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Asf1a resolves bivalent chromatin domains for the
induction of lineage-specific genes during mouse
embryonic stem cell differentiation
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Bivalent chromatin domains containing repressive H3K27me3 and
active H3K4me3 modifications are barriers for the expression of
lineage-specific genes in ES cells and must be resolved for the
transcription induction of these genes during differentiation, a
process that remains largely unknown. Here, we show that Asf1a,
a histone chaperone involved in nucleosome assembly and disas-
sembly, regulates the resolution of bivalent domains and activation
of lineage-specific genes during mouse ES cell differentiation.
Deletion of Asf1a does not affect the silencing of pluripotent genes,
but compromises the expression of lineage-specific genes during ES
cell differentiation. Mechanistically, the Asf1a-histone interaction,
but not the role of Asfla in nucleosome assembly, is required for
gene transcription. Asf1a is recruited to several bivalent promoters,
partially through association with transcription factors, and medi-
ates nucleosome disassembly during differentiation. We suggest
that Asfla-mediated nucleosome disassembly provides a means
for resolution of bivalent domain barriers for induction of lineage-
specific genes during differentiation.

embryonic stem cell differentiation | bivalent chromatin domain |
histone chaperone | nucleosome disassembly

S cells are derived from the inner cell mass of preimplanta-

tion blastocysts and can be expanded in culture while main-
taining the ability to differentiate into all types of somatic cells
(1, 2). Compared with differentiated cells, ES cells maintain a
globally “open” chromatin state that is relatively accessible for
transcription factors (TFs). At the same time, lineage-specific
genes remain silenced. When differentiation has initiated, ES
cells exit from this self-renewal state into a state that allows
multilineage commitment. As the same cell with its fixed genetic
background switches from one state to another, insights into how
chromatin dynamics are regulated during this process are of
great interest.

At the molecular level, TFs and chromatin regulators play
important roles in ES cell pluripotency maintenance as well as
lineage-specific gene induction during differentiation (3). It is
known that the pluripotent state of ES cells is largely governed
by the core TFs, Oct4, Nanog, and Sox2, which sometimes are
referred as pluripotent genes (4-6). These three TFs can activate
genes necessary to maintain the pluripotent state of ES cells,
and, equally importantly, suppress the expression of key lineage-
specific genes that drives ES cells into different lineages (7-9).
For instance, Oct4 and Sox2 form a complex and silence the
transcription of Cdx2, and Nanog suppresses the expression of
Gatab (10, 11). Cdx2 and Gata6 are two key regulators that drive
mouse ES cells to differentiate into trophectoderm and endo-
derm, respectively (12, 13). In addition, Nanog also silences the
expression of Brachyury (T), which is important for mesoderm
lineage specification (14). Therefore, these three core TFs can
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function as both activators and suppressors of gene transcription
in ES cells.

In addition to TFs, histone modifications also play an important
role in ES cell pluripotency and differentiation. For instance, in
ES cells, pluripotent genes (Oct4, Nanog, and Sox2) are highly
expressed, and the promoters of these genes are enriched with
H3K4me3, a mark associated with active gene transcription (15).
During differentiation, these pluripotent genes are silenced and
their promoters progressively gain repressive marks, including
H3K27me3 (16). Moreover, it has been shown that regulatory
elements including promoters and enhancers of many lineage-
specific and developmentally regulated genes form “bivalent
chromatin domain” in ES cells (17). These domains, in general,
consist of a large area of nucleosomes modified by H3K27me?2/
me3 and smaller regions of H3K4me3. Therefore, genes at the
bivalent chromatin domains are largely silent or expressed at
very low levels, and are poised for activation during differenti-
ation (18). Some pioneer TFs can recognize their target DNA on
nucleosomes and can overcome the barrier of repressed chro-
matin marked by H3K27me3 (19, 20). However, the bivalent
domains are largely restrictive for the binding of TFs, and it is
underexplored how the bivalent chromatin domains are resolved
for the induction of lineage-specific genes.
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ES cells possess the unique capacity to self-renew as well as
differentiate into specialized cell types. It is known that tran-
scription factors and chromatin regulators regulate the cell-fate
choices during differentiation. We report unexpectedly that
Asf1a, a histone chaperone involved in nucleosome assembly,
regulates mouse ES cell differentiation. Mechanistically, we
show that Asf1a functions in nucleosome disassembly to re-
solve the bivalent chromatin domains at lineage-specific genes
for gene activation during differentiation. These insights will
likely be applicable for understanding human ES cell differen-
tiation and regenerative medicine.
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Asfl is a histone H3-H4 chaperone conserved from yeast to
human cells. Asfl’s role in DNA replication-coupled (RC) nu-
cleosome assembly was first discovered in Drosophila (21).
Asf1 binds to the H3 interface involved in the formation of H3-
H4 tetramers and forms Asfl-H3-H4 heterotrimeric complex
(22). In addition to its role in RC nucleosome assembly, Asfl is
also involved in DNA replication-independent (RI) nucleosome
assembly in part through its interactions with downstream
chaperone HIRA (23, 24). In mammals, there are two distinct
Asfl isoforms, Asfla and Asflb, which are distinguishable by
their C-terminal tails. Asfla and Asflb bind canonical histone
H3.1-H4 dimers and facilitate histone transfer to downstream
chaperone CAF-1 in the RC nucleosome assembly pathway. On
the contrary, Asfla also binds to histone H3 variant H3.3 along
with H4 and transfers H3.3-H4 dimers to histone chaperone
HIRA for nucleosome assembly and histone exchange (25). In
addition to its role in nucleosome assembly, Asfl also has a role
in nucleosome disassembly and gene transcription. For instance,
in budding yeast, Asfl mediates nucleosome disassembly at
promoter regions and is essential for transcriptional activation of
yeast PHOS5 and PHOS8 genes (26-28). In Drosophila, Asfl is
recruited to specific target promoters, together with other his-
tone modifiers, and regulates gene expression (29, 30). However,
it is unknown whether Asfl also has a role in nucleosome dis-
assembly for gene induction in higher eukaryotic cells (31).

Recently, it has been shown that factors involved in nucleo-
some assembly pathways play crucial roles in maintaining chro-
matin states of ES and differentiated cells. For instance, histone
chaperone HIRA is required for murine early embryogenesis
(32), and HIRA deletion in ES cells alters trophoblast-specific
TFs Cdx2 and Hand1 expression in pluripotent states, as well as
during differentiation (33). Down-regulation of CAF-1 reverts
ES cells to an earlier two-cell-like embryonic stage (34). Fur-
thermore, reduced level of CAF-1 in somatic cells accelerates in
vitro cell reprogramming. It is proposed that CAF-1 is required

to maintain cell identity of differentiated states (35). On the
contrary, histone chaperone Asfla is necessary for reprogramming
of adult dermal fibroblasts into undifferentiated induced plurip-
otent stem cells (iPSCs) (36). Therefore, it is likely that these
histone chaperones play multiple roles in stem cell maintenance
and differentiation. Motivated by these studies, we deleted Asfla
and Asflb from mouse ES cells. Surprisingly, we observed that
Asfla and Asflb are not required for ES cell proliferation, self-
renewal, and silencing of pluripotent genes (Nanog and Oct4)
during differentiation. Instead, we found that the expression of
lineage-specific genes is compromised during ES cell differentia-
tion upon Asfla deletion. Mechanistically, we show that Asfla
facilitates nucleosome disassembly at the promoters of these
genes. These results reveal a mechanism for the resolution of the
repressive bivalent chromatin domains and activation of the
lineage-specific genes during ES cell differentiation.

Results

KO of Asf1a or Asf1b in Mouse ES Cells Does Not Affect Cell Growth
and Cell Identity. In mammals, there are two isoforms of histone
chaperone Asfl, Asfla and Asflb, which are involved in RI and
RC nucleosome assembly pathways (25). To analyze the function
of Asfla and Asf1b in mouse ES cells, we knocked out Asfla and
Asflb from these cells by using CRISPR/Cas9 technology (37)
and selected two independent clones from different sgRNAs to
exclude the potential off-target effects for further analysis. De-
letion of both alleles of Asfla or Asflb in these clones was
confirmed by Sanger sequencing (SI Appendix, Fig. S1A).
Western blot analysis showed that Asfla was not detectable in
Asfla deletion lines, but was expressed normally in Asflb de-
letion clones compared with WT cells (Fig. 14). Western blot
analysis of Asflb was not informative, as our antibodies against
Asflb were not specific. All of the mutant ES cell lines had
normal karyotypes (SI Appendix, Fig. S1B). Previous study
showed that yeast Asf1 is important for cell viability and cell-cycle
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Fig. 1.

Asf1a or Asf1b KO does not affect mouse ES cell growth and identity. (A) Western blot analysis of Asf1a levels (Top) in two independent WT, Asf1a KO

(aKO), and Asf1b KO (bKO) ES cell clones (generated by different sgRNAs). Ponceau S staining (Bottom) was used as a loading control. (B) Growth curves of
two independent WT, aKO, and bKO ES cell lines. (C) BrdU/propidium iodide FACS analysis of WT, aKO, and bKO ES cells. The percentage of cells at each stage
of the cell cycle was quantified. The original FACS profiles are shown in S/ Appendix, Fig. S1C. (D) Representative AP staining images of WT, aKO, and bKO ES
cells. (Scale bar: 50 pm.) (E) RT-PCR analysis of the expression of three pluripotent genes (Nanog, Oct4, and Sox2) in two independent WT, aKO, and bKO ES
cell lines. The y axis indicates the relative mRNA level to GAPDH. The results are from three independent experiments, and bars represent mean + SEM.
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progression (21). We therefore tested whether KO of Asfla or
Asf1b affected ES cell growth and cell cycle. Asfla or Asflb KO ES
cells exhibited similar growth rates (Fig. 1B) and cell-cycle profile
(Fig. 1C and SI Appendix, Fig. S1C) as WT cells, suggesting that
deletion of either Asfla or Asflb has no apparent effect on the
proliferation of mouse ES cells. Next, we asked whether Asfla or
Asf1b was required for the self-renewal of mouse ES cells. Asfla- and
Asf1b-KO ES cells were stained positively for alkaline phosphatase
(AP; Fig. 1D). Moreover, reverse transcription PCR (RT-PCR)
analysis showed that the expression of three core TFs (Nanog,
Oct4, and Sox2) was not affected in Asfla- or Asflb-KO lines
(Fig. 1E). Together, these results show that Asfla or Asflb, sur-
prisingly, is dispensable for normal ES cell proliferation and identity.

One possible explanation is that Asfla and Asflb are partially
redundant with each other for cell growth of mouse ES cells.
Consistent with this idea, we failed to generate Asfla and Asflb
double-KO ES cells despite repeat attempts. To test this idea fur-
ther, we analyzed the association of Asfla and Asflb with histones
and downstream chaperones HIRA and CAF-1. We observed a
significant increase in the binding of Asflb with histone chaperone
HIRA and histone variant H3.3 (SI Appendix, Fig. S2, lane 4 vs.
lane 5) in the Asfla-KO cells, whereas the interactions of Asflb
with CAF-1 and total H3 were not altered dramatically. This result
suggests that, in the absence of Asfla, Asflb likely compensates for
the role of Asfla in RI incorporation of H3.3 mediated by HIRA.

Asfla Is Indispensable for ES Cell Differentiation. Next, we asked
whether Asfla or Asflb is required for ES cell differentiation in
vitro during the formation of embryoid bodies (EBs) (38), which

can recapitulate many aspects of cell differentiation during early
embryogenesis. Briefly, WT and mutant ES cells were forced to
form multicellular aggregates, called EBs, in hanging drops
without leukemia inhibiting factor (LIF) for 3 d (SI Appendix,
Fig. S34). Afterward, these EBs were cultured in suspension
without LIF and were collected at different times of the differ-
entiation process (days 3, 5, 7, and 10) for analysis of morpho-
logical and molecular changes.

We observed that all of the ES cell lines exhibited similar
morphology at day 3. However, starting from day 5, Asfla-KO
cells, but not Asf1b-KO cells, exhibited a significant reduction of
EB size compared with WT cells (Fig. 2 A and B), suggesting that
Asfla deletion affects differentiation. Next, we monitored the ex-
pression of pluripotent and lineage-specific genes during differentia-
tion by using RT-PCR. We observed no apparent defect in the
silencing of two pluripotent genes (Nanog and Oct4) in Asfla- or
Asf1b-KO cells compared with WT cells (Fig. 2C and SI Appendix,
Fig. S3). This observation is in contrast with previous reports that
depletion of Asfla by using siRNA affects the expression of plurip-
otent genes in mouse and human ESCs (36, 39). One possible ex-
planation is that the complete loss of Asfla in mouse ES cells triggers
the complementation by Asf1b. Remarkably, the induction of lineage-
specific genes, key for specification of each germ layer, was signifi-
cantly defective and/or delayed in Asfla-KO, but not Asflb-KO, lines
(Fig. 2D and SI Appendix, Fig. S3 B and C). These results suggest that
Asfla is not essential for the silencing of pluripotent genes, but is
critical for the expression of lineage-specific genes involved in germ-
layer specification during mouse ES cell differentiation.
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Fig. 2. Asfla KO affects expression of lineage-specific genes during ES cell differentiation. (A) Representative images of EB morphology during EB differ-
entiation at days 3, 5, 7, and 10 from WT, aKO, and bKO cells. (Scale bar: 1,000 pm.) (B) The diameter of at least 50 EBs at each time point was measured by
using Imagel. (C and D) RT-PCR analysis of pluripotent (C) and lineage-specific gene (D) expression during ES cell differentiation. Data are from three in-
dependent experiments. Error bars represent mean + SEM. The P value was calculated by using a t test between WT and aKO lines (*P < 0.05). The expression
of additional germ-layer genes as well as these genes in another independent clone is shown in S/ Appendix, Fig. S3 B and C. Note that the effect of Asf1a
deletion on the expression of Gata4, although apparent, was not statistically significant for this set of three repeats. The effect of Asfla deletion on the
expression of Gata4 in the rescue experiments shown in Fig. 5F was statistically significant. The difference between these two sets of experiments likely
reflects the fact that Asf1a KO on Gata4 expression is small, and therefore some experimental variations during differentiation can mask the difference.
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Asfla Is Required for Histone-Modification Changes During
Differentiation. It has been observed that H3K27me3 was re-
duced globally during ES cell differentiation (40). We also observed
that H3K27me3 levels in WT EBs were significantly lower than in
WT ES cells (SI Appendix, Fig. S44). Compared with WT EBs,
Asfla KO EBs retained markedly higher levels of H3K27me3,
suggesting that this mark is not reduced properly during differ-
entiation. The effect is unlikely a result of the impact of Asfla KO
on the expression of H3K27-modifying enzymes, including Ezh2
and Suzl2 (two key subunits of H3K27 methyltransferase) and
Utx and Jmjd3 (two known H3K27 demethylases), during differ-
entiation (S Appendix, Fig. S4B). We suggest that the impact of
Asfla KO on H3K27me3 during EB formation likely reflects
defects in differentiation (as detailed later).

Next, we determined how Asfla KO affected H3K27me3 and
H3K4me3, two marks that coexist at lineage-specific genes (17),
at the promoters of Gata4 and Gata6 by using ChIP-PCR.
Similar analysis was also performed at two pluripotent genes
(Nanog and Oct4). During the differentiation of WT ES cells,
the active mark H3K4me3 was dramatically reduced at the
promoters of Nanog and Oct4 (Fig. 34), whereas H3K27me3
dramatically increased (Fig. 3B), consistent with the observations
that these genes are silenced in this process. Deletion of Asfla or
Asf1b had no detectable effect on the changes of H3K4me3 and
H3K27me3 at the promoters of these two pluripotent genes (Fig.
3 A and B). For lineage-specific genes, H3K4me3 at Gata4 and
Gata6 promoters increased dramatically (Fig. 3C), whereas
H3K27me3 at these two gene promoters showed a marked re-
duction upon differentiation of WT ES cells (Fig. 3D), consistent
with the induction of these lineage-specific genes in these cells.
Depletion of Asflb had no apparent effect on the dynamic
changes of these histone marks at Gata4 and Gata6 promoters.
By contrast, deletion of Asfla compromised the increase in
H3K4me3 and the reduction of H3K27me3 at Gata6 promoter
(Fig. 3 C and D). At the Gata4 promoter, the increase in
H3K4me3 level in Asfla-KO EBs was slightly compromised, but
not significantly so, in three independent experiments compared
with WT EBs, whereas the reduction of H3K27me3 was not
affected to a detectable degree. The slight impact of Asfla de-
letion on changes in H3K4me3 and H3K27me3 levels at the
promoters of Gata4 compared with Gata6 during differentiation
likely reflects the fact that Asfla KO affects the induction of
Gata4 less than Gata6.

Asf1a Is also Required for Induction of Lineage-Specific Genes During
Differentiation to Neural Precursors. To gain additional insight into
the role of Asfla in ES differentiation, we differentiated the ES
cells along a neural pathway in adherent serum-free culture as
described previously (41, 42). Briefly, ES cells were cultured in
serum-free medium without LIF for 6 d and then replated and
maintained in FGF-2- and EGF—containing medium. The multi-
potent neural precursors (NPs) were collected at day 10 (Fig. 44).
We then analyzed the expression levels of two bivalent genes
(Sox21 and Zfpm?2), which are induced during this differentiation
process (17). Consistent with the results we observed during EB
differentiation, cells without Asfla showed defects in the in-
duction of Sox21 and Zfpm?2 compared with WT cells (Fig. 4B).
As NPs are relatively homogenous, we then employed this system
to analyze the transcriptome of WT and Asfla-KO ES cells and
NPs by using RNA sequencing (RNA-seq). As expected, Sox21
level is affected in Asfla-KO NPs in both experimental replicates
(Fig. 4C). To analyze the impact of Asfla deletion on gene ex-
pression during differentiation, we first identified genes whose
expression were altered during the differentiation of WT and
Asfla-KO ES cells. We found that the expression of 2,742 genes
increased, whereas that of 3,247 genes decreased, in WT ES cells
during differentiation. Interestingly, Asfla KO did not affect ex-
pression of genes that were silenced (group 3; Fig. 4D and SI
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Fig. 3. Asfla KO affects dynamic changes of histone modifications at lineage-
specific genes during differentiation. (A and B) Analysis of H3K4me3 (4) and
H3K27me3 (B) at the promoters of two pluripotent genes (Nanog and Oct4) by
ChIP-PCR. (C and D) Analysis of H3K4me3 (C) and H3K27me3 (D) at the promoters
of two lineage-specific genes (Gata4 and Gata6). Black and red bars represent ES
cells and day 10 EBs, respectively. Data were from three independent experi-
ments. Error bars represent mean + SEM (*P < 0.05 and **P < 0.01).

Appendix, Fig. S54). In contrast, Asfla KO affected the expression
of a subgroup of genes (group 1) that were induced during dif-
ferentiation (Fig. 4D), whereas it had little effect on the induction
of the second group of genes (group 2). The group 1 genes were
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Fig. 4. Asfla is required for induction of lineage-specific genes during neural differentiation. (A) An outline of the monolayer ES cell in vitro neural dif-
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(*P < 0.05). (C) Snapshot of RNA-seq results at the Sox21 locus. Data are from two independent experiments (rep1 and rep2). (D) The hierarchical clustering
analysis of the differentially expressed genes during neural differentiation of WT and aKO cells identified by RNA-seq. (E) The percentage of bivalent genes in
each of the three subgroups of genes identified in D. (F) GO analysis of the group 1 genes. The top 10 significant GO terms and P value are displayed. (G)
Relative levels of H3K4me3 and H3K27me3 between WT and aKO at the promoters of three subgroups of genes identified in D. The y axis represents the
log2 ratio of ChIP-seq reads between WT and aKO lines. (H) Analysis of changes in H3K4me3 and H3K27me3 at the gene promoter of Sox21 in WT and aKO
lines by ChIP-PCR. The P value was calculated by using a t test between ES cells and NPs (*P < 0.05 and **P < 0.01). Note that Asf1a-KO and WT clones were the

same as used in Fig. 5.

enriched with bivalent genes, which contain both H3K27me3 and
H3K4me3 at gene promoters, compared with the whole genome
as well as genes in group 2 and group 3 (Fig. 4E). Gene Ontology
(GO) analysis revealed that the group 1 genes are involved in cell
differentiation and neural development, whereas group 2 genes
are mainly involved in metabolic process and protein transport
(Fig. 4F and SI Appendix, Fig. S5B). These results strongly support
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the idea that Asfla is important for the induction of “bivalent”
genes during lineage specification.

We also performed H3K4me3 and H3K27me3 ChIP-deep se-
quencing (ChIP-seq) by using ES cells and NPs and analyzed the
effect of Asfla KO on changes of H3K4me3 and H3K27me3 at
gene promoters. As expected, at the promoters of group 1 genes, the
level of H3K4me3 in WT cells increased more than in Asfla-KO
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cells when ES cells differentiated into NPs. H3K27me3 levels were
reduced more in Asfla WT than in Asfla-KO cells (Fig. 4G).
ChIP-PCR analysis confirmed that, at the Sox21 promoter, Asfla
KO affected the increase of H3K4me3 and reduction of
H3K27me3 during differentiation of ES cells into NPs (Fig. 4H).
In contrast, the effect of Asfla KO on H3K4me3 and H3K27me3
at the promoters of group 2 and group 3 genes was less pro-
nounced than in group 1 genes (Fig. 4G). These results are con-
sistent with the idea that the induction of group 1 genes is
compromised in Asfla-KO cells.

The Asf1a-Histone H3 Interaction Is Important for Gene Transcription
During ES Cell Differentiation. Asfl in yeast has nucleosome as-
sembly and disassembly activity. To understand how Asfla reg-
ulates the expression of lineage-specific genes, we ectopically
expressed FLAG-tagged WT Asfla, Asfla mutant that cannot
bind HIRA and CAF-1 [Asfla (E36A, D37A, marked as
EDAA)] and is defective in nucleosome assembly, or Asfla
mutant deficient for H3-H4 binding [Asfla (V94R)] that is de-
fective in nucleosome assembly and disassembly in Asfla-KO ES
cells and analyzed the effect of these Asfla mutations on the
expression of lineage-specific and pluripotent genes (i.e., con-

trol) by using EB differentiation assays. As shown in Fig. 54, WT,
Asfla (EDAA), and Asfla (V94R) mutants were expressed at
similar levels. Moreover, Asfla (EDAA) mutant exhibited defects
in its association with HIRA and CAF-1 (p60) but not histone. In
contrast, Asfla (V94R) mutant was defective in binding to histone
H3 but not histone chaperones (Fig. 5B). These results confirm
the differential effects of two Asfla mutants on histone and
chaperone binding and are consistent with previous findings that
HIRA and CAF-1 bind to Asfla through the same domain and
compete for the association with Asfla in vivo (43).

We then performed an EB differentiation assay by using these
rescue cell lines. Upon differentiation, we observed that the size
of EBs expressing WT and mutant Asfla (EDAA) was similar to
that of EBs formed by WT ES cells infected with empty vector
(EV; Fig. 5 C and D and SI Appendix, Fig. S6A4). RT-PCR
analysis showed that expression of WT or Asfla (EDAA) mu-
tant had no apparent effect on the silencing of Nanog and Oct4
(Fig. 5E) and at least partially rescued the defects in the ex-
pression of lineage-specific genes caused by Asfla KO (Fig. SF
and SI Appendix, Fig. S6 B and C). By contrast, expression of
Asfla (V94R) mutant failed to rescue the defects in EB size (Fig.
5 C and D and SI Appendix, Fig. S6A) and the induction of
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Fig. 5. The Asfla-histone interaction is important for the induction of gene transcription during differentiation. (A) Analysis of the exogenously expressed
Asfla and mutants in Asf1a-KO ES cells. “WT"” indicates FLAG-tagged WT Asfla; “EDAA" indicates Asf1a (E36A, D37A, indicated as EDAA), and “V94R"
indicates Asf1a (V94R). Two independent lines were analyzed by using Western blot and compared with endogenous Asf1a level. (B) Analysis of interactions
of Asfla and Asfla mutants with histone H3 and chaperones HIRA and CAF-1 (p60). Asf1a-KO cells expressing FLAG-tagged WT or Asfla mutants were
immunoprecipitated with M2 beads, and coimmunoprecipitated proteins were analyzed by Western blot. (C and D) Representative images of day 7 EBs (C)
and the average size of EBs formed from ES cells expressing WT Asf1a and Asf1a mutants (D). Two independent rescue lines were analyzed, and the results of
another line are shown in S/ Appendix, Fig. S5A. (Scale bar: 1,000 um.) (€ and F) RT-PCR analysis of pluripotent (E) and four lineage-specific genes (F) of ES
clones expressing WT or mutant Asfla during differentiation. The expression of additional germ-layer marks and the expression results obtained from an-
other independent line are shown in S/ Appendix, Fig. S5 B and C [*P < 0.05, (WT+EV) vs. (aKO+EV); #P < 0.05 (WT+EV) vs. (aKO+V94R)].
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lineage-specific genes (Gata4, Gata6, T, and Handl) caused by
Asfla deletion (Fig. 5F and SI Appendix, Fig. S6 B and C). These
results indicate that the Asfla-histone H3 interaction is impor-
tant for the role of Asfla in regulating lineage-specific genes,
whereas the interactions between Asfla and its downstream
chaperones (HIRA and CAF-1) are dispensable. These results
imply that Asfla’s role in nucleosome disassembly, but not in
nucleosome assembly, mediates its function in gene regulation
during differentiation.

Asf1a Binds to Lineage-Specific Gene Promoters. To understand how
Asfla regulates the expression of a subset of genes during dif-
ferentiation, we first asked whether Asfla localized at some of these
gene promoters. We performed Asfla ChIP by using antibodies
against the FLAG epitope in Asfla-KO ES cells stably expressing
FLAG-tagged WT or mutant Asfla. As shown in Fig. 64, we did
not detect significant enrichment of Asfla at the promoters of
Nanog and Oct4 compared with controls. In contrast, Asfla was
enriched at the promoters of Gata4 and Gata6, two tested lineage-
specific gene promoters (Fig. 6B). We also noticed that Asfla
(V94R), but not Asfla (EDAA), mutant showed defects in binding
to Gatad4 and Gata6 promoters (Fig. 6B). This result suggests that
Asfla chromatin binding depends on its ability to bind its cargo,
H3-H4, an observation consistent with the chromatin binding of
other histone chaperones, including CAF-1 and TONSL-MMS22L
(44, 45). Together, these results show that Asfla can bind to the
promoters of lineage-specific genes and that this binding depends
on the presence of its cargo, H3-H4.

Second, we asked whether Asfla, like Drosophila Asfl, could
interact with TFs. We found that Asfla, but not Asflb, inter-
acted with TFs Nanog and Oct4 (Fig. 6C). Third, we identified
which TF binding sites are enriched at the promoters of group
1 genes but not at those of group 2 genes identified in Fig. 4D

and vice-versa. We found that promoters of group 1 genes are
enriched for the Sox9 binding sites, whereas the promoters of
group 2 genes are enriched with Elk1 (Fig. 6D). Sox9 is a bivalent
and lineage-specific gene important for neural differentiation
(46). Inspection of RNA-seq results indicates that Asfla KO
affected the induction of Sox9, but not Elk1, during the differ-
entiation of ES cells into NPs (Fig. 6E and SI Appendix, Fig. S7).
Moreover, ChIP-PCR analysis indicates that Asfla binds to the
promoter of Sox9 (Fig. 6F). These results suggest that Asfla is
recruited to lineage gene promoters in part through its interac-
tions with Nanog and Oct4, and regulates expression key genes
such as Sox9 during in vitro neural differentiation.

Asfla Mediates Nucleosome Disassembly at Bivalent Gene Promoters
During Differentiation. Our results presented here indicate that
Asfla regulates gene expression through its role in nucleosome
disassembly. To test this idea experimentally, we asked whether
deletion of Asfla affects nucleosome occupancy at the pro-
moters of Gata4 and Gata6 in ES cells and EBs first. Briefly,
chromatin from Asfla-KO ES cells and EBs expressing EV, WT,
or mutant Asfla were digested to mononucleosomes with mi-
crococcal nuclease. Nucleosomes were then precipitated by using
antibodies against H3, and ChIP DNAs were analyzed by using
PCR primers targeting three individual nucleosomes (—1 to —3)
upstream of the transcription start site (TSS) of Nanog, Oct4,
Gatad, and Gata6b (SI Appendix, Fig. S84). The nucleosome
positions at these genes were based on a recently published study
(47). We observed a significant increase in nucleosome occu-
pancy at the —1 nucleosomes upstream of the TSSs of Nanog and
Oct4 genes in WT EBs compared with corresponding ES cells
(Fig. 74). Moreover, deletion of Asfla or expression of WT or
mutant Asfla in Asfla-KO cells had no apparent effects on
the nucleosomal changes at the —1 nucleosomes of these two
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Fig. 6. Asfla binds to the promoters of lineage-specific genes. (A and B) Asfl1a does not bind to the promoters of Nanog and Oct4 (A) but binds to the
promoters of Gata4 and Gata6 (B). Asf1a ChIP-PCR was performed by using ES cells expressing WT Asf1a and Asf1a mutants described in Fig. 5A. Results are
from three different experiments, and error bars represent mean + SEM (*P < 0.05 and **P < 0.01). (C) Asf1a, but not Asf1b, was coimmunoprecipitated with
Nanog and Oct4. (D) Identification of TF binding sites (TFBSs) that are enriched in group 1 but not group 2 genes or vice-versa. Top hits were listed to-
gether with the —log2 (P value). (E) Expression of Sox9 in ES cells and NPs during neural differentiation based on RNA-seq reads. (F) Asfla binds to the
promoter of Sox9. FLAG ChIP was performed in aKO ES cells expressing EV or WT FLAG-Asf1a, and ChIP DNA was analyzed by quantitative PCR at the

Sox9 promoter (*P < 0.05).

E6168 | www.pnas.org/cgi/doi/10.1073/pnas.1801909115

Gao et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801909115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801909115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801909115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1801909115

A Oct4 EESCs
> 3 = xk M D7 EBs
Q
=
©
[«
=

>z 8
o
@
e £
7,
=y El 0
3 :
> & ®Q & A & R QAL T
-1 nucle. -2 nucle. -3 nucle. -1 nucle. -2 nucle. -3 nucle.

B Gata4 Gatab
>‘ * * * * * *

g x O * * K * ok 1.0
S1.0 1 r‘
=
Q
Q
o
205 0.5
o
[7]

o
2
50'04 ¢ ALTE QA v OO &

D e e ~\ XY < 3 @
< Qi,oviq < Q%o ) < Q‘;/QV‘@ < \kiloviq"‘ < s!ilo‘?iq?‘ < &@Vicbb‘
-1 nucle. -2 nucle. -3 nucle. -1 nucle. -2 nucle. -3 nucle.

(; Pluri m ESCs
2 1.57 Sox21 1.5 Zfpm2 3- uripotent o Nps
s genes
o
= * * *

g 1.0 1.0 '—l h‘ rl 24 =
2 F F
o 0.51 0.5- 1
[72]

[o]

Q
é’ 0.0- 0.0 . . 0-

S & ¢ 2RO MR B SEE - S RN ¢ &
-1 nucle. -2 nucle. -3 nucle. -1 nucle. -2 nucle. -3 nucle. Nanog Oct4
-1 nucle. -1 nucle.
D Embryonic stem cell Differentiated cell

Sox9 (?)/Lineage Sox9 (?)/Lineage
specific genes specific genes

TSS Active

e _,l \C@h
/

TSS Repressed

@ H3-H4 @ H3K4me3 @ H3K27me3 @

Fig. 7. Asfla mediates nucleosome disassembly at lineage-specific gene promoter. (A and B) Nucleosome occupancy at two pluripotent genes (Nanog and Oct4,
A) and two lineage-specific genes (Gata4 and Gata6, B) during EB formation. H3 ChIP was performed by using chromatin from Asf1a-KO ES cells and day 7 (D7) EBs
expressing EV, WT, or mutant Asf1a. Quantitative PCR was performed targeting each of three nucleosomes upstream of TSSs of two pluripotent genes (4) and
two lineage-specific genes (B). (C) Nucleosome occupancy at two bivalent gene (Sox21 and Zfpm2) promoters and two pluripotent gene (Nanog and Oct4)
promoters during neural differentiation. The H3 ChIP enrichment was normalized against its enrichment at the gene body of GAPDH, and the nucleosome
occupancy of ES cells in each line was set as 1. Results are from three different experiments, and error bars represent mean + SEM (*P < 0.05 and **P < 0.01). (D) A
working model depicting that Asf1a mediates nucleosome disassembly at lineage-specific gene promoters and facilitates subsequent association of TFs.

Gao et al. PNAS | vol. 115 | no.27 | E6169

Downloaded at Palestinian Territory, occupied on December 26, 2021

BIOCHEMISTRY



L T

/

1\

=y

Downloaded at Palestinian Territory, occupied on December 26, 2021

pluripotent genes (Fig. 74). At the —2 and -3 nucleosomes of
Nanog and Oct4, we did not detect consistent changes in nucleo-
some occupancy in any of the samples analyzed. These results
support the idea that a more compact chromatin state at the pro-
moter of these two genes is formed during silencing of Nanog and
Oct4, and that Asfla deletion has no apparent effect on chromatin
compaction at these two genes during EB formation. In contrast, at
gene promoters of Gata4 and Gata6, nucleosome occupancy at
three nucleosomes (—1 to —3) upstream of the TSS of Gata4 or
Gata6 was reduced in WT or Asfla (EDAA) EBs compared with
their corresponding ES cells (Fig. 7B), consistent with an open
chromatin state at these genes. In contrast, the reduction in nucle-
osome occupancy at these three positions of these two genes upon
differentiation was not detectable in Asfla-deleted cells (i.e., EV) or
in cells expressing Asfla (V94R) mutant. However, deletion of
Asfla had no apparent effect on nucleosome occupancy at pro-
moter of housekeeping gene GAPDH in ES and EBs (S Appendix,
Fig. S8B), consistent with the idea that this gene is highly expressed
in ES cells and EBs. Finally, inhibition of transcription had no ap-
parent effect on nucleosomal changes at the promoters of
Gata4 and Gata6 (SI Appendix, Fig. S8C). These results indicate
that the impact of Asfla deletion on nucleosomal changes at
Gata4 and Gata6 during EB formation is unlikely to be caused by a
global change in nucleosome occupancy and/or a consequence of
active antisense transcription. Second, we also analyzed nucleosomal
changes at —1 to —3 nucleosomes surrounding TSS of Sox21 and
Zfpm?2 during ES cell neural differentiation. We found that nucle-
osome occupancy was also reduced at the —1 nucleosome of
Sox21 and from —1 to —3 nucleosomes of Zfpm?2 during neural
differentiation of WT ES cells. Importantly, this reduction was not
detectable in Asfla-KO cells in which changes in nucleosome oc-
cupancy of Nanog and Oct4 were not affected (Fig. 7C). These
results strongly suggest that Asfla is directly or indirectly involved in
nucleosome disassembly at the promoters of at least some of the
lineage-specific genes for their induction during differentiation.

Discussion

How the repressive bivalent chromatin states at lineage-specific
genes are resolved for the activation of these genes during mouse
ES cell differentiation is largely unknown. Here we show that
Asfla, one of the two Asfl isoforms in mammalian cells, is im-
portant for nucleosome disassembly at lineage-specific genes and
the activation of these genes during differentiation, uncovering
an unexpected role of Asfla in mouse ES cell differentiation.
Asfl is best known for its role in nucleosome assembly in yeast
and human cells (48). Budding yeast cells lacking Asfl grow poorly
and accumulate in the G2/M phase of cell cycle (21). In Schizo-
saccharomyces pombe, Asfl is essential for cell viability (49). In
human cell lines, depletion of Asflb, an isoform of Asfl in mam-
malian cells, impairs continued cell proliferation (50). Therefore, it
is surprising that mouse ES cells lacking Asfla or Asf1b do not show
any obvious defects in cell proliferation. We suggest that Asfla and
Asf1b are partially redundant in mouse ES cells despite the fact that
Asfla and Asflb have distinct functions. Consistent with this idea,
we observed that, in Asfla-deleted mouse ES cells, Asflb, which is
not known to bind H3.3 or HIRA, could bind H3.3 and HIRA (S/
Appendix, Fig. S2). Moreover, we could not generate mouse ES cells
lacking Asfla and Asflb despite repeated attempts, suggesting that
mouse ES cells lacking Asfla and Asflb are likely not viable.
Unexpectedly, we made several observations supporting the
idea that Asfla is important for mouse ES cell differentiation.
First, we observed that EBs formed in vitro, which contain three
germ layers, grow significantly smaller in size after deletion of
Asfla, but not Asflb. Gene-expression analysis revealed that
Asfla deletion has no apparent effect on the silencing of plu-
ripotent genes (Nanog and Oct4). Instead, the induction of genes
critical for germ-layer formation was defective and/or dramati-
cally delayed. These results suggest that Asfla is important for
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the regulation of lineage-specific genes during the in vitro random
differentiation of ES cells. Second, Asfla is also indispensable
during ES neural differentiation. In this in vitro differentiation
process, Asfla regulates the expression of a group of genes that are
involved in the neural development process, and this group of genes
is enriched with bivalent genes. Together, these studies support our
conclusion that Asfla is dispensable for the silencing of pluripotent
genes but important for the induction of lineage-specific genes in
these two different in vitro differentiation processes.

How does Asfla manage to regulate a subgroup of genes during
differentiation? Similar as in Drosophila, Asfla could be recruited to
target gene promoters through the associations with TFs. Sup-
porting this idea, we show that Asfla interacts with Nanog and
Oct4. During the in vitro neural differentiation, we found that genes
regulated by Asfla are enriched with the Sox9 binding motif. Sox9 is
a bivalent gene that is important for the induction and maintenance
of multipotent NPs (46). Moreover, we also found that Asfla binds
to the Sox9 promoter and is required for the induction of Sox9
during neural differentiation. These findings support a model in
which Asfla is recruited to target promoters through interactions
with TFs, such as Nanog and Oct4, facilitates the induction of
Sox9 and other key lineage-specific genes, thereby regulating a
subgroup of genes involved in neural differentiation (Fig. 7D).

Asfl is involved in nucleosome assembly and disassembly. We
present two lines of evidence supporting the idea that Asfla’s role in
nucleosome disassembly or histone eviction is important for the
induction of lineage-specific genes. First, we observed that the ability
of Asfla to bind H3-H4 is required for the induction of lineage-
specific genes, but its ability to bind CAF-1 and HIRA is dispensable
for this process. Because Asfl functions in nucleosome assembly by
transferring H3-H4 to downstream chaperones, CAF-1 and HIRA,
these results suggest that Asfla’s role in nucleosome disassembly,
but not nucleosome assembly, is critical for the induction of lineage-
specific genes. Second, we show that nucleosome occupancy de-
creases at four bivalent promoters tested in WT cells in two different
differentiation processes, suggesting that nucleosomes at the pro-
moters of these genes are disassembled. Importantly, Asfla deletion
compromised the reduction in nucleosome occupancy at these four
genes. We noted that Asfla deletion compromised the establish-
ment of H3K4me3 and removal of H3K27me3 at some lineage-
specific promoters during differentiation (Fig. 4G). It is possible
that these effects represent a combination of nucleosome occupancy
and histone modification changes. Nonetheless, these results are
consistent with the idea that Asfla helps evict nucleosomes at these
gene promoters, aiding the establishment of proper histone modi-
fications for gene transcription during differentiation.

Why is nucleosome disassembly important for the induction of
these lineage-specific genes? These genes contain bivalent chromatin
domains, consisting of a large area of nucleosomes modified by
H3K27me3 and smaller regions of H3K4me3. These domains create
a barrier for the association of TFs with their binding sites on the
DNA (19). Therefore, this bivalent chromatin barrier must be re-
solved for gene activation. A recent report indicates that early
postreplicative chromatin lacks H3K27me3 mark after the induction
of ES cell differentiation (51). It is proposed that a delayed nucle-
osome assembly of this mark provides a more accessible chromatin
for the recruitment of TFs. Thus, we suggest that nucleosome dis-
assembly by Asfla at bivalent domains provides another means to
resolve the bivalent chromatin domains at lineage-specific genes,
which in turn facilitates the recruitment of TFs for activation of
lineage-specific genes (Fig. 7D).

Materials and Methods

Cell Culture. Mouse E14 ES cells (provided by Tom Fazzio, University of
Massachusetts Medical School, Worcester, MA) were cultured in standard ES
medium with LIF. Detailed procedures of cell culture and CRISPR/Cas9 targeting
are described in S/ Appendix, Supplementary Materials and Methods.
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In Vitro Differentiation Assays and RT-PCR Analysis. Detailed information of EB
formation and neural differentiation is provided in S/ Appendix, Supplementary
Materials and Methods.

ChIP-Seq and ChIP-Real-Time PCR. A detailed protocol is provided in S/ Ap-
pendix, Supplementary Materials and Methods, and primer sets are listed in
SI Appendix, Table S1.
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