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PR-DUB maintains the expression of critical genes
through FOXK1/2- and ASXL1/2/3-dependent
recruitment to chromatin and H2AK119ub1
deubiquitination

Petros Kolovos,1,2,3,6 Koutarou Nishimura,1,2,4,6 Aditya Sankar,1,2,6 Simone Sidoli,5
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Polycomb group proteins are important for maintaining gene expression patterns and cell identity in metazoans. The mam-

malian Polycomb repressive deubiquitinase (PR-DUB) complexes catalyze removal of monoubiquitination on lysine 119 of

histone H2A (H2AK119ub1) through a multiprotein core comprised of BAP1, HCFC1, FOXK1/2, and OGT in combination

with either of ASXL1, 2, or 3. Mutations in PR-DUB components are frequent in cancer. However, mechanistic understand-

ing of PR-DUB function in gene regulation is limited. Here, we show that BAP1 is dependent on the ASXL proteins and

FOXK1/2 in facilitating gene activation across the genome. Although PR-DUB was previously shown to cooperate with

PRC2, we observed minimal overlap and functional interaction between BAP1 and PRC2 in embryonic stem cells.

Collectively, these results demonstrate that PR-DUB, by counteracting accumulation of H2AK119ub1, maintains chromatin

in an optimal configuration ensuring expression of genes important for general functions such as cell metabolism and

homeostasis.

[Supplemental material is available for this article.]

The maintenance and dynamics of gene expression in metazoans
is tightly controlled and is crucial for cell identity, differentiation,
proper development, and cell fate. Site-specific DNA binding of
transcription factors (TFs) plays a major role in instructing cell
type–specific gene expression patterns (Niwa 2018; Stadhouders
et al. 2019). In addition, chromatin undergoes covalent histone
modifications and DNA methylation, which further recruit chro-
matinmodifying factors to impart precise catalysis of transcription
and enhance or repress gene expression (Yadav et al. 2018; Talbert
et al. 2019).

One of the major families involved in gene regulation at the
chromatin level is the Polycomb group family of proteins (PcG)
that are essential for maintaining genes in a repressed state
(Chittock et al. 2017; Schuettengruber et al. 2017). PcG proteins
can be broadly divided into three subgroups, Polycomb
Repressive Complex 1 (PRC1), Polycomb Repressive Complex 2
(PRC2), and Polycomb Repressive DeUBiquitinase complex
(PR-DUB). These complexes catalyze certain covalent modifica-
tions of histones that in turn contribute to their negative impact
on gene expression. PRC1 catalyzes monoubiquitination of
H2AK119 (H2AK119ub1), whereas PRC2 catalyzes mono-, di-
and trimethylation of histone H3 Lys 27 (H3K27me1, 2, and 3).
Although PR-DUB has been reported to mediate gene repression,

the complex acts to deubiquitinate H2AK119ub1, a chromatin
modification associated with PRC1-mediated gene silencing
(Scheuermann et al. 2010).

The PR-DUB complex was originally defined in Drosophila
melanogaster to consist of the gene products of Asx and Calypso
(Scheuermann et al. 2010). Asx and Calypso belong to the enhanc-
er of Trithorax and Polycomb (ETP) group, and their deletion caus-
es both posterior and anterior transformation of the body plan
(Simon et al. 1992; Sinclair et al. 1992; de Ayala Alonso et al.
2007). Calypso is an ubiquitin carboxy-terminal hydrolase that
deubiquitylates H2AK118ub1 (the analog of mammalian
H2AK119ub1), and the PR-DUB complex binds to PcG target genes
in Drosophila (Scheuermann et al. 2010). Mutations in both Asx
and Calypso lead to an increase in the levels of H2AK118ub1,
which correlates with derepression of PcG-targeted Hox genes
(Scheuermann et al. 2010). Therefore, this complexwas designated
as Polycomb Repressive DeUBiquitinase complex. Although sever-
al models for the repressive function of the PR-DUB complex have
been proposed (Scheuermann et al. 2010; Dey et al. 2012; Abdel-
Wahab and Dey 2013; LaFave et al. 2015; Micol and Abdel-
Wahab 2016; Campagne et al. 2019), the mechanism by which
it mediates gene repression remains uncertain.
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Three PR-DUB-like complexes exist
in mammals that all contain BAP1 (the
human homolog of Calypso), HCFC1,
OGT, and FOXK1/2 and either ASXL1,
ASXL2, or ASXL3 (the human homologs
of ASX) (Fig. 1A;Micol and Abdel-Wahab
2016). BAP1was originally identified as a
binding partner for BRCA1 and, besides
being the core enzymatic component of
PR-DUB, it might play a role in DNA re-
pair (Carbone et al. 2013; Murali et al.
2013). BAP1, ASXL1, ASXL2, and ASXL3
are frequentlymutated in a variety of hu-
man cancers (Carbone et al. 2013; Murali
et al. 2013; Micol and Abdel-Wahab
2016). BAP1 mutations are observed in
mesothelioma and uveal melanoma and
in familial melanoma (Carbone et al.
2013;Murali et al. 2013).ASXL1 ismutat-
ed with high frequency in hematological
malignancies such as myelodysplastic
syndrome and acute myeloid leukemia
(Micol and Abdel-Wahab 2016). ASXL1
and ASXL3 mutations are also causal for
the severe congenital disorders Bohring-
Opitz and Bainbridge-Ropers syndromes,
respectively (Hoischen et al. 2011;
Bainbridge et al. 2013; Srivastava et al.
2016). In both cancers and congenital
disorders, ASXL1/2/3 have been linked
to repression of HOX genes (Abdel-
Wahab et al. 2012; Inoue et al. 2013).
In myeloid malignancies, ASXL1 has
been demonstrated to bind directly to
PRC2 and to be important for its recruit-
ment to and repression of HOX genes
(Abdel-Wahab et al. 2012. Inoue et al.
2013). Moreover, genome-wide analyses
in murine myeloid cells and human cell
lines have shown that ASXL1 and BAP1
can bind to CpG islands, which show a
strong enrichment for ETS binding mo-
tifs (Dey et al. 2012; Abdel-Wahab et al.
2013). Studies of specific loci in tumor
cell lines have also shown that members
of the FOX transcription factor family
can recruit BAP1 to chromatin (Ji et al.
2014; Okino et al. 2015).

Studies of Bap1 knockout mice
have shown that loss of Bap1 leads to
myeloid transformation and that BAP1
can deubiquitinate its complex partners
OGT and HCFC1, thereby providing ad-
ditional nonchromatin function to the
protein (Dey et al. 2012). BAP1 has
also been shown to stabilize ASXL2,
whereas monoubiquitination of ASXLs
led to stimulation of BAP1 enzymatic activity, indicating a com-
plex role for BAP1 in regulating PR-DUB stability and function
(Daou et al. 2018). Recently, a study showed a role for PR-DUB
in CDKN2B gene activation (Wu et al. 2015), whereas two other
studies showed that PR-DUB antagonizes PRC1-mediated

H2AK119ub1 deposition and hence allows for target gene activa-
tion (Campagne et al. 2019; Kuznetsov et al. 2019). However, a
general understanding of the steady state recruitment of PR-
DUB in normal cells and its impact on transcription is still
lacking.
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Figure 1. BAP1 and ASXL1/2/3 are required for normal cell proliferation and for the expression of a
common set of genes. (A) Illustration of the three different PR-DUB complexes and their components.
(B) Western blot showing BAP1 levels in wild-type mESCs, Bap1−/− mESCs, Bap1−/−+ Bap1WT, and
Bap1−/−+ Bap1MTmESCs. Vinculin (VCL) was used as a loading control. (C) Cell proliferation and growth
curves of wild-type mESCs, Bap1−/− mESCs, Bap1−/−+ Bap1WT, and Bap1−/−+ Bap1MT mESCs were per-
formed in three independent biological replicates per condition. (D) Western blots showing BAP1 and
ASXL1 levels in wild-type mESCs, Asxl1/2/3−/− mESCs, Asxl1/2/3−/− +Asxl13xFLAG, and Asxl1/2/3−/− +
hASXL1 mESCs. Vinculin was used as a loading control. (E) Cell proliferation of wild-type mESCs,
Asxl1/2/3−/− mESCs, Asxl1/2/3−/− +Asxl13xFLAG, and Asxl1/2/3−/− + hASXL1 mESCs. The results present
three independent biological replicates per condition. (F) Gene expression analysis of the indicated
cell lines. Log2-normalized mean counts of mapped reads in Bap1−/− (top) and Asxl1/2/3−/− (bottom)
mESCs versus wild-type mESCs. Only genes up- (blue) and down-regulated (orange) are shown.
Down-regulated genes in Bap1−/− and Asxl1/2/3−/− mESCs were defined with the following criteria:
log2 fold change≤−1, P-value≤0.05, log2CPM in mESCs≥0.5. Up-regulated genes in Bap1−/− and
Asxl1/2/3−/− mESCs were defined with the following criteria: log2 fold change≥1, P value≤0.05, log2
CPM in KO≥0.5. (G) Euler diagrams demonstrating down-regulated (top) and up-regulated (bottom)
genes in common between Bap1−/− and Asxl1/2/3−/− mESCs versus wild-type mESCs. Fisher’s exact
test, (∗∗∗∗) P-value < 0.0001.
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Here, we address the role of PR-DUB in mouse embryonic
stem cells (mESCs), how the complex is recruited to chromatin,
and its functional relationship to PRC1/2.

Results

BAP1 and ASXL1/2/3 are required for normal cell proliferation

and for the expression of a common set of genes

To dissect the role of PR-DUB and its core components, we deleted
Bap1 in mESCs using CRISPR-Cas9 (Fig. 1B). Bap1 loss led to a sig-
nificant reduction in cell growth rate and an increase of the dou-
bling time of the mESCs from 15 to 22 hours (Fig. 1C;
Supplemental Fig. S1A), consistent with a recent publication (He
et al. 2019). We then ectopically expressed wild type (Bap1−/−+
Bap1WT) or a cancer-associated mutation (Bap1−/− +Bap1MT,
A95D mutant) 3×FLAG-BAP1 in Bap1−/− mESCs and observed
thatwild-type BAP1 re-expression rescued the reduced cell growth,
whereas themutant did not. This suggests that reduced cell growth
in BAP1 knockout mESCs is not a clonal artifact and that the cata-
lytic activity of BAP1 contributes to the observed phenotype (Fig.
1B,C). Transcriptomic analysis revealed that loss of Bap1 led to
deregulation of a large number of genes, and the expression of
these genes was largely restored upon introduction of wild-type
BAP1 (Supplemental Fig. S1B).

Next, we analyzed the effects of Asxl1/2/3 deletions onmESC
cell proliferation by deleting the genes individually or in combina-
tion. (Fig. 1D). Although knockout of individual Asxl genes had no
effect on cell proliferation, the deletion of all three genes led to a
reduction of cell proliferation, albeit to a slightly lesser degree
than observed for BAP1 knockout cells. (Fig. 1D,E). Similarly
to BAP1, we observed a rescue of reduced cell growth rate by
ectopic expression of wild-type ASXL1 (Asxl1/2/3−/−+ASXL1).
Collectively, this suggests a redundant role for the ASXL proteins
in regulating PR-DUB activity in ES cells.

To analyze the effect of ASXL and BAP1 loss on gene expres-
sion, we performed RNA-seq on knockout clones and compared
the expression changes. Principal component analysis of the bio-
logical replicates of Bap1−/− and Asxl1/2/3−/− mESCs revealed dis-
tinct clustering compared to parental mESCs as well as between
them (Supplemental Fig. S1C). Differential gene expression analy-
sis revealed that 964 and 741 genes were significantly down-regu-
lated in Bap1−/− andAsxl1/2/3−/−mESCs, respectively, whereas 575
and 562 genes were significantly up-regulated in Bap1−/− and
Asxl1/2/3−/− mESCs, respectively (Fig. 1F). The higher number of
down-regulated genes could indicate that PR-DUB serves to pro-
mote gene expression on a wider level. We found that a large com-
mon set of genes to be significantly down- (557) or up-regulated
(357) between Bap1−/− and Asxl1/2/3−/− mESCs (Fig. 1G), consis-
tent with the idea that ASXL and BAP1 proteins affect a similar
set of genes.

BAP1 binds to active genes involved in key cellular processes

in an ASXL1/2/3-dependent manner

To obtain an understanding of how loss of PR-DUB leads to chang-
es in gene expression, we mapped the genome-wide location of
BAP1 in mESCs (Fig. 2A). We noticed that the enrichment of en-
dogenous BAP1 on potential target genes was low using commer-
cial and in-house produced antibodies. Therefore, we used two
complementary strategies to map BAP1 binding sites genome-
wide.

First, wemapped the genome-wide localization of BAP1 using
3×FLAG-Bap1 expressing mESCs (Bap1−/−+Bap1WT), where paren-
tal mESCs were used as a negative control using FLAG (M2) anti-
body (Fig. 2A top, B). Secondly, we complemented this data set
with BAP1 profiles generated from an in-house-produced poly-
clonal antibody to increase sensitivity/specificity and to identify
the location of endogenous BAP1 in mESCs, where Bap1−/−

mESCs were used as a negative control (Fig. 2A bottom, B).
Using our FLAG-BAP1 data set, we observed that BAP1 local-

izes to 16,544 regions, identifying 8741 unique target genes.
Meanwhile, mapping of endogenous BAP1 identified 1614 high-
confidence regions (Fig. 2A,B). Given the specificity of both data
sets, we concluded that mapping of endogenous BAP1 resulted
in an underestimation of the absolute number of targets compared
to the FLAG antibody in the transgenic mESCs. However, to avoid
potential artifacts introduced by ectopic expression of BAP1 in fur-
ther studies, we focused on the 1614 identified high-confidence re-
gions and used the in-house-produced polyclonal antibody for
further experiments.

To investigate if the ASXL proteins are involved in BAP1 re-
cruitment, we performed ChIP-seq for BAP1 in Asxl1−/−, Asxl2−/−,
Asxl3−/−, or Asxl1/2/3−/− mESCs (Fig. 2A, bottom). In general,
loss of ASXL1 led to a bigger reduction in BAP1 binding than
loss of ASXL2 or ASXL3. However, the simultaneous loss of all
three ASXL proteins completely abolished BAP1 binding (Fig.
2C). We were not able to assess protein levels of ASXL2 or ASXL3
due to the lack of available antibodies. However, assuming equal
stability and translation of transcribed Asxl1 and Asxl2 mRNAs
(Supplemental Fig. S1D), our data suggest that ASXL1 is the most
abundant ASXL protein inmESCs, which is consistent with our re-
sults showing it plays a more prominent role in recruiting BAP1 to
chromatin than ASXL2 and ASXL3 in mESCs.

The majority of the BAP1-bound regions colocalized with
chromatin signatures associated with transcriptionally active re-
gions, such as H3K27ac, H3K4me1, H3K4me3, and DNase I hyper-
sensitive sites (Fig. 2D). By performing a hidden Markov analysis
for the 1614 high-confidence BAP1 peaks, we found that 61% of
these peaks were located on active promoters, 14% on bivalent
promoters, and 11% on enhancers (Fig. 2E). Overall, 78% of the
BAP1-bound regions were also located on CpG islands (Fig. 2F).
Relating BAP1 peaks to their target genes and their expression,
we found that 1240 of the 1572 BAP1-bound genes were expressed
in mESCs (Fig. 2G) and are involved in a variety of basic cellular
processes (Fig. 2H). Furthermore, 74% of BAP1-bound genes were
down-regulated uponBAP1 loss inmESCs (Fig. 2I). Taken together,
we propose that, in normal steady state mESCs, BAP1 is dependent
on stable ASXL expression to bind active regions and facilitate
transcription of target genes, in contrast to the proposed repressive
function of PR-DUB.

Site-specific association of BAP1 with chromatin is dependent on

FOXK1 and FOXK2 and regulates H2AK119 ubiquitination

To identify potential TFs involved in PR-DUB recruitment to chro-
matin, we subjected the top 5000 BAP1 binding regions obtained
from ChIP-seq analysis of the 3×FLAG-Bap1 transgenic mESCs
(Bap1−/−+Bap1WT) to motif analysis. The strongest enrichment
was found to match the consensus binding motif for the
Forkhead (FOX) TF family, colocalizing with the apex of the
BAP1 peaks (Fig. 3A). Since FOXK1/2 copurify with all three mam-
malian PR-DUB complexes and appear to be integral components
of PR-DUB complexes (Yu et al. 2010; Dey et al. 2012; Ji et al. 2014),

FOXK1/K2 recruitment of PR-DUB to active genes
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Figure 2. BAP1 binds to active genes involved in key cellular processes in an ASXL1/2/3-dependent manner. (A) Screenshots for three representative loci
showing ChIP-seq for 3×FLAG-BAP1 in Bap1−/−+ Bap1WT and wild-type mESCs (control; upper panel) and ChIP-seq for BAP1 in wild-type mESCs, Bap1−/−,
Asxl1−/−, Asxl2−/−, Asxl3−/−, and Asxl1/2/3−/− mESCs. (B) Average profile of the BAP1 ChIP-seq in wild-type and Bap1−/− mESCs (upper) and 3×FLAG-BAP1
ChIP-seq in Bap1−/−+ Bap1WT andwild-typemESCs (bottom) signals in 20 kb around the BAP1-enriched regions. (C) Identification of the (percentage) BAP1
regions remaining in Asxl1−/−, Asxl2−/−, Asxl3−/−, and Asxl1/2/3−/− mESCs compared to wild-type mESCs (determined by three independent biological
replicates). Unpaired t-test with Welch correction. (∗) P-value = 0.0124; (∗∗∗) P-value = 0.0004; (∗∗∗∗) P-value < 0.0001. (D) Heat maps illustrating the signal
of the indicated ChIP-seq profiles (BAP1, FLAG for BAP1, DNase I, H3K4me1, H3K4me3, H3K27ac, and IgG) in 2 kb around the 1614 identified BAP1-en-
riched regions. (E) Hidden Markov analysis for the 1614 BAP1 positions in mESCs and organization in the 11 indicated categories. (F) Identification of the
enrichment of CpG islands (CpGi) for the 1614 BAP1 positions. (G) Log2-normalizedmean counts of mapped reads for the 1572 BAP1-bound genes; 1240
genes are expressed and have an adequate number of mapped reads (log2 CPM≥0.5). (H) BAP1 target genes as divided by the most significant GO terms.
(I) Differential expression profile of the statistically significant BAP1-bound genes in Bap1−/− mESCs versus wild-type mESCs. The criteria for the selected
genes are: 1≤ log2 fold change≤−1, P-value≤0.05, log2 CPM in mESCs≥0.5 (down-regulated genes) or log2 CPM in KO≥0.5 (up-regulated genes).

Kolovos et al.

1122 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 19, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


E

F

BA

C

D

G

Figure 3. Site-specific binding of BAP1 to chromatin is dependent on FOXK1 and FOXK2. (A) Motif analysis of the top 5000 3×FLAG-Bap1 binding re-
gions revealed an enrichment for the FOX motifs centralized around the BAP1 peaks. (B) Western blots demonstrating the expression levels of FOXK1,
FOXK2, ASXL1, BAP1, HCFC1, and H2AK119ub1 in wild-type mESCs, Foxk1−/−, Foxk2−/−, and Foxk1/2−/− mESCs. (C) ChIP-seq screenshot for three rep-
resentative loci showing the binding of FOXK1 and FOXK2 in wild-type and Foxk1/2−/− mESCs and BAP1 in wild-type mESCs, Bap1−/−, Foxk1−/−,
Foxk2−/−, and Foxk1/2−/− mESCs. (D) Euler diagrams showing the overlap between BAP1, FOXK1, and FOXK2 peaks, in wild-type mESCs showing that
1476 BAP1 regions colocalize with FOXK1/2 (top panel). Hidden Markov analysis for the 138 BAP1-bound not overlapping with FOXK1/2 binding in
mESCs and the 1476 BAP1/FOXK1/FOXK2-bound regions and the organization of these regions into the 11 indicated categories (bottom panel). Based
on hypergeometric test, the overlap between BAP1 and FOXK1 (P-value < 1.89 × −7) and the overlap between BAP1 and FOXK2 (P-value < 3.248 × −264)
are statistically significant. (E) Identification of the (percentage) BAP1 peaks remaining in Foxk1−/−, Foxk2−/−, and Foxk1/2−/− mESCs compared to wild-
type mESCs. Unpaired t-test with Welch correction. (∗) P-value = 0.0215; (∗∗∗) P-value < 0.0001. (F ) The relative H2AK119ub1 levels in wild-type
mESCs, Bap1−/−, Asxl1−/−, Asxl2−/−, Asxl3−/−, Asxl1/2/3−/−, and Foxk1/2−/−mESCs, as determined by mass spectrometry. (G) Heat maps illustrating enrich-
ments of H2AK119ub1 in 2 kb around the BAP1, FOXK1/2, and PRC1/2 peaks in wild-type and Bap1−/− mESCs. The H2AK119ub1 ChIP-seqs were per-
formed in triplicate and the first replicate is depicted. In the right panel, the average profiles of the H2AK119ub1 ChIP-seq signals in 20 kb around the
BAP1, FOXK1/2, and PRC1/2 peaks are depicted.
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it prompted us to interrogate whether BAP1 binding to chromatin
was dependent on FOXK1 and FOXK2.

First, we analyzed the genome-wide binding patterns of
FOXK1 and FOXK2 in mESCs. For appropriate negative controls,
we generated Foxk1−/−, Foxk2−/−, and Foxk1/2−/− mESCs using
CRISPR-Cas9 (Fig. 3B). Loss of Foxk1/2 results in reduced prolifera-
tion of mESCs to levels similar to those observed in Bap1−/− and
Asxl1/2/3−/− mESCs (Supplemental Fig. S2A), supporting the no-
tion that FOXK1 and FOXK2 could be important components of
the PR-DUB complex. Genome-wide ChIP-seq analysis of FOXK1
and FOXK2 in mESCs revealed 26,074 and 5733 binding regions,
respectively, with 5327 regions in common, suggesting functional
redundancy between FOXK1 and FOXK2 (Fig. 3C; Supplemental
Fig. S2B). Approximately 70% of the FOXK1/FOXK2 binding sites
were associated with active gene regulatory elements such as pro-
moters and enhancers (Supplemental Fig. S2C). In agreement
with the BAP1 binding pattern, GO term analysis of the FOXK1/
2 target genes highlighted general functions in basic cellular pro-
cesses and metabolism (Supplemental Fig. S2D).

We performed RNA-seq to evaluate the effect of deleting
Foxk1 and Foxk2 on gene expression and identified 593 and 146
statistically significant up-regulated and down-regulated genes, re-
spectively, as compared to wild-type mESCs (Supplemental Fig.
S2E). A higher fraction of genes down-regulated in Foxk1/2−/−

showed an overlap with the commonly down-regulated genes by
Bap1−/− and Asxl1/2/3−/− mESCs, as compared to the commonly
up-regulated genes in the respective cell lineages (Supplemental
Fig. S2F).

Analysis of the genome-wide occupancy of BAP1, FOXK1,
and FOXK2 in mESCs revealed that they colocalize to DNase I hy-
persensitive site-positive region (Supplemental Fig. S2G,H).
Ninety-one percent of the high-confidence 1614 BAP1-bound re-
gions are co-occupied by either FOXK1 or FOXK2 or both (Fig.
3D), supporting a role for FOXK1/2 in the PR-DUB complex.
Sixty-five percent of the BAP1/FOXK1/FOXK2-bound regions are
located on active promoters, whereas only 14%of the BAP1-bound
regionswithout FOXK1/2 are located on active promoters, suggest-
ing a specific function of FOXK1/2 in maintaining transcription
through the recruitment of BAP1 (Fig. 3D). We also analyzed the
effect of deleting Asxl1/2/3 on the binding of FOXK1 and
FOXK2. Although FOXK1 and FOXK2 binding to the BAP1/
FOXK1/FOXK2-bound regions is slightly reduced, their specific
binding to these regions is still retained and therefore appears in-
dependent of ASXL1/2/3 (Supplemental Fig. S2I).

To investigate whether FOXK1 or FOXK2 or both affect re-
cruitment of BAP1, we determined the genome-wide BAP1-bound
regions in Foxk1−/−, Foxk2−/−, and Foxk1/2−/− mESCs (Fig. 3C bot-
tom). Approximately half of the BAP1-bound regions were lost in
either Foxk1−/− or Foxk2−/− mESCs, whereas ∼75% of BAP1-bound
regions were lost in Foxk1/2−/− mESCs (Fig. 3E). Overall, these re-
sults demonstrate that FOXK1 and FOXK2 are required for the as-
sociation of PR-DUB with the majority of its binding sites in
mESCs. These results are consistent with previous published data
for cancer cell lines that showed the involvement of FOXK2 in
the binding of BAP1 to specific genes in a lung cancer cell line
(Okino et al. 2015) and an osteosarcoma cell line (Ji et al. 2014).

PR-DUB de-ubiquitinates H2AK119ub1, a chromatin mark
imposed by PRC1. We analyzed the level of H2AK119ub1 in his-
tones extracted from Bap1−/−, Asxl1−/−, Asxl2−/−, Asxl3−/−, Asxl1/
2/3−/−, and Foxk1/2−/− mESCs using ArgC digestion followed by
mass spectrometry analysis. Loss of BAP1 in mESCs increased the
global levels of H2AK119ub1 by approximately threefold, and

Asxl1/2/3−/− mESCs in parallel exhibited a similar but slightly low-
er increase of H2AK119ub1 (Fig. 3F). In contrast, the loss of ASXL1
alone or of FOXK1/2 only led to a minor increase in the global lev-
els of H2AK119ub1 (Fig. 3F). This could be seen as a surprising re-
sult, in particular when taking into consideration the effect of
deleting these genes on the site-specific localization of BAP1
(Figs. 2C, 3E). However, sinceH2AK119ub1 is associatedwith large
parts of the genome in a non-sequence-specificmanner and loss of
BAP1 leads to a global increase inH2AK119ub1, thismeans thatwe
are only able to identify a minor fraction of genomic sites where
BAP1 is associated. In this perspective, it is not surprising that
the deletion of Foxk1/2 does not lead to a strong global increase
in H2AK119ub1, because these TFs “only” appear to be involved
in the site-specific binding of PR-DUB (Fig. 3F; Supplemental Fig.
S3A). Moreover, since ASXL2 and ASXL3 still can be expressed in
the Asxl1−/− cells, these proteins can contribute to the global levels
of PR-DUB activity.

To analyze the consequences of BAP1 loss on H2AK119ub1
on specific genomic regions, we performed ChIP-seq analysis for
H2AK119ub1 in wild-type and Bap1−/− mESCs using Drosophila
chromatin spike-in for normalization. Loss of BAP1 led to a local
increase of H2AK119ub1 around the BAP1 or FOXK1/2 binding re-
gions in mESCs, where the steady state levels of H2AK119ub1 in
wild-type mESCs are overall lower than observed for bona fide
PRC1/2 target genes (Fig. 3G; Supplemental Fig. S3B,C).
Collectively, our results show that PR-DUB binding to target genes
is dependent on FOXK1 and FOXK2 and that loss of the complex
leads to increased H2AK119ub1 levels at the genes and their de-
creased expression.

PR-DUB and PRC1/2 share a limited set of target genes and

operate independently during ESC differentiation

Previous studies have suggested that PR-DUB is required for PRC2
recruitment in mammalian cells and to colocalize with PRCs in
Drosophila melanogaster (Scheuermann et al. 2010; Abdel-Wahab
et al. 2012). To explore the potential interaction between PR-DUB
and PRC1/2 in more detail, we compared the localization of com-
ponents of the complexes in mESCs (Fig. 4A). Only 10% of the
BAP1-bound regions (157 regions) colocalize with either SUZ12
(which is part of PRC2) or RING1B (which is part of PRC1), and
themajorityof these regions are locatedonbivalentpromoterspos-
itive for H3K4me3 and H3K27me3 (Fig. 4A,B). In contrast, thema-
jority of the BAP1-bound regions, not associated with PRC1/2, are
located on active promoters defined by H3K4me3 and active tran-
scription (Fig. 4B). The increased H2AK119ub1 levels in Bap1−/−

mESCs are independent of detectable RING1B co-occupancy
(Fig. 4C,D), suggesting that, in those genomic regions, RING1A
may restore the H2AK119ub1 levels. In agreement with this,
H2AK119ub1 and H3K27me3 levels were higher for the BAP1/
PRC1/PRC2-bound regions compared to the BAP1-bound regions
without PRC1/2.

To understand if PR-DUB can impact PRC1/2 binding, we
mapped the genome-wide binding of RING1B and SUZ12 in
wild-type and Bap1−/− mESCs by ChIP-seq. We found that the
4082 regions commonly bound by RING1B and SUZ12 (Fig. 4A)
were only slightly reduced upon loss of BAP1 (Supplemental Fig.
S4A), ASXL1/2/3, or FOXK1/2 (Supplemental Fig. S4B). These re-
sults demonstrate that PR-DUB binding does not influence the
binding of PRC1/2 to chromatin in mESCs.

Next, we investigated whether PR-DUB is required for the reg-
ulation of PRC1/2 target genes during differentiation. We treated
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mESCs (wild type, Bap1−/−, Asxl1/2/3−/−, and Foxk1/2−/− mESCs)
with all-trans retinoic acid (ATRA) and subjected them to a mono-
layer differentiation protocol for 72 h (Fig. 4E). To assess the im-
pact of deleting components of the PR-DUB complex on gene
expression during differentiation, we performed RNA-seq
(Supplemental Fig. S4C) for untreated (0 h) and treated with
ATRA mESCs (72 h). This analysis showed that the deletion of
the PR-DUB encoded genes did not lead to detectable differences

in the down-regulation of the pluripo-
tent markers or the up-regulation of the
neuronal markers during ATRA-induced
differentiation, suggesting that the PR-
DUB complex is not required for this dif-
ferentiation (Supplemental Fig. S4D).

To understand how ATRA-induced
differentiation would affect the binding
of PR-DUB and PRC1/2, we performed
ChIP-seq. This led to the identification
of 2749 and 913 PRC1/2 target genes in
untreated (0 h) and ATRA-treated mESCs
(72 h), respectively, with 866 genes in
common (Fig. 4F), suggesting that only
a fewgenes acquire PRC1/2 using this dif-
ferentiation protocol. During differentia-
tion, 1883 PRC1/2 target genes lost their
Polycomb status and RNA-seq demon-
strated that theseweremainlyup-regulat-
ed, whereas 47 PcG negative genes
expressed inmESCsgainedPolycombsta-
tus and were mainly repressed upon dif-
ferentiation (Fig. 4G). Importantly, the
loss of BAP1, ASXL1/2/3, or FOXK1/2
did not affect the transcriptional activa-
tion of mESC-specific PRC1/2 targets or
interfere with the repression of de
novo PRC1/2 target genes during dif-
ferentiation (Fig. 4G). The 866 genes
that retained PRC1/2 binding upon dif-
ferentiation were mainly up-regulated,
even in the absence of BAP1, ASXL1/2/
3, or FOXK1/2 (Supplemental Fig. S5A).
Overall, these results suggest that
PR-DUB does not have a major impact
on PRC1/2 function or the regulation
PcG target genes during ATRA-induced
differentiation.

Subsequently, we investigated the
H3K27me3 levels in untreated and
ATRA-treated mESCs. In the treated
cells, H3K27me3 was increased at genes
(at the TSS and within their gene-bod-
ies), which were down-regulated and
were either de novo PRC1/2 target genes
or genes which retained PRC1/2 in
the presence of ATRA (Supplemental
Fig. S5B,C). The specific PRC1/2 targets
in untreated mESCs, which were up-
regulated in response to ATRA treat-
ment, had slightly higher levels of
H3K27me3 in their gene-bodies in un-
treated cells (Supplemental Fig. S5B,C).
The H3K27me3 levels, at genes

bound by PRC1/2 at both untreated and treated mESCs, which
were up-regulated by ATRA treatment, were slightly increased
around their TSS in response to ATRA (Supplemental Fig. S5B,
C). Taken together, we conclude that the H3K27me3 patterns
correlate for most of the genes, as expected, with the changes
in gene expression.

Subsequently, we focused on the BAP1 target genes with or
without PRC1/2 binding, prior to the 72 h of ATRA-induced
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Figure 4. PR-DUB and PRC1/2 share a limited set of bivalent target genes. (A) Euler diagram showing
the overlap between BAP1, SUZ12, and RING1B binding regions in wild-type proliferating mESCs.
(B) Hidden Markov analysis for the 1457 BAP1-bound regions positions not associated with SUZ12 or
RING1B in mESCs, and for the 157 BAP1/SUZ12/RING1B-bound regions in wild-type mESCs. The distri-
bution of the regions is shown in the 11 indicated categories. (C) Heat maps showing the depicted ChIP-
seq profiles (H2AK119ub1, H3K27me3, and H3K4me3) in 2 kb centered around the BAP1-bound regions
in wild-type and Bap1−/− mESCs. (D) The average signal of H2AK119ub1 and the H3K27me3 binding
profile shown in a window of 20 kb around the BAP1-bound regions with or without SUZ12/RING1B
in wild-type and Bap1−/− mESCs. (E) Schematic representation of mESCs subjected to all-trans retinoic
acid (ATRA)-induced differentiation for 72 h (mESCs[+ATRA]). (F) Euler diagram showing the overlap of
PRC1/2 target genes, identified in proliferating mESCs and in mESCs treated with ATRA for 72 h
(mESCs[+ATRA]). Fisher’s exact test, (∗∗∗∗) P-value <0.0001. (G) Expression changes of genes in response
to ATRA-induced differentiation in wild-type, Bap1−/−, Asxl1/2/3−/−, and Foxk1/2−/− mESCs. Upper panel
shows the % of the 1883 genes that are bound by PRC1/2 only in mESCs and are up- or down-regulated
in response to ATRA. Lower panel shows the expression changes of the 47 genes that are only bound by
PRC1/2 in mESCs treated with ATRA for 72 h (mESCs[+ATRA]).
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differentiation and the effect that loss of
BAP1 had during differentiation (Fig.
5A). The majority of the genes bound
only by BAP1 were repressed in response
to ATRA, whereas the BAP1/PRC1/PRC2
cobound genes were activated, even in
the absence of BAP1 (Fig. 5B). Almost
none of the BAP1 target genes (99.7%)
that were negative for PRC1/2 binding
in mESCs acquired PRC1/2 binding
upon differentiation, and their expres-
sion was not affected by loss of BAP1 in
proliferating and differentiated mESCs
(Supplemental Fig. S5D,E). The majority
(64.6%) of the BAP1/PRC1/PRC2 target
genes that lost Polycomb binding during
differentiation were transcriptionally up-
regulated, and the absence of BAP1 did
not significantly change this (Fig. 5C,
D). The remaining (35.4%) BAP1/PRC1/
PRC2 target genes were repressed and re-
tained their Polycomb status during dif-
ferentiation, and loss of BAP1 only led
to a minor change in their transcription-
al response (Fig. 5C,D). Specifically,
58.3% of the BAP1/PRC1/PRC2 target
genes in untreated mESCs, which re-
tained PRC1/2 and were repressed in
mESCs upon 72 h of ATRA-induced dif-
ferentiation, exhibited higher levels of
H3K27me3 in ATRA-treated mESCs com-
pared to untreated mESCs (Fig. 5D–F).
Moreover, 57.7% of the BAP1/PRC1/
PRC2 target genes in untreated mESCs,
which retained PRC1/2 and were up-
regulated in Bap1−/− mESCs in response
to ATRA, exhibited higher levels of
H3K27me3 in untreated Bap1−/− mESCs
compared to ATRA-treated Bap1−/−

mESCs (Fig. 5D–F). Taken together, these
data suggest that PR-DUB has a role in
regulating gene expression, which could
be either global (Fig. 4F,G) or local upon
ATRA-induced differentiation (Fig. 5C,
D). BAP1, as the core catalytic subunit
of the PR-DUB complex, ensures that
FOXK1/2-bound regions are kept free of
H2AK119ub1 that can impede efficient
expression of these target genes, which
are required for cell growth and
homeostasis.

Discussion

Different components of the PR-DUB
complex are mutated with high frequen-
cy in a variety of cancers and some rare
congenital diseases. However, the mech-
anism by which PR-DUB regulates tran-
scription has been unclear, and the
complex has been reported to have
both transcriptional activating and
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Figure 5. Correlation between PR-DUB target genes and PRC1/2 reveals the role of PR-DUB in gene
expression. (A) Pie chart depicting the percentage of the 1572 BAP1-bound genes, which either coloc-
alize or not with PRC1/2 in proliferating mESCs. (B) The upper panel shows the % of the BAP1-bound
genes that are up- or down-regulated in response to ATRA and are also bound by PRC1/2 in proliferating
(untreated)mESCs. The lower panel shows the%of the BAP1-bound genes that are not bound by PRC1/2
in proliferating (untreated) mESCs, which are up- or down-regulated in response to ATRA. (C ) Pie chart
depicting the percentage of the 195 BAP1/PRC1/PRC2-bound genes in proliferating (untreated) mESCs,
illustrating the proportion that retain or lose PRC1/2 in response to 72 h ATRA treatment (mESCs[+ATRA]).
(D) The upper panel shows the % of the BAP1/PRC1/PRC2-bound genes in mESCs, which retain PRC1/2
in mESCs(+ATRA) and are up- or down-regulated in response to ATRA-induced differentiation. The lower
panel shows the% the BAP1/PRC1/PRC2-bound genes in untreatedmESCs, which lose the PRC1/2 bind-
ing inmESCs(+ATRA) and are up- or down-regulated in response to 72 h of ATRA treatment. (E) The average
signal (inmetagenes) of H3K27me3 in thewild-type (left) or Bap1−/− (right) mESCs, in untreated (orange)
and in response to ATRA-induced differentiation (black) for each cell type, for the BAP1/PRC1/PRC2
bound genes in mESCs which retain PRC1/2 in mESCs(+ATRA) and are either down-regulated (left) or
up-regulated (right) upon 72 h of ATRA treatment. (F) ChIP-seq screenshot for two representative loci
(based on Fig. 4E) showing the binding of H3K27me3 in untreated and ATRA-treated wild-type
mESCs and Bap1−/− mESCs. (G) Model for the role of the PR-DUB complex in regulating histone
H2AK119ub1 levels and transcription. BAP1 binding to chromatin depends on FOXK1/2 and the forma-
tion of a PR-DUB complex. The binding is required for retaining a chromatin environment that supports
gene expression. Loss of BAP1, FOXK1/2, or ASXL1/2/3 leads to loss of PR-DUB from its target genes, the
deposition of H2AK119ub1, and decrease in gene expression.
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repressive properties. Here, we have systematically analyzed the
regulatory function of PR-DUB in mouse embryonic stem cells
and the mechanism by which the complex is recruited to specific
sites. We have shown that the FOXK1 and FOXK2 transcription
factors are essential for recruiting PR-DUB to high-confidence
PR-DUB binding sites (Fig. 3). Furthermore, we have demonstrated
that the three ASXL proteins also are required for the recruitment
of BAP1 to these sites (Fig. 2). PR-DUB binds to a broad range of
genes involved in basic cellular processes. Our results show that
PR-DUB binds to active genes and is involved inmaintaining their
activity (Fig. 2), which is in agreement with previous reports (Wu
et al. 2015; Campagne et al. 2019). Thus, PR-DUB is involved in
transcriptional activation. We propose that PR-DUB, by prevent-
ing ubiquitination of H2AK119, acts to safeguard active genes
from repression and to maintain chromatin in an optimal config-
uration, ensuring the full potential transcriptional output and re-
sponse to transcriptional cues.

We and others have previously shown that FOXK1 and
FOXK2 copurify with ASXL1/2/3 and BAP1 (Yu et al. 2010;
Baymaz et al. 2014; Ji et al. 2014; Wu et al. 2015). Purification of
proteins associated with FOXK1 and FOXK2 also shows robust en-
richment of PR-DUB, strongly supporting that they are integral
components of PR-DUBs (Ji et al. 2014; Okino et al. 2015).
FOXK1 and FOXK2 also copurify with other chromatin modifying
complexes (Liu et al. 2019; Nestal de Moraes et al. 2019), suggest-
ing that these TFs target a variety of enzymatic activities to chro-
matin to regulate transcription. Although other genome-wide
studies have found strong enrichment of ETS motifs for BAP1
and ASXL1 binding regions (Abdel-Wahab et al. 2012; Dey et al.
2012), our analysis of BAP1 binding regions showed that the stron-
gest enrichment of the consensus motif for members was the FOX
family. In agreement with this, we found that FOXK1 and FOXK2
are essential for site-specific recruitment of BAP1 in mESCs and
that they appear to have overlapping function (Fig. 3). Our data
suggest that FOXK1 in addition to FOXK2 (Ji et al. 2012) could
act as pioneering TFs, similar to the FOXA TFs (Iwafuchi-Doi
et al. 2016). The observation that FOXK1/2 target genes are, in ge-
neral, enriched for genes regulating basic cellular processes and cell
metabolism (Supplemental Fig. S2) is in agreement with recent
studies that implicate these TFs in the regulation of glycolysis
and mitochondrial metabolism (He et al. 2018; Sukonina et al.
2019).

The genes bound by PR-DUB/FOXK1/FOXK2 are, in general,
transcriptionally active and are therefore typically not bound by
the PRC1 and PRC2 complexes. However, we have observed that
low levels of H2AK119ub1 are distributed over the entire mESC
genome. Although the widespread distribution of low levels of
H2AK119ub1 may have a role in transcriptional regulation, it
could also be the default state of chromatin. In contrast, high lev-
els of H2AK119ub1 are observed at Polycomb target genes (Figs.
3, 4), which are transcriptionally repressed. Since, H2AK119 is
not ubiquitinated around the TSSs of the expressed genes, the tar-
geted binding of PR-DUB by FOXK1/2 could be one of the mech-
anisms by which chromatin is kept in a transcriptionally
permissive state. Similar mechanisms of action have been sug-
gested for histone lysine demethylases and methylcytosine hy-
droxylases that are, by default, recruited to CpG islands either
by binding to H3K4me3 or directly to CpG-rich sequences
(Blackledge et al. 2010; Schmitz et al. 2011; Williams et al.
2011). However, the major difference between PR-DUB and
such factors is that PR-DUB depends on a TF-based recruitment
mechanism.

Although PR-DUB might also contribute to gene repression
by eliminating H2AK119ub1, allowing the efficient interaction
of repressive factors with chromatin, it appears that the major
role of FOXK1/2 is to recruit PR-DUB to active genes (Fig. 3). In
fact, we observed a limited overlap between PR-DUB and PRC1/2
in mESCs, restricted to bivalent promoters (Fig. 4). In addition,
we only observed a minor effect on PRC1/2-regulated genes
upon PR-DUB loss in mESCs (Figs. 4, 5). Thus, we conclude that
the major site-specific function of PR-DUB is to ensure the expres-
sion of genes bound by FOXK1 and FOXK2.

We found that BAP1 targeting to chromatin is also dependent
on the ASXL proteins, suggesting that, in disease, mutations in the
ASXL genes decouple BAP1 from chromatin (Fig. 5G).ASXL1 is fre-
quently found mutated in clonal hematopoiesis, with high fre-
quency in myelodysplastic syndromes (MDS), and various forms
of myeloproliferative disease (MPD), including acute myeloid leu-
kemia (AML) (Micol and Abdel-Wahab 2016; Bowman et al. 2018).
Moreover, truncation of ASXL1 in myeloid leukemias dysregulates
BAP1, enhancing its activity (Balasubramani et al. 2015; Asada
et al. 2018). Taken together, this suggests that initially a variety
of genes involved in basic cellular processes and metabolism are
deregulated due to accumulation of H2AK119ub1 resulting in
poor cell growth, homeostasis, and differentiation. This agrees
with the clinical features observed of MDS patients harboring mu-
tations in ASXL1 (Micol and Abdel-Wahab 2016). Progression of
MDS to MPD/AML then requires further mutations leading to on-
cogene activation, alleviating the proliferative defects imposed by
ASXL1 mutation for progression to MPD. Mutations of ASXLs are
often heterozygous (Micol and Abdel-Wahab 2016), and the fre-
quency of ASXL mutations found in different tissues may reflect
ASXL expression patterns. Thus, ASXL mutations may be less det-
rimental than BAP1 mutations due both to the type of mutation
and to the redundancy of ASXL expression. In support of this no-
tion is the recent finding that BAP1mutations induce apoptosis in
a number of tissues (He et al. 2019).

Collectively, we present a comprehensive analysis of the
PR-DUB complexes in mouse embryonic stem cells. We show
that BAP1 is recruited to site-specific regions of the genome by
FOXK1/2 and that this recruitment is also dependent on the
ASXL proteins. Furthermore, our results demonstrate that
PR-DUB plays a role in ensuring a chromatin environment that
is permissive for transcriptional activation of genes important for
general cellular functions such as cellmetabolismandhomeostasis
(Fig. 5G) and, in agreement with this, that PR-DUB-deficient cells
grow slower.

Methods

Cell lines

Mouse embryonic stem cells were cultured on gelatin-coated dish-
es in 2i/LIF-containing medium, supplemented with 1× Pen-Strep
(Gibco), 50 µM β-mercaptoethanol (Gibco), N2+B27 (Thermo
Fisher Scientific), GSK3i (CHIR99021), MEKi (PD0325901), and
Leukemia Inhibitory Factor (LIF; produced in the lab). Cells were
passaged every 2–3 d by removing the medium, washing cells
with PBS, dissociating cells with either trypsin-EDTA (Gibco) or
Accutase (Sigma-Aldrich), resuspending cells in medium, and pel-
leting by centrifugation. Finally, the cells were resuspended at a
density of ∼106 cells/10 cm dish. All-trans retinoic acid treatment
was used at 1 µM to induce monolayer differentiation of mESCs
for 72 h. The CAG promoter present in the Piggy-BAC vector di-
rected the expression of 3×FLAG-Bap1 in the transgenic mESCs.
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CRISPR-Cas9

Knockout mESC lines were generated by CRISPR-Cas9 targeting in
E14 cells. Single guide (sg) RNAswere cloned into pX458 and trans-
fected into E14 cells using Lipofectamine 2000 (Thermo Fisher
Scientific). The sequences of sgRNA encoding oligonucleotides
were: Bap1 exon 5 (CCCACGCTGAGCCGAATGA), Asxl1 exon
3 (TGAAAAGACTAATGCGGCC), Asxl2 exon 3 (TATACAC
GCCCATTCTACC), Asxl3 exon 6 (CGTAAGGCTGCAATCTCG
AG), Foxk1 exon 1 (GCTCGGAGCTGCGCGAACA), and Foxk2
exon 1 (GCAGGCGATGGC GGCCGCG). Single cell clones were
isolated by GFP sorting using FACS Aria III into 0.2% gelatin-coat-
ed 96-well plates containing 2i/LIF and expanded. Knockout
clones were validated by Sanger sequencing of genomic DNA
and western blotting, when a specific antibody was available.

Antibodies

Monoclonal antibodies to BAP1 (M2, available from Diagenode as
C15200212) and ASXL1 (MAb32) were generated using standard
protocols following immunization of BALB/c mice with the full-
length BAP1 and ASXL1 human proteins, respectively. These anti-
bodies were used in western blotting. Polyclonal mouse antisera
from mice hyperimmunized by human BAP1 protein were used
for ChIP. In addition, the following antibodies were used for
western blotting and/or ChIP assays as indicated: FOXK1
(Abcam, ab18196), FOXK2 (Abcam, ab83286), HCFC1 (Bethyl,
A301-399), H2A (Abcam, ab18255), H2AK119ub1 (Cell Signaling
Technology, 8240), H3K27me3 (Cell Signaling Technology,
9733), RING1B (Cell Signaling Technology, 5694), SUZ12 (Cell
Signaling Technology, 3737), anti-FLAG M2 (Merck, F1804), and
Vinculin (Merck, V4505).

Mass spectrometry

Histone extractionwas performed as described previouslywithmi-
nor modifications (Sidoli et al. 2016). Briefly, cell pellets were re-
suspended directly in 100 µL of 0.2 M sulfuric acid for 2 h at
4°C, skipping the nuclei isolation step to minimize de-ubiquitin-
ylation. After centrifugation at 3400g for 5 min, the supernatant
was mixed with 33% trichloroacetic acid (by adding 50 µL of
100% trichloroacetic acid to the previous solution) and incubated
for 1 h on ice. After centrifugation at 3400g for 5min, the superna-
tant was discarded, and the pellet was washed twice with acetone
to remove acid in excess. The analysis was performed with a
nanoHPLC Dionex Ultimate 3000 RSLC coupled online with an
Orbitrap Fusion Lumos (both Thermo Fisher Scientific). Peptides
were loaded onto an in-house-packed nanocolumn (25 cm length,
75 µm ID, 3 µm C18-AQ particles) and separated using a 45-min
gradient from 2% to 30% buffer B (Buffer A: 0.1% formic acid;
Buffer B: 80% acetonitrile, 0.1% formic acid). Electrospray voltage
was set at 2.5 kV and capillary temperature was set at 275°C.
Samples were acquired using a data-dependent acquisition
(DDA) and a data-independent acquisition (DIA) method. DDA
and DIA acquisitions were performed as previously described
(Sidoli et al. 2015), except for the DIA MS/MS resolution, which
was set at 15,000. Higher-energy collisional dissociation (HCD)
was set to 27. The spectra obtained from the DDA analysis were
searched using Proteome Discoverer (v2.4, Thermo Fisher
Scientific). These searches were performed using a database of his-
tone proteins (UniProt), specifying “ArgC” as the digestion en-
zyme and including the GlyGly dynamic modification on lysine
residues as a possible match. GlyGly corresponds to the mass of
two glycine residues covalently bound to the lysine side chain,
which is the short ubiquitin C terminus remaining attached to
the histone peptide after ArgCdigestion (as theC terminus of ubiq-

uitin is RGG). After identifying the H2A peptide with the
GlyGly group and its respective unmodified counterpart
(VTIAQGGVLPNIQAVLLPKKTESHHK), the extracted ion chro-
matogram was performed with Skyline (MacLean et al. 2010).
The area of the chromatogram of the ubiquitinylated peptide
was divided by the sum of the unmodified + the ubiquitinylated
to obtain the relative abundance in percentage. This percentage
is not to be intended as exact stoichiometry, as the two peptides
might have minimal differences in ionization efficiency.
However, since the extra GlyGly group is a minor mass compared
to the peptide sequence, the calculated percentage is a relatively
accurate approximation of the relative abundance of ubiquitinyla-
tion on chromatin.

RNA-seq and data analysis

RNAwas isolated from cells and prepared for sequencing based on
standard kits (TrueSeq RNA library prep kit v2, Illumina) and the
manufacturer’s instructions and sequenced on Illumina NextSeq
500. Reads were aligned to the mouse reference genome (mm10)
using HISAT2 with standard parameters (Kim et al. 2019).
Mapped reads were counted with the iRNA-seq pipeline using
the “gene” option for analysis of differential gene expression
(Madsen et al. 2015). In all cases, up- and down-regulated genes
were selected to have at least ±1 log2 fold-change in RNA levels
and CPM>0.5. These genes were used to for performing Gene
Ontology analysis (http://www.metascape.org/ and Ingenuity
Pathway analysis [Krämer et al. 2014; Zhou et al. 2019]).

ChIP-seq and data analysis

ChIP assays were performed according to the standard protocols.
Chromatin was crosslinked with 1% formaldehyde (Sigma-
Aldrich) directly in the dish, and DNA was sonicated to 200 to
400 bp fragments (Bioruptor, Diagenode). Fifty to 1000 ug of chro-
matin of mESCs were incubated with the indicated antibodies.
Rabbit IgG was used as the negative control. ChIP-seq libraries
were prepared according to standard protocols (NEB and
Illumina). ChIP-seq for H2AK119ub1 and H3K27me3 were
spiked-in with 5% Drosophila chromatin and normalized accord-
ingly. Raw reads were aligned to the mouse reference genome
(mm10) using Bowtie 2, discarding reads mapping to multiple ge-
nomic locations (Langmead and Salzberg 2012). Data processing
and analysis were mainly performed as previously described
(Soler et al. 2011; Stadhouders et al. 2015; Kolovos et al. 2016).
Peaks were called based on standard criteria as stated for each
ChIP-seq in the results section. Peaks for the BAP1 FLAG ChIP-
seq were defined with the following criteria: peak≥25, FDR≤
0.001, fold change over M2 control≥3. The polyclonal BAP1 anti-
body high-confidence regions were defined with the following cri-
teria: peak≥20, FDR≤0.001, fold change over Bap1−/− control≥3.
FOXK1 and FOXK2 regions were defined with the following crite-
ria: peak≥25, FDR≤0.001, fold change over Foxk1/2−/− control≥
3. The identification of the target genes of the peaks and the over-
lap between binding sites were identified using the iRanges pack-
age and the “findOverlaps” function from GenomicRanges
(Lawrence et al. 2013). Heatmaps and average profiles were created
using the EaSeq suite (Lerdrup et al. 2016). Motif analysis was per-
formed using the MEME suite (Bailey et al. 2009). Hidden Markov
analysis was performed based on already defined classes of
ChromHMM states and as described previously (Pintacuda et al.
2017). ChIP-seqs for H3K4me1 (GSM1000121), H3K4me3
(GSM1000124), and DNase I (GSM1014154) in mESCs were ob-
tained from the ENCODE consortium (Yue et al. 2014) and ana-
lyzed as described above.
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Statistics

Fisher’s exact test was performed in GraphPad (https://www
.graphpad.com/quickcalcs/). Growth curves were plotted in
Prism, where three independent replicates were plotted for each
condition, depicting also their standard deviation error.
Hypergeometric tests for the Euler diagrams were plotted in R us-
ing the appropriate functions (R Core Team 2018).

Data access

All raw mass spectrometry files generated in this study have been
submitted to the free repository Chorus (https://chorusproject
.org/) under project no. 1657. All raw sequencing data (ChIP-seq
and RNA-seq) generated in this study have been submitted to
the NCBI Sequence Read Archive (SRA; https://www.ncbi.nlm
.nih.gov/sra) under accession number SRP221249.
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