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performedwithP-element–transposon–containing
Cg4-neo and DmTNP or hTh9 (Fig. 2, B and C,
and fig. S7). These observations imply that the
DmTNP and hTh9 proteins can nick DNA, in-
dependent of having P-element termini, which
would lead to elevated gene transfer via DNA
linearization. A similar observation was made for
the SET domain and mariner transposase fusion
gene–containing protein (SETMAR or Metnase
protein), but this protein is inactive for transpo-
sition of HsMAR transposons (8, 9). However,
most important, the presence of P-element termini
on Cg4-neo enhanced the DNA integration ac-
tivity of both DmTNP and hTh9 3 to 5 times
above background, which suggested transposi-
tional DNA integration. Many G418-resistant col-
onies were also obtained (fig. S7) when Cg4-neo
was transfected into a stable HEK293 cell line
induced to express a tetracycline-inducible hu-
man THAP9 gene (Fig. 2B).

To analyze the nature of the DNA integration
events in the G418-resistant colonies, genomic
DNA was isolated from individual colonies ob-
tained fromDmTNP or hTh9 cotransfections with
Cg4-neo, and the sites ofP-element insertion were
characterized by splinkerette polymerase chain
reaction (PCR) (17, 18) followed by DNA se-
quencing. DNA sequence analysis of PCR inte-
gration sites identified distinct integration sites
with novel 8–base pair (bp) target-site duplica-
tions (TSDs) for individual integration events
into the human genome that had occurred with
both DmTNP and hTh9 (Table 1 and tables S1
and S2). Taken together, these data indicate that
human THAP9 actively integrates genetically
marked Drosophila P-element vectors into hu-
man cells by transposition.

The studies reported here indicate that the hu-
man THAP9 gene encodes an active DNA trans-
posase that can mobilize Drosophila P-element
transposons in Drosophila and human cells. It
will be interesting to investigate the physiological
relevance of THAP9’s transposition function and
to find out if any THAP9 recombination signal
DNA elements can be found in the human ge-
nome. This is the first report, beyond the V(D)J
recombination system, of an active DNA trans-
posase in the human genome. P element–like
transposons and THAP9-related genes are not
restricted to Drosophila or related insect species
but are widely distributed in eukaryotic genomes
like Ciona (sea squirt), zebrafish, chicken, and
Trichomonas vaginalis (a parasitic protozoan)
(7, 19). The THAP9 gene is absent and has ap-
parently been lost from sequenced rodent genomes
(6). Although many of the human transposase–
related genes are derived from DNA transposons
(43 of 47) (2), most have not been characterized,
with the exception of the V(D)J recombinase
RAG1 and RAG2 (10, 11) and the SETMAR
(Metnase) protein (8). It is possible that other hu-
man genes of this class, besides THAP9, may also
encode active DNA transposases.
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Germline DNA Demethylation
Dynamics and Imprint Erasure Through
5-Hydroxymethylcytosine
Jamie A. Hackett,1,2 Roopsha Sengupta,1,2* Jan J. Zylicz,1,2,3* Kazuhiro Murakami,1,2*
Caroline Lee,1,2 Thomas A. Down,1 M. Azim Surani1,2,3†

Mouse primordial germ cells (PGCs) undergo sequential epigenetic changes and genome-wide
DNA demethylation to reset the epigenome for totipotency. Here, we demonstrate that erasure
of CpG methylation (5mC) in PGCs occurs via conversion to 5-hydroxymethylcytosine (5hmC),
driven by high levels of TET1 and TET2. Global conversion to 5hmC initiates asynchronously among
PGCs at embryonic day (E) 9.5 to E10.5 and accounts for the unique process of imprint erasure.
Mechanistically, 5hmC enrichment is followed by its protracted decline thereafter at a rate consistent
with replication-coupled dilution. The conversion to 5hmC is an important component of parallel
redundant systems that drive comprehensive reprogramming in PGCs. Nonetheless, we identify rare
regulatory elements that escape systematic DNA demethylation in PGCs, providing a potential
mechanistic basis for transgenerational epigenetic inheritance.

Specification of primordial germ cells (PGCs)
from epiblast cells at ~embryonic day (E)
6.25 is linked with extensive epigenetic

reprogramming—including global DNA demeth-

ylation, chromatin reorganization, and imprint
erasure—that is vital for generating totipotency
(1, 2). The erasure of CpG methylation (5mC) is
a key component of this program, but the dynamics

and underlying mechanisms of the process remain
unclear (3). Here, we report a comprehensive anal-
ysis of PGCs by combining immunofluorescence,
genome-wide 5-(hydroxy)methylcytosine DNA
immunoprecipitation sequencing [(h)meDIP-seq],
single-cell RNA sequencing (RNA-seq), bisulfite
sequencing, and functional analyses to address
the mechanistic basis of epigenetic reprogramming
in PGCs.

We investigated Tet expression by using single-
cell RNA-seq, which revealed that Tet1 and Tet2
are expressed in PGCs and peak between E10.5
and E11.5 but that Tet3 is undetectable (Fig. 1A).
Immunofluorescence (IF) showed that TET1 and
TET2 are nuclear and expressed at significantly
higher levels in PGCs than in neighboring somat-
ic cells between E9.5 and E11.5 (Fig. 1B and figs.

1Wellcome Trust/Cancer Research UK Gurdon Institute, Uni-
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Trust/Medical Research Council Stem Cell Institute, University
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Fig. 1. Global dynamics of 5mC, 5hmC, and TETs in PGCs. (A) Single-cell
RNA-seq analysis of Tet1, Tet2, and Tet3 expression. Shown is log2 reads per
million (RPM). (B) Expression of TET1 and TET2 in E10.5 PGCs (arrowheads)

and soma. (C) Dynamics of DNA methylation (5mC) in PGCs shows 5mC era-
sure between E9.5 and E11.5. (D) Kinetics of 5hmC in PGCs. TG1/STELLA mark
PGCs. Scale bars indicate 10 mm.
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Fig. 2. Erasure of 5mC is coupled to 5hmC conversion. (A) Enrichment of 5mC
and 5hmC in E10.5 to E13.5 PGCs and EpiSCs over internal exons. (B) Distribu-
tions of 5mC and 5hmC relative to a metagene. TSS, transcription start site; TES,
transcription end site. (C) Profiles of 5mC (blue) and 5hmC (red) at the Dazl
promoter. (D) Glu-qPCR showing quantitative levels of 5mC and 5hmC at a CCGG

site in the Dazl promoter. Error bars represent SEM. (E and F) DNA methylation
(%) by bisulfite sequencing of –DOX or +DOX Tet1/ Tet2miR or NT miR PGCLCs
at (E) gene promoters and (F) repeat elements. Open and solid circles represent
unmethylated andmethylated CpGs, respectively. (G) DNAmethylation in PGCLCs
stably expressing catalytically active (WT) or mutant (Mut) TET1 and TET2.
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S1 and S2). This suggests that erasure of 5mC in
PGCs could occur through conversion to 5hmC
by TET1 and TET2 together (4, 5).

We pursued this possibility by IF and found
a progressive reduction of 5mC in PGCs between
E9.5 and E10.5, until it became undetecta-
ble by E11.5 (Fig. 1C). The loss of 5mC oc-
curs concurrently with a global enrichment of
5-hydroxymethylcytosine (5hmC) in PGCs be-
tween E9.5 and E10.5, suggesting a genome-
scale conversion of 5mC to 5hmC (Fig. 1D). The
global conversion to 5hmC initiates asynchro-
nously among PGCs from E9.5, perhaps reflect-
ing developmental heterogeneity (figs. S3 to S5).
Indeed, TET1 up-regulation also initially occurs
in a subset of PGCs from E9.5, which apparently
also exhibit lower 5mC signal (fig. S6). In con-
trast to soma and embryonic stem (ES) cells (6),
we observed that 5hmC exhibited a distinct local-
ization in PGCs that coincided with 4 ,́6-diamidino-
2-phenylindole (DAPI)–dense chromocenters,
indicating that the conversion of 5mC to 5hmC
includes heterochromatic satellite regions (fig. S7).
The enrichment of 5hmC in PGCs at E10.5 is fol-
lowed by its progressive reduction, suggesting
that 5hmC is an intermediate toward demethyl-
ation to unmodified cytosine (C) (Fig. 1D). We
checked whether 5hmC is subsequently converted

to 5-formylcytosine or 5-carboxycytosine but found
no detectable enrichment of these derivatives in
PGCs (fig. S8) (7).

To gain further insight into the dynamics of
5mC to 5hmC conversion, we performed meDIP-
seq and hmeDIP-seq in E10.5 to E13.5 PGCs
(fig. S9). Because before E10.5 PGCs were high-
ly limiting, we also profiled epiblast stem cells
(EpiSCs), which are derived from the same post-
implantation epiblast as nascent PGCs, and em-
bryonic soma (E10.5) as references (fig. S10).
Unlike bisulfite sequencing, our approach distin-
guishes between 5mC and 5hmC but generates
a relative rather than a quantitative measure of
modifications (6). We therefore initially exam-
ined exonic sequences, which are highly methyl-
ated and thus exhibit an informative dynamic
range of relative (h)meDIP signal when they be-
come demethylated. We found significantly re-
duced 5mC in E10.5 PGCs relative to EpiSC
and soma and erasure by E11.5 (Fig. 2A and
figs. S11 to S13). The loss of 5mC in PGCs is
paralleled by a strong exonic enrichment of 5hmC,
indicating 5mC-to-5hmC conversion (Fig. 2A
and fig. S11). Once 5mC is converted to 5hmC, it
is set on a pathway toward demethylation, be-
cause there are no 5hmC maintenance mecha-
nisms (6). Consistent with this, 5hmC undergoes

a progressive depletion during PGC develop-
ment, which is delayed relative to loss of 5mC
(Fig. 2, A and B).

Next, we examined methylation-dependent
genes such as Dazl, which are activated by pro-
moter demethylation in PGCs (8, 9), and ob-
served strong 5hmC enrichment coincident with
loss of 5mC at their promoters (Fig. 2C and fig.
S14). We confirmed that 5mC erasure is cou-
pled to 5hmC enrichment at the Dazl promoter
quantitatively, by using the glucosyltransferase–
quantitative polymerase chain reaction (Glu-qPCR)
assay (Fig. 2D). RNA-seq revealed that transcrip-
tional activation of Dazl and other methylation-
dependent germline genes initiates at E9.5 and
increases progressively until ~E11.5 (fig. S15).
This represents an important functional readout
of the timing of DNA demethylation in PGCs.

To functionally link 5hmC to DNA demethyl-
ation, we used in vitro PGC-like cells (PGCLC).
PGCLCs are specified from epiblast-like cells
(EpiLCs) and exhibit the fundamental proper-
ties of migratory PGCs in vivo, including global
DNA demethylation and chromatin reorganiza-
tion (fig. S10) (10). TET1 and TET2 are both active
in PGCs, so we generated PGCLCs carrying a dox-
ycycline (DOX)–inducible compound microRNA
(miR) knockdown of Tet1 and Tet2 (T-KD). We
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found that genes known to be demethylated in
PGCs in vivo (8) also underwent DNA demeth-
ylation upon specification of control uninduced
(–DOX) T-KD PGCLCs and in nontargeting
(NT) miR PGCLCs (+/−DOX). In contrast, in-
duction of Tet1/Tet2 miR (+DOX) resulted in a
substantial inhibition of DNA demethylation in
PGCLCs but did not reduce the efficiency of
their specification (Fig. 2E and fig. S16).
Knockdown of Tet1/Tet2 also inhibited DNA
demethylation at long interspersed nuclear ele-
ment 1 (LINE-1) sites and prevented the limited
erasure of 5mC that occurs at intracisternal-A-
particles (IAP) (Fig. 2F). These findings are im-
portant considering that both the maintenance
and de novo DNA methylation systems are re-
pressed in PGCs and PGCLCs (10), which likely
accounts for some direct passive demethylation.
Moreover, constitutive overexpression of catalyt-
ically active, but not catalytic mutant, TET1 and
TET2 in PGCLCs promoted 5mC erasure to a
greater extent (Fig. 2G). Thus, TET-mediated
5hmC conversion is a key event toward DNA de-
methylation in PGCs.

The reprogramming of gonadal PGCs in vivo
uniquely entails the complete erasure of genomic
imprints (11). Analysis of imprinted gametic dif-
ferentially methylated regions (gDMRs) (n = 21)
in PGCs revealed that erasure of 5mC is coupled
to a significant increase of 5hmC enrichment
(Fig. 3A). However, the precise timing of 5mC
erasure is imprinted locus-specific. For exam-
ple, the DMRs at Kcnq1ot1 and Igf2r exhibit loss
of 5mC by E10.5 relative to EpiSC (which
represent ~50% allelic 5mC) and erasure by

E11.5 (Fig. 3B), whereasPeg10 andPeg3 remain
methylated until E11.5 (Fig. 3C and fig. S17).
Moreover, Kcnq1ot1 and Ig f2r are enriched in
5hmC by E10.5, whereas 5hmC enrichment at
Peg10 and Peg3 is delayed until E11.5, suggest-
ing that conversion to 5hmC follows a defined
temporal order at imprinted DMRs, which dic-
tates the timing of demethylation in PGCs. In-
deed, we observed that other genomic regions
also exhibited differential onset of 5mC erasure
(compare Peg10 DMR versus exon, Fig. 3C).
Glu-qPCR analysis confirmed that the Peg10
and Peg3 DMRs maintained 5mC levels of 50%
and 34%, respectively, in E10.5 PGCs, whereas
Kcnq1ot1 and Igf2rDMRswere already reduced
to 21%and25%, respectively (Fig. 3D).Glu-qPCR
also established the quantitative enrichment of
5hmC at imprinted DMRs in PGCs. The cumula-
tive data suggest that conversion of 5mC to 5hmC
by TET1 and TET2 is a general mechanism for
the erasure of imprints in PGCs.

Conversion of 5mC to 5hmC at exons, pro-
moters, and gDMRs in PGCs was followed by a
protracted period of progressive 5hmC depletion
between E11.5 and E13.5 (Figs. 2, A to D, and 3),
suggesting a replication-coupled process (12).
This prompted us to examine the rate of DNA
demethylation between E10.5 and E13.5 quanti-
tatively by using Glu-qPCR. Because demethyl-
ation commences asynchronously in PGCs, it is
necessary to examine loci that have not initiated
substantial 5mC erasure by E10.5, such as Peg10
and Peg3. Because PGCs have an estimated cell
cycle of ~16 hours between E10.5 and E13.5
(13), we would predict a reduction of DNA mod-

ification of ~threefold per 24 hours (1.5 pop-
ulation doublings) if the process is coupled to
DNA replication. We observed that the rate of
demethylation at Peg10 (P = 0.0022) and Peg3
(P = 0.0019) fits highly significantly with the
predicted rate (Fig. 3E), suggesting that 5hmC
may be removed from these loci by replication-
coupled dilution. We obtained similar results for
the Dazl promoter (P = 0.0014).

We next asked whether any promoters or
regulatory elements can escape the comprehen-
sive 5mC reprogramming in PGCs. We screened
for CpG islands (CGI) that remain methylated in
female PGCs at E13.5, because these cells rep-
resent the lowest point of global demethylation
(fig. S18) (14). We identified 11 CGIs with sig-
nificant 5mC enrichment in E13.5 PGCs (figs.
S19 and S20). Validation by bisulfite sequencing
showed that the promoter CGIs of Vmn2r29 and
Sfi1 and the exonic CGI of Srrm2 were all meth-
ylated in PGCs at E10.5 and maintained CpG
methylation throughout reprogramming (Fig. 4A).

To define the extent of 5mC erasure at single-
base resolution, we performed whole-genome bi-
sulfite sequencing (WGBS), which revealed that
global CpG methylation is reduced to 2.2% in
female E13.5 PGCs (fig. S21). However, we iden-
tified 4730 loci that escape demethylation (>40%
5mC) in PGCs, which are predominately repeat
associated (>95%). Resistant loci predominantly
correspond to IAP elements, but the IAPLTR1
subclass is significantly more methylated than
any other (fig. S22). IAPLTR1 is the most active
and hence hazardous IAP subclass to genomic in-
tegrity, suggesting specific systems are mobilized
to maintain 5mC at IAPLTR1 during reprogram-
ming to protect genome stability (15). We were
unable to determine any unique sequence char-
acteristics of the 233 single-copy loci with >40%
5mC, suggesting that positional context or chro-
matin structure may contribute to their escape
from reprogramming. Indeed, “escapees” were
often adjacent to IAP elements or telomeric re-
gions. Considered with the recent observations
that many regulatory elements can evade zygotic
5mC erasure (16, 17), our data suggest that rare
but potentially functionally relevant 5mC epialleles
could be inherited over multiple generations by
evading erasure during both zygotic and PGC
reprogramming.

We demonstrate here that comprehensive
DNA demethylation in PGCs, including imprint
erasure, entails conversion of 5mC to 5hmC, like-
ly redundantly by TET1 and TET2. In vivo 5hmC
conversion initiates asynchronously in PGCs be-
tween E9.5 and E10.5 and is largely complete by
E11.5. The rate of progressive decline of 5hmC
thereafter, both globally and at single-copy loci,
is consistent with a replication-dependent mech-
anism of demethylation toward unmodified cy-
tosines (Fig. 4B). In parallel to 5hmC conversion,
repression of the de novo (Dnmt3a/b) and main-
tenance (Uhrf1) DNA methylation systems in
PGCs prevents cyclical remethylation and simul-
taneously renders PGCs permissive for direct

E10.5
PGC
E10.5
PGC

E11.5
PGC

E12.5
PGC

Vmn2r29 Sfi1 Srrm2 DazlA

Passive 5mC depletion 

Passive 5hmC depletion (Tet3)  

Maternal

Paternal

B
E

R

Zygote PGC

Passive 5hmC depletion     
(Tet1/Tet2)  
Passive 5mC depletion 
Active BER

B

Fig. 4. Inheritance of 5mC through reprogramming. (A) The Vmn2r29, Sfi1, and Srrm2 CGIs escape
reprogramming in PGCs. Open and solid circles represent unmethylated and methylated CpGs, respec-
tively.Dazl is representative of demethylation at most loci. (B) Model for the mechanisms and dynamics of
DNA demethylation in PGCs.
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passive 5mC depletion (fig. S23) (18), which may
contribute to the partial demethylation observed in
Tet1 and Tet2 knockdown PGCLCs. Thus, where-
as in zygotes 5mC reprogramming is mechanis-
tically compartmentalized into TET3-mediated
5hmC conversion of the paternal genome and di-
rect passive 5mC depletion on the maternal ge-
nome (12, 19–21), both of these mechanisms
operate together in PGCs (Fig. 4B). In addition,
up-regulation of the base excision repair (BER)
pathway in PGCs may both protect against cu-
mulative genetic damage and act as an auxiliary
active demethylation mechanism, perhaps for
specific loci (22, 23). Reprogramming in PGCs
therefore involvesmultiple redundantmechanisms
to reset the epigenome for totipotency, which ac-
counts for the apparent fertility (albeit subfertile)
of mice lacking individual components, such as
Tet1 (24). The existence of multiple mechanisms
may also underpin the comprehensive nature of
DNA demethylation in PGCs (3). Nonetheless,
some rare single-copy sites of CpG methylation
escape from 5mC erasure (25), which may pro-

vide mechanistic avenues for investigations into
transgenerational epigenetic inheritance.
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Actin, Spectrin, and Associated
Proteins Form a Periodic
Cytoskeletal Structure in Axons
Ke Xu,1* Guisheng Zhong,1* Xiaowei Zhuang1,2†

Actin and spectrin play important roles in neurons, but their organization in axons and
dendrites remains unclear. We used stochastic optical reconstruction microscopy to study the
organization of actin, spectrin, and associated proteins in neurons. Actin formed ringlike structures
that wrapped around the circumference of axons and were evenly spaced along axonal shafts
with a periodicity of ~180 to 190 nanometers. This periodic structure was not observed in
dendrites, which instead contained long actin filaments running along dendritic shafts. Adducin,
an actin-capping protein, colocalized with the actin rings. Spectrin exhibited periodic structures
alternating with those of actin and adducin, and the distance between adjacent actin-adducin
rings was comparable to the length of a spectrin tetramer. Sodium channels in axons were distributed
in a periodic pattern coordinated with the underlying actin-spectrin–based cytoskeleton.

Actin plays critical roles in shaping and
maintaining cell morphology, as well as
in supporting various cellular functions,

including cell motility, cell division, and intra-
cellular transport (1). In neurons, actin is essen-
tial for the establishment of neuronal polarity,
cargo transport, neurite growth, and stabilization
of synaptic structures (2–4). Despite its impor-
tance, our understanding of actin structures in
neurons remains incomplete. Electron micros-
copy has shown detailed actin ultrastructure in
growth cones and dendritic spines (5, 6), in which

actin is the dominant cytoskeletal protein, but
little is known about the organization of actin
in the axonal and dendritic shafts (4). These
neurites contain a high density of different types
of cytoskeletal filaments, such as microtubules
and neurofilaments (6–8). Hence, the challenge
of resolving the organization of actin in axons
and dendrites requires imaging tools with both
high spatial resolution and molecular specificity.

A prototypical actin-spectrin–based cytoskel-
eton structure is found in red blood cells (erythro-
cytes) (9, 10), where actin, spectrin, and associated
proteins form a two-dimensional (2D) polygonal
network (mostly composed of hexagons and
pentagons) underneath the erythrocyte mem-
brane (11, 12). Spectrin analogs have been found
in many other animal cells (9, 10), including
neurons (13, 14). These analogs play important
roles, ranging from regulation of the heartbeat

to stabilization of axons, formation of axon ini-
tial segments and nodes of Ranvier, and stabi-
lization of synapses in neurons (9, 10, 15). An
erythrocyte-like, polygonal lattice structure has
been observed for spectrin in the Drosophila
neuromuscular junction (16), and models similar
to the erythrocyte cytoskeleton have also been
proposed for other systems (10). However, the
ultrastructural organization of spectrin in non-
erythrocyte cells is largely unknown due to sim-
ilar challenges in imaging.

Recent advances in superresolution fluores-
cencemicroscopy (17, 18) allow resolutions down
to ~10 nm to be achieved with molecular spec-
ificity, providing a promising solution to the
above challenges. In particular, superresolution
studies of neurons have provided valuable struc-
tural and dynamic information of actin in den-
dritic spines (19–22). In this work, we used a
superresolution fluorescence imaging method,
stochastic optical reconstruction microscopy
(STORM) (23–27), to study the 3D ultrastructural
organization of actin and spectrin in neurons.

To image actin in neurons, we fixed cultured
rat hippocampal neurons at various days in vitro
(DIV) and labeled actin filaments with phalloi-
din conjugated to a photoswitchable dye, Alexa
Fluor 647 (Invitrogen, Carlsbad, CA) (Fig. 1) (28).
To identify axons and dendrites, we immuno-
labeled MAP2, a microtubule-associated protein
enriched in dendrites, or NrCAM, a cell adhe-
sion molecule found in the initial segments of
axons (15), using a dye of a different color
(Fig. 1) (28). In the conventional fluorescence
images (Fig. 1, A, D, and F), MAP2 specifically
stained dendrites, and NrCAM specifically la-
beled the initial segments of axons, whereas actin
was found in both dendrites and axons.

Next, we used 3D STORM (27) with a dual-
objective astigmatism-imaging scheme (28, 29)
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establishment is a biphasic process with

distinct genetic requirements. Repeat A

initiates Polycomb recruitment and gene

silencing, whereas repeat B stabilizes

them. Surprisingly, X inactivation can

initiate without repeat B. Without repeat

A, however, differentiating female cells

lose one X chromosome to overcome loss

of silencing.
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Xist Repeats A and B Account for Two
Distinct Phases of X Inactivation Establishment
David Colognori,1,2,3 Hongjae Sunwoo,1,2,3 Danni Wang,1,2 Chen-Yu Wang,1,2 and Jeannie T. Lee1,2,4,*
1Department of Molecular Biology, Massachusetts General Hospital, Boston, MA 02114, USA
2Department of Genetics, Harvard Medical School, Boston, MA 02115, USA
3These authors contributed equally
4Lead Contact
*Correspondence: lee@molbio.mgh.harvard.edu

https://doi.org/10.1016/j.devcel.2020.05.021

SUMMARY

X chromosome inactivation (XCI) is a global silencing mechanism by which XX and XY mammals equalize X-
linked gene dosages. XCI begins with an establishment phase duringwhich Xist RNA spreads and induces de
novo heterochromatinization across a female X chromosome and is followed by a maintenance phase when
multiple epigenetic pathways lock down the inactive X (Xi) state. Involvement of Polycomb repressive com-
plexes 1 and 2 in XCI has been intensively studied but with conflicting conclusions regarding their recruitment
and role in Xi silencing. Here, we reveal that establishment of XCI has two phases and reconcile the roles that
Xist repeats A and B play in gene silencing and Polycomb recruitment. Repeat A initiates both processes,
whereas repeat B bolsters or stabilizes them thereafter. Once established, XCI no longer requires repeat A
during maintenance. These findings integrate disparate studies and present a unified view of Xist’s role in
Polycomb-mediated silencing.

INTRODUCTION

X chromosome inactivation (XCI) is initiated by a chromosome-

counting mechanism that triggers dosage compensation only

when there is more than one X chromosome in the earlymamma-

lian embryo (Starmer and Magnuson, 2009; Disteche, 2016;

Jégu et al., 2017). Once committed to XCI, one X chromosome

is selected to undergo a series of distinct epigenetic changes

that are separable into establishment and maintenance phases.

The long noncoding RNA Xist is instrumental in both phases.

During establishment, Xist spreads across the future inactive X

(Xi) and carries out several essential functions: (1) eviction of acti-

vating factors (Minajigi et al., 2015; Jégu et al., 2019), (2) recruit-

ment of silencing factors, including Polycomb repressive com-

plexes 1 and 2 (PRC1, PRC2) (Wang et al., 2001; Plath et al.,

2003; Silva et al., 2003; de Napoles et al., 2004; Kohlmaier

et al., 2004; Schoeftner et al., 2006; Zhao et al., 2008; Pintacuda

et al., 2017; Colognori et al., 2019), and (3) global transformation

of the 3D chromosomal structure (Rao et al., 2014; Minajigi et al.,

2015; Giorgetti et al., 2016;Wang et al., 2018). The establishment

phase involves building a chromosomal memory that persists

through the ensuing maintenance phase and ensures stable

retention of repressive heterochromatin (Kohlmaier et al., 2004;

Simon et al., 2013). During this early window, the incipient Xi is

easily perturbed and reactivated (Wutz and Jaenisch, 2000;

Kohlmaier et al., 2004); but once established, the Xi is remarkably

stable and becomes more difficult to reactivate (Brown and Will-

ard, 1994; Csankovszki et al., 2001; Minajigi et al., 2015; Carrette

et al., 2017; Adrianse et al., 2018). Even so, the Xi continues to

require Xist to fully maintain its silent configuration. In somatic fe-

male cells, loss of Xist RNA results in reversal of some 3D chro-

mosomal structures (Minajigi et al., 2015; Wang et al., 2019), loss

of repressive Polycomb marks (Plath et al., 2003; Zhang et al.,

2007; Nozawa et al., 2013; Pintacuda et al., 2017; Colognori

et al., 2019), and partial reactivation of Xi genes (Zhang et al.,

2007; Yildirim et al., 2013; Bhatnagar et al., 2014; Carrette

et al., 2017; Adrianse et al., 2018). The establishment and main-

tenance phases are therefore biologically and functionally

distinct.

There has been considerable interest in understanding the

mechanistic differences between the earlier and more dynamic

period of XCI (establishment) versus the later and more stable

period of XCI (maintenance). Because Xist RNA and XCI are

widely viewed as paradigms for understanding Polycomb-medi-

ated epigenetic regulation (Starmer and Magnuson, 2009; Dis-

teche, 2016; Jégu et al., 2017), similar concepts may extend to

autosomal gene regulation as well. Moreover, a deeper under-

standing could inform growing interest in pharmacological Xi re-

activation as a method of treating X-linked neurodevelopmental

disorders (Bhatnagar et al., 2014; Carrette et al., 2017, 2018; Sri-

pathy et al., 2017; Adrianse et al., 2018). Notably, for Rett Syn-

drome, reactivation of the wild-type (WT) MECP2 allele on the

Xi could potentially restore expression of the missing protein

for therapeutic impact. More comprehensive knowledge of

how the Xi progresses through various stages would enormously

benefit design of treatment approaches.

Developmental Cell 54, 21–32, July 6, 2020 ª 2020 Elsevier Inc. 21
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Figure 1. Xi Gene Silencing Can Be Initiated, but Not Maintained, without Xist Repeat B

(A) Boxplots of allele-specific RNA-seq time course showing abortive Xi gene silencing inDRepB versusWTXist differentiating female ESCs. Two-tailed Student’s

t test, p values for pairwise comparison as shown.

(B) Zoom in of allele-specific RNA-seq tracks showing reads from individual X-linked genes.

(C) Allele-specific RT-qPCR showing relative expression from each allele for several X-linked genes inWT Xist and DRepB differentiating female ESCs. Error bars

show standard deviation between 3 biological replicates. Two-tailed Student’s t test, asterisks indicate p < 0.05.

(legend continued on next page)
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Two motifs within Xist RNA have been linked to the processes

of gene silencing and Polycomb recruitment: repeats A and B.

Regarding gene silencing, the importance of repeat A is univer-

sally accepted (Wutz et al., 2002; Minks et al., 2013), whereas re-

ports on repeat B have argued for varying degrees of silencing

defects upon its deletion—though there is agreement that the

defects are not as severe as those associated with loss of repeat

A (Pintacuda et al., 2017; Bousard et al., 2019; Colognori et al.,

2019; Nesterova et al., 2019). Regarding Polycomb recruitment,

the relative roles of repeats A and B have yet to be resolved, with

some observations supporting repeat A as an important factor

(Kohlmaier et al., 2004; Zhao et al., 2008; Davidovich et al.,

2013, 2015; Kaneko et al., 2013; Cifuentes-Rojas et al., 2014;

da Rocha et al., 2014; Lee et al., 2019) and others arguing that

the repeat B region alone is responsible (da Rocha et al., 2014;

Pintacuda et al., 2017; Nesterova et al., 2019). Finally, the func-

tional relationship between Polycomb recruitment and gene

silencing remains unclear. Some reports show that loss of Poly-

comb recruitment has only a minor effect on Xi silencing (Kalan-

try and Magnuson, 2006; Leeb and Wutz, 2007; Bousard et al.,

2019), whereas others show a significant effect (Wang et al.,

2001; Almeida et al., 2017; Pintacuda et al., 2017; Colognori

et al., 2019; Nesterova et al., 2019).

These disparate findings have been difficult to reconcile and

urge further investigation to elucidate the functional relationships

between repeats A and B in Xi gene silencing and Polycomb

recruitment. Here, we reconcile disparate models by demon-

strating the existence of two discrete phases during XCI estab-

lishment. We ascribe repeats A and B functions in the two estab-

lishment phases, with phase 1 being primarily repeat A

dependent and phase 2 being primarily repeat B dependent.

We provide evidence that XCI can thus best be characterized

as a three-part process with discrete genetic requirements and

epigenetic outcomes.

RESULTS

Xi Gene Silencing Is Initiated but Not Maintained in
Female Cells Lacking Xist Repeat B
Recent work has shown that Xist repeat B plays a major role in

recruiting PRC1 and PRC2 to the Xi for proper establishment

of silencing (Pintacuda et al., 2017; Colognori et al., 2019; Nes-

terova et al., 2019). In these studies, deleting repeat B signifi-

cantly impaired Xist-mediated gene silencing and essentially

abolished deposition of PRC1/PRC2 histone modifications

(H2AK119ub/H3K27me3) across the Xi. A separate study, how-

ever, reported that Xist transcripts lacking repeat B do not show

significantly impaired silencing and exhibit some residual

H2AK119ub/H3K27me3 at Xi regions (Bousard et al., 2019).

These seemingly contradictory results warrant closer examina-

tion. Indeed, becausemany of these studies were conducted us-

ing an autosomal transgene or inducible Xist system in male em-

bryonic stem cells (ESCs), or on the already-established Xi in

fibroblasts, the effect of deleting repeat B has not been explored

fully in a physiological context during ESC differentiation when

XCI is established de novo.

Here, we examined female ESCs carrying WT Xist or Xist lack-

ing the repeat B region (DRepB, Figure S1A; Colognori et al.,

2019) as they underwent differentiation. Importantly, our parental

cell line is aMus musculus/Mus castaneus hybrid, enabling us to

distinguish the two X chromosomes by genetic variants between

strains. Moreover, Xmus carries a Tsix mutation forcing it to

become the future Xi in �95% of cells, rather than a random

choice between Xmus and Xcas (Ogawa et al., 2008). All cell lines

were extensively validated by several means to ensure the

following: (1) the identity of the deletion, (2) that it occurs on

Xmus, (3) that Xist RNA levels and splicing are not altered, (4)

that it does not affect preferential Xist expression from (and

thus inactivation of) Xmus over Xcas, and (5) that it does not inter-

fere with ESC differentiation. First, Sanger sequencing across

the deleted region, while using SNPs to determine allelic identity,

ensured deletion of the expected sequence on Xmus (Table S1).

Second, two-color RNA fluorescence in situ hybridization

(FISH) using one probe specifically targeting the deleted

sequence and another targeting a control exon 7 sequence

ensured Xist transcripts lacked the deleted sequence (Fig-

ure S1B). Third, RT-qPCR for different regions across Xist again

confirmed loss of the deleted region without affecting adjacent

ones or overall Xist levels (Figure S1C). Fourth, RT-qPCR for

Xist using allele-specific (SNP-targeting) primer sets verified

�95% expression from Xmus (Figure S1D). Lastly, characteristic

expression patterns of common differentiation markers (Sox2,

Oct4, and Gata4) were indistinguishable between WT Xist and

deletion cells, suggesting normal progression of differentiation

across 14 days (Figure S1E).

We began by performing a transcriptomic time course for Xmus

(Xi) expression. In WT Xist cells, XCI occurred as expected be-

tween days 0–14 of cell differentiation, evidenced by the pro-

gressive decrease in activity from Xmus (Figure 1A). By contrast,

DRepB cells showed a biphasic profile: Between days 0–8, the

DRepB chromosome could initiate noticeable silencing, as

demonstrated by the progressive decrease in Xmus transcripts

to <20% X-linked gene expression by day 8 (Figure 1A). Beyond

day 8, this initial silencing eroded such that, by day 14, Xmus ac-

tivity reverted back to �40% of X-linked allelic reads. Auto-

somes, as represented by chromosome 13, did not display any

sign of skewed gene expression in DRepB cells (Figure S2A). Ex-

amination of specific X-linked genes (e.g., Tspyl2 and Armcx2)

confirmed the overall trends (Figure 1B). These findings suggest

a hidden biphasic dynamic during XCI establishment.

We validated these findings using two orthogonal ap-

proaches. First, we performed time course allele-specific

RT-qPCR to quantify Xmus:Xcas expression for nine genes

located at various positions along the X and that are normally

subject to XCI (Figure 1C). Consistent with our transcriptome-

wide analysis, all nine genes showed a statistically significant

(D) Atrx andMecp2 nascent RNA FISH combined with Xist RNA FISH inWT Xist andDRepB differentiating female ESCs. Diffuse Xist cloudmorphology caused by

disruption of repeat B/Polycomb was previously described (Colognori et al., 2019). Arrowheads mark positions of Xist cloud.

(E) Quantification of (D). Note that no Xist clouds are present at day 0 to indicate Xmus, but expression is inferred by the presence of two pinpoint signals. n > 100

per time point.

See also Figures S1 and S2.
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drop from biallelic expression at day 0 to monoallelic expres-

sion from Xmus at days 8 and 14 in WT Xist cells. By contrast,

DRepB cells showed a similar drop from day 0 to 8, but a sta-

tistically significant reversion back toward biallelic expression

at day 14 for eight out of nine genes assayed. Second, we

performed nascent RNA FISH for two of the above genes,

Atrx and Mecp2, in combination with Xist RNA FISH to indi-

cate the Xmus (Figures 1D and 1E). In WT cells, there was a

progressive loss of nascent transcription overlapping the

Xist cloud between days 0–14, as expected. On the other

hand, DRepB cells demonstrated an initial silencing of Atrx

and Mecp2 between days 0–8 but regained expression be-

tween days 8–14. Notably, Xist clouds appeared dispersed

on the DRepB chromosome, as previously reported (Colognori

et al., 2019). Together these data show that XCI does

initiate—though transiently and not to a full extent—despite

the absence of repeat B, thereby implicating additional Xist

motifs in initiating silencing. However, the data also demon-

strate that the establishment process cannot be completed

without repeat B.

Polycomb Recruitment to Xi Is Initiated but Cannot Be
Maintained without Xist Repeat B
As repeat B has now been associated with Polycomb binding to

the Xi (Pintacuda et al., 2017; Bousard et al., 2019; Colognori

et al., 2019; Nesterova et al., 2019), we performed immunofluo-

rescence (IF) for the H2AK119ub and H3K27me3 histone marks

(deposited by PRC1 and PRC2, respectively) across a time

course beginning with the earliest appearance of Xist clouds at

day 3. Among nearly all WT Xist-positive cells, strong foci of

H2AK119ub and H3K27me3 staining were observed on the

Xmus (Figures 2A and 2B), as expected. Unexpectedly, DRepB

cells also displayed noticeable enrichment of both repressive

marks in Xist-positive cells during early time points (Figures 2A

and 2B). These data suggest that, contrary to recent reports, de-

leting repeat B does not fully abrogate the initiation of Polycomb

recruitment.

The PRC2 mark, H3K27me3, was observed overlapping with

Xist clouds in �85% of Xist-positive DRepB cells and remained

stable between days 4–7, after which time the signal began to

fade away to undetectable levels by day 10, suggesting that

repeat B is required for maintaining PRC2. Yet at the same

time, PRC2 must come independently of Repeat B during the

initiation phase. In parallel, the PRC1 mark, H2AK119ub, re-

mained stable between days 4–6 in �80% of Xist-positive cells,

after which point it also faded away and became undetectable by

day 8, suggesting repeat B’s role in stabilizing PRC1 as well. The

differential kinetics for H3K27me3 with respect to H2AK119ub

are similar to the previous observation that depleting HNRNPK

(repeat B’s direct binding partner) has a more immediate effect

on PRC1 than PRC2 (Pintacuda et al., 2017; Colognori et al.,

2019; _Zylicz et al., 2019). This delay may reflect order of recruit-

ment, difference in turnover rate for each mark, or differential re-

quirements for PRC1/2 recruitment. Importantly, the rise and fall

of repressive histone marks coincided with the initiation and

erosion of gene silencing (inflection around day 8) (Figure 1)

and support the idea of a biphasic dynamic during XCI

establishment.

At higher resolution, allele-specific chromatin immunoprecipi-

tation sequencing (ChIP-seq) for H2AK119ub and H3K27me3

agreed with the IF data (Figures 2C–2E). WT Xist cells showed

characteristic enrichment of H2AK119ub and H3K27me3 across

Xmus between days 5–14 (Figure 2C). Consistent with IF data,

DRepB cells also accumulated the two marks on Xmus (red track)

compared with Xcas (blue track), although overall levels were

lower than on the WT Xist Xmus (Figures 2C and 2D). Quantifica-

tion of coverages over genes revealed significant enrichment of

H2AK119ub at day 5 but less so at days 8–14 (Figure 2E)—

consistent with IF data. The H3K27me3 mark was enriched on

the DRepB Xmus on day 5 and persisted longer to day 8 but

less so by day 14 (Figure 2E). When examined individually, there

were no obvious differences in coverage dynamics for genic

versus intergenic regions, or genes silenced by XCI versus those

non-expressed to begin with (at least at this temporal resolution),

though genes silenced by XCI exhibited a stronger gain in

H2AK119ub andH3K27me3 during the inactivation process (Fig-

ures S2B and S2C).

Taken together, these data demonstrate several crucial

points: (1) Polycomb complexes can be recruited and XCI can

initiate without repeat B; (2) without repeat B, however, Poly-

comb recruitment and gene silencing cannot be fully established

or stabilized; (3) the establishment of gene silencing and Poly-

comb recruitment can therefore be characterized as ‘‘biphasic.’’

The first phase is primarily repeat B independent, whereas the

second is repeat B dependent. This discovery left open the ques-

tion of what additional Xist motifs are essential for the first phase

of establishing silencing.

Failed Xi Gene Silencing and Selective Pressure toward
X Aneuploidy in Cells Lacking Xist Repeat A
The repeat A motif has been reported to play a role in both Xi

silencing and Polycomb recruitment (Wutz et al., 2002; Zhao

et al., 2008; Minks et al., 2013; Cifuentes-Rojas et al., 2014;

Bousard et al., 2019; Lee et al., 2019; Nesterova et al.,

2019). However, various deletions of repeat A have produced

different findings, resulting in a lack of consensus regarding its

in vivo role. This is due partly to the fact that existing deletions

cover different sequences around repeat A and have been

Figure 2. Xi Polycomb Recruitment Can Be Initiated, but Not Maintained, without Xist Repeat B

(A) H2AK119ub and H3K27me3 IF combined with Xist RNA FISH in WT Xist and DRepB differentiating female ESCs.

(B) Quantification of (A). Note that no Xist clouds are present at day 0 to indicate Xmus, but cells accordingly show no focal enrichment of H2AK119ub or

H3K27me3. n > 100 per time point.

(C) Allele-specific H2AK119ub/H3K27me3 ChIP-seq time course in WT Xist and DRepB differentiating female ESCs. Note the 2-fold difference in y axis scaling

between WT Xist and DRepB tracks.

(D) Zoom in of allele-specific ChIP-seq tracks in (C).

(E) Boxplots quantifying allele-specific ChIP-seq coverage over X-linked genes. Wilcoxon rank-sum test, p values as shown.

See also Figure S2.
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Figure 3. Repeat A Is Required for Gene Silencing and Contributes to Early Polycomb Recruitment on Xi

(A) Repeat A or AB deletion leads to loss of an X chromosome (either Xcas or Xmus) in �90% of cells over the course of differentiation.

(B) Allele-specific RT-qPCR showing relative expression from each allele for several X-linked genes inDRepA andDRepAB differentiating female ESCs. Error bars

show standard deviation between 3 biological replicates. Two-tailed Student’s t test, asterisks indicate p < 0.05.

(legend continued on next page)
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analyzed in different contexts, such as on an autosomal trans-

gene and/or in male cells. Previous observations also sug-

gested that sequences within or around repeat A can influ-

ence Xist expression and/or splicing (Wutz et al., 2002; Zhao

et al., 2008; Hoki et al., 2009; Royce-Tolland et al., 2010; Co-

lognori et al., 2019).

In vivo investigation of repeat A’s role in XCI necessitates a

discrete deletion in the endogenous context in female cells.

Here, we created a distinct DRepA clone in female ESCs that re-

moves a minimal region containing the motif without affecting

Xist splicing or expression levels (Figures S1A–S1C). As earlier,

we carried out extensive validation of our cell line to ensure

DRepA Xist was expressed selectively from Xmus during differen-

tiation (Table S1; Figures S1B–S1E)—though DRepA Xist clouds

often appeared smaller than WT Xist clouds, as noted previously

(Ha et al., 2018). Interestingly, roughly half of cells lacked any Xist

cloud over the course of differentiation (Figures S1C and S3A).

Follow-up analysis showed that this was due to loss of an X chro-

mosome in most cells, occurring specifically during cell differen-

tiation. While 95% of DRepA cells carried two X chromosomes

on day 0, only 9% retained them both by day 14 (Figure S3B).

This contrasted sharply with differentiation of WT Xist or DRepB

cells, which consistently retained their XX status. We suspect

that a crucial function for repeat A during differentiation pre-

cludes survival (or competitive advantage) of XX cells lacking

it. Indeed, because the DRepA mutation renders Xist unable to

properly silence the Xi in cis (see below), there may be strong se-

lective pressure to lose one X during differentiation in order to

achieve proper 13 gene dosage (Figure 3A). Interestingly, Xmus

(selectively expressing DRepA Xist) and Xcas (carrying a WT but

non-expressed copy of Xist) were lost with roughly equal proba-

bility, as determined by allele-specific PCR of genomic DNA from

the differentiated cell population (Figure S3B). This lack of

discrimination could explain why roughly half of cells were Xist-

positive (XmusO), and half were Xist-negative (XcasO), and further

supports the idea that XiDA and Xa are functionally interchange-

able in supplying cells with the necessary X-linked gene prod-

ucts (Figure 3A). We also point out that, at least in the context

of our Tsix mutant background, once an early decision was

made to express (mutant) Xist from and silence Xmus (even if un-

successful), this decision appeared irreversible: Xist expression

did not ‘‘switch’’ alleles despite a capable WT Xist copy on Xcas

and continued to be expressed from Xmus even after subsequent

loss of Xcas. Notably, the Xist allele expressed from Xmus is

mutated (DRepA) and cannot initiate silencing on Xmus. Thus, in

these XmusO cells, an overall ‘‘count’’ of one Xa and dosage

compensation were preserved (Figures S1B–S1D). The acute

tendency to become XO is further testament to the importance

of RepA for female cells undergoing dosage compensation.

Due to the stochastic loss of Xcas or Xmus andmixture of XO/XX

cells during DRepA ESC differentiation, we could not pursue

genomic analyses such as RNA-seq and ChIP-seq. However,

in spite of large variation between replicates, we were clearly

able to see expression from both alleles for nine X-linked genes

using allele-specific RT-qPCR (Figure 3B), indicative of failed Xi

silencing. To rule out that apparent biallelic expression could

be an artifact of cellular mosaicism, we examined nascent tran-

scription at the single-cell level using RNA FISH. Within the frac-

tion of Xist-positive cells (most being XmusO, some being XmusX-
cas), Atrx and Mecp2 demonstrated clear failure to be silenced

throughout the entire 14-day differentiation time course, despite

an overlying Xist cloud (Figures 3C and 3D). These results reaf-

firm the consensus in the field that repeat A is critical for gene

silencing (Wutz et al., 2002).

AnEarlyWaveof Xi PolycombRecruitmentRequiresXist
Repeat A
To address whether repeat A is required for Polycomb targeting,

we inspected H2AK119ub and H3K27me3 modifications in IF

experiments. In Xist-positive DRepA differentiating ESCs, a

focus of H2AK119ub and H3K27me3 could still be observed

over the Xist domain throughout the time course (Figures 3E

and 3F). We conclude that, at the cytological level, loss of repeat

A alone is insufficient to abolish bulk enrichment of these marks,

consistent with previous transgenic studies on autosomes (Plath

et al., 2003; Kohlmaier et al., 2004; da Rocha et al., 2014).

Without ChIP-seq analysis, however, we could not rule out finer

defects that might be present at themolecular level despite clear

foci at the cytological level, as demonstrated previously (Wang

et al., 2018, 2019; _Zylicz et al., 2019). Indeed, recent data have

suggested that repeat A is necessary for spreading both

H2AK119ub and H3K27me3 into active genic regions (Bousard

et al., 2019; _Zylicz et al., 2019).

Additional support for repeat A function came from female

ESCs carrying deletions of both repeats A and B on Xmus (Table

S1; Figures S1A–S1E). Similar to DRepA, DRepAB differentiating

ESCs exhibited a cluster of Xist RNA in roughly half of cells (Fig-

ure S3A) and had heightened tendency to become XO during dif-

ferentiation, with only 8% of cells retaining both X chromosomes

by day 14 (Figures 3A and S3B). Furthermore,DRepAB cells failed

to undergo gene silencing, as shown by persistence of biallelic

Mecp2 and Atrx expression in allele-specific RT-qPCR and

nascent RNA FISH experiments (Figures 3B–3D). Notably, Xist

cloud dispersal seen inDRepB cells (Figures 1D and S1B) (Colog-

nori et al., 2019) became exacerbated by the simultaneous dele-

tion of repeat A, suggesting repeat A may also play a role in local-

izing and/or spreading Xist on the Xi. However, in contrast to both

the DRepA and DRepB single deletions, the DRepAB double

(C) Atrx and Mecp2 nascent RNA FISH combined with Xist RNA FISH in DRepA and DRepAB differentiating female ESCs. Only Xist-positive cells (XmusXcas and

XmusO) were examined. Arrowheads mark positions of Xist cloud.

(D) Quantification of (C). Note that no Xist clouds are present at day 0 to indicate Xmus, but expression is inferred by the presence of two pinpoint signals. n > 100

per time point.

(E) H2AK119ub and H3K27me3 IF combined with Xist RNA FISH in DRepA and DRepAB differentiating female ESCs. Note the diffuse Xist cloud morphology

caused by disruption of repeat B/Polycomb (Figure 1D) (Colognori et al., 2019) appears exacerbated by additional loss of repeat A/Polycomb (but not by repeat A

loss alone). Only Xist-positive cells (XmusXcas and XmusO) were examined.

(F) Quantification of (E). Note that no Xist clouds are present at day 0 to indicate Xmus, but cells accordingly show no focal enrichment of H2AK119ub or

H3K27me3. n > 100 per time point.

See also Figures S1 and S3.
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deletion completely abolished H2AK119ub and H3K27me3 sig-

nals on the Xi, as determined by IF (Figures 3E and 3F). This

was true throughout the entire differentiation time course. Thus,

repeats A and B both contribute to establishing Polycomb recruit-

ment and gene silencing during the early window of XCI.

Continued Polycomb Recruitment during XCI
Maintenance Requires Xist Repeat B but Not A
Given the unexpected relationship between repeats A andB dur-

ing XCI establishment, we next investigated their roles in XCI

maintenance by examining similar DRepA and DRepB deletions

in female MEFs. Our parental MEF cell line is again a Mus mus-

culus/Mus castaneus hybrid, but one that became tetraploid

post-XCI and thus carries 2 Xi’s (Xmus) and 2 Xa’s (Xcas) (Yildirim

et al., 2011). IF for H2AK119ub/H3K27me3 revealed that loss of

repeat B alone was sufficient to abolish both marks from Xi (Fig-

ure 4A), as previously observed (Colognori et al., 2019). On the

other hand, deletion of repeat A alone had no apparent cytolog-

ical effect (Figure 4A). To obtain higher resolution information, we

performed allele-specific ChIP-seq for H2AK119ub and

H3K27me3. In agreement with IF data, there was chromo-

some-wide depletion of both marks from Xmus (becoming indis-

tinguishable from Xcas) in DRepB cells (Colognori et al., 2019),

but no similar effect in DRepA cells (Figures 4B–4D). Further-

more, we detected no obvious differences in coverage over

genic versus intergenic regions, or non-expressed genes versus

those subject to XCI, besides again higher coverage over genes

subject to XCI (except in DRepB cells where the marks are both

absent) (Figures S4A and S4B). Together, these data indicate

that, while repeat A plays a role in establishing Polycomb recruit-

ment during the first phase of XCI, it appears dispensable once

recruitment has been established. On the other hand, repeat B

is required for Polycomb recruitment during establishment and

remains relevant throughout the XCI maintenance phase.

DISCUSSION

Here, our work has addressed the longstanding confusion over

the roles of Xist repeats A and B for Polycomb recruitment and

Xi gene silencing. In doing so, we found that XCI can best be

characterized as having three distinct phases (Figure 4E): (1)

an ‘‘early establishment’’ phase (days 0–8 of ESC differentiation)

during which repeat A is required to initiate gene silencing and an

early wave of Polycomb recruitment; (2) a ‘‘late establishment’’

phase (days 8–14) during which repeat B is essential for stabiliz-

ing Polycomb proteins and gene silencing on the Xi; and (3) a

‘‘maintenance’’ phase (in somatic cells) in which repeat A is no

longer required but repeat B continues to play a role in Polycomb

maintenance. During the maintenance phase, gene silencing is

stabilized but may still depend on continued expression of Xist

in a context-dependent manner, as post-XCI deletions of Xist

(in part or in whole) can cause either major physiological pertur-

bations (Yildirim et al., 2013) or minimal reactivation unless com-

bined with other pharmacological agents (Csankovszki et al.,

2001; Minajigi et al., 2015; Carrette et al., 2017; Adrianse et al.,

2018; Colognori et al., 2019). Of note, our data do not rule out

that repeat A might also function during late establishment

(dotted lines, Figure 4E) because we did not conditionally re-

move it during this time frame. Similarly, repeat B may also

contribute somewhat to early establishment (dotted lines, Fig-

ure 4E), since initial gene silencing and Polycomb recruitment

were less robust upon its removal, and deletion of both repeats

A and B was necessary to abolish early Polycomb enrichment.

Thus, during the early critical stages, repeats A and B may

work together and both be required to establish the typical Poly-

comb binding patterns, associated enrichment of H3K27me3

and H2AK119ub, and full genic silencing on the Xi.

Our data show that deleting repeat B alone does not preclude

initiation of Polycomb recruitment and gene silencing during

early XCI between days 0–8 (Figures 1 and 2). Thus, in contrast

with recent proposals (Pintacuda et al., 2017; Nesterova et al.,

2019), repeat B is not the only motif involved in these activities.

However, without repeat B, gene silencing and Polycomb

recruitment cannot proceed to completion and are also unstable,

exhibiting a reversion to biallelic expression and an inability to

retain the Polycombmarks beyond day�8. Thus, repeat B func-

tions as a parallel pathway to stabilize and/or bolster gene

silencing and Polycomb on Xi. In this regard, our study reconciles

disparate conclusions of prior studies in which deletions of

repeat B have been shown to both significantly affect Xi silencing

(Pintacuda et al., 2017; Colognori et al., 2019; Nesterova et al.,

2019) or oppositely, to have little effect (Bousard et al., 2019).

Our work explains this disparity in that repeat B’s impact on Xi

silencing changes over the time course of XCI, being more pro-

nounced at later versus earlier timepoints. It also explains the re-

sidual amounts of H2AK119ub and H3K27me3 detected in one

study after deleting repeat B (Bousard et al., 2019).

Moreover, while all reports agree that repeat A is required for Xi

silencing (Wutz et al., 2002; Bousard et al., 2019; Nesterova

et al., 2019), there has been a lack of consensus regarding its

role in targeting Polycomb complexes (Plath et al., 2003; Kohl-

maier et al., 2004; Zhao et al., 2008; Hoki et al., 2009; Davidovich

et al., 2013, 2015; Kaneko et al., 2013; Cifuentes-Rojas et al.,

2014; da Rocha et al., 2014). Although we were unable to pursue

amore detailed epigenomic analysis of theDRepAmutant due to

its instability and propensity to become XOduring differentiation,

our cytological comparison of DRepB versus DRepAB cells pro-

mote the idea that repeat A contributes to early targeting of Poly-

comb complexes. Deleting either repeat A or B alone does not

fully abolish initiation of Polycomb recruitment, but simultaneous

deletion of both does. Therefore, by inference, repeat A must

collaborate with repeat B during XCI establishment for full

recruitment of Polycomb complexes, with repeat A being more

critical for the early phase and repeat B being more critical for

subsequent phases. This was most likely missed in the past

because the requirement is revealed only in conjunction with a

repeat B deletion (Figure 3).

Although on its own, the DRepA mutant shows Xi enrichment

of PRC1 and PRC2marks in most Xist-positive cells, there could

be underlying local defects that cannot be discerned by cytolog-

ical assays. Indeed, SMCHD1-depleted cells also demonstrate

an apparently normal Xist cloud and enrichment of

H2AK119ub/H3K27me3 by IF, but regional defects become

clear in higher-resolution molecular assays (Wang et al., 2018,

2019). Together, our data affirm a role for repeat A in the initiation

of Polycomb recruitment, consistent with previous studies (Kohl-

maier et al., 2004; Zhao et al., 2008; Cifuentes-Rojas et al., 2014;

Davidovich et al., 2015) and are also conceptually consistent
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with work attributing to repeat A the recruitment of Polycomb to

initially active genes in ESCs (Simon et al., 2013; Bousard et al.,

2019; _Zylicz et al., 2019). Mechanistically, how this recruitment

occurs is still under debate. One possibility is through direct

RNA-mediated recruitment of Polycomb complexes (Zhao

et al., 2008; Cifuentes-Rojas et al., 2014). An alternative is

through indirect recruitment as a consequence of de novo

gene silencing by other repeat A-interacting proteins such as

SPEN (Nesterova et al., 2019). It is also possible that both types

of mechanisms are at play. Our findings also have implications

Figure 4. Repeat B, but Not A, Continues to Play a Role in Maintaining Polycomb across Xi

(A) H2AK119ub and H3K27me3 IF combined with Xist RNA FISH in WT Xist, DRepA, and DRepB female MEFs. n > 100 per deletion cell line, with nearly all cells

showing the indicated pattern of enrichment for each mark.

(B) Allele-specific H2AK119ub/H3K27me3 ChIP-seq in WT Xist, DRepA, and DRepB MEFs.

(C) Zoom in of allele-specific ChIP-seq tracks in (B).

(D) Boxplots quantifying allele-specific ChIP-seq coverage over X-linked genes. Wilcoxon rank-sum test, p values as shown.

(E) Diagram summarizing roles of repeats A and B in gene silencing and Polycomb recruitment throughout XCI. Repeat A is required for initial gene silencing and

an early wave of Polycomb recruitment; repeat B is required for sustained gene silencing and Polycomb recruitment. Dashed line indicates uncertain or minimal

contribution.

See also Figures S1 and S4.
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for the role of Polycomb complexes during Xi gene silencing.

Previous literature suggests Polycomb may be dispensable for

initial silencing (Kalantry and Magnuson, 2006; Leeb and Wutz,

2007) but is required for its stabilization (Kalantry andMagnuson,

2006; Wang et al., 2001) until additional mechanisms such as

DNA methylation solidify the silenced state in maintenance

phase (Csankovszki et al., 2001). Our observation that deleting

repeat B leads to reversal of gene silencing coincident with

loss of Polycomb marks at differentiation day 8 supports the

latter half of this hypothesis (Figures 1 and 2). As for a role in initial

silencing, Polycomb mark enrichment was observed on Xi in a

repeat A-dependent manner coincident with initial transient

silencing in DRepB cells (Figure 2). However, the marks were

also enriched on Xi in DRepA cells despite failure to initiate

silencing (Figure 3). Thus, it is less clear whether Polycomb

recruitment in this case is a cause or consequence of initial

silencing.

The functional importance of repeat A is further underscored

by our inability to derive stable XX female differentiated ESCs

lacking it. The instability occurred only during differentiation

and not in undifferentiated cells, suggesting that the propensity

toward aneuploidy is caused by selective pressure to make up

for failed dosage compensation. Intriguingly, loss of repeat B

does not similarly lead to aneuploidy, potentially because of

the less drastic effect on Xi gene silencing (still some silencing

at day 14 [Figure 1A]) or compensation by partial downregulation

of Xa (Colognori et al., 2019). It is also tempting to speculate that

proper X dosage may be more critical during early differentiation

(when repeat A is critical) than late (when repeat B is critical).

In a broader context, our study reveals establishment of gene

silencing and Polycomb domains to be more complex than pre-

viously thought, entailing distinct molecular requirements

compared with their maintenance. Xi gene silencing and Poly-

comb domains occurring in the presence of Xist repeat A even-

tually disappear without repeat B. This is consistent with bur-

geoning evidence that pre-existing Polycomb marks alone are

insufficient to recruit the complexes and maintain Polycomb do-

mains on autosomes; de novo recruitment occurs via different

means (Kahn et al., 2016; Højfeldt et al., 2018; Oksuz et al.,

2018). Notably, the division of labor between repeats A and B

in recruiting Polycomb during XCI establishment does not persist

into the maintenance phase, when repeat B but not A continues

to be required (Figure 4). Perhaps repeat A is required during de

novo XCI establishment to silence initially active genes but be-

comes dispensable in the maintenance phase when Xi genes

are already silenced. Whether similar multi-phasic and/or

context-dependent mechanisms are required to establish and

maintain epigenetic silencing over autosomal Polycomb targets

would be of high interest to future investigations.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-H3K27me3 GeneTex Cat#GTX60892

Rabbit monoclonal anti-H2AK119ub Cell Signaling Cat#CST8240

Chemicals, Peptides, and Recombinant Proteins

Recombinant mouse LIF Sigma Cat#ESG1107

Critical Commercial Assays

NEBNext Poly(A) mRNA Magnetic Isolation

Module

New England BioLabs Cat#E7490S

Agencourt AMPure XP Beads Beckman Coulter Cat#A63881

NEBNext ChIP-Seq Library Prep Master

Mix Set for Illumina

New England BioLabs Cat#E6240S

NEBNext Multiplex Oligos for Illumina

(Index Primers Set 1)

New England BioLabs Cat#E7335S

Quant-iT PicoGreen dsDNA Reagent Thermo Fisher Scientific Cat#P7581

NEBNext Ultra Directional RNA Library Prep

Kit for Illumina

New England BioLabs Cat#E7420S

Deposited Data

RNA-seq in WT Xist female mouse

differentiating ESC (days 0,5,6,7,8,10)

This study GEO: GSE135389

RNA-seq in WT Xist female mouse

differentiating ESC (day 14)

Colognori et al., 2019 GEO: GSE107217

RNA-seq in DRepB Xist female mouse

differentiating ESC (days, 0,5,6,7,8,10)

This study GEO: GSE135389

RNA-seq in DRepB Xist female mouse

differentiating ESC (day 14)

Colognori et al., 2019 GEO: GSE107217

H3K27me3 ChIP-seq in WT Xist female

mouse differentiating ESC (days 0,5,8,14)

This study GEO: GSE135389

H3K27me3 ChIP-seq in DRepB Xist female

mouse differentiating ESC (days 0,5,8,14)

This study GEO: GSE135389

H2AK119ub ChIP-seq in WT Xist female

mouse differentiating ESC (days 0,5,8,14)

This study GEO: GSE135389

H2AK119ub ChIP-seq inDRepB Xist female

mouse differentiating ESC (days 0,5,8,14)

This study GEO: GSE135389

H3K27me3 ChIP-seq in WT Xist

female MEF

Colognori et al., 2019 GEO: GSE107217

H3K27me3 ChIP-seq in DRepA Xist

female MEF

This study GEO: GSE135389

H3K27me3 ChIP-seq in DRepB Xist

female MEF

Colognori et al., 2019 GEO: GSE107217

H2AK119ub ChIP-seq in WT Xist

female MEF

Colognori et al., 2019 GEO: GSE107217

H2AK119ub ChIP-seq in DRepA Xist

female MEF

This study GEO: GSE135389

H2AK119ub ChIP-seq in DRepB Xist

female MEF

Colognori et al., 2019 GEO: GSE107217

Mendeley data This study https://doi.org/10.17632/77fjk9p346.1

Experimental Models: Cell Lines

WT Xist female ESC (TsixTST/+) Ogawa et al., 2008 N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Jeannie T.

Lee (lee@molbio.mgh.harvard.edu).

Materials Availability
Cell lines generated in this study will be available upon request following completion of an MTA.

Data and Code Availability
Original unprocessed microscope images in this manuscript have been deposited at Mendeley Data and are available at: https://doi.

org/10.17632/77fjk9p346.1

Raw high-throughput sequencing data and processed files for RNA-seq and ChIP-seq reported in this paper have been deposited

at GEO under accession number: GSE135389

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Xist Deletion Cell Lines
Xist deletions were generated by CRISPR/Cas9 using a pair of gRNAs flanking the target region. gRNA sequences (Table S1) were

designed using tools available online (http://crispr.mit.edu) and cloned into pSpCas9(BB)-2A-GFP or pSpCas9(BB)-2A-Puro vectors

(Ran et al., 2013). gRNA/Cas9 plasmid was delivered into ESCs by electroporation (Bio-Rad Gene Pulser Xcell) or MEFs by nucle-

ofection (Lonza Nucleofector II) as per manufacturer’s instructions. Following plasmid delivery, cells were cultured for one week

to allow enough time for DNA cutting and repair. Single cells were then sorted into 96-well plates by FACS, expanded, and screened

by genomic PCR, Sanger sequencing (Table S1), and two-color Xist RNA FISH.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DRepA Xist female ESC (clone 8) This study N/A

DRepB Xist female ESC (clone D2) Colognori et al., 2019 N/A

DRepAB Xist female ESC (clone 9) This study N/A

WT Xist female MEF (EY.T4) Yildirim et al., 2011 N/A

‘‘Old’’ DRepA Xist female MEF (clone X9) Colognori et al., 2019 N/A

‘‘New’’ DRepA Xist female MEF (clone ds4) This study N/A

DRepB Xist female MEF (clone 22) Colognori et al., 2019 N/A

Oligonucleotides

Oligo FISH probes used for Xist RNA FISH Colognori et al., 2019 N/A

Stellaris FISH probes used for Atrx and

Mecp2 nascent RNA FISH

LGC Biosearch Technologies Custom

XMP X Green Mouse Chromosome Paint MetaSystems Cat#D-1420-050-FI

gRNAs used to generate Xist deletions (see

Table S1)

Integrated DNA Technologies N/A

PCR primers (see Table S2) Integrated DNA Technologies N/A

Recombinant DNA

pSpCas9(BB)-2A-GFP (PX461) Ran et al., 2013 Addgene Cat#48140

pSpCas9(BB)-2A-Puro (PX459) v2.0 Ran et al., 2013 Addgene Cat#62988

Software and Algorithms

HOMER v4.8 Heinz et al., 2010 http://homer.ucsd.edu/homer/index.html

NovoAlign v3.02 Novocraft http://www.novocraft.com/products/

novoalign/

TopHat2 v2.0.10 Kim et al., 2013 https://ccb.jhu.edu/software/tophat/

index.shtml

SPP Kharchenko et al., 2008 http://compbio.med.harvard.edu/

Supplements/ChIP-seq/

featureCounts v1.5.0-p1 Liao et al., 2014 http://subread.sourceforge.net

SAMtools v1.4.1 Li et al., 2009 http://samtools.sourceforge.net/
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Xist deletion ESCs were generated in the parental (‘‘WT Xist’’) M. musculus/M. castaneus F2 hybrid female ESC line carrying a

mutated Tsix allele previously described as ‘‘TsixTST/+’’ (Ogawa et al., 2008). This mutation drives selective inactivation of Xmus.

Xist deletion MEFs were generated in the parental (‘‘WT Xist’’)M. musculus/M. castaneus F1 hybrid (tetraploid) female MEF line pre-

viously described as ‘‘EY.T4’’ . All deletion cell lines used in this study are listed in the Key Resources Table, and characterized in

detail in Table S1; Figure S1.

Cell Culture
MEFs were grown in medium containing DMEM, high glucose, GlutaMAX supplement, pyruvate (Thermo Fisher Scientific), 10% FBS

(Sigma), 25 mMHEPES pH 7.2-7.5 (Thermo Fisher Scientific), 1x MEM non-essential amino acids (Thermo Fisher Scientific), 1x Pen/

Strep (Thermo Fisher Scientific), and 0.1 mM bME (Thermo Fisher Scientific) at 37�Cwith 5%CO2. ESCs were grown on g-irradiated

MEF feeders in medium containing DMEM, high glucose, GlutaMAX supplement, pyruvate, 15% Hyclone FBS (Sigma), 25 mM

HEPES pH 7.2-7.5, 1xMEM non-essential amino acids, 1x Pen/Strep, 0.1 mM bME, and 500 U/mL ESGRO recombinant mouse Leu-

kemia Inhibitory Factor (LIF) protein (Sigma, ESG1107) at 37�C with 5% CO2. LIF was excluded from the medium during ESC differ-

entiation procedures (see below).

ESC Differentiation
Undifferentiated ESCs were grown on g-irradiated MEF feeders for 3 days, after which ESC colonies were trypsinized and feeders

removed (day 0). ESCs were then switched to medium lacking LIF and grown in suspension for 4 days, forming embryoid bodies

(EBs). EBs were cytospun onto glass slides or settled down onto gelatin-coated coverslips at day 4 and allowed to further differen-

tiate until the indicated timepoints.

METHOD DETAILS

Oligo FISH Probes
Oligo FISH probes for Xist RepA, RepB, or exon 7 were previously described (Colognori et al., 2019). Briefly, probe sequences were

designed using tools available online (https://www.idtdna.com/calc/analyzer). Amino-ddUTP (Kerafast) was added to the 3’-ends of

pooled oligos by Terminal Transferase (New England BioLabs) as per manufacturer’s instructions. Oligos were purified by phenol/

chloroform extraction, concentrated by ethanol precipitation, resuspended in 0.1 M sodium borate, and labeled with Cy3B (GE

Healthcare) or Alexa647 NHS-ester (Life Technologies). After another ethanol precipitation, labeled oligos were resuspended in water

and labeling efficiency was evaluated by absorbance using NanoDrop (Thermo Fisher Scientific). Custom Stellaris FISH probes (LGC

Biosearch Technologies) were designed against the first intron of Atrx or Mecp2 using the Stellaris RNA FISH probe designer avail-

able online (www.biosearchtech.com/stellarisdesigner) and labeled with Quasar570 dye.

RNA FISH
Cells were cytospun onto glass slides or settled down onto gelatin-coated coverslips and rinsed with PBS. They were permeabilized

with cold CSKT buffer (100 mM NaCl, 300 mM sucrose, 10 mM PIPES, 3 mMMgCl2, 0.5% Triton X-100, pH 6.8) for 10 min and then

fixedwith 4%paraformaldehyde for 10min at room temp. Cells were rinsedwith PBS and dehydrated in a series of increasing ethanol

concentrations. Labeled oligo probe pool (1-5 nM for Xist RNA FISH, 100 nM for Atrx or Mecp2 nascent RNA FISH) was added to

hybridization buffer containing 25% formamide, 2x SSC, 10% dextran sulfate, and nonspecific competitor (0.1 mg/mL mouse

Cot-1 DNA [Thermo Fisher Scientific]). Hybridization was performed in a humidified chamber at 37�C overnight. After being washed

once in 25% formamide/2x SSC at 37�C for 20 min and three times in 2x SSC at 37�C for 5 min each, cells were mounted for wide-

field fluorescent imaging. Nuclei were counter-stained with Hoechst 33342 (Life Technologies).

X-Chromosome Painting
Cells were cytospun onto glass slides or settled down onto gelatin-coated coverslips, rinsedwith PBS, treated with RNase A (0.5mg/

mL in PBS) at 37�C for 40 min to remove RNA signal, and denatured for DNA FISH in 70% formamide/2x SSC at 80�C for 15 min.

Slides were quenched in ice cold 70% ethanol and dehydrated in a series of increasing ethanol concentrations. 1:10 (v/v) XMP X

Green mouse chromosome paint (MetaSystems, D-1420-050-FI) was added to hybridization buffer containing 50% formamide,

2x SSC, 10% dextran sulfate, and 0.2 mg/mL mouse Cot-1 DNA (Thermo Fisher Scientific) and denatured at 95�C for 10 min. Hy-

bridization was performed in a humidified chamber at 37�C overnight. After being washed once in 0.2x SSC at 65�C for 10 min

and three times in 2x SSC at room temp for 5 min each, cells were mounted for wide-field fluorescent imaging. Nuclei were

counter-stained with Hoechst 33342 (Life Technologies).

IF/RNA FISH
Cells were cytospun onto glass slides or settled down onto gelatin-coated coverslips and rinsed with PBS. They were permeabilized

with cold CSKT buffer (100 mM NaCl, 300 mM sucrose, 10 mM PIPES, 3 mMMgCl2, 0.5% Triton X-100, pH 6.8) for 10 min and then

fixed with 4% paraformaldehyde for 10 min at room temp. After being blocked for 30 min in PBS/1%BSA supplemented with 10 mM

ribonucleoside vanadyl complex (New England BioLabs), primary antibodies were added and allowed to incubate at room temp for

1 hr. Cells were washed three times with PBS/0.05% Tween-20 at room temp for 5 min each. After incubating with dye-conjugated
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secondary antibody for 30min at room temp, cells were washed again with PBS/0.05% Tween-20 at room temp for 5 min each. Cells

were post-fixed in 4% paraformaldehyde and dehydrated in a series of increasing ethanol concentrations. Xist RNA FISH was then

performed as described above.

Microscopy
For Wide-Field Fluorescent Imaging, Cells Were Observed on a Nikon 90i Microscope Equipped with 603/1.4 N.A. VC Objective

Lens, Orca ER CCD Camera (Hamamatsu), and Volocity Software (PerkinElmer).

Antibodies
The following primary antibodies were used for ChIP-seq and IF: H3K27me3 (GeneTex, GTX60892) and H2AK119ub (Cell Signaling,

CST8240). Dye-conjugated secondary antibodies were purchased from Life Technologies.

(Allele-specific) qPCR and RT-qPCR
For RT-qPCR, RNA was isolated from cells using TRIzol Reagent (Thermo Fisher Scientific) as per manufacturer’s instructions.

Genomic DNAwas removed using TURBODNase from the TURBODNA-free Kit (Thermo Fisher Scientific). After inactivating TURBO

DNase with DNase Inactivation Reagent (also enclosed in TURBO DNA-free Kit), RNA was reverse transcribed into cDNA using Su-

perScript III Reverse Transcriptase (Thermo Fisher Scientific) with random primers (Promega, C118A) at 25�C for 5 min, 50�C for 1 hr,

and enzyme inactivated at 85�C for 15min. Depending on the experiment, qPCRwas performed on cDNA or genomic DNA using iTaq

Universal SYBR Green Supermix (Bio-Rad) in a CFX96 Real-Time PCR Detection System (Bio-Rad). For allele-specific detection,

primers were designed to target genetic variants within each gene, as previously described (Glaab and Skopek, 1999; Li et al.,

2004). The relative abundance of alleles was calculated using the formula: cas/mus fold difference = 2^(Ctmus – Ctcas), and corrected

for primer bias/efficiency by comparing to standard curves using pure cas, mus, or hybrid cas/mus genomic DNA as previously

described (Pinter et al., 2015). Primer sequences are listed in Table S2.

ChIP-seq
Cells were cross-linked in PBS with 1% formaldehyde at room temp for 10 min with rotation at 1 million cells/mL and quenched with

0.125Mglycine for 5min. Cross-linked cells were washed twice with cold PBS, pelleted, and snap-frozen in liquid nitrogen. 10million

cross-linked cells per ChIP were thawed on ice and resuspended in 1 mL buffer 1 (50 nM HEPES pH 7.5, 140 mMNaCl, 1 mM EDTA,

0.5% NP-40, 0.25% Triton X-100, 10% glycerol, 1x cOmplete EDTA-free protease inhibitor cocktail [Roche]), and rotated for 10 min

at 4�C. Nuclei were pelleted by centrifugation at 1,000 g for 5 min at 4�C, resuspended in 1 mL buffer 2 (10 mM HEPES pH 7.5,

200mMNaCl, 1 mMEDTA, 0.5 mMEGTA, 1x cOmplete EDTA-free protease inhibitor cocktail) supplemented with 0.2 mg/mL RNase

A (Thermo Fisher Scientific), and rotated for 10 min at 4�C. Nuclei were pelleted by centrifugation at 1,000 g for 5 min at 4�C and

resuspended in 1.3 mL buffer 3 (10 mMHEPES pH 7.5, 100 mMNaCl, 1 mM EDTA, 0.5 mM EGTA, 1x cOmplete EDTA-free protease

inhibitor cocktail, 0.1% sodium deoxycholate, 0.5% sarkosyl). Nuclei were sonicated (Qsonica Q800 Sonicator) in polystyrene tubes

at 45% power reading, 30 sec on/30 sec off for a total sonication time of 4 min at 4�C. Triton X-100 was added to the lysate to 1%,

which was then centrifuged for 10 min at 16,000 g to remove debris. The lysate was pre-cleared for 2 hr at 4�C with rotation using

20 mL Dynabeads Protein G (Thermo Fisher Scientific) pre-washedwith PBS/0.5%BSA. After saving 10%as ‘‘input’’ sample, the pre-

cleared lysate was combined with 20 mL Dynabeads Protein G pre-bound to 2 mg antibody (H3K27me3, GeneTex GTX60892;

H2AK119ub, Cell Signaling CST8240), and rotated overnight at 4�C. Afterwards, beads were washed five times with wash buffer

(50 mM HEPES pH 7.5, 0.5 M LiCl, 1 mM EDTA, 1% NP-40, 0.7% sodium deoxycholate), once with TEN buffer (10 mM Tris pH

8.0, 1 mM EDTA, 50 mM NaCl), and once with TE buffer (10 mM Tris pH 8.0, 1 mM EDTA). Input sample and beads containing

ChIP material were resuspended in 400 mL TES buffer (50 mM Tris pH 8.0, 10 mM EDTA, 1% SDS) supplemented with 0.5 mg/mL

Proteinase K (Sigma) and incubated for 1 hr at 55�C and then for >3 hr at 65�C to reverse cross-links. DNA was purified by

phenol-chloroform extraction and quantified with Quant-iT PicoGreen dsDNA Reagent (Thermo Fisher Scientific). Input and ChIP-

seq libraries were prepared using NEBNext ChIP-seq Library Prep Master Mix Set for Illumina (New England BioLabs) as per man-

ufacturer’s instructions. Libraries were sequenced on Illumina HiSeq2000 (high-throughput run) or HiSeq2500 (rapid run), generating

�50 million 50-nt paired-end reads per sample.

ChIP-seq Analysis
To account for the hybrid character of our cell lines, adaptor-trimmed reads were separately aligned to custom mus/129 and cas

genomes using NovoAlign (Novocraft), thenmapped back to reference mm9 genome using SNPs (Pinter et al., 2012). This generated

three tracks: composite (comp) of all reads, and two allele-specific tracks using only allele-specifically mappable reads. After allele-

specific alignment, input-subtracted allele-specific ChIP-seq tracks were generated using SPP (Kharchenko et al., 2008), with

smoothing using 1-kb windows recorded every 500 bp, as previously described (Wang et al., 2018). To account for different

sequencing depths for ChIP-seq, samples differing by >10% were compensated by random downsampling with SAMtools (Li

et al., 2009). The densities of H2AK119ub and H3K27me3 over gene bodies versus intergenic regions, and genes subject to XCI

versus non-expressed on the X chromosome were computed by Homer (Heinz et al., 2010). For the timecourse ChIP-seq analysis

in differentiating ESCs, genes subject to XCI were defined as having non-zero FPKM in RNA-seq for both undifferentiated WT and

DRepB ESCs, and non-expressed genes as having zero FPKM in any of the two datasets. For MEF ChIP-seq analysis, genes subject
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to XCI were defined as having non-zero FPKM in RNA-seq for WT MEFs (expressed on Xa but not Xi), and non-expressed genes as

having zero FPKM (not expressed on Xa or Xi). Xist and Tsix, escapee genes, and regions too short (<200 bp) or unmappable were

excluded from the analysis. H2AK119ub and H3K27me3 densities were displayed as boxplots produced using R and ggplot2. p

values determined by Wilcoxon ranked sum test (two-sided).

RNA-seq
Total cell RNAwas extracted using TRIzol Reagent (Thermo Fisher Scientific), fromwhichmRNAwas isolated using NEBNext Poly(A)

mRNAmagnetic isolation module (New England BioLabs) as per manufacturer’s instructions. RNA-seq libraries were prepared using

NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England BioLabs) as permanufacturer’s instructions. Libraries were

sequenced on Illumina HiSeq2000 (high-throughput run) or HiSeq2500 (rapid run), generating�50million 50-nt paired-end reads per

sample.

RNA-seq Analysis
PCR duplicates were removed and reads separately aligned to custommus/129 and cas genomes using TopHat2 (Kim et al., 2013).

Final allele-specific mapping to reference mm9 genome was generated based on SNPs (Pinter et al., 2012). Only uniquely aligned

concordantly mapped sequences were used in downstream analysis. Counts per gene were calculated using featureCounts (Liao

et al., 2014). Using MatLab (MathWorks), library sizes were normalized and genes with insufficient allelic information (<13 allele-spe-

cific reads) were removed. We also removed potentially miscalled genes from our alignment pipeline, defined as genes incorrectly

assigned to mus from a pure cas RNA-seq library. Allele-specific RPKM was calculated using allelic ratio (allele-specific counts)

applied to comp RPKM (total counts). Genes with comp RPKM<1 or overlapping unmappable regions were excluded from the anal-

ysis, along with Xist and Tsix.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the statistical tests used and the values of n, p, and R are reported in the figures, figure legends, or

associatedmain texts. Statistical significance is determined by the value of p < 0.05 by the indicated tests. For microscope images, n

generally refers to the total number of counted cells or Xist clouds.
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SUMMARY
The mammalian SWitch/Sucrose Non-Fermentable (SWI/SNF) chromatin-remodeling BAF (BRG1/BRM-
associated factor) complex plays an essential role in developmental and pathological processes. We show
that the deletion of Baf155, which encodes a subunit of the BAF complex, in the Tie2(+) lineage (Baf155
(CKO) leads to defects in yolk sac myeloid and definitive erythroid (EryD) lineage differentiation from eryth-
romyeloid progenitors (EMPs). The chromatin of myeloid gene loci in Baf155 CKO EMPs is mostly inacces-
sible and enrichedmainly by the ETS bindingmotif. BAF155 interactswith PU.1 and is recruited to PU.1 target
gene loci together with p300 and KDM6a. Treatment of Baf155 CKO embryos with GSK126, an H3K27me2/3
methyltransferase EZH2 inhibitor, rescues myeloid lineage gene expression. This study uncovers indispens-
able BAF-mediated chromatin remodeling of myeloid gene loci at the EMP stage. Future studies exploiting
epigenetics in the generation and application of EMP derivatives for tissue repair, regeneration, and disease
are warranted.
INTRODUCTION

The mammalian hematopoietic system is established from mul-

tiple embryonic origins. The first tissue to produce blood cells is

the yolk sac, which generates primitive erythroid (EryP) cells and

megakaryocytes (MegPs) presumably from bipotential MegP

erythroid progenitors (pMEPs) (Tober et al., 2007). Although Er-

yPs, which express embryonic globin genes, can be detected

as early as embryonic day 7.25 (E7.25) in the blood islands of

the yolk sac, mature MegP cells are not detected until later,

around E9.5, in the yolk sac (Tober et al., 2007). The primary

function of EryP cells is to provide developing embryos with ox-

ygen and nutrients to accommodate the rapid growth of the em-

bryo. Until recently, hematopoietic stem cells (HSCs) originating

from the hemogenic endothelium of the aorta-gonad-meso-

nephros (AGM) have been thought to initiate definitive hemato-

poiesis. However, this paradigm has been challenged by the

identification of erythromyeloid progenitors (EMPs), which

generate definitive erythroid (EryD) and myeloid cell lineages

before the establishment of HSCs (Hoeffel and Ginhoux, 2018;

McGrath et al., 2015; Ginhoux et al., 2010; Schulz et al., 2012;
C
This is an open access article under the CC BY-N
Hashimoto et al., 2013; Gomez Perdiguero et al., 2015). EMPs

develop transiently from the Tie2-expressing hemogenic endo-

thelium of the yolk sac around E8.5–E10.5, migrate to the fetal

liver, expand, and provide embryos with EryD and myeloid cells

in fetal life (Chen et al., 2011; McGrath et al., 2015; Gomez Per-

diguero et al., 2015; Palis, 2016). EMPs are ultimately replaced

by HSCs, which generate a full spectrum of blood cells, including

lymphoid cell lineages. The importance of EMPs was realized by

the finding that tissue-resident macrophages originate from

EMPs through monocyte intermediates, although microglia are

believed to originate from yolk sac macrophages (Ginhoux

et al., 2010). Despite the critical establishment of the cellular

origin of tissue-resident macrophages from EMPs, few studies

have examined the molecular mechanisms that regulate myeloid

and EryD differentiation from EMPs.

In eukaryotes, DNA is packaged into nucleosomes and subse-

quent higher-order chromatin structures. As a result, DNA is not

easily accessible for transcriptional machinery. Two funda-

mental mechanisms that allow cells to respond to signals and

trigger gene expression are chromatin remodeling and histone

modification. Transcription factors and other proteins are
ell Reports 33, 108395, November 17, 2020 ª 2020 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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believed to gain access to nucleosome-bound DNA using ATP-

dependent chromatin-modifying and remodeling enzymes,

such as the SWI/SNF complex family (Hargreaves and Crabtree,

2011; Kadoch and Crabtree, 2015). SWI/SNF complexes, by uti-

lizing energy derived from ATP hydrolysis, destabilize histone-

DNA interactions and create an open chromatin state. SWI/

SNF complexes are composed of one core ATPase (Brg1 or

Brm) and distinct paralogous BRG1/BRM-associated factor

(BAF) subunit family members that can interact with cofactors,

including transcription factors. Combinatorial assembly of alter-

native families of subunits confers functional specificity to BAF

complexes in different tissues and cell types (Wu et al., 2009).

A recent study showing that BAF60c, a subunit of BAF critical

for heart development (Lickert et al., 2004), together with

GATA4 and TBX5, can reprogrammesoderm to cardiomyocytes

in the mouse embryo (Takeuchi and Bruneau, 2009) highlights

the fact that SWI/SNF-mediated chromatin remodeling is inte-

gral to the lineage-specific transcriptional network. Notably, en-

forced expression of just one component of the multi-protein

BAF complex, BAF60c, in that study was sufficient to confer line-

age-specific gene regulation.

Although chromatin-remodeling proteins are critical for estab-

lishing cell lineage specification in mammalian development,

functional details of how these proteins affect specific cell line-

age development are still lacking. Gene knockout studies have

demonstrated that BRG1 ATPase and BAF155 are required for

blood and vascular development. Particularly, Brg1- or

Baf155-deficient embryos die around implantation (Bultman

et al., 2000; Kim et al., 2001). The peri-implantation lethality of

Baf155-deficient embryos can be extended to mid-gestation

by Baf155 transgene expression (Baf155�/�; Tg+). However,

these animals display severe blood vessel formation defects in

the yolk sac around E10.5 (Han et al., 2008). Moreover, Tie2-

Cre; Brg1f/f mice are embryonic lethal because of apoptosis of

EryP and lack of embryonic globin gene expression (Griffin

et al., 2008). Angiogenesis is also defective in these animals.

While these studies demonstrate the critical role of BAF-medi-

ated chromatin remodeling in EryP and angiogenesis, it remains

unclear whether BAF-mediated chromatin remodeling is subse-

quently required for the yolk sac hematopoiesis. In this study, we

determined BAF-mediated chromatin remodeling requirements

from hemogenic endothelium to EMPs and myeloid and EryD

lineage differentiation by deleting Baf155 in the Tie2 lineage.

Our data demonstrate that BAF155-mediated chromatin remod-

eling ofmyeloid and EryD gene loci at the EMP stage is critical for

activation of the myeloid and EryD transcriptional program as

well as myeloid and EryD lineage differentiation.

RESULTS

Baf155 CKO Mice Are Embryonic Lethal, Showing
Defects in Myeloid and EryD Lineage Development
To assess the role of chromatin remodeling in hematopoietic

lineage development downstream of the yolk sac hemogenic

endothelium, we first generated Tie2-Cre;Baf155f/+ mice from

matings between Baf155f/f (Choi et al., 2012) and Tie2-Cre

mice, which have been shown to target the yolk sac hemogenic

endothelium (Chen et al., 2011; Gomez Perdiguero et al., 2015).
2 Cell Reports 33, 108395, November 17, 2020
We also observed effective tdTomato expression in EryP cells,

endothelial cells, myeloid cells, and microglia in Tie2-Cre;R-

osa-loxp-stop-loxp-tdTomato yolk sac and brain (Figure S1A).

Tie2-Cre;Baf155f/+ mice were then crossed with Baf155f/f mice

to generate Tie2-Cre;Baf155f/f mice (hereafter called Baf155

CKO). We found no live Baf155 CKO mice at weaning (Table

S1). We found no Baf155 CKO embryos with abnormal

morphology up to E9.5. However, at E10.5, some Baf155 CKO

embryos were smaller compared with littermate controls and

displayed occasional hemorrhage around the distal end of the

tail and yolk sac (8 of 49), suggesting abnormal vessel formation.

This is consistent with previous findings thatBrg1 orBaf155 defi-

ciency leads to angiogenesis defects (Griffin et al., 2008; Han

et al., 2008). All Baf155 CKO embryos showed severe growth

retardation and seemingly abnormal gross morphology at

E13.5 (data not shown).

We assessed whether the embryonic lethality in Baf155 CKO

mice was due to hematopoietic defects. Ter119+ erythroid cells

from E9.5 and E10.5 yolk sacs, predominantly EryP cells at this

stage, were present at similar levels in wild-type and Baf155

CKO yolk sacs (Figures 1A and S1B). CD45�CD31+ endothelial

cells were also present similarly in wild-type and CKO yolk

sacs (Figures 1A and S1B). Notably, there was a significant

reduction in myeloid cells, CD45+CD11b+, in Baf155 CKO yolk

sacs (Figures 1A and S1B). Yolk sac macrophages, CD45+F4/

80+, as well as microglia of the brain, CD45+CX3CR1+CD11b+,

were also reduced significantly in Baf155 CKO embryos (Figures

1A, S1B, and S1C). Although EryP progenitors from wild-type

littermate control and Baf155 CKO yolk sacs were present simi-

larly, myeloid progenitors and BFU-Es were decreased signifi-

cantly in Baf155 CKO yolk sacs (Figure 1B). Corroborating these

data, expression of myeloid lineage genes, including Irf8,

Cx3cr1, and Fcgr3 (CD16), was reduced significantly in Baf155

CKO yolk sacs (Figures 1C and S1D). However, genes ex-

pressed in the EryP lineage, Klf1, Hbb-bh1, and Hbz, were de-

tected similarly in wild-type and CKO yolk sacs (Figure 1C).

Genes expressed in EMPs, cKit, Gata2, Tal1/Scl, and Myb,

were also detected similarly in E9.5 wild-type (WT) and Baf155

CKO yolk sacs (Figure 1C). GP1bb (CD42c), Mpl, and Itga2b

(CD41), genes expressed in megakaryocytes, were also ex-

pressed similarly inWT and CKO yolk sacs (Figure 1C). These re-

sults suggest that Baf155 deficiency leads to selective defects in

myeloid and EryD lineage development.

EMPs Develop in the Absence of Baf155
The selective myeloid and EryD lineage defects seen in Baf155

CKO yolk sacs might be due to defects in EMP generation. Alter-

natively, EMPs are generated, but their differentiation might be

blocked. To differentiate these two possibilities, we first

analyzed EMPs based on phenotypic markers in Baf155 CKO

yolk sacs. EMPs are enriched in cKIT+CD41+CD16/32+ cells

(McGrath et al., 2015). Because expression of Fcgr3 encoding

CD16 was clearly decreased in Baf155 CKO yolk sacs (Fig-

ure 1C), we reasoned that inclusion of CD16/32 in the EMP anal-

ysis might be inadequate for measuring EMPs from Baf155 CKO

yolk sacs. Indeed, the cKIT+CD16/32+CD41+ or CD16/

32+CD41+ cell population was reduced greatly in Baf155 CKO

yolk sacs (Figure S2). Because cKIT is critical for EMP
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Figure 1. Baf155 CKO Mice Show Defects in Myeloid and EryD Lineage Development

(A) A representative flow cytometry analysis of E10.5 yolk sacs (YS) EryP cells (CD45�Ter119+), ECs (CD45�CD31+), myeloid cells (CD45+CD11b+), macrophages

(CD45+F4/80+), and brain microglia (CD45+CX3CR1+CD11b+) in wild-type (WT) and Baf155 CKO mice is shown in the top panel. The percentage of each

population is shown in the bottom panel. At least 5 biological replicates in 4 independent experiments for either genotype were analyzed, each representing an

individual YS. Data are presented as mean ± SD. Student’s t test; ns, not significant; ****p < 0.0001.

(B) Distribution of EryP (EryP-CFC), EryD (BFU-E), andmacrophage (Mac-CFC) progenitors from E8.25–E8.5/E9.5WT andBaf155CKOYS cells. E8.25–E8.5 data

from 7WT and 9 Baf155 CKO biological replicates and E9.5 data from 8WT and 3 Baf155 CKO biological replicates representing two independent experiments,

with each replicate consisting of a single YS, are shown. Data are presented as mean ± SD. Student’s t test; **p < 0.005, ****p < 0.0001.

(C) qRT-PCR analysis of the indicated gene expression in E9.5 WT and Baf155 CKO YS cells is shown. Data are presented as mean ± SD. Student’s t test; **p <

0.005, ***p < 0.001.

See also Figure S1.
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Figure 2. Baf155 Is Required for Myeloid and EryD Lineage Differentiation from EMPs

(A) Distribution of CFU-E, BFU-E, and myeloid colonies developing from KIT+ and KIT+CD41+CD16/32+ population from WT E10.5 YSs. Data are presented as

mean ± SD. Student’s t test; **p < 0.005, ***p < 0.001; 6 biological replicates.

(B) Flow cytometry analysis of the cKIT+ population per YS fromWT and Baf155 CKO embryos on the indicated embryonic day. E8.5 data (mean ± SD) are from 2

independent experiments. E9.5 and E10.5 data (mean ± SD) are from 6 independent experiments, each representing a single YS. Data are presented as mean ±

SD. Student’s t test.

(C) CFU-E, BFU-E, and myeloid colonies from cKIT+ cells from WT (n = 3) and Baf155 CKO (n = 3) YSs. Data are from 2 independent experiments, with each

replicate consisting of a single or 2 pooled YSs of the same genotype. Data are presented as mean ± SD. Student’s t test; **p < 0.01, ***p < 0.001.

(D) qRT-PCR analysis of the indicated gene expression in cKIT+ cells from E10.5 WT YSs transfected with esiRNA against Baf155 or Egfp. Data are presented as

mean ± SD. Student’s t test; ***p < 0.001; four biological replicates from 3 independent experiments.

(E) CFU-E, BFU-E, and myeloid colonies from cKIT+ cells from E10.5 WT YSs transfected with esiRNA against Baf155 or Egfp. Data are presented as mean ± SD.

Student’s t test; ***p < 0.001. Nine biological replicates from 3 independent experiments.

See also Figure S2.
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development (Azzoni et al., 2018), and cKit expression was

similar in WT and CKO yolk sacs (Figure 1C), we sorted cKIT+

cells and evaluated their myeloid and EryD potential compared

with cKIT+CD41+CD16/32+ cells. There was an �80% overlap

between cKIT+ and cKIT+CD16/32+CD41+ cell populations

(data not shown). Although cKIT+ and cKIT+CD41+CD16/32+

cells generated similar levels of BFU-Es, cKIT+ cells generated

slightly more CFU-Es compared with cKIT+CD41+CD16/32+

cells, suggesting that cKIT+ cells also contain more committed

erythroid progenitors (Figure 2A). Slightly more myeloid colonies

were generated from cKIT+CD41+CD16/32+ cells comparedwith

cKIT+ cells, suggesting that cKIT+CD41+CD16/32+ cells also

enrich committed myeloid progenitors (Figure 2A). Importantly,

cKIT+ cells were present at similar levels in WT and Baf155

CKO yolk sacs at E8.5–E10.5 (Figure 2B). However, cKIT+ cells

from E10.5 Baf155 CKO yolk sacs generated significantly fewer

myeloid or BFU-E colonies compared with controls (Figure 2C),

suggesting that EMPs were generated in Baf155 CKO embryos

but thatBaf155CKOEMPs have a block in myeloid and EryD dif-

ferentiation. We assessed whether Baf155 inhibition in EMPs

was sufficient to block myeloid and EryD differentiation. To this

end, we knocked down Baf155 in EMPs by transfecting Baf155

esiRNA into sorted cKIT+ cells. We achieved more than 60%

KD efficiency of Baf155 expression, whereas expression of irrel-
4 Cell Reports 33, 108395, November 17, 2020
evant genes, such as Pu.1, was unaffected (Figure 2D). Notably,

myeloid and EryD output from EMPs was reduced greatly by

Baf155 knockdown (KD) (Figure 2E), indicating that acute dele-

tion of Baf155 in EMPs is sufficient to inhibit myeloid and EryD

lineage differentiation. These data collectively suggest that

Baf155-mediated chromatin remodeling at the EMP stage is crit-

ical for efficient downstream myeloid and EryD lineage

differentiation.

Single-Cell RNA Sequencing Reveals Myeloid Lineage
Differentiation Defects of Baf155-Deficient EMPs
To better understand the myeloid lineage differentiation block in

Baf155 CKO embryos, we subjected yolk sacs from WT and

Baf155 CKO mice to single-cell RNA sequencing (scRNA-seq).

After filtering out low-quality cells, 722 WT and 791 Baf155

CKO yolk sac cells were chosen for further analysis. t-stochastic

neighbor embedding (t-SNE) was used to visualize the popula-

tions. WT yolk sac cells were clustered into 7 populations based

on similarities of the transcriptome (Figure S3A). High expression

of Kdr, Cdh5, and Pecam1 highlights cluster 5 to be an endothe-

lial cell population (Figure S3B). Two distinct erythroid cell pop-

ulations were visible based on the erythroid lineage markers

Gata1, Klf1, and EpoR (Figure S3C). Expression of Hbb-y,

Hbb-x, and Hbb-bh1 (embryonic b-globin genes) separated



Article
ll

OPEN ACCESS
cluster 2 as primitive and cluster 4 as an EryD cell population

(Figure S3D). We also identified Gm15915, Ccl17, Muc13, and

Gdf3 to be expressed in an EryD-specific manner (Figures S3E

and S3I). Expression of the mature myeloid lineage genes

Trem2, Emr1, Cx3cr1, Csf1r, Irf8, and Cd68 identified cluster 6

as a myeloid cell population (Figures S3F and S3J). Enriched

expression of cKit and Itga2b, encoding CD41, and Cd34 identi-

fied cluster 0 as EMPs (Figure S3G). Expression of Pu.1 (Spi1), a

critical factor for myeloid lineage development, expression was

high in EMPs, and its expression was detected continuously in

the myeloid lineage arm (Figures S3G and S3K). Bcl11a, Myb,

Scl (Tal1), and Gata2 expression was detected in EMPs, and

their expression was detected continuously in the EryD cell clus-

ter (Figure S3K). It is also notable that Baf155 and Cd34 expres-

sion was high in the EMP population (Figure S3M). As we re-

ported recently (Zhao and Choi, 2019), clusters 1 and 3

represent smooth muscle cells and pericytes, based on

Hand1, Hand2, Acta2, Tbx20, and Cd248 expression (Figures

S3H and S3L). Desmin expression separated pericytes (cluster

3) from smooth muscle cells (cluster 1; Figure S3L).

When we overlaid WT and Baf155 CKO scRNA-seq data, we

observed that the transcriptomes of endothelial cells (ECs; Fig-

ure 3A, cluster 7), EryP cells (Figure 3A, clusters 1 and 6), and

smooth muscle cells and pericytes (Figure 3A, clusters 2, 4, 5,

and 8) overlapped each other, indicating that Baf155 deficiency

did not affect their overall transcriptome (Figures 3A–3D). How-

ever, clusters 0 and 3, both expressing EMP genes (Figures 3E

and 3F), showed clear separation between WT and Baf155

CKO yolk sac cells (Figures 3B–3D). Baf155 expression was

clearly absent in cluster 3, indicating that Baf155 was deleted

effectively in this population (Figure 3B). Strikingly, a population

with the mature myeloid gene signature (cluster 9) was readily

visible in WT yolk sacs but absent in Baf155 CKO yolk sacs (Fig-

ures 3E and 3G). A population with the EryD gene signature was

also reduced greatly in Baf155 CKO yolk sacs (Figures 3E and

3H). Intriguingly, although EryD cells were reduced greatly, the

megakaryocytic lineage gene signature was high in the pre-

sumptive Baf155 CKO EryD cell population (Figure 3I). This sug-

gests that the megakaryocytic lineage may be the default

pathway in EryD and megakaryocytic lineage choice and that

chromatin remodeling is also critical for EryD and megakaryo-

cyte lineage bifurcation. Additionally, endothelial genes were still

expressed in the Baf155 CKO EMP cell population (Figure 3J).

These data collectively suggest that chromatin remodeling is

needed at the EMP stage for further differentiation into myeloid

and EryD lineages to occur. The endothelial gene program is

sustained in EMPs when subsequent differentiation is blocked.

Alternatively, termination of the endothelial gene program might

require chromatin remodeling.

Chromatin Accessibility of Myeloid and EryD Gene Loci
Is Reduced Greatly in Baf155 CKO EMPs
So far, the data suggested that Baf155 deficiency leads to

myeloid and EryD differentiation block from EMPs. To better un-

derstand the myeloid lineage differentiation defect in Baf155-

deficient EMPs, we sorted cKIT+ cells, EMP enriched, from WT

and Baf155 CKO yolk sacs (Figure S4A) and assessed

genome-wide chromatin accessibility by assay for transpo-
sase-accessible chromatin using sequencing (ATAC-seq; Buen-

rostro et al., 2013). We identified 103,043 and 143,021 acces-

sible chromatin regions in Baf155 CKO and WT cKIT+ cells,

respectively. Among these ATAC-seq peaks, 7,422 regions

were more accessible in WT than in Baf155 CKO cells, whereas

only 56 regions were more accessible in Baf155 CKO cells than

in WT cells (Figures 4A and 4B). The differentially accessible

genomic regions (DARs) were enriched for the binding motifs

of transcription factors (TFs) such as PU.1, IRF8, AP-1, and

CEBP, whereas 13,213 unaffected accessible genomic regions,

commonly open in CKO andWT EMPs (fold change < 1.1 and p >

0.05), were enriched for the different TF binding motifs, such as

CTCF (Figures 4B, 4C, and S4B). Of the 7,422 DARs specific to

WT EMPs, 3,679 peaks contained PU.1 motifs, whereas 1,472 of

13,213 unaffected peaks contained PU.1 motifs. This suggests

that loss of Baf155 leads to a closed chromatin structure at se-

lective genomic regions. The data also suggest potential inter-

play between ETS factors and BAF-mediated chromatin remod-

eling in activating the myeloid lineage program.

The genes associatedwith selective genomic regionswith loss

of chromatin accessibility in Baf155 CKO EMPs were enriched

for biological functions related to immune responses, including

inflammatory response and myeloid leukocyte activation,

whereas genes with unaffected accessible regions were en-

riched for biological functions different from those (Figure 4D).

Genes under the inflammatory response and myeloid leukocyte

activation categories mainly include myeloid genes such as

Cx3cr1, Trem2,Csf1r, Irf8, Emr1, and Fcgr3 (CD16). Importantly,

chromatin of these gene loci was largely inaccessible in Baf155

CKOEMPs (Figures 4E andS4C), explaining the block ofmyeloid

lineage differentiation. In contrast, EC gene loci, Kdr, Cdh5, and

Esam, were similarly accessible in WT and Baf155 CKO EMPs

(Figure S4D). EMP gene loci, cKit, Itga2b (Cd41), and Cd34,

were also readily accessible in WT and Baf155 CKO EMPs (Fig-

ure S4E). Importantly, although chromatin of erythroid lineage

genes that were commonly expressed in EryP cells was readily

accessible, chromatin of the erythroid lineage genes that were

specifically upregulated in EryD cells, Hbb-bt, Gm15915, and

Gdf3, were not (Figure 4F). These data suggest that BAF155-

mediated chromatin remodeling of myeloid and EryD gene loci

at the EMP stage is necessary for subsequent myeloid and

EryD lineage differentiation.

BAF155 Is Recruited to PU.1 Target Gene Loci
PU.1 is a master ETS factor critical for myeloid lineage develop-

ment. PU.1 regulates its own expression (Chen et al., 1995),

although the mechanisms of this autoregulation have not been

elucidated clearly. Because reduced accessible regions in

Baf155 CKO EMPs are represented predominantly by the ETS

bindingmotif, we assessed whether PU.1 requires the BAF com-

plex for activating themyeloid lineage program. Intriguingly,Pu.1

expression itself was diminished in CKO yolk sacs (Figure 5A).

Chromatin of the Pu.1 locus was less accessible in CKO EMPs

(Figure 5A). Because Baf155 KD in EMPs could block myeloid

and EryD differentiation without affecting Pu.1 expression (Fig-

ures 2D and 2E), we reasoned that diminished expression of

Pu.1 and its target genes in Baf155 CKO yolk sacs could be

due to deficiency of BAF-mediated chromatin remodeling at
Cell Reports 33, 108395, November 17, 2020 5
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Figure 3. scRNA-Seq Data Reveal Myeloid and EryD Differentiation Defects from Baf155-Deficient EMPs

(A) t-SNE projection of all cells, showing 10 different clusters.

(B) Baf155/Smarcc1 expression in all YSs, showing the absence of Baf155 expression in the CKO EMP cell population.

(C) An overlay of scRNA-seq data between WT and Baf155 CKO YSs.

(D) Percentage of cells in each cluster from WT versus Baf155 CKO YSs.

(E) Heatmap showing differentially expressed genes in each cluster.

(F) The EMP signature genes Gata2, Tal1, cKit, Cd34, and Pu.1/Spi1 are similarly expressed in WT and Baf155 CKO EMPs.

(G) A cell population with myeloid lineage signature gene expression (Irf8, Maf, Csf1r, Cx3cr1, and Trem2) is absent in Baf155 CKO YSs.

(H) A cell population with EryD lineage signature genes expression (Gdf3, Muc13, Ccl17, and Gm15915) is significantly lower in Baf155 CKO YSs.

(I) A population with elevated megakaryocyte lineage signature gene expression is increased in Baf155 CKO YS cells.

(J) Endothelial lineage signature genes are still expressed in the Baf155-deficient EMP cell population.

See also Figure S3.
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Pu.1 and its target gene loci. We first assessed whether BAF155

is recruited to PU.1 target genes.We selected 7 genomic regions

that contain the ETS motif and are differentially accessible in WT

and Baf155 CKO yolk sacs. These include genomic regions that
6 Cell Reports 33, 108395, November 17, 2020
are associated with the Cx3cr1, Trem2, Csf1r, Irf8, and Cd68

genes (Figure 5B; Table S3). We also selected 2 unaffected

ETS regions, UER1 and UER2, from the 1,472 peaks that contain

the PU.1 motif but whose chromatin accessibility is unaffected



A

C

E

F

B

D

Figure 4. Baf155 CKO EMPs Have Reduced Chromatin Accessibility at the Myeloid and EryD Gene Loci

(A) A Venn diagram of the numbers of ATAC-seq peaks found in Baf155 CKO and WT EMPs.

(B) ATAC-seq signals over 10-kb regions centered on the differentially accessible regions (DARs) with reduced signals in Baf155 CKO EMPs compared with the

WT (left) and the presence of the Spi1/Pu.1 motif in the DARs (right).

(C) Heatmaps of HOMER known TF motif fold enrichment in the DARs and unaffected accessible regions. Gray cells indicate no enrichment found (p > 0.05).

(D) Enriched Gene Ontology (GO) terms and their binomial p values from analyzing the DARswith reduced signals inBaf155CKOEMPs (white) and the unaffected

peaks (red) using GREAT.

(E) Epigenome browser views of representative myeloid gene loci.

(F) Epigenome browser views of representative erythroid gene loci.

See also Figure S4.
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by Baf155 deficiency (Figure 5B; Table S3). Although a signifi-

cant mean enrichment was observed for PU.1 and BAF155 bind-

ing at these PU.1 target gene loci, only BAF155 binding, not
PU.1, was enriched at UER1 and UER2 (Figure 5B). We next

determined whether BAF155 can form a complex with PU.1.

Specifically, we generated a mouse embryonic fibroblast (MEF)
Cell Reports 33, 108395, November 17, 2020 7
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Figure 5. BAF155 Interacts with PU.1 and Is Recruited to Its Target Genes

(A) qRT-PCR analysis of Pu.1 expression (top) and epigenome browser view of the Spi1/Pu.1 locus (bottom) fromWT andBaf155CKOYSs. Data are from at least

two biological replicates for either genotype, with each replicate consisting of an individual YS. Data are presented as mean ± SD. Student’s t test; **p < 0.01.

(B) Epigenome browser views of selected myeloid and negative control genomic regions and unaffected ETS regions between WT and Baf155 CKO YS EMPs

(top panel). Also shown is ChIP-qPCR showing enrichment of PU.1 and BAF155 binding at selected myeloid gene loci (highlighted regions in the top panel, 1–6),

negative control gene loci (highlighted regions in the top panel, 2n and 6n), and unaffected ETS regions (highlighted regions in the top panel, UER1 and UER2) in

E10.5 WT YSs (bottom panel). qPCR primers and genomic locations are provided in Table S2. Data are presented as mean ± SD; n = 3.

(C) Cytoplasmic (Cyt) and nuclear (Nuc) protein input and anti-FLAG and isotype control (IgG1) immunoprecipitation of nuclear extracts from MEFs over-

expressing FLAG-Baf155 and Pu.1. Shown are immunoblots for BAF155, PU.1, BRG1, P300, and UTX (KDM6a).

(legend continued on next page)
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line that expresses Flag-Baf155 and Pu.1 orHA-Pu.1. Cells were

then subjected to immunoprecipitation using an antibody

against the FLAG tag, followed by PU.1 or hemagglutinin (HA)

immunoblot. PU.1 was co-immunoprecipitated with BAF155

(Figure 5C). Conversely, when the anti-HA antibody was used

for immunoprecipitation, BAF155 was co-immunoprecipitated

with PU.1 (Figure S5A). As reported previously (Alver et al.,

2017; Narayanan et al., 2015), we additionally found BRG1,

p300, and KDM6a (UTX) to be co-immunoprecipitated with

BAF155, suggesting that PU.1 activates its target genes by form-

ing a transcriptional complex with BAF, p300, and KDM6a.

Because p300 and KDM6a mainly target H3K27, we postulated

that PU.1 target gene loci remain methylated at H3K27 sites in

the absence of BAF155, leading to repression of PU.1 target

gene expression. Indeed, although inaccessible regions in

Baf155 CKO yolk sacs showed higher H3K27me3 levels

compared with WT yolk sacs, H3K27me3 levels were similar at

UER1 and UER2 in WT and CKO yolk sacs (Figure S5B). If this

were truly the case, then we would expect that inhibition of

EZH2, the catalytic subunit of Polycomb repressive complex 2

(PRC2), which methylates H3K27 (Laugesen et al., 2019), might

rescue PU.1 target gene expression in Baf155 CKO yolk sacs.

Thus, we set up matings between Tie2-Cre;Baf155f/+ (father)

and Baf155f/f (mother) mice and injected GSK-126 (an EZH2 in-

hibitor) intraperitoneally into the mother at E8. E9.5 yolk sacs

were collected and subjected to qRT-PCR. Although vehicle

treatment did not affect myeloid lineage gene expression, indi-

cating that the GSK-126 effect would be specific (Figure S5C),

expression of many PU.1 target genes was rescued in Baf155

CKO yolk sacs when EZH2 was inhibited (Figure 5D). Pu.1/

Spi1 expression was also rescued, suggesting the BAF-medi-

ated remodeling mechanism of PU.1 autoregulation. It is worth

noting that GSK-126 treatment led to baseline elevation of

expression of some genes, including Irf8, Itgam, Gata2, Scl,

and cKit (Figures 5D and S5D), suggesting that these genes

are normally repressed by the EZH2-mediated mechanism.

DISCUSSION

Chromatin remodeling by the mammalian BAF complex is

required for the development of multiple lineages during

embryogenesis. Brg1 deletion within the Tie2(+) lineage leads

to defective yolk sac angiogenesis and primitive erythropoiesis.

EryP cell defects in these mice are due to increased apoptosis

and lack of embryonic a- and b-globin gene expression (Griffin

et al., 2008).We show thatBaf155 deletion within the Tie2(+) line-

age also causes angiogenesis defects, as evidenced by hemor-

rhage in some Baf155 CKO mice. However, we found that

embryonic globin gene expression was similar, and EryPs and

their progenitors were present at similar levels in WT and
(D) qRT-PCR analysis of Cx3cr1, Irf8, Csf-1r, Pu.1/Spi1, Itgam, and Emr1 gene ex

Gene expression was normalized to the untreated WT mean value. Data are fr

consisting of an individual YS. Data are presented as mean ± SD. Student’s t tes

(E) A model showing BAF-mediated chromatin remodeling in PU.1 transcriptiona

See also Figure S5.
Baf155CKO yolk sacs. Unexpectedly, Baf155CKOmice display

defective yolk sac myelopoiesis and definitive erythropoiesis.

We attribute the phenotype difference between the two mice,

Tie2-Cre; Brg1f/f and Tie2-Cre; Baf155f/f, to the nature of the

deleted gene. Brg1 encodes for an ATPase that is the core of

the BAF complex, whereas Baf155 encodes a BAF structural

component. Presumably, Baf155 deletion might have delayed

the phenotype’s manifestation to reflect the hematopoietic line-

age hierarchy; i.e., the EC and EryP lineages arise before EMPs,

which generate myeloid and EryD lineages. Intriguingly, we

observed that EC genes were still expressed in Baf155-deficient

EMPs, suggesting that the extinction of previous lineage genes is

necessary for new lineage establishment. Alternatively, the pre-

vious lineage gene loci are still accessible in the absence of the

next lineage gene loci’s active chromatin remodeling. Collec-

tively, these data establish that the BAF complex has a critical

role in myeloid and EryD lineage differentiation from EMPs by re-

modeling the chromatin of the myeloid and EryD lineage gene

loci.

Although chromatin remodeling is critical for developing many

different lineages, it is still unclearwhether andhow the specificity

of the BAF chromatin remodeling complex of the target genes is

achieved. Our data demonstrate that BAF-mediated chromatin

remodeling of myeloid and EryD lineage genes at the EMP stage

is necessary for downstreammyeloid and EryD lineage develop-

ment. We found that DARs inWT and Baf155-deficient EMPs are

enriched predominantly for the ETSmotif. Moreover, BAF155 in-

teracted with PU.1 and was recruited to PU.1 target gene loci.

This strongly argues that the BAF complex’s target gene speci-

ficity is achieved by ETS TFs. Consistent with this idea, recent

studies have shown that AP-1 and ETS motifs are enriched in

enhancer regions sensitive to Smarcb1 loss (Alver et al., 2017).

Moreover, TMPRSS2-ERG, a fusion gene product from a chro-

mosomal translocation in prostate cancer, interacts with the

BAF complex in an ETS-dependent manner (Sandoval et al.,

2018), indicating that the BAF complex is required for ERG-medi-

ated prostate oncogenesis. TheBAF complex has been shown to

interact with p300 and acetylates H3K27 (Alver et al., 2017). The

BAF complex also interacts with KDM6a/6b and demethylates

H3K27 (Narayanan et al., 2015). We also observed that BAF155

forms a complex with p300 and KDM6a. Our data show that

DARs in Baf155 CKO EMPs included mostly PU.1 target genes

and displayed higher H3K27me3 levels. EZH2 inhibitor treatment

could rescue some of the PU.1 target gene expression in Baf155

CKO yolk sacs. These data suggest that PU.1 activates its target

genes by forming a complex with BAF, p300, and KDM6a/6b and

triggering H3K27 acetylation/demethylation of the target genes

(Figure 5E). In the absence of the BAF complex, PU.1 target loci

are occupied by EZH2, suppressing PU.1 target gene expression

(Figure 5E).
pression in E9.5 WT and Baf155 CKO YSs with or without GSK126 treatment.

om at least four biological replicates for either genotype, with each replicate

t; *p < 0.05, **p < 0.01, ***p < 0.001.

l gene activation.
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Reduced Pu.1 expression leads to acute myeloid leukemia

(Will et al., 2015; Steidl et al., 2007). Moreover, Pu.1 activation

in hematopoietic stem and progenitor cells can lead to myeloid

lineage skewing and deregulated hematopoiesis in chronic in-

flammatory conditions (Pietras et al., 2016; Etzrodt et al.,

2019). Methylation of BAF155 at the R1064 residue by coactiva-

tor-associated arginine methyltransferase 1 (CARM1; also

known as PRMT4) is critical for tumor progression and metas-

tasis (Wang et al., 2014). Although CARM1 is essential for

myeloid leukemogenesis, it is dispensable for normal hemato-

poiesis (Greenblatt et al., 2018). UTX (KDM6a) suppresses

myeloid leukemogenesis partially by repressing an ETS-medi-

ated transcriptional program (Gozdecka et al., 2018). Kdm6b is

required for fetus-derived T-ALL and adult-derived AML (Malla-

ney et al., 2019). These studies collectively suggest that control-

ling Pu.1 expression and its activity might be critical for manag-

ing cancer and chronic inflammatory diseases. Intriguingly, ETS

factors can regulate Baf155 expression (Ahn et al., 2005), sup-

porting an interplay between ETS TFs and BAF expression and

function. Future studies delineating the crosstalk between ETS

factors and BAF and interaction among BAF, p300, PU.1, and

KDM6a/6b and PU.1 target gene expression will be critical for

further understanding myeloid lineage and leukemia develop-

ment. Future applications of the epigenetics involving PU.1

and BAF155 expression and function for tissue repair, regenera-

tion, and diseases are warranted.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CDD45-BV421 (Clone 30-F11) BioLegend Cat#103134; RRID:AB_2562559

Anti-mouse CDD45-APC (Clone 30-F11) BioLegend Cat#103112; RRID:AB_312977

Anti-mouse TER119-PE (Clone TER-119) BioLegend Cat#116208; RRID:AB_313709

Anti-mouse TER119-APC-Cy7

(Clone TER-119)

BioLegend Cat#116223; RRID:AB_2137788

Anti-mouse CD31-Biotin (Clone MEC13.3) BioLegend Cat#102504; RRID:AB_312911

Anti-mouse CD31-FITC (Clone MEC13.3) BD Biosciences Cat#553372; RRID:AB_394818

Anti-mouse/human CD11b-BV421

(Clone M1/70)

BioLegend Cat#101235; RRID:AB_10897942

Anti-mouse/human CD11b-Biotin

(Clone M1/70)

BioLegend Cat#101204; RRID:AB_312787

Anti-mouse F4/80-PE (Clone BM8) BioLegend Cat#123110; RRID:AB_893486

Anti-mouse F4/80-APC (Clone BM8) BioLegend Cat#123116; RRID:AB_893481

Anti-mouse CX3CR1-PE (Clone SA011F11) BioLegend Cat#149006; RRID:AB_2564315

Anti-mouse CD117(c-Kit)-PE (Clone 2B8) BioLegend Cat#105807; RRID:AB_313216

Anti-mouse CD117(c-Kit)-APC (Clone 2B8) BioLegend Cat#105812; RRID:AB_313221

Anti-mouse CD41-APC (Clone MWReg30) BioLegend Cat#133914; RRID:AB_11125581

Anti-mouse CD16/32-BV421 (Clone 93) BioLegend Cat#101331; RRID:AB_2562188

Anti-mouse CD16/32-PE (Clone 2.4G2) BD Biosciences Cat#553145; RRID:AB_394660

Purified anti-mouse CD16/32 (Clone 93) BioLegend Cat# 101302; RRID:AB_312801

BV421-Streptavidin BioLegend Cat#405225 (No RRID number available)

BV605-Streptavidin BD Biosciences Cat#563260 (No RRID number available)

SMARCC1/BAF155 (D7F8S) Rabbit mAb

antibody

Cell Signaling Tech. Cat#11956; RRID:AB_2797776

PU.1 (9G7) Rabbit mAb antibody Cell Signaling Tech. Cat# 2258; RRID:AB_2186909

p300 (D8Z4E) Rabbit mAb antibody Cell Signaling Tech. Cat# 86377; RRID:AB_2800077

Brg1 (D1Q7F) Rabbit mAb antibody Cell Signaling Tech. Cat# 49360; RRID:AB_2728743

UTX (D3Q1I) Rabbit mAb antibody Cell Signaling Tech. Cat# 33510; RRID:AB_2721244

HA-Tag(C29F4) Rabbit mAb antibody Cell Signaling Tech. Cat# 3724; RRID:AB_1549585

Rabbit IgG Cell Signaling Tech. Cat#2729; RRID:AB_1031062

Rabbit Anti-Histone H3, trimethyl (Lys27)

Polyclonal antibody

Millipore Cat# 07-449; RRID:AB_310624

Monoclonal ANTI-FLAG� M2 antibody Sigma-Aldrich Cat# F3165; RRID:AB_259529

EZview Red ANTI-FLAG� M2 Affinity Gel Sigma-Aldrich Cat# F2426; RRID:AB_2616449

EZview Red Anti-HA Affinity Gel Sigma-Aldrich Cat# E6779; RRID:AB_10109562

Bacterial and Virus Strains

One Shot Stbl3 Chemically Competent

E.Coli

Thermo Fisher Scientific Cat#C737303

Chemicals, Peptides, and Recombinant Proteins

DMEM GIBCO Cat#11965092

FBS Atlanta Biologicals Cat#S12450

L-Glutamine GIBCO Cat#35050061

MEM Non-Essential Amino Acids Corning Cat#25-025-Cl

MEM Sodium Pyruvate Corning Cat#25-000-Cl

Geneticin GIBCO Cat#10131-035

(Continued on next page)
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Puromycin Sigma Cat#P8833

Blasticidin S Hydrochloride Research Products International Corp Cat#B12200

penicillin-streptomycin GIBCO Cat# 15140122

IMDM GIBCO Cat#2440046

Hexadimethrine bromide Sigma Cat#H9268

Interleukin-3 (IL-3) supernatant This paper N/A

Murine stem cell factor PeproTech Cat#250-03

M-CSF PeproTech Cat#315-02

GM-CSF PeproTech Cat#315-03

IL-6 PeproTech Cat#216-16

IL-11 R&D Systems Cat#418-ML

Erythropoietin (EPO) PeproTech Cat#100-64

Lipofectamine 3000 Thermo Fisher Scientific Cat#L3000-001

esiBaf155 Sigma Cat#EMU012611-50UG

esiEGFP Sigma Cat#EHUEGFP-50UG

MethoCult3434 Stem Cell Technologies Cat#M3434

GSK-126 MedChem Cat#HY-13470

SBE-b-CD MedChem Cat# HY-17031

DSP (Dithiobis (succinimidyl propionate)) Thermo Fisher Scientific Cat#22585

0.25% trypsin-EDTA GIBCO Cat#25200-056

Protease inhibitor cocktail Sigma Cat#11836170001

Tween 20 Sigma Cat#P9416

Iodoacetamide Sigma Cat#I6125

Sepharose 4B Sigma Cat#4B200

LDS buffer Invitrogen Cat#NP0007

Beta – mercaptoethanol Sigma Cat#444203

ECL chemiluminescence substrate Thermo Fisher Scientific Cat#32106

Collagenase type IV Worthington Cat#LS004188

Deoxyribonuclease I Worthington Cat#LS002139

0.25% Collagenase Stem Cell Technologies Cat#07902

ProteinA-Sepharose� 4 Sigma-Aldrich Cat#P9424

Critical Commercial Assays

QuickTiter Lentivirus Associated HIV p24

Titer Kit

Cell Biolabs, INC Cat#VPK-107

SimpleChIP� Plus Enzymatic Chromatin IP

Kit

Cell Signaling Tech. Cat#9005

RNeasy Micro/Mini Kit QIAGEN Cat#74004/74106

qScript cDNA SuperMix Quanta Cat#101414-106

DNA Clean and Concentrator 5 Zymo Research Cat#D4014

AMPure XP beads Beckman Coulter N/A

Deposited Data

ATAC-seq data This paper GEO: GSE144243

GRCm10/mm10 UCSC genome browser http://hgdownload.soe.ucsc.edu/

goldenPath/mm10/bigZips/

scRNA-seq data This paper GEO: GSE159381

scRNA-seq data of WT cells Zhao and Choi, 2019 GEO: GSE130146

Experimental Models: Cell Lines

293FT cell line ThermoFisher Cat#R70007

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Platinum-E (Plat-E) retroviral packaging cell

line

Cell Biolabs, INC Cat#RV-101

Mouse Embryonic Fibroblast (MEF) Hansen, T.H. Washington University in St.

Louis; Lybarger et al., 2003

N/A

MEF-Flag-Baf155-IRES-GFP+Pu.1-IRES-

mCherry

This paper N/A

MEF-Flag-Baf155+HA-PU.1 This paper N/A

Experimental Models: Organisms/Strains

C57BI6/J Wild Type Jackson Laboratories Stock No:000664

Tie2-Cre Jackson Laboratories Stock No:004128

Baf155f/f Rho Hyun Seong; Choi et al., 2012 N/A

Oligonucleotides

See Tables S2 and S3 for a list of

oligonucleotide sequences

N/A

Recombinant DNA

pRRL_CAGpN-Flag-Baf155-IRES-GFP Addgene Cat#24561; RRID:Addgene_24561

CSII-EF-MCS-IRES2-bsr-PU.1-HA This paper N/A

psPAX2 Addgene Cat#12260; RRID:Addgene_12260

pMD2.G Addgene Cat#12259; RRID:Addgene_12259

Pu.1-IRES-mCherry retroviral plasmid DNA Addgene Cat#80140; RRID:Addgene_80140

pLKO.1-puro-Ubc-TurboGFP Sigma Cat#SHC014; (No RRID number available)

Software and Algorithms

FlowJo software version 10.5.3 TreeStar Inc. https://www.flowjo.com

Graphpad Prism version 8.4.3 Graphpad Software, LLC. https://www.graphpad.com/

scientific-software/prism/

Cutadapt version 1.11 Martin, 2011 https://github.com/marcelm/cutadapt/

Bowtie 2 version 2.3.4.1 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

MACS2 version 2.1.1 Zhang et al., 2008 https://github.com/macs3-project/MACS

WashU Epigenome Browser Zhou et al., 2011 https://epigenomegateway.wustl.edu/

DiffBind version 2.6.6 Ross-Innes et al., 2012 https://bioconductor.org/packages/

release/bioc/html/DiffBind.html

deepTools Ramı́rez et al., 2016 https://github.com/deeptools/deepTools

GREAT version 4.0.4 McLean et al., 2010 http://great.stanford.edu/public/

html/index.php

HOMER version 4.8 Heinz et al., 2010 http://homer.ucsd.edu/homer/index.html

Cell Ranger Single Cell Software Suite

(v2.0.1)

Cell Ranger https://support.10xgenomics.com/

single-cell-gene-expression/software/

pipelines/latest/what-is-cell-ranger

Seurat version 2.3.4 Seurat https://satijalab.org/seurat/

Other

Fisherbrand Model 120 Sonic

Dismembrator

Fisher scientific N/A
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding author

and Lead Contact, Dr. Kyunghee Choi (kchoi@wustl.edu).
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Materials Availability
This study did not generate any unique reagents.

Data and Code Availability
The ATAC-seq data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible

through GEO Series accession number GSE144243 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144243).

The accession number for the scRNA-Seq data reported in this paper is GEO: GSE159381.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Tie2-Cre;Baf155 CKO mice were obtained by first crossing Tie2-Cre (Stock No: 4128, Jackson Labs) males (2-3 months old) to

Baf155f/f (Choi et al., 2012) females (2-3 months old) to generate Tie2-cre; Baf155f/+ mice. Next, timed matings using Tie2-Cre;

Baf155f/+ males (2-8 months old) and Baf155f/f females (2-3 months old) were set up in the evening and females checked for vaginal

plugs the following morning (12pm = E0.5). Females were separated from males and housed in the animal barrier until the desired

time point. Females were euthanized using CO2 asphyxiation and uteri removed for embryo collection. Embryos and collected tissue

were kept on ice in PBS with 10% FBS until processed for analysis. Wild-type (WT) littermates were used as controls. Animal hus-

bandry, generation, and handling were performed in accordance with protocols approved by the Institutional Animal Care and Use

Committee of Washington University School of Medicine in St. Louis.

Cell culture and transduction
The Mouse Embryonic Fibroblast (MEF) cell line has been previously described (Lybarger et al., 2003). MEF and MEF-derived stable

cell lines were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) (2440046, GIBCO) supplemented with 10% (v/v) Fetal

bovine serum (FBS) (S12450, Atlanta Biologicals), and 100U/ml penicillin-streptomycin (15140122, GIBCO). MEF cells were trans-

duced with Flag-Baf155-IRES-GFP lentiviral and Pu.1-IRES-mCherry retroviral particles. Hexadimethrine bromide (8 mg/ml)

(H9268, Sigma) was added during transductions to increase viral particle uptake. Transduced cells were sorted twice to ensure

greater than 90%purity.When HA-Pu.1 lentivirus was used,MEF-Flag-Baf155 cells were transducedwith HA-Pu.1 lentiviral particles

and selected with 1mg/ml Blasticidin S Hydrochloride for 2 weeks. The overexpression efficiency of target proteins was confirmed by

western blot.

METHOD DETAILS

Genotyping
The following primers were used to obtain genotype information for breeders and embryos:

Baf155 - TGTCATCCATGAGGAGTGGTC30 (F); 50GGTAGCTCACAAATGCCTGT30 (R); WT = 400 bp; Floxed = 450 bp. Cre -

50ACCAGAGACGGAAATCCATCG30 (F); 50CCACGACCA AGTGACAGCAATG30 (R); Cre = 390 bp.

Lentiviral and retroviral particle production
Baf155 lentiviral plasmid DNA, pRRL_CAGpN-Flag-Baf155-IRES-GFP, was a gift from Jerry Crabtree (Addgene, plasmid# 2456).

MISSION pLKO.1-puro-Ubc-TurboGFP (Sigma, SHC014) was used as a transduction efficiency control. The Pu.1 lentiviral plasmid

was constructed by adding a HA tag at the Pu.1N-terminal and inserting it into the CSII-EF-MCS-IRES2-bsr lentiviral backbone. Len-

tiviral packaging plasmid psPAX2 (Addgene, plasmid# 12260) and VSV-G envelope expressing plasmid pMD2.G (Addgene, plasmid#

12259) were gifts from Didier Trono. For cloning purposes, viral plasmid DNA was transformed using One Shot Stbl3 Chemically

Competent E.Coli (C737303, ThermoFisher). Lentiviral particles were produced using the 293FT cell line (R70007, ThermoFisher),

which was maintained in high glucose Dulbecco’s Modified Eagle Medium (DMEM) (11965092, GIBCO), 10% FBS, 200 mM L-Gluta-

mine (35050061, GIBCO), 10mMMEMNon-Essential Amino Acids (25-025-Cl, Corning), 100mMMEMSodiumPyruvate (25-000-Cl,

Corning), and 500 mg/ml Geneticin (10131-035, GIBCO). Cells were transfected with lentiviral DNA using the calcium phosphate

method. Sixteen hours after transfection, media was replaced and cells were incubated at 37�C in 5%CO2 for an additional 48 hours.

Virus titer was determined by QuickTiter Lentivirus Associated HIV p24 Titer Kit (Cell Biolabs, INC). Pu.1-IRES-mCherry retroviral

plasmid DNA was a gift from Ellen Rothenberg (Addgene, plasmid# 80140). Platinum-E (Plat-E) retroviral packaging cell line was

used to generate the Pu.1 retrovirus using the calcium phosphate method. Cells were maintained in high glucose DMEM supple-

mented with 10% FBS, 1 mg/ml puromycin (P8833, Sigma), 10 mg/ml Blasticidin S Hydrochloride (B12200, Research Products Inter-

national Corp), and 100 U/ml penicillin-streptomycin. Media was replaced the following morning and virus harvested 48 hours after

transfection.

esiRNA transfection
E10.5 WT yolk sac (YS) cKIT+ cells (1x104) were plated in 100 mL maturation media (IMDM, 20% FBS, 1% interleukin-3 (IL-3) super-

natant, 10 ng/ml murine stem cell factor (PeproTech), 10 ng/ml M-CSF (PeproTech), 10 ng/ml GM-CSF (PeproTech), 10 ng/ml IL-6,
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10 ng/ml IL-11 (R&D Systems) and 2 U/ml erythropoietin (PeproTech) in a 96-well plate and transfected with 300 ng esiRNA against

either Baf155 (Sigma, EMU012611) or Egfp (Sigma, EHUEGFP) with 2 mL lipofectamine 3000 (Thermofisher). Cells were cultured in a

37�C incubator with 5%CO2 for 36-48 hours and then subjected to either RNA extraction or re-plating in methylcellulose (MethoCult

3434, Stem Cell Technologies).

Hematopoietic progenitor assays
Methylcellulose colony-forming assays were performed using MethoCult 3434 (Stem Cell Technologies). E10.5 WT YS were pooled

and sorted for either cKIT+ or cKIT+CD41+CD16/32+ populations. Sorted cells weremixed inmethylcellulose (2,000 /ml) and plated in

triplicate using 35mm Petri-dishes. Cultures were maintained in a humidified incubator at 37�C, 5% CO2. CFU-E colonies were

counted after 2-3 days of culture. Primitive erythroid, definitive erythroid (BFU-E), macrophage, and granulocyte/macrophage col-

onies were counted following 5-7 days of culture.

In vivo GSK-126 treatment
GSK-126 (HY-13470, MedChem) was dissolved in SBE-b-CD (HY-17031, MedChem) at a final concentration of 20 mg/ml. Pregnant

mice (E8) were injected intraperitoneally with equal volumes of either SBE-b-CD (vehicle) or GSK126 (100mg/kg). At E9.5, pregnant

females were euthanized using CO2 asphyxiation and the uteri removed for embryo collection and dissection.

Nuclear extract preparation
Transduced MEF cells expressing Baf155 and Pu.1were treated with DSP (Dithiobis [succinimidyl propionate], Thermo Scientific), a

membrane permeable cleavable crosslinker, before subjected to nuclear extraction. Cells were detached using 0.25% trypsin-EDTA,

washed twice with phosphate-buffered saline (PBS), resuspended in PBS containing 1mMDSP at approximately 1x107/ml, and incu-

bated at room temperature (RT) for 30min. The crosslink reaction was stopped by adding 1M Tris-HCl (pH7.5) at a final concentration

of 20mM for 10min. DSP treated cells after wash were then incubated in hypotonic buffer (25mM HEPES (pH7.6), 25mM KCl, 5mM

MgCl2, 0.05mM EDTA, 0.1% NP40, 5% Glycerol, 1mM PMSF) on ice for 10min, vigorously vortexed for 10 s, and centrifuged at

13,000 xg for 1 min. Supernatant, primarily containing soluble cytosolic protein, was collected for immunoblot while the pellet con-

taining nuclei was resuspended in nuclear extraction buffer (10mM HEPES (pH7.6), 100mM KCl, 3mM MgCl2, 0.1mM EDTA, 5%

Glycerol supplemented with 1mM PMSF and 1X protease inhibitor cocktail (complete mini Roche, 11836170001, Sigma)), incubated

on ice for 15min, and followed by 3x10s of sonication at 50%amplitude. Insoluble proteins and debris were removed from the nuclear

extract by high-speed centrifugation (10 min at 18,000 g).

Immunoprecipitation
Nuclear extract was mixed 1:1 with IP buffer (10 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, 0.2% Tween 20, 1X protease

inhibitor cocktail, 20mM Iodoacetamide) and precleared by Sepharose 4B (4B200, Sigma). Immunoprecipitation was performed

by incubating precleared nuclear extract with antibody-bound beads (anti-Flag M2 affinity gel, anti-HA (clone HA-7) affinity gel, or

Protein A as a negative control (Sigma)) at 4�C overnight. Precipitates were washed 4 times with washing buffer (10 mM Tris-HCl

(pH 7.5), 150mMNaCl, 0.1% Tween 20, 20mM Iodoacetamide) and eluted in 1X LDS buffer (Invitrogen). DSPwas cleaved by adding

5% beta- mercaptoethanol in LDS loading buffer at 100�C for 10 min.

Western blotting
Western blotting was conducted following standard protocols. Primary antibodies used for western blotting are listed in key re-

sources table. Secondary antibodies were horseradish peroxidase-conjugated mouse anti-rabbit IgG light chain and mouse IgG

kappa chain binding protein (Santa Cruz Biotechnology, 1:10,000 dilution). Membranes were developed with ECL chemilumines-

cence substrate (ThermoFisher) and visualized using photographic film.

Chromatin immunoprecipitation (ChIP) coupled with quantitative real-time PCR (ChIP-qPCR)
Chromatin immunoprecipitation (ChIP) was performed according to the manufacture’s protocol (ChIP kit, 9005, Cell Signaling Tech-

nologies) with the following modification: 25mg cross-linked YS tissue was used per preparation. After cell lysis, nuclei extracts were

digested by adding 0.5 mLMicrococcal Nuclease per IP prep and incubating for 20 min at 37�Cwith frequent mixing to digest DNA to

a size of approximately 150-900 bp. Digestion was stopped by adding 10 mL 0.5 M EDTA and samples placed on ice for 2 min. Nuclei

was pelleted and resuspend in 100 mL ChIP buffer. Nuclear lysates were further subjected to sonication to break nuclear membrane

using a 120 Sonic Dismembrator (Fisher Scientific) at 4�C for 3 cycles, cyclingON for 10 s andOFF for 30 s at 50%amplitude. Approx-

imately 10 mg of digested, cross-linked chromatin and 5 mg of antibody (BAF155, Cell Signaling Technologies, 11956; PU.1, Cell

Signaling Technologies, 2258; H3K27me3, Millipore,07-449) were used per immunoprecipitation. IP samples were incubated over-

night at 4�C with rotation, followed by 30 mL of protein G Magnetic Beads per IP reaction, and incubated for an additional 2 hr at 4�C
with rotation. After elution of chromatin from the antibody/protein G magnetic beads, reverse cross-link performed by adding 6 mL

5 M NaCl and 2 mL proteinase K per IP, and incubating for 6 hr at 65�C. Immunoprecipitated DNA fragments were isolated using spin
Cell Reports 33, 108395, November 17, 2020 e5
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columns provided by the kit and subjected to qPCR with appropriate primers indicated in Table S2. Rabbit IgG (Cell Signaling Tech-

nologies, 2729) was used as a negative control. Quantitative PCR was performed in triplicate from 3 independent experiments, and

data were normalized to input values.

Tissue processing for flow cytometry
YS were collected between E8.25-10.5, and brain rudiments collected between E9.5-10.5. To obtain single-cell suspension, tissues

were incubated in Hank’s balanced salt solution (HBSS) containing 0.2 mg/ml collagenase type IV (Worthington), 100 U/ml deoxy-

ribonuclease I (Worthington) and 5% FBS at 37�C for 1 h with tubes inverted every 5 to 10 min. Tissues were further dissociated by

gently passing through a 20G needle 5 to 10 times. Cells were pelleted and resuspend in 0.3-1 mL IMDMmedia with 10% FBS. Cells

were then passed through a 70 mm cell strainer and counted for viability.

Flow cytometry and cell sorting
Single cell suspensions were centrifuged at 400 g for 5 min, resuspended in 200 mL staining buffer (1X PBS, 1% BAS, 2 mM EDTA),

placed in 5ml round-bottom tubes, and immunolabeled for FACS analysis. Before immunostaining, cell suspensions were pre-incu-

bated with diluted (1:50) purified anti-CD16/32 (clone: 93, Biolegend, 101302) for 10 min on ice to block non-specific binding to Fc-

receptors. Next, antibodies were added and incubated for 40 min on ice. Where appropriate, cells were further incubated with strep-

tavidin conjugates for 20 min. All antibodies used can be found in key resources table. All FACS analyses were carried out on LSR

Fortessa or Fortessa X-20 (BD Biosciences). Cell sorting was performed on FACS Aria II (BD Biosciences) sorter using 85 mm nozzle.

All data were analyzed using FlowJo10 software (Tree Star).

Quantitative real-time reverse transcription PCR (qRT-PCR)
Total RNA from YS was prepared with RNeasy Micro/Mini Kit (QIAGEN), and reverse-transcribed into cDNA with qScript cDNA

SuperMix (101414-106, Quanta) according to the manufacturer’s protocol. Gene expression was measured by quantitative real-

time PCR with primers indicated in Table S3. Gene expression levels were normalized to b-actin.

Single-cell RNA sequencing
An equal number of E9.5 and E10.5 WT YS were combined and dissociated with 0.25% collagenase at 37�C for 30 minutes. Cells

were briefly stored at�80�C in 90%FBS and 10%DMSO. Cells were thawed, washedwith PBS, and stainedwith TER-119 antibody.

Dead cells and TER-119+ cells were excluded by sorting to enrich live non-erythroid cells. Single cell suspension at 300 cells/mL in

PBS were subjected to Chromium 10x Genomics library construction and HiSeq2500 sequencing (The Genome Technology Access

Center, Washington University in St. Louis).

ATAC-seq library generation, sequencing, and mapping
For ATAC-seq library generation, approximately 50,000 cKIT+ cells were isolated fromWT and Baf155CKO YS using FACS sorter as

described above. ATAC-seq libraries were generated following theOmni-ATACprotocol (Corces et al., 2017) with the followingmodi-

fication: Cells were harvested by centrifuging at 500 g for 5 minutes at 4�C. Supernatant was carefully aspirated and cells were

washed once with cold PBS. Cell pellets were lysed in 100 ml of ATAC-seq RSB (10 mM Tris pH 7.4, 10 mM NaCl, 3 mMMgCl2) con-

taining 0.1%NP40, 0.1%Tween-20, and 0.01%Digitonin by pipetting up and down and incubating on ice for 3minutes. Next, 1mL of

ATAC-seq RSB containing 0.1%Tween-20was added andmixedwith the lysis reaction. Nuclei were pelleted by centrifuging at 800 g

for 5 minutes at 4�C. Supernatant was carefully removed, and nuclear pellets were resuspended in 20 ml 2x TD buffer (20 mM Tris pH

7.6, 10mMMgCl2, 20%Dimethyl Formamide). Nuclei were counted using trypan blue. Approximately 50,000 nuclei were transferred

to 25 mL of 2x TD buffer. 25 ml of transposition mix (2.5 ml transposase (100 nM final), 16.5 ml PBS, 0.5 ml 1% digitonin, 0.5 ml 10%

Tween-20, and 5 ml H2O) was then added to the nuclei. Transposition reactions were mixed and incubated at 37�C for 30 min gently

tapping every 10 min to mix. Reactions were cleaned up with Zymo DNA Clean and Concentrator 5 columns. ATAC-seq library was

prepared by amplifying the DNA for 9 cycles on a thermal cycler. The PCR reaction was purified with AMPure XP beads using double

size selection following the manufacture’s protocol, in which 27.5 ml beads (0.55x sample volume) and 50 ml beads (1.5x sample vol-

ume) were used based on 50 ml PCR reaction. ATAC-seq libraries were quantitated by Qubit assays. Paired-end ATAC-seq libraries

were sequenced on an Illumina NextSeq 500 machine. The reads were de-multiplexed by using sample-specific index sequences.

Nextera adaptor sequences were trimmed by using cutadapt (Martin, 2011) version 1.11. The trimmed reads were mapped to the

mouse genome sequence by using bowtie2 (Langmead and Salzberg, 2012) version 2.3.4.1 with the following parameters: –local

-k 4 -X 2000 –mm. Secondary alignment, multiply mapped reads, and PCR duplicated reads were removed from the total aligned

reads.

QUANTIFICATION AND STATISTICAL ANALYSIS

scRNA-seq bioinformatics analyses
The sequenced reads were mapped to the GRCm38 assembly using Cell Range 2.0.1 (10x Genomics). Sample demultiplexing, bar-

code processing, and single-cell 30 counting was performed using the Cell Ranger Single-Cell Software Suite (10x Genomics).
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Cellranger count was used to align samples to themm10 reference genome, quantify reads, and filter readswith a quality score below

30. The resultant files were input into Seurat for normalization across all samples andmerging. The Seurat package in R was used for

subsequent analysis (Butler et al., 2018). Cells withMitochondrial content greater than 5 percent were removed for downstream anal-

ysis. Data were normalized using a scaling factor of 10,000, and nUMI was regressed with a negative binomial model. Principal

component analysis was performed using the top 3000 most variable genes and t-SNE analysis was performed with the top 15

PCAs. Clustering was performed using the FindClusters function which works on K-nearest neighbor (KNN) graph model with the

granularity ranging from 0.1-0.9 and selected 0.6 for the downstream clustering. For identifying the markers for each cluster, we per-

formed differential expression of each cluster against all other clusters identifying negative and positive markers for that cluster

Identification of ATAC peaks
Filtered aligned ATAC-seq reads were used to map to the transposon insertion sites, and ATAC peaks were called from those inser-

tion sites. First, ATAC-seq reads mapped to mitochondrial DNA were removed from the aligned reads. Both ends of the paired-end

reads were then treated as two Tn5 insertion sites. Tn5 insertion sites were adjusted to reflect the actual binding center of transpo-

sons as follows. All reads mapped to the + strand were offset by +4 bp, and all reads mapped to the � strand were offset by �5 bp.

The ATAC peaks were identified from these insertion sites by using the MACS2 (Zhang et al., 2008) version 2.1.1 callpeak function

with the following parameters: -gmm --keep-dup all -B --SPMR --nomodel --extsize 73 --shift -37 -p 0.01 --call-summits. The ATAC-

seq signals were visualized on the WashU Epigenome Browser (Zhou et al., 2011) as fold change over background using bedGraph

tracks generated by using the MACS2 bdgcmp function with the following parameter: -m FE.

Identification and analyses of DARs
To identify DARs, DiffBind (Ross-Innes et al., 2012) version 2.6.6 was used on the union set of ATAC peaks with the following param-

eters:minOverlap = 1, fragmentSize = 1, summits = 0. DARswere defined as the ATACpeakswith fold change > 2 andP-value < 0.05.

Unaffected accessible regions were defined as the ATAC peaks that are present both wild-type and Baf155 CKO cells and that are

also with fold change < 1.1 and P-value > 0.05 from DiffBind. Heatmaps of ATAC-seq signal levels of DARs along with their neigh-

boring regions were plotted by using deepTools (Ramı́rez et al., 2016). Gene Ontology enrichment analysis on DARs and unaffected

regions were performed using GREAT (McLean et al., 2010) version 4.0.4. Motif enrichment analysis on DARs was performed using

HOMER (Heinz et al., 2010) version 4.8. HOMER scanned the sequences of DARs for knownmotifs, and calculated enrichment score

P-values using a binomial test. The heatmap of the selected known motifs were plotted using fold enrichment against the back-

ground. HOMER also discovered de novo motifs with their best matches to a known motif in DARs.

Statistics
GraphPad Prism 8 software was used for performing statistical analysis and generating graphs/plots. Data are presented as mean

with standard deviation for all the measurements. All experimental data were reliably reproduced in two or more individual biological

replicates. Details of the statistical tests performed are given in the respective figure legends. p < 0.05 was considered statistically

significant.
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