biotin by buffer exchange. The lysate was then incubated with Dynabeads MyOne Streptavidin C1

(Invitrogen) overnight at 4�C. Next day, the beads were washed with wash buffer 1 (2% SDS), wash buffer 2 (50 mM HEPES pH

7.5, 500 mM NaCl, 1% Triton X-100, 1% EDTA, and 10% sodium deoxycholate), and wash buffer 3 (10 mM Tris pH 7.4, 250 mM

LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, and 1% EDTA). The samples were eluted with loading dye combined with 20 mM

DTT and 4 mM biotin. The eluted samples were loaded onto a polyacrylamide gel, and gel fragments were submitted to the North-

western Proteomics Core Facility for protein identification using mass spectrometry.

RNA-seq
RNA was extracted using Quick-RNA MiniPrep (Zymo Research) with DNase I treatment following the manufacturer’s protocol.

RNA-seq libraries were prepared using NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England BioLabs) with

NEBNext Poly(A) mRNA Magnetic Isolation Module (New England BioLabs). Libraries were sequenced as single-end 50 base pair

(bp) reads using the Illumina HiSeq 4000 system at Northwestern University NUSeq Core facility.

ChIP-seq
ChIP-seq was performed as previously described.5 In brief, approximately 10 million keratinocytes were cross-linked with 1% form-

aldehyde at room temperature for 10 min. Nuclei was extracted from keratinocytes using a hypotonic buffer and lysed with a RIPA

buffer. The lysate was then sonicated using Bioruptor Pico (Diagenode) for 50–200 cycles (30 s on, 30 s off). Antibodies were incu-

bated with Dynabeads Protein G (Invitrogen) and then incubated with nuclei lysate at 4�C overnight. Antibodies used for ChIP-seq

include anti-PBRM1 (Bethyl, A700-019) and anti-PIAS1 (F-1) (Santa Cruz, sc-365127). The IP reactions were washed three times

sequentially using RIPA buffer with 150 mM NaCl, RIPA buffer with 500 mM NaCl, and RIPA buffer with 500 mM LiCl. Protein-

DNA fragments were eluted and reverse crosslinked overnight. Following reverse crosslinking, the samples were treated with Pro-

teinase K and RNase and then purified using the ChIP DNA Clean & Concentrator kit (Zymo).

To prepare ChIP-seq libraries, NEBNext Ultra DNA Library Prep Kit was used following the manufacturer’s protocol. Libraries were

sequenced as single-end 50 base pair (bp) reads using the Illumina HiSeq 4000 platform at Northwestern University NUSeq Core

facility.

CUT&RUN
CUT&RUN was performed using the CUTANA ChIC/CUT&RUN Kit (EpiCypher) following the manufacturer protocol. In brief, ConA

beads were activated using Bead Activation Buffer. Half a million keratinocytes were incubated with activated ConA beads for

10 min at room temperature. The supernatant was then removed, and Antibody Buffer was added. Rabbit IgG (provided in the

EpiCypher kit) and BRD7 antibody (Bethyl, A700-221-T) was added to the reaction and incubated on the nutator overnight at 4�C.
The next day, the reactions were washed twice with cold Cell Permeabilization Buffer. 2.5 mL of pAG-MNase was added to each re-

action and incubated for 10 min at room temperature. The reactions were then washed again twice with cold Cell Permeabilization

Buffer. 1 mL of 100 mM CaCl2 was added to the reactions and incubated for 2 h at 4�C. After the incubation, a Stop Master Mix con-

sisting of 1 mL E. coli Spike-in DNA and 33 mL Stop Buffer were added to each reaction. The DNAwas then purified using the provided

DNA purification kit.

NEBNext Ultra II DNA Library Prep Kit was used to prepare CUT&RUN libraries following the manufacturer’s protocol. Libraries

were sequenced as single-end 50 base pair (bp) reads using the Illumina HiSeq 4000 platform at Northwestern University NUSeq

Core facility.
Cell Genomics 4, 100471, January 10, 2024 e5
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QUANTIFICATION AND STATISTICAL ANALYSIS

Organotypic culture tissue regeneration analysis
The EVOS FLAuto 2 imaging system software (Thermo Fisher) was used to image at least 15 images per condition. Every nucleuswith

red or green fluorescence were counted along the basal membrane. The ratio of red to green florescence was calculated for each

image. The values were visualized using GraphPad Prism where an unpaired t-test was subsequently performed.

Colony formation assay analysis
Colonies greater than 1 mm2 were counted and averaged across biological replicates. The values were visualized using GraphPad

Prism where an unpaired t-test was subsequently performed.

RT-qPCR expression analysis
RT-qPCR data were analyzed using the comparative CT method.51 18S ribosomal RNA was used as the loading control. RT-qPCR

data were visualized with GraphPad Prism with the average of the biological replicates with their standard errors. An unpaired t-test

was used to determine statistical significance.

RNA-seq data analysis
RNA-seq data raw data was processed using a pipeline constructed using the Nextflow framework.52 Adaptor trimming and quality

control was performed using TrimGalore and FastQC, respectively. Alignment to hg38 reference genomewas performed using STAR

and transcript quantification was performed using Salmon.53,54 Differential expression analysis was performed using the R package,

DESeq2.55 Significant genes were filtered using average log 2 (Fold Change)R 2, with each individual shRNA log 2 (Fold Change)R

1.5, and p value < 0.05.

ChIP-seq and CUT&RUN data analysis
Adaptor trimming and quality control was performed using Trim Galore and FastQC, respectively. Alignment to hg38 reference

genome was performed using BWA-MEM.56 Broad peaks were called using MACS2 with a q-value cutoff of 0.001. Motif analyses

were performed using HOMER.57 Genome browser tracks were visualized using the UCSC Genome Browser.58 Bigwig files were

generated using BEDTools59 and normalized based on counts per million reads. Peak annotation was performed using the R pack-

age, ChIPseeker.60 Differential analysis was performed using EdgeR via the R package, Diffbind.61 Significant peaks were filtered

using average log 2 (Fold Change) R 2 and p value < 0.05. For generating the heatmaps and average profile plots, deepTools62

was used.

TurboID proteomic data analysis
The proteomics data was visualized using Scaffold. The parameters set were a protein threshold of 1% FDR, minimum number of

peptides of 2, and a peptide threshold of 95%. A fold change was calculated by dividing the PBRM1 peptide counts (total of

PBRM1-TurboID counts and TurboID-PBRM1 counts) by the control peptide counts. Relative enrichment between the progenitor

state (UD) and the differentiation state (DF) was calculated by taking the ratio of the fold change in UD to the fold change of DF.
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