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Abstract

Following fertilization, the genomes of the germ cells are reprogrammed to form the totipotent
embryo. Pioneer transcription factors are required for remodeling the chromatin and driving the
initial wave of zygotic gene expression. In Drosophila melanogaster, the pioneer factor Zelda is
essential for development through this dramatic period of reprogramming, known as the maternal-
to-zygotic transition (MZT). However, it was unknown whether additional pioneer factors were
necessary for this transition. We identified an additional maternally encoded factor required for
development through the MZT, GAGA Factor (GAF). GAF is needed to activate widespread
zygotic transcription and to remodel the chromatin accessibility landscape. We demonstrated that
Zelda preferentially controls expression of the earliest transcribed genes, while genes expressed
during widespread activation are predominantly dependent on GAF. Thus, progression through
the MZT requires coordination of multiple pioneer factors, and we propose that as development
proceeds transcriptional control is gradually transferred from Zelda to GAF.
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Introduction

Pronounced changes in cellular identity are driven by pioneer transcription factors that act at the
top of gene regulatory networks. While nucleosomes present a barrier to the DNA binding of many
transcription factors, pioneer factors can bind DNA in the context of nucleosomes. Pioneer-factor
binding establishes accessible chromatin domains, which serve to recruit additional transcription
factors that drive gene expression (Zaret and Mango 2016; lwafuchi-Doi and Zaret 2014; Zaret
and Carroll 2011). These unique characteristic of pioneer factors enable them to facilitate
widespread changes in cell identity. Nonetheless, cell-fate transitions often require a combination
of pioneering transcription factors to act in concert to drive the necessary transcriptional programs.
Indeed, the reprogramming of a specified cell type to an induced pluripotent stem cell requires a
cocktail of transcription factors, of which Oct4, Sox2, and KIf4 function as pioneer factors
(Takahashi and Yamanaka 2006; Takahashi et al. 2007; Chronis et al. 2017; Soufi et al. 2012,
2015). Despite the many examples of multiple pioneer factors functioning together to drive
reprogramming, how these factors coordinate gene expression changes within the context of
organismal development remains unclear.

Pioneer factors are also essential for the reprogramming that occurs in the early embryo.
Following fertilization, specified germ cells must be rapidly and efficiently reprogrammed to
generate a totipotent embryo capable of differentiating into all the cell types of the adult organism.
This reprogramming is initially driven by mRNAs and proteins that are maternally deposited into
the oocyte. During this time, the zygotic genome remains transcriptionally quiescent. Only after
cells have been reprogrammed is the zygotic genome gradually activated. This maternal-to-
zygotic transition (MZT) is broadly conserved among metazoans and essential for future
development (Schulz and Harrison 2019; Vastenhouw et al. 2019). Activators of the zygotic
genome have been identified in a number of species (zebrafish — Pou4f3, Sox19b, Nanog; mice
— DUX4, NFY; humans — DUX4, OCT4; fruit flies — Zelda), and all share essential features of
pioneer factors (Schulz and Harrison 2019; Vastenhouw et al. 2019).

Early Drosophila development is characterized by thirteen, rapid, synchronous nuclear divisions.
Zygotic transcription gradually becomes activated starting about the eighth nuclear division, and
widespread transcription occurs at the fourteenth nuclear division when the division cycle slows
and the nuclei are cellularized (Schulz and Harrison 2019; Vastenhouw et al. 2019). The
transcription factor Zelda (Zld) is required for transcription of hundreds of genes throughout
zygotic genome activation (ZGA) and was the first identified global genomic activator (Liang et al.
2008; Harrison et al. 2011; Nien et al. 2011). Embryos lacking maternally encoded ZId die before
completing the MZT (Liang et al. 2008; Harrison et al. 2011; Nien et al. 2011; Fu et al. 2014;
Staudt et al. 2006). ZId has the defining features of a pioneer transcription factor: it binds to
nucleosomal DNA (McDaniel et al. 2019), facilitates chromatin accessibility (Schulz et al. 2015;
Sun et al. 2015) and this leads to subsequent binding of additional transcription factors (Yanez-
Cuna et al. 2012; Xu et al. 2014; Foo et al. 2014).

By contrast to the essential role for ZId in flies, no single global activator of zygotic transcription
has been identified in other species. Instead multiple transcription factors function together to
activate zygotic transcription (Schulz and Harrison 2019; Vastenhouw et al. 2019). Work from our
lab and others has implicated additional factors in regulating reprogramming in the Drosophila
embryo. Specifically, the enrichment of GA-dinucleotides in regions of the genome that remain
accessible in the absence of ZId and at loci that gain accessibility late in ZGA, suggest that a
protein that binds to these regions functions with Zld to define cis-regulatory regions during the
initial stages of development (Schulz et al. 2015; Sun et al. 2015; Blythe and Wieschaus 2016).
Two proteins, GAGA Factor (GAF) and Chromatin-linked adaptor for MSL proteins (CLAMP), are
known to bind to GA-dinucleotide repeats and are expressed in the early embryo, implicating one
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or both proteins in reprogramming the embryonic transcriptome (Rieder et al. 2017; Soruco et al.
2013; Kuzu et al. 2016; Biggin and Tjian 1988; Bhat et al. 1996; Soeller et al. 1993).

CLAMP was first identified based on its role in targeting the dosage compensation machinery,
and it preferentially localizes to the X chromosome (Larschan et al. 2012; Soruco et al. 2013).
GAF, encoded by the Trithorax-like (Trl) gene, has broad roles in transcriptional regulation,
including functioning as a transcriptional activator (Farkas et al. 1994; Bhat et al. 1996), repressor
(Mishra et al. 2001; Busturia et al. 2001; Bernués et al. 2007; Horard et al. 2000) and insulator
(Ohtsuki and Levine 1998; Wolle et al. 2015; Kaye et al. 2017). Through interactions with
chromatin remodelers, GAF is instrumental in driving regions of accessible chromatin both at
promoters and distal cis-regulatory regions (Okada and Hirose 1998; Tsukiyama et al. 1994; Xiao
et al. 2001; Tsukiyama and Wu 1995; Fuda et al. 2015; Judd et al. 2020). Analysis of hypomorphic
alleles has suggested an important function for GAF in the early embryo in both driving expression
of Ubx, Abd-B, en, and fiz and in maintaining normal embryonic development (Farkas et al. 1994;
Bhat et al. 1996). Given these diverse functions for GAF, and that it shares many properties of a
pioneer transcription factor, we sought to investigate whether it has a global role in reprogramming
the zygotic genome for transcriptional activation.

Investigation of the role of GAF in the early embryo necessitated the development of a system to
robustly eliminate GAF, which had not been possible since GAF is essential for maintenance of
the maternal germline and is resistant to RNAi knockdown in the embryo (Bhat et al. 1996;
Bejarano and Busturia 2004; Rieder et al. 2017). For this purpose, we generated endogenously
GFP-tagged GAF, which provided the essential functions of the untagged protein, and used the
deGradFP system to deplete GFP-tagged GAF in early embryos expressing only the tagged
construct (Caussinus et al. 2012). Using this system, we identified an essential function for GAF
in driving chromatin accessibility and gene expression during the MZT. Thus, at least two pioneer
transcription factors, Zld and GAF, must cooperate to reprogram the zygotic genome of
Drosophila following fertilization.
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Results

GAF binds the same loci throughout ZGA

To investigate the role of GAF during the MZT, we used Cas9-mediated genome engineering to
tag the endogenous protein with super folder Green Fluorescent Protein (sfGFP) at either the N-
or C-termini, sSfGFP-GAF(N) and GAF-sfGFP(C), respectively. There are two protein isoforms of
GAF (Benyajati et al. 1997). Because the N-terminus of GAF is shared by both isoforms
(Supplemental Fig. S1A), the sfGFP tag on the N-terminus labels all GAF protein. By contrast,
the two reported isoforms differ in their C-termini, and thus the C-terminal sfGFP labels only the
short isoform (Supplemental Fig. S1B). Whereas null mutants in Trithorax-like (Trl), the gene
encoding GAF, are lethal (Farkas et al. 1994), both sfGFP-tagged lines are homozygous viable
and fertile. Additionally, in embryos from both lines sfGFP-labelled GAF is localized to discrete
nuclear puncta and is retained on the mitotic chromosomes in a pattern that recapitulates what
has been previously described for GAF based on antibody staining in fixed embryos (Fig. 1A,
S1C,D) (Raff et al. 1994). Together, these data demonstrate that the sfGFP tag does not interfere
with essential GAF function and localization.

To begin to elucidate the role of GAF during early embryogenesis, we determined the genomic
regions occupied by GAF during the MZT. We hand sorted homozygous GAF-sfGFP(C) stage 3
and stage 5 embryos and performed chromatin immunoprecipitation coupled with high-throughput
sequencing (ChlP-seq) using an anti-GFP antibody. While alternative splicing generates two GAF
protein isoforms that differ in their C-terminal polyQ domain, in the early embryo only the short
isoform is detectable (Benyajati et al. 1997). We confirmed the expression of the short isoform in
the early embryo by blotting extract from 0-4 hrs AEL (after egg laying) N- and C-terminally tagged
GAF embryos with an anti-GFP antibody (Supplemental Fig. S1E). The long isoform was
undetectable in extract from embryos of both sfGFP-tagged lines harvested 0-4 hrs AEL, but was
detectable at low levels in extract from sfGFP-GAF(N) embryos harvested 13-16 hrs AEL. Thus,
we conclude that during the MZT the C-terminally sfGFP-labelled short isoform comprises the
overwhelming majority of GAF present in the GAF-sfGFP(C) embryos. We identified 3,391 GAF
peaks at stage 3 and 4,175 GAF peaks at stage 5 (Supplemental Table S1). To control for
possible cross-reactivity with the anti-GFP antibody, we performed ChIP-seq on w''’® stage 3 and
stage 5 embryos in parallel. No peaks were called in the w'’"® dataset for either stage, confirming
the specificity of the peaks identified in the GAF-sfGFP(C) embryos (Supplemental Fig. S2A,B).
Further supporting the specificity of the ChIP data, the canonical GA-rich GAF-binding motif was
the most highly enriched sequence identified in ChIP peaks from both stages, and these motifs
were centrally located in the peaks (Fig. 1B). Peaks were identified in the regulatory regions of
several previously identified GAF-target genes, including the heat shock promoter (hsp70),
Ultrabithorax (Ubx), engrailed (en), even-skipped (eve), and Kruppel (Kr) (Fig. 1C) (Biggin and
Tjian 1988; Gilmour et al. 1989; Soeller et al. 1988; Lee et al. 1992; Read et al. 1990; Kerrigan et
al. 1991). Peaks were enriched at promoters, which fits with the previously defined role of GAF in
establishing paused RNA polymerase (Supplemental Fig. S2C) (Lee et al. 2008; Fuda et al. 2015)

There was a substantial degree of overlap between GAF peaks identified at both stage 3 and
stage 5. 2,955 peaks were shared between the two time points, representing 87% of total stage
3 peaks and 71% of total stage 5 peaks (Fig. 1C, D, S2D). This demonstrates that GAF binding
is established prior to widespread ZGA and remains relatively unchanged during early
development, similar to what has been shown for ZId, the major activator of the zygotic genome,
(Harrison et al. 2011). We compared GAF-binding sites we identified in the early embryo to
previously identified GAF-bound regions in S2 cells, which are derived from 20-24-hour old
embryos (Fuda et al. 2015). Despite the difference in cell-type and antibody used, 56% (1,906) of
stage 3 peaks and 43% (1,794) of stage 5 peaks overlapped peaks identified in S2 cells (Fig. 1C,
D, Supplemental Fig. S2D). It was previously noted that GAF binding in 8-16 hr embryos was
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Figure 1: GAF binds thousands of loci throughout the MZT. A. Images of His2Av-RFP; sfGFP-GAF(N)
embryos at the nuclear cycles (NC) indicated above. sfGFP-GAF(N) localizes to puncta during interphase
and is retained on chromosome during mitosis. Scale bars, 5 ym. B. Binding motif enrichment of GA-
dinucleotide repeats at GAF peaks identified at stage 3 and stage 5 determined by MEME-suite (left).
Distribution of the GA-repeat motif within peaks (right). Gray line indicates peak center. C. Representative
genome browser tracks of ChlP-seq peaks for GAF-sfGFP(C) from stage 3 and stage 5 embryos and GAF
ChlP-seq from S2 cells (Fuda et al. 2015). D. Venn diagram of the peak overlap for GAF as determined
by ChlP-seq for GAF-sfGFP(C) from sorted stage 3 embryos and stage 5 embryos and by ChlP-seq for
GAF from S2 cells (Fuda et al. 2015). Total number of peaks identified at each stage is indicated in
parentheses.

highly similar to GAF occupancy in the wing imaginal disc harvested from the larva (Slattery et al.
2014), and our data indicate that this binding is established early in development prior to activation
of the zygotic genome.

Maternal GAF is required for embryogenesis and progression through the MZT

Early embryonic GAF is maternally deposited in the oocyte, and this maternally deposited mRNA
can sustain development until the third instar larval stage (Farkas et al. 1994). To investigate the
role of GAF during the MZT therefore necessitated a system to eliminate this maternally encoded
GAF. RNAi failed to successfully knockdown GAF in the embryo (Rieder et al. 2017), and female
germline clones cannot be generated as GAF is required for egg production (Bhat et al. 1996;
Bejarano and Busturia 2004). To overcome these challenges, we leveraged our N-terminal
sfGFP-tagged allele and the previously developed deGradFP system to target knockdown at the
protein level (Caussinus et al. 2012). The deGradFP system uses a genomically encoded F-box
protein fused to a nanobody recognizing GFP, which recruits GFP-tagged proteins to a ubiquitin
ligase complex. Ubiquitination of the GFP-tagged protein subsequently leads to efficient
degradation by the proteasome. To adapt this system for efficient use in the early embryo, we
generated transgenic flies in which the deGradFP nanobody fusion was driven by the nanos (nos)
promoter for strong expression in the embryo 0-2 hrs after fertilization (Wang and Lehmann 1991).
In embryos laid by nos-deGradFP; sfGFP-GAF(N) females all maternally encoded GAF protein is
tagged with GFP and thus subject to degradation by the deGradFP nanobody fusion. These
embryos are hereafter referred to as GAFCradFP,

We verified the efficiency of the deGradFP system by imaging living embryos in which nuclei were
marked by His2Av-RFP. GAF®¢? " empryos lack the punctate, nuclear GFP signal identified in
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control embryos that do not carry the deGradFP nanobody fusion, indicating efficient depletion of
sfGFP-GAF(N) (Fig. 2A). This knockdown was robust, as we failed to identify any NC10-NC14
embryo with nuclear GFP signal, and none of the embryos carrying both the deGradFP nanobody
and the sfGFP-tagged GAF hatched (Fig. 2B). Based on live embryo imaging, the majority of
embryos died prior to NC14, indicating that maternal GAF is essential for progression through the
MZT. We identified a small number of GFP-expressing, gastrulating escapers. Itis unclear if these
embryos had an incomplete knockdown of maternally encoded sfGFP-GAF(N), or if a small
percentage of embryos survived until gastrulation in the absence of GAF and that the GFP signal
was the result of zygotic gene expression. Nonetheless, none of these embryos survived until
hatching. Despite being able to maintain a strain homozygous of the N-terminal, sfGFP-tagged
GAF, quantitative analysis revealed an effect on viability. Embryos homozygous for sSFGFP-GAF(N)
had only a 30% hatching rate (Fig. 2B). Therefore, all future experiments controlled for the effect
of the N-terminal tag by using these homozygous embryos as paired controls with GAFdecradr?
embryos.

Having identified a dramatic effect of eliminating maternally expressed GAF in the early embryo,
we used live imaging to investigate the developmental defects in our GAF®C™ " embryos.
GAF®*C=9F” embryos in which nuclei were marked by a fluorescently labelled histone (His2Av-
RFP) were imaged through several rounds of mitosis. We observed defects such as
asynchronous mitosis, anaphase bridges, disordered nuclei, and nuclear dropout (Fig. 2C, D)
(Supplemental Video 1,2). Nevertheless, embryos were able to complete several rounds of
mitosis without GAF before arresting. Nuclear defects became more pronounced as GAF?e¢radr?
embryos developed and approached NC14. The arrested/dead embryos were often arrested in
mitosis or had large, irregular nuclei (Fig. 2C), similar to the nuclear “supernovas” in GAF deficient
nuclei reported in Bhat et al, 1996. Our live imaging allowed us to detect an additional nuclear
defect: that in the absence of maternal GAF nuclei become highly mobile and, in some cases,
adopt a “swirling” pattern (Supplemental Video 2). As a control, we imaged sfGFP-GAF(N)
homozygous embryos through several rounds of mitosis. These embryos proceeded normally
through NC10-14, demonstrating that the mitotic defects in the GAF*¢?%" embryos were caused
by the absence of GAF (Fig. 2D) (Supplemental Video 3). The defects in GAF?¢%FP empryos are
similar to those previously reported for maternal depletion of z/d (Liang et al. 2008; Staudt et al.
2006) and identify a fundamental role for GAF during the MZT.

A His2Av-RFP sfGFP-GAF(N Merge _ % Hatched ~ Hatched
GAFdeGradrP 0% (n=958)
Control 30% (n=1026)
wite 95% (n=418)
GAFdCradf? NC13 Control . NC13

Figure 2: Embryos lacking maternal GAF die during early embryogenesis with nuclear and mitotic
defects. A. Images of control (maternal genotype: His2Av-RFP; sfGFP-GAF(N)) and GAF9C¢radFP (maternal
genotype: His2Av-RFP/nos-deGradFP; sfGFP-GAF(N)) embryos at NC14, demonstrating loss of nuclear
GFP signal specifically in GAFC¢ad? embryos. His2Av-RFP marks the nuclei. B. Hatching rates after >24
hours for control, GAF?¢2d " and w'’’® embryos. C. Confocal images of His2Av-RFP in arrested/dying
GAFdeCadrP empbryos with blocky nuclei, mitotic arrest, and nuclear fallout. D. Confocal images of His2Av-
RFP in NC13 control and GAF%CradFP embryos. Scale bars, 50um except where indicated.

Control
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GAF is required for the activation of hundreds of zygotic genes

During the MZT, there is a dramatic change in the embryonic transcriptome as developmental
control shifts from mother to offspring. Having demonstrated that maternal GAF was essential for
development during the MZT, we investigated the role of GAF in regulating these transcriptional
changes. We performed total-RNA seq on bulk collections of GAF®C9 " and control (sfGFP-
GAF(N)) embryos harvested 2-2.5 hrs AEL, during the beginning of NC14 when the widespread
genome activation has initiated. Our replicates were reproducible (Supplemental Fig. S3A),
allowing us to identify 1,452 transcripts that were misexpressed in GAF®C?9" empryos as
compared to controls. Importantly, by using sfGFP-GAF(N) homozygous embryos as a control we
have excluded from our analysis any transcripts misexpressed as a result of the sfGFP tag on
GAF. Of the misexpressed transcripts 884 were down-regulated and 568 were up-regulated in
the absence of GAF (Fig. 3A). The gene encoding GAF, Trithorax-like, was named because it
was required for expression of the homeotic genes Ubx and Abd-B (Farkas et al. 1994). Our RNA-
seq analysis identified 7 of the 8 Drosophila homeotic genes (Ubx, Abd-B, adb-A, pb, Dfd, Scr,
and Antp) down-regulated in GAF®¢2? embryos. Additionally, many of the gap genes, essential
regulators of anterior-posterior patterning, are down-regulated: giant (gt), knirps (kni), huckebein
(hkb), Kriippel (Kr), and tailless (tll) (Supplemental Table S2). Gene ontology (GO)-term analysis
showed down-regulated genes were enriched for functions in system development and
developmental processes as would be expected for essential genes activated during ZGA
(Supplemental Fig. S3B). GO-term analysis of the up-regulated transcripts showed weak
enrichment for response to stimulus and metabolic processes (Supplemental Fig. S3C).

To determine whether GAF is functioning predominantly in transcriptional activation or repression,
we used our stage 5 ChIP data to determine the likely direct targets of GAF. We found that 45%
(397) of the down-regulated transcripts were proximal to a GAF peak. By contrast, only 17% (99)
of up-regulated transcripts are near GAF peaks (Fig. 3A). The significant enrichment for GAF-
binding sites proximal to down-regulated transcripts as compared to up-regulated (p <2.2 x 107,
two-tailed Fisher's exact test) supports a role for GAF specifically in transcriptional activation.
Because zygotic gene expression is required for degradation of a subset of maternal mRNAs, if
the genome is not activated maternal transcripts are not properly degraded and therefore are
increased in RNA-seq data (Harrison et al. 2011; Hamm et al. 2017; Liang et al. 2008). Indeed,
down-regulated transcripts were enriched for zygotically expressed genes, and up-regulated
transcripts were largely maternally contributed (p < 2.2 x 107'®, two-tailed Fisher's exact test; Fig.
3B). Thus, GAF is essential for transcriptional activation during the MZT and likely functions along
with ZId to drive zygotic genome activation.

Previous data defined a role for the additional GA-dinucleotide binding protein, CLAMP, in
activating zygotic gene expression (Larschan et al. 2012; Urban et al. 2017b; Rieder et al. 2017;
Soruco et al. 2013). Therefore, we compared transcripts down-regulated in GAF®*¢29" empryos
to transcripts down-regulated in clamp-RNAi embryos 2-4 hrs AEL (Rieder et al. 2017). 174
transcripts are down-regulated in both datasets, comprising 19.7% of total down-regulated GAF
targets and 50.1% of total down-regulated CLAMP targets (Supplemental Fig. S4A). While this
demonstrates that a subset of transcripts requires both GAF and CLAMP for proper expression
during ZGA, a majority of GAF-regulated transcripts only depend on GAF for expression,
independent of CLAMP. GAF and CLAMP have similar, but not identical binding preferences
(Kaye et al. 2018), which is reflected in their partially, but not completely overlapping genome
occupancy (Figure S4B). These binding site differences likely explain their differential requirement
during ZGA.
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Having identified that GAF was required for ZGA, we wanted to ensure that the effects were not
due to changes in the levels of Zld, the previously identified activator of the zygotic genome.
Immunoblots for ZId on extract from GAF®€9 P and control (sFGFP-GAF(N)) 2-2.5 hrs AEL (stage
5) embryos confirmed that ZId levels were consistent between extracts (Supplemental Fig. S4C).
Therefore, the effects of GAF on genome activation are not due to a loss of Zld. Based on the
roles for ZId and GAF in activating the zygotic genome, we investigated whether these proteins
were required to activate distinct or overlapping target genes. We compared transcripts down-
regulated in GAF®C? " embryos to genes down-regulated when Zld was inactivated
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Figure 3: GAF is required for zygotic genome activation. A. Volcano plot of transcripts mis-expressed
in GAFdCadFP embryos as compared to sSfGFP-GAF(N) controls. Stage 5 GAF-sfGFP(C) ChIP-seq was
used to identify GAF-bound target genes. B. The percentage of up-regulated and down-regulated
transcripts in GAFY¢radFP embryos classified as maternal, zygotic, or maternal-zygotic based on Lott et al.
2011. C. Overlap of down-regulated embryonic transcripts in the absence of GAF or ZId activity (p < 2.2 x
10716, two-tailed Fisher's exact test). Down-regulated genes for ZId are from McDaniel et al., 2019. D.
Transcripts down-regulated in both GAF9CadP gnd ZId®RY2 embryos or in either condition alone were
classified based on temporal expression during ZGA (Li et al. 2014). Early = NC10-11, Mid = NC12-13,
Late = early NC14, Later = late NC14. Only genes that were assigned to one of the four classes are shown.
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optogenetically throughout zygotic genome activation (NC10-14)(McDaniel et al. 2019). We
identified 135 genes down-regulated in both datasets, comprising 42% of the total number of
down-regulated genes dependent on Zld and 15% of the total down-regulated transcripts
dependent on GAF (Fig. 3C). An even lower degree of overlap is observed when only direct
targets are considered with 49 down-regulated targets shared between Zld and GAF, which have
232 and 397 direct targets, respectively. By contrast only 29 up-regulated genes were shared
between the two datasets (Supplemental Fig. S4D). Genes that required both factors for activation
include the gap genes previously mentioned (gt, kni, hkb, Kr, tll) as well as genes involved in
cellular blastoderm formation such as slow as molasses (slam) and bottleneck (bnk). While ZId
and GAF share some targets, they each are required for expression of hundreds of individual
genes.

Activation of the zygotic genome is a gradual process that initiates with transcription of a small
number of genes around cycle 8. Transcripts can therefore be divided into categories based on
the timing of their initial transcription (Li et al. 2014; Lott et al. 2011). Previous data suggested
that while Zld was required for activation of genes throughout the MZT, early genes were
particularly sensitive to loss of ZId and that GAF might be functioning later (Schulz et al. 2015;
Blythe and Wieschaus 2016). To determine when GAF-dependent genes were expressed during
ZGA, we took all of the genes that could be classified based on their timing of activation during
the MZT (as determined in Li et al. 2014) and divided them based on their dependence on ZId
and GAF for activation: those down-regulated in both GAF®C9F” and zZId°RY2 embryos (Both),
those down-regulated only in ZId°R"2 embryos (ZId°R"?), and those down-regulated only in
GAF®C=d P embryos (GAF®€29P) (Fig. 3D). Genes activated by ZId, both those regulated by ZId
alone (ZId°R"?) and those regulated by both ZId and GAF (Both) were enriched for genes
expressed early (NC10-11) and Mid (NC12-13). By contrast, 73% of genes activated by GAF
alone (GAF®¢P) were expressed either late (early NC14) or later (late NC14) (p < 2 x 10, two-
tailed Fisher’s exact test). This analysis supports a model in which GAF and ZId are essential
activators for the initial wave of ZGA and that GAF has an additional role, independent of ZId, in
activating widespread transcription during NC14.

GAF and Zld bind the genome independently

To further delineate the relationship between Zld- and GAF-mediated transcriptional activation
during the MZT, we determined whether GAF binding was dependent on ZId. Not only are a large
subset of genes dependent on both Zld and GAF for wild-type levels of expression (Fig. 3C), but
42% of GAF-binding sites at stage 5 are also occupied by Zld (Harrison et al. 2011) (Fig. 4A,B).
The GAF peaks that are co-bound with ZId include many of the highest GAF peaks identified at
stage 5 (Supplemental Fig. S4E). ZId is known to facilitate the binding of multiple different
transcription factors (Twist, Dorsal, and Bicoid), likely by forming dynamic subnuclear hubs
(Yanez-Cuna et al. 2012; Xu et al. 2014; Foo et al. 2014; Mir et al. 2018; Dufourt et al. 2018;
Yamada et al. 2019). We therefore examined GAF localization upon depletion of maternal z/d
using RNAI driven in the maternal germline by mata-GAL4-VP16 in a background containing
sfGFP-GAF(N) (Sun et al. 2015). Immunoblot confirmed a nearly complete knockdown of ZId (Fig.
4C), and we verified that RNAi-treated embryos failed to hatch. To assess the depletion of ZId on
the subnuclear localization of GAF, we imaged sfGFP-GAF(N); zld-RNAi and control embryos
using the identical acquisition settings. We observed no difference in puncta formation of GAF at
the beginning of ZGA (NC10) or late ZGA (NC14) (Fig. 4D). We conclude that ZId is not required
for GAF to form subnuclear puncta during the MZT.

To more specifically determine the impact of loss of Zld on GAF chromatin occupancy, we

performed ChlIP-seq with an anti-GFP antibody on embryos expressing zId-RNAi and sfGFP-
GAF(N) and compared the occupancy to our ChlP-seq data from GAF-sfGFP(C) embryos. The
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Figure 4: GAF and Zld bind chromatin independently. A. Overlap of ZId- and GAF-binding sites
determined by GAF-sfGFP(C) stage 5 ChIP-seq and ZId NC14 ChIP-seq (Harrison et al., 2011). B.
Representative genome browser tracks of ZId and GAF ChIP-seq peaks at the tailless locus. C.
Immunoblot for Zld on embryo extracts from zId-RNAi; sfGFP-GAF(N) and control embryos harvested
2-3 hrs AEL. atubulin was used as a loading control. D. Images of zId-RNAi; sfGFP-GAF(N) embryos
and control sSfGFP-GAF(N) embryos at NC10 and NC14 as marked. Arrowhead shows nuclear dropout,
a phenotype indicative of z/d loss-of-function. Scale bar, 10 um. E. Correlation between log2(RPKM) of
ChIP peaks for GAF from GAF-sfGFP(C) stage 5 embryos (control) and z/d-RNAi; sfGFP-GAF(N)
embryos (zId-RNAI). Peaks that differ between the two datasets are indicated in green. F. Correlation
between log2(RPKM) of ChIP peaks for ZId from sfGFP-GAF(N) embryos (control) and GAFdeCradrP
embryos fixed 2-2.5 hrs AEL. Peaks that differ between the two datasets are indicated in blue.

majority of peaks called in the GAF-sfGFP(C) dataset are maintained in the z/d-RNAi dataset
(Supplemental Fig. S5A). Nonetheless, the global peak strength is lower in the z/d-RNAi
background (Supplemental Fig. S5A). While we cannot rule out that z/d knock down causes a
global reduction in GAF binding, it is possible that the overall decrease in peak height is due to
technical, rather than biological differences (see Materials and Methods). To begin to distinguish
between these possibilities, we determined whether the overall GAF occupancy was similar
between the two data sets. For this purpose, we ranked peaks in each dataset based on the
number of reads per kilobase per million mapped reads (RPKM) and determined if the peak RPKM
values were correlated between the two sets. We identified a high degree of correlation in peak
rank between two datasets (Pearson correlation, r = 0.89; Supplemental Fig. S5B), indicating that
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the strongest peaks in the GAF-sfGFP(C) dataset are also the strongest peaks in the z/d-RNAI
dataset. To identify any specific peaks that differed between the two conditions we confined our
analysis to the top third of the GAF peaks (1444 peaks), restricting analysis to only high-
confidence peaks and limiting differences that might be due to variability in detection of low-
occupancy peaks. We identified only 46 differential GAF peaks between z/d-RNAi and control
embryos: 36 peaks were decreased (21, Zld-bound) and 10 peaks were increased (5, Zld-bound)
(Fig. 4E). Thus, very few specific GAF peaks are changed upon z/d-RNAi. While we cannot rule
out the possibility that in the RNAi embryos residual ZId remains at levels that we cannot detect
by immunoblot, the high degree of rank correlation between the datasets and the low number of
peaks that are significantly different between the RNAi and control datasets together suggest that
GAF does not broadly depend on ZId for chromatin occupancy in the early embryo.

To assess the impact of the loss of GAF on ZId binding, we completed the reciprocal experiment
and performed ChlIP-seq for ZId on GAF®¢2%P and control (sfGFP-GAF(N)) embryos at 2-2.5 hrs
AEL (stage 5). Similar to GAF binding when ZId is depleted, there was a global decrease in ChlIP
signal (Supplemental Fig. S5C), but a high degree of correlation of ZId peak rank in GAF?ecradr?
and control embryos (Pearson correlation, r = 0.85) (Supplemental Fig. S5D). To establish a set
of high-confidence peaks, we overlapped the peaks from the control embryos to the previously
published data for ZId at NC14 and identified a set of 6,003 shared peaks that we further analyzed
(Harrison et al. 2011). Among these high-confidence peaks, DESeq identified 105 Zld-binding
sites that differed in occupancy between GAF%C?9P embryos and controls: 86 peaks were
decreased (1, GAF-bound) and 19 peaks increased (5, GAF-bound) (Fig. 4F). Globally, there was
not a substantial effect of GAF depletion on Zld binding at GAF and ZId co-bound sites, as would
be expected if the two factors were binding cooperatively (Supplemental Fig. S5C). We conclude
that though some individual Zld-binding sites are affected by the loss of GAF, Zld binding to target
loci is largely unperturbed in the absence of GAF. Altogether, our data indicate the depletion of
either GAF or ZIld does not specifically influence binding of the other factor to the vast majority of
target sites. Thus, although GAF and Zld are co-bound at many sites during ZGA, these two
factors do not depend on each other for chromatin occupancy.

GAF is essential for accessibility at hundreds of loci during ZGA

GAF interacts with chromatin remodelers and is required to maintain chromatin accessibility in
tissue culture (Okada and Hirose 1998; Tsukiyama et al. 1994; Tsukiyama and Wu 1995; Xiao et
al. 2001; Judd et al. 2020; Fuda et al. 2015). Furthermore, GAF-binding motifs are enriched at
regions of open chromatin that are established at NC13 and that do not depend on ZId for
accessibility (Schulz et al. 2015; Sun et al. 2015; Blythe and Wieschaus 2016). To directly test
the function of GAF in determining accessible chromatin domains during the MZT, we performed
the assay for transposase-accessible chromatin (ATAC)-seq on nuclei isolated from a bulk
collection of 150-200 GAF®¢™P and control (sfGFP-GAF(N)) embryos at 2-2.5 hrs AEL. In
contrast to our control, replicates from the GAF®C= " nyclei showed variability, suggesting that
developmental defects caused by the lack of GAF might have lowered our ability to detect subtle
changes in accessibility. Nonetheless, we identified 509 regions with significant changes in
accessibility in GAF®C9*” embryos as compared to controls (Fig. 5A, Supplemental Table S3),
and these regions were among those with the highest ATAC-seq signal (Supplemental Fig. S6A).
97% (494) of these differentially accessible regions lose accessibility in the absence of GAF, and
of these, 28% (137) overlap with a GAF-binding site (Fig. 5A). Consistent with the enrichment of
GAF-binding sites in promoters, half of all regions that depend on GAF for accessibility are in
promoters (Fig. 5B). These regions that depend on GAF for accessibility are associated with
genes that have decreased expression in the absence of GAF (Supplemental Fig. S6B), indicating
that GAF-mediated chromatin accessibility promotes gene expression. Motif analysis identified
binding motifs for both Zld and GAF underlying those regions that depended on GAF for
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accessibility (Fig. 5C). Those regions that were directly bound by GAF, as determined by ChIP-
seq, were preferentially enriched for GAF-binding motifs (Fig. 5D). Regions that lost accessibility
but were not bound by GAF were enriched for the both the GAF- and ZId-binding motifs (Fig. 5E).
Thus, GAF is essential for driving chromatin accessibility at hundreds of regions during ZGA.

Previous work from our lab and others suggested that during ZGA GAF may be responsible for
maintaining chromatin accessibility at ZId-bound regions in the absence of ZId (Schulz et al. 2015;
Sun et al. 2015). To directly test this hypothesis, we divided up the GAF-dependent accessible
regions based on the classes of Zld-dependent and Zld-independent accessible regions
previously identified in embryos depleted for maternal z/d (Schulz et al. 2015). Regions bound by
ZId in wild-type embryos that maintained accessibility in the absence of Zld were classified as
constitutive Zld-bound regions and were previously shown to be enriched for GA-dinucleotide
motifs (Schulz et al. 2015). These constitutive, Zld-bound regions accounted for 48% (245) of the
509 differentially accessible regions in GAF®C™¥” embryos (Fig. 5F), supporting the model that
GAF maintains accessibility at these regions in the absence of ZId. Similar results were found
when comparisons were made to another dataset analyzing chromatin accessibility in the
presence and absence of ZId (Supplemental Fig. S6C) (Hannon et al. 2017). A majority of GAF-
dependent regions do not depend on ZId for accessibility (Fig. 5F), demonstrating that ZId and
GAF are independently required for chromatin accessibility at hundreds of loci during the MZT.
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Figure 5: GAF is required for chromatin accessibility. A. Volcano plot of regions that change in
accessibility in GAF9C2d*P embryos as compared to sfGFP-GAF(N) controls, stage 5 GAF-sfGFP(C)
ChiIP-seq was used to identify GAF-bound target regions. B. Genomic distribution of all accessible regions
identified by ATAC-seq (all accessible) and genomic distribution of regions that are dependent on GAF for
accessibility (GAF-dependent). C-E. Motif analysis using MEME-suite (left). Predicted factor binding to the
enriched motif (right). C. Motifs enriched in all regions that depend on GAF for accessibility. D. Motifs
enriched in GAF-bound regions that depend on GAF for accessibility. E. Motifs enriched at all non-GAF
bound regions that depend on GAF for accessibility. F. Accessible regions were classified based on their
change in GAFYCrad"P embryos (less accessible, more accessible, no change). The fraction of each GAF
class that belong to specific sets of accessible regions as defined in Schulz et al., 2015 are shown.
Constitutive, Zld-bound regions are bound by ZId at stage 5, but do not depend on this Zld binding for
chromatin accessibility. Differential, ZId-bound regions are bound by Zld and lose accessibility in the
absence of ZId. Differential, non Zld-bound regions also lose accessibility in the absence of ZId, but are
not bound by ZId at stage 5. Other indicates regions that are accessible, but were not in the top 5000
accessible regions identified by FAIRE-seq in Schulz et al., 2015.
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Discussion

Through a combination of Cas9-genome engineering and the deGradFP system, we have
depleted maternally encoded GAF and demonstrated that GAF is required for progression through
the MZT. Along with ZId, GAF is broadly required for activation of the zygotic genome and for
shaping chromatin accessibility. During the major wave of ZGA, when thousands of genes are
transcribed, ZId and GAF are largely independently required for both transcriptional activation and
chromatin accessibility (Fig. 6). Thus, in Drosophila, as in mice, zebrafish, and humans,
transcriptional activation during the MZT is driven by multiple factors with pioneering
characteristics (Schulz and Harrison 2019; Vastenhouw et al. 2019). Together our system has
enabled us to begin to determine how these two powerful factors collaborate to ensure the rapid,
efficient transition from specified germ cells to a pluripotent cell population.

zygotic
transcription

A B
Zld-dependent early gene _
rIA > Zld
GAF-dependent late gene I
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Zld- and GAF-regulated gene
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Figure 6: ZId and GAF independently regulate embryonic reprogramming. A. During the minor wave
of ZGA (NC10-13), ZId is the predominant factor required for driving expression of genes bound by ZId
alone and genes bound by both ZId and GAF. B. As the genome is more broadly activated during NC14,
GAF becomes the major factor in driving zygotic transcription. C. GAF maintains chromatin accessibility at
many ZId-bound regions. In GAFC¢ad"? empryos accessibility is lost, but ZId binding remains unchanged.

Maternally encoded GAF is essential for development beyond the MZT

Using the deGradFP system, we demonstrated that maternally encoded GAF is required for
embryogenesis. In contrast to zygotic GAF null embryos, which survive until the third instar larval
stage, GAF?¢%FP embryos do not hatch (Farkas et al. 1994). Our imaging showed that depletion
of GAF in the early embryo resulted in severe defects, including asynchronous mitosis, anaphase
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bridges, nuclear dropout, and high nuclear mobility (Fig. 2C,D, Supplemental Video 1,2). Similar
defects are seen when z/d is maternally depleted from embryos (Liang et al. 2008; Staudt et al.
2006), and like embryos lacking maternal z/d, GAF®¢2%"? embryos died before the completion of
the MZT. We identified defects in a subset of GAF®¢™FP embryos as early as NC10, which is
consistent with our genomics data indicating that GAF is required for proper gene expression of
some of the earliest genes expressed during ZGA (Fig. 3D).

Live imaging of GFP-tagged, endogenously encoded GAF demonstrated that GAF is mitotically
retained in small foci. This is similar to what was reported for antibody staining on fixed embryos,
which showed GAF localized at pericentric heterochromatin regions of GA-rich satellite repeats
(Raff et al. 1994; Platero et al. 1998). Because this prior imaging necessitated fixing embryos, it
was unclear if mitotic retention of GAF was required for mitosis. Our system enabled us to
determine that in the absence of GAF nuclei can undergo several rounds of mitosis albeit with
noticeable defects (Supplemental Video 1,2). We conclude that GAF is not strictly required for
progression through mitosis. However, the nuclear defects observed in GAF®C?9 " empryos
support the model that GAF is broadly required for nuclear division and chromosome stability, in
addition to its role in transcriptional activation during ZGA (Bhat et al. 1996). Our imaging also
identified high nuclear mobility in GAF?¢¢FP embryos as compared to control embryos; nuclei of
a subset of embryos showed a dramatic “swirling” pattern of movement (Supplemental Video 2).
This defect is likely due to disorder in the cytoskeletal network that is responsible for nuclear
migration and division in the syncytial embryo (Sullivan and Theurkauf 1995). Altogether, our
phenotypic analysis of GAF®C9 P embryos shows for the first time that maternal GAF is required
for progression through the MZT, and suggests GAF has an early, global role in nuclear division
and chromosome stability.

In addition to GAF and Zld, the transcription factor CLAMP is expressed in the early embryo and
functions in chromatin accessibility and transcriptional activation (Rieder et al. 2017; Soruco et al.
2013; Urban et al. 2017a, 2017b; Rieder et al. 2019). While CLAMP, like GAF, binds GA-
dinucleotide repeats, the two proteins preferentially bind to slightly different GA-repeats (Kaye et
al. 2018). GAF and CLAMP can compete for binding sites in vitro, and, in cell culture, when one
factor is knocked down the occupancy of the other increases, suggesting that CLAMP and GAF
compete for a subset of binding sites and may have partial functional redundancy (Kaye et al.
2018). We demonstrate that GAF, like CLAMP, is essential in the early embryo, indicating that
these two GA-dinucleotide binding proteins cannot completely compensate for each other in vivo
during early development (Rieder et al. 2017). Furthermore, our sequencing analysis identified
that a majority of genes that require GAF for expression are distinct from those that are regulated
by CLAMP. Thus, while GAF and CLAMP may have some overlapping functions, they are
independently required to regulate embryonic development during the MZT.

GAF is necessary for widespread zygotic genome activation and chromatin accessibility

GAF is a multi-purposed transcription factor with known roles in transcriptional regulation at
promoters and enhancers as well as additional suggested roles in high-order chromatin structure.
Our analysis showed that during the MZT GAF acts largely as an activator, directly binding and
activating hundreds of zygotic transcripts during ZGA (Fig. 3). We identified thousands of regions
bound by GAF throughout the MZT, and these regions were preferentially associated with genes
whose transcription decreased when maternally encoded GAF was degraded. This function may
be driven, in part, through GAF-mediated chromatin accessibility as we identified hundreds of
regions that depend on GAF for accessibility. This activity, in both transcriptional activation and
mediating open chromatin, is similar to ZId, the only previously identified essential activator of the
zygotic genome in Drosophila, and is shared with genome activators in other species, such as
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Pou5f3 and Nanog (zebrafish) and Dux4 (mammals) (Schulz and Harrison 2019; Vastenhouw et
al. 2019).

Given that GAF directly recruits chromatin remodelers, it was surprising that the majority of
regions that changed in accessibility in the absence of GAF were not directly bound by GAF as
assayed by ChlP-seq (Fig. 5A) (Okada and Hirose 1998; Tsukiyama et al. 1994; Xiao et al. 2001;
Tsukiyama and Wu 1995; Fuda et al. 2015; Judd et al. 2020). Nonetheless, this is consistent with
previous data demonstrating a role for GAF in targeting the Male Specific Lethal (MSL) complex
to binding sites on the X-chromosome, despite GAF not occupying these sites as determined by
ChIP (Kaye et al. 2018). Itis possible that, as is proposed in Kaye et al. 2018, regions that require
GAF for accessibility in the embryo may experience transient GAF binding not captured by ChliP-
seq, but nevertheless required to maintain accessibility. Indeed, in addition to the Zld-binding
motif, we identified an enrichment of degenerate GAF motifs in these differential, non GAF-bound
peaks (Fig. 5D,E). These motifs diverge from the canonical GAGAG pentamer motif enriched in
differential, GAF-bound regions and are similar to those motifs preferentially bound by CLAMP as
compared to GAF (Kaye et al. 2018). Thus, at these regions GAF may have more transient binding
than at the canonical GAGAG maoitif, and this binding was not captured in the ChIP. Alternatively,
GAF may indirectly affect chromatin accessibility in these regions through a role in shaping three-
dimensional chromatin structure. GAF is capable of forming enhancer-promoter loops in vitro and
in vivo (Mahmoudi et al. 2002; Melnikova et al. 2004; Petrascheck et al. 2005). In the embryo,
GAF-binding motifs are enriched at TAD boundaries which form during the MZT (Hug et al. 2017)
and GAF binding is enriched at Polycomb group dependent repressive loops that form following
NC14 (Ogiyama et al. 2018). Whether GAF has a broader role in global chromatin architecture in
the early embryo needs to be further investigated.

GAF and ZId are uniquely required to reprogram the zygotic genome

We had previously identified the GAF-binding motif enriched in accessible, cis-regulatory regions
of the early embryo in which Zld was bound, but not required for accessibility (Schulz et al. 2015).
This suggested that GAF might function to maintain accessibility at these Zld-bound regions even
in the absence of Zld, and our ATAC-seq data support this model. We identified regions highly
dependent on GAF for accessibility and showed that half of these regions overlap regions that
are bound by ZId, but not dependent on ZId for accessibility. Thus, GAF mediates chromatin
accessibility at a subset of Zld-bound regions independent of ZId activity (Fig. 6C).

Those regions that depended solely on Zld for accessibility were associated with genes expressed
during the earliest part of ZGA, while the GAF motif was enriched in regulatory regions of genes
expressed during widespread genome activation (Schulz et al. 2015; Blythe and Wieschaus 2016).
Furthermore, these regions became accessible later in the MZT than regions that were enriched
only for the canonical ZId motif (Blythe and Wieschaus 2016), suggesting the earliest wave of
gene expression might be predominantly dependent on ZId for activation while GAF might be
more important later. GAF and ZId are both required for activation of a subset of the earliest
expressed genes. Nonetheless, those genes dependent on ZId alone are enriched for early
expressed genes. By contrast, genes that are activated by GAF alone are preferentially expressed
later, during widespread ZGA at nuclear cycle 14. Based on this evidence, we propose that there
is a gradual handoff in transcriptional activation from Zld to GAF as ZGA progresses (Fig. 6). GAF
interacts with chromatin remodelers and this activity may have a more substantial impact later in
ZGA when the division cycle slows as compared to early in development when the division cycle
is a series of alternating rapid synthesis and mitotic phases. Thus, Zld and GAF collaborate
during ZGA to promote chromatin accessibility and drive gene expression.
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Some pioneer factors work together to stabilize their interaction on chromatin (Chronis et al. 2017;
Donaghey et al. 2018; Liu and Kraus 2017; Swinstead et al. 2016). Therefore, we tested whether
ZId or GAF depend on the other for binding and whether this might be specific to the thousands
of regions bound by both factors. Our data indicate that there is a small subset of Zld and GAF
binding sites that are lost when the other factor is knocked down. However, overall binding to
target sites of both factors is maintained in the absence of the other, indicating that the two factors
bind targets in chromatin independently of one another. This is consistent with our results showing
GAF and ZId largely regulate transcriptional activation and chromatin accessibility independently.
Therefore, although GAF and ZId both function as transcriptional activators during ZGA, they
function independently and preferentially at temporally distinct time points.

Together our data support the requirement for at least two pioneer transcription factors, ZId and
GAF, to sequentially reprogram the zygotic genome following fertilization and allow for future
embryonic development. It is likely that there are additional factors, as in a companion paper Duan
et al. identify an essential role for CLAMP in directing ZId binding. Future studies will enable more
detailed mechanistic insights into how multiple pioneer factors work together to reshape the
transcriptional landscape and transform cell fate in the early embryo.
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Materials and Methods

Drosophila strains and genetics

All stocks were grown on molasses food at 25°C. Fly strains used in this study: w'’"® | His2Av-
RFP (1l) (Bloomington Drosophila Stock Center (BDSC) #23651), mat-a-GAL4-VP16 (BDSC
#7062), UAS-shRNA-zld (Sun et al. 2015). sfGFP-GAF(N) and GAF-sfGFP(C) mutant alleles
were generated using Cas9-mediated genome engineering (see below).

nos-degradFP (ll) transgenic flies were made by PhiC31 integrase-mediated transgenesis into
the PBac{yellow[+]-attP-3B}VK00037 docking site (BDSC #9752) by BestGene Inc. The
sequence for NSImb-vhhGFP4 was obtained from Caussinus et al. 2012 and amplified from
genomic material from UASp-NsIimb.vhhGFP4 (BDSC #58740). The NSImb-vhhGFP4 sequence
was cloned using Gibson assembly into pattB (DGRC #1420) with the nanos 5’'UTR.

To obtain the embryos for ChIP-seq and live embryo imaging in a zld knockdown background, we
crossed mat-a-GAL4-VP16 (ll)/Cyo; sfGFP-GAF N)(lll) flies to UAS-shRNA-zId (1) flies and took
mat-a-GAL4-VP16/+ (ll); sfGFP-GAF(N)/ UAS-shRNA-zld (Ill) females. These females were
crossed to their siblings, and their embryos were collected. Embryos from mat-a-GAL4-VP16
(I)/CyO; sfGFP-GAF(N) (lll) females were used as controls.

To obtain embryos for live imaging, hatching rate assays, RNA-seq, ATAC-seq, and ChIP-seq in
a GAF knockdown background we crossed nos-degradFP (ll); sfGFP-GAF(N)/TMé6c (lll) flies to
His2Av-RFP (1); sfGFP-GAF(N) (lll) flies and selected females that were nos-degradFP/His2Av-
RFP (ll); sfGFP-GAF(N) (lll). These females were crossed to their siblings of the same genotype,
and their embryos were collected. Embryos from His2Av-RFP (ll); sfGFP-GAF(N) (Ill) females
were used as paired controls.

Cas9-genome engineering

Cas9-mediated genome engineering as described in (Hamm et al. 2017) was used to generate
the N-terminal and C-terminal super folder Green Fluorescent Protein (sfGFP)-tagged GAF. The
double-stranded DNA (dsDNA) donor was created using Gibson assembly (New England BioLabs,
Ipswich, MA) with 1-kb homology arms flanking the sfGFP tag and GAF N-terminal or C-terminal
open reading frame. sfGFP sequence was placed downstream of the GAF start codon (N-terminal)
or just upstream of the stop codon in the 5™ GAF exon, coding for the short isoform (C-terminal).
Additionally, a 3xP3-DsRed cassette flanked by the long-terminal repeats of PiggyBac
transposase was placed in the second GAF intron (N-terminal) or fourth GAF intron (C-terminal)
for selection. The guide RNA sequences (N-terminal- TAAACATTAAATCGTCGTGT), (C-
terminal- AAATGAATACTCGATTA) were cloned into pBSK under the U63 promoter using
inverse PCR. Purified plasmid was injected into embryos of yw; attP40{nos-Cas9}/CyQ for the N-
terminal line and y' M{vas-Cas9.RFP-}ZH-2A w'""® (BDSC#55821) for the C-terminal line by
BestGene Inc. Lines were screened for DsRed expression to verify integration. The entire 3xP3-
DsRed cassette was cleanly removed using piggyBac transposase, followed by sequence
confirmation of precise tag integration.

Live embryo imaging

Embryos were dechorionated in 50% bleach for 2 minutes and subsequently mounted in
halocarbon 700 oil. Due to the fragility of the GAF92%" embryos, embryos used for videos were
mounted in halocarbon 700 oil without dechorionation. The living embryos were imaged on a
Nikon A1R+ confocal at the University of Wisconsin-Madison Biochemistry Department Optical
Core. Nuclear density, based on the number of nuclei/2500 um2, was used to determine the cycle
of pre-gastrulation embryos. Nuclei were marked with His2AV-RFP. Image J (Schindelin et al.
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2012) was used for post-acquisition image processing. Videos were acquired at 1 frame every 10
seconds. Playback rate is 7 frames/second.

Hatching rate assays

A minimum of 50 females and 25 males of the indicated genotypes were allowed to mate for at
least 24 hours before lays were taken for hatching rate assays. Embryos were picked from
overnight lays and approximately 200 were lined up on a fresh molasses plate. Unhatched
embryos were counted 26 hours or more after embryos were selected.

Immunoblotting

Proteins were transferred to 0.45 ym Immobilon-P PVDF membrane (Millipore, Burlington, MA)
in transfer buffer (25 mM Tris, 200 mM Glycine, 20% methanol) for 60 min (75 min for ZId) at
500mA at 4°C. The membranes were blocked with blotto (2.5% non-fat dry milk, 0.5% BSA, 0.5%
NP-40, in TBST) for 30 min at room temperature and then incubated with anti-GFP (1:2000,
#ab290) (Abcam, Cambridge, United Kingdom) anti-ZId (1:750) (Harrison et al. 2011), or anti-
tubulin (DM1A, 1:5000) (Sigma, St. Louis, MO), overnight at 4°C. The secondary incubation was
performed with goat anti-rabbit IgG-HRP conjugate (1:3000) (Bio-Rad, Hercules, CA) or anti-
mouse IgG-HRP conjugate (1:3000) (Bio-Rad) for 1 hour at room temperature. Blots were treated
with SuperSignal West Pico PLUS chemiluminescent substrate (Thermo Fisher Scientific,
Waltham, MA) and visualized using the Azure Biosystems c600 or Kodak/Carestream BioMax
Film (VWR, Radnor, PA).

Chromatin Immunoprecipitation

ChIP was performed as described previously (Blythe and Wieschaus 2015) on hand selected
embryos: stage 3 and stage 5 GAF-sfGFP(C) homozygous embryos, stage 3 and stage 5 w''"®
embryos, stage 5 embryos from mat-a-GAL4-VP16/+ (ll); sSFGFP-GAF(N)/ UAS-shRNA-zId (Ill)
females, stage 5 embryos from nos-degradFP/His2Av-RFP (ll); stGFP-GAF(N) (lll) females, and
stage 5 embryos from His2Av-RFP (ll); sfGFP-GAF(N) (lll) females. Briefly, 1000 stage 3
embryos or 400-500 stage 5 embryos were collected, dechorionated in 50% bleach for 3 min,
fixed for 15 min in 4% formaldehyde and then lysed in 1 mL of RIPA buffer (50 mM Tris-HCI pH
8.0, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, and 150 mM NacCl). The fixed
chromatin was then sonicated for 20 s 11 times at 20% output and full duty cycle (Branson Sonifier
250). Chromatin was incubated with 6 pg of anti-GFP antibody (Abcam #ab290) or 8l of anti-ZId
antibody (Harrison et al. 2011) overnight at 4°C , and then bound to 50 ul of Protein A magnetic
beads (Dynabeads Protein A, Thermo Fisher Scientific). The purified chromatin was then washed,
eluted, and treated with 90 pg of RNaseA (37°C, for 30 min) and 100 ug of Proteinase K (65°C,
overnight). The DNA was purified using phenol/chloroform extraction and concentrated by ethanol
precipitation. Each sample was resuspended in 25 ul of water. Sequencing libraries were made
using the NEB Next Ultra Il library kit and were sequenced on the lllumina Hi-Seq4000 using 50bp
single-end reads at the Northwestern Sequencing Core (NUCore).

ChIP-seq Data Analysis

ChIP-seq data was aligned to the Drosophila melanogaster reference genome (version dm6)
using bowtie 2 v2.3.5 (Langmead and Salzberg 2012) with the following non-default parameters:
-k 2, --very-sensitive. Aligned reads with a mapping quality < 30 were discarded, as were reads
aligning to scaffolds or the mitochondrial genome. To identify regions that were enriched in
immunoprecipitated samples relative to input controls, peak calling was performed using MACS
v2 (Zhang et al. 2008) with the following parameters: -g 1.2e8, --call-summits. To focus analysis
on robust, high-quality peaks, we used 100 bp up- and downstream of peak summits, and retained
only peaks that were detected in both replicates and overlapped by at least 100 bp. All
downstream analysis focused on these high-quality peaks. Peak calling was also performed for
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control ChIP samples performed on w’’’® with the a-GFP antibody. No peaks were called in any

of the w'""® controls, indicating high specificity of the a-GFP antibody. To compare GAF-binding
sites at stage 3, stage 5 and in S2 cells, and to compare GAF, ZId and CLAMP binding, we used
GenomicRanges R package (Lawrence et al. 2013) to compare different sets of peaks. Peaks
overlapping by at least 100 bp were considered to be shared. To control for differences in data
processing and analysis between studies, previously published ChlIP-seq datasets for ZId
(Harrison et al. 2011, GSE30757), GAF (Fuda et al. 2015, GSE40646), and CLAMP (Rieder et al.
2019, GSE133637) were processed in parallel with ChiP-seq data sets generated in this study.
DeepTools (Ramirez et al. 2016) was used to calculate counts per million (CPM)-normalized read
depth used for all heatmaps and metaplots. De novo motif discovery was performed using MEME-
suite (Bailey et al. 2009).

Analysis of differential binding in GAF- and Zld-depleted embryos

Considering the global decrease in ChIP signal in GAF- and ZId-depleted embryos (Fig. S5A,C),
we considered technical factors that may have affected these experiments. Technical reasons
global GAF binding signal may have been lower in the zld RNAi background:

(1) In the zld RNAI background the sfGFP-GAF(N) allele was heterozygous while in the control it
was homozygous. (2) zId RNAi embryos die around stage 5, therefore a portion of these embryos
collected for ChIP-seq may have been dead. (3) In the zld RNAi background the sfGFP tag on
GAF is on the N-terminus, while in the control dataset the sfGFP tag is on the C-terminus. The N-
terminal tag may interfere with GAF binding efficiency in a manner the C-terminal tag does not.
(4) The IP efficiency may have been lower in the zld RNAi ChlIP.

Technical reasons global ZId binding signal may have been lower in the GAF®¢P hackground:
(1) GAFCr=dP embryos die at variable times around the MZT, therefore a portion of these
embryos collected for ChIP-seq may have been dead. (2) The IP efficiency may have been lower
in the GAFY¢aFP Ch|P.

To control for these technical factors, we performed an analysis based on peak rank, rather than
peak intensity. The number of reads aligning within each peak was quantified using featureCounts
from the Subread package (v1.6.4) (Liao et al. 2014). Peaks were then ranked based on the mean
RPKM-normalized read count between replicates, allowing comparison of peak rank between
different conditions.

DESeqg2 (Love et al. 2014) was used to identify potential differential binding sites in a more
statistically rigorous way. To control for variable detection of low-intensity peaks, only the top third
of GAF Stage 5 peaks (1,444 peaks) were analyzed. For ZId ChlIP-seq, analysis was restricted to
6,003 high-confidence peaks shared between our control dataset and previously published ZId
ChIP (Harrison et al. 2011). A table of read counts for these peaks, generated by featureCounts
as described above, was used as input to DESeq2. Peaks with an adjusted p-value < 0.05 and a
fold change > 2 were considered to be differentially bound.

Total RNA-seq

150-200 embryos from His2Av-RFP/nos-degradFP (Il); sfGFP-GAF(N) (lll) and His2Av-RFP (ll);
SfGFP-GAF(N) (lll) females were collected from a half hour lay and aged for 2 hours. Embryos
were then picked into Trizol (Invitrogen, Carlsbad, CA) with 200 ug/ml glycogen (Invitrogen). RNA
was extracted and RNA-seq libraries were prepared using the Universal RNA-Seq with NuQuant,
Drosophila AnyDeplete Universal kit (Tecan, Mannedorf, Switzerland). Samples were sequenced
on the Illlumina NextSeq500 using 75bp single-end reads at the Northwestern Sequencing Core
(NUCore).
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RNA-seq analysis

RNA-seq data was aligned to the Drosophila melanogaster genome (dm6) using HISAT v2.1.0
(Kim et al. 2015 Nature Methods). Reads with a mapping quality score < 30 were discarded. The
number of reads aligning to each gene was quantified using featureCounts, generating a read
count table that was used to analyze differential expression with DESeq2. Genes with an adjusted
p-value < 0.05 and a fold change > 2 were considered statistically significant. To identify GAF-
target genes, GAF ChIP peaks were assigned to the nearest gene (this study). Zygotically and
maternally expressed genes (Lott et al. 2011, GSE25180) zygotic gene expression onset (Li et al.
2014, GSE58935), ZId-dependent genes (McDaniel et al. 2019, GSE121157), CLAMP-dependent
genes (Reider et al. 2017, GSE102922), and ZId targets (Harrison et al. 2011, GSE30757) as
previously defined.

Assay for Transposase-Accessible Chromatin

150-200 embryos from His2Av-RFP/nos-degradFP (Il); sfGFP-GAF(N) (lll) and His2Av-RFP (ll);
SfGFP-GAF(N) (lll) females were collected from a half hour lay and aged for 2 hours. Embryos
were dechorionated in 50% bleach for 2 minutes. Embryos were then dissociated on ice in HL
buffer (25mM KCI; 90mM NacCl; 4.8mM NaHCO3J; 80 mM D-glucose; 5mM Trehalose; 5mM L-
glutamine; 10mM HEPES; 5mM EDTA; pH to 6.9) with 5 stokes of a loose pestle with a 1 mL
dounce. The cells suspension was filtered through miracloth (Thermo Fisher Scientific) and
pelleted for 10 minutes at 300g at 4°C. Cells were resuspended in cell lysis buffer (10mM Tris 7.5,
10mM NaCl, 3mM MgCl2, 0.1% NP-40), pelleted, and washed with cell lysis buffer. Nuclei were
then pelleted for 10 minutes at 1000g at 4°C and resuspended in 22.5 ul of water before adding
25 pl of buffer TD (lllumina, San Diego, CA) and 2.5 ul Tn5 transposase (Tagment DNA Enzyme,
lllumina). Reactions were incubated for 30 min at 4°C then immediately purified with the MinElute
Cleanup Kit (Qiagen, Hilden, Germany) and eluted in 10 pL buffer EB. Libraries were amplified
for 12 PCR cycles with unique dual index primers using the NEBNext Hi-Fi 2X PCR Master Mix
(New England Biolabs). Amplified libraries were purified using a 1.2X ratio of Axygen magnetic
beads. Libraries were submitted to the University of Wisconsin-Madison Biotechnology Center for
150 bp, paired-end sequencing on the lllumina NovaSeq 6000.

ATAC-seq analysis

Adapter sequences were removed from raw sequence reads using NGMerge (Gaspar 2018).
ATAC-seq reads were aligned to the Drosophila melanogaster (dm6) genome using bowtie2 with
the following parameters: --very-sensitive, --no-mixed, --no-discordant, -X 5000, -k 2. Reads with
a mapping quality score < 30 were discarded, as were reads aligning to scaffolds or the
mitochondrial genome. Analysis was restricted to fragments < 100 bp, which, as described
previously, are most likely to originate from nucleosome-free regions (Buenrostro et al. 2013). To
maximize the sensitivity of peak calling, reads from all replicates of GAF®®™?%P and control
embryos were combined. Peak calling was performed on combined reads using MACS2 with
parameters -f BAMPE --keep-dup all -g 1.2e8 --call-summits. This identified 64,133 accessible
regions. 201 bp peak regions (100 bp on either side of the peak summit) were used for
downstream analysis. Reads aligning within accessible regions were quantified using
featureCounts, and differential accessibility analysis was performed using DESeq2 with an
adjusted p-value < 0.05 and a fold change > 2 as thresholds for differential accessibility. Regions
depending on Zld for accessibility (as assayed by FAIRE-seq) were previously defined (Schulz et
al. 2015). For comparison to ATAC-seq data from Zld-depleted embryos (Fig S6C), previously
published data (Hannon et al. 2017, GSE86966) were re-analyzed in parallel with ATAC-seq data
from this study to ensure identical processing of data sets. Heatmaps and metaplots of CPM-
normalized read depth were generated with DeepTools. MEME-suite was used to for de novo
motif discovery for differentially accessible ATAC peaks and to match discovered motifs to
previously known motifs from databases.
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Data availability
All raw sequencing reads are available at GEO GSE152773.
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