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SUMMARY

Precise control of gene expression during development is orchestrated by transcription factors and co-regulators including chromatin
modifiers. How particular chromatin-modifying enzymes affect specific developmental processes is not well defined. Here, we report
that GCNS, a histone acetyltransferase essential for embryonic development, is required for proper expression of multiple genes encoding
components of the fibroblast growth factor (FGF) signaling pathway in early embryoid bodies (EBs). Gcn5™~ EBs display deficient
activation of ERK and p38, mislocalization of cytoskeletal components, and compromised capacity to differentiate toward mesodermal
lineage. Genomic analyses identified seven genes as putative direct targets of GCNS during early differentiation, four of which are
cMYC targets. These findings established a link between GCNS5 and the FGF signaling pathway and highlighted specific GCN5-MYC

partnerships in gene regulation during early differentiation.

INTRODUCTION

Embryonic stem cells (ESCs) are derived from the inner cell
mass (ICM) of blastocysts, which are early-stage preimplan-
tation embryos. ESCs have the ability to remain pluripotent
and self-renew or to differentiate into multiple cell lineages.
ESC identity and subsequent differentiation are controlled
by intricate networks of transcription factors and signaling
pathways that drive precise gene expression programs.
Diverse chromatin regulators play important roles in these
networks (Chen and Dent, 2014; Lessard and Crabtree,
2010), but the roles of specific histone modifying enzymes
in ESC self-renewal or lineage specification are poorly
understood.

GCNS was the first histone lysine acetyltransferase (HAT)
to be linked to active gene transcription (Brownell et al.,
1996). GCNS functions within multimember protein
complexes, including SAGA and ATAC in multicellular
organisms, to coactivate transcription (Baker and Grant,
2007; Koutelou et al., 2010; Timmers and Tora, 2005). In
yeast, GcnS-containing complexes are recruited to target
genes via interactions with specific DNA-binding factors,
but only a few such partners, such as cMYC and nMYC,
have been defined in mammalian cells (Hirsch et al., 2015;
Martinez-Cerdeno et al., 2012; Zhang et al., 2008a). SAGA
has also been suggested to act as a general transcription

factor in yeast, widely enhancing expression of active genes
(Baptista et al., 2017; Bonnet et al., 2014).

Genetic studies in mice revealed that both GCNS and
its catalytic activity are essential for normal development
and embryo survival. Gen5~/~ embryos die soon after
gastrulation and exhibit increased apoptosis in meso-
dermal lineages (Xu et al., 2000). Gen$ catalytic mutant
mice survive until mid-gestation but develop cranial
neural tube closure defects (Bu et al.,, 2007) due to
abnormal retinoic acid signaling involving a nonhistone
substrate of GCNS5 (Wilde et al., 2017). These findings
indicate that GCNS5-containing complexes have both
HAT-dependent and -independent functions in early
development. The phenotypes of GcnS5 mutant mice
also support a selective role for this HAT in gene
regulation, as loss of general transcription factors often
leads to early lethality prior to embryo implantation
(Tudor et al., 1999).

Our previous studies defined GCNS as an important
coactivator for MYC and E2F family transcription factors
in the regulation of cell-cycle genes involved in ESC self-
renewal (Hirsch et al., 2015) and pointed to the involve-
ment of GCNS in early ESC differentiation (Lin et al.,
2007). However, early developmental processes and associ-
ated signaling pathways modulated by GCNS have not yet
been defined.
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Fibroblast growth factor (FGF) signaling is required for
multiple stages of early embryonic development, from
segregation of trophectoderm and primitive endoderm
from the ICM (Chazaud et al.,, 2006; Georgiades and
Rossant, 2006; Kang et al.,, 2017; Yamanaka et al., 2010)
to specification of primitive ectoderm and the primitive
streak (Ciruna and Rossant, 2001), which in turn determine
the fate of epiblast. ESC-based studies indicate that FGF
signaling is involved in both pluripotency maintenance
and lineage specification in vitro (Kunath et al., 2007;
Lanner and Rossant, 2010; Ying et al., 2008). However,
how epigenetic factors contribute to FGF-mediated gene
regulation during early development is unclear.

Here, we use ESCs bearing a floxed allele of Gcn to define
GCNS functions in embryoid body (EB) differentiation.
Morphological and molecular analyses of GenS™™ and
Gcn5™~ EBs reveal an important role for GCN5 in the
regulation of FGF signaling during early differentiation of
EBs and confirm the importance of GCNS for proper
expression of select MYC target genes.

RESULTS

Gcn5 Loss Leads to Epiblast Disorganization In Vitro
The early lethality of Gcn5 ™/~ embryos poses challenges for
detailed molecular studies, so we developed ESCs that carry
a floxed allele of GenS (Hirsch et al., 2015) to define path-
ways regulated by GCNS during ESC differentiation
in vitro. Before Cre-mediated recombination, the Gcns
floxed allele behaves as wild-type, and mice homozygous
for this allele (GenS™™) show no overt phenotypes (Lin
et al., 2008). After Cre exposure, exons 3-18 of Gcn5 are
deleted, creating a null allele (GcnS .

ESCs readily aggregate when cultured in suspension
without inhibitors of differentiation (leukemia inhibitory
factor [LIF] and 2i) and undergo stepwise morphological
changes to form distinct three-dimensional structures.
Hallmark events of this process include visceral endoderm
differentiation (VE) and basement membrane (BM) assem-
bly (days 2-3), followed by polarized epiblast formation
from the inner cells and the clearance of a central cavity
(days 4-6) (Li et al., 2003). These sequential events recapit-
ulate transitions from formation of the ICM through
embryonic gastrulation, thereby providing opportunities
to define molecular events in vitro that might contribute
to the death of Gen5™/~ embryos shortly after gastrulation
in vivo (Xu et al., 2000).

We initially observed that Gen5~~ EBs were much
smaller than Gcn5™™ EBs at day 9, when all three germ
layers should be formed (Figure 1A). However, at day 3,
Gen5~/~ EBs were not obviously different from controls.
By day 5, Gen5~/~ EBs began to suffer more breakage than
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the control EBs (Figure 1A), suggesting that null EBs were
structurally fragile or that they were in the process of dying.
However, cleaved Lamin A levels were not increased in day
5 Gen5~/~ EBs (Figure S1A), indicating that GenS loss did
not induce apoptosis. Immunoblots of H3S10p (Fig-
ure S1A), a marker for mitotic cells, also indicated that dele-
tion of Gen5 did not inhibit cell proliferation. Global levels
of H3K9ac were comparable in Gen5™™ and Gen5~~ EBs at
day 5 (Figure S1B), consistent with the presence of other
HATs (e.g., PCAF) in the EBs. Together these data indicate
that GCNS is required for normal morphology, but not pro-
liferation or survival, in early stages of EB differentiation.

To investigate whether the abnormal morphology of
Gen5~/~ EBs reflects defective formation of VE or BM at
day 5, we performed immunostaining of GATA4 (for VE)
and Laminin (for BM). Since a majority of the inner cells
express early neuroectodermal markers by day 5, we also
used immunostaining of SOX1 to visualize the organiza-
tion of epiblast cells. Laminin staining of the BM showed
little difference between the null and control EBs (Fig-
ure 1B). GATA4 staining was also very similar in Gen5™™
and Gen5~/~ EBs, indicating normal formation and organi-
zation of the VE (Figure 1C). In contrast, SOX1 staining
revealed severe disorganization of the columnar epithelial
morphology of the epiblast in Gen5~~ EBs, indicating
that GCNS is required for normal epiblast formation and
organization.

Compromised Differentiation Potential of Gen5

Null EBs

The epiblast gives rise to all three germ layers (Rivera-Perez
and Hadjantonakis, 2014), so we asked whether Gcn$ loss
affects lineage differentiation. We examined marker genes
that normally exhibit peak expression in the embryonic
epiblast, including Fgf5 and Otx2 (Kamiya et al., 2011;
Kurokawa et al., 2004; Sumi et al., 2013; Yamanaka et al.,
2010), and confirmed lower expression levels in the null
epiblasts at day 5 (Figure 2A). We then used mass cytometry
to more fully assess the composition of cell populations
within the control and null EBs (Bendall and Nolan,
2012) (Figure S2 and Table S1). Day 5 EBs were dissociated
and stained with antibodies specific for markers for either
pluripotent cells or germ layer progenitors (Table S1). The
antibodies were labeled with nonradioactive isotopes of
rare earth metals with distinct atomic masses, which are
distinguished by mass cytometry and serve as reporters
for the labeled cells. This approach allowed us to delineate
multiple lineages simultaneously and compare the compo-
sitions of heterogeneous populations in day 5 EBs. SPADE
(spanning-tree progression analysis of density-normalized
events) analysis was used to visualize and categorize
populations based on combinatorial marker expression
(Table S1) and to quantify the mass cytometry data.
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Figure 1. Loss of Gcn5 Leads to Disorgani-
zation of Epiblast Cells during Early
Differentiation

(A) Bright-field images of differentiating
EBs at days 3, 5, and 9, comparing EB
morphology between Gen5™* and Gens™~
EBs. Scale bar, 200 pM.

(B and C) Representative immunofluores-
cence/confocal images of EB architecture in
day 5 Gen5% and Gen5~ EBs, with (B)
Laminin (red) staining for BM and (C) GATA4
(green) staining for VE, and SOX1 (magenta)
and DAPI (blue) staining for nuclei of the
epiblast. Scale bars, 100 uMin (B) and 50 uM
in (C).

See also Figure S1.
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The results indicated that Gecn5~/~ EBs contained signifi-
cantly lower numbers of endodermal and mesodermal cells
relative to Gen5™™ EBs, whereas comparable numbers of
cells were observed for pluripotent populations (Figures
2B, S3A, and S3B). Decreased mesoderm populations in
the Gen5 ™/~ EBs were confirmed across four replicate exper-
iments (Figures S3A and S3B). The ectoderm population in
the null EBs was unchanged in cell number (Figure 2B,
right), although the ectoderm region in the SPADE tree
showed changes in some nodes (Figure 2B, left), likely
due to specificity limitations of the antibodies used to
define ectoderm (Figure S2). Decreased expression of all
germ layer markers was observed in late-stage GcnS ™/~
EBs (days 9 and 12) (Figure 2C), likely stemming from the
earlier defects observed at day S.

To further confirm the effects of Gecn5 loss on mesoderm
and endoderm formation, we utilized a monolayer differ-
entiation protocol to direct ESCs toward these lineages
(Villegas et al., 2013). Again we observed significantly
decreased expression of mesoderm-specific genes (7, FIk1,
and Pdgfrb), but in contrast to the results in EBs, expression
of endoderm-specific genes was unaffected (Gata4) or upre-
gulated (Sox17 and FoxA2) in GenS™/ cells differentiated in
monolayer (Figure S3C). Altogether these results indicate

that GCNS is most important for mesoderm formation
during ESC differentiation, reminiscent of our previous
findings in Gen5~/~ embryos (Xu et al., 2000).

Expression Profiling Reveals a Regulatory Role for
GCNS in FGF Signaling
GCNS acts as a transcriptional coactivator in the context of
the SAGA and ATAC complexes (Koutelou et al., 2010;
Spedale et al.,, 2012; Suganuma et al.,, 2008). To better
understand the molecular basis underlying the defects
caused by GenS loss, we performed RNA sequencing
(RNA-seq) to compare gene expression profiles in day 3
and day S control and null EBs. Total RNA from three
technical replicates of Gen5™™ and GenS5~~ EBs were
sequenced, and key gene expression changes were
confirmed using a second biological replicate (EBs gener-
ated from a separate matched pair of GenS™™ and Gens ™~
ESCs) by quantitative real-time polymerase chain reaction
(PCR). These time points were chosen to define both early
events (day 3) and events that coincide with the onset of
the abnormal phenotype of Gen5~/~ EBs (day 5).

Principal component analysis revealed significant differ-
ences in gene expression profiles between day 3 and day 5
EBs, consistent with developmental progression over time.
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Of note, differences in the gene expression profiles
between null and control EBs were less pronounced at
day 3 than at day 5 (Figure 3A), with 754 genes exhibiting
altered expression in day 5 null EBs, whereas 158 genes
were affected in day 3 nulls (Figure S4A). These data
indicate that Gen5 loss more significantly affects gene
expression programs at day 5, consistent with the timing
of the onset of GenS null morphological phenotype. There-
fore, we focused further detailed analyses on differences in
gene expression observed at day 5.

Gene set enrichment analysis revealed significant
downregulation of several biological processes in the null
EBs at day 5, with multicellular organismal development
(MOD) and cell surface receptor linked signal transduction
(CSRLST) among the most affected (Figure 3B). In the
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MOD category, 15 of 50 genes were among the core enrich-
ment group in the null EBs, including Pax5, Msx2, Glil,
Spry2, and Mest, which are all important for early develop-
ment or ESC differentiation (Lee et al., 2016; Szabo et al.,
2009; Tefft et al., 1999; Urbanek et al.,, 1997; Wu et al.,
2015) (Figure S4B and Table S2). In the CSRLST category, 7
of 30 genes were in the core enrichment group, including
Grb10, the most downregulated gene in the null EBs (Fig-
ure S4C and Table S3). Consistent with these results, Ingenu-
ity Pathway Analysis (IPA) identified a number of signaling
pathways to be significantly altered in the null EBs. Interest-
ingly, four of the seven top-ranked affected pathways were
intimately linked to FGF signaling, including regulation of
epithelial-to-mesenchymal transition, STAT3, FGF, and
growth hormone signaling pathways (Figure 3C).
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FGF ligands and their receptor tyrosine kinases control
multiple developmental processes, including cell prolifera-
tion, survival, differentiation, and migration (Brewer et al.,
2016). We confirmed that expression of key genes in the
FGF pathway, including Fgf3, Fgf4, and Spry4, was altered
in the Gen5™/~ EBs using quantitative real-time PCR. We
also confirmed that Grb10, an effector of insulin signaling
(Desbuquois et al., 2013; Yu et al., 2011), was strongly
downregulated. Conversely, effector genes such as Stat3
and Prkca were upregulated (Figure 3D).

Connections between Defective FGF Signaling and
Morphological Abnormalities of Gcn5~/~ EBs at Day 5
To link the above changes in gene expression to the status
of FGF signaling intermediates in Gcn5~~ EBs, we exam-
ined levels of FGFR1 and phosphorylation of ERK, p38,

c-RAF, and AKT by immunoblotting (Figures 4A and 4B).
FGFR1 protein levels and activated, phosphorylated forms
of both ERK and p38 (P-ERK and P-p38, respectively) were
notably decreased in Gcn5~/~ EBs, indicating deficient
activation of the RAS/MAPK pathway. In contrast, levels
of activated AKT (P-AKT) and P-c-RAF-Ser259 were
unchanged or slightly increased. Levels of phospholipase
C-y did not change (data not shown), even though Prkca
mRNA was upregulated in the null EBs.

To relate these molecular changes back to the morpho-
logical phenotypes of the GenS™~ EBs, we examined the
organization of cytoskeletal components regulated by
ERK and p38 signaling (Huang et al., 2004) using Airyscan
(Zeiss) laser-scanning confocal microscopy. We first
assessed filamentous actin (F-actin) in day 5 EBs using
phalloidin staining. In epiblasts of EBs or early embryonic
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epithelial structures, F-actin localizes to the periphery of
epithelial cells and is particularly enriched at apical sites
of columnar epithelial cells (Loebel et al., 2011; Sakai
etal., 2003). This staining pattern was observed as expected
in Gen5™™ EBs. In contrast, Gens ™/~ EBs displayed reduced
apical distribution of F-actin, primarily in the inner cells
(epiblast) (Figure 4C). Airyscan images of vimentin staining
also indicated altered localization and decreased staining
intensity of this intermediate filament protein in Gens ™~
EBs (Figure 4C). Depletion of vimentin was further
confirmed by immunoblotting (Figure 4D). These findings
suggest that insufficient activation of ERK and p38 upon
Gcn$ loss affects F-actin and vimentin organization during
early differentiation, in concordance with disorganized
epithelial architectures of the inner cell layer observed in
the null EBs (Figure 1C). Defective ERK signaling is also
consistent with decreased mesoderm differentiation
(Binetruy et al., 2007) in Gen5~~ EBs (Figure 2) and
embryos (Xu et al., 2000).
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Figure 4. Abnormal Activities of the FGF
Signaling Pathway in Day 5 Gcn5 7~ EBs
1B (A) Representative immunoblots showing
decreased phosphorylated forms of ERK and
p38 in the Gen5 null EBs at day 5.
(B) Representative immunoblots showing
the AKT pathway is affected to a lesser
degree in the null EBs at day 5.
(C) Zeiss LSM 880 confocal Airyscan images
showing disorganization of F-actin (red) and
vimentin (green) in day 5 null EBs. Scale
bars, 10 puM.
(D) Representative immunoblots showing
decreased vimentin in Gen5~~ EBs at day 5.
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Decreased Gene Expression and Reduced H3K9%ac at
Gene Promoters Identified Likely Direct Targets of
GCN5

To identify genes directly regulated by GCNS in EBs at the
epiblast stage, we attempted chromatin immunoprecipita-
tion sequencing (ChIP-seq), but we were not successful
using either commercially available antibodies for GCNS5
or a biotin-tagging system (Hirsch et al., 2015) in differen-
tiating ESCs. Since histone H3 lysine 9 (H3K9) is a well-
characterized substrate for GCNS (Jin et al.,, 2011; Kuo
et al., 1996), we performed H3K9ac ChIP, using the same
control and Gen5~/~ EBs used for RNA-seq. We reasoned
that localized decreases in H3K9ac in the Gen5~/~ EBs
might identify genes that uniquely require the presence
of this HAT for proper regulation. As global levels of
H3K9ac were not affected by Gen5 loss (Figure S1B), regions
identified by this approach will likely provide an underesti-
mate of GCNS targets due to redundancies with PCAF and
possibly other HATs.
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We identified 173 H3K9ac peaks that were decreased in
the Gen5~~ EBs, the majority (154) of which were located
near gene promoters. Gene annotation identified 238
genes likely driven by these promoters, with occasions
where H3K9ac peaks fell in putative promoter regions asso-
ciated with more than one gene. We also uncovered 144
H3K9ac peaks that increased upon Gcn$ loss, yet only 30
of those peaks were near the promoters, associated with
31 genes. These data are consistent with the gene-specific
coactivator role of GCNS in gene transcription (Figure 5A).
Comparison of genes identified in our analyses as having
decreased H3K9ac promoter peaks with ENCODE ChIP-seq
data (Auerbach et al., 2013) identified candidate transcrip-

tion factors that might recruit GCNS to these regions
(Table S4). Top TFs identified by this approach include
HCFC1 (Q value 1.25 x 10~77), a nuclear protein known
to associate with GCNS-containing complexes (Wang
et al., 2008), as well as TBP (Q value 1.69 x 107> and
CTCF (Q value 3.77 x 107°9). Strikingly, a number of
MYC family members, including MAX, MXI1, and cMYC,
were also identified by this approach, consistent with our
previous work connecting GCN5 to MYC functions in
both ESCs and during somatic cell reprogramming.

To better determine which of these regions might reflect
genes directly activated by GCNS5, we compared genes with
decreased H3K9ac at their promoters with genes identified
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as downregulated more than 2-fold by RNA-seq. Only
seven genes were both downregulated and decreased in
H3K9ac. Three of these genes, Grb10, Gldc, and Nmnat,
further reinforce the link among GCNS5, metabolism, and
signaling (Figures 5B and 5C). The other four genes
(Rps6ka2, Mthfd2, Bcatl, and Srm) are directly regulated
by cMYC (Ben-Yosef et al., 1998; Pikman et al., 2016;
Snezhkina et al., 2016) (Figure 5B). Myc is induced by
most mitogenic factors, including FGFs (Grandori et al.,
2000). We observed decreased cMYC protein levels upon
loss of GenS5 (Figure 5D), consistent with a previous
report in a different cellular system (Patel et al., 2004).
ChIP-qPCR confirmed MYC recruitment to the promoter
regions of Rps6ka2, Mthfd2, and Bcatl in Gen5™™ EBs and
loss of MYC from these regions in Gcn5 ™/~ EBs at day 5 (Fig-
ures 5C and SE). These findings further highlight the
GCNS5-MYC partnership in gene regulation during early
differentiation of EBs.

DISCUSSION

Our findings reveal that loss of GenS strongly affects FGF
signaling at multiple levels during early differentiation of
EBs, with decreased expression of Fgfs and FGFR1 and
deficient activation of ERK and p38. Moreover, GenS loss
leads to direct downregulation of specific genes involved
in signaling and metabolism as well as discrete MYC gene
targets (Figure 6).

FGF signaling regulates both migration and patterning of
mesoderm during gastrulation (Ciruna and Rossant, 2001).
Failures in the execution of this pathway are consistent
with the abnormal cytoskeletal organization and defective
mesoderm formation observed in Gens ™~ EBs. In addition,
identification of Bcatl, Rps6ka2, Mthfd2, and Srm as likely
direct targets of GCNS5, which exhibit decreased expression
upon GenS loss along with reduced MYC binding and dimin-
ished H3K9ac at their promoters, provides further evidence
that GCNS is an important coactivator for MYC during early
differentiation. These genes are known to be immediate-
response, MYC target genes induced by FGF signaling.

Another notable common function of the direct targets
of GCNS identified here is that they regulate metabolism
and growth downstream of AKT and/or ERK signaling,
either positively (Nmnat2, Bcatl, Gldc, Mthfd2, and Srm)
or negatively (Grb10, Bcatl, and Rpsé6ka2) (Figure 5B)
(Gerdts et al., 2016; Pai et al., 2015; Pikman et al., 2016;
Serra et al., 2013; She et al., 2007; Shi et al.,, 2012; Yu
et al., 2011). Altered carbon metabolism induced by these
gene expression changes could further derail differentia-
tion (Garcia-Prat et al., 2017; Hu et al., 2016).

In addition to histones, GCNS acetylates nonhistone
proteins that may indirectly regulate gene transcription

294 Stem Cell Reports | Vol. 10 | 287-299 | January 9, 2018

Gcn 5/)(/?)(

PHENOTYPE

Gen5”

- Disorganized epiblast

- Defects in cytoskeleton - Smaller size
(F-actin, vimentin) { Germlayer gene
| Mesoderm fated expression
populations
" Insulin/IGF FGFs ¢
n
(=] INSR/IGFR FGFR1
: Yy
S @ GRB10—]
=2
3 / / l \\~ PKC®
5 PI3K RAS
& /  seRvae | N\~ STATR®
AKT p38® ERK®
Bcat1

Mthfd2 GON5 Grb10
HaK9ac Rps6kaz HaK9ac Glde
Srm Nmnat2

Figure 6. GCN5 Affects Multiple Components of the FGF
Signaling Pathway and Activates Selective Targets during Early
Differentiation

Top: the abnormal phenotype of Gcn5~~ EBs becomes evident
early during EB differentiation (day 5). Loss of Gecn5 leads to
disorganization of the epiblast architecture that is associated with
defective cytoskeleton networks (F-actin and vimentin) and
decreases in progenitors fated for mesoderm. At later stages of
differentiation (days 9 and 12), Gen5~~ EBs are smaller in size and
express lower levels of marker genes for ectoderm (blue), endoderm
(green), and mesoderm (magenta), compared with the controls.
Lighter shades indicate decreased expression levels of marker genes
for each population. Middle: at day 5, GCN5 affects expression of
multiple genes encoding critical components in FGF signaling and
for proper activation of ERK and p38 pathways. Solid diamond, up
(red) or down (green) regulated transcripts; open diamond (green),
decreased protein expression; double open diamond (green),
decreased protein phosphorylation. Bottom: at day 5, GCN5 is
required for activation of genes important for signaling through
promoter-associated H3K9ac, including four cMYC targets (blue).

TRANSCRIPTION(EB D5)

or function outside of gene regulation (Conacci-Sorrell
et al., 2010; Jin et al., 2014; Wilde et al., 2017). For
example, GCNS pairs with MYC-nick, a CALPAIN-cleaved



cytoplasmic derivative of MYC, to acetylate alpha-tubulin
(ac-aTUB) and to regulate cytoskeleton organization and
differentiation of myoblasts (Conacci-Sorrell et al.,
2010). We found that total ac-aTUB levels in GcnS null
EBs at day 5 were unchanged (data not shown), but we
cannot exclude contributions of changes in acetylation
of other targets to the developmental phenotypes we
observe.

Our previous genetic studies showed that Gen5 ™~ ;Peaf ™/~
embryos die earlier than Gcn5™/~ embryos, even though
Pcaf deletion on its own causes no abnormal phenotype
(Xu et al., 2000; Yamauchi et al., 2000). These findings
indicate that GenS and Pcaf have shared functions during
early development. The lack of global changes in H3K9ac
and limited changes in H3K9ac at gene promoters observed
in day 5 Gcn5S/~ EBs is consistent with functional
redundancy with PCAF and possibly other HATs. Nonethe-
less, compensatory H3K9ac by PCAF did not prevent
defective morphology and signaling in the early Gens ™~
EBs, suggesting that GCNS5 and H3K9ac are uniquely
required for regulation of specific genes during early
differentiation.

GCNS is most active in vivo when incorporated into
SAGA and ATAC in mammals (Koutelou et al.,, 2010;
Wang et al., 2008). Our studies do not differentiate the
functions of the two complexes, and the phenotypes we
observe may reflect loss of activity of both. However,
knockout of Atac2, a component of ATAC but not SAGA,
did not cause defects in lineage differentiation (Suganuma
et al., 2008), as was observed in Gecn5 ™/~ embryos, suggest-
ing SAGA may be most important for these early develop-
mental events.

Interestingly, more genes were upregulated upon loss
of GenS (at both days 3 and 5) than were downregulated,
in contrast to the role of GCNS as a coactivator of tran-
scription. Many of these events are likely indirect effects
of Gen$ loss, although we cannot exclude the possibility
that GCNS5 may be involved in gene repression during
early differentiation. Indeed, a recent study revealed
that another HAT, TIP60, acts as a transcriptional
repressor in ESCs (Fazzio et al., 2008). Notably, many
of the genes upregulated upon Gcn5 loss are involved
in acute phase response and interferon signaling (data
not shown), consistent with our previous work in fibro-
blasts that indicated GCNS5 and PCAF repress inter-
feron-p expression by targeting a nonhistone substrate,
TBK1 (Jin et al., 2014).

Abnormal regulation of growth-factor-driven pathways
drive oncogenesis (Giancotti, 2014). Our findings here
suggest that GCNS5 may also be important in cancers
associated with deregulation of FGFs. Future work will explore
this possibility, as well as the therapeutic potential of target-
ing GCNS to inhibit growth or progression of these cancers.

EXPERIMENTAL PROCEDURES

ES Cell Culture and Differentiation

Gen5™™ and Gen5~/~ ESC lines were generated and characterized
previously (Hirsch et al., 2015). ESCs were routinely grown
on gelatin-coated plates in Dulbecco’s modified Eagle’s
medium (DMEM)/high glucose (HyClone, SH3002201) medium
supplemented with 15% (v/v) ESC-screened fetal bovine
serum (HyClone, SH3007003E), 2 mM L-glutamine (HyClone,
SH3003401), 0.1 mM nonessential amino acids (Corning,
MT25025CI), 1% (v/v) penicillin/streptomycin (HyClone,
SV30010), 0.1 mM B-mercaptoethanol (BME) (Fisher, 03446I-
100), 1000 U/mL LIF/ESGRO Millipore, ESG1107), 1 pM
PD0325901 (Sigma, PZ0162) and 3 pM 1-azakenpaullone (Sigma,
A3734), and passaged every 2-3 days.

For EB differentiation, 3 x 10° cells/well were plated in ultra-low
attachment six-well plates in differentiation medium without LIF
or 2i-s. Media were replaced every other day by settling the EBs at
low speed centrifugation (100 X g for 1 min). The differentiation me-
dium was DMEM/high glucose:F12 (Cellgro, MT10080CV):neuro-
basal medium (Gibco, 21103049) (1:1:2) supplemented with 10%
KnockOut Serum Replacement medium (Gibco, A3181502), 2 mM
L-glutamine, 1% (v/v) penicillin/streptomycin, and 0.1 mM BME.

Immunofluorescence and Confocal Imaging

EBs were washed once in PBS/1% BSA and fixed in 4% paraformal-
dehyde (PFA) for 30 min at room temperature. The fixed EBs were
incubated in 7.5% sucrose/PBS for at least 1 hr at room temperature,
then in 15% sucrose/PBS at 4°C overnight. The EBs were then
embedded in Tissue-Tek OCT compound (Electron Microscopy
Sciences, 62550-12) and incubated for 10 min at room temperature
with agitation before they were frozen in liquid nitrogen (LN2).
Frozen sections (8 M) were fixed in 2% PFA for 2 min then blocked
with PBS containing 0.1% Tween 20 (Fisher, BP337-500) (PBT) and
5% normal donkey serum (Millipore, S30-100ML) for 30 min at
room temperature. The blocked sections were incubated with pri-
mary antibodies diluted in blocking buffer overnight at 4°C. The
slides were washed with PBT three times for a total 15 min, followed
by incubations with fluorescence-conjugated secondary antibodies
for 40 min at room temperature. DAPI staining was performed after
washing off the secondary antibodies. The slides then were washed
with PBT and mounted with coverslips using ProLong Gold
Antifade mounting medium (Invitrogen, P36930). The slides were
imaged on a Zeiss LSM 880 laser-scanning microscope. Airyscan
detector array was used to image the cytoskeletons. Standard
pinhole was used to image the markers for lineages, proliferation,
and apoptosis. The antibodies used are listed in the Supplemental
Experimental Procedures.

Expression Analysis

EBs were harvested and total RNA was isolated using an RNeasy
mini plus kit (QIAGEN, 74134) following the manufacturer’s
instructions. Total RNA (10-20 ng) was used per reaction, and
quantitative real-time PCRs were performed on a 7500 Fast Real-
Time PCR System (Applied Biosystems, 4351107) using the Power
SYBR Green RNA-to-CT1-Step Kit (Life Technologies, 4389986).
Three technical replicates were performed for each gene target
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tested and Pbgd was used as a reference gene for quantification. A
two-tailed Student’s t test was used for pairwise comparisons.
Primers used are listed in Supplemental Experimental Procedures.

RNA Sequencing

Total RNA libraries were prepared from three independent experi-
ments using the [llumina TruSeq stranded total RNA kit according
to the manufacturer’s protocol, except that the PCR amplification
was reduced to eight cycles. Each library (10 pM) was sequenced on
an Illumina HiSeq 2500. The reads were mapped to the mouse
genome (mm10) by TopHat (version 2.0.10) (Kim et al., 2013)
with an overall mapping rate of 84%-94%. DESeq (Anders and
Huber, 2010) was used for differential gene expression analysis.
Details of RNA-seq analysis are described in Supplemental Experi-
mental Procedures.

ChlIP, qPCR, and Deep Sequencing

Day 5 EBs (Gen5™™ and Gen5~~) were washed once with PBS
and dissociated using Accutase cell dissociation reagent (Gibco,
A1110501). ChIPs were performed as previously described (Wen
et al., 2014) with modifications in chromatin sonication. Details
are included in Supplemental Experimental Procedures.

qPCRs were performed on a 7500 Fast Real-Time PCR System
using ChIP DNA from three replicative experiments and Power
SYBR Green PCR Master Mix (Life Technologies, 4367659).
Student’s t test was used for pairwise comparisons. Primers used
are listed in Supplemental Experimental Procedures.

ChIP DNA from four independent experiments, including two
replicates for each isolate pair (Gen5™™ and Gen5~7), were used
for deep sequencing. Detailed ChIP library preparations are
described in Supplemental Experimental Procedures. Each library
(10 pM) was sequenced on an Illumina HiSeq 3000. Raw reads
were aligned to mouse genome mm1l0 using bowtie (version
1.1.2) (Langmead et al.,, 2009). H3K9ac peaks were called by
MACS (version 1.4.2) (Zhang et al., 2008b) using H3 as control.
Detailed ChIP-seq data analysis is included in Supplemental Exper-
imental Procedures.

Mass Cytometry and Data Analysis
Sample preparation for mass cytometry was performed as previ-
ously described (McCarthy et al., 2017a). Briefly, EBs were dissoci-
ated using Accutase, stained with cisplatin for viability at 25 uM for
1 min at room temperature, then quenched using PBS containing
1% BSA. The cells were fixed in 1.5% PFA for 10 min at room
temperature, then permeabilized with methanol (1 mL per million
cells) and incubated overnight at 4°C. Samples were barcoded
(McCarthy et al., 2017b), pooled, and immunostained with the
panel of antibodies shown in Supplemental Experimental Proced-
ures. Cells were stained with 1:2000'°*/1°3 jridium (Ir) DNA inter-
calator (Fluidigm), 62.5 nM final, for 10 min at room temperature.
The samples were combined with EQ Four Element Calibration
Beads (Fluidigm) then diluted with water to a concentration of
5 x 10° cells/mL and run at 45 pL/min on a CyTOF 2 mass
cytometer (Fluidigm). Data were normalized on bead passport
using CyTOF software (v6.0.626; Fluidigm).

Initial data processing and gating was done with FlowJo vX10.0.
EQ Four Element Calibration Beads were removed, and data were
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gated on singlets by Ir193 and Event Length parameters. Removal
of dead cells was done in the Pt198 channel. SPADE analysis of the
data was performed using SPADE V3.0 (Qiuetal., 2011) in MATLAB
12015b (Mathworks). SPADE tree construction was performed
using agglomerative clustering on all markers listed in Table S1.
Annotation of SPADE tree regions was done according to marker
distribution as shown in Figure 52, and cell percentages in each re-
gion were calculated for all samples. Percentages were normalized
relative to mean Gcn5™7, and statistical significance was deter-
mined by the Wilcoxon rank-sum test performed in MATLAB using
the ranksum function.

Immunoblotting

Whole-cell lysates (WCL) were prepared from D5 EBs using RIPA
buffer. Nuclear extracts (NEs) were prepared following the
Dignam-Roeder protocol (Dignam et al., 1983). All buffers con-
tained protease inhibitor cocktail (Sigma, P8340) and phosphatase
inhibitor cocktail (Roche, 04906845001). WCL or NE (10-20 ng)
was resolved on 4%-12% Bis-Tris protein gels (WG1402BOX). Pro-
teins were transferred to nitrocellulose membranes (Invitrogen,
IB23001) using an iBlot2 (Life Technologies, 1B21001), then
blocked and incubated with primary antibodies following standard
procedures. Primary antibodies were detected with peroxidase-con-
jugated secondary antibodies (1:8,000) and Amersham ECL prime
western blotting detection reagent (GE Healthcare, RPN2232)
following the manufacturer’s instructions. The antibodies used
are listed in the Supplemental Experimental Procedures.
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