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Abstract Normal function of the placenta depends on the earliest developmental stages when
trophoblast cells differentiate and invade into the endometrium to establish the definitive maternal-
fetal interface. Previously, we identified the ubiquitously expressed tumour suppressor BRCA1-
associated protein 1 (BAP1) as a central factor of a novel molecular node controlling early mouse
placentation. However, functional insights into how BAP1 regulates trophoblast biology are still
missing. Using CRISPR/Cas9 knockout and overexpression technology in mouse trophoblast stem
cells, here we demonstrate that the downregulation of BAP1 protein is essential to trigger
epithelial-mesenchymal transition (EMT) during trophoblast differentiation associated with a gain of
invasiveness. Moreover, we show that the function of BAP1 in suppressing EMT progression is
dependent on the binding of BAP1 to additional sex comb-like (ASXL1/2) proteins to form the
polycomb repressive deubiquitinase (PR-DUB) complex. Finally, both endogenous expression
patterns and BAP1 overexpression experiments in human trophoblast stem cells suggest that the
molecular function of BAP1 in regulating trophoblast differentiation and EMT progression is
conserved in mice and humans. Our results reveal that the physiological modulation of BAP1
determines the invasive properties of the trophoblast, delineating a new role of the BAP1 PR-DUB
complex in regulating early placentation.

Introduction

The placenta is a complex organ essential for nutrient and oxygen exchange between the mother
and the developing fetus. Normal placental function in humans depends on the earliest stages of
development, when trophoblast cells proliferate and differentiate to form the villous tree and invade
into the maternal decidua. Trophoblast invasion allows attachment of the placenta to the uterus and
also mediates transformation of maternal spiral arteries, thereby ensuring an unimpeded blood flow
into the intervillous space. This process is fundamentally important to secure an adequate supply of
resources to the fetus. Several pregnancy complications such as miscarriage, pre-eclampsia, placenta
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accreta, and fetal growth restriction (FGR) are underpinned by a primary defect in trophoblast inva-
sion (Brosens et al., 2011, Kaufmann et al., 2003). Despite extensive research, the precise molecu-
lar mechanisms that regulate adequate trophoblast differentiation and invasion remain poorly
understood.

As part of the Deciphering the Mechanisms of Developmental Disorders (DMDD) programme, we
found that placental malformations are highly prevalent in embryonic lethal mouse mutants (Perez-
Garcia et al., 2018). This means that a significant number of genetic defects that lead to prenatal
death may be due to abnormalities of placentation. In addition, we identified new molecular net-
works regulating early placentation. One of these molecular hubs is centred around the tumour sup-
pressor BRCA1-associated protein 1 (BAP1), a deubiquitinase enzyme involved in the regulation of
the cell cycle, cellular differentiation, cell death, gluconeogenesis, and DNA damage response
(Carbone et al., 2013). At the molecular level, BAP1 regulates a variety of cellular processes through
its participation in several multiprotein complexes. Amongst others, BAP1 has been reported to
interact with the BRCA1-BARD1 (BRCA1-associated RING domain |) complex, with forkhead box
proteins K1 and K2 (FOXK1/2), host cell factor-1 (HCF-1), yin yang 1 (YY1), O-linked N-acetylglucos-
amine transferase (OGT), lysine-specific demethylase 1B (KDM1B) and methyl-CpG binding domain
protein 5 and 6 (MBD5 and MBDé) (Jensen et al., 1998; Misaghi et al., 2009; Baymaz et al., 2014;
Dey et al., 2012; Nishikawa et al., 2009; Yu et al., 2010).

BAP1 also binds the epigenetic scaffolding proteins additional sex combs-like-1/2/3 (ASXL1/2/3)
to form the polycomb repressive deubiquitinase (PR-DUB) complex that exerts an essential tumour
suppressor activity by regulating ubiquitination levels of histone H2A (H2AK119Ub)
(Scheuermann et al., 2010). ASXL proteins are obligatory partners of BAP1 and this interaction is
required for BAP1 activity (Campagne et al., 2019). Mutations and deletions in PR-DUB core subu-
nits, BAPT and ASXL, are frequently associated with various malignancies (Carbone et al., 2013;
Murali et al., 2013; Abdel-Wahab et al., 2012; Triviai et al., 2019; Micol et al., 2014).

In terms of its role in development, we have previously reported that Bap 1 knockout (KO) mouse
conceptuses are embryonic lethal around midgestation (E9.5) and exhibit severe placental defects
that likely contribute to the intrauterine demise (Perez-Garcia et al., 2018). Specifically, the pla-
centas of BapT-mutant conceptuses show defects in differentiation of the chorionic ectoderm into
syncytiotrophoblast, a process required for the development of the labyrinth, the area of nutrient
exchange in the mouse placenta. Although conditional reconstitution of gene function in the pla-
centa but not the embryo did not rescue the intrauterine lethality, it substantially improved syncytio-
trophoblast formation. Moreover, Bapl-mutant placentas show a striking overabundance of
trophoblast giant cells (TGCs), the invasive trophoblast cell population. A similar bias towards the
TGC differentiation pathway at the expense of the syncytiotrophoblast lineage was observed in
Bap1-null mouse trophoblast stem cells (mTSCs), suggesting a critical role for BAP1 in regulating tro-
phoblast biology (Perez-Garcia et al., 2018).

Recent reports have highlighted the possibility of co-evolution of shared pathways of invasion
between trophoblast and cancer cells, in particular with regard to cell invasiveness and the capacity
to breach basement membranes (Kshitiz et al., 2019; Costanzo et al., 2018). In both cases, the ini-
tial process is characterized by EMT where epithelial cells lose their polarity and cell-cell adhesion
properties, and gain migratory and invasive properties of mesenchymal cells (Parast et al., 2001; El-
Hashash et al., 2010). Understanding the mechanisms by which BAP1 regulates trophoblast differ-
entiation and invasion will be important not only to uncover new molecular pathways involved in pla-
cental development, but also to shed light into the signalling pathways altered in tumours where
BAP1 is mutated.

Here, we sought to determine the molecular mechanism by which BAP1 regulates trophoblast
proliferation, differentiation, and invasion. Using CRISPR/Cas9-generated Bap1’~ mTSCs, we find
that the deletion of Bap1 does not affect their self-renewal capacity but precociously promotes the
EMT process. Furthermore, we demonstrate that BAP1 downregulation is required to trigger EMT;
consequently, Bap1 overexpression, mediated by CRISPR-Synergistic Activation Mediator (SAM)-
induced activation of the endogenous locus, slows down cell proliferation, delays TGC differentia-
tion, and reduces trophoblast invasion. Analysis of the PR-DUB complex components Asx/1 and
Asx|2 revealed that ASXL1 is downregulated in parallel to BAP1, regulating BAP1’s stability. In con-
trast, AsxI2 exhibits the opposite expression pattern, with a concomitant increase as cells differenti-
ate. By knocking down Asxl/1 or Asx/2 in mTSCs, we further show that BAP1 stability depends on its
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interaction with ASXL proteins. Like Bap1”’~ mTSCs, both Asx/1- and Asx/2-mutant mTSCs fail to
induce syncytiotrophoblast differentiation. The functional characterization of BAP1 in the human pla-
centa and human trophoblast stem cells (hTSCs) suggests that the role of BAP1 in regulating tropho-
blast differentiation and EMT progression is conserved in mice and humans. Indeed, overexpression
of BAP1 in hTSCs indicates that BAP1 levels define the epithelial characteristics of hTSCs. Collec-
tively, these data reveal a pivotal role of BAP1/ASXL complexes in regulating EMT as a requisite for
trophoblast invasion and in regulating the finely tuned balance of lineage-specific differentiation into
the various trophoblast subtypes.

Results

BAP1 is highly expressed in undifferentiated trophoblast and
downregu?ated as cells enter the TGC lineage

To gain insight into the role of Bap1 in trophoblast development, we first examined BAP1 expression
in mTSCs. This unique stem cell type is derived from the trophectoderm of the blastocyst or from
extraembryonic ectoderm (ExE) of early post-implantation conceptuses. mTSCs retain the capacity
to self-renew and to differentiate into all trophoblast subtypes under appropriate culture conditions
(Tanaka et al., 1998). Immunofluorescence analysis of BAP1 in mTSCs showed strong nuclear stain-
ing (Figure 1A, B and C). We noticed that mTSC colonies containing areas of spontaneous differen-
tiation, identified by decreased ESRRB stem cell marker expression, displayed a concomitant
reduction in BAP1 staining intensity, suggesting that BAP1 is downregulated as soon as trophoblast
cells start to differentiate (Figure 1B). In line with these observations, differentiation of mTSCs in
vitro revealed a significant reduction in BAP1 protein levels at days 3 and 6 of
differentiation compared to stem cell conditions, as shown by immunofluorescence staining and
Western blot (WB) analysis (Figure 1C and D). The strongest downregulation was seen at 6 days
when giant cells are the prevailing differentiated cell type (Murray et al., 2016; Perez-Garcia et al.,
2018). However, Bap1 mRNA levels did not significantly change across this differentiation time
course, indicating that the functional regulation of BAP1 takes place at the post-transcriptional level
(Figure 1E).

To further corroborate these results, we performed BAP1 immunostainings on mouse concep-
tuses at day (E) 6.5 of gestation, a time window when the ExE is actively proliferating and differenti-
ating into the ectoplacental cone (EPC). While ExE will go on to develop predominantly into the
labyrinth at later stages of development, EPC cells will give rise to the placental hormone-producing
spongiotrophoblast layer and to invasive TGCs (Simmons et al., 2007, Woods et al., 2018). Immu-
nofluorescence analysis revealed strong nuclear BAP1 staining in the embryo proper (epiblast, Epi)
and in the ExE. However, differentiating EPC showed a significantly reduced staining intensity (Fig-
ure 1—figure supplement 1A, B and C). In E9.5 placentae, BAP1 immunoreactivity was prominent
in the developing labyrinth and spongiotrophoblast layer as well as in maternal decidual cells, but
was markedly less pronounced in TGCs, again suggesting that BAP1 is specifically downregulated as
trophoblast cells differentiate into TGCs (Figure 1—figure supplement 1D).

Overall, these results indicate that BAP1 is highly expressed in undifferentiated trophoblast of the
ExE in vivo and in mTSCs in vitro. BAP1 is downregulated at the protein level specifically as cells
enter the TGC lineage, suggesting a potential function of BAP1 in regulating trophoblast differentia-
tion and invasiveness, a key property of TGCs.

BAP1 deletion does not impair the stem cell gene-regulatory network
The proliferative and self-renewal capacity of mTSCs depends on FGF and TgfB1/activin A signalling
pathways (Tanaka et al., 1998; Erlebacher et al., 2004). To further explore the main growth factor
signals involved in regulating BAP1 protein levels, mTSCs were subjected to 3 days of differentiation
in the presence of either FGF or conditioned medium (CM), which provides the main source of
TgfB1/activin A in the complete TSC media. WB analysis showed that after 3 days of differentiation
under standard differentiation conditions (base medium) or in the presence of CM, BAP1 was
markedly downregulated. However, the presence of FGF alone maintained high BAP1 protein levels,
indicating that FGF signalling is the main pathway driving BAP1 expression in stem cell conditions
(Figure 2A).
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Figure 1. BAP1 protein levels are modulated during trophoblast differentiation. (A, B) Immunofluorescence staining of mouse trophoblast stem

cells (mTSCs) in the stem cell state for BAP1 and the stem cell marker ESRRB. The strong nuclear BAP1 staining observed in mTSCs is slightly reduced
in partially differentiated, ESRRB-low cells (arrows). Representative images of four replicates. Scale bar: 100 um. (C) Immunofluorescence staining for
BAP1 and F-actin with phalloidin of mTSCs, and of mTSCs differentiated for 3 and 6 days. BAP1 is downregulated as cells reorganize their cytoskeleton
during trophoblast differentiation. Representative images of three replicates. Scale bar: 100 um. (D) Western blot for BAP1 on mTSCs in the stem cell
state and upon 3 days (3d) and 6 days (6d) of differentiation, confirming the downregulation of BAP1. Quantification of band intensities of six
independent experiments is shown in the graph below. Data are normalized against ACTIN and represented relative to stem cell conditions (0d);
mean + SEM; ***p<0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). (E) RT-gPCR analysis of Bap1 expression during a 6-day time
course of mTSC differentiation shows that Bap1 mRNA levels remain stable throughout the differentiation process. Expression is normalized to Sdha
and displayed relative to stem cell conditions (0d). Data are mean of five replicates + SEM (one-way ANOVA with Dunnett's multiple comparisons test).
The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Bap1 expression in early mouse placentation.

Perez-Garcia et al. eLife 2021;10:€63254. DOI: https://doi.org/10.7554/eLife.63254 4 of 27


https://doi.org/10.7554/eLife.63254

e Llfe Research article

Developmental Biology | Stem Cells and Regenerative Medicine

Vector Bap1 KO
(Da_ Oh _4h 8h 24h Oh 4h 8h 24 Time (hours)
"] — BAP1
200000 -o— Vector
3 days diff. 50— S — - sEhSSRB 2 160000 -#- Bap1KO
\Da Base—+Fgf oM ort exposure § n=3
100- BAP1 50 — . ESRRB 8 120000 p=0.0093
? ~ | Long exposure 8
E 80000
50— CDX2 z
M o, | .- et Short exposure 40000
CDX2
o - -2 o
TUBULIN S R
e ——
50— e — —
Cdx2 Esmb Egr1 Zfp382
- - k% - -
" 20 20 25 . 4 N Bl Vector
c * -
.g 2 154 F 154 20+ F 3. . [ Bap1KO
5 8
Eg . 154 |
=0
82 10+
=
E o
) . 054
&
0.0-
Oh 4h 8h 24h Oh 4h 8h 24h
® L1cam Id1 Rnf144b
S 80 15+ 4- 8-
{ c *%
“ .Q
E § 60 .
c S 10-
2 5 i
S o |
€2 5-
52"
£ . . .
o 04 0
Oh 4h 8h 24h Oh 4h 8h 24h Oh 4h 8h 24h Oh 4h 8h 24h <Time (hours)

Figure 2. Bap1 ablation does not negatively affect stemness. (A) Western blot analysis of mouse trophoblast stem cells (mTSCs) grown in stem cell
conditions (Stem) and upon 3 day differentiation in standard base medium (Base), or in base medium supplemented with FGF or conditioned medium
(CM). (B) Western blot analysis assessing the dynamic changes in the stem cell markers CDX2 and ESRRB across a short-term differentiation time course
in vector control compared to Bap1-mutant mTSCs (stem cell conditions = 0 h, and differentiation at 4, 8, and 24 hours (h)). Blots are representative of
two independent replicates. (C) Proliferation assay of control and Bap1”~ mTSCs over 4 consecutive days. Bap1’~ mTSCs exhibit a significant increase in

the proliferation rate compared to vector control cells (mean + SEM; n = 3). p=0.0093; two-way ANOVA with Holm-Sidak’s multiple comparisons test.
(D) RT-gPCR analysis of control and Bap 1’ mTSCs for stem cell and early differentiation marker genes. Stem cell markers are increased and the
upregulation of differentiation markers delayed in BapT-mutant mTSCs. Data are normalized to Sdha and displayed as mean of three biological
replicates (i.e. independent clones) + SEM; *p<0.05, **p<0.01 (two-way ANOVA with Sidak’s multiple comparisons test).
The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Bap1 ablation does not negatively affect stemness.

This raises the question whether the absence of BAP1 affects stem cell fate. The transcription fac-
tors CDX2 and ESRRB represent primary targets and direct mediators of FGF signalling in mTSCs
(Latos et al., 2015) that are essential to keep mTSCs in a highly proliferative, undifferentiated state.
Both factors are rapidly downregulated upon trophoblast differentiation (Latos et al., 2015;
Luo et al., 1997; Strumpf et al., 2005). Previously, we reported that Bap1 deletion in mTSCs
resulted in an upregulation of Cdx2 and Esrrb mRNA levels (Perez-Garcia et al., 2018). To further
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investigate the effect of BAP1 on stem cells markers, we assessed CDX2 and ESRRB protein levels in
Bap1”’~ mTSCs compared to (empty vector) control cells across 24 hr of differentiation (Oh = stem
cell conditions; 4h, 8h, 24h = hours upon differentiation). The absence of BAP1 resulted in increased
ESRRB and CDX2 protein levels, thus confirming our previous observations. Bap1 deficiency also
increased proliferation rates in stem cell conditions (Figure 2B and C). The higher residual expres-
sion of ESRRB and CDX2 proteins detected after 24h of differentiation may indicate a potential
delay in mTSC differentiation (Figure 2B). Indeed, analysis of the mRNA expression dynamics of the
trophoblast stem cell markers Cdx2, Esrrb, Egr1, and Zpf382 indicated that Bap 1-mutant mTSCs dif-
ferentiated more slowly than control counterparts during the initial 24h of differentiation (Figure 2D
and Figure 2—figure supplement 1A). In line with these results, we also observed that the
upregulation of early mTSC differentiation markers such as Gem1, L1cam, Id1, and Rnf44b was
delayed in Bap1”~ mTSCs compared to control cells (Figure 2D and Figure 2—figure supplement
1A).

Bap1’- mTSCs undergo EMT

The appearance of Bap1”~ TSCs under phase contrast revealed a phase bright, refractile, and loosely
associated morphology with poor cell-cell contacts. This was in contrast to the colonies of vector
control cells, suggesting that they may have undergone an EMT-like transition (Figure 3A), known to
occur when trophoblast differentiates towards the invasive TGC lineage (Sutherland, 2003). The
morphology of Bap1”’~ mTSC colonies led us to hypothesize that BAP1 affects EMT in trophoblast.
To investigate this, we studied the global expression profile of Bap1-mutant mTSCs compared to
control cells in stem cell conditions (0d) and upon 3 days of differentiation (3d). Unbiased clustering
and principal component analysis (PCA) clearly showed that the differentially expressed genes (DEG)
were determined by the absence of BAP1 and by the day of differentiation (Figure 3B and Fig-
ure 3—figure supplement 1A). Gene ontology analysis revealed an enrichment of genes involved in
regulation of extracellular matrix, cell junction, and cell adhesion at both time points analysed, con-
cordant with the marked change in morphology of Bap1”/~ mTSCs (Figure 3C, Figure 3—figure sup-
plement 1B and Supplementary file 1 and 2). In line with these results, Bap1’~ mTSCs exhibited a
significant decrease in cell adhesion on tissue culture plastic (Figure 3D), which was even more obvi-
ous when Bap1”/~ mTSCs were grown in 3D organoid-like trophospheres (Figure 3E; Rai and Cross,
2015).

At the molecular level, the reduction in cell adhesion correlated with a significant downregulation
of E-cadherin (Cdh1), an epithelial hallmark, in BapT/' compared to vector control cells (Figure 3F,
Figure 3—figure supplement 1D and Supplementary file 1 and 2). Stringent calling (DESeg2 and
intensity difference analysis) of DEG revealed that several genes involved in the stabilization of cell-
cell contacts and epithelial integrity (Claudin 4 [Cldn4], Claudin 7 [Cldn7], Desmoplakin [Dsp], and
Serpinel) were downregulated in Bap1-mutant mTSCs (Figure 3—figure supplement 1C and
Supplementary file 1). Concomitant with the downregulation of epithelial markers like Cdh1, mes-
enchymal markers including N-cadherin (Cdh2), Zeb2, and Vimentin (Vim) were upregulated in the
absence of Bap1 (Figure 3F). These data indicate that Bap1-null mTSCs display a pronounced and
precocious EMT phenotype.

TGC formation is characterized by cytoskeletal rearrangements, exit from the cell cycle, DNA
endoreduplication, and production of trophoblast-specific proteins such as placental prolactins.
Thus, undifferentiated trophoblast cells exhibit little organized actin and few peripheral focal com-
plexes, whereas TGCs show a highly organized cytoskeleton containing prominent actin stress fibres
linked to gain in motility and invasiveness (Parast et al., 2001; El-Hashash et al., 2010). As
expected from the mRNA expression analysis, Bap1’~ mTSCs showed a loss of membrane-associ-
ated CDH1 staining and disorganized cytoskeleton in stem cell conditions, with increased numbers
of actin stress fibres upon differentiation, suggesting a more TGC-like and invasive phenotype com-
pared to wild-type (vector) cells (Figure 3G). Indeed, Bap 17~ TSCs were also more invasive through
extracellular basement membrane (Matrigel) compared to vector control mTSCs in Transwell inva-
sion experiments (Figure 3H and I). In line with these results, the DEG in Bap1’- mTSCs showed sig-
nificant overlap with the gene expression signatures of tissues prone to form tumours such as
Bap1’" melanocytes and mesothelial cells (He et al., 2019; Figure 3—figure supplement 1E). Alto-
gether, these results indicate that the lack of Bap1 triggers EMT in mTSCs that recapitulates critical
aspects of early malignant transformation.
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Figure 3. Bap1 deficiency promotes epithelial-mesenchymal transition (EMT). (A) Colony morphology of wild-type (vector) and Bap 1-mutant mouse
trophoblast stem cells (MTSCs). Bap1”~ mTSCs show a fibroblast-like morphology with loss of cell-cell attachment compared to vector control mTSCs.
Images are representative of five independent TSC clones each. Scale bar: 100 um. (B) Principal component analysis of global transcriptomes of
independent vector control (n = 3) and Bap1 knockout (KO) (n = 4) clones grown in stem cell conditions (0d) and after 3 days of differentiation (3d). (C)
Figure 3 continued on next page
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Gene ontology analyses of genes differentially expressed between vector and Bap1-mutant mTSCs in stem cell conditions. (D) Cell adhesion assay
showing that Bap7-mutant mTSCs are less well attached to cell culture plastic compared to vector control cells. Data are mean of three independent
replicates with three biological replicates ( = independent clones) per experiment. ***p<0.001 (Student's t-test). (E) Morphology of 3D-trophospheres
after 8 days of differentiation in low attachment conditions. Representative images of 2 independent vector control and Bap1 KO cell clones. Scale bar:
200 um. (F) RT-gPCR analysis of EMT marker expression during a 6-day differentiation time course. Data are normalized to Sdha and displayed relative
to vector in stem cell conditions (0d). Data are mean of five biological replicates (i.e. independent clones) = SEM; *p<0.05, **p<0.01, ***p<0.001 (two-
way ANOVA with Sidak’s multiple comparisons test). (G) Immunofluorescence analysis for CDH1 and F-actin (phalloidin) of vector control and Bap1-
mutant mTSCs over 6 days of differentiation. Lack of BAP1 reduces cell-cell junctions (CDH1 staining) with a profound reorganization of the
cytoskeleton (increased actin stress fibres). Data are representative of five independent vector control and Bap1 KO clones each. Scale bar: 100 um. (H)
Transwell invasion assay of vector control (V2, V4) and Bap1-mutant (clones A5, B10) mTSCs after 3 and 4 days of differentiation. Photographs of
invasion filters show haematoxylin-stained cells that reached the bottom side of the filter after removal of the reconstituted basement membrane matrix
(Matrigel). (I) Quantification of invaded cells, measured by colour intensity, normalized to 3-day controls. Data are mean of three independent replicates
(three biological clones in each replicate) + SEM; *p<0.05, **p<0.01** (two-way ANOVA with Sidak’s multiple comparisons test).

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Bap1 deficicency induces precocious epithelial-mesenchymal transition (EMT) with features of malignant transformation.

BAP1 downregulation is critical to trigger EMT during trophoblast
differentiation

In order to confirm that BAP1 is one of the main regulators of EMT during trophoblast differentia-
tion, we overexpressed Bapl using the CRISPR/gRNA-directed Synergistic Activation Mediator
(SAM) technology (Konermann et al., 2015). One out of three single guide RNAs (sgRNAs) tested
induced robust upregulation of Bap? mRNA and BAP1 protein levels compared to mTSCs trans-
duced with a non-targeting sgRNA (NT-sgRNA) (Figure 4A and Figure 4—figure supplement 1A).
The upregulation of Bap1 resulted in tight epithelial mTSC colonies that proliferated at a slower rate
than NT-sgRNA control mTSCs (Figure 4B and C). To gain insight into the global transcriptional
response to Bap1 overexpression, we performed RNA-seq on mTSCs grown in stem cell conditions
(0d) and after 3 days of differentiation (3d). PCA showed that, besides the growth conditions, sam-
ples clearly cluster by the levels of BAP1 within the cells (Figure 4—figure supplement 1B and C). A
stringent assessment of the deregulated genes (DESeq2 and intensity difference filter) revealed that,
in addition to Bap1, a cohort of 80 genes were significantly deregulated in stem cell conditions with
a robust upregulation of genes involved in cell junction biology and maintenance of epithelial integ-
rity — such as Plakophilin 2 (Pkp2), Keratin-7/8/19 (Krt7/8/19), Desmoplakin (Dsp), and Cingulin (Cgn)
(Figure 4D and Supplementary file 3 and 4). In line with these observations, gene ontology analysis
revealed an overrepresentation of extracellular matrix and cell adhesion molecules, suggesting an
increase in epithelial features of BAP1-overexpressing cells compared to control cells (Figure 4E and
Supplementary file 3 and 4). Intriguingly, there was substantial overlap between genes
downregulated in BapT KO mTSCs and those upregulated in BapT-overexpressing cells, and con-
versely also between genes upregulated in the KO and downregulated in the overexpressing cells.
Thus, the two opposing models of Bap1 modulation (KO vs. overexpression) provided mirror-image
results that pivoted around the biological processes of epithelial cell integrity, cell adhesion, and
cytoskeletal organization (Figure 4—figure supplement 1E and Supplementary file 5).

To corroborate these RNA-seq results, we validated several EMT markers by RT-gPCR and con-
firmed that the overexpression of Bap1 induced a significant upregulation of E-cadherin (Cdh1) with
concomitant downregulation of N-cadherin (Cdh2) and Vimentin (Vim) (Figure 4F). In line with the
re-acquisition of epithelial properties, Bap 1-overexpressing mTSCs exhibited a delay in differentia-
tion towards the invasive TGC lineage and lower invasive capacity through Matrigel compared to
NT-sgRNA control cells (Figure 4G and H and Figure 4—figure supplement 1F). Finally, we corrob-
orated the data obtained by CRISPR/Cas?-SAM overexpression by performing exogenous GFP-
Bap1 overexpression experiments in mTSCs grown in stem cell conditions, which similarly resulted in
a significant upregulation of Cdh1 and strong downregulation of Cdh2, Zeb1, Zeb2, Snail, and Vim
expression (Figure 4—figure supplement 1G and H). These results demonstrate that precise levels
of BAP1 regulate mTSC morphology, and that modulation of BAP1 levels affects the extent and
speed at which trophoblast cells undergo EMT. Altogether these results indicate that the
downregulation of BAP1 is critical for triggering EMT and invasiveness of trophoblast cells.
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Figure 4. Bap1 overexpression enhances epithelial features and reduces invasiveness. (A) Western blot analysis to confirm the overexpression of Bap1
in mouse trophoblast stem cells (mTSCs) induced by transduction of the gene-activating single guide RNA one (sgRNA1) compared to non-targeting
sgRNA (NT-sgRNA). TUBULIN was used as loading control. Graph shows the quantification of three independent replicates. Data are mean = SEM;
*p<0.05 (Student’s t-test). (B) Colony morphology of NT-sgRNA and sgRNA1-transduced mTSCs. Overexpression of BAP1 in sgRNAT mTSCs increases

Figure 4 continued on next page
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Figure 4 continued

epithelioid features of the cell colonies. (C) Proliferation assay of control NT-sgRNA and sgRNA1 Bap 1-overexpressing mTSCs over 4 consecutive days.
sgRNAT mTSCs exhibit a significant decrease in the proliferation rate compared to NT-sgRNA control cells (mean + SEM; n = 5 each). **p<0.01; two-
way ANOVA with Holm-Sidak’s multiple comparisons test. (D) Heatmap of mean row-centred log, RPKM values of differentially expressed genes
(DESeq?2 and intensity difference) in mTSCs transduced with NT-sgRNA compared to sgRNAT. Arrows point to Bap1 itself and to genes associated with
the reinforcement of epithelial integrity. Three independent biological replicates per genotype were sequenced. (E) Gene ontology analysis of genes
differentially expressed between sgRNAT and NT-sgRNA mTSCs grown in stem cell conditions. (F) RT-gPCR analysis of epithelial and mesenchymal
markers in NT-sgRNA control cells compared to sgRNAT BapT-overexpressing mTSCs. Data are normalized to Sdha and are displayed as mean of
three replicates = SEM; **p<0.01, ****p<0.0001 (Student’s t-test). (G) Analysis of NT-sgRNA and sgRNA1 mTSCs grown in self-renewal conditions (0d)
or after differentiation for 3 and 6 days (d) assessed by RT-qPCR. Data are mean + SEM of n = 4 independent replicates. *p<0.05, **p<0.01, ***p<0.001,
***%5<0.0001 (two-way ANOVA with Sidak’s multiple comparisons test). (H) Transwell invasion assays of NT-sgRNA control and Bap T-overexpressing
mTSCs. Representative images are shown. Quantification of invaded cells, measured by the colour intensity, normalized to 3-day NT-sgRNA. Data are
mean of four independent replicates + SEM; *p<0.05, **p<0.01 (two-way ANOVA with Sidak’s multiple comparisons test).

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Bap1 overexpression increases epithelial features of mouse trophoblast stem cells (mTSCs).

BAP1 and ASXL1/2 complexes are co-regulated during trophoblast
differentiation

Interaction of BAP1 with ASXL proteins promotes its stability and enzymatic activity
(Campagne et al., 2019). In order to investigate the role of the BAP1:ASXL complex in regulating
trophoblast biology, we first examined gene expression of ASXL family members Asx/1 and AsxI2
over a 6-day differentiation time course. RT-gPCR and WB analysis showed that ASXL1 was highly
expressed in mTSCs under stem cell conditions and strongly downregulated during trophoblast dif-
ferentiation, in parallel to decreasing BAP1 protein levels. ASXL2 expression displayed the opposite
trend with maximal levels in differentiated trophoblast (Figure 5A and B). This expression pattern
was further validated by immunofluorescence (Figure 5—figure supplement 1A and B).

These results prompted us to investigate the nature of the BAP1-ASXL interaction in the mTSC
context. To study the endogenous association of BAP1 and ASXL, we immunoprecipitated BAP1,
ASXL1, and ASXL2 from extracts of mTSCs grown in stem cell conditions and tested for reciprocal
interactions by WB. While we were not able to detect an association of BAP1 and ASXL2 in stem cell
conditions, co-immunoprecipitation of BAP1 and ASXL1 revealed that BAP1:ASXL1 is the predomi-
nant complex in mTSCs (Figure 5C and Figure 5—figure supplement 1C). Then, we further ana-
lysed whether this interaction regulates the stability of the BAP1 and ASXL proteins. Whereas the
absence of BAP1 did not affect the stability of ASXL1 and ASXL2 (Figure 5—figure supplement
1D), small interference RNA (siRNA)-mediated knockdown of either ASXL1 or ASXL2 resulted in a
decrease of BAP1 protein levels (Figure 5D). This was particularly significant in the case of ASXL1
knockdown, in line with ASXL1 being the major complexing partner of BAP1 in stem cell conditions
(Figure 5D).

To gain further insight into the specific roles of BAP1's interaction partners, we generated Asx/1
and Asx/2 KO mTSCs using CRISPR/Cas9 technology (Figure 5—figure supplement 1E). The dele-
tion of Asxl1 or AsxI2 did not affect stemness. However, under differentiation conditions, Asx/17
and AsxI2’- mTSCs failed to upregulate markers of syncytiotrophoblast, whereas the differentiation
towards TGCs was promoted (Figure 5F and G and Figure 5—figure supplement 1F). This defect
phenocopied the syncytiotrophoblast differentiation defect we had previously reported for Bap1-
mutant cells (Perez-Garcia et al., 2018). Moreover, the absence of Asx/T and Asx/2 induced an
upregulation of EMT markers such Cdh2, Vim, Zeb1, and Zeb2, suggesting that ASXL1 and ASXL2
together with BAP1 contribute to the modulation of EMT as a critical process during trophoblast dif-
ferentiation (Figure 5—figure supplement 1F).

BAP1 PR-DUB complex is also regulated during human trophoblast
differentiation

TGCs represent the invasive trophoblast cell type in mice whereas in humans, this function is exerted
by extravillous trophoblast (EVT). As in mouse, the gain of invasive properties is accompanied by an
EMT process (DaSilva-Arnold et al., 2015; E Davies et al., 2016, Vicovac and Aplin, 1996). Poly-
comb group complexes, including the BAP1 PR-DUB, are well conserved throughout evolution
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Figure 5. BAP1 and ASXL1/2 complexes are co-regulated during trophoblast differentiation. (A) RT-gPCR analysis of Asx/1 and AsxI2 expression during
a 6-day differentiation time course of mouse trophoblast stem cells (mTSCs). Data are normalized to Sdha and are displayed as mean of three
replicates = SEM; ***p<0.001 (one-way ANOVA with Dunnett's multiple comparisons test). (B) Western blot analysis of ASXL1 and ASXL2 protein levels
in mTSCs differentiating over 6 days (d). Blots shown are representative of three independent replicates. (C) Co-immunoprecipitation of endogenous
BAP1 or ASXL1 proteins from mTSC whole cell extracts (WCE) (1 mg). WCE (20 pg) and immunoprecipitates (IP) were analysed by Western blot.
Negative controls included protein A plus WCE (Ctr 1) and WCE plus protein A and isotype control Ab (Ctr 2). (D) siRNA-mediated knockdown of

Figure 5 continued on next page
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Figure 5 continued

ASXL1 or ASXL2 followed by immunoblotting for the factors indicated. (E) Quantification of BAP1 levels (shown in D) normalized to ACTIN, displayed
relative to the amounts in transfected control cells. Data are means + SEM; n = 3. *p<0.05, ***p<0.001 (one-way ANOVA with Dunnett’s multiple
comparisons test). (F) Analysis of AsxI1”* and AsxI2’- mTSCs grown in self-renewal conditions (0d) or after 3d and éd of differentiation assessed by RT-
gPCR. Data are mean = SEM of n = 3 (control, scramble), n = 2 (Asx/T KO), and n = 3 (Asx/2 KO) individual clones as independent replicates. **p<0.01
(two-way ANOVA with Sidak’s multiple comparisons test). (G) Schematic diagram of the differentiation defects observed in Asxl1” and AsxI2’"- mTSCs.
The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. CRISPR-mediated knockout (KO) of Asx/1 and AsxI2 in mouse trophoblast stem cells (mTSCs).

(Chittock et al., 2017), leading to the question whether BAP1 also functions to regulate trophoblast
differentiation and invasion during human placentation.

To determine the dynamics of BAP1 expression in human trophoblast, we first performed RT-
gPCRs on placental villous biopsies across gestation. Despite some variability, BAPT mRNA levels
increased over the course of pregnancy (Figure 6A). The expression of BAP1 was also analysed in
hTSCs and choriocarcinoma cell lines. Interestingly, among the placental choriocarcinoma cell lines,
the most invasive cell line JEG-3 (Griimmer et al., 1994) showed lowest BAP1 expression levels
compared to JAR and BeWo cell lines, suggesting that BAP1 may play a role in regulating tropho-
blast invasion also during placentation in humans (Figure 6B). In first trimester placentae, strong
expression of BAP1 was observed in villous cytotrophoblast (VCT) and at the base of cytotrophoblast
cell columns (CCC) compared to the very low signal in syncytiotrophoblast (Figure 6C). Of note,
BAP1 staining became markedly weaker and more diffuse along the distal aspects of the CCC as
cells undergo EMT and differentiate towards invasive EVT (Figure 6C). High expression of integrin
alpha-5 (ITGAS5), a marker of EVT, correlated with decreased staining intensity of BAP1, suggesting
that BAP1 was downregulated during EVT differentiation (Figure 6—figure supplement 1A).

To further corroborate these results, we differentiated hTSCs towards EVT for 8 days
(Okae et al., 2018) and examined the expression of BAP1/ASXL complex components by RT-qPCR.
We confirmed successful EVT differentiation by HLA-G expression and concomitant downregulation
of CDH1. Although BAPT mRNA expression levels remain unchanged, protein levels declined
markedly upon EVT differentiation (Figure 6D and E), in line with the post-transcriptional regulation
of BAP we had observed in the mouse (Figure 1D and E). In addition to ASXLT and ASXL2, the
ASXL3 family member was also expressed in hTSCs. Both ASXL1 and ASXL3 were significantly
downregulated upon EVT differentiation (Figure 6D). To gain insight into the molecular function of
BAP1 in human trophoblast, we performed overexpression experiments in hTSCs by lentiviral trans-
duction of GFP-BAP1 compared to a GFP vector control plasmid (Figure 6F and G), and examined
the expression of genes involved in stem cell self-renewal and EMT by WB and RT-gPCR. Whereas
BAP1 overexpression did not affect hTSC genes such as GATA3, TEAD4, or ITGA2, the cytotropho-
blast cell transcription factor ELF5 was upregulated (Lee et al., 2018, Okae et al., 2018;
Hemberger et al., 2010). More significantly, however, the epithelial markers CDH1, CLDN2, TJP1,
and VCL were significantly upregulated with a concomitant strong repression of mesenchymal
marker genes CDHZ2 and ZEB2 (Figure 6F and G and Figure 6—figure supplement 1B). These data
demonstrate that as in mouse, the levels of BAP1 are chief regulators of epithelial cell integrity and
EMT progression in human trophoblast (Figure 6G and Figure 6—figure supplement 1B). Taken
together, these results indicate that the molecular mechanism by which the BAP1/ASXL complexes
regulate trophoblast differentiation and invasion may be conserved in human and in mice.

Discussion

The similarities between trophoblast and tumour cells have long been recognized, in particular with
respect to their invasive properties (Costanzo et al., 2018; Ferretti et al., 2007). BAP1, a tumour
suppressor frequently mutated in human cancers, is ubiquitously expressed and inactivation or dele-
tion of this gene results in metastasis (Carbone et al., 2013). During murine development, embryos
deficient for Bap1 die during around mid-gestation (E9.5) with severe placental dysmorphologies.
Although a central role for BAP1 during early placentation was suggested (Perez-Garcia et al.,
2018), its function in regulating trophoblast development has not been explored to date. In the cur-
rent study, we show that BAP1 is highly expressed in both mTSCs and hTSCs, and that its
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Figure 6. BRCAT-associated protein 1 (BAP1) polycomb repressive deubiquitinase (PR-DUB) modulation is also observed in human placentation. (A)

RT-gPCR analysis of BAPT expression on human placental villous samples ranging from 7 weeks of gestation to term. Three independent term
placental samples were investigated. An overall increase of BAPT expression was observed over gestation. Expression is normalized to YWHAZ

housekeeping gene. Data are mean of three replicates + SEM. (B) RT-gPCR analysis of BAPT expression in human trophoblast stem cells (hTSCs) and

Figure é continued on next page
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Figure 6 continued

the choriocarcinoma cell lines JAR, JEG-3, and BeWo. Expression is normalized to GAPDH. Data are mean of three replicates = SEM; *p<0.05, **p<0.01
(one-way ANOVA with Dunnett’s multiple comparisons test). (C) Immunohistochemistry for BAP1 on early (6-8 weeks [wk] of gestation) and late first
trimester placentae (10-12 weeks of gestation). BAP1 staining is strong in proliferative villous cytotrophoblast (VCT) and cytotrophoblast cell columns
(CCC) compared to syncytiotrophoblast (SCT). Notably, invasive extravillous trophoblast (EVT) shows a diffuse and weak staining as cells undergo EMT.
Representative images of three biological replicates. Scale bar: 100 um. (D) RT-gPCR analysis of BAP1, HLA-G, CDH1, and ASXL1-3 gene expression on
hTSCs and in vitro-differentiated EVT cells after 8 days of differentiation. Expression is normalized to GAPDH. Data are mean of three independent
replicates + SEM; *p<0.05, ***p<0.001, ****p<0.0001 (Student’s t-test). (E) Western blot analysis of BAP1 protein levels in EVT compared to hTSCs. As
in the mouse, BAP1 is strongly downregulated during trophoblast differentiation towards the invasive EVT lineage. Graph shows the quantification of
three independent replicates. Data are mean + SEM; *p<0.05 (Student’s t-test). (F) hTSCs transduced with GFP-empty control or GFP-BAP1 lentiviral
particles were isolated by using fluorescence activated cell sorting (FACS), grown in stem cell conditions and examined by Western blotting. TUBULIN
was used as loading control. Green arrows point to the exogenous GFP-BAP1 band after 5 and 30 seconds (sec) of film exposure. Black arrow points to
endogenous BAP1. Graph shows the quantification of three independent replicates. Data are mean + SEM; ****p<0.0001 (Student's t-test). (G) RT-gPCR
analysis of control and GFP-BAP1-transduced hTSCs grown in stem cell conditions. Expression is normalized to TBP housekeeping gene expression.
Data are mean of six independent replicates + SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (Student's t-test).

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. BAP1 immunofluorescence staining of first trimester human placenta.

downregulation triggers EMT and promotes trophoblast invasiveness. We also find that BAP1 pro-
tein levels are tightly coordinated with the expression of the ASXL proteins, indicating that modula-
tion of the PR-DUB complex is required for proper trophoblast differentiation. To unravel the
mechanism by which BAP1 and ASXL may regulate trophoblast self-renewal and differentiation, we
deleted and overexpressed these factors in mTSCs using CRISPR/Cas9-KO and CRISPR/Cas9-SAM
activation technology — the first time this method of gene expression modulation has been
employed in mTSCs to date. We find that BAP1 regulates many facets of trophoblast biology. First,
in stem cell conditions, Bap1 ablation triggers an overt EMT phenotype associated with increased
cellular invasiveness, and, at the same time, enhances proliferation and expression of stem cell
markers. This suggests that deficiency of Bap1 uncouples the normal loss of proliferation from differ-
entiation, reminiscent of malignant transformation. Indeed, the upregulation of stem cell markers
upon functional BAP1 depletion is seen in human uveal melanoma and renal cell carcinoma, and is
associated with aggressive cancer behaviour and poor patient outcome (Matatall et al., 2013,
Pena-Llopis et al., 2012; Harbour et al., 2010). In line with these data, overexpression of BAP1
induces the converse phenotype in mTSCs with reinforcement of epithelial features and reduced
invasiveness. Therefore, we propose that BAP1 modulation, and specifically its downregulation, is
one of the main drivers triggering the EMT and invasion processes in trophoblast. In line with this
view, BAP1 mutations in human liver organoids result in loss of cell polarity, epithelial disruption,
and increased cell motility, features observed during the initial steps of EMT (Kalluri and Weinberg,
2009; Das et al., 2019).

To the best of our knowledge, a direct link between BAP1 modulation and EMT regulation in
early development and cancer has not been reported. However, results from previous studies of can-
cers that are strongly associated with an EMT process during metastatic transformation such as uveal
melanoma, clear-cell renal cell carcinoma, gastric adenocarcinoma, colorectal cancer, and non-small-
cell lung cancer showed a significant decrease in tumour BAP1 expression and worse clinical out-
comes (Kalirai et al., 2014; Yan et al., 2016; Tang et al., 2013; Fan et al., 2012). On the back-
ground of our results reported here, it is tempting to speculate that the characteristic EMT and
metastatic behaviour of these malignancies is induced by deletion or low abundance of BAP1. How-
ever, loss of BAP1 has also been reported to promote mesenchymal-epithelial transition in kidney
tumours cells suggesting that its precise mode of function depends on the cell- and tissue-specific
context (Chen et al., 2019). Further molecular analyses will be required to unravel the intricate regu-
lation of the EMT pathway in different cellular contexts and the role of BAP1 in these processes.

In the absence of an FGF signal, Bap1 deficiency promotes trophoblast differentiation towards a
TGC phenotype, while syncytiotrophoblast formation is repressed. This is shown by the precocious
cytoskeletal rearrangements we describe in mutant mTSCs, as well as the profound overabundance
of terminally differentiated, extremely large TGCs in the KO placentae (Perez-Garcia et al., 2018).
These dual roles of BAP1 depending on the FGF signalling environment may indeed be explained
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by the differential regulation of its PR-DUB components, ASXL1 and ASXL2. BAP1 and ASXL pro-
teins form mutually exclusive complexes of the PR-DUB tumour suppressor, which maintains tran-
scriptional silencing of polycomb target genes. Moreover, the fact that ASXL proteins can affect the
stability of BAP1 may account for the high discrepancy between mRNA and protein levels in m/
hTSCs (Scheuermann et al., 2010; Daou et al., 2015). Our data suggest that the BAP1:ASXL1 com-
plex is predominant in mTSCs and plays an important role in preventing mTSCs from undergoing
EMT while in a proliferative stem cell state. With the onset of trophoblast differentiation and the
concomitant upregulation of ASXL2, both BAP1:ASXL1 and BAP1:ASXL2 complexes are likely to
coexist. Both these complexes are important to promote syncytiotrophoblast differentiation; in the
absence of either Bap1, Asxl1, or AsxI2, syncytiotrophoblast differentiation is abrogated, and TGC
differentiation dominates. This is in keeping with the finding that overexpression of Asx/2 induces
cellular senescence in other systems (Huether et al., 2014; Micol et al., 2014, Daou et al., 2015).

We previously found a strong correlation between cardiovascular and brain defects in embryos
with abnormal placentation (Woods et al., 2018). Since Asx/1 and AsxI2 mutants have also been
reported to exhibit cardiovascular and brain developmental defects (Baskind et al., 2009,
Wang et al., 2014), it is tempting to speculate that they may be due, in part, to a placental defect.

Finally, our data suggest that BAP1:ASXL1/2 regulate trophoblast differentiation and invasiveness
in other species. In humans as in mice, BAP1 protein levels are downregulated during differentiation
towards the invasive EVT lineage in coordination with ASXL gene expression. We also observed that
in addition to ASXL1 downregulation, ASXL3 expression was also modulated during EVT differentia-
tion. De novo mutations of ASXL1/2/3 genes are associated with severe FGR, preterm birth, and
defects in the development of the heart-brain axis (Srivastava et al., 2016). These types of defects
are strongly linked to abnormal placentation. Our work suggests a direct link of these mutations to
abnormal trophoblast development through the various functions of PR-DUB in regulating the
unique properties of trophoblast cells. Gaining detailed insights into the molecular networks regulat-
ing this BAP1-ASXL modulation during early placentation will help not only to shed light onto the
major unexplained pregnancy disorders, but also to open up new avenues into investigations of
tumours where PR-DUB is mutated.

Materials and methods

Additional

resource Designation Source or reference Identifiers information
Gene (Mus Bap1 GenBank MGI:1206586
musculus)
Gene (Mus Asxl1 GenBank MGI:2684063
musculus)
Gene (Mus AsxI2 GenBank MGI:1922552
musculus)
Gene (Homo BAP1 GenBank HGNC:950
sapiens)
Cell line (Mus Mouse trophoblast Prof. Rossant lab TS-Rs26
musculus) stem cell line
Cell line Human trophoblast Prof. Arima lab BTS5
(Homo sapiens) stem cell line
Cell line (Homo HEK293T: Human ATCC CRL-3216 HEK293T
sapiens) embryonic

kidney cells
Cell line (Homo Choriocarcinoma ATCC HTB-36 JEG-3
sapiens) cell line
Cell line (Homo Choriocarcinoma ATCC HTB-144 JAR

sapiens)

cell line

Continued on next page
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Additional

resource Designation Source or reference Identifiers information

Cell line (Homo Choriocarcinoma ATCC CCL-98 BeWo

sapiens) cell line

Antibody Anti-ACTIN Abcam ab6276 WB (1:5000)
(mouse monoclonal)

Antibody Anti-ASXL1 Cell Signaling #52519 WB (1:1000),
(rabbit monoclonal) IF (1:100)

Antibody Anti-ASXL1 Abnova H00171023-M05 WB (1:1000),
(mouse monoclonal) IP (1:100)

Antibody Anti-ASXL2 Abcam ab106540 WB (1:1000),
(rabbit polyclonal) IF (1:100)

Antibody Anti-ASXL2 Bethyl Laboratories A302-037A WB (1:1000),
(rabbit polyclonal) IP (1:250)

Antibody Anti-BAP1 Cell Signaling #13187 IF (1:200), WB (1:1000),
(rabbit monoclonal) IHC (1:100), IP (1:250)

Antibody Anti-E-Cadherin (CDH1) BD Biosciences 610181 IF (1:200)
(mouse monoclonal)

Antibody Anti-CDX2 Biogenex MU392A-UC WB (1:1000)
(mouse monoclonal)

Antibody Anti-ESRRB R&D Systems H6707 WB (1:1000),
(mouse monoclonal) IF (1:200)

Antibody Anti-GATA3 Invitrogen MA5-15387 WB (1:1000)
(mouse monoclonal)

Antibody Anti-HLAG Bio-Rad MCA2043 WB (1:1000)
(mouse monoclonal)

Antibody Anti-ITGAS Santa Cruz Biotechnology sc-376199 IF (1:100)
(mouse monoclonal)

Antibody Anti-TUBULIN Abcam ab6160 WB (1:5000)
(rat monoclonal)

Antibody Anti-Rabbit 1gG Bio-Rad 170-6515 WB (1:5000)
(H + L)-HRP
(goat polyclonal)

Antibody Anti-Mouse IgG Bio-Rad 170-6516 WB (1:5000)
(H + L)-HRP
(goat polyclonal)

Antibody Anti-Rabbit 1gG Thermo Fisher Scientific A-11034 IF (1:500)
(H + L), Alexa Fluor
488 (goat polyclonal)

Antibody Anti-Mouse 1gG (H + L), Thermo Fisher Scientific A-10037 IF (1:500)

Alexa Fluor 568
(donkey polyclonal)

Recombinant Lenti dCas9-VP64- Addgene RRID:Addgene_61425 Lentiviral plasmid
DNA reagent Blast to transfect
(plasmid) HEK293T cells
and package
dCas9-VP64 viral
particles
Recombinant Lenti MS2-p65-HSF1- Addgene RRID:Addgene_61426 Lentiviral plasmid

DNA reagent

Hygro
(plasmid)

to transfect
HEK293T cells

and package MS2-
p65-HSF1 viral
particles

Continued on next page
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Reagent type
(species) or
resource

Recombinant
DNA reagent

Designation

Lenti sgRNA (MS2)-
puro (plasmid)

Source or reference

Addgene
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Identifiers

RRID:Addgene_73795

Additional
information

Lentiviral plasmid
to transfect
HEK293T cells
and package

sgRNA viral
particles
Recombinant psPAX2 (plasmid) Addgene RRID:Addgene_12260 Lentiviral
DNA reagent packaging plasmid
Recombinant pMD2.G (plasmid) Addgene RRID:Addgene_12259 VSV-G envelope
DNA reagent expressing plasmid
Recombinant pSpCas9(BB)—2A-GFP (PX458) Addgene RRID:Addgene_48138 Plasmid to

DNA reagent

(plasmid)

express Cas9 from
Streptococcus pyogenes with
2A-EGFP, and

cloning backbone

for CRISPR-

knockout sgRNA

Recombinant
DNA reagent

Recombinant
DNA reagent

pLV [Exp]-Puro-

CMV > EGFP:
mBap1[NM_027088.2]
(lentiviral particles)

pLV [Exp]-Puro-
CMV > EGFP:
hBAP1[NM_004656.4]
(lentiviral particles)

VectorBuilder

VectorBuilder

Calves(VB210106-1179qki)-C

Cat#LVS(VB210106-1177amh)-C

Lentiviral
particles to
transduce and
express mouse
GFP-BAP1

Lentiviral
particles to
transduce and
express human

GFP-BAP1

Sequence-based Stealth small Thermo Fisher Scientific 1320003_MS23-25
reagent interfering RNA

(siRNA)
Sequence-based Stealth small Thermo Fisher Scientific 1320003_MS36-38
reagent interfering RNA

(siRNA)
Sequence-based Stealth RNAI Thermo Fisher Scientific 12935100
reagent siRNA Negative

Control Kit
Peptide, Alexa Fluor Thermo Fisher Scientific A12380 IF (1:500)
recombinant 568 Phalloidin
protein
Chemical Lipofectamine Thermo Fisher Scientific 13778
compound, drug RNAIMAX

Transfection Reagent
Chemical Lipofectamine 2000 Thermo Fisher Scientific 11668019
compound, drug  Transfection Reagent
Commercial Vybrant cell Thermo Fisher Scientific V13181
assay or kit adhesion assay kit
Software, Fiji Schindelin et al., 2012
algorithm
Software, StarDist Schmidt et al., 2018
algorithm
Software, TrackMate Tinevez et al., 2017
algorithm
Software, MorpholibJ Legland et al., 2016
algorithm
Software, R studio R studio software http://www.rstudio.com
algorithm
Software, GraphPad Prism 8 GraphPad software http://www.graphpad.com
algorithm
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Cell culture and generation of mutant TSC lines

The wild-type TS-Rs26 TSC line (a kind gift of the Rossant lab, Toronto, Canada) and mutant TSC
lines were grown as previously described (Tanaka et al., 1998). Briefly, mTSCs were cultured in stan-
dard mTSC conditions: 20% fetal bovine serum (FBS) (Thermo Fisher Scientific 10270106), 1 mM
sodium pyruvate (Thermo Fisher Scientific 11360-039), 1x anti-mycotic/antibiotic (Thermo Fisher Sci-
entific 15240-062), 50 uM 2-mercaptoethanol (Gibco 31350), 37.5 ng/ml bFGF (Cambridge Stem
Cell Institute), and 1 ug/ml heparin in RPMI 1640 with L-glutamine (Thermo Fisher Scientific 21875-
034), with 70% of the medium pre-conditioned on mouse embryonic fibroblasts (CM). The medium
was changed every 2 days, and cells passaged before reaching confluency. Trypsinization (0.25%
trypsin/EDTA) was carried out at 37°C for about 5 min. Differentiation medium consisted of uncondi-
tioned TSC medium without bFGF and heparin.

Bap1 KO mTSC clones were generated in our laboratory and published before (Perez-
Garcia et al., 2018). Bap1 was overexpressed in mTSCs by using CRISPR/Cas? SAM system
(Konermann et al., 2015). In brief, SAM mTSCs were generated by lentiviral transduction of lenti
dCas?-VP64-Blast (Addgene 61425) and lenti MS2-p65-HSF1-Hygro (Addgene 61426) into TS-Rs26
mTSCs, followed by antibiotic selection. Then, to generate SAM Bap1 mTSCs, three Bap1-gRNA tar-
geting the 180 bp region upstream of the Bapl TSS and one non-targeting-gRNA
(Supplementary file 6; Joung et al., 2019) were selected and synthesized (Sigma). Each oligo was
annealed and cloned into the sgRNA (MS2)-puro plasmid (Addgene 73795) by a Golden Gate reac-
tion using BsmBI enzyme (Thermo Fisher Scientific, ER0451) and T7 ligase (NEB, M0318S). The new
gRNA constructs were packaged into lentiviral particles and transduced into SAM mTSCs by direct
supplementation of the lentivirus for 24 hr. After 48 hr, SAM Bap1-overexpressing cells were
selected by adding 1 ug/1 ml puromycin for 7 days.

CRISPR/Cas9-mediated Asxl/1- and Asx/2-mutant mTSCs were generated as in Lopez-Tello et al.,
2019. Briefly, non-targeting gRNA (control) and gRNAs (Supplementary file 6) that result in frame-
shift mutations were designed using the CRISPR.mit.edu design software and cloned into the
Cas9.2A.EGFP plasmid (Plasmid #48138 Addgene). Transfection of gRNA Cas9.2A.EGFP constructs
was carried out with Lipofectamine 2000 (Thermo Fisher Scientific 11668019) reagent according to
the manufacturer’s protocol. KO clones were confirmed by genotyping using primers spanning the
deleted exon, and by RT-qPCR with primers within, and downstream of, the deleted exon, as shown
(Figure 5—figure supplement 1C).

BTS5 blastocyst-derived hTSCs were obtained from Prof. Takahiro Arima and cultured as in
Okae et al., 2018. Briefly, hTSCs were grown in 5 mg/ml Col IV-coated six-well plates (Sigma
C7521) with 2 ml of TS medium (DMEM/F12 [Invitrogen 31330]) supplemented with 0.1 m 2-mercap-
toethanol (Gibco 31350), 0.2% FBS (Thermo Fisher Scientific 10270106), 100 pug/ml Primocin (Invivo-
gen ant-pm1), 0.3% BSA (Sigma A8412), 1% ITS-X supplement (Gibco 51500-056), 1.5 mg/ml
L-ascorbic acid (Sigma A4403), 50 ng/ml EGF (Peprotech AF-100-15), 2 mM CHIR99021 (R&D 4423),
0.5 mM A83-01 (Stem Cell Technologies 72024), 1 mM SB431542 (Tocris 1614), 0.8 mM VPA (Sigma
P4543), and 5 mM Y27632 (Stem Cell Technologies 72304). The medium was changed every 2 days,
and cells were dissociated with TrypLE (Gibco 12604-021) for 10-15 min at 37°C to passage them.
EVT differentiation was achieved through a modification of a protocol described previously
(Okae et al., 2018). hTSCs were cultured in pre-coated six-well plates (1 ug/ml Col IV) with 2 m| of
EVT differentiation medium (EVTM: DMEM/F12, 0.1 mM 2-mercaptoethanol [Gibco 31350]), 100 pug/
ml Primocin (Invivogen ant-pm1), 0.3% BSA (Sigma A8412), 1% ITS-X supplement (Gibco 51500~
056), 2.5 UM Y27632 (Stem Cell Technologies 72304), 100 ng/ml NRG1 (Cell Signaling 5218SC), 7.5
UM A83-01 (Tocris Biotechne 2939), and 4% knockout serum replacement (KSR) (Thermo Fisher
10828010). Matrigel (Corning 356231) at 2% final concentration was added as cells were suspended
in medium and seeded in the plate. After 3 days, EVTM was changed and replaced with new EVTM
without NRG1 and a final Matrigel concentration of 0.5%. At 6 days of differentiation, EVTM was
replaced with new EVTM without NRG1 and KSR. EVTs were cultured 2 more days and then col-
lected for RNA and protein extraction.

The choriocarcinoma cell lines JEG-3 and JAR were cultured in RMPI-1640 (Thermo Fisher Scien-
tific, Waltham, MA) supplemented with 10% (v/v) FBS, 2 mM glutamine, penicillin (10 U/ml), strepto-
mycin (100 pug/ml), and gentamicin (2 mg/ml) (Thermo Fisher Scientific, Waltham, MA). BeWo cells
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were cultured in DMEM/F12 medium supplemented with 10% HI-FBS, penicillin (100 U/ml), and
streptomycin (100 pg/ml) (Thermo Fisher Scientific, Waltham, MA). Culture medium was replaced
every 2-3 days. Approximately 4-6 days after plating, cells were removed from tissue culture flasks
with TrypLE (Gibco) to be either passaged at a ratio of 1:3 or collected for RNA extraction and RT-
gPCR analysis. All cell lines used were proven mycoplasma-free.

Human samples

The placental samples from normal first and early second trimester, and normal term pregnancies
used for this study were obtained with written informed consent from all participants in accordance
with the guidelines in the Declaration of Helsinki 2000. Elective terminations of normal pregnancies
were performed at Addenbrooke’s Hospital under ethical approval from the Cambridge Local
Research Ethics Committee (04/Q0108/23). Samples were either snap-frozen for RNA isolation or
embedded in formalin-fixed paraffin wax for tissue sections (4 um).

Mice

All animal experiments were conducted in full compliance with UK Home Office regulations (Animals
Act 1986) and with approval of the local animal welfare committee (AWERB) at the Babraham Insti-
tute, and with the relevant project and personal licences in place. All conceptuses used in this study
were dissected at E6.5 from C57BL/6Babr mice bred and maintained in the Babraham Institute Bio-
logical Support Unit.

Lentiviral transduction

For the production of lentiviral particles, 106 HEK293T cells seeded in 100 mm plates were cotrans-
fected (TransIT, Mirus BIO 2700) with 6.5 pg of psPAX2 (Addgene 12260), 3.5 ug of pMD2.G (Addg-
ene 12259), and 10 pg of the appropriate lentiviral vector: dCas9-VP64_Blast (Addgene 61425),
MS2-p65-HSF1_Hygro (Addgene 61426), sgRNA(MS2)-puro (Addgene 73795) cloned with an indi-
vidual sgRNA. Forty-eight hours later, 10 ml of virus supernatant was filtered through a 0.45 um filter
(Sartorius, 16533) and supplemented with 8 ug/ml polybrene (Millipore, TR-1003-G). For the specific
case of mouse and human GFP-BAP1 overexpression experiments, lentiviral particles were packaged
by VectorBuilder and supplemented to the specific cell lines as before.

Small interference RNA transfection mTSCs were transfected with Stealth small interfering RNA
(siRNA) for Asxl1, Asxl2, and negative control siRNA (Thermo Fisher Scientific, 1320003MS23-25,
1320003MS36-38, and 12935100, respectively) using Lipofectamine RNAiMax (Thermo Fisher Scien-
tific, 13778075). Following 72 hr of transfection, cells were collected for WB analysis.

WB and immunoprecipitation

Cells were lysed in radioimmunoprecipitation assay buffer (20 mM Tris-HCI, pH 8.0, 137 mM NaCl, 1
mM MgCl,, 1 mM CaCl,, 10% glycerol, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulphate), containing a protease inhibitor cocktail (Sigma P2714), and incubated at 4°C for 1 hr, fol-
lowed by centrifugation (9300x g, 10 min). Western blotting was performed as described previously
(Pérez-Garcia et al., 2014). Blots were probe against the antibodies anti-Bap11:1000 (Cell Signaling,
D1W9B #13187), anti-beta-ACTIN 1:5000 (Abcam, ab6276), anti-TUBULIN 1:5000 (Abcam, ab6160),
anti-CDX2 1:1000 (Biogenex, MU392A-UC), anti-ESRRB 1:1000 (R&D Systems, H6707), Anti-ASXI1
1:1000 (Cell Signaling, D1B6V #52519), Anti-ASXI1 1:1000 (Abnova, H00171023-M05), anti-ASXI2
1:1000 (Abcam, ab106540), anti-ASXI2 1:1000 (Bethyl Laboratories, MCA2043), anti-GATA3 1:1000
(Invitrogen, MA5-15387), and anti-HLA-G (Bio-Rad, MCA2043) followed by horseradish peroxidise-
conjugated secondary antibodies anti-rabbit (Bio-Rad 170-6515), anti-mouse (Bio-Rad 170-6516, all
1:3000). Detection was carried out with enhanced chemiluminescence reaction (GE Healthcare
RPN2209) on X-ray films. The intensity of the bands was quantified using ImageJ software.

For optimal detection of the BAP1 and ASXL co-immunoprecipitation, cells were lysed in a deter-
gent buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 10 mM KClI, 0.5% Nonidet P-40) with a protease
inhibitor cocktail (Sigma P2714) and incubated at 4°C for 1 hr, followed by centrifugation (9300x g,
10 min). The immunoprecipitation was performed as described previously (Pérez-Garcia et al.,
2014).
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Immunohistochemistry

Immunohistochemistry on sections of E9.5 wild-type and Bap1 KO placentas from the DMDD collec-
tion (dmdd.org.uk) and first trimester placentas was performed as in Turco et al., 2018. Briefly,
immunohistochemistry was carried out using heat-induced epitope retrieval buffers (A. Menarini)
and Vectastain avidin-biotin-HRP reagents (Vector Laboratories PK-6100). Anti-BAP1 antibody (Cell
Signaling, D1W9B #13187) was used at 1:200. For each experiment, a negative control was included
in which the antibody was replaced with equivalent concentrations of isotype-matched rabbit IgG.
Images were taken with an EVOS M5000 microscope (Thermo Fisher Scientific).

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 10 min and
permeabilized with PBS, 0.3% Triton X-100 for 10 min. Blocking was carried out with PBS, 0.1%
Tween 20, 1% BSA (PBT/BSA) for 30 min, followed by antibody incubation for 60 min. Primary anti-
bodies and dilutions (in PBT/BSA) were E-cadherin (CDH1) 1:200 (BD Biosciences, 610181), anti-
BAP1 1:200 (Cell Signaling, D1W9B #13187), anti-ESRRB 1:200 (R&D Systems H6707), and phalloidin
1:500 (Thermo Fisher Scientific A12380).

Cryosections of placental villi from a total of three samples of 8 weeks of gestation were cut at 15
um and fixed with ice-cold methanol/acetone for 10 min. Tissues were blocked with PBS, 0.5%
bovine serum albumin (Sigma, A7906), 0.1% Tween-20. Antibodies and dilutions were: BAP1 1:100
(Cell Signaling, D1W9B #13187) and Anti-ITGAS 1:100 (Santa Cruz Biotechnology, sc-376199). Incu-
bation was done at 4°C overnight. Detection was carried out with Alexa fluorophore-conjugated sec-
ondary antibodies (Thermo Fisher Scientific) diluted 1:400. Nuclear counterstaining was performed
with DAPI.

Whole-mount embryo staining was performed following a modification of the protocol previously
described (Kalkan et al., 2019). Briefly, dissected E6.5 conceptuses were fixed for 1 hr in 4% PFA.
After three washes (15 min) with PBS supplemented with 3 mg/ml poly-vinylpyrrolidone (Sigma,
P0930), embryos were permeabilized with PBS containing 5% DMSO, 0.5% Triton X-100, 0.1% BSA,
0.01% Tween 20 for 1 hr. Then, embryos were blocked overnight at 4°C in permeabilization buffer,
containing 2% donkey serum. Embryos were incubated overnight at 4°C with antibodies against
E-cadherin (CDH1) at 1:200 (BD Biosciences, 610181) and BAP1 at 1:100 (Cell Signaling, D1W9B
#13187) in blocking buffer, followed by three washes in blocking buffer for 1 hr. Then, conceptuses
were incubated overnight with secondary Alexa Fluor 488 or 568 (Thermo Fisher Scientific) antibod-
ies diluted 1:400 in blocking buffer. Lastly, embryos were washed three times for 1 hr in blocking
buffer and nuclei were counter-stained with DAPI. For embryo mounting, samples were taken
through a series of 25%, 50%, 75%, and 100% Vectashield (Vector Laboratories, H-1000) diluted in
PBS. Embryos were mounted in Vectashield, surrounded by spacer drops of vaseline for the cover-
slip, to immobilize embryos. Images were taken with an Olympus BX61 epifluorescence microscope
or a Zeiss LSM 780 confocal microscope. Images were processed and analysed with a custom analy-
sis pipeline developed in Fiji (Schindelin et al., 2012). In brief, first nuclei in 3D image stacks were
segmented using a combination of StarDist (Schmidt et al., 2018) and TrackMate (Tinevez et al.,
2017) plugins, followed by manual correction where required. This was followed by analysis of the
morphology and the fluorescence intensity in all three channels (DAPI, CDH1, and BAP1) within all
segmented nuclei using the MorphoLibJ plugin (Legland et al., 2016). In addition, for all nuclei it
was recorded whether they localized to the ExE or the EPC by creating 3D segmentation masks of
the embryo, relying on the DAPI and CDH1 labelling. Post-processing and plotting of the data was
done in R studio (http://www.rstudio.com). Student’s t-tests analysis was performed to calculate sta-
tistical significance of BAP1 staining differences (p<0.05) using GraphPad Prism 8.

Cell adhesion assay

Adhesion capacity of vector control and Bap1”~ mTSCs was measured using the Vybrant cell adhe-
sion assay kit (Thermo Fisher Scientific V13181) as previously described (Branco et al., 2016). Briefly,
cells resuspended in serum-free RPMI medium were labelled with Calcein AM (5 uM) during 30 min
at 37°C. Cells were washed twice with RPMI medium and 10° cells plated per well in a 96-well tissue
culture plate and left to attach for 2 hr in serum-free RPMI medium. Finally, cells were washed three
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times and the remaining attached cells were detected measuring the fluorescence emission at 517
nm with a PHERAstar FS plate reader.

Trophosphere generation

Trophospheres were generated following a modification of a protocol described previously (Rai and
Cross, 2015). In brief, 10*wild-type and mutant cells resuspended in complete medium were cul-
tured in Ultra-Low Attachment plates (Corning, Steuben County, NY). Forty-eight hours later, cells
were collected, washed with PBS, and transferred back to Ultra-Low Attachment dishes with differ-
entiation medium for another 7 days. Then, the trophospheres were collected for RNA analysis.

Trophoblast cell invasion

The invasion assays were carried out following a modification of the protocol described in
Hemberger et al., 2004. The Transwell filters (Sigma, CLS3422) were coated with 100 pul of a 1:20
dilution of cold Matrigel (Corning 356231) in RPMI 1640 medium. The Matrigel layer was allowed to
dry overnight at room temperature and was rehydrated the next day with 100 ul of supplemented
RPMI 1640 medium for 2 hr at 37°C under 95% humidity and 5% CO,. Confluent 60 mm dishes of TS
cells were trypsinized and resuspended in RPMI at 10° cells/ml; 100 pl of this cell suspension (10°
cells) was added to the top chamber, and the bottom chamber was filled with 800 ul of culture
medium.

After the specific times of incubation, Transwell inserts were fixed for 5 min in 4% PFA and
washed with 1x PBS. Cells that remained on top of the filters as well as the Matrigel coating were
scraped off. Filters were stained overnight with hematoxylin and excised under a dissecting micro-
scope, removing all residual cells from the top of the filters. Filters were mounted with 20% glycerol
in 1x PBS and photographs of each filter were quantified with ImageJ.

Proliferation assay

Analysis of cell proliferation rate was performed as in Woods et al., 2017. In brief, 10,000
vector control and Bap1 KO mTSCs were plated in complete medium and collected every 24 hr over
4 days. After trypsinization, the number of viable cells was counted using the Muse Count and Viabil-
ity Assay Kit (Merck Millipore MCH100102) and run on the Muse cell analyser (Merck Millipore),
according to manufacturer’s instructions. Statistical analysis was performed using ANOVA followed
by Holm-Sidak’s post hoc test.

RT-qPCR

Total RNA was extracted using TRI reagent (Sigma T9424), DNase-treated, and 1 ug used for cDNA
synthesis with RevertAid H-Minus reverse transcriptase (Thermo Fisher Scientific EP0451). Quantita-
tive (q)PCR was performed using SYBR Green Jump Start Taq Ready Mix (Sigma S4438) and Intron-
spanning primer pairs (Supplementary file 6) on a Bio-Rad CFX384 thermocycler. Normalized
expression levels are displayed as mean relative to the vector control sample; error bars indicate
standard error of the means (SEM) of at least three replicates. Where appropriate, Student's t-tests
or ANOVA were performed to calculate statistical significance of expression differences (p<0.05)
using GraphPad Prism 8.

RNA-seq

For RNA-seq, total RNA was extracted with Trizol followed by DNase treatment using TURBO DNA-
free kit (Life Technologies AM1907). For wild-type and Bap1 KO mTSC experiments, adapter
indexed strand-specific RNA-seq libraries were generated from 1000 ng of total RNA following the
dUTP method using the stranded mRNA LT sample kit (lllumina). Libraries were pooled and
sequenced on lllumina HiSeq 2500 in 75 bp paired-end mode. FASTQ files were aligned to the Mus
musculus GRCm38 genome reference genome using HISAT2 v2.1.0. Sequence data were deposited
in ENA under accession ERP023265.

For RNA-seq from SAM Bap1-overexpressing cells, RNA-seq libraries were generated from 500
ng using TruSeq Stranded mRNA library prep (lllumina, 20020594). Indexed libraries were pooled
and sequenced on an Illumina HiSeg2500 sequencer in 100 bp single-end mode. FastQ data were
map to M. musculus GRCm38 genome assembly using HISAT2 v2.1.0.
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Bioinformatic analysis

Data were quantified using the RNA-seq quantitation pipeline in SegMonk (http://www.bicinformat-
ics.babraham.ac.uk) and normalized according to total read count (read per million mapped reads).
Differential expression was calculated using DESeq2 and FPKM Fold Change > 2 with p<0.05 and
adjusted for multiple testing correction using the Benjamini-Hochberg method. Stringent differential
expression was calculated combining DESeq?2 and intensity difference filters in SeqMonk. Expression
data from Bap 1-mutant tumor cells were from (He et al., 2019).

Heatmaps and PCA plots were generated using Segmonk. Gene ontology was performed on
genes found to be significantly up- or downregulated, against a background list of genes consisting
of those with more than 10 reads aligned. Gene ontology terms with a Bonferroni p-value of <0.05
were found using DAVID (Dennis et al., 2003). Venn diagrams were plotted using BioVenn (http://
www.cmbi.ru.nl/cdd/biovenn/). The significance of the pairwise overlap between the datasets was
determined by the overlapping gene group tool provided at http://www.nemates.org.
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conceptuses used in this study were dissected at E6.5 from C57BL/6Babr mice bred and maintained
in the Babraham Institute Biological Support Unit.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.63254.5a1
Author response https://doi.org/10.7554/elife.63254.sa2

Additional files

Supplementary files
e Supplementary file 1. Genes dysregulated in Bap1 knockout (KO) mouse trophoblast stem
cell (mTSC) in stem cell conditions (0 day) and during differentiation (3 days).

 Supplementary file 2. Gene ontology analyses of genes differentially expressed between vector
and Bap1-mutant mouse trophoblast stem cells (mTSCs) in stem cell conditions (0 day) and during
differentiation (3 days).

e Supplementary file 3. Genes dysregulated in Bapl1 overexpressing mouse trophoblast stem

cell (mTSC) in stem cell conditions (0 day) and during differentiation (3 days).

» Supplementary file 4. Gene ontology analyses of genes differentially expressed between Bap1
overexpressing and control mouse trophoblast stem cells (mTSCs) in stem cell conditions (0 day) and
during differentiation (3 days).

 Supplementary file 5. List of genes commonly deregulated in the absence or excess of BRCA1-
associated protein 1 (BAP1) in mouse trophoblast stem cells (mTSCs) growing in stem cell conditions
and its gene ontology analyses.

 Supplementary file 6. Primer sequences for RT-gPCR and CRISPR gRNAs target sequences.

« Transparent reporting form

Data availability

All data generated or analysed during this study are included in the manuscript and supporting files.
Genome-wide sequencing data have been deposited in the GEO database under accession number
GSE158670.

The following dataset was generated:

Database and Identifier

Author(s) Year Dataset title Dataset URL

Perez-Garcia V, Lea 2020 BAP1/ASXL complex https://www.ncbi.nlm. NCBI Gene Expression
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Burton GJ, Moffett Transition during trophoblast

A, Turco MY, differentiation and invasion

Hemberger M

The following previously published datasets were used:

Perez-Garcia et al. eLife 2021;10:€63254. DOI: https://doi.org/10.7554/eLife.63254 23 of 27


https://doi.org/10.7554/eLife.63254.sa1
https://doi.org/10.7554/eLife.63254.sa2
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158670
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158670
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158670
https://doi.org/10.7554/eLife.63254

e Llfe Research article

Developmental Biology | Stem Cells and Regenerative Medicine

Database and

Author(s) Year Dataset title Dataset URL Identifier
Perez-Garcia V, 2018 Placentation defects are highly _http://www.ebi.ac.uk/ _ENA, ERP023265
Fineberg E, Wilson prevalent in embryonic lethal ena/data/view/

R, Mazzeo AMCI, mouse mutants ERP023265

Tudor C, Sienerth
A, White JK, Tuck
E, Ryder EJ,
Gleeson D,
Siragher E, Wardle-
Jones H, Staudt N,
Wali N, Collins J,
Geyer S, Busch-
Nentwich EM, Galli
A, Smith JC,
Robertson E,
Adams DJ,
Weninger WJ,
Mohun T,
Hemberger M

He M, Chaurushiya 2019 Intrinsic apoptosis shapes the https://www.ncbi.nlm. NCBI Gene
MS, Webster JD, tumor spectrum linked to nih.gov/geo/query/acc.  Expression Omnibus,
Kummerfeld S, Reja inactivation of the deubiquitinase  cgi?acc=GSE120414 GSE120414
R, Chaudhuri S, BAP1

Chen Y-J,

Modrusan Z, Haley

B, Dugger DL,

Eastham-Anderson

J, Lau'S, Dey A,

Caothien R, Roose-

Girma M, Newton

K, Dixit VM

He M, Chaurushiya 2019 Intrinsic apoptosis shapes the https://www.ncbi.nlm. NCBI Gene

MS, Webster JD, tumor spectrum linked to nih.gov/geo/query/acc.  Expression Omnibus,
Kummerfeld S, Reja inactivation of the deubiquitinase  cgi?acc=GSE120415 GSE120415

R, Chaudhuri S, BAP1

Chen Y-J,

Modrusan Z, Haley

B, Dugger DL,

Eastham-Anderson
J, Lau'S, Dey A,
Caothien R, Roose-
Girma M, Newton
K, Dixit VM

References

Abdel-Wahab O, Adli M, LaFave LM, Gao J, Hricik T, Shih AH, Pandey S, Patel JP, Chung YR, Koche R, Perna F,
Zhao X, Taylor JE, Park CY, Carroll M, Melnick A, Nimer SD, Jaffe JD, Aifantis |, Bernstein BE, et al. 2012.
ASXL1 mutations promote myeloid transformation through loss of PRC2-mediated gene repression. Cancer
Cell 22:180-193. DOI: https://doi.org/10.1016/j.ccr.2012.06.032, PMID: 22897849

Baskind HA, Na L, Ma Q, Patel MP, Geenen DL, Wang QT. 2009. Functional conservation of Asx|2, a murine
homolog for the Drosophila enhancer of trithorax and polycomb group gene asx. PLOS ONE 4:e4750.

DOI: https://doi.org/10.1371/journal.pone.0004750, PMID: 19270745

Baymaz HI, Fournier A, Laget S, Ji Z, Jansen PW, Smits AH, Ferry L, Mensinga A, Poser |, Sharrocks A, Defossez
PA, Vermeulen M. 2014. MBD5 and MBD4 interact with the human PR-DUB complex through their methyl-
CpG-binding domain. Proteomics 14:2179-2189. DOI: https://doi.org/10.1002/pmic.201400013,

PMID: 24634419

Branco MR, King M, Perez-Garcia V, Bogutz AB, Caley M, Fineberg E, Lefebvre L, Cook SJ, Dean W, Hemberger
M, Reik W. 2016. Maternal DNA methylation regulates early trophoblast development. Developmental Cell 36:
152-163. DOI: https://doi.org/10.1016/j.devcel.2015.12.027, PMID: 26812015

Brosens |, Pijnenborg R, Vercruysse L, Romero R. 2011. The "Great Obstetrical Syndromes" are associated with
disorders of deep placentation. American Journal of Obstetrics and Gynecology 204:193-201. DOI: https://doi.
org/10.1016/j.ajog.2010.08.009, PMID: 21094932

Campagne A, Lee MK, Zielinski D, Michaud A, Le Corre S, Dingli F, Chen H, Shahidian LZ, Vassilev |, Servant N,
Loew D, Pasmant E, Postel-Vinay S, Wassef M, Margueron R. 2019. BAP1 complex promotes transcription by
opposing PRC1-mediated H2A ubiquitylation. Nature Communications 10:348. DOI: https://doi.org/10.1038/
s41467-018-08255-x, PMID: 30664650

Perez-Garcia et al. eLife 2021;10:€63254. DOI: https://doi.org/10.7554/eLife.63254 24 of 27


http://www.ebi.ac.uk/ena/data/view/ERP023265
http://www.ebi.ac.uk/ena/data/view/ERP023265
http://www.ebi.ac.uk/ena/data/view/ERP023265
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120414
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120414
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120414
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120415
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120415
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120415
https://doi.org/10.1016/j.ccr.2012.06.032
http://www.ncbi.nlm.nih.gov/pubmed/22897849
https://doi.org/10.1371/journal.pone.0004750
http://www.ncbi.nlm.nih.gov/pubmed/19270745
https://doi.org/10.1002/pmic.201400013
http://www.ncbi.nlm.nih.gov/pubmed/24634419
https://doi.org/10.1016/j.devcel.2015.12.027
http://www.ncbi.nlm.nih.gov/pubmed/26812015
https://doi.org/10.1016/j.ajog.2010.08.009
https://doi.org/10.1016/j.ajog.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/21094932
https://doi.org/10.1038/s41467-018-08255-x
https://doi.org/10.1038/s41467-018-08255-x
http://www.ncbi.nlm.nih.gov/pubmed/30664650
https://doi.org/10.7554/eLife.63254

e Llfe Research article

Developmental Biology | Stem Cells and Regenerative Medicine

Carbone M, Yang H, Pass HI, Krausz T, Testa JR, Gaudino G. 2013. BAP1 and cancer. Nature Reviews Cancer 13:
153-159. DOI: https://doi.org/10.1038/nrc3459, PMID: 23550303

Chen P, Wang H, Zhang W, Chen Y, Lv Y, Wu D, Guo M, Deng H. 2019. Loss of BAP1 results in growth inhibition
and enhances Mesenchymal-Epithelial transition in kidney tumor cells. Molecular & Cellular Proteomics 18:
1320-1329. DOI: https://doi.org/10.1074/mcp.RA119.001457, PMID: 30992312

Chittock EC, Latwiel S, Miller TC, Muller CW. 2017. Molecular architecture of polycomb repressive complexes.
Biochemical Society Transactions 45:193-205. DOI: https://doi.org/10.1042/BST20160173, PMID: 28202673

Costanzo V, Bardelli A, Siena S, Abrignani S. 2018. Exploring the links between Cancer and placenta
development. Open Biology 8:180081. DOI: https://doi.org/10.1098/rsob.180081, PMID: 29950452

Daou S, Hammond-Martel |, Mashtalir N, Barbour H, Gagnon J, lannantuono NV, Nkwe NS, Motorina A, Pak H,
Yu H, Wurtele H, Milot E, Mallette FA, Carbone M, Affar elB. 2015. The BAP1/ASXL2 histone H2A
deubiquitinase complex regulates cell proliferation and is disrupted in Cancer. Journal of Biological Chemistry
290:28643-28663. DOI: https://doi.org/10.1074/jbc.M115.661553, PMID: 26416890

Das V, Bhattacharya S, Chikkaputtaiah C, Hazra S, Pal M. 2019. The basics of epithelial-mesenchymal transition
(EMT): A study from a structure, dynamics, and functional perspective. Journal of Cellular Physiology 234:
14535-14555. DOI: https://doi.org/10.1002/jcp.28160

DaSilva-Arnold S, James JL, Al-Khan A, Zamudio S, lllsley NP. 2015. Differentiation of first trimester
cytotrophoblast to extravillous trophoblast involves an epithelial-mesenchymal transition. Placenta 36:1412-
1418. DOI: https://doi.org/10.1016/j.placenta.2015.10.013, PMID: 26545962

Dennis G, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, Lempicki RA. 2003. DAVID: database for
annotation, visualization, and integrated discovery. Genome Biology 4:P3. DOI: https://doi.org/10.1186/gb-
2003-4-5-p3, PMID: 12734009

Dey A, Seshasayee D, Noubade R, French DM, Liu J, Chaurushiya MS, Kirkpatrick DS, Pham VC, Lill JR,
Bakalarski CE, Wu J, Phu L, Katavolos P, LaFave LM, Abdel-Wahab O, Modrusan Z, Seshagiri S, Dong K, Lin Z,
Balazs M, et al. 2012. Loss of the tumor suppressor BAP1 causes myeloid transformation. Science 337:1541-
1546. DOI: https://doi.org/10.1126/science.1221711, PMID: 22878500

E Davies J, Pollheimer J, Yong HE, Kokkinos M, Kalionis B, Knéfler M, Murthi P. 2016. Epithelial-mesenchymal
transition during extravillous trophoblast differentiation. Cell Adhesion & Migration 10:310-321. DOI: https://
doi.org/10.1080/19336918.2016.1170258, PMID: 27070187

El-Hashash AHK, Warburton D, Kimber SJ. 2010. Genes and signals regulating murine trophoblast cell
development. Mechanisms of Development 127:1-20. DOI: https://doi.org/10.1016/j.mod.2009.09.004

Erlebacher A, Price KA, Glimcher LH. 2004. Maintenance of mouse trophoblast stem cell proliferation by TGF-
beta/activin. Developmental Biology 275:158-169. DOI: https://doi.org/10.1016/j.ydbio.2004.07.032,
PMID: 15464579

Fan LH, Tang LN, Yue L, Yang Y, Gao ZL, Shen Z. 2012. BAP1 is a good prognostic factor in advanced non-small
cell lung Cancer. Clinical & Investigative Medicine 35:182-189. DOI: https://doi.org/10.25011/cim.v35i4.17146,
PMID: 22863556

Ferretti C, Bruni L, Dangles-Marie V, Pecking AP, Bellet D. 2007. Molecular circuits shared by placental and
Cancer cells, and their implications in the proliferative, invasive and migratory capacities of trophoblasts.
Human Reproduction Update 13:121-141. DOI: https://doi.org/10.1093/humupd/dml048, PMID: 17068222

Griimmer R, Hohn HP, Mareel MM, Denker HW. 1994. Adhesion and invasion of three human choriocarcinoma
cell lines into human endometrium in a three-dimensional organ culture system. Placenta 15:411-429.
DOI: https://doi.org/10.1016/0143-4004(94)90008-6, PMID: 7937597

Harbour JW, Onken MD, Roberson ED, Duan S, Cao L, Worley LA, Council ML, Matatall KA, Helms C, Bowcock
AM. 2010. Frequent mutation of BAP1 in metastasizing uveal melanomas. Science 330:1410-1413.
DOI: https://doi.org/10.1126/science. 1194472, PMID: 21051595

He M, Chaurushiya MS, Webster JD, Kummerfeld S, Reja R, Chaudhuri S, Chen YJ, Modrusan Z, Haley B, Dugger
DL, Eastham-Anderson J, Lau S, Dey A, Caothien R, Roose-Girma M, Newton K, Dixit VM. 2019. ‘Intrinsic
apoptosis shapes the tumor spectrum linked to inactivation of the deubiquitinase BAP1’. Science 364:283-285.
DOI: https://doi.org/10.1126/science.aav4902, PMID: 31000662

Hemberger M, Hughes M, Cross JC. 2004. Trophoblast stem cells differentiate in vitro into invasive trophoblast
giant cells. Developmental Biology 271:362-371. DOI: https://doi.org/10.1016/j.ydbio.2004.03.040,
PMID: 15223340

Hemberger M, Udayashankar R, Tesar P, Moore H, Burton GJ. 2010. ELF5-enforced transcriptional networks
define an epigenetically regulated trophoblast stem cell compartment in the human placenta. Human
Molecular Genetics 19:2456-2467. DOI: https://doi.org/10.1093/hmg/ddq128, PMID: 20354077

Huether R, Dong L, Chen X, Wu G, Parker M, Wei L, Ma J, Edmonson MN, Hedlund EK, Rusch MC, Shurtleff SA,
Mulder HL, Boggs K, Vadordaria B, Cheng J, Yergeau D, Song G, Becksfort J, Lemmon G, Weber C, et al.
2014. The landscape of somatic mutations in epigenetic regulators across 1,000 paediatric Cancer genomes.
Nature Communications 5:3630. DOI: https://doi.org/10.1038/ncomms4630, PMID: 24710217

Jensen DE, Proctor M, Marquis ST, Gardner HP, Ha SI, Chodosh LA, Ishov AM, Tommerup N, Vissing H, Sekido
Y, Minna J, Borodovsky A, Schultz DC, Wilkinson KD, Maul GG, Barlev N, Berger SL, Prendergast GC, Rauscher
FJ. 1998. BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1-
mediated cell growth suppression. Oncogene 16:1097-1112. DOI: https://doi.org/10.1038/sj.onc.1201861,
PMID: 9528852

Perez-Garcia et al. eLife 2021;10:€63254. DOI: https://doi.org/10.7554/eLife.63254 25 of 27


https://doi.org/10.1038/nrc3459
http://www.ncbi.nlm.nih.gov/pubmed/23550303
https://doi.org/10.1074/mcp.RA119.001457
http://www.ncbi.nlm.nih.gov/pubmed/30992312
https://doi.org/10.1042/BST20160173
http://www.ncbi.nlm.nih.gov/pubmed/28202673
https://doi.org/10.1098/rsob.180081
http://www.ncbi.nlm.nih.gov/pubmed/29950452
https://doi.org/10.1074/jbc.M115.661553
http://www.ncbi.nlm.nih.gov/pubmed/26416890
https://doi.org/10.1002/jcp.28160
https://doi.org/10.1016/j.placenta.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/26545962
https://doi.org/10.1186/gb-2003-4-5-p3
https://doi.org/10.1186/gb-2003-4-5-p3
http://www.ncbi.nlm.nih.gov/pubmed/12734009
https://doi.org/10.1126/science.1221711
http://www.ncbi.nlm.nih.gov/pubmed/22878500
https://doi.org/10.1080/19336918.2016.1170258
https://doi.org/10.1080/19336918.2016.1170258
http://www.ncbi.nlm.nih.gov/pubmed/27070187
https://doi.org/10.1016/j.mod.2009.09.004
https://doi.org/10.1016/j.ydbio.2004.07.032
http://www.ncbi.nlm.nih.gov/pubmed/15464579
https://doi.org/10.25011/cim.v35i4.17146
http://www.ncbi.nlm.nih.gov/pubmed/22863556
https://doi.org/10.1093/humupd/dml048
http://www.ncbi.nlm.nih.gov/pubmed/17068222
https://doi.org/10.1016/0143-4004(94)90008-6
http://www.ncbi.nlm.nih.gov/pubmed/7937597
https://doi.org/10.1126/science.1194472
http://www.ncbi.nlm.nih.gov/pubmed/21051595
https://doi.org/10.1126/science.aav4902
http://www.ncbi.nlm.nih.gov/pubmed/31000662
https://doi.org/10.1016/j.ydbio.2004.03.040
http://www.ncbi.nlm.nih.gov/pubmed/15223340
https://doi.org/10.1093/hmg/ddq128
http://www.ncbi.nlm.nih.gov/pubmed/20354077
https://doi.org/10.1038/ncomms4630
http://www.ncbi.nlm.nih.gov/pubmed/24710217
https://doi.org/10.1038/sj.onc.1201861
http://www.ncbi.nlm.nih.gov/pubmed/9528852
https://doi.org/10.7554/eLife.63254

e Llfe Research article

Developmental Biology | Stem Cells and Regenerative Medicine

Joung J, Konermann S, Gootenberg JS, Abudayyeh OO, Platt RJ, Brigham MD, Sanjana NE, Zhang F. 2019.
Author correction: genome-scale CRISPR-Cas9 knockout and transcriptional activation screening. Nature
Protocols 14:2259. DOI: https://doi.org/10.1038/s41596-018-0063-0, PMID: 30349047

Kalirai H, Dodson A, Faqir S, Damato BE, Coupland SE. 2014. Lack of BAP1 protein expression in Uveal
melanoma is associated with increased metastatic risk and has utility in routine prognostic testing. British
Journal of Cancer 111:1373-1380. DOI: https://doi.org/10.1038/bjc.2014.417, PMID: 25058347

Kalkan T, Borneldv S, Mulas C, Diamanti E, Lohoff T, Ralser M, Middelkamp S, Lombard P, Nichols J, Smith A.
2019. Complementary activity of ETV5, RBPJ, and TCF3 drives formative transition from naive pluripotency.
Cell Stem Cell 24:785-801. DOI: https://doi.org/10.1016/j.stem.2019.03.017, PMID: 31031137

Kalluri R, Weinberg RA. 2009. The basics of epithelial-mesenchymal transition. Journal of Clinical Investigation
119:1420-1428. DOI: https://doi.org/10.1172/JCI139104, PMID: 19487818

Kaufmann P, Black S, Huppertz B. 2003. Endovascular trophoblast invasion: implications for the pathogenesis of
intrauterine growth retardation and preeclampsia. Biology of Reproduction 69:1-7. DOI: https://doi.org/10.
1095/biolreprod.102.014977

Konermann S, Brigham MD, Trevino AE, Joung J, Abudayyeh OO, Barcena C, Hsu PD, Habib N, Gootenberg JS,
Nishimasu H, Nureki O, Zhang F. 2015. Genome-scale transcriptional activation by an engineered CRISPR-Cas9
complex. Nature 517:583-588. DOI: https://doi.org/10.1038/nature 14136, PMID: 25494202

Kshitiz , Afzal J, Maziarz JD, Hamidzadeh A, Liang C, Erkenbrack EM, Kim HN, Haeger JD, Pfarrer C, Hoang T,
Ott T, Spencer T, Pavli¢ev M, Antczak DF, Levchenko A, Wagner GP. 2019. Evolution of placental invasion and
Cancer metastasis are causally linked. Nature Ecology & Evolution 3:1743-1753. DOI: https://doi.org/10.1038/
s41559-019-1046-4, PMID: 31768023

Latos PA, Goncalves A, Oxley D, Mohammed H, Turro E, Hemberger M. 2015. Fgf and esrrb integrate
epigenetic and transcriptional networks that regulate self-renewal of trophoblast stem cells. Nature
Communications 6:7776. DOI: https://doi.org/10.1038/ncomms8776, PMID: 26206133

Lee CQE, Turco MY, Gardner L, Simons BD, Hemberger M, Moffett A. 2018. 'Integrin alpha2 marks a niche of
trophoblast progenitor cells in first trimester human placenta’. Development 145:dev162305. DOI: https://doi.
org/10.1242/dev.162305, PMID: 29540503

Legland D, Arganda-Carreras |, Andrey P. 2016. MorpholLibJ: integrated library and plugins for mathematical
morphology with ImageJ. Bioinformatics 32:3532-3534. DOI: https://doi.org/10.1093/biocinformatics/btw413,
PMID: 27412086

Lépez-Tello J, Pérez-Garcia V, Khaira J, Kusinski LC, Cooper WN, Andreani A, Grant |, Fernandez de Liger E,
Lam BY, Hemberger M, Sandovici |, Constancia M, Sferruzzi-Perri AN. 2019. Fetal and trophoblast PI3K p110a.
have distinct roles in regulating resource supply to the growing fetus in mice. eLife 8:e45282. DOI: https://doi.
org/10.7554/elLife.45282, PMID: 31241463

Luo J, Sladek R, Bader JA, Matthyssen A, Rossant J, Giguére V. 1997. Placental abnormalities in mouse embryos
lacking the orphan nuclear receptor ERR-beta. Nature 388:778-782. DOI: https://doi.org/10.1038/42022,
PMID: 9285590

Matatall KA, Agapova OA, Onken MD, Worley LA, Bowcock AM, Harbour JW. 2013. BAP1 deficiency causes
loss of melanocytic cell identity in uveal melanoma. BMC Cancer 13:371. DOI: https://doi.org/10.1186/1471-
2407-13-371, PMID: 23915344

Micol JB, Duployez N, Boissel N, Petit A, Geffroy S, Nibourel O, Lacombe C, Lapillonne H, Etancelin P, Figeac M,
Renneville A, Castaigne S, Leverger G, Ifrah N, Dombret H, Preudhomme C, Abdel-Wahab O, Jourdan E. 2014.
Frequent ASXL2 mutations in acute myeloid leukemia patients with t(8;21)/RUNX1-RUNX1T1 chromosomal
translocations. Blood 124:1445-1449. DOI: https://doi.org/10.1182/blood-2014-04-571018, PMID: 24973361

Misaghi S, Ottosen S, Izrael-Tomasevic A, Arnott D, Lamkanfi M, Lee J, Liu J, O'Rourke K, Dixit VM, Wilson AC.
2009. Association of C-terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host
cell factor 1. Molecular and Cellular Biology 29:2181-2192. DOI: https://doi.org/10.1128/MCB.01517-08,
PMID: 19188440

Murali R, Wiesner T, Scolyer RA. 2013. Tumours associated with BAP1 mutations. Pathology 45:116-126.

DOI: https://doi.org/10.1097/PAT.0b013e32835d0efb, PMID: 23277170

Murray A, Sienerth AR, Hemberger M. 2016. Plet1 is an epigenetically regulated cell surface protein that
provides essential cues to direct trophoblast stem cell differentiation. Scientific Reports 6:25112. DOI: https://
doi.org/10.1038/srep25112, PMID: 27121762

Nishikawa H, Wu W, Koike A, Kojima R, Gomi H, Fukuda M, Ohta T. 2009. BRCA1-associated protein 1
interferes with BRCA1/BARD1 RING heterodimer activity. Cancer Research 69:111-119. DOI: https://doi.org/
10.1158/0008-5472.CAN-08-3355, PMID: 19117993

Okae H, Toh H, Sato T, Hiura H, Takahashi S, Shirane K, Kabayama Y, Suyama M, Sasaki H, Arima T. 2018.
Derivation of human trophoblast stem cells. Cell Stem Cell 22:50-63. DOI: https://doi.org/10.1016/j.stem.2017.
11.004, PMID: 29249463

Parast MM, Aeder S, Sutherland AE. 2001. Trophoblast giant-cell differentiation involves changes in cytoskeleton
and cell motility. Developmental Biology 230:43-60. DOI: https://doi.org/10.1006/dbio.2000.0102,

PMID: 11161561

Pefa-Llopis S, Vega-Rubin-de-Celis S, Liao A, Leng N, Pavia-Jiménez A, Wang S, Yamasaki T, Zhrebker L,
Sivanand S, Spence P, Kinch L, Hambuch T, Jain S, Lotan Y, Margulis V, Sagalowsky Al, Summerour PB, Kabbani
W, Wong SW, Grishin N, et al. 2012. BAP1 loss defines a new class of renal cell carcinoma. Nature Genetics 44:
751-759. DOI: https://doi.org/10.1038/ng.2323, PMID: 22683710

Perez-Garcia et al. eLife 2021;10:€63254. DOI: https://doi.org/10.7554/eLife.63254 26 of 27


https://doi.org/10.1038/s41596-018-0063-0
http://www.ncbi.nlm.nih.gov/pubmed/30349047
https://doi.org/10.1038/bjc.2014.417
http://www.ncbi.nlm.nih.gov/pubmed/25058347
https://doi.org/10.1016/j.stem.2019.03.017
http://www.ncbi.nlm.nih.gov/pubmed/31031137
https://doi.org/10.1172/JCI39104
http://www.ncbi.nlm.nih.gov/pubmed/19487818
https://doi.org/10.1095/biolreprod.102.014977
https://doi.org/10.1095/biolreprod.102.014977
https://doi.org/10.1038/nature14136
http://www.ncbi.nlm.nih.gov/pubmed/25494202
https://doi.org/10.1038/s41559-019-1046-4
https://doi.org/10.1038/s41559-019-1046-4
http://www.ncbi.nlm.nih.gov/pubmed/31768023
https://doi.org/10.1038/ncomms8776
http://www.ncbi.nlm.nih.gov/pubmed/26206133
https://doi.org/10.1242/dev.162305
https://doi.org/10.1242/dev.162305
http://www.ncbi.nlm.nih.gov/pubmed/29540503
https://doi.org/10.1093/bioinformatics/btw413
http://www.ncbi.nlm.nih.gov/pubmed/27412086
https://doi.org/10.7554/eLife.45282
https://doi.org/10.7554/eLife.45282
http://www.ncbi.nlm.nih.gov/pubmed/31241463
https://doi.org/10.1038/42022
http://www.ncbi.nlm.nih.gov/pubmed/9285590
https://doi.org/10.1186/1471-2407-13-371
https://doi.org/10.1186/1471-2407-13-371
http://www.ncbi.nlm.nih.gov/pubmed/23915344
https://doi.org/10.1182/blood-2014-04-571018
http://www.ncbi.nlm.nih.gov/pubmed/24973361
https://doi.org/10.1128/MCB.01517-08
http://www.ncbi.nlm.nih.gov/pubmed/19188440
https://doi.org/10.1097/PAT.0b013e32835d0efb
http://www.ncbi.nlm.nih.gov/pubmed/23277170
https://doi.org/10.1038/srep25112
https://doi.org/10.1038/srep25112
http://www.ncbi.nlm.nih.gov/pubmed/27121762
https://doi.org/10.1158/0008-5472.CAN-08-3355
https://doi.org/10.1158/0008-5472.CAN-08-3355
http://www.ncbi.nlm.nih.gov/pubmed/19117993
https://doi.org/10.1016/j.stem.2017.11.004
https://doi.org/10.1016/j.stem.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29249463
https://doi.org/10.1006/dbio.2000.0102
http://www.ncbi.nlm.nih.gov/pubmed/11161561
https://doi.org/10.1038/ng.2323
http://www.ncbi.nlm.nih.gov/pubmed/22683710
https://doi.org/10.7554/eLife.63254

e Llfe Research article

Developmental Biology | Stem Cells and Regenerative Medicine

Pérez-Garcia V, Redondo-Mufoz J, Kumar A, Carrera AC. 2014. Cell activation-induced phosphoinositide 3-
kinase alpha/beta dimerization regulates PTEN activity. Molecular and Cellular Biology 34:3359-3373.
DOI: https://doi.org/10.1128/MCB.00167-14, PMID: 24958106

Perez-Garcia V, Fineberg E, Wilson R, Murray A, Mazzeo Cl, Tudor C, Sienerth A, White JK, Tuck E, Ryder EJ,
Gleeson D, Siragher E, Wardle-Jones H, Staudt N, Wali N, Collins J, Geyer S, Busch-Nentwich EM, Galli A,
Smith JC, et al. 2018. Placentation defects are highly prevalent in embryonic lethal mouse mutants. Nature
555:463-468. DOI: https://doi.org/10.1038/nature26002, PMID: 29539633

Rai A, Cross JC. 2015. Three-dimensional cultures of trophoblast stem cells autonomously develop vascular-like
spaces lined by trophoblast giant cells. Developmental Biology 398:110-119. DOI: https://doi.org/10.1016/].
ydbio.2014.11.023, PMID: 25499676

Scheuermann JC, de Ayala Alonso AG, Oktaba K, Ly-Hartig N, McGinty RK, Fraterman S, Wilm M, Muir TW,
Miiller J. 2010. Histone H2A deubiquitinase activity of the polycomb repressive complex PR-DUB. Nature 465:
243-247. DOI: https://doi.org/10.1038/nature08966, PMID: 20436459

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld S,
Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A. 2012. Fiji: an open-source
platform for biological-image analysis. Nature Methods 9:676-682. DOI: https://doi.org/10.1038/nmeth.2019,
PMID: 22743772

Schmidt U, Weigert M, Broaddus C, Myers G. 2018. Cell detection with star-convex polygons'. In: Frangi A. F,
Schnabel J. A, Davatzikos C, Alberola-Lopez C, Fichtinger G (Eds). MICCAI 2018. LNCS. Springer. p. 265-273.
DOI: https://doi.org/10.1007/978-3-030-00934-2_30

Simmons DG, Fortier AL, Cross JC. 2007. Diverse subtypes and developmental origins of trophoblast giant cells
in the mouse placenta. Developmental Biology 304:567-578. DOI: https://doi.org/10.1016/].ydbio.2007.01.
009, PMID: 17289015

Srivastava A, Ritesh KC, Tsan YC, Liao R, Su F, Cao X, Hannibal MC, Keegan CE, Chinnaiyan AM, Martin DM,
Bielas SL. 2016. De novo dominant ASXL3 mutations alter H2A deubiquitination and transcription in
Bainbridge-Ropers syndrome. Human Molecular Genetics 25:597-608. DOI: https://doi.org/10.1093/hmg/
ddv499, PMID: 26647312

Strumpf D, Mao CA, Yamanaka Y, Ralston A, Chawengsaksophak K, Beck F, Rossant J. 2005. Cdx2 is required
for correct cell fate specification and differentiation of trophectoderm in the mouse blastocyst. Development
132:2093-2102. DOI: https://doi.org/10.1242/dev.01801, PMID: 15788452

Sutherland A. 2003. Mechanisms of implantation in the mouse: differentiation and functional importance of
trophoblast giant cell behavior. Developmental Biology 258:241-251. DOI: https://doi.org/10.1016/S0012-
1606(03)00130-1, PMID: 12798285

Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, Rossant J. 1998. Promotion of trophoblast stem cell proliferation
by FGF4. Science 282:2072-2075. DOI: https://doi.org/10.1126/science.282.5396.2072, PMID: 9851926

Tang J, Xi S, Wang G, Wang B, Yan S, Wu Y, Sang Y, Wu W, Zhang R, Kang T. 2013. Prognostic significance of
BRCA1-associated protein 1 in colorectal Cancer. Medical Oncology 30:541. DOI: https://doi.org/10.1007/
s12032-013-0541-8, PMID: 23526420

Tinevez JY, Perry N, Schindelin J, Hoopes GM, Reynolds GD, Laplantine E, Bednarek SY, Shorte SL, Eliceiri KW.
2017. TrackMate: an open and extensible platform for single-particle tracking. Methods 115:80-%0.
DOI: https://doi.org/10.1016/j.ymeth.2016.09.016, PMID: 27713081

Triviai |, Zeschke S, Rentel J, Spanakis M, Scherer T, Gabdoulline R, Panagiota V, Thol F, Heuser M, Stocking C,
Kréger N. 2019. ASXL1/EZH2 mutations promote clonal expansion of neoplastic HSC and impair erythropoiesis
in PMF. Leukemia 33:99-109. DOI: https://doi.org/10.1038/s41375-018-0159-0, PMID: 29907810

Turco MY, Gardner L, Kay RG, Hamilton RS, Prater M, Hollinshead MS, McWhinnie A, Esposito L, Fernando R,
Skelton H, Reimann F, Gribble FM, Sharkey A, Marsh SGE, O'Rahilly S, Hemberger M, Burton GJ, Moffett A.
2018. Trophoblast organoids as a model for maternal-fetal interactions during human placentation. Nature
564:263-267. DOI: https://doi.org/10.1038/s41586-018-0753-3, PMID: 30487605

Vicovac L, Aplin JD. 1996. Epithelial-mesenchymal transition during trophoblast differentiation’. Acta Anatomica
156:202-216. DOI: https://doi.org/10.1159/000147847, PMID: 9124037

Wang J, Li Z, He Y, Pan F, Chen S, Rhodes S, Nguyen L, Yuan J, Jiang L, Yang X, Weeks O, Liu Z, Zhou J, Ni H,
Cai CL, Xu M, Yang FC. 2014. Loss of Asx|1 leads to myelodysplastic syndrome-like disease in mice. Blood 123:
541-553. DOI: https://doi.org/10.1182/blood-2013-05-500272, PMID: 24255920

Woods L, Perez-Garcia V, Kieckbusch J, Wang X, DeMayo F, Colucci F, Hemberger M. 2017. Decidualisation and
placentation defects are a major cause of age-related reproductive decline. Nature Communications 8:352.
DOI: https://doi.org/10.1038/s41467-017-00308-x, PMID: 28874785

Woods L, Perez-Garcia V, Hemberger M. 2018. Regulation of placental development and its impact on fetal
Growth—New Insights From Mouse Models. Frontiers in Endocrinology 9:570. DOI: https://doi.org/10.3389/
fendo.2018.00570

Yan S, He F, Luo R, Wu H, Huang M, Huang C, Li Y, Zhou Z. 2016. Decreased expression of BRCA1-associated
protein 1 predicts unfavorable survival in gastric adenocarcinoma. Tumor Biology 37:6125-6133. DOI: https://
doi.org/10.1007/s13277-015-3983-0, PMID: 26611647

Yu H, Mashtalir N, Daou S, Hammond-Martel |, Ross J, Sui G, Hart GW, Rauscher FJ, Drobetsky E, Milot E, Shi Y,
Affar elB. 2010. The ubiquitin carboxyl hydrolase BAP1 forms a ternary complex with YY1 and HCF-1 and is a
critical regulator of gene expression. Molecular and Cellular Biology 30:5071-5085. DOI: https://doi.org/10.
1128/MCB.00396-10, PMID: 20805357

Perez-Garcia et al. eLife 2021;10:€63254. DOI: https://doi.org/10.7554/eLife.63254 27 of 27


https://doi.org/10.1128/MCB.00167-14
http://www.ncbi.nlm.nih.gov/pubmed/24958106
https://doi.org/10.1038/nature26002
http://www.ncbi.nlm.nih.gov/pubmed/29539633
https://doi.org/10.1016/j.ydbio.2014.11.023
https://doi.org/10.1016/j.ydbio.2014.11.023
http://www.ncbi.nlm.nih.gov/pubmed/25499676
https://doi.org/10.1038/nature08966
http://www.ncbi.nlm.nih.gov/pubmed/20436459
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1007/978-3-030-00934-2_30
https://doi.org/10.1016/j.ydbio.2007.01.009
https://doi.org/10.1016/j.ydbio.2007.01.009
http://www.ncbi.nlm.nih.gov/pubmed/17289015
https://doi.org/10.1093/hmg/ddv499
https://doi.org/10.1093/hmg/ddv499
http://www.ncbi.nlm.nih.gov/pubmed/26647312
https://doi.org/10.1242/dev.01801
http://www.ncbi.nlm.nih.gov/pubmed/15788452
https://doi.org/10.1016/S0012-1606(03)00130-1
https://doi.org/10.1016/S0012-1606(03)00130-1
http://www.ncbi.nlm.nih.gov/pubmed/12798285
https://doi.org/10.1126/science.282.5396.2072
http://www.ncbi.nlm.nih.gov/pubmed/9851926
https://doi.org/10.1007/s12032-013-0541-8
https://doi.org/10.1007/s12032-013-0541-8
http://www.ncbi.nlm.nih.gov/pubmed/23526420
https://doi.org/10.1016/j.ymeth.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/27713081
https://doi.org/10.1038/s41375-018-0159-0
http://www.ncbi.nlm.nih.gov/pubmed/29907810
https://doi.org/10.1038/s41586-018-0753-3
http://www.ncbi.nlm.nih.gov/pubmed/30487605
https://doi.org/10.1159/000147847
http://www.ncbi.nlm.nih.gov/pubmed/9124037
https://doi.org/10.1182/blood-2013-05-500272
http://www.ncbi.nlm.nih.gov/pubmed/24255920
https://doi.org/10.1038/s41467-017-00308-x
http://www.ncbi.nlm.nih.gov/pubmed/28874785
https://doi.org/10.3389/fendo.2018.00570
https://doi.org/10.3389/fendo.2018.00570
https://doi.org/10.1007/s13277-015-3983-0
https://doi.org/10.1007/s13277-015-3983-0
http://www.ncbi.nlm.nih.gov/pubmed/26611647
https://doi.org/10.1128/MCB.00396-10
https://doi.org/10.1128/MCB.00396-10
http://www.ncbi.nlm.nih.gov/pubmed/20805357
https://doi.org/10.7554/eLife.63254

