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CBP and Gcn5 drive zygotic genome activation
independently of their catalytic activity
Filippo Ciabrelli1, Leily Rabbani1†, Francesco Cardamone1,2, Fides Zenk1‡, Eva Löser1,
Melanie A. Schächtle1§, Marina Mazina1, Vincent Loubiere3, Nicola Iovino1*

Zygotic genome activation (ZGA) is a crucial step of embryonic development. So far, little is known about the
role of chromatin factors during this process. Here, we used an in vivo RNA interference reverse genetic screen to
identify chromatin factors necessary for embryonic development inDrosophila melanogaster. Our screen reveals
that histone acetyltransferases (HATs) and histone deacetylases are crucial ZGA regulators. We demonstrate that
Nejire (CBP/EP300 ortholog) is essential for the acetylation of histone H3 lysine-18 and lysine-27, whereas Gcn5
(GCN5/PCAF ortholog) for lysine-9 of H3 at ZGA, with these marks being enriched at all actively transcribed
genes. Nonetheless, these HATs activate distinct sets of genes. Unexpectedly, individual catalytic dead
mutants of either Nejire or Gcn5 can activate zygotic transcription (ZGA) and transactivate a reporter gene in
vitro. Together, our data identify Nejire and Gcn5 as key regulators of ZGA.
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INTRODUCTION
Upon fertilization, the first stages of embryonic development rely
exclusively on maternally deposited transcripts and proteins (1).
During the mid-blastula transition, as the supply of maternally de-
posited factors declines, zygotic transcription will commence in a
process known as zygotic genome activation (ZGA) (1–3). The
onset time varies depending on the organism (4–8). ZGA is gener-
ally thought to occur in two main phases, although a more contin-
uous model of activation has also been proposed (9). In the first
minor wave, a few hundred genes are transcribed between nuclear
cycles 8 and 13 (7–11). Those genes are usually short and intronless,
and they rely on the pioneer transcription factor Zelda (5, 7, 9, 12,
13). During the second major wave at nuclear cycle 14, about 6000
genes start to be transcribed in a narrow time window (7–9, 14, 15).
This massive transcriptional awakening coincides with nuclear cel-
lularization and is defined as stage 5 of embryogenesis (16).

Research on ZGA has mainly been centered on the key role of
pioneer transcriptional factors. The most prominent example is
Zelda (12, 13, 17). While Zelda binds several thousand genomic
regions in the early embryo, the expression of only approximately
600 genes directly depends on its presence (12, 13, 18, 19). Other
transcription factors have been linked with ZGA as well, e.g.,
Stat92E (20), Clamp (21, 22), GAF (23, 24), and Odd-paired (25),
but only small subsets of zygotic genes depend on them.

Chromatin regulation plays a central role before and during ZGA
as well, in both vertebrate and invertebrate models (15, 26–31). For
instance, in Drosophila, intergenerational epigenetic inheritance of
the histone marks H4K16ac and H3K27me3 are essential for the

correct activation and repression of the embryonic genome, respec-
tively (29, 30). Replacement of the maternally deposited histone
BigH1 with the canonical histone H1 is also important for ZGA
(32). More recently, we have shown that deposition of the histone
variant H2Av before the second wave of ZGA is crucial for the ac-
tivation of more than 4000 zygotic genes at ZGA (15). Nonetheless,
although chromatin modifiers of the trithorax and Polycomb
groups have been shown to activate and silence the expression of
key early developmental genes (33), little is known about the role
of chromatin factors involved in Drosophila ZGA.

In this work, we designed a reverse genetic screen to identify
chromatin factors, whose maternal depletion affects embryonic vi-
ability. Top hits included histone acetyltransferases (HATs) and
histone deacetylases (HDACs), whose maternal depletion affected
both the early zygotic transcriptome and embryonic morphology.
Focusing on Nejire and Gcn5, we show that these two HATs regu-
late two distinct sets of genes. During ZGA, the two enzymes are
responsible for acetylation of histone H3 on residues H3K18 and
H3K27 or H3K9ac, respectively. Notably, however, the catalytic ac-
tivities of either Nejire or Gcn5 are not necessary for correct ZGA.
These findings build on the growing examples of chromatin’s roles
in regulating correct ZGA and shed light on the role of histone acet-
ylation in gene activation.

RESULTS
A reverse genetic screen reveals chromatin factors involved
in ZGA
To identifymaternally deposited chromatin factors that are required
for ZGA, we carried out an in vivo reverse genetic screen in which
we depleted candidate factors during oogenesis. We initially com-
piled a list of 126 well-established chromatin factors including
histonewriters, erasers, readers, heterochromatin proteins, chroma-
tin remodeling complex components, proteins involved in genome
architecture, Polycomb and Trithorax group proteins, and other
proteins implicated in transcriptional regulation at the chromatin
level (table S1). Most of these candidates do not have DNA
binding domains, with the exception of a few transcription factors
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that have additional roles on chromatin. We then crossed flies ex-
pressing a germline-specific Gal4 driver, which is active from stage 2
of oogenesis onward (matα-Gal4), with flies carrying a Gal4-depen-
dent shRNA (short hairpin RNA) targeting a specific chromatin
factor to generate female flies with germline-specific knockdown
(KD) of each factor (Fig. 1A). Upon fertilization, the resulting
embryos will lack the maternally provided chromatin factor.

Embryos were scored on the basis of reaching the cellularization
stage [cellularization rate (CR)], which coincides with ZGA (14
mitotic divisions after fertilization) and on the basis of completion
of embryogenesis [hatching rate (HR)]. We considered all candi-
dates that showed wild-type egg morphology, a CR ≥ 5%, and a
postcellularization lethality rate (PCLR) ≥ 50% as hits in our
screen (Fig. 1, B and C, and table S1).

Fig. 1. Maternally deposited HATs and HDACs are essential for embryonic development. (A)
Crossing scheme of the reverse genetic screen. F2 embryos are scored for their CRs and for HRs. Fly
images were obained from Biorender.com. (B) Venn diagram of the results of the screen. Positive hits
are selected among 126 candidates by wild-type (WT) egg morphology, CR ≥ 5%, and PCLR ≥ 50%.
PCLR is defined as (CR − HR) / (CR + 0.0001). The numbers of candidates in each category are shown in
parentheses. (C) Scatter plot of the results of the screen. Black-circled orange dots represent positive
hits (n = 17). Noncircled orange dots represent candidates with PCLR ≥ 50% but with abnormal egg
morphology (penetrance from 1 to 100%). Blue dots represent negative hits with PCLR < 50%. Gray dots
represent negative hits with CR < 5%, separated by a dashed line from the rest. Dots represent the
mean, and bars represent SD of three biological replicates of embryo collections (n = 120 per biological
replicate). Arrows point at five positive hits involved in histone acetylation. (D) 4′,6-diamidino-2-phe-
nylindole (DAPI) staining of representative embryos at ZGA (stage 5) and during the beginning of dorsal
closure (stage 14) in lateral and ventral views in control and upon KD. Scale bar, 100 μm. Penetrance (P)
indicates the frequency of observed embryos displaying abnormal phenotypes (n > 100 embryos).
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Overall, we scored 17 hits, several of which are well known to
play essential roles in ZGA, thereby confirming the validity of our
approach. Examples include the histone variant BigH1 (32) and the
Polycomb group proteins E(z), Psc, and Scm (29, 33). Unexpected
by the high number of factors involved in histone acetylation among
the hits, we decided to further investigate their role during ZGA.

Maternally deposited HATs and HDACs are essential for
embryonic development
On the basis of the results of the screen, we selected the HATs Nejire
(PCLR = 100%), Gcn5 (PCLR = 84.5%), and Chameau
(PCLR = 100%), as well as HDAC1 (PCLR = 99.5%) and HDAC3
(PCLR = 100%), for further investigation. The HATs Enok
(PCLR = 29.9%) and HDAC6 (PCLR = 13.3%) served as negative
controls (Fig. 1C). Reverse transcription quantitative polymerase
chain reaction (RT-qPCR) in pre-ZGA embryos (embryonic stage
2) confirmed efficient KD for each of the maternally provided
factors, ranging between 96 and 100% (fig. S1A). The only exception
was Nejire, which showed a 65% KD efficiency (fig. S1A). Neverthe-
less, this level of KD was sufficient to cause a strong lethality phe-
notype (Fig. 1, B and C, and fig. S1A), which could be reproduced
with an additional independent shRNA line (fig. S1B). Western blot
and immunofluorescence experiments confirmed the total loss of
Gcn5 protein and the suboptimal KD of Nejire protein (fig. S1, C
and D).

Next, we analyzed the phenotypes of the different mutants
during embryogenesis. Most of the HATs and HDACs analyzed
in this study showed severe defects suggesting compromised
ZGA. We observed defects in nuclear morphology, loss of pole
cells, and failure in gastrulation, also in line with previously de-
scribed reports (34, 35) (Fig. 1D and fig. S1, E and F). Together,
our results show that maternally deposited HATs and HDACs
play central roles during Drosophila embryonic development.

HATs and HDACs regulate mRNA production in the
early embryo
Next, we tested whether the lethality phenotypes and severe mor-
phological defects of embryos with maternal KD of the selected
chromatin factors are linked to transcriptional misregulation
during ZGA. Notably, RNA sequencing (RNA-seq) experiments
from hand-sorted ZGA embryos comparing KDs of Nejire, Gcn5,
HDAC1, and HDAC3 to control revealed substantial transcriptome
changes, whereas KDs of Enok and HDAC6 had little effect
(Fig. 2A). A total of 6111 genes are actively transcribed at ZGA,
as we previously showed (15); of those, 24.5% are “pure zygotic,”
whereas the remaining 75.5% are classified as “maternal and
zygotic” (fig. S2A). Nejire-KD, mainly affected the expression of
pure zygotic genes. We confirmed this result by performing
RNA-seq from purified nuclei of hand-sorted wild-type and
Nejire-KD embryos (fig. S2B) to reduce the confounding effect of
maternal RNAs. On the other hand, Gcn5-KD mainly affected the
class of maternal and zygotic genes, highly enriched in housekeep-
ing genes. (Fig. 2A and fig. S2A). There is little overlap between
Nejire and Gcn5 down-regulated genes (Fig. 2B and fig. S2C).
HDAC1-KD and HDAC3-KD showed up-regulation of many
pure zygotic genes that were down-regulated in Nejire-KD, suggest-
ing a counteracting effect between these chromatin factors (Fig. 2, A
and B). On the other hand, none of these up-regulated genes is
shared with any Gcn5 target (Fig. 2B). In contrast to ZGA, pre-

ZGA embryo (stage 2) transcriptomes were only moderately affect-
ed by the KDs (fig. S2D). Overall, these data show that Nejire, Gcn5,
HDAC1, and HDAC3 regulate the transcript levels of hundreds of
genes during ZGA.

Gene ontology (GO) analysis revealed that Nejire-dependent
genes are mostly involved in early developmental processes, such
as germ-layer commitment and gastrulation (fig. S2E). In addition,
our data confirmed Nejire-dependent expression of key develop-
mental factors such as twist (36), hh, ci (37) andwg (38). Conversely,
many Gcn5-dependent genes are essential for later stages of devel-
opment, as suggested by GO terms linked to postembryonic devel-
opment and metamorphosis, or they have housekeeping functions.
Moreover, the genes up-regulated upon HDAC1-KD are mainly in-
volved in regulating mesoderm, endoderm, and germline specifica-
tion (fig. S2E).

Core promoter element analysis indicated that Nejire-dependent
genes are enriched in elements frequently found at the promoters of
developmentally regulated genes, such as BREd, BREu, DPE, MTE,
and Pause Button (39). In contrast, Gcn5-dependent genes showed
enrichment of promoter elements commonly found in housekeep-
ing genes, such as DRE, Ohler1, and Ohler7, although BREd and
DPE elements were also present. Moreover, genes up-regulated in
HDAC1-KD showed both core promoter elements of developmen-
tally regulated genes but an even stronger signature of housekeeping
elements (Fig. 2C).

Motif analysis revealed that Nejire-dependent genes often
display enrichment in DNA binding motifs recognized by the
three pioneer factors Zelda, Clamp, and GAF (Fig. 2D). This obser-
vation fits well with the fact that both Zelda and Clamp are involved
in the transcription of important early developmental genes (12, 17,
21, 22). GAF has previously been shown to cooperate with Nejire in
the transcription of highly expressed and paused genes in S2 cells
(40). In summary, these data show how HATs and HDACs regulate
different categories of genes during ZGA.

Nejire and Gcn5 regulate different sets of genes
Intrigued by the limited overlap between Nejire and Gcn5 target
genes (Fig. 2B), the differences in the ontological terms of these
targets (fig. S2E) and their distinct promoter and DNA binding el-
ements (Fig. 2, C and D), we more closely evaluated specific catego-
ries of target genes. We observed a strong overlap (40.3% versus
9.6% expected) between Nejire-dependent genes and Zelda-depen-
dent genes (chi-square test, P < 0.00001) (fig. S3A) (15). Other
Nejire targets showed overlap with zygotic genes that are neither
regulated by Zelda nor regulated by the histone variant H2Av
(33.8% versus 22.8% expected, P <0.00001) (fig. S3A). These
genes are mostly dependent on GAGA factor (23). These results
are further corroborated by high enrichments for Zelda motifs
among Nejire targets (Fig. 2D) and by the severe loss of polymerase
II (Pol II) signal in particular on the strongest Nejire targets [log2
fold change (log2FC) < −1.5] upon Zelda-KD (Fig. 2E) (18).
Notably, Nejire-KD and Gcn5-KD did not affect either Zelda nor
GAF total protein levels and nuclear localization in pre-ZGA and
ZGA embryos (fig. S3, B and C).

Among the early developmental genes, specific transcription
factors are important for anteroposterior axis formation. At ZGA,
20 of 24 of those patterning genes are strongly dependent on Nejire.
In contrast, none of these genes is Gcn5 dependent (fig. S3D). Long
noncoding RNA (ncRNAs) have been often associated with the
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Fig. 2. HATs and HDACs regulate different sets of genes during ZGA. (A) MA plots of RNA-seq experiments at ZGA, comparing KD with control embryos (n = 3
biological replicates of independent embryo collections). Only genes that show a global run-on sequencing (GRO-seq) signal at stage 5 (from here defined as active
genes) are displayed (15). Significantlymisregulated genes (adjusted P≤ 0.05 and log2FC <−1 or log2FC > 1) are highlighted in blue if pure zygotic or in orange if maternal
and zygotic (see fig. S2A for details). Numbers of significantly up or down-regulated genes are indicated. (B) Venn diagram representing sets of ZGA (stage 5) up-regulated
(UP) (adjusted P ≤ 0.05 and P > 1) or down-regulated (DOWN) (adjusted P ≤ 0.05 and log2FC < −1) genes and their overlaps. Only active genes are considered. (C) Motif
enrichment analysis of core promoter elements for some groups of up-regulated (adjusted P≤ 0.05 and log2FC > 1) or down-regulated (adjusted P≤0.05 and log2FC <−1)
ZGA active genes. Core promoter elements are highlighted in blue if typical of developmentally regulated genes and in orange if typical of housekeeping genes. Color
intensity shows –log10 of the adjusted P value. (D) Motif enrichment analysis of transcription factor binding sites for some groups of up-regulated (adjusted P ≤ 0.05 and
log2FC > 1) or down-regulated (adjusted P≤ 0.05 and log2FC <−1) ZGA active genes. Color intensity shows –log10 of the adjusted P value. (E) Heatmaps of active genes at
ZGA. Genes are ranked according to their wild-type over Nejire-KD ratio of RNA-seq levels in column 1, wild-type over Gcn5-KD ratio in column 2, and Pol II chromatin
immunoprecipitation (ChIP) ratio between wild-type and Zelda-KD from 500–base pair (bp) upstream of Transcription Start Site (TSS) to Transcription End Site (TES) from
(18) in column 3. Corresponding log2FC color-coded scale bars are depicted on the bottom.
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expression of regulated genes (41). A total of 79 long ncRNAs are
strongly down-regulated in Nejire-KD, in contrast to only 13 in
Gcn5-KD (fig. S3E). Furthermore, among the 510 genes that start
to be expressed in the syncytial blastoderm until ZGA (8), 65.9%
are Nejire dependent, and only 9.4% are Gcn5 dependent (fig.
S3F). In contrast with the strong developmental function bias of
Nejire-dependent genes, Gcn5-dependent genes have a higher
overlap with housekeeping genes (fig. S3G).

RNA-seq results show a lack of correlation in the regulation of
Nejire-dependent genes and Gcn5-dependent genes (Fig. 2E). Some
genes that are negatively affected by the lack of one HATwill get up-
regulated when the other HAT is depleted (fig. S3, H and I).

In summary, Nejire is required for the activation of many early
developmental genes with a strong tissue-specific signature. These
include Zelda-dependent genes, which are usually regulated at the
Pol II recruitment step (42), and GAF-dependent genes, which are
regulated at the Pol II pausing step (40). In contrast, Gcn5 is respon-
sible for the transcription of several housekeeping genes and of
genes involved in postembryonic development.

Nejire and Gcn5 have distinct H3 substrates during ZGA
Considering the remarkable impact of Nejire, Gcn5, HDAC1, and
HDAC3 on gene expression, we investigated their effects on histone
acetylation during embryonic development. We used immunofluo-
rescence to detect H3K9, H3K18, and H3K27 residues since their
acetylation is considered to be key for the regulation of gene expres-
sion (43–45). Immunofluorescence analysis of Drosophila KD and
control embryos at ZGA showed that Gcn5 is the only HAT required
for the deposition of bulk H3K9ac at this stage. Conversely, Nejire is
required for the deposition of H3K18ac and H3K27ac (Fig. 3, A and
B). These results confirmed the substrate preferences of these
enzymes observed in different developmental contexts (46). Lack
of Enok had no major impact on bulk levels of H3K9ac and
H3K18ac, but it has a slightly negative effect on H3K27ac (Fig. 3,
A and B). As previously shown (34), Enok is responsible for
H3K23ac deposition at ZGA (fig. S4A). Notably, loss of maternal
HDAC1 had a strong impact on H3K9ac, H3K18ac, and H3K27ac
levels, showing up-regulation of 4-, 2.6-, and 2.4-fold, respectively
(Fig. 3B). In contrast, no major change in those marks is seen upon
removal of HDAC3 or HDAC6 (Fig. 3, A and B). Western blot
assays performed at ZGA fully recapitulated the results observed
by immunofluorescence (Fig. 3C).

H3K18ac and H3K27ac are already present on every interphase
chromosome at cycle 8 (Fig. 3D), as previously reported (47). We
could even detect low levels of thesemarks onmitotic chromosomes
in cycles 3 and 4, respectively. In contrast, the H3K9ac mark could
only be detected on mitotic chromosomes at cycle 8, just before pe-
ripheral nuclear migration (fig. S4B). Interphase nuclei displayed
H3K9ac at cycle 11 (Fig. 3D), earlier than previously reported
(47). We speculate that earlier detection of these marks on
mitotic chromosomes compared to interphase chromosomes is
simply due to the higher compaction that could facilitate the detec-
tion of low-abundant chromatin marks.

Together, these results indicate that during early embryogenesis
(pre-ZGA and ZGA) H3K9ac specifically requires Gcn5, whereas
H3K18ac and H3K27ac require Nejire. HDAC1 is responsible for
the deacetylation of these residues, whereas the lack of HDAC3
and HDAC6 has no global impact on these marks. Although we
cannot rule out that these marks appear even earlier in

development, our data demonstrate that their deposition precedes
ZGA (29, 30).

Nejire and Gcn5 deposit H3K9ac, H3K18ac, and H3K27ac on
all actively transcribed genes at ZGA
Quantitative CUT&Tag experiments on hand-sorted embryos at
ZGA showed similar enrichment patterns for H3K18ac and
H3K27ac on all the actively transcribed genes (R = 0.94), defined
by global run-on sequencing (GRO-seq) in fig. S2A (15), and for
H3K27ac and H3K9ac (R = 0.82) (Fig. 4, A and B, and fig. S5, A
and B). On active genes, H3K18ac and H3K27ac tend to peak in
the proximity of Transcription Start Sites (TSSs), while H3K9ac
mark peaks are found more downstream [mean value = 217 base
pairs (bp)] (fig. S5C). Moreover, H3K18ac and H3K27ac marks
spread upstream of the TSS and inside the gene body of their
target genes more frequently than H3K9ac (Fig. 4A). In contrast
to active genes, inactive genes are devoid of H3K9ac, H3K18ac,
and H3K27ac marks (Fig. 4C and fig. S5E). H3 acetylation levels
on those residues could be used as a strong predictor of transcrip-
tional activity, particularly on TSSs (Fig. 4C). The enrichment of the
histone modifications mirrors the binding of Nejire and the SAGA
component Ada2b during ZGA from previous reports (fig. S5F) (35,
48). Nejire-KD and Gcn5-KD caused complete loss of the corre-
sponding acetylation marks on all the active genes (fig. S6A), in
agreement with the results obtained on bulk acetylation levels at
ZGA (Fig. 3, A to C) and confirming the specificity of our KD strat-
egy. Together, these data show that transcriptionally active genes are
enriched with H3K9ac, H3K18ac, and H3K27ac, whereas inactive
genes are depleted of these marks.

H3K9ac, H3K18ac, and H3K27ac levels are not predictive of
Gcn5- or Nejire-mediated gene regulation
Nejire-dependent genes show virtually no correlation with the en-
richment of H3K18ac (R = 0.05) and H3K27ac (R = 0.03) marks
(Fig. 4B). The actively transcribed genes affected by the lack of
Nejire show only slightly higher levels of H3K18ac on their TSSs
and gene bodies than the actively transcribed genes that are not af-
fected by Nejire-KD (Fig. 4, D and E). Gcn5-dependent genes also
show no positive correlation with the enrichment of the mark
H3K9ac (R = −0.18) (Fig. 4B). The genes that are mostly affected
by Gcn5-KD show significantly lower levels of H3K9ac on their
TSSs and background levels on their gene bodies when compared
to the active genes not affected by Gcn5-KD (Fig. 4, F and G). Ac-
cordingly, among the top 500 genes down-regulated genes in Gcn5-
KD, only 9 genes overlap with the top 500 genes enriched for
H3K9ac on their gene body, and only 29 genes overlap with the
top 500 genes enriched for H3K9ac at their TSSs (fig. S6, B and
C). Genome browser views of the Nejire-dependent gene wntD
and the Gcn5-dependent geneGclm highlight the lack of correlation
between the histone modifications and the transcriptional down-
regulation caused by the KD of either HAT (fig. S6D).

In conclusion, Nejire-dependent genes do not show higher levels
of H3K18ac and H3K27ac than the rest of all active genes, whereas
Gcn5-dependent genes show even lower levels of H3K9ac than the
rest of all active genes. Therefore, enrichment of H3K9ac, H3K18ac,
and H3K27ac are not predictive of Gcn5- or Nejire-mediated gene
regulation, but they are predictive of Pol II enrichment.
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Nejire and Gcn5 catalytic activities are not required for
embryonic viability
To evaluate the specificity of the observed phenotypes, we coupled
germline-specific KD of Gcn5 or Nejire with germline expression of
rescue constructs that are resistant to KD. Intrigued by the lack of
correlation between histone acetylation levels and transcriptional
dependence on Gcn5 or Nejire, we included catalytically dead

mutants for either Gcn5 (Gcn5E546A-D586A) or Nejire (Nejire-
F2161A) in addition to wild-type constructs (Fig. 5A and fig.
S7A) (49). Western blot and immunofluorescence experiments
showed that wild-type Gcn5 and Nejire rescued H3K9ac and
H3K18ac levels, respectively, whereas the catalytically dead
mutants did not (Fig. 5, B to D). Quantitative CUT&Tag assays
showed an almost complete loss of H3K9ac and H3K18ac marks

Fig. 3. Nejire, Gcn5, and HDAC1 regulate H3K9ac, H3K18ac, and H3K27ac levels during ZGA. (A)
Representative immunofluorescence pictures of ZGA (stage 5) control and KD embryos. From top to
bottom: anti-H3K9ac staining (magenta), anti-H3K18 staining (green), and anti-H3K27ac staining (red)
are coupled with DAPI staining (cyan). For each staining, posterior sides of ZGA embryos are displayed
on the top (scale bars, 20 μm), and three nuclei are displayed on the bottom (scale bars, 5 μm). (B)
Quantification of the immunofluorescence signal for anti-H3K9ac staining (magenta), anti-H3K18
staining (green), and anti-H3K27ac staining (red) in embryos at ZGA. Data represent the mean of n = 4
stage 5 embryos of DAPI-normalized immunofluorescence signals for each staining, compared to
control embryos. Every data point consists of the mean signal obtained from five cross-sectional nuclei.
Error bars represent the SD of the four independent embryos (*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001;
paired, two-tailed Student’s t test). (C) Western blot assays were performed with total protein extracts
from ZGA embryos. H3K9ac, H3K18ac, and H3K27ac signals are compared with total H4 signal from the
same blot. (D) Representative immunofluorescence pictures of interphase nuclei from cycle 7 to cycle 13
of embryogenesis. Scale bar, 5 μm. On the top, control embryos and Gcn5-KD embryos stained with
anti-H3K9ac (magenta) and DAPI (cyan). On the bottom, control embryos stained with anti-H3K18ac
(green) and DAPI; control embryos stained with anti-H3K27ac (red) and DAPI (cyan); Nejire-KD embryos
stained with anti-H3K18ac (green), anti-H3K27ac (red), and DAPI (cyan).
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on actively transcribed genes in embryos expressing the catalytically
dead mutants (Fig. 5E). Nejire and Gcn5 bulk protein levels and
their nuclear localizations showed no differences between wild-
type and catalytically dead rescued embryos (fig. S7, B and C).
CUT&Tag experiments confirmed that Nejire and Gcn5 proteins
could bind at the same genomic sites when comparing wild-type
with the catalytically dead version of the rescues (fig. S7D).

However, both Nejire rescues could not fully restore wild-type
Nejire protein levels (fig. S7, B and C).

Notably, however, both mutants were able to rescue the embry-
onic lethality phenotype caused by maternal depletion of Gcn5 and
Nejire. Specifically, the HRs of the Gcn5 wild-type and the embryos
rescued with the Gcn5 catalytically dead mutant were 81.7 and 66%,
respectively. This was significantly higher than the HR of 4.7%

Fig. 4. Nejire and Gcn5 deposit their
acetylation marks on every active
gene, independently of their tran-
scriptional coactivator activities. (A)
Heatmaps of ZGA active genes span-
ning from 500-bp upstream of TSS to
TES. Genes are ranked by GRO-seq
signal in column 5 (orange). Columns
represent wild-type embryos H3K9ac
CUT&Tag (blue), H3K18ac CUT&Tag
(green), H3K27ac CUT&Tag (red), H3
CUT&Tag (gray), GRO-seq (orange) (15),
and ATAC-seq (purple) (15) (n = 2 bio-
logical replicates). (B) Spearman’s cor-
relation heatmap matrix comparing
signal on gene body across multiple
datasets on active genes in ZGA
embryos. Numbers indicate R values.
(C) Box plots comparing regions of
active versus inactive genes at ZGA for
H3K9ac, H3K18ac, and H3K27ac marks,
normalized on H3. Boxes extend from
25th to 75th percentile of the data, and
the whiskers span across the whole
data range. TSS regions are defined as
400 bp surrounding TSS. Gene body
regions are defined as 200-bp down-
stream of the TSS to TES. (D and F)
Heatmaps of active genes at ZGA.
Genes are ranked according to the ratio
of RNA-seq levels of wild-type over
Nejire-KD (D) or Gcn5-KD (F). Column
color code corresponds to (A). Strong
Nejire (D) or strong Gcn5 targets (F)
(log2FC < −1.5) are marked in dark
blue, mild Nejire (D) or mild Gcn5
targets (F) (−0.5 < log2FC < −1.5) are
marked in light blue, and the rest of
active genes are marked in green. (E
and G) Metagene profiles of the
H3K18ac signal (E) or H3K9ac (G) signal,
normalized to H3, on strong Nejire (E)
or strong Gcn5 (G) targets (dark blue),
mild Nejire (E) or mild Gcn5 (G) targets
(light blue), the rest of active genes
(green), and inactive genes (orange) at
ZGA. Numbers on y axis indicate the
mean coverage of log2 (H3K18ac/H3)
(E) or (H3K9ac/H3) (G).
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Fig. 5. Nejire and Gcn5 catalytic activities are not required for embryonic development. (A) Crossing scheme of the genetic rescue experiment. Maternal KD of Gcn5
or Nejire is rescued by maternal expression of either wild-type or catalytically dead Gcn5 or Nejire. Fly images were obained from Biorender.com. (B) Western blot assays
performed on total protein extracts from ZGA embryos. Total H4 signal serves as loading control. (C) Representative immunofluorescence of posterior parts of embryos at
ZGA. Samples are stained for H3K9ac (magenta; left), H3K18 staining (green; right), and DAPI staining (cyan). Scale bars, 20 μm. (D) Quantification of the immunofluor-
escence signal for anti-H3K9ac staining (magenta) on the left and anti-H3K18 staining (green) on the right. Data represent the mean of n = 3 stage 5 embryos of DAPI-
normalized immunofluorescence signals for each staining, compared to control embryos. Every data point consists of the mean signal obtained from five cross-sectional
nuclei. Error bars represent the SD of the four independent embryos (*P ≤ 0.05 and **P ≤ 0.01; paired, two-tailed Student’s t test). (E) Heatmaps of active genes spanning
2-kb upstream of TSS to the TES of the H3K9ac CUT&Tag signal (blue; left) and H3K18ac CUT&Tag (green; right) performed at ZGA (n = 2 biological replicates of inde-
pendent embryo collections). Columns represent embryos rescued with wild-type or the catalytically dead mutant of Gcn5 (left) and Nejire (right). (F) Mean values of CR
(blue) and HR (orange) in control, KD, and rescue F2 embryos from n = 3 biological replicates of independent embryo collections. Bars represent the SD. Paired, two-tailed
Student’s t test was applied to compare the HR with Gcn5-KD (left chart) or with Nejire-KD (right chart) (**P ≤ 0.01 and ***P ≤ 0.001). n.s., not significant.
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observed in Gcn5-KD embryos. HRs of embryos rescued with
Nejire wild-type and catalytically dead mutant were 51.3 and
50.7%, respectively, compared to 0.3% in Nejire-KD embryos
(Fig. 5F). Nejire-rescued embryos (100%) showed a wild-type phe-
notype at stage 14 of embryogenesis (fig. S7E) and the fraction of
embryos that did not hatch reached later stages of embryogenesis
(fig. S7F). Lower HRs in both Nejire rescues relative to the
control cross could be due to suboptimal dosage of Nejire proteins
upon rescues (fig. S7, B and C).

Nejire and Gcn5 catalytic activities are not required for
transcription during ZGA and in vitro reporter
transactivation
Considering the high levels of phenotypic rescue obtained with cat-
alytically dead mutants, we assayed their impact on gene expression
at ZGA. Despite the specific loss of acetylation obtained in catalyt-
ically dead mutants (Fig. 5, B to E), RNA-seq experiments showed
no substantial differences between transcriptomes of embryos
rescued with wild-type Gcn5 or the catalytically dead version.
Only 12 genes showed significant misregulation (log2FC < −1 or
log2FC > 1; P <0.05) (fig. S7G). Moreover, the expression of the ma-
jority of significantly down-regulated genes under Gcn5-KD condi-
tions could be restored through the expression of both wild-type
Gcn5 and the catalytically dead mutant (Fig. 6A). Similarly, only
four genes showed significant misregulation (log2FC < −1 or log2-
FC > 1; P <0.05) between embryos rescued by expression of Nejire
wild-type and the catalytically dead mutant (fig. S7G) and the
average expression of Nejire-dependent genes could be restored
(Fig. 6A). The Nejire wild-type rescue did not restore the expression
of all the down-regulated genes in Nejire-KD (329 of 689), which we
attributed to the lower protein levels of Nejire in the rescue exper-
iments (fig. S7, B and C). Gcn5 wild-type rescue restored the com-
plete protein levels of Gcn5 and showed a full transcriptional rescue
(fig. S7, B and C).

Experiments performed in S2 cells confirmed that the catalytic
activities of Gcn5 and Nejire are not required to transactivate a re-
porter gene upon artificial tethering of either HAT to its promoter.
Recruitment of wild-type Nejire and catalytically dead Nejire to a
UAS-driven luciferase reporter with a developmental core promoter
led to strong increases in luciferase expression (328-fold increase
and 218-fold increase, respectively), in line with earlier observations
(50). Recruitment of Gcn5 only moderately induced reporter trans-
activation (Fig. 6B). We repeated this experiment using a luciferase
combined with a housekeeping core promoter and confirmed that
the catalytic activity of either HAT is not required for transcription-
al activation. Notably, in line with our observation that Nejire tends
to target developmental genes (Fig. 2, A and C, and figs. S2E and S3,
B and E), Nejire-dependent transactivation is strongly reduced in
the reporter that is dependent on the housekeeping core promoter
(Fig. 6B). Last, we repeated the in vitro assay using truncated ver-
sions of Gcn5 and Nejire proteins. Removal of individual domains
in Gcn5 protein did not impair the transactivation activity of Gcn5.
The transactivation activity was only mildly affected by the removal
of the C-terminal part of Gcn5, including the bromodomain (fig.
S8A). Conversely, the lack of the N-terminal domain of Nejire
protein, which contains a TAZ zinc finger domain and a KIX
domain (fig. S8B), resulted in a marked 94% decrease in Nejire
transactivation power (fig. S8B). Significant decreases could also
be observed in the ΔBROMO and the ΔHAT, showing a 60%

drop compared to full-length Nejire protein transactivation levels
(fig. S8B). Nonetheless, these two Nejire versions could still trans-
activate the luciferase reporter by more than 100-fold compared to
the negative control. We cannot exclude that the disruption of
protein domains could also result in unstable proteins, which
could be the cause of reduced transactivation.

In summary, Gcn5 and Nejire catalytic activities are not required
for the activation of their target genes during ZGA. Moreover, cat-
alytically dead versions of both HATs did not show any dominant
negative effect on the embryonic transcriptome at ZGA. Therefore,
the deposition of H3K9ac, H3K18ac, and H3K27ac are dispensable
for the activation of target gene expression at this developmental
stage, although these marks are present on virtually every active
TSS (Fig. 6C).

DISCUSSION
Our study demonstrates the strong impact of chromatin factors and,
in particular, of HATs and HDACs on ZGA and embryonic devel-
opment. The RNA interference (RNAi)–based reverse genetic
screen identified proteins involved in histone acetylation as top
hits. It confirmed the importance of Polycomb group proteins,
such as E(z), Psc, and Scm (29, 33), transcriptional corepressors,
such as CtBP (51, 52) and Grunge (53), and the histone variant
BigH1 (32).

We selected Nejire, the Drosophila ortholog of human CBP/
EP300 and Gcn5, the catalytic subunit of SAGA and ATAC tran-
scriptional coactivator complexes (54, 55), as well as HDAC1 and
HDAC3 for further investigation. We showed that these chromatin
modifiers control different aspects of ZGA. Specifically, Nejire is re-
quired for the expression of genes with early developmental func-
tions, such as pattern formation, cell fate specification, and
gastrulation. These genes are often coregulated by pioneer factors
such as Zelda, Clamp, and GAF, suggesting that these pioneer
factors might cooperate with Nejire to exert their functions. An in-
terplay between CBP/p300 and pioneer factors was recently de-
scribed in zebrafish at ZGA (56). Gcn5, on the other hand, is
responsible for activating a completely different set of genes.
Many of these Gcn5 targets can be defined as housekeeping
genes, while others are developmental genes that are important
for later stages of embryogenesis. These data clearly indicate a “di-
vision of labor” between these two crucial transcriptional coactiva-
tors during ZGA.

Immunofluorescence, Western blot, and CUT&Tag assays re-
vealed substrate specificities of Nejire toward acetylation of
H3K18 and H3K27 and of Gcn5 toward H3K9. This substrate spe-
cificity observed during ZGA confirmed previous results obtained
in vitro (46), during later stages of Drosophila development (57),
and in mammalian cell lines as well (58). Furthermore, HDAC1 is
responsible for the removal of H3K9ac, H3K18ac, and H3K27ac
marks during ZGA, whereas HDAC3 and HDAC6 do not seem to
affect bulk acetylation levels on these residues consistently. They
may play locus-specific roles instead, or their impact on ZGA
might be mostly catalytically independent as well.

We found that H3K9ac, H3K18ac, and H3K27ac are enriched on
virtually every active gene at ZGA. With good approximation,
H3K9ac, H3K18ac, and H3K27ac enrichment levels mirror Pol II
transcriptional activity levels, being more abundant on highly tran-
scribed genes. Inactive genes are depleted of these acetylation
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Fig. 6. Nejire and Gcn5 catalytic activities are not required for ZGA and for in vitro reporter transactivation. (A) Box plots of log2 mean expression of n = 526 Gcn5-
dependent genes (adjusted P ≤ 0.05 and log2FC < −1 in Gcn5-KD; left) or n = 689 Nejire-dependent genes (adjusted P ≤ 0.05 and log2FC <−1; right) versus Ctrl RNA-seq,
Fig. 2. The orange line corresponds to median gene expression, box delimitates 25th to 75th percentiles, and whiskers encompass the whole range of expression (***P ≤
0.001; paired, two-tailed Student’s t test with Bonferroni correction). (B) On the left, a schematic model of the UAS-driven Luciferase-reporter expression system in S2 cells.
Aminimal core promoter is combined with four UAS sites. The luciferase reporter gene is transactivated by the GAL4 DNA binding domain (DBD) fusedwith the protein of
interest. On the right, the results of firefly luciferase transactivation upon recruitment of wild-type or catalytically dead mutants of Nejire or Gcn5, using a developmental
core promoter (blue) or a housekeeping core promoter (orange). The firefly luciferase signal is normalized to the renilla luciferase signal expressed from a constitutive
promoter to control for transfection efficiency. Signals are further normalized to green fluorescent protein (GFP)–GAL4-DBD as negative control. For each independent
transfection replicate, three technical measurement replicates were averaged. Data are represented as mean and SD of n = 3 transfection replicates. Paired, two-tailed
Student’s t test was applied to compare the GFP–GAL4-DBD relative firefly/renilla luciferase levels with the other conditions (*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001). (C)
Model displaying the effect of Nejire and Gcn5 on their target genes and H3 substrates during ZGA. n.s., not significant.
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marks. Published chromatin immunoprecipitation (ChIP) data of
Nejire and the SAGA component Ada2b at ZGA (35, 48) confirmed
that these proteins are present on every active TSS. Moreover, Nejire
decorates every active TSS in S2 cells (40). Likewise, H3K9ac enrich-
ments were found on every active gene inmammals (59). At least for
some genes, Nejire and Gcn5 colocalization did not result in coop-
eration, as the lack of one HAT could not be compensated by the
presence of the other. Nonetheless, many genes that did not
respond to the depletion of either HAT might be redundantly acti-
vated by them. Furthermore, we confirmed previous studies
showing that these acetylation marks can be detected to some
extent even before the major wave of ZGA in flies (13), as well as
in the transcriptionally inactive mammalian zygote (60). In partic-
ular, we could detect Nejire-dependent marks during the first
nuclear divisions (cycles 3 and 4), whereas the Gcn5-dependent
H3K9ac mark could be detected at the beginning of the first wave
of ZGA (cycle 8). Their presence could either reflect the transcrip-
tional activity of very early genes or indicate that the binding of
Nejire and SAGA/ATAC complexes precedes target gene transcrip-
tion. Given the high degree of overlap between Nejire-dependent
with Zelda-dependent and GAF-dependent genes, we speculate
that the early presence of Nejire on chromatin could be important
for the later activity of pioneer factors during ZGA, as recently de-
scribed in other systems (60).

To our surprise, we found that the individual catalytic activities
of either Nejire or Gcn5 are not required for gene expression during
ZGA, in line with a growing number of studies in both flies (49, 61–
70) and other organisms (65, 71–78), reviewed here (79).

We conclude that, at least for the activation of early embryonic
genes, the lack of either H3K9ac alone or lack of H3K18ac and
H3K27ac marks is not necessary for Pol II transcriptional activity
under our experimental conditions. However, we cannot rule out
compensation from other histone acetylation marks. Double and
multiple HATs catalytic dead mutants will be required in the
future to clarify this conundrum. In addition, we do not rule out
the possibility of causative transcriptional functions of these acety-
lation marks during later stages of embryonic development, where
some late-embryonically expressed genes might benefit from Nejire
and/or Gcn5 catalytic activities.

Mechanistically, H3K9ac, H3K18ac, and H3K27ac deposition
could either precede Pol II transcription without affecting Pol II
function or be a mere consequence of transcriptional activity. In
both cases, the mere presence of the HAT itself would be a determi-
nant of transcriptional activity at this developmental stage. Alterna-
tively, other acetylated histone lysines or residual enzymatic activity
left on Nejire and Gcn5 catalytic dead constructs would suffice and
compensate for Pol II function. However, given the different tran-
scriptional targets of Nejire and Gcn5 during ZGA, a potential re-
dundant role for HATs in the deposition of acetylation marks on
some genes could not restore the expression of many other genes,
which still require the presence of a specific HAT for their expres-
sion. Last, it is also possible that histone acetylations could have a
more critical effect on the transcriptional output in later develop-
mental stages (57), where their presence could represent a limiting
factor for Pol II activity.

Our experiments were performed in controlled environmental
settings, so we cannot rule out that the presence of these modifica-
tionsmight have a role in buffering the environmental conditions or
the underlying genetic variability on the transcriptional output, as

proposed for H3K4me1 (65). It is possible that histone acetylation
could act as a “phenotypic capacitor” by buffering cryptic genetic
variation (80), which cannot be assessed in a highly inbred labora-
tory fly strain. Testing HATs’ catalytic activities under genetic and
environmental stressful conditions would elucidate their potential
role in transcriptional robustness.

Previous studies challenging the enzymatic function of HATs in
flies were conceived using a histone replacement system (66–68).
The caveat was represented by the role that nonhistone substrates
could play in stimulating Pol II activity. By using catalytically
dead versions of Nejire and Gcn5, we could extend our conclusions
beyond the role of histone acetylations, as previously done for Trr
(65), and expand its significance to any other HATs’ substrate.

The main conclusion of our study is that the mere presence of
Nejire and Gcn5, but not their catalytic activities, is important to
exert their functions as transcriptional coactivators at the time of
ZGA. The massive size of the Nejire protein (332 kDa) (37), the rel-
atively high expression levels of its mRNA during ZGA (81), and its
genomic binding on every active gene (40, 48) could suggest a struc-
tural role of this protein in regulating Pol II activity. Moreover, the
full penetrance of the lethality phenotype, which we obtain despite a
suboptimal KD efficiency, makes us speculate that probably a given
threshold level of Nejire protein is necessary for the formation of
higher-order chromatin structures. Moreover, our results indicate
that the main function of the Gcn5-containing multiprotein com-
plexes (i.e., SAGA and ATAC) (54, 55) during ZGA transcriptional
activation would go beyond Gcn5 catalytic activity. As for Nejire,
their structural role would be pivotal for Pol II activity at this devel-
opmental stage instead of their acetyltransferase function (70, 77,
78). Since our work was performed on whole embryos, future
work at the single-cell level will be required to assess whether the
lack of catalytic activity affects the transcription level at the single
cell. In addition, histone acetylation encompasses several histone
residues that might act redundantly; therefore, in the future, multi-
ple combing catalytic dead mutants will be required to assess
redundancy.

Overall, our work reveals the importance of chromatin factors in
regulating ZGA, complementing the role of pioneer factors in this
process. We show that Nejire and Gcn5 orchestrate ZGA but that
their catalytic activity is not necessary for this function.

MATERIALS AND METHODS
Fly stocks
All the stocks used in this study were grown on corn flour molasses
food (12 g of agar, 18 g of dry yeast, 10 g of soya powder, 22 g of
molasses, 80 g of malt extract, 80 g of corn flour, 6.25 ml of propi-
onic acid, and 2.4 g of nipagin per liter of water) at 28.5°C for KD
experiments or at 25°C for rescue experiments. Fly stocks used in
this study: TRiP line control (BDSC, #36303), female germline-spe-
cific Gal4-driver P{matα4-GAL-VP16}V37 (BDSC, #7063), Nejire
shRNA#1 (homemade line), Nejire shRNA#2 (BDSC, #36682)
Gcn5 shRNA (BDSC, #35601), Enok shRNA (BDSC, #41664),
HDAC1 shRNA (BDSC, #33725), HDAC3 shRNA (BDSC,
#34778), and HDAC6 shRNA (BDSC, #34072). A complete list of
the fly stocks used for the reverse genetic screen is available in table
S1. The stocks used for the catalytically wild-type and catalytically
dead rescue experiments are the following: (i) w; pUASp>Flag-
HA::Gcn5(shRNA-site_mutant); Gal4-driver P{matα4-GAL-
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VP16}V37, (ii) w: pUASp> Flag-HA::Gcn5E546A,D586A(shRNA-
site_mutant); Gal4-driver P{matα4-GAL-VP16}V37, (iii) w;
pUASp>Nejire::Flag-HA(shRNA-site_mutant); Gal4-driver
P{matα4-GAL-VP16}V37, and (iv) w; pUASP>NejireF2161A::-
Flag-HA(shRNA-site_mutant); Gal4-driver P{matα4-GAL-
VP16}V37. Rescue experiments crosses were performed using F1
females older than 12 days.

Reverse genetic screen
Maternal RNAi KD was induced for each of the 126 candidates,
which were selected among well-established chromatin factors. A
total of 114 UAS-shRNA lines (V20, V21, or V22 TRiP line) and
12 UAS-dsRNA lines (KK, GD VDRC line, or V10 TRiP line)
were selected to collect virgin females to be crossed with germ-
line-specific Gal4-driver (P{matα4-GAL-VP16}V37, BDSC,
#7063) carrying males at 28.5°C. The progenies of these crosses
(F1 generation) are KD for a specific target in the female germline
and will lay eggs (F2 generation) that are depleted of this particular
transcript during the first 4characterization. Briefly, 120 F2 embryos
were randomly picked and aligned on an agar plate. Egg morphol-
ogy was scored as wild-type if no eggs displayed any morphological
defects or as “abnormal” if some or all the eggs displayed any kind of
visible morphological defects. KD lines that did not lay eggs or that
were laying eggs that showed morphological defects were excluded
to avoid germline defects. Embryos were considered “cellularized”
when they reached stage 5 of embryogenesis (nuclear cycle 14),
showing a clear thick rim on the embryo periphery and complete
invagination of cellular membranes. CR was scored as the
number of cellularized embryos on the total number of aligned
embryos. After 25 hours from alignment, embryos were considered
“hatched” when they reached the L1 larval stage. The HR was cal-
culated with the average of three biological replicates. PCLR was
defined as (CR−HR) / (CR + 0.00001). PCLR indicates the lethality
rate of the embryos that have gone through cellularization. Positive
hits of the screen had to show (i) wild-type egg morphology, (ii)
CR ≥ 5%, and (iii) PCLR ≥ 50%.

Embryo immunofluorescence
Time collected embryos were dechorionated in 50% bleach for 2
min, transferred to 0.7 ml of heptane, and crosslinked with 0.7 ml
of ice-coldMetOH. Embryos were fixed for 1min shaking vigorous-
ly on a vortex mixer. Devitellinized and fixed embryos were recov-
ered from the bottom of the tube and washed three times with ice-
cold MetOH and stored at −20°C. Embryos were rehydrated and
permeabilized with 3× 20-min washes at room temperature (RT)
on a rotating wheel in 1 ml of PBST×0.2% [1× phosphate-buffered
saline (PBS) with 0.2% Triton X-100] and then blocked 1 hour at RT
on a rotating wheel in 1 ml of PB1T×0.2% [1× PBS, 0.2% Triton X-
100, and 1% bovine serum albumin (BSA)]. Embryos were stained
overnight at 4°C in 200 μl of PB1T×0.2% with 1 μl of primary an-
tibody. The next day, embryos werewashed 4× for 10min at RT on a
rotating wheel in 1ml of PBST×0.2% and then incubated for 2 hours
at RT on a rotating wheel in 0.5 ml of PB1T×0.2% and Alexa Fluor
(Thermo Fisher Scientific) secondary antibody (1:500) and 4′,6-di-
amidino-2-phenylindole (DAPI) solution (Sigma-Aldrich, D9542)
to a final concentration of 10 μg/ml. After 4× washes of 10min at RT
on a rotating wheel in 1 ml of PBST×0.2%, embryos were mounted
on microscope slides (76 mm by 26 mm by 1 mm; Marienfeld) and
precision coverslips (22 mm by 22 mm; Marienfeld) with two drops

of VECTASHIELD Antifade Mounting Medium (H-1000-140). All
images were acquired using the confocal laser scanning micro-
scopes, Zeiss LSM 880 Airyscan. Stacks were assembled using
ImageJ or Imaris 9.5.1 (Bitplane). For all antibodies used, see
table S2.

Western blot assay
One hundred ZGA (stage 5) embryos were hand-picked using hal-
ocarbon oil 27 (Sigma-Aldrich, H8773) and a stereoscope equipped
with transmitted light. Embryos were collected in 50 μl of Laemmli
buffer, homogenized with pestle, and stored at −20°C. Western blot
assays were performed as in (31).

Total RNA extraction and RNA-seq
For each biological replicate, 20 hand-sorted pre-ZGA (stage 2) or
ZGA (stage 5) embryos were collected in 50 μl of TRIzol (Thermo
Fisher Scientific, 15596026), homogenized with pestle, and stored at
−20°C. Total RNA was then extracted in 500 μl of TRIzol mixed
vigorously for 15 s with 100 μl of chloroform. Samples were centri-
fuged at 12,000g for 15 min at 4°C, and the aqueous phase was
mixed again with an equal volume of 300 μl of chloroform and cen-
trifuged again at 12,000g for 15 min at 4°C. The aqueous phase was
mixed with 300 μl of isopropanol and 20 μg of glycogen, and total
RNAwas let precipitate overnight at −20°C. The day after, samples
were centrifuged at 12,000g for 30 min at 4°C, and the RNA pellet
was washed twice with 80% ethanol. Air-dried RNA pellets were re-
suspended in 20 μl of TURBO deoxyribonuclease (DNase) solution
(Invitrogen, AM2238) and incubated for 30 min at 37°C according
to the manufacturer’s instructions. EDTAwas added to a final con-
centration of 15 mM, and DNase was heat-inactivated at 75°C for 10
min. Total RNAwas then quantified, and cDNA libraries were pre-
pared with Illumina Stranded Total RNA-seq kit with Ribo-zero
Plus according to the manufacturer’s instructions. cDNA libraries
were then submitted for deep sequencing as in (31).

Nuclear RNA extraction and RNA-seq
Three hundred ZGA (stage 5) hand-sorted embryos were collected
in 1.8 ml of nuclei wash buffer [H2O, 10 nM tris-HCl (pH 6.8), 10
nM NaCl, 3 mM MgCl2, 0.5% BSA, 0.01% Tween 20 (Sigma-
Aldrich, 1003173910), 0.5 mM spermine, 0.5 mM spermidine,
and RNaseOUT (0.1 U/μl; Thermo Fisher Scientific, 10777019)]
at 4°C and gently spun at 1000g for 3 min at 4°C. Embryos were
then resuspended in 0.1× NP buffer [H2O, 10 nM tris-HCl (pH
6.8), 10 nM NaCl, 3 mM MgCl2, 0.01% NP-40 (IGEPAL CA-630,
Sigma-Aldrich, I3021), 0.01% Tween 20 (Thermo Scientific
Pierce, 62249), 0.5 mM spermine, 0.5 mM spermidine, and RNase-
OUT (0.1 U/μl; Thermo Fisher Scientific, 10777019)] and trans-
ferred in a glass douncer (1 ml; Wheaton, 358103), and five
gentle strokes were applied. The homogenized samples were trans-
ferred in a protein low binding tube (Eppendorf Protein LoBind
tubes, EP0030108116), passed 4× through a syringe (22-gauge × 1
1/4″ tip, BD Microlance, 300900), and lysed for 5 min at RT.
Samples were then diluted 1:10 in nuclei wash buffer, gentle spun
at 750g for 5min at 4°C, and washed with 1ml of nuclei wash buffer.
Nuclei were then filtered with 10-μm filter (CellTrics, 04-004-2324),
spun at 750g for 5 min at 4°C, and resuspended three times in nuclei
wash buffer. Nuclei pellet was then resuspended and homogenized
in 50 μl of TRIzol and stored at −20°C. Nuclear RNA was then ex-
tracted with the same procedure of total RNA (see above), with the
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addition of 1 μl of 1:1000 diluted ERCC RNA spike-in (Ambion,
4456740) added with the remaining 450 μl of TRIzol before chloro-
form extraction, to normalize for a potential global variation of
RNA quantity/nucleus upon KD. Extracted nuclear RNA was
then submitted for library preparation, followed by deep sequencing
as described above.

Reverse transcription and RT-qPCR
Total RNA was extracted as described above from 20 pre-ZGA
(stage 2) or ZGA (stage 5) embryos. After digestion in TURBO
DNase solution (Invitrogen, AM2238) for 30 min at 37°C, accord-
ing to themanufacturer’s instructions, samples were quantified, and
500 ng of total RNA was retrotranscribed with the First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, K1612) using a
1:1 mix of oligo(dT)18 and random hexamers, according to the
manufacturer ’s instructions. cDNA was then diluted 1:10 and
then used for real-time qPCR reactions, which were performed as
described in (31).

CUT&Tag
Embryos were dechorionated in 50% bleach for 2 min, transferred
to 7 ml of heptane, and crosslinked with 5ml of fixative. The fixative
consisted of buffer A [60 mMKCl, 15 mMNaCl, 15 mMHepes (pH
7.6), and 4 mM MgCl2] supplemented with 1.8% paraformalde-
hyde. Embryos were fixed for 15 min in an orbital shaker at
maximum speed. The cross-linking was quenched by adding a
final concentration of 225 mM glycine and rotation for 5 min.
After washing with buffer A + 0.1% Triton X-100, the embryos
were hand-staged on a cooling station under a microscope, shock-
frozen, and stored at −80°C. For each CUT&Tag replicate, 50 ZGA
(stage 5) embryos were used. CUT&Tag experiments were per-
formed as in (82). DNA was purified and 1 pg of lambda phage
genome (previously treated with Protein A/G–Tn5) was added to
each sample as spike-in before library preparation. See table S2
for a list of antibodies used.

Total RNA data analysis
Preprocessing, mapping, and differential analysis
Samples of both Pre-ZGA (stage 2) and ZGA (stage 5) were pro-
cessed using the mRNA pipeline of snakePipes v2.4.2. (83). As
part of this pipeline, raw reads were mapped on dm6, count matri-
ces were generated by featureCounts from subread-v2.0.0 (84) using
fly annotation of Ensembl-release-96, and, last, differential analysis
has been done by the pairwise comparison of knockout with control
samples using DESeq2 v1.26.0 (85).
GO enrichment analysis
Enriched GO terms were found for each of the up- and down-reg-
ulated sets of genes after finding their intersect with active and fil-
tering them for their P < 0.05 and their log2FC > 1 or < −1,
respectively. GO enrichment analysis is done using the enrichGO
function clusterprofiler v3.14.0 (86) looking for the terms in the bi-
ological process category. All GRO-seq + genes were used as back-
ground genes (universe), and the P value cutoff is set to 0.05.
Motif enrichment analysis
Analysis of motif enrichment is done using the AME tool of the
MEME Suite v5.4.1 (87). Filtered up- and down-regulated sets of
genes, as explained in the GO section, are used to look for this en-
richment. Two different groups of motifs were searched for core
promoter motifs and transcription factor motifs. To determine

the enriched core promoter motifs, promoter regions were
defined as 300-base upstream of each TSS up to 100-base down-
stream of each TSS. For each set of promoters, all genes minus
the foreground have been considered as the background. A motif
database based on the study of Haberle and Stark (88) along with
the Pause Button from the study of Ramalingam et al. (89) used
to search for their enrichment in our desired set of promoters. To
detect the enriched transcription factor motifs, for each gene, a
window of 1000-base upstreamTSS up to the 500-base downstream,
the TSS was chosen, and similar to the previous case, all genes
minus this foreground genes were used as the background. As the
motif database, we have used the JASPAR 2020 database (90).

Nuclear RNA data analysis
Making a hybrid reference genome
A hybrid genome containing dm6 and ERCC RNA spike-in
(Ambion, 4456740) has been built using createIndices pipeline of
snakePipes v2.5.1 (83) where ERCC92 genome is treated as the
spiked-in genome. Annotation file was manually updated by ap-
pending the ERCC92 annotation to the fly annotation of
Ensembl-release-96.
Preprocessing and mapping
Similar to the total RNA data, samples were processed using the
mRNA pipeline of snakePipes v2.4.2. (83). As part of this pipeline,
raw reads were mapped on the built hybrid reference genome of
dm6 and ERCC RNA spike-in (Ambion, 4456740), and count ma-
trices were generated by featureCounts from subread v2.0.0 (84)
using fly annotation of Ensembl-release-96 along with
ERCC92 genes.
Differential analysis
Differential analysis has been done by DESeq2 v1.26.0 (85) where
size factors were estimated using ERCC92 genes as control genes.

CUT&Tag data analysis
Making a hybrid reference genome
A hybrid reference generated including dm6 and lambda genome.
To build such a reference, createIndices pipeline of snakePipes
v2.5.0 (83) is used where the lambda genome has been considered
as the spiked-in genome.
Preprocessing and mapping
Tomap the data on the built hybrid reference, DNA-mapping pipe-
line of snakePipes v2.5.1 (83) is used with “--trim --fastqc --mapq 3
--dedup --properPairs --cutntag”. Furthermore, ChIP sequencing
pipeline of snakePipes v2.5.1 (83) is used with “--cutntag --useSpi-
keInForNorm --getSizeFactorsFrom genome” to make the spike-in
normalized coverage tracks. Heatmaps were generated using plo-
tHeatmap from deeptools v3.5.1 (91). ultraheatmap v1.3.1 [L.
Rabbani and M. Rauer, ultraheatmap version 1.3.1 (computer soft-
ware); https://github.com/maxplanck-ie/ultraheatmap] has been
used to map genes from RNA data to their corresponding TSS or
gene body regions and appended the expression data to the
CUT&Tag matrices. Genome browser tracks were made using py-
GenomeTrack v3.5.1 (92).

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 and S2
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