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During embryogenesis, the genome shifts from transcriptionally quiescent to extensively
active in a process known as Zygotic Genome Activation (ZGA). In Drosophila, the pioneer
factor Zelda is known to be essential for the progression of development; still, it regulates the
activation of only a small subset of genes at ZGA. However, thousands of genes do not
require Zelda, suggesting that other mechanisms exist. By conducting GRO-seq, HiC and
ChIP-seq in Drosophila embryos, we demonstrate that up to 65% of zygotically activated
genes are enriched for the histone variant H2A.Z. H2A.Z enrichment precedes ZGA and RNA
Polymerase II loading onto chromatin. In vivo knockdown of maternally contributed Domino,
a histone chaperone and ATPase, reduces H2A.Z deposition at transcription start sites,
causes global downregulation of housekeeping genes at ZGA, and compromises the establishment of the 3D chromatin structure. We infer that H2A.Z is essential for the de novo
establishment of transcriptional programs during ZGA via chromatin reorganization.
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t fertilization, all cellular processes are governed by
maternally provided mRNAs and proteins. Transcription
of the zygotic genome commences hours to days after
fertilization, depending on the organism, in a process known as
Zygotic Genome Activation (ZGA)1,2. At ZGA, developmental
control is transferred from maternally provided to zygotically
encoded factors. ZGA requires the coordinated expression of
thousands of genes in a timely manner and is essential for embryo
survival. In Drosophila, zygotic transcription initiates at
embryonic nuclear cycle 8 (NC8) with the activation of about 100
genes3–5. At NC14, nearly a third of all Drosophila genes (corresponding to around 6000 genes) start to be transcribed, an
event known as major wave of ZGA.
The de novo establishment of transcriptional programs is
thought to be driven primarily by pioneer factors1,6,7. These
transcription factors can bind their target sites within closed
chromatin, thereby rendering it accessible to other factors8. In
Drosophila, the pioneer transcription factor Zelda is required to
activate hundreds of genes before and during the major wave of
ZGA7,9,10. However, these genes represent only a fraction of the
thousands of genes that become transcriptionally activated at this
stage, suggesting that other factors or mechanisms activate the
majority of genes throughout ZGA.
Changes in chromatin state are known to inﬂuence gene
expression programs during diverse transitions, such as oocyte
speciﬁcation,
embryo
patterning
and
germ
layer
speciﬁcation11–14. Global alterations in core histone levels for
example have been shown to affect ZGA timing and transcription
in several organisms such as ﬂies, zebraﬁsh and frogs15–17. Substantial evidence in both vertebrate and invertebrate models
shows that major chromatin remodeling occurs immediately
before ZGA18,19. This chromatin reorganization involves histone
posttranslational modiﬁcations, the incorporation of histone
variants, and changes in the 3D chromatin structure of the
genome19–24. In Drosophila, maternally inherited H3K27me3 and
H4K16ac are important for the correct repression or activation,
respectively, of their target genes at ZGA20,22. Moreover, a
mutation of the embryonic-speciﬁc H1 histone variant (BigH1)
causes premature ZGA onset in ﬂies and its role becomes particularly relevant upon challenging conditions such as low
temperature21,25. Along these lines, the histone variant H3.3 is
also known to be essential for early development, since its
incorporation in the paternal genome just after fertilization is
required for the progression of development26. However, to date
it remains unclear to what extent chromatin state and structure
regulates ZGA.
The histone variant H2A.Z is one of the most ancient histones,
present from yeast to mammals27. Histone H2A.Z represents
around 4~10% of the total H2A pool28 and has been implicated in
multiple processes such as transcriptional control, DNA repair,
heterochromatin formation and genetic stability29–32. H2A.Z is
incorporated into the chromatin throughout the genome and it is
known to regulate transcription in a context-dependent
manner29,32–35. Nevertheless, H2A.Z studies during early development have been hindered by the lethality associated with its
mutation in organisms such as frogs36, ﬂies37 and mouse38.
Some insight about the developmental role of H2A.Z comes
from studies in ﬂies, where the maternal protein Jabba anchors
the canonical histones H2A, H2B and the histone variant H2A.Z
to lipid droplets39, mechanism that is important for H2A.Z
buffering in pre-ZGA stages40. Mutant embryos for Jabba are
sensitive to changes on histone levels, such as SLBP mutation or
extra doses of H2A.Z. They also possess an elevated H2A.Z/H2A
ratio in the nucleus, increased DNA damage and reduced
viability39,40. Nonetheless, it is still undeﬁned if there is a direct
effect of H2A.Z on ZGA.
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Here, we used a combination of genomic and genetic
approaches to investigate the function of histone variants and
histone modiﬁcations during ZGA in Drosophila, focusing on the
histone variant His2Av (herein after referred to as H2A.Z). ChIPseq revealed that most genes that become activated at ZGA, which
are functionally independent of the pioneer factor Zelda, are
enriched for H2A.Z. Importantly, the deposition of this histone
variant precedes ZGA. We show that germline-speciﬁc knockdown of maternally provided Domino (DomKD), a known
H2A.Z histone chaperone and ATPase, is embryonic lethal.
DomKD embryos lack H2A.Z at the transcription start sites and
display global downregulation of housekeeping genes during
ZGA. Interestingly, we ﬁnd that Domino is required to maintain
the insulation of topologically associated domains but not
nucleosome positioning. Our data suggest that H2A.Z is necessary for gene activation at ZGA and therefore for correct zygotic
transcriptional programming.
Results
The majority of active transcription start sites (TSS) at zygotic
genome activation are enriched for H2A.Z and do not depend
on Zelda. To investigate the role of chromatin organization in
ZGA regulation, we manually selected ZGA embryos and conducted Global Run-On sequencing (GRO-seq). This approach
allowed us to detect zygotic transcription and exclude maternal
transcripts. To avoid redundancy, we selected unique promoters
(transcription units with non-overlapping promoters, see Methods for details) for further analysis. In total, we obtained 7227
zygotic promoters, corresponding to 6249 genes (Fig. 1a and
Supplementary Fig. 1a). As expected, these genes exhibited strong
binding by RNA polymerase II (Pol II) core subunit Rpb3 and
open chromatin at the TSS, when compared to transcriptionally
inactive genes (Supplementary Fig. 1a).
We divided this set of zygotic promoters into two groups: (i)
promoters that are dependent on the pioneer factor Zelda (Zld)
for Pol II occupancy (Zld-dependent promoters) and (ii) those
that are not (Zld-independent promoters) (according to ref. 10).
Of the 7,227 active promoters, 713 (569 genes) were Zlddependent, whereas 6514 promoters (5680 genes) were Zldindependent (Fig. 1a and Supplementary Fig. 1a). To compare the
chromatin states associated with Zld-independent genes and Zlddependent genes, we used a broad panel of genomic approaches,
such as ChIP-seq, ATAC-seq and HiC (Supplementary Fig. 1a, c).
Interestingly, both groups of genes shared many features, such as
displaying similar patterns of chromatin accessibility and of the
histone marks H3K4me3, H3K27ac, H3K36me3. However, Zldindependent and Zld-dependent genes showed signiﬁcant
differences in the enrichment of the histone variant H2A.Z on
the promoter region and in nucleosome positioning (particularly,
in the +1 nucleosome) (Fig. 1a and Supplementary Fig. 1a).
Indeed, H2A.Z was nearly absent from Zld-dependent genes but
highly enriched in Zld-independent genes. Of the 6514 Zldindependent promoters, 4541 were positive for H2A.Z (corresponding to 4053 genes). Moreover, Zld-independent genes
containing H2A.Z had well-positioned nucleosomes (Fig. 1a), in
contrast to Zld-dependent genes. Thus, we further divided our set
of Zld-independent zygotic genes into two different groups: 1)
H2A.Z-positive genes and 2) H2A.Z-negative genes (See Methods
and Supplementary Data 1). We found no evidence of H2A.Z
enrichment at enhancer regions using the Vienna Tiles
collection41 (Supplementary Fig. 1b). We concluded that H2A.Z
localizes mainly in promoters at this developmental stage, and
focused on this for further analysis.
3D chromatin structure is also established for the ﬁrst time in
the developing embryo at ZGA when topologically associated
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Domino is the main histone chaperone for H2A.Z on TSS
during ZGA. To unbiasedly identify maternally supplied histone
chaperones that deposit H2A.Z on the TSS, we performed
immunoprecipitation-mass spectrometry (IP-MS) using Drosophila ovaries expressing a H2A.Z-FlagHA transgene. The H2A.ZFlagHA transgene is expressed exclusively in the germline and
not in the accessory somatic tissues of the germline (see Methods)
(Fig. 2a and Supplementary Data 2). We uncovered the chromatin remodeler and histone chaperone Domino (isoforms A and
B) as a strong candidate H2A.Z chaperone (Fig. 2b, magenta
dots), consistent with work showing that Domino and its
orthologs bind speciﬁcally to the H2A.Z variant in
Drosophila34,45, yeast46 and mammals47. Domino is a SWR1-type
ATPase, homolog of the human proteins SRCAP and p400, and
its ATPase activity is known to be required for H2A.Z
deposition34,45,48. Consistent with previous studies showing that
Drosophila Domino is required within the Tip60 complex for
H2A.Z turnover during DNA double-strand break repair45, we
found several members of this complex (YL-1, DMAP-1, Brd8,
Bap55, Gas41, MRG15, Eaf6, rept, Ing3, Tip60, Nipped-A, E(Pc),
Act87E) highly enriched in our IP samples (Fig. 2b, dark blue).
We also uncovered the Domino-interacting partner Arp634 (Fig.
2b, yellow dot) by IP-MS, highlighting the sensitivity of our
approach.
Similar to H2A.Z, both Domino isoforms localized in the
nucleus before and during ZGA, as shown by immunoﬂuorescence (Fig. 2c and Supplementary Fig. 2a). But in contrast to
H2A.Z, none of the Domino isoforms seem to remain attached to
mitotic chromosomes (Supplementary Fig. 2bi). Although both

Domino isoforms showed cytoplasmic staining, this pattern was
not similar to the small ring structures seen for H2A.Z on lipid
droplets (Supplementary Fig. 2bii, compare to Supplementary Fig.
1e).
To determine whether maternally provided Domino accounts
for the speciﬁc enrichment of H2A.Z on promoters in zygotes, we

DNA

domains (TADs) and A- and B-compartments form23,24,42. TADs
are submegabase - to - megabase long regions that show a high
frequency of interactions43,44. Interaction frequencies can be
inferred from the insulation score, which represents the average
of interactions frequencies crossing over a deﬁned genomic
region43. We aimed to determine whether Zld-dependent genes,
H2A.Z-positive genes and H2A.Z-negative genes have different
3D chromatin structures, in particular, different TAD structures.
To test this, we measured insulation scores over the TSSs and
found that Zld-dependent loci had the highest insulation and
H2A.Z-negative loci had the lowest (Supplementary Fig. 1c). In
congruence with this, Zld-dependent TSSs were the closest to a
TAD boundary, whereas H2A.Z negative genes were more distant
(Supplementary Fig. 1d). Taken together, these results indicate
that the genes activated at ZGA have structurally different
chromatin and spatial environments, deﬁned by Zld and the
presence of H2A.Z.
To determine if H2A.Z is deposited at genes prior to zygotic
transcription initiation, we examined pre-ZGA embryos (NC812). Immunoﬂuorescence experiments revealed that H2A.Z
deposition occurs before ZGA (Fig. 1b, left). H2A.Z localized in
the nucleus as early as NC9 to 12, albeit with a weak signal, and
remained in the nucleus throughout ZGA (Fig. 1b, right and
Supplementary Fig. 1e). Before ZGA, H2A.Z could also be seen in
small ring structures in the cytoplasm, corresponding to lipid
droplets; in these early stages, we found H2A.Z signal also on
mitotic chromosomes (Supplementary Fig. 1e, f), as reported
by39,40. As expected, pre-ZGA embryos displayed Pol II binding
only at the ∼100 early genes which are known to be transcribed
between NC8 to 10, as shown by ChIP-seq (Fig. 1c and
Supplementary Fig. 1g, h). Similar to H2A.Z deposition,
nucleosomes were already well-positioned in pre-ZGA embryos
(Fig. 1c). Thus, H2A.Z is not only enriched on actively
transcribed genes, but also deposited prior to Pol II complex
binding.
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Fig. 1 H2A.Z marks most of active TSS at ZGA and its deposition
precedes ZGA. a Heatmap of active promoters at NC14 determined by
GRO-seq signal, and classiﬁed as Zld-dependent and Zld-independent
according to ref. 10. Sorting is based on H2A.Z signal and shows the
distribution of H2A.Z (ChIP-seq), chromatin accessibility (ATAC-seq) and
nucleosome positioning (MNase-seq) in these transcripts. Mean signal of
three (GRO-seq) and two (H2A.Z ChIP-seq and ATAC-seq) replicates is
shown. For MNase-seq, merged signal of three replicates from ref. 22 is
shown (see Methods for details). See also Supplementary Fig. 1a, b.
b Immunoﬂuorescence of H2A.Z in pre-ZGA (left, NC11) and ZGA (right,
NC14) embryos showing that H2A.Z localizes in the nucleus before and
during ZGA. Insets show a magniﬁcation of the H2A.Z signal. Similar
results were observed for at least 5 embryos of each stage. Scale
bar = 20 μm. See also Supplementary Fig. 1e, f. c Heatmaps of transcripts
with active promoters sorted by H2A.Z signal at ZGA. H2A.Z is already
localized on chromatin before ZGA at NC9-12 (left, H2A.Z ChIP-seq) and
nucleosomes are already positioned (left, MNase-seq), a lack of the
Rpb3 signal (left) (Rpb3 ChIP-seq, representing RNA Pol II binding)
conﬁrms the pre-ZGA stage (see also Supplementary Fig. 1g, h). The same
signal tracks are shown for embryos at ZGA for comparison (last 3 panels
to the right). Mean signal of two replicates (H2A.Z and Rpb3 ChIP-seq) and
merged signal of three replicates (MNase-seq, from ref. 22) are shown
per track.

depleted the Domino maternal supply by conducting RNAimediated knockdown of both Domino isoforms in late stage
ovaries20. We conﬁrmed that Domino knockdown (DomKD)
embryos have reduced levels of Domino protein and mRNA by
immunoﬂuorescence, western blot and qPCR (Supplementary
Fig. 2c–e). DomKD embryos showed no strong morphological
defects at ZGA (Fig. 2d, left), but about 70% failed to complete
embryogenesis (mean hatching rate for DomKD embryos 23.64%
compared to 92.0% for Ctrl embryos) (Fig. 2d, right). Moreover,
H2A.Z incorporation into chromatin was reduced by 73% in
DomKD ZGA embryos compared to control embryos as
measured by western blot (Supplementary Fig. 2f, g). We also
observe this overall reduction of H2A.Z during mitosis upon
DomKD by immunoﬂuorescence (Supplementary Fig. 2h).
H2A.Z is the only H2A variant found in Drosophila. It belongs
to the H2A.Z family based on its high sequence conservation49.
However, it also contains an extended C-terminal domain with
high resemblance to another eukaryotic and almost universal
histone variant, called H2A.X. Both in Drosophila and other
eukaryotes, this domain is essential for Double-Strand Break
(DSB) repair via the phosphorylation of a serine residue50.
Domino has already been directly implicated in the exchange of a
phosphorylated form of H2A.Z for an unmodiﬁed form during
DSB repair45. In order to see if the proportion of phosphorylated
H2A.Z (phospho-H2A.Z) changed upon DomKD, we immunostained ZGA embryos with anti phospho-H2A.Z. Yet, we did not
observe any radical change in the levels of phospho-H2A.Z
(Supplementary Fig. 2i).
Quantitative ChIP51 of manually staged ZGA embryos revealed
a 43–57% (two biological replicates) reduction of H2A.Z at
promoter regions in DomKD embryos compared to controls
(Fig. 2e–g, see Methods). In contrast, genome-wide Zelda binding
was not affected upon DomKD, as measured by quantitative
Cut&Tag (Fig. 2f and Supplementary Fig. 2j). Surprisingly, we
also did not see global changes in H4K12ac (Supplementary
Fig. 2j), which has been associated with the DominoA (DomA)
containing complex in Kc167 cells34. Reduced H2A.Z incorporation did not affect chromatin accessibility, as assessed by ATACseq (Supplementary Fig. 2k). Thus, maternally contributed
Domino is necessary for the enrichment of H2A.Z at promoters
4

before ZGA onset, but does not affect Zelda binding, H4K12ac
levels and chromatin accessibility.
Domino knockdown reduces the transcription of housekeeping
genes during ZGA. Previous research showed that H2A.Z is a
transcriptional regulator29,32–35. Given that Domino is required
for H2A.Z deposition on promoters during early embryogenesis
(Fig. 2e–g), we hypothesized that a lack of Domino, and thus a
loss of H2A.Z enrichment, would cause transcriptional defects
during ZGA. We focused our analysis only on genes with zygotespeciﬁc transcription (see Methods for details of maternal-zygotic
classiﬁcation and Supplementary Fig. 3a, b). We ﬁrst performed
RNA-seq on DomKD and control ZGA embryos and found that
the transcript levels of Zld-dependent genes (lacking H2A.Z)
showed no change upon loss of Domino (Supplementary Fig. 3c
and Supplementary Data 3), whereas H2A.Z-positive genes
showed the strongest reduction in transcript levels upon Domino
knockdown (Supplementary Fig. 3c and Supplementary Data 3).
To reﬁne our approach and validate the RNA-seq results, we
conducted GRO-seq in DomKD and control embryos during
ZGA and performed differential gene expression (DGE) analysis.
We found that H2A.Z-positive genes had signiﬁcant downregulation of transcription compared to H2A.Z-negative genes
(Fig. 3a, Supplementary Data 3). Moreover, H2A.Z-positive loci
exhibited the strongest reduction in Pol II occupancy in DomKD
embryos compared to control embryos (Fig. 3b, Supplementary
Data 3).
To better understand the roles of the different Domino
isoforms in the transcriptional defects we performed a DominoB
speciﬁc knockdown (DomB_KD). We also generated transgenes
that bear a hairpin resistant variant of each Domino isoform and
that we could overexpress in the DomKD background (see
Methods). We validated each of these conditions by qPCR using
domA and domB speciﬁc primers (Supplementary Fig. 3d).
DominoB speciﬁc knockdown embryos have a strong defect in
completion of embryogenesis (mean hatching rate for DomB_KD
embryos 30.41% compared to 96.39% for Ctrl embryos and
12.66% for DomKD embryos) (Supplementary Fig. 3e). Moreover, we found that the DominoB speciﬁc knockdown strongly
reduced transcription of H2A.Z positive genes (Supplementary
Fig. 3f). This suggests that DominoB is the major isoform
responsible for the phenotype at this developmental stage and
that the endogenous levels of the DominoA isoform cannot
rescue the lack of DominoB.
Surprisingly, overexpression of a RNAi-resistant dominoA
transgene fully rescued embryonic viability (mean hatching rate
of 94.82%, Rescue DomA, Supplementary Fig. 3e), suggesting that
in overexpression conditions DominoA isoform can compensate
the lack of DominoB. Overexpression of an RNAi-resistant
dominoB transgene also rescued embryonic viability (mean
hatching rate of 53.33%, Rescue DomB, Supplementary Fig. 3e)
but to a lesser extent in agreement with the lower levels of the
overexpressed transcript (Supplementary Fig. 3d). Next, we
checked by qPCR the transcriptional levels of two H2A.Z positive
genes and one Zelda-dependent gene in each of the overexpression conditions. We found partial rescue of H2A.Z positive
genes in both overexpression conditions (Supplementary Fig. 3f).
Instead, although the Zld-dependent gene showed high variability, we did not see any strong downregulation. In summary,
endogenous levels of DominoA are not enough to rescue the
effect of DomB knockdown, however, the lack of Domino can be
rescued by overexpressing any of the two isoforms.
Since we observed similar phenotypes and transcriptional
defects between our DomKD (both isoforms) and a DomB
speciﬁc knockdown (DomB_KD), we decided to inspect other
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Fig. 2 Domino is the main histone chaperone for H2A.Z on TSS. a Experimental setup for H2A.Z IP-MS. b Volcano plot showing the -log10 p-value
(y axis) compared to the enrichment over control (log2 LFQ) of the anti-Flag IP followed by MS. A ﬁtted linear model with padj for multiple-hypothesis
(Benjamini–Yekutieli, two-sided) was used to obtain signiﬁcantly enriched or depleted proteins, colored in cyan (-log10 padj value >1.3). The red dotted line
frames signiﬁcantly enriched proteins (log2 LFQ > 0). Domino isoforms are highlighted in magenta. Dark blue denotes signiﬁcantly enriched members of
the Tip60 complex. Yellow is Arp6, a DominoB34 interactor. n = 3 biological replicates per condition. c Representative immunoﬂuorescence of DominoBGFP in pre-ZGA (left, NC10) and ZGA (right, NC14) embryos. Insets show a magniﬁcation of the GFP signal. Scale bar = 40 μm. See Supplementary Fig. 2a
for DomA staining. d Phenotypic characterization of Ctrl and DomKD embryos. Percentage of embryos (left) reaching the ZGA stage or (right) completing
embryogenesis (Hatching) (p-value < 0.0001, two-tailed Mann–Whitney test). n = 453 embryos for Ctrl and n = 465 embryos for DomKD embryos. Data
are presented as mean values ± SD. Source data are provided as a Source Data ﬁle. e Violin plot of the mean rlog transformed counts of H2A.Z quantitative
ChIP-seq on active promoter regions in Ctrl and DomKD embryos at ZGA. Box plot inside depict the median and the interquartile range (IQR) from the 1st
to the 3rd quartile. Whiskers indicate the upper (Q3 + 1.5*IQR) and lower edge (Q1 − 1.5*IQR). Welch two sample t-test, two-sided, p-value < 2.2e−16.
n = 2 biologically independent experiments per genotype. f Heatmap of H2A.Z quantitative ChIP-seq signal (left 2 columns) and Zelda Cut&Tag signal
(right 2 columns) on active promoters, sorted according to H2A.Z signal on Ctrl embryos at ZGA. Averaged library size corrected signal tracks from two
replicates were used for Zelda. g Screenshots of genome browser tracks (Integrative Genomics Viewer, IGV)114 showing H2A.Z quantitative ChIP-seq
signal in Ctrl and DomKD embryos at ZGA, Rpb3 signal in Ctrl embryos represents RNA Pol II coverage on the same regions. (Top)
Chr3L:17,010,000–17,060,000. (Middle) Chr3R: 25,243,000–25,265,000. (Bottom) ChrX: 3,680,000–3,715,000.

interaction partners. The protein Host cell factor (Hcf) has been
found to interact more strongly with DominoB than with
DominoA in Kc167 cells34. Knocking down Hcf had a strong
effect on the completion of embryogenesis (Supplementary
Fig. 3g, mean hatching rate 2.22% compared to 91.15% in Ctrl
embryos) and also showed a trend towards transcriptional
downregulation of H2A.Z positive genes at ZGA, though not as

strong as for the DomKD background (Supplementary Fig. 3h).
This data suggests that at least the DominoB-containing complex
is involved in the transcriptional regulation of H2A.Z
positive genes.
Given that H2A.Z-negative genes also showed a slight
reduction in transcription (Fig. 3a) and Pol II occupancy
(Fig. 3b), we investigated this phenomenon more in depth.
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Although H2A.Z-negative genes do not contain H2A.Z at the +1
nucleosome position, 26% of them contain H2A.Z on the −1
nucleosome position. We observed that H2A.Z-negative genes
containing H2A.Z in the −1 position showed reduction in Pol II
occupancy compared to those that do not contain the variant
(Supplementary Fig. 3i). We observed the same trend in the
GRO-seq differential gene expression, where H2A.Z negative
genes containing H2A.Z on the −1 nucleosome position showed
reduction in transcription compared to H2A.Z negative genes
that do not contain the variant at all (Supplementary Fig. 3j,
compare H2A.Z negative “−1 nucleosome” versus “None”).
These transcriptional defects in DomKD embryos prompted us
to investigate whether H2A.Z-positive genes share speciﬁc core
promoter elements, when compared to Zld-dependent genes and
H2A.Z-negative genes. Core promoter elements are sequence
motifs bound by basal transcription factors52. Typically located
within 100 bps of the TSS, core promoter elements primarily
drive two different transcription initiation modes: a focused
mode, in which the TSS spans a narrow window of a single or a
few (<5) nucleotides, and a dispersed mode, where many TSSs are
spread over a wide window, which in Drosophila can be up to
6

100 bp53. We found that H2A.Z-positive genes are enriched for
distinct core promoter elements, such as Ohler1, Ohler6, Ohler7,
and DRE motifs (Fig. 3c)52–54, which are characteristic of
dispersed promoters. In contrast, the promoters of Zlddependent genes are enriched for the Zelda (also known as
TAGteam) motif and focused promoter elements, such as BRE
and Inr, in agreement with previous studies55. Notably, the
promoters of H2A.Z-negative genes also contain sequence motifs
such as DPE, MTE and the BRE motifs, which are associated with
focused promoters (Fig. 3c). We also found that these three
groups (Zld-dependent, H2A.Z positive and H2A.Z negative
promoters) also contain different sets of transcription factor
motifs (Supplementary Fig. 3k), which further strengthens the
idea of different regulatory mechanisms.
To conﬁrm these ﬁndings, we performed a Gene Ontology
(GO) analysis using Metascape56 (Fig. 3d and Supplementary
Fig. 3l). We observed that H2A.Z-positive genes are associated
with basic cellular processes such as cell cycle and RNA
metabolism, whereas both H2A.Z-negative and Zld-dependent
genes show a strong trend towards developmental speciﬁc
functions such as neuron differentiation or tissue morphogenesis.
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This ﬁnding was further corroborated by analyzing gene
expression over developmental time using data produced for
the modENCODE project57. Here, we found that H2A.Z-positive
genes are transcribed continuously throughout embryonic development and at relatively stable levels (a characteristic of
housekeeping genes), whereas H2A.Z-negative and Zlddependent genes exhibit peaks of expression at different
developmental stages, which results in a higher variance of
expression through time (a feature of developmentally regulated
genes) (Supplementary Fig. 3m, n). Moreover, we found that
67.6% of genes already reported as housekeeping by ref. 58 where
within our H2A.Z positive genes. Overall, these results indicate
that H2A.Z deposited by maternally supplied Domino controls
the transcriptional activation of housekeeping genes during ZGA.
Given that H2A.Z was also found in some inactive genes
(Supplementary Fig. 1a) we wanted to investigate whether H2A.Z
also functions as a marker for future expression. Using
modENCODE data57, we checked the expression of the inactive
genes through development, splitting them ﬁrst by origin
(maternal or non-maternal) and then by H2A.Z content
(H2A.Z positive and H2A.Z negative). We did not see any
difference among the non-maternal genes, regardless of the
content of H2A.Z (Supplementary Fig. 3o, non-maternal).
Nevertheless, for those that are maternally deposited we observed
an increase in expression compared to the H2A.Z negative genes
of the same condition. This increase starts shortly after ZGA
(4–6 h) and becomes more prominent towards the 10 h of
development (Supplementary Fig. 3o, maternal). We hypothesized that the presence of H2A.Z could facilitate the zygotic reexpression of genes expressed in the maternal germline.
Nucleosome positioning occurs independently of Domino and
H2A.Z. Chromatin remodeling complexes change the composition, packaging, and positioning of nucleosomes, thereby regulating chromatin structure and accessibility59. While our results
show that H2A.Z deposition correlates with well-positioned
nucleosomes (Fig. 1a), it is unclear whether Domino and H2A.Z
directly inﬂuence nucleosome positioning. To test this hypothesis,
we conducted MNase-seq on DomKD embryos during ZGA. We
found no signiﬁcant differences in nucleosomal positioning
between DomKD and control embryos in either Zld-dependent,
H2A.Z-positive or H2A.Z-negative genes (Fig. 4a and Supplementary Fig. 4a), showing that nucleosome positioning occurs
independently of H2A.Z deposition. These results are consistent
with our ATAC-seq analysis, which revealed no differences in
open chromatin regions between DomKD and control embryos
(Supplementary Fig. 2k). Together, these results suggest that
nucleosome position and chromatin accessibility are established
upstream and independently of Domino and H2A.Z.
Domino is required for the correct establishment of TAD
boundaries at ZGA. During ZGA, 3D chromatin structure elements such as TADs become established. We found that Zlddependent, H2A.Z-positive and H2A.Z-negative loci have characteristic insulation scores (Supplementary Fig. 1c). To investigate
whether H2A.Z is involved in establishing TAD structures, we
performed HiC on DomKD and control embryos during ZGA.
Whole genome analyses showed that Domino knockdown does
not affect chromatin conformation or the appearance of TADs
(Supplementary Fig. 4a, b). However, when we examined each
gene category separately by measuring insulation score, H2A.Zpositive genes displayed the strongest loss of insulation at TSS in
DomKD embryos compared to controls (Fig. 4b, c). This was
conﬁrmed by checking for the drop of insulation scores sorted by
H2A.Z ChIP-seq signal (Fig. 4c). Thus, our data show that
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Domino is required for the local deﬁnition of TAD insulation at
H2A.Z-positive genes.
It has been reported that a knockdown of Zelda reduces the
insulation score in TAD boundaries with the strongest Zelda
binding23. We asked whether insulation scores were also
decreased in H2A.Z positive loci upon Zelda knockdown
(ZldKD). For that, we check for H2A.Z positive loci in ZldKD
embryos using data from Hug et al., 201723. In accordance with
their results, ZldKD caused a decrease in insulation score at Zlddependent promoters but not in H2A.Z positive and H2A.Z
negative genes (Supplementary Fig. 4c, d). Surprisingly we found
a slight increase of insulation in both H2A.Z positive and H2A.Z
negative genes upon ZldKD that we speculate is an indirect effect
due to the loss of insulation in Zld-dependent promoters.
Discussion
This study uncovers a role for the histone variant H2A.Z as an
important regulator of gene activation and transcription during
ZGA. Our results demonstrate that H2A.Z is deposited at the TSS
of the zygotic genome by maternally supplied Domino, an
ATPase and histone chaperone of H2A.Z. Moreover, we show
that H2A.Z deposition precedes ZGA and also precedes Pol II
binding to chromatin (Fig. 1c), suggesting that it primes genes for
transcriptional activation. Additionally, H4K12 acetylation (a
mark recently shown to be dependent on DominoA34) was not
affected in DomKD embryos at this developmental stage (Supplementary Fig. 2f, g), further suggesting that all transcriptional
defects at ZGA were caused speciﬁcally by the absence of H2A.Z
in promoter regions.
Surprisingly, our results showed that absence of H2A.Z in
promoter regions does not affect chromatin accessibility or
nucleosome positioning, indicating that the regulation of these
two processes in the early embryo is independent of Domino/
H2A.Z deposition. Several factors inﬂuence in vivo nucleosome
positions, including the DNA sequence, transcription factors, the
Pol II complex or ATP dependent remodelers59–61. ATP dependent chromatin remodelers can modify the position of nucleosomes either by nucleosome sliding, or by nucleosome eviction/
incorporation59. As mentioned previously, the nucleosome free
region (NFR) and the well-positioned +1 nucleosome are
maintained upon DomKD, suggesting that additional ATPases
maintain the well-positioned nucleosomes.
We observed a reduction in Pol II occupancy following
knockdown of Domino which may be explained by the requirement for either Domino or H2A.Z during Pol II recruitment. In
this context, it is notable that both H2A.Z and Domino interact
with transcription factors62,63 and in yeast, the Domino ortholog
SWR1 associates with NFR surrounding the TSS64. Additionally,
we found that H2A.Z positive genes have a characteristic promoter structure of housekeeping genes (Fig. 3c). Interestingly, the
transcription factor motifs associated are also substantially different from both Zld-dependent and H2A.Z negative genes
(Supplementary Fig. 3k). From that, we speculate that H2A.Z
positive genes have an entirely different regulation, that goes from
the mode of transcription initiation to the binding of transcription factors. Future research on this direction will allow us to
identify the precise factors that guide Pol II recruitment by
Domino or H2A.Z at this speciﬁc developmental stage.
Depletion of Pol II on H2A.Z positive genes could also explain
the decrease on TAD insulation upon DomKD. A previous study
showed that treatment with transcription-inhibitor drugs like
triptolide or alpha-amanitin have a similar effect on insulation23.
Moreover, Zld knockdown causes a loss of insulation only at Zlddependent genes23, which also show depletion of Pol II
occupancy10.
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The Domino orthologs in mammals, SRCAP and EP400, have
not been studied during early embryogenesis. EP400 has been
shown to be essential for ESC identity65 and EP400 mutant mice
are homozygous lethal66. To our knowledge, there are no reports
on the viability of homozygous mutants for the mouse Srcap gene.
In humans, hemizygous mutations producing a truncated version
of SRCAP are associated with Floating Harbor Syndrome67.
Recently, a mutation in SRCAP has been associated with uterine
leiomyoma68. However, the potential function of SRCAP in
transcription regulation has not been investigated.
H2A.Z is conserved from yeast to mammals and is essential for
viability in Xenopus, Drosophila and mouse36–38. The storage of
H2A.Z in lipid droplets through the protein Jabba has been
shown to be important in the regulation of its nuclear
levels39,40,69. However, its effects on the chromatin bound fraction are unknown. The presence of H2A.Z as a marker for future
activation has been already suggested in yeast, where H2A.Z has
shown to be important for the transcriptional activation of
repressed or lowly expressed genes70. In the same way, in mouse
embryonic stem cells (mESCs), H2A.Z on chromatin correlates
8

with H3K4me3, contained both in active promoters and bivalent
promoters (that also contain H3K27me3), but not in repressed
genes; moreover, this pattern is conserved also in human
embryonic stem cells (hESCs)32. Similarly, in zebraﬁsh embryos
the histone variant H2A.Z is inherited from the paternal germline
and is retained on promoters that would become activated or
bivalent19.
Zelda is a pioneer factor essential for ZGA. Lack of Zelda stops
development and causes embryos to die just before ZGA7.
However, this factor controls only about 10% of the genes activated in the early embryo, suggesting that additional regulators
are involved in this process. Along this line, other transcription
factors, such as Odd pair (Opa) and GAGA Factor (GAF), have
been also identiﬁed as important during ZGA71–73. We show
evidence that H2A.Z deposited by maternally provided Domino is
required for the transcriptional activation of thousands of genes
at ZGA onset. This ﬁnding broadens our current understanding
of ZGA regulation by highlighting the importance of chromatin
in regulating this process. Given the evolutionary conservation of
H2A.Z and of the fundamental principles underlying ZGA, we
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speculate that histone variants could have similar functions
during mammalian embryogenesis. Future research on this path
will help to shed light on the complex process by which chromatin states and transcription factors together orchestrate zygotic
genome activation.
Methods

Fly stocks. All the stocks used in this study were grown on corn ﬂour molasses
food (12 g agar, 18 g dry yeast, 10 g soya powder, 22 g molasses, 80 g malt extract,
80 g corn ﬂour, 6.25 ml propionic acid, 2.4 g nipagin per liter of water) at 25 °C. Fly
stocks used in this study: TRiP line control (BDSC#36303), Domino shRNA (BDSC
#41674), DominoB shRNA (BDSC #55917), Hcf shRNA (BDSC #36799), pUASp
H2Av::FlagHA (This study), mat-alpha-Gal4 (BDSC #7062), DomA-GFP-Flag
(kindly provided by Peter Becker, LMU Munich), DomB-GFP-Flag (kindly provided by Peter Becker, LMU Munich), deltaDom-GFP (kindly provided by Peter
Becker, LMU Munich), UASp-DomB-Flag-HA (Rescue DomB,this study), UASpDomA-Flag-HA (Rescue DomA, this study).
Maternal RNA depletion. Maternal RNAi knockdown (KD) was induced as
speciﬁed in ref. 20. Brieﬂy, UAS-shRNA (TRiP line) females were crossed with
germline-speciﬁc Gal4-driver (mat-alpha-Gal4, BDSC#7062) carrying males. The
progeny of this crosses (F1 generation) is KD for the speciﬁc target in the germline
and will lay eggs that are depleted of this particular transcript.
Embryo phenotypic characterization. Embryo hatching rate was performed as in
ref. 20; together with the quantiﬁcation for embryos reaching ZGA. Brieﬂy, a
minimum of 50 embryos were randomly picked. An embryo was considered as
cellularized when it displayed normal morphological features of stage 5 (ZGA,
NC14), which are a clear rim on the embryo periphery and the complete invagination of cellular membranes. Number of hatched embryos was counted after
26hrs. n represents the total number of embryos used for the full experiment.
Embryo collection. Unfertilized eggs and embryos for RNA-seq and ChIP-seq
experiments were collected as in ref. 20. Embryos for ATAC-seq, Cut&Tag and
ChIP-seq were collected and ﬁxed with 1%PFA as speciﬁed in ref. 20. For GRO-seq,
RELACS ChIP-seq, HiC and MNase-seq experiments, embryos were hand-picked
using halocarbon oil 27 (Sigma 9002-83-9) and a stereoscope equipped with
transmitted light. For GRO-seq experiments, embryos were collected in batches of
100 and shock-frozen. Five hundred embryos (5 batches of 100 embryos) were
pooled for each replicate. For MNase-seq experiments, 100 embryos per replicate
were hand-picked, placed in 50 µl of wash buffer (20 mM HEPES[pH7.5], 150 mM
NaCl, 0.5 mM Spermidine, 1× Protease inhibitors), and washed twice with wash
buffer. For RELACS ChIP-seq and HiC experiments, embryos were dechorionated
in 50% bleach for 2 min, transferred to 7 mL heptane and crosslinked with 5 mL of
ﬁxative. The ﬁxative consisted of bufferA (60 mM KCl, 15 mM NaCl, 15 mM
HEPES [pH 7.6], 4 mM MgCl2) supplemented with 1.8% PFA (for RELACS ChIPseq and HiC experiments). Embryos were ﬁxed for 15 min in an orbital shaker at
maximum speed. The crosslinking was quenched by adding a ﬁnal concentration of
225 mM glycine and rotation for 5 min. After washing with bufferA + 0.1% Triton
X100, the embryos were hand-staged on a cooling station under a microscope,
shock frozen and stored at −80 °C. For each RELACS ChIP-seq replicate, 400 ZGA
embryos were used. Each HiC replicate and ATAC-seq replicate used 100 and 25
ZGA embryos, respectively.
GRO-seq. Three biological replicates were performed per genotype. The GRO-seq
protocol was adapted from ref. 74 with modiﬁcations in the nuclei extraction
protocol as follows: Embryos were resuspended in 1.5 ml nuclei extraction buffer
(3 mM CaCl2, 2 mM MgCl2, 10 mM Tris HCl pH 7.5, 0.25% Np40, 10% Glycerol,
Protease inhibitors and RNase inhibitor 4U/ml) and stroked 60 times. The lysate
was centrifuged at 100 × g and nuclei were pelleted at 1000 × g, and washed
afterwards four times with nuclei extraction buffer. Nuclei were washed once with
freezing buffer (50 mM Tris HCl pH 8, 5 mM MgCl2, 0.1 mM EDTA) and resuspended in 100 μl of freezing buffer. The Nuclear Run-On (NRO) reaction was
performed by addition of 100 µl NRO 2× buffer (10 mM Tris HCl, 5 mM MgCl2,
1 mM DTT, 300 mM KCl, 1% Sarkosyl, 0.5 mM ATP, CTP and GTP and 0.8 U/µl
RNase inhibitor), using 1 mM Bio-11-UTP ﬁnal concentration, followed by an
incubation of 5 min at 30 °C. RNA extraction was performed following the manufacturer’s instructions with TRIzol reagent. Puriﬁed RNA was fragmented by the
addition of reverse transcriptase buffer and 7 min incubation at 95 °C. Biotinylated
nascent RNAs were bound to 30 µl Dynabeads MyOne Streptavidin C1 (Invitrogen), washed and puriﬁed. Fragmented RNAs were repaired incubating with
Polynucleotide kinase (Thermo scientiﬁc) for 30 min at 37 °C. RNA was puriﬁed
with Phenol:Chloroform and precipitated. RNA was then ligated to 3’ end adapter
using T4 RNA ligase 2 Truncated KQ (home-made) for 16 h at 15 °C. After ligation
RNA was puriﬁed using SPRI beads and biotinylated RNA was enriched as
described above. Puriﬁed RNA was ligated at 5’ end using T4 RNA ligase1 for 2 h at
25 °C. Then, RNA was puriﬁed using SPRI beads and biotinylated RNA was
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enriched for a third time as described above. Reverse transcription was performed
using SuperScript IV Reverse Transcriptase (Thermo Fisher Scientiﬁc). The RT
reaction was incubated for 1 h at 50 °C. cDNA was ampliﬁed with speciﬁc primers
using Phusion High ﬁdelity PCR master mix 2× (New England Biolab) and
sequenced on Illumina NextSeq 500 system.
ChIP-seq. Two biological replicates were performed for each ChIP-seq experiment.
ChIP-seq experiments were performed as in ref. 20. Brieﬂy, nuclei were extracted in
lysis buffer (140 mM NaCl, 15 mM HEPES [pH 7.6], 1 mM EDTA, 0.5 mM EGTA,
1% TritonX100, 0.5 mM DTT, 0.1% Sodium Deoxycholate, 10 mM Sodium
Butyrate, 1× Protease Inhibitors) and subsequently subjected to ultrasound treatment (Covaris E220, 45 s, peak power 75, duty factor 10, cycles burst 200). Fixed
chromatin was then sheared using Covaris E220 (900 s, peak power 140, duty factor
5, cycle burst 200) and precleared overnight. Each sample was incubated with the
relevant antibody and concentration (See Supplementary Table 1) for at least 4 h at
4 °C. Samples were then washed, eluted and decrosslinked overnight by incubation
at 65 °C. Next, samples were treated with RNaseA (50 μg/mL ﬁnal concentration)
for 30 min at 37 °C and ProteinaseK (200 μg/mL, ﬁnal) for 3 h at 56 °C. DNA was
puriﬁed and libraries were prepared according to manufacturer’s instructions using
the NEBNext Ultra II DNA Library Prep Kit for Illumina. Libraries were quality
controlled by capillary electrophoresis on the Fragment Analyzer system
(Advanced Analytical). Sequencing was done using the HiSeq, NextSeq or NovaSeq
Illumina platform together with the paired end sequencing option.
RELACS ChIP-seq. Two biological replicates were done per genotype. RELACS
protocol was performed as described previously by ref. 51. Brieﬂy, embryos were
thawed in RELACS lysis buffer (10 mM Tris-HCl [pH 8], 10 mM NaCl, 0.2%
Igepal, 1× Protease inhibitor cocktail) and the nuclei were isolated by sonication
using the NEXSON procedure75. To digest the chromatin, 25 µl of 10× CutSmart
buffer (NEB), 2.5 µl 100× Protease inhibitor cocktail and 1 µl of CviKI-1 (50 U/µl,
NEB R0710S) were added. The digestion reaction was incubated overnight at 20 °C.
End repair and A-tailing was performed and customized adapters51 were ligated to
the fragments. Once barcoded, the samples were pooled together. Chromatin was
then sheared by sonication (Covaris E220, MicroTubes, 5 min, peak power 105,
duty factor 2, cycles burst 200). This chromatin was used for automated ChIP with
the IP-Star Diagenode system. IPs and Inputs were decrosslinked, DNA was
puriﬁed and libraries were prepared using the NEB Ultra II DNA Library Prep Kit
for Illumina (E7645S and E6440) following the manufacturer’s instructions.
Integrity and size-distribution of the samples was assessed before and after library
preparation by running on Fragment Analyzer (Advanced Analytical). See Supplementary Table 1 for a list of antibodies used.
Cut&Tag. Cut&Tag experiments were performed as in ref. 76. Embryo collection
and ﬁxation was performed as stated in the Embryo collection section. 50 handstaged embryos were used per sample. DNA was puriﬁed and 1 pg of lambda phage
genome (previously treated with ProteinA/G-Tn5) was added to each sample as
spike-in before library preparation. See Supplementary Table 1 for a list of
antibodies used.
HiC. For each genotype, two biological replicates were analyzed. 50 µl ice-cold HiC
lysis buffer (10 mM Tris-HCl [pH 8], 10 mM NaCl, 0.2% Igepal, 1× Protease
Inhibitor Cocktail (Roche, 11836170001)) were added and embryos were crushed
with a pestle. Then, nuclei were pelleted by centrifugation (3000 × g, 5 min at 4 °C).
Next, the pellet was incubated in 50 µl 0.5% SDS for 10 min at room temperature.
The reaction was quenched by adding 145 µl of water and 25 µl of 10% Triton
X100. For chromatin digestion, 0.7 µl of DpnII (NEB R0543T) and 25 µl of DpnII
buffer were added. The reaction was incubated for 90 min at 37 °C at 600 rpm and
a second instance of 0.7 µl of DpnII was added followed by a second incubation of
90 min. Nuclei were then pelleted and resuspended in 135 µl of 1× CutSmart buffer
(NEB B7204S). To biotinylate the free chromatin ends, 0.15 mM (ﬁnal) of dNTPmix (NEB), 0.05 mM (ﬁnal) of Biotin-14-dATP (Jena Bioscience, NU-835-BIO14S) and 10 U of Klenow (NEB M0210 L) was added to the reaction and incubated
for 60 min at 25 °C. The chromatin free ends were then ligated by adding ligation
buffer (NEB B0202S) (1× ﬁnal concentration), TritonX-100 (0.8% ﬁnal concentration), 120 µg BSA and 2000 U ligase (NEB M0202S). This reaction was
incubated for 2 h, after which another 2000 U of ligase were added and incubated
for another 2hrs. Nuclei were then pelleted and resuspended in 200 µl elution
buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA, 1% SDS). Proteins were digested
upon addition of 400 µg Proteinase K for 30 min at 55 °C. The chromatin was
reverse crosslinked in the presence of 0.365 M NaCl at 68 °C overnight. DNA was
puriﬁed using the ChIP DNA Clean&Concentrator Kit (Zymo Research D5205)
eluted in 50 µl and biotin was removed from non-ligated fragments by adding NEB
buffer 2 (NEB B7002S) (1× ﬁnal), 12 µg of BSA, dATP and dGTP (0.025 ﬁnal each),
3 U T4 DNA polymerase (NEB M0203S) in a ﬁnal volume of 120 µl. The reaction
was stopped by adding a ﬁnal concentration of 13 mM EDTA. Samples were
sheared with Covaris E220 (Covaris microTUBE snap cap (520045) with intensiﬁer
(50014), duty factor 10%, peak incident power 140, cycle/burst 200, 120 s) to
generate fragments of 200–300 bp. Ligated and biotinylated fragments were enriched through biotin pulldown using Dynabeads MyOne Streptavidin C1
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(Invitrogen 65001). Afterwards, 2× binding buffer (10 mM Tris-HCl [pH 8], 1 mM
EDTA, 2 M NaCl) (1× ﬁnal concentration) was added to each sample. Subsequently, beads (equilibrated with TWB (5 mM Tris-HCl [pH 8], 0.5 mM EDTA,
1 M NaCl, 0.05% Tween) resuspended in 1× binding buffer were added to each
sample. The beads were washed twice for 2 min at 55 °C with TWB, twice with EBbuffer (Qiagen), resuspended in 50 µl of EB-buffer and directly used for library
preparation using the NEB Ultra II DNA Library Prep Kit for Illumina (E7645S
and E6440) following the manufacturer’s instructions except that the adapter
ligation occurred on the biotin beads. The fragments were released from the beads
before the PCR reaction (by heating to 98 °C for 10 min) once non-ligated adapters
had been removed.
Embryo immunoﬂuorescence. For H2A.Z immunostaining, embryos were
dechorionated and heat ﬁxed as follows: 500 μl of boiling Triton-X Salt solution
(0.03% TritonX100, 0.068 M NaCl) was added immediately followed by addition of
500 μl of ice-cold Triton-X Salt solution and 5 min incubation on ice. After
removing this solution, 500 μl of Heptane and 500 μl of MeOH were added and
vigorously shaken. The embryos were then washed 3 times with MeOH and stored.
For Domino-GFP immunostaining, embryos were ﬁxed as speciﬁed in ref. 20.
Immunostaining was performed as in ref. 20. All images were acquired using the
confocal laser scanning microscopes Leica TCS SP5, Zeiss LSM880-Airyscan or
Zeiss ELYRA PS1. Stacks were assembled using Imaris 9.5.1 (Bitplane). For all
antibodies used see Supplementary Table 1.
Ovary fractionation. For each replicate, 100 pairs of ovaries were dissected in 1×
PBS. After removing the 1× PBS, ovaries were resuspended in 1 ml hypotonic
buffer (15 mM HEPES [pH8.0], 350 mM Sucrose, 5 mM MgCl2, 10 mM KCl,
0.1 mM EDTA, 0.5 mM EGTA, 10 mM Beta-Mercaptoethanol, 0.2 mM PMSF, 1×
Protease inhibitors) and dounced with 15 strokes. Nuclei were incubated on ice for
15 min and centrifuged (9000 × g, 4 °C for 15 min). Samples were then washed
(1 ml hypotonic buffer) and centrifuged (9000 × g, 4 °C for 15 min). The pellet was
resuspended in 500 μl of Mix-Salt Buffer (20 mM HEPES [pH7.9], 25% glycerol,
1.5 mM MgCl2, 400 mM KCl, 0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM DTT, 1×
Protease Inhibitors). Samples were incubated for 15 min on ice. Subsequently, the
chromatin fraction was pelleted by centrifugation (20,000 × g, 4 °C for 15 min). The
supernatant (containing the nuclear soluble fraction) and the pellet (chromatin
fraction) were separated. Protein concentration was measured using the Bradford
assay. The fractionation quality was checked by Western Blot. The nuclear soluble
fraction was then used for afﬁnity puriﬁcation using the Flag tag.
Afﬁnity puriﬁcation. Three biological replicates were done for H2A.Z FlagHA
afﬁnity puriﬁcation. 25 μl of EZviewTM Red ANTI-FLAGTM M2 Afﬁnity Gel
(Sigma, F2426) beads per sample were washed and equilibrated by adding ﬁrst one
bead volume of 0.1 M glycine [pH2.5], incubated for 3 min at room temperature
and then adding 1 ml of 1 M Tris-HCl [pH7.9]. Beads were then washed twice with
500 μl IP-buffer (20 mM Tris-HCl [pH7.5], 10% glycerol, 5 mM MgCl2, 150 mM
KCl, 0.05% NP40, 0.1% Tween20, 1 mM DTT, 1× Protease inhibitor cocktail).
Ultimately, IP-buffer was added reconstituting the original 25 μl volume per
sample.
Afterwards, 25 μl of beads was added to 1 mg of nuclear soluble extract in 400 μl
IP-buffer, per sample. This solution was incubated for 4 h at 4 °C on a rotating
wheel. Beads were then washed three times by adding 1 ml of IP-buffer and
centrifugation (1000 × g, 1 min at 4 °C). For elution, three bead volumes of IPbuffer with Flag peptide (200 ng/μl, ﬁnal concentration) were added to the beads,
incubated for 1 h at 4 °C and centrifuged (1000 × g, 1 min at 4 °C). A second elution
was then performed by repeating the previous steps. Both elutions were cleared
using Pierce columns (ThermoFisher, 69702). The afﬁnity puriﬁcation quality was
checked for the enrichment of the tagged protein in both elutions over the input
control by SDS-PAGE analysis. Only afterwards, the two elutions were pooled
together for further processing.
Mass spectrometry sample preparation. Bait and control pull-downs were
prepared pursuing the paramagnetic bead-based single-pot, solid-phase-enhanced
sample-preparation (SP3) method77. Brieﬂy, pull-downs were buffered and
adjusted to 50 µl volume in 100 mM Tris-HCl (pH 7.5), reduced (DTT; 12 mM
ﬁnal concentration) at 45 °C for 30 min, followed by cysteine alkylation (2iodoacetamide; 40 mM ﬁnal concentration) for 30 min at room temperature (RT)
in the dark. 100 µg SP3 beads (1:1 mixture of GE Life Sciences carboxylatemodiﬁed Sera-Mag Speed Beads A (hydrophilic) and B (hydrophobic), respectively) were added together with acetonitrile (70% ﬁnal concentration) and incubated on a shaker for 15 min at RT. In all further steps, magnetic beads were
collected on an in-house fabricated Neodymium (Supermagnete, Germany) magnetic rack. Beads suspension was washed twice with ethanol (70%) and once with
100% acetonitrile. Proteolytic digestion was carried out in 50 µl 50 mM ammonium
bicarbonate. First, we added 100 ng LysC (FUJIFILM Wako Pure Chemical Corporation) incubating 2 h at 37 °C followed by addition of 500 ng Trypsin (Promega) with over-night incubation at 37 °C. After digestion, peptides were sonicated
for 1 min (water bath sonicator) and spun down. For peptide clean-up bead suspension was vacuum concentrated to 5 µl, adjusted to >90% acetonitrile
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concentration and washed twice with neat acetonitrile, incubating 15 min at RT
each time. Lastly, samples were eluted by addition of ultra HPLC-grade water
(Pierce) in three steps, pooling the eluates. Eluted samples were concentrated in
vacuo and resuspended in 0.1% formic acid prior to nanoLC-MS.

Liquid chromatography-mass spectrometry. Mass-spectrometry was done on a
Q Exactive mass spectrometer coupled to an EASY-nLC 1000 liquid chromatography system (both Thermo Fisher Scientiﬁc) essentially as described in ref. 78
with modiﬁcations detailed below. Samples were injected twice. For the ﬁrst
injection, a nonlinear gradient was applied: 5 min: 5%, 40 min: 60%, 4 min: 80% (at
a ﬂow rate of 250 nl/min). A column wash out step followed this: 5 min: 80% B
buffer (ﬂow rate 500 nl/min). The gradient for the second injection was: 5 min:
10%, 40 min: 40%, 4 min: 80% (250 nl/min ﬂow rate). This was followed by a wash
out step: 5 min: 80% B buffer (ﬂow rate 450 nl/min). Measurements were carried
out in data-dependent mode employing the “sensitive method” as described
previously79.
ATAC-seq. ATAC-seq protocol was performed as described previously by ref. 80
with modiﬁcations in sample preparation as described in the embryo collection
section. Fixed embryos were then thawed in 1 ml bufferA (60 mM KCl, 15 mM
NaCl, 15 mM HEPES [pH 7.6], 4 mM MgCl2) and crushed with ultrasound
(Covaris E220, 45 s, peak power 75, duty factor 10, cycles burst 200). Nuclei were
pelleted by centrifugation (3200 × g, 10 min at 4 °C).
We proceeded using the protocol of Buenrostro et al., 2015. Brieﬂy, nuclei were
resuspended in transposition reaction. Samples were then incubated at 37 °C for
30 min and immediately puriﬁed using the Qiagen MinElute PCR Puriﬁcation Kit,
according to manufacturer’s instructions. Transposed DNA was eluted in 10 μl of
elution buffer (buffer EB, Qiagen MinElute PCR Puriﬁcation Kit) and ampliﬁed as
stated in ref. 80. All the sequences of custom primers were taken from ref. 81. Next,
the number of PCR cycles for each sample was determined using qPCR as
recommended by ref. 80, and the remaining 45 μl PCR reaction was further
ampliﬁed. DNA from these libraries was then puriﬁed using AMPure beads
(Beckman Coulter, A63881) following the manufacturer’s instructions. The quality
of the puriﬁed libraries was assessed with Fragment Analyzer (Advanced
Analytical).
MNase-seq. MNase-seq data presented in Fig. 1a, c was obtained from ref. 22.
MNase-seq data of Fig. 4a, b was produced for this manuscript, with two replicates
per genotype. This protocol was modiﬁed from the Cut and Run protocol published by ref. 82. Embryos were smashed using a pestle in 50 µl of the MNase wash
buffer (20 mM HEPESpH7.5, 150 mM NaCl, 0.5 mM Spermidine, 1× Protease
inhibitor cocktail), then rinsed with 150 µl of MNase wash buffer and centrifuged
(600 × g, 3 min at room temperature). Cells were wash afterwards in 500 µl MNase
wash buffer and resuspended in 1 ml of MNase wash buffer. For eah sample, 10 µl
of Concanavalin A (Polyscience, 86057-3) beads were added and incubated for
15 min under rotation. The beads were previously equilibrated with binding buffer
(20 mM HEPES pH7.5, 10 mM KCl, 1 mM CaCl2, 1 mM MnCl2). Afterwards, the
beads were resuspended in 1 ml permeabilization buffer (20 mM HEPES pH 7.5,
150 mM NaCl, 0.5 mM Spermidine, 0.05% Digitonin, 2 mM EDTA, 1× Protease
inhibitor cocktail) and incubated for 2 h under rotation. Beads were washed twice
with 1 ml digitonin wash Buffer (20 mM HEPES pH7.5, 150 mM NaCl, 0.5 mM
Spermidine, 0.05% Digitonin, 1× Protease inhibitor cocktail). Next, 100 µl of 37 °C
preheated digitonin wash buffer + MNase (20U, NEB M0247S) was added to each
sample. Immediately after this, 3 µl of 100 mM CaCl2 were supplemented to each
sample. Samples were then incubated at 37 °C for 30 min. To stop the reaction,
100 µl of stop buffer (340 mM NaCl, 20 mM EDTA, 4 mM EGTA, 0.05% digitonin,
50 µg/ml RNaseA, 25 µg/ml glycogen) was added. Samples were then incubated for
another 30 min at 37 °C. Chromatin was puriﬁed by adding 0.1%SDS and 20 mg/ml
of Proteinase K to each sample, followed by 1 h incubation at 50 °C. DNA was
afterwards puriﬁed and large fragments (>500 bp) were removed using 0.5× volume
of NucleoMag® NGS beads (Macherey-Nagel, 744970.50). The ChIP DNA
Clean&Concentrator Kit (Zymo Research) was used to concentrate the samples
according to manufacturer’s instructions. Digestion efﬁciency was assessed by
capillary electrophoresis on the Fragment Analyzer (Advanced Analytical) before
preparing libraries. Libraries were prepared using the NEB Ultra II DNA Library
Prep Kit for Illumina (E7645S and E6440) following the manufacturer’s instructions. Integrity and size-distribution of the samples was assessed also after library
preparation by running on Fragment Analyzer (Advanced Analytical).

ChIP-seq, RELACS ChIP-seq, ATAC-seq and RNA-seq data processing. Raw
short read sequencing was processed uniformly using default parameters of
snakePipes-v2.0.283. RNA-seq was processed using the mRNA-seq workﬂow (–trim
option). ChIP-seq, RELACS and ATAC-seq were processed with the DNAmapping workﬂow (–trim, --dedup, –properPairs), followed by assay-speciﬁc
workﬂow, i.e., ChIP-seq and RELACS with the ChIP-seq workﬂow and ATAC-seq
by the ATAC-seq workﬂow. All libraries were mapped to dm6, using the Ensembl
version 96 annotation84.
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Blacklisting of hyper-accessible regions. ATAC-seq was used to identify hyperaccessible regions. For that, we used peaks called using snakePipes-v2.0.2, ATACseq Genrich peak calling module (see “ChIP-seq, RELACS ChIP-seq, ATAC-seq
and RNA-seq data processing” above). Peaks with a distance of up to 1 kb were
merged and regions covered by merged peaks spanning more than 12 kb were
discarded from downstream analysis.
GRO-seq data processing and analysis. In order to match the custom GRO-seq
protocol, an in-house protocol was developed. The workﬂow processes GRO-seq
single-end library, and retains UMI-like randomers that are part of the custom
GRO-seq protocol. First, adapters were trimmed using Cutadapt-v2.585 (-a
“NNNN“<TGGAATTCTCGGGTGCCAAGG > --overlap=3 --minimum-length=12
--max-n 0). UMI-like tetramers were trimmed and retained using UMI-tools-v1.086.
The SE library was mapped afterwards using Bowtie2-v2.3.3.187 with default
parameters and bowtie2 –local alignment. Only alignments with MAPQ3 or higher
were kept. For sequence read quality control samtools-v1.10.088, deeptools-v3.3.189,
FastQC-v0.11.590 and MultiQC-v1.891 were used.
Identiﬁcation of active promoters from GRO-seq. Active promoters from GROseq were identiﬁed using strand-speciﬁc MACS2- v2.1.292 peak calling (--nomodel
--extsize 100 -q 0.05 --call-summits) on pooled Ctrl samples. For that, alignments
were ﬁrst split by strand (sambamba -q view -F “not reverse_strand and sambamba
-q view -F “reverse_strand”, version 0.7.0); then, peaks were called and annotated
according to the strand. Finally, the strand-speciﬁc peaks were pooled. A promoter
was considered active if it contained a MACS2 peak on the same strand and within
150nt distance. Active promoters were identiﬁed only for genes annotated as
protein coding.
GRO-seq differential gene expression analysis. For differential gene expression
analysis from GRO-seq a tailored DESeq2-v1.26 workﬂow93 was run. First, strandspeciﬁc read counting per gene using featureCounts from subread-v1.5.394 (GROseq; –s 1 –Q 3) on non-deduplicated alignments was performed, followed by
DESeq2 analysis. For the DESeq2 analysis, genes with less than 10 reads on average
across replicates and condition were removed and size factors were computed on
our Zelda zygotic target genes set (see below).
Maternal/Zygotic classiﬁcation and Zelda zygotic target deﬁnition. Zelda
zygotic target genes were deﬁned from Zelda targets of the Pol II occupancy
analysis10 (see “Zelda-dependent promoters identiﬁcation and Differential Pol II
occupancy analysis”), RNA-seq of Ctrl unfertilized eggs and Ctrl GRO-seq
embryos. First, genes were classiﬁed as zygotic (GRO-seq only, Stage 5 expressed
only), maternally deposited (RNA-seq, unfertilized eggs only) or maternal-zygotic,
if present in both. For this, TPMs of RNA-seq from Ctrl unfertilized eggs were
computed (transcripts per million95) (Supplementary Data 4) and genes with more
than 5 TPMs in at least 3 replicates were retained. Genes were classiﬁed as Zeldazygotic, if they had TPM > 5 on Ctrl embryos, were Zelda dependent, zygotically
expressed and active at ZGA by GRO-seq.
H2A.Z RELACS quantiﬁcation. The quantiﬁcation H2A.Z was performed a) using
the local scaling factors as deﬁned in ref. 51, with the focus on active promoters
(±400 nt around TSS) and b) using the DEseq2 rlog transformation. For the local
scaling factors, deeptools-v3.4.1’ multiBamSummary89 was use to count paired
sequence reads in the deﬁned promoters (multiBamSummary BED-ﬁle
–extendReads) followed by the library-size corrected double ratios of IP and Input
as described previously51. For the promoter quantiﬁcation of H2Av RELACS IP
and Input, reads per promoter were counted using featureCounts94 (-t promoter -g
transcript_id -f -Q 3 --primary -s 0 -p -B, subread-v1.5.3). Then, for the quantiﬁcation, DEseq2-v1.2.6 was used to compute the rlog transformation of the read
counts. Since RELACS is quantitative, the size factors for library size correction
were computed from the input only. Finally, rlog values were averaged between
replicates.
Cut&Tag/Run processing and quantiﬁcation. The quantitative Cut&Tag
sequencing libraries contain DNA from D. melanogaster as well as a spike-in of
lambda phage genome (Genbank: J02459.1). Here, the spike-ins were used to rule
out a global change in chromatin abundance. The sequencing libraries were
mapped to a hybrid dm6 and Lambda phage genome using snakePipes-v2.4.3
DNA-mapping with updated Bowtie2 mapping parameters (as in ref. 96), as well as
adapter trimming and MAPQ ≥ 3 ﬁltering (DNA-mapping –mapq 3 –trim
–properPairs –dedup –alignerOpts=‘—local –very-sensitive-local –no-discordant
–no-mixed -I 10 -X 700’)83. Library size corrected for the Zelda IP signal tracks as
produced by snakePipes were averaged and used for visualization in the heatmap
shown on Fig. 2f.
After alignment and ﬁltering, scaling factors from spike-ins were computed
using deeptools-v3.5.089 multiBamSummary (multiBamSummary bins –binSize
1000 –region <lambda phage genome coordinates> –scalingFactors). The resulting
scaling factors were used downstream to produce normalized signal tracks
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(bamCoverage -b <sample> --scaleFactor <sample scale factor>) as well as in the
quantiﬁcation.
For the quantiﬁcation, the number of PE reads were counted in 500 nucleotide
bins across the dm6 genome (multiBamSummary bins –binSize 500 –extendReads
–outRawCounts <ﬁle>). This was followed by the DESeq2-v1.2.6 analysis using the
previously computed spike-in scaling factors for size factor. Bins with less than or
equal to 25 read counts (average across samples) were discarded. The design matrix
was setup to compare the samples by condition and correct for replicate effects
(design = ~replicate + condition). In the last step, since there was no global change,
we executed the DESeq2 shrinkage of log2 fold changes (type = ‘normal’).
Identiﬁcation and classiﬁcation of H2A.Z positive promoters. In order to
identify promoters enriched for H2A.Z, NucHunter97 was used to predict
nucleosome positions from the H2A.Z ChIP-seq data on wild type samples. In
order to do that, alignments were ﬁltered for their quality using ‘samtools view -q 3’
from samtools-v1.10.088. Fragment length of the ﬁltered alignments were predicted
using fraglen tool of NucHunter, these fragment lengths were used to run callnucs
tool of NucHunter to predict the position of nucleosomes. Plus 1 nucleosomes (+1)
were then predicted using the following criteria: 1) A nucleosome within 350
nucleotides from a TSS was predicted for at least one H2A.Z ChIP-seq replicate or
2) A nucleosome within 600 nucleotides from a TSS was predicted in both replicates, with less than 80 nucleotides difference from the center of the predicted
nucleosomes between the two replicates. A promoter was considered H2A.Z
positive, if there was a predicted +1 nucleosome overlapping or downstream the
same promoter. The -1 nucleosomes were identiﬁed in the same way, but scanning
upstream of the TSS.
Zld-dependent promoters identiﬁcation and differential Pol II occupancy
analysis. Differential Pol II occupancy was determined using the method described
in ref. 10. In brief, reads were countered per transcript using featureCounts (-t
transcript -g transcript_id -f -O -Q 3 --primary -s 0, subread-v1.5.3). Reads were
counted multiple times if they overlap several isoforms. Then, per transcript read
counts were processed with edgeR-v3.28.198 to compute differential Pol II occupancy. Like in the published method, transcripts spanning less than 125 nucleotides
were discarded and only transcripts with read counts across replicates sum more
that 10 reads were considered. This method was used to identify Zelda targets in
dm6 (logFC < −1 and FDR < 0.01) using published Pol II ChIP-seq data in Zld
mutants10. Pol II occupancy per transcript was quantiﬁed using edgeR’s FPKM
calculations. This same method was also used to quantify Pol II in DomKD and
Ctrl ZGA embryos, with the following modiﬁcations: First, edgeR norm.factors were
computed on our Zelda zygotic targets (see “Maternal/Zygotic classiﬁcation and
Zelda zygotic target deﬁnition” above). Differential transcripts were identiﬁed using
the likelihood ratio test (edgeR::glmLRT). Then, unique promoters were identiﬁed
and selected based on the most signiﬁcant change among all transcripts for a given
promoter (min FDR, edgeR results).
Motif enrichment analysis. Motif enrichment analysis was performed using
MEME-suite-v5.0.2 AME99 with default parameters. Unique promoters were used.
The core promoter analysis was performed on core promoters deﬁned and constructed as -300 nt to 100 nt around the TSS. The core promoter motif database was
constructed from Haberle & Stark, 201952 complemented with Ramalingam et al.,
2021100 as well as a known Zelda motif (Motif ID: MA1462.1)101. The TF motif
analysis was performed using regions -600nt to 400nt around the TSS using Jaspar
2020 motifs101. For each of the three groups: H2A.Z positive, H2A.Z negative and
Zelda-dependent, the corresponding background set was constructed from the
other two groups.
Gene ontology analysis. Gene Ontology analysis was performed using
Metascape56. The software of Metascape is freely available at: https://metascape.org
and was used with default parameters. For Zelda-dependent and H2A.Z negative
analysis, a single list containing all genes in the group was used for each. For H2A.Z
positive genes, 8 random lists with 1000 genes each were generated and analyzed in
the “Multiple gene list” mode. Prior to visualization, the observed gene count was
translated into a gene ratio (number of observed / number of genes in a particular
term). For visualization, the top 5 or the top 20 signiﬁcant GO terms were selected
per group and ordered using hierarchical clustering on the distance of -log10
p-value.
Mass spectrometry data analysis. Raw data was analyzed using MaxQuant
v1.6.14.0102. Files were searched against a Drosophila melanogaster UniProt database containing Swiss-Prot and TrEMBL sequences (23,370 entries) plus an
extended version of the MaxQuant contaminant database. Initial mass tolerance
was 20 ppm followed by 4.5 ppm for main search and fragment tolerance of
25 ppm. Trypsin/P and D.P were used as enzymes and up to 2 missed cleavages
were allowed. Carbamidomethylation of cysteine was used as ﬁxed modiﬁcation.
Variable modiﬁcations included oxidation (M), deamidation (N, Q), acetylation of
protein N-termini, acetylation (K), and phosphorylation (S, T). With only the ﬁrst
three variable modiﬁcations used for quantiﬁcation, inter-sample relative abundance was determined using MaxLFQ103 with enabling the match between runs
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option (matching time window of 0.5 min). Intra sample abundance was
approximated by iBAQ score104 calculation. Peptide and protein FDR were kept at
1%. All other settings were kept at default. Downstream analysis was done in
R-v4.0.3105, using an in-house developed script employing the DEP package as
base106. Brieﬂy, contaminants, reverse, and only identiﬁed by site entries were
ﬁltered out. At least 2 valid quantitation values in any group (Bait or control) were
required. Data was vsn-normalized and missing values were imputed by drawing
values from a deﬁned distribution (width 0.5, downshift 1.8) as described
previously107. Statistical analysis was done using limma-v3.44.3 (with
trend = TRUE)108, and the obtained p-values were corrected for multiple
hypotheses by Benjamini–Yekutieli109. Differentially enriched proteins were classiﬁed by having an adjusted p-value ≤ 0.05 and a fold change ±50% bait/control.

from https://enhancers.starklab.org/ based on ref. 41. Source data are provided with this
paper, which includes raw data for graphs and gel blot images for Figs. 2d, 3c, d,
Supplementary Figs. 2d–f, 3d–h, 3k, 3n and 3o in the Source Data ﬁle. Promoter
classiﬁcation for Fig. 1 and Supplementary Fig. 1, and analysis ﬁles for Figs. 2b, 3a, b,
Supplementary Fig. 3c, i, j are provided as Supplementary Data. All other data are
available within the article and its Supplementary Information. Source data are provided
with this paper.

MNase-seq data processing and analysis. MNase-seq data presented in Fig. 1a
and Fig. 1c was obtained from ref. 22. From this published data set, MNase-seq data
from two different developmental stages: stage 4 (pre-ZGA) and stage 5 (ZGA)
were processed and analyzed. Brieﬂy, the quality of the data has been checked and
the data was mapped using the DNA-mapping pipeline of snakePipes-v2.1.083 with
the following parameters: --trim --properPairs --dedup --mapq 3 --fastqc. For the
purpose of visualization, three replicates of samples from each of the developmental stages have been merged after assessing their correlations. The above
pipeline has been run with the same parameters on the merged samples. The
coverage ﬁles were then computed for each stage using bamCoverage from
deeptools-v3.4.389 with the following parameters: --binSize 1 -p 50 --effectiveGenomeSize 142573017 --normalizeUsing RPGC --MNase along with --ignoreForNormalization to remove the blacklisted regions and to minimize the bias in
calculating the genome-wide coverage. Blacklisted regions can be found at https://
github.com/iovinolab/dom-study_2020. MNase-seq data of Fig. 4a and Supplementary Fig. 4a was produced for this manuscript. This data contains both Ctrl and
DomKD samples, two replicates per condition and has been mapped and preprocessed using the same steps as above. However, to efﬁciently capture +1
nucleosomes, ﬁltered reads obtained from running the DNA-mapping pipeline on
merged samples, were further ﬁltered for read length. Only those with a length
between 130 and 200 base pairs were retained and used to compute the coverage
ﬁles. The alignmentSieve module of deeptools-v 3.4.389 has been used for this
ﬁltering step.
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HiC data processing and TAD insulation score calculation. HiC data from both
wildtype and Domino knockdown, two replicates per condition, have been mapped
on dm6 genome and processed using the HiC pipeline of snakepipes-v2.1.0.
Matrices of 2 kb resolution (--binSize 2000) have been created, replicates were
merged after assessing their correlation (QC of the pipeline, distance vs. counts and
visualizing matrices). Merged matrices were balanced using KR method (--correctionMethod KR). To call TADs hicFindTADs form hicexplorer-v3.4.3110 was
used with the following parameters: --thresholdComparisons 0.01 --correctForMultipleTesting bonferroni --minDepth 20000 --maxDepth 100000 --step 2000
--delta 0.01. TAD calling generates a bedgraph ﬁle that contains the insulation
scores for each condition. These ﬁles have been converted to bigwig ﬁles using
bedGraphToBigWig-v4 as one of the UCSC utility tools111. Fastq ﬁles of published
HiC data on both control and Zelda knockdown from Hug et al., 201723 were
downloaded and processed identically to the in-house data. Afterwards, bigwigCompare with --operation subtract --skipNonCoveredRegions from deeptoolsv3.4.389 has been used to generate a difference coverage ﬁle and presents the
subtraction of the insulation score of control data from Zelda knockdown.
Data analysis software. All remaining data data transformation, analysis and
visualization have been execute using R-v3.6.3105, ggplot-v3.28.1112. For operations
of genomic regions, bedtools-v2.27.0113 was used.
Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding author upon
reasonable request. The sequencing data generated in this study have been deposited in
the NCBI’s Gene Expression Omnibus and are accessible through GEO Series accession
number GSE173240. The mass-spectrometry proteomics data generated in this study
have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identiﬁer PXD029061. MNase-seq data presented in Fig. 1a,
was obtained from ref. 22, and is accessible through GEO accession numbers:
GSM3736319, GSM3736320, GSM3736321, GSM3736322, GSM3736323, GSM3736324,
GSM3736325. RNA-seq data presented in Supplementary Fig. 3m–o was obtained from
ref. 57 and is accessible through SRA: SRP001696. Speciﬁc samples used for this study
have the accession numbers SRR1197327 to SRR1197338 and SRR1197363 to
SRR1197370. HiC data presented in Supplementary Fig. 4c, d was obtained from ref. 23.
and is accessible through ArrayExpress: E-MTAB-4918. Speciﬁc samples used for this
study have the accession numbers ERR1533226 to ERR1533236, and ERR1912884 to
ERR1912887. Enhancer candidates used in Supplementary Fig. 1b were downloaded
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Code availability
Custom code for sequencing data analysis is accessible through the GitHub repository:
https://github.com/iovinolab/dom-study_2020.

References
1.
2.

3.

4.

5.

6.

7.
8.
9.
10.
11.
12.
13.
14.

15.

16.

17.

18.
19.

20.
21.

22.
23.

Vastenhouw, N. L., Cao, W. X. & Lipshitz, H. D. The maternal-to-zygotic
transition revisited. Development 146, dev161471 (2019).
Cao, W. X. et al. Precise temporal regulation of post-transcriptional repressors
is required for an orderly drosophila maternal-to-zygotic transition. Cell Rep.
31, 107783 (2020).
Kwasnieski, J. C., Orr-Weaver, T. L. & Bartel, D. P. Early genome activation in
Drosophila is extensive with an initial tendency for aborted transcripts and
retained introns. Genome Res. 29, 1188–1197 (2019).
De Renzis, S., Elemento, O., Tavazoie, S. & Wieschaus, E. F. Unmasking
activation of the zygotic genome using chromosomal deletions in the
Drosophila embryo. PLoS Biol. 5, 1036–1051 (2007).
Lott, S. E. et al. Noncanonical compensation of zygotic X transcription in early
Drosophila melanogaster development revealed through single-embryo RNASeq. PLoS Biol. 9, 1–13 (2011).
Leichsenring, M., Maes, J., Mossner, R., Driever, W. & Onichtchouk, D.
Pou5f1 transcription factor controls zygotic gene activation in vertebrates.
Science. 341, 1005–1009 (2013).
Liang, H.-L. et al. The zinc-ﬁnger protein Zelda is a key activator of the early
zygotic genome in Drosophila. Nature 456, 400–403 (2008).
Zaret, K. S. & Carroll, J. S. Pioneer transcription factors: establishing
competence for gene expression. Genes Dev. 25, 2227–2241 (2011).
McDaniel, S. L. et al. Continued activity of the pioneer factor zelda is required
to drive zygotic genome activation. Mol. Cell 74, 185–195.e4 (2019).
Blythe, S. A. & Wieschaus, E. F. Zygotic genome activation triggers the DNA
replication checkpoint at the midblastula transition. Cell 160, 1169–1181 (2015).
Iovino, N., Ciabrelli, F. & Cavalli, G. PRC2 controls Drosophila oocyte cell fate
by repressing cell cycle genes. Dev. Cell 26, 431–439 (2013).
Grossniklaus, U. & Paro, R. Transcriptional silencing by polycomb-group
proteins. Cold Spring Harb. Perspect. Biol. 6, a019331–a019331 (2014).
Cusanovich, D. A. et al. The cis-regulatory dynamics of embryonic
development at single-cell resolution. Nature 555, 538–542 (2018).
Bonn, S. et al. Tissue-speciﬁc analysis of chromatin state identiﬁes temporal
signatures of enhancer activity during embryonic development. Nat. Genet.
44, 148–156 (2012).
Chari, S., Wilky, H., Govindan, J. & Amodeo, A. A. Histone concentration
regulates the cell cycle and transcription in early development. Development
146, dev177402 (2019).
Joseph, S. R. et al. Competition between histone and transcription factor
binding regulates the onset of transcription in zebraﬁsh embryos. Elife 6,
e23326 (2017).
Almouzni, G. & Wolffe, A. P. Constraints on transcriptional activator function
contribute to transcriptional quiescence during early Xenopus embryogenesis.
EMBO J. 14, 1752–1765 (1995).
Dahl, J. A. et al. Broad histone H3K4me3 domains in mouse oocytes modulate
maternal-to-zygotic transition. Nature 537, 548–552 (2016).
Murphy, P. J., Wu, S. F., James, C. R., Wike, C. L. & Cairns, B. R. Placeholder
nucleosomes underlie germline-to-embryo DNA methylation reprogramming.
Cell 172, 993–1006.e13 (2018).
Zenk, F. et al. Germ line–inherited H3K27me3 restricts enhancer function
during maternal-to-zygotic transition. Science. 357, 212–216 (2017).
Pérez-Montero, S., Carbonell, A., Morán, T., Vaquero, A. & Azorín, F. The
embryonic linker histone H1 variant of Drosophila, dBigH1, regulates zygotic
genome activation. Dev. Cell 26, 578–590 (2013).
Samata, M. et al. Intergenerationally Maintained Histone H4 Lysine 16
Acetylation Is Instructive for Future Gene Activation. Cell 182, 1–18 (2020).
Hug, C. B., Grimaldi, A. G., Kruse, K. & Vaquerizas, J. M. Chromatin
architecture emerges during zygotic genome activation independent of
transcription. Cell 169, 216–228.e19 (2017).

NATURE COMMUNICATIONS | (2021)12:7002 | https://doi.org/10.1038/s41467-021-27125-7 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27125-7

24. Zenk, F. et al. HP1 drives de novo 3D genome reorganization in early
Drosophila embryos. Nature 593, 289–293 (2021).
25. Henn, L. et al. Alternative linker histone permits fast paced nuclear divisions
in early Drosophila embryo. Nucleic Acids Res. 48, 9007–9018 (2020).
26. Bonnefoy, E., Orsi, G. A., Couble, P. & Loppin, B. The essential role of
drosophila HIRA for de novo assembly of paternal chromatin at fertilization.
PLoS Genet. 3, e182 (2007).
27. Jackson, J. D., Falciano, V. T. & Gorovsky, M. A. A likely histone H2A.F/Z
variant in Saccharomyces cerevisiae. Trends Biochem. Sci. 21, 466–467 (1996).
28. Bonnet, J. et al. Quantiﬁcation of proteins and histone marks in drosophila
embryos reveals stoichiometric relationships impacting chromatin regulation.
Dev. Cell 51, 632–644.e6 (2019).
29. Adam, M., Robert, F., Larochelle, M. & Gaudreau, L. H2A.Z is required for
global chromatin integrity and for recruitment of RNA polymerase II under
speciﬁc conditions. Mol. Cell. Biol. 21, 6270–6279 (2001).
30. Rangasamy, D., Berven, L., Ridgway, P. & Tremethick, D. J. Pericentric
heterochromatin becomes enriched with H2A.Z during early mammalian
development. EMBO J. 22, 1599–1607 (2003).
31. Meneghini, M. D., Wu, M. & Madhani, H. D. Conserved histone variant
H2A.Z protects euchromatin from the ectopic spread of silent
heterochromatin. Cell 112, 725–736 (2003).
32. Ku, M. et al. H2A.Z landscapes and dual modiﬁcations in pluripotent and
multipotent stem cells underlie complex genome regulatory functions.
Genome Biol. 13, R85 (2012).
33. Hu, G. et al. H2A.Z facilitates access of active and repressive complexes to
chromatin in embryonic stem cell self-renewal and differentiation. Cell Stem
Cell 12, 180–192 (2013).
34. Scacchetti, A. et al. Drosophila SWR1 and NuA4 complexes are deﬁned by
DOMINO isoforms. Elife 9, 1 (2020).
35. Valdés-Mora, F. et al. Acetylation of H2A.Z is a key epigenetic modiﬁcation
associated with gene deregulation and epigenetic remodeling in cancer.
Genome Res. 22, 307–321 (2012).
36. Iouzalen, N., Moreau, J. & Méchali, M. H2A.ZI, a new variant histone
expressed during Xenopus early development exhibits several distinct features
from the core histone H2A. Nucleic Acids Res. 24, 3947–3952 (1996).
37. Van Daal, A. & Elgin, S. C. R. Histone variant, H2AvD, is essential Drosophila
melanogaster. Mol. Biol. Cell 3, 593–602 (1992).
38. Faast, R. et al. Histone variant H2A.Z is required for early mammalian
development. Curr. Biol. 11, 1183–1187 (2001).
39. Li, Z. et al. Lipid droplets control the maternal histone supply of Drosophila
embryos. Curr. Biol. 22, 2104–2113 (2012).
40. Johnson, M. R., Stephenson, R. A., Ghaemmaghami, S. & Welte, M. A.
Developmentally regulated H2AV buffering via dynamic sequestration to lipid
droplets in Drosophila embryos. Elife 7, 1–28 (2018).
41. Kvon, E. Z. et al. Genome-scale functional characterization of Drosophila
developmental enhancers in vivo. Nature 512, 91–95 (2014).
42. van Steensel, B. & Furlong, E. E. M. The role of transcription in shaping the
spatial organization of the genome. Nat. Rev. Mol. Cell Biol. 20, 327–337
(2019).
43. Lajoie, B. R., Dekker, J. & Kaplan, N. The Hitchhiker’s guide to Hi-C analysis:
practical guidelines. Methods 72, 65–75 (2015).
44. Nora, E. P. et al. Spatial partitioning of the regulatory landscape of the
X-inactivation centre. Nature 485, 381–385 (2012).
45. Kusch, T. et al. Acetylation by Tip60 is required for selective histone variant
exchange at DNA lesions. Science. 306, 2084–2087 (2004).
46. Mizuguchi, G. et al. ATP-driven exchange of histone H2AZ variant catalyzed
by SWR1 chromatin remodeling complex. Science. 303, 343–348 (2004).
47. Ruhl, D. D. et al. Puriﬁcation of a human SRCAP complex that remodels
chromatin by incorporating the histone variant H2A.Z into nucleosomes.
Biochemistry 45, 5671–5677 (2006).
48. Ruhf, M.-L. et al. The domino gene of Drosophila encodes novel members of
the SWI2/SNF2 family of DNA-dependent ATPases, which contribute to the
silencing of homeotic genes. Dev 128, 1429–1441 (2001).
49. Baldi, S. & Becker, P. B. The variant histone H2A.V of Drosophila - Three
roles, two guises. Chromosoma 122, 245–258 (2013).
50. Ismail, I. H. & Hendzel, M. J. The gamma-H2A.X: Is it just a surrogate marker
of double-strand breaks or much more? Environ. Mol. Mutagen. 49, 73–82
(2008).
51. Arrigoni, L. et al. RELACS nuclei barcoding enables high-throughput ChIPseq. Commun. Biol. 1, 214 (2018).
52. Haberle, V. & Stark, A. Eukaryotic core promoters and the functional basis of
transcription initiation. Nat. Rev. Mol. Cell Biol. 19, 621–637 (2018).
53. Vo Ngoc, L., Kassavetis, G. A. & Kadonaga, J. T. The RNA polymerase II core
promoter in drosophila. Genetics 212, 13–24 (2019).
54. Rach, E. A. et al. Transcription initiation patterns indicate divergent strategies
for gene regulation at the chromatin level. PLOS Genet. 7, e1001274 (2011).
55. Chen, K. et al. A global change in RNA polymerase II pausing during the
Drosophila midblastula transition. Elife 2, e00861 (2013).

ARTICLE

56. Zhou, Y. et al. Metascape provides a biologist-oriented resource for the
analysis of systems-level datasets. Nat. Commun. 10, 1523 (2019).
57. Celniker, S. E. et al. Unlocking the secrets of the genome. Nature 459, 927–930
(2009).
58. Prayitno, K., Schauer, T., Regnard, C. & Becker, P. B. Progressive dosage
compensation during Drosophila embryogenesis is reﬂected by gene
arrangement. EMBO Rep. 20, e48138 (2019).
59. Clapier, C. R., Iwasa, J., Cairns, B. R. & Peterson, C. L. Mechanisms of action
and regulation of ATP-dependent chromatin-remodelling complexes. Nat.
Rev. Mol. Cell Biol. 18, 407–422 (2017).
60. Hughes, A. L. & Rando, O. J. Mechanisms underlying nucleosome positioning
in vivo. Annu. Rev. Biophys. 43, 41–63 (2014).
61. Gilchrist, D. A. et al. Pausing of RNA polymerase II disrupts DNA-speciﬁed
nucleosome organization to enable precise gene regulation. Cell 143, 540–551
(2010).
62. Frank, S. R. et al. MYC recruits the TIP60 histone acetyltransferase complex to
chromatin. EMBO Rep. 4, 575–580 (2003).
63. Jeong, K. W. et al. Recognition of enhancer element-speciﬁc histone
methylation by TIP60 in transcriptional activation. Nat. Struct. Mol. Biol. 18,
1358–1365 (2011).
64. Yen, K., Vinayachandran, V. & Pugh, B. F. SWR-C and INO80 chromatin
remodelers recognize nucleosome-free regions near +1 nucleosomes. Cell 154,
1246–1256 (2013).
65. Fazzio, T. G., Huff, J. T. & Panning, B. An RNAi Screen of Chromatin
Proteins Identiﬁes Tip60-p400 as a Regulator of Embryonic Stem Cell
Identity. Cell 134, 162–174 (2008).
66. Dickinson, M. E. et al. High-throughput discovery of novel developmental
phenotypes. Nature 537, 508–514 (2016).
67. Hood, R. L. et al. Mutations in SRCAP, encoding SNF2-related CREBBP
activator protein, cause ﬂoating-harbor syndrome. Am. J. Hum. Genet. 90,
308–313 (2012).
68. Berta, D. G. et al. Deﬁcient H2A.Z deposition is associated with genesis of
uterine leiomyoma. Nature 596, 398–403 (2021).
69. Li, Z., Johnson, M. R., Ke, Z., Chen, L. & Welte, M. A. Drosophila lipid
droplets buffer the h2av supply to protect early embryonic development. Curr.
Biol. 24, 1485–1491 (2014).
70. Guillemette, B. et al. Variant histone H2A.Z is globally localized to the
promoters of inactive yeast genes and regulates nucleosome positioning. PLoS
Biol. 3, e384 (2005).
71. Koromila, T. et al. Odd-paired is a pioneer-like factor that coordinates with
zelda to control gene expression in embryos. Elife 9, 1–71 (2020).
72. Soluri, I. V., Zumerling, L. M., Parra, O. A. P., Clark, E. G. & Blythe, S. A.
Zygotic pioneer factor activity of odd-paired/zic is necessary for late function
of the drosophila segmentation network. Elife 9, e53916 (2020).
73. Gaskill, M. M., Gibson, T. J., Larson, E. D. & Harrison, M. M. GAF is essential
for zygotic genome activation and chromatin accessibility in the early
Drosophila embryo. Elife 10, e66668 (2021).
74. Quarato, P. et al. Germline inherited small RNAs facilitate the clearance of
untranslated maternal mRNAs in C. elegans embryos. Nat. Commun. 12, 1–14
(2021).
75. Arrigoni, L. et al. Standardizing chromatin research: a simple and universal
method for ChIP-seq. Nucleic Acids Res. 44, e67–e67 (2016).
76. Kaya-Okur, H. S. et al. CUT&Tag for efﬁcient epigenomic proﬁling of small
samples and single cells. Nat. Commun. 10, 1–10 (2019).
77. Hughes, C. S. et al. Single-pot, solid-phase-enhanced sample preparation for
proteomics experiments. Nat. Protoc. 14, 68–85 (2019).
78. Musa, Y. R., Boller, S., Puchalska, M., Grosschedl, R. & Mittler, G.
Comprehensive proteomic investigation of Ebf1 heterozygosity in pro-B
lymphocytes utilizing data independent acquisition. J. Proteome Res. 17, 76–85
(2018).
79. Kelstrup, C. D., Young, C., Lavallee, R., Nielsen, M. L. & Olsen, J. V.
Optimized fast and sensitive acquisition methods for shotgun proteomics on a
quadrupole orbitrap mass spectrometer. J. Proteome Res. 11, 3487–3497
(2012).
80. Buenrostro, J. D., Wu, B., Chang, H. Y. & Greenleaf, W. J. ATAC-seq: a
method for assaying chromatin accessibility genome-wide. Curr. Protoc. Mol.
Biol. 109, 21.29.1–21.29.9 (2015).
81. Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y. & Greenleaf, W. J.
Transposition of native chromatin for fast and sensitive epigenomic proﬁling
of open chromatin, DNA-binding proteins and nucleosome position. Nat.
Methods 10, 1213–1218 (2013).
82. Skene, P. J. & Henikoff, S. An efﬁcient targeted nuclease strategy for highresolution mapping of DNA binding sites. Elife 6, 35 (2017).
83. Bhardwaj, V. et al. snakePipes: facilitating ﬂexible, scalable and integrative
epigenomic analysis. Bioinformatics 35, 4757–4759 (2019).
84. Yates, A. D. et al. Ensembl 2020. Nucleic Acids Res. 48, D682–D688 (2019).
85. Martin, M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. J. 17, 10 (2011).

NATURE COMMUNICATIONS | (2021)12:7002 | https://doi.org/10.1038/s41467-021-27125-7 | www.nature.com/naturecommunications

13

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27125-7

86. Smith, T., Heger, A. & Sudbery, I. UMI-tools: modeling sequencing errors in
Unique Molecular Identiﬁers to improve quantiﬁcation accuracy. Genome Res.
27, 491–499 (2017).
87. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357–359 (2012).
88. Li, H. et al. The sequence alignment/Map format and SAMtools.
Bioinformatics 25, 2078–2079 (2009).
89. Ramírez, F. et al. deepTools2: a next generation web server for deepsequencing data analysis. Nucleic Acids Res. 44, W160–W165 (2016).
90. Andrews, S. FastQC: a quality control tool for high throughput sequence data.
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/. (2010).
91. Ewels, P., Magnusson, M., Lundin, S. & Käller, M. MultiQC: summarize
analysis results for multiple tools and samples in a single report.
Bioinformatics 32, 3047–3048 (2016).
92. Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9,
R137 (2008).
93. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).
94. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efﬁcient general purpose
program for assigning sequence reads to genomic features. Bioinformatics 30,
923–930 (2014).
95. Wagner, G. P., Kin, K. & Lynch, V. J. Measurement of mRNA abundance
using RNA-seq data: RPKM measure is inconsistent among samples. Theory
Biosci. 131, 281–5 (2012).
96. Meers, M. P., Bryson, T. D., Henikoff, J. G. & Henikoff, S. Improved
CUT&RUN chromatin proﬁling tools. Elife 8, e46314 (2019).
97. Mammana, A., Vingron, M. & Chung, H.-R. Inferring nucleosome positions
with their histone mark annotation from ChIP data. Bioinformatics 29,
2547–2554 (2013).
98. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139–140 (2010).
99. McLeay, R. C. & Bailey, T. L. Motif enrichment analysis: a uniﬁed framework
and an evaluation on ChIP data. BMC Bioinforma. 11, 165 (2010).
100. Ramalingam, V., Natarajan, M., Johnston, J. & Zeitlinger, J. TATA and paused
promoters active in differentiated tissues have distinct expression
characteristics. Mol. Syst. Biol. 17, e9866 (2021).
101. Fornes, O. et al. JASPAR 2020: update of the open-access database of
transcription factor binding proﬁles. Nucleic Acids Res. 48, D87–D92 (2019).
102. Cox, J. & Mann, M. MaxQuant enables high peptide identiﬁcation rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantiﬁcation. Nat. Biotechnol. 26, 1367–1372 (2008).
103. Cox, J. et al. Accurate proteome-wide label-free quantiﬁcation by delayed
normalization and maximal peptide ratio extraction, termed MaxLFQ. Mol.
Cell. Proteom. 13, 2513–26 (2014).
104. Arike, L. et al. Comparison and applications of label-free absolute proteome
quantiﬁcation methods on Escherichia coli. J. Proteom. 75, 5437–5448 (2012).
105. R Core Team. R Foundation for Statistical Computing, Vienna. R: a language and
environment for statistical computing. https://www.R-project.org/. (2021).
106. Zhang, X. et al. Proteome-wide identiﬁcation of ubiquitin interactions using
UbIA-MS. Nat. Protoc. 13, 530–550 (2018).
107. Keilhauer, E. C., Hein, M. Y. & Mann, M. Accurate protein complex retrieval by
afﬁnity enrichment mass spectrometry (AE-MS) rather than afﬁnity puriﬁcation
mass spectrometry (AP-MS). Mol. Cell. Proteom. 14, 120–135 (2015).
108. Ritchie, M. E. et al. limma powers differential expression analyses for RNAsequencing and microarray studies. Nucleic Acids Res. 43, e47 (2015).
109. Benjamini, Y. & Yekutieli, D. The control of the false discovery rate in
multiple testing under dependency. Ann. Stat. 29, 1165–1188 (2001).
110. Wolff, J. et al. Galaxy HiCExplorer 3: a web server for reproducible Hi-C,
capture Hi-C and single-cell Hi-C data analysis, quality control and
visualization. Nucleic Acids Res. 48, W177–W184 (2020).
111. Kent, W. J., Zweig, A. S., Barber, G., Hinrichs, A. S. & Karolchik, D. BigWig
and BigBed: enabling browsing of large distributed datasets. Bioinformatics 26,
2204–2207 (2010).
112. Hadley, W. ggplot2: elegant graphics for data analysis. (Springer-Verlag, 2016).
113. Quinlan, A. R. & Hall, I. M. BEDTools: a ﬂexible suite of utilities for
comparing genomic features. Bioinformatics 26, 841–842 (2010).
114. Thorvaldsdóttir, H., Robinson, J. T. & Mesirov, J. P. Integrative Genomics
Viewer (IGV): high-performance genomics data visualization and exploration.
Brief. Bioinform. 14, 178–192 (2013).
115. Yu, G., Wang, L.-G., Han, Y. & He, Q.-Y. clusterProﬁler: an R package for
comparing biological themes among gene clusters. Omi. A J. Integr. Biol. 16,
284–287 (2012).

14

Acknowledgements
We would like to thank our colleagues Peter Becker, Alessandro Scacchetti and Kenneth
Börner from LMU, Munich for kindly sharing the DomA-, DomB-, and deltaDom-GFPFlag ﬂies, for useful feedback and for critical reading of the manuscript. We also
acknowledge Carla Margulies her generous gift of Rpb3 antibody, Melissa Harrison her
generous gift of Zelda antibody, Vanja Haberle and Alexander Stark for providing the
core promoter motif database. We are particularly grateful to Eva Loeser, Melanie
Schaechtle, Nazerke Antinbayeva and Filippo Ciabrelli from the Iovino lab, the Bioinformatics and Sequencing facilities at the Max Planck Institute of Immunobiology and
Epigenetics (MPI-IE); as well as the Imaging facility, Proteomics facility (Gerhard Mittler, Witold Szymanski and Yaarub Musa), and Fly facility at MPI-IE. The Bloomington
Drosophila Stock Center (NIH P40OD018537) and the Transgenic RNAi Project at
Harvard Medical School (NIH/NIGMS R01-GM084947) provided ﬂy stocks used in this
study. Shelby Blythe for useful feedback and sharing ﬂy stocks. We would also like to
thank all members of the Iovino lab for critical feedback on the manuscript. D.I.-M., F.Z.,
M.S.-S. and F.C. are supported by the Max Planck Society and IMPRS program. N.I. is
supported from the Max Planck Society; DFG:CRC992, Project B06; Behrens-Weise
Stiftung; CIBSS - EXC 2189; Deutsche Forschungsgemeinschaft - Project ID 192904750 CRC 992 Medical Epigenetics. Also, this project has received funding from the European
Research Council (ERC) under the European Union’s Horizon 2020 research and
innovation programme (grant agreement No.819941) ERC CoG, EpiRIME.

Author contributions
D.I. performed the ChIP-seq, ATAC-seq, RELACS ChIP-seq, RNA-seq experiments,
phenotypical characterization, sample collection, immunostainings, microscopy data
collection and initial computational analysis. M.R. performed all the computational
analysis related to ChIP-seq, ATAC-seq, GRO-seq, RELACS and Cut&Tag data. P.Q.
performed the GRO-seq experiments and contributed to the computational analysis. L.R.
performed all the HiC and MNase-seq computational analysis. F.Z. performed the HiC
experiments. M.S. contributed with the IP-MS experiments. F.C. performed the Cut&Tag
experiments. A.G. contributed with proteomics data analysis. G.C. contributed with the
design and analysis of GRO-seq experiments. N.I. design and supervised the project with
inputs from D.I. N.I. and D.I. wrote the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27125-7.
Correspondence and requests for materials should be addressed to Nicola Iovino.
Peer review information Nature Communications thanks the anonymous, reviewer(s)
for their contribution to the peer review of this work. Peer reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021

NATURE COMMUNICATIONS | (2021)12:7002 | https://doi.org/10.1038/s41467-021-27125-7 | www.nature.com/naturecommunications

