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Summary

Upon fertilization, embryos undergo chromatin reprogramming and genome activation, however, 

the mechanisms that regulate these processes are poorly understood. Here, we generated a 

triple mutant for Nanog, Pou5f3, and Sox19b (NPS) in zebrafish and found that NPS pioneer 

chromatin opening at >50% of active enhancers. NPS regulate acetylation across core histones at 

enhancers and promoters, and their function in gene activation can be bypassed by recruiting 

histone acetyltransferase to individual genes. NPS pioneer chromatin opening individually, 

redundantly, or additively depending on sequence context and we show that high nucleosome 

occupancy facilitates NPS pioneering activity. Nucleosome position varies based on the input of 

different transcription factors (TFs), providing a flexible platform to modulate pioneering activity. 

Altogether, our results illuminate the sequence of events during genome activation and offer 

a conceptual framework to understand how pioneer factors interpret the genome and integrate 

different TF inputs across cell types and developmental transitions.
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Miao et al. report that transcription factors Nanog, Pou5f3, and Sox19b (NPS) initiate chromatin 

opening, and regulate histone acetylation to activate the silent genome in zebrafish. The ability 

of NPS to initiate chromatin opening is facilitated by high nucleosome occupancy, providing 

framework to understand how pioneer factors interpret the genome.
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Introduction

Upon fertilization, embryos are transcriptionally silent and then undergo genome-wide 

chromatin reprogramming to initiate zygotic genome activation (ZGA) and gain transient 

totipotency (Iwafuchi-Doi and Zaret, 2014; Ladstätter and Tachibana, 2019). This maternal-

to-zygotic transition (MZT) marks the transfer of regulatory control from the maternal 

program to the zygotic program (Giraldez, 2010; Tadros and Lipshitz, 2009; Vastenhouw et 

al., 2019; Yartseva and Giraldez, 2015). Studies have identified a small subset of individual 

TFs that function during ZGA (Vastenhouw et al., 2019), however the larger regulatory 

network of TFs that orchestrate chromatin remodeling, their interdependency, and how they 

trigger genome activation are still poorly understood.
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Genome activation and zygotic transcription coincide with epigenetic remodeling of the 

chromatin and an increase in chromatin accessibility (Blythe and Wieschaus, 2016; 

Eckersley-Maslin et al., 2018; Gao et al., 2018; Li et al., 2018; Liu et al., 2018; Lu et 

al., 2016; Murphy et al., 2018; Vastenhouw et al., 2019; Wu et al., 2016; Wu et al., 

2018; Xia et al., 2019), however the causal relationship between these events is poorly 

understood (Schulz and Harrison, 2019; Vastenhouw et al., 2019). Two models have been 

proposed to explain transcriptional activation (Chan et al., 2019; Liu et al., 2020; Schulz 

and Harrison, 2019; Vastenhouw et al., 2019). In one, epigenetic remodeling of the genome 

increases chromatin accessibility and compatibility for TF binding and gene activation 

(Samata et al., 2020; Schulz and Harrison, 2019; Vastenhouw et al., 2019). Consistent 

with this model, biochemical studies have revealed that acetylation reduces the affinity 

between DNA and nucleosomes (Cary et al., 1982; Garcia-Ramirez et al., 1995; Tse et 

al., 1998), acetylated chromatin is often more accessible (Hebbes et al., 1994; Krajewski 

and Becker, 1998); and histone H4 lysine 16 acetylation (H4K16ac) present in the oocyte 

has been shown to regulate local chromatin accessibility before ZGA in flies (Samata et 

al., 2020). In the other model, pioneer factors, which bind nucleosomal DNA to promote 

chromatin accessibility, facilitate the recruitment of other TFs and epigenetic regulators, 

which then mediate transcriptional activation (Iwafuchi-Doi, 2019; Iwafuchi-Doi and Zaret, 

2016). In support of this model, ZGA activators such as Zelda in Drosophila, FoxH1 in 

Xenopus, OCT4 in human, and NFY proteins in mice function as pioneer factors during 

early development (Cirillo et al., 2002; Iwafuchi-Doi and Zaret, 2014). Consistent with 

both models, TFs are associated with histone H3 lysine 27 acetylation (H3K27ac), which 

correlates with regions of accessible chromatin and active transcription (Creyghton et al., 

2010; Wang et al., 2008) and coincides with ZGA in mice, zebrafish, and flies (Chan et al., 

2019; Dahl et al., 2016; Li et al., 2014; Sato et al., 2019; Zhang et al., 2018). However, 

we do not understand the causal relationship between chromatin accessibility, TF binding, 

histone acetylation, and genome activation.

In zebrafish, pioneer factors Nanog, Pouf5f3, and Sox19b (here NPS), the mammalian 

homologs of which are reprogramming factors, are required for ZGA (Lee et al., 2013; 

Leichsenring et al., 2013; Pálfy et al., 2020; Veil et al., 2019). However, the number of 

regions bound by pioneer factors is much smaller than the widespread occurrence of their 

consensus motifs, and even for those bound regions only a small fraction of them are 

opened by these pioneer factors, suggesting pioneering activity is modulated by co-factors 

and sequence context (Larson et al., 2021; Zaret, 2020). Understanding how the genomic 

context regulates pioneering function in vivo is fundamental to decode how pioneer TFs 

interpret the genome across different cell types and developmental transitions. This has been 

challenging, given that multiple pioneer factors co-bind many regions across the genome 

(Larson et al., 2021; Zaret, 2020), and the pioneering activity of each factor can be masked 

by other TFs in individual loss-of-function studies (Larson et al., 2021; Pálfy et al., 2020; 

Veil et al., 2019). Here, we address this challenge by generating a triple maternal-zygotic 

nanog−/−;pou5f3−/−;sox19b−/− zebrafish mutant (MZnps) to investigate how pioneering 

specificity is regulated and identify the mechanisms by which NPS reprogram, remodel, 

and activate the zygotic genome.
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Results

NPS regulate chromatin accessibility and histone modifications during ZGA

Pluripotency factors NANOG, OCT4, and SOX2 co-occupy many regulatory regions and 

co-regulate the transcription of many genes in human and mouse embryonic stem (ES) cells 

(Boyer et al., 2005; Chen et al., 2008; Loh et al., 2006; Wang et al., 2012). Similarly, 

zebrafish homologs Nanog, Pouf5f3 and Sox19b (NPS) occupy thousands of open chromatin 

regions (Figures 1A and S1A) and are required for ZGA and early development (Lee et al., 

2013; Leichsenring et al., 2013). However, the way these factors work together to remodel 

and reprogram the zygotic genome in vivo remained unexplored due to the technical 

challenge of simultaneously eliminating all three factors. To address this, we generated a 

triple maternal-zygotic (MZ) mutant: nanog−/−;pou5f3−/−;sox19b−/− (MZnps), which lacks 

maternally-inherited NPS mRNA and is deficient in zygotic expression of NPS (Figures 1B, 

S1B, and S1C). MZnps embryos arrest at the sphere stage prior to gastrulation (4 hours post 

fertilization, 4 hpf) (Figures 1B and S1D), reminiscent of a block in zygotic transcription 

(Kane et al., 1996). Analysis of the MZnps nascent transcriptome using Click-iT-seq (Chan 

et al., 2019) revealed that 37% of zygotic genes (822 out of 2,240) were downregulated 

more than two-fold compared to wild-type embryos (Figure 1C). Consistent with this, RNA 

polymerase II (Pol II) ChIP-seq revealed a concomitant loss of Pol II occupancy across 

the gene body and promoters of these genes (Figure S1E), suggesting NPS recruit Pol II, 

rather than release paused Pol II. Gene ontology analysis (Ge et al., 2019; Mi et al., 2019a; 

Mi et al., 2019b) revealed that genes downregulated in MZnps embryos were enriched for 

gene-specific transcriptional regulators and developmental processes, including embryonic 

morphogenesis, formation of primary germ layers, and cell fate commitment (Figures S1F 

and S1G). The developmental arrest and impaired ZGA in MZnps embryos could be rescued 

by temporarily restoring Nanog and Pouf5f3 via injection of their mRNAs (Figures 1B and 

S1H), and rescued mutant embryos developed into fertile adults, suggesting that NPS are 

dispensable for adult life and gametogenesis. Thus, the MZnps mutant is a tractable model 

to investigate how a cohort of TFs work together to remodel, reprogram, and activate the 

zygotic genome.

To determine the causal relationship between NPS binding, changes in chromatin 

accessibility and histone modifications during ZGA, we surveyed chromatin accessibility 

(using Omni-ATAC) and profiles of H3K4me1, H3K4me3, H3K27ac (using ChIP-seq) in 

wild-type and MZnps embryos at 4 hpf (Figures 1D–1F and S1I-S1L). We identified 55,970 

high-confidence accessible regions (Figure S1I; P < 10−8 in three replicates, MACS2 (Zhang 

et al., 2008)) including 17,993 at promoters (defined as the region within 500 bp of the 

transcription start site (TSS) of annotated transcripts) and a further 16,142 accessible regions 

marked by H3K27ac, suggestive of active enhancers (Figure 1F). In MZnps embryos, over 

half of active enhancers (8,274 out of 16,142) showed a significant decrease in chromatin 

accessibility (FDR < 0.01, DESeq2 (Love et al., 2014)), most of which (6,860 out of 

8,274) were strongly bound by Nanog, Pou5f3, or Sox19b (N/P/S; FDR = 0.05, MACS2). 

In contrast, although 56% of promoters (10,129/17,993) were bound by N/P/S, only 5.1% 

(914 out of 17,993) showed a significant decrease in accessibility in MZnps embryos 

(Figure 1F). Promoter accessibility was largely maintained even for NPS strong targets 
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(N/P/S-bound genes that are strongly downregulated in MZnps embryos) despite the loss 

of Pol II ChIP-seq signal (Figures 1D and 1E). Altogether, these results indicate that 

NPS establish chromatin accessibility at most of active enhancers during the MZT, while 

promoter accessibility is largely regulated by other factors.

We investigated whether NPS regulate histone modifications associated with enhancer and 

promoter function. H3K4me3 is associated with active promoters (Calo and Wysocka, 2013; 

Schulz and Harrison, 2019; Vastenhouw et al., 2019) and we observed a strong reduction 

of H3K4me3 at promoters of genes downregulated in MZnps embryos (Figures 1D and 

1E), consistent with the dependency of H3K4me3 deposition on transcription (Zhang et al., 

2018). H3K4me1 is often associated with primed enhancers and is enriched at promoters 

(Calo and Wysocka, 2013). H3K4me1 marks the two nucleosomes flanking open enhancers 

in wild-type embryos, while in MZnps embryos H3K4me1 is dramatically reduced at 

enhancers associated with NPS strong targets (Figure 1D). These data suggest that NPS 

enhance H3K4me1 deposition at the flanking nucleosomes.

H3K27ac correlates with accessible regions and often marks active enhancers and 

promoters, and its deposition coincides with ZGA (Calo and Wysocka, 2013; Schulz and 

Harrison, 2019; Vastenhouw et al., 2019). Loss of NPS reduced H3K27ac in MZnps 
embryos at enhancers and promoters associated with NPS strong targets, such as klf17 
(Figures 1D–1F), suggesting that NPS binding precedes H3K27ac. Loss of NPS reduced 

enhancer accessibility but had little effect on promoter accessibility. These results provide 

a clear contrast between chromatin accessibility and H3K27ac at enhancers and promoters, 

suggesting that H3K27ac is not absolutely required for chromatin accessibility. To confirm 

the dependency of H3K27ac on NPS, we performed immunostaining of the miR-430 locus, 

the first zygotically transcribed locus (Chan et al., 2019; Heyn et al., 2014), which is 

NPS-dependent (Figure 1G). We observed that H3K27ac was enriched at the miR-430 
locus, and that this enrichment was lost in MZnps embryos (Figure 1H). Reduction of 

H3K27ac correlates with reduction in transcription (Figure 1D; r=0.57 for promoters, r=0.61 

for enhancers and P < 10−77), suggesting that H3K27ac could be a critical step by which 

NPS regulates ZGA. Altogether, these results demonstrate that NPS play critical roles in 

pioneering chromatin opening at over half of active enhancers and in regulating histone 

modifications; while H3K27ac is not absolutely required for chromatin opening, it may be a 

mechanism by which NPS regulates genome activation.

NPS regulate acetylation across core histones

Next, we investigated whether loss of NPS affects histone acetylation on other lysine 

residues. We used ChIP-seq to compare histone acetylation in wild-type and MZnps 
embryos across the four canonical core histones (H3K9ac, H3K14ac, H3K18ac, H3K36ac, 

H4K8ac, H4K16ac, H2BK5ac, H2BK15ac, and H2AK5ac) and histone H2A variant H2A.Z 

(H2A.ZK4/7ac). We observed a strong reduction of histone acetylation across the four 

canonical core histones in the MZnps embryos at both enhancers and promoters of 

NPS strong targets (Figures 2A, S2A, and S2B). Reduction in acetylation was strongly 

correlated with the reduction in transcription (Figure 2B). While H4K16ac has been shown 

to regulate promoter accessibility in flies (Samata et al., 2020), our results reveal that 
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promoters remained accessible in the absence of H4K16ac, suggesting that H4K16ac is 

not absolutely required for chromatin accessibility during ZGA in zebrafish. To further 

test whether chromatin accessibility depends on histone acetylation, we treated wild-type 

embryos with chemical inhibitors of the histone acetylation writer p300 (SGC-CBP30 (Hay 

et al., 2014)) or reader Brd4 (JQ1 (Chan et al., 2019; Filippakopoulos et al., 2010)) and 

assessed chromatin accessibility using Omni-ATAC at 4 hpf. Neither inhibitor blocked 

chromatin opening (Figures S2C and S2D), further suggesting that histone acetylation is not 

the main driver of chromatin opening during ZGA. These results suggest that NPS regulate 

histone acetylation at both enhancers and promoters across core histones during ZGA.

NPS recruit p300a and Brd4 during early development

Next, we asked whether NPS regulate histone acetylation by recruiting the histone 

acetyltransferase p300 to enhancers and promoters. ChIP-seq analysis revealed that p300a 

is enriched at active enhancers and promoters, but also at gene bodies and transcription 

end sites (TESs) (Figures 2C, S2E-S2I). Across these sites, p300a is largely depleted for 

NPS target genes in MZnps mutant embryos (Figure 2C). For all N/P/S-bound enhancers 

and promoters associated with zygotic genes, 621 regions lost p300a in MZnps embryos, 

suggesting that NPS are required to recruit p300a; while 635 regions maintained similar 

p300a levels, suggesting that other TFs function partially redundantly with NPS at those 

sites. p300 might be recruited through a direct interaction with NPS or indirectly through co-

factors (Fang et al., 2014). At gene bodies and TESs, p300a had a similar enrichment pattern 

to Pol II, however this localization was not associated with a marked increase in histone 

acetylation (Figure S2F), thus we hypothesized that these contacts between p300a and gene 

bodies/TESs are mediated by the transcription machinery. To test this, we treated wild-type 

embryos with Pol II inhibitors (triptolide to block Pol II recruitment and flavopiridol to 

block Pol II release) and observed that p300a is lost at gene bodies and TESs, and reduced at 

promoters, but maintained at enhancers (Figures 2C, 2D, S2E-S2G). Together, these results 

suggest that NPS recruit p300a to their binding sites (primarily at enhancers and some 

promoters), and that Pol II facilitates p300a binding at promoters and may carry it along 

with the transcription machinery during transcription.

BRD4 is a histone acetylation reader (Filippakopoulos et al., 2012; Shi and Vakoc, 2014) 

that recruits the Mediator complex and p-TEFB (Cho et al., 2018; Gibson et al., 2019; 

Itzen et al., 2014; Sabari et al., 2018; Yang et al., 2008) to promote Pol II recruitment 

and transcriptional initiation and elongation in ES cells (Hnisz et al., 2013; Whyte et al., 

2013). In wild-type embryos Brd4 ChIP-seq profile resembled that of Pol II occupancy, with 

accumulation primarily at promoters and to a lesser extent at gene bodies (Figure S2F). In 

MZnps embryos, however, Brd4 was substantially reduced across both promoters and gene 

bodies of NPS target genes (Figures 2C, 2D, and S2E), suggesting that Brd4 recruitment 

requires NPS. This is consistent with the reduction of p300a and histone acetylation in the 

absence of NPS (Figures 2C and 2D). Altogether, these results reveal that NPS are required 

for the recruitment of p300 and Brd4. Based on these results, we propose a model where 

NPS activate the zygotic genome by recruiting histone acetyltransferases, such as p300, 

which acetylate histone tails at enhancers and promoters; Brd4 then binds to acetylated 

histones and promotes Pol II recruitment and transcriptional activation; transcription then 
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translocates part of this complex across the gene body, resulting in contacts of p300 and 

Brd4 with the chromatin across these regions.

Histone acetyltransferase can bypass NPS function

To test whether NPS activate the zygotic genome by recruiting p300, we asked if restoring 

histone acetylation at either promoters or enhancers could rescue gene activation in the 

absence of NPS (Figure 3A). We fused the histone acetyltransferase core domain (HAT) 

of human p300 (Hilton et al., 2015) to a catalytically dead Cas9 (Chan et al., 2019) 

(dCas9-HAT) and used sgRNAs to target this complex to NPS strong targets. We used 

qRT-PCR, RNA in situ hybridization, RNA-seq, Omni-ATAC, and H3K27ac CUT&TAG 

(Kaya-Okur et al., 2019) to determine how dCas9-HAT affects transcription, accessibility, 

and histone acetylation at target genes. Several lines of evidence reveal that restoring histone 

acetylation can rescue NPS function and induce transcriptional activation. First, dCas9-HAT 

targeting asb11 or her5 restored H3K27ac and transcription of each target gene in MZnps 
embryos, but had no effect on a control gene that was not targeted by these sgRNAs 

(klf17) (Figures 3B–3D and S3A-S3C). This effect was specific to acetyltransferase activity, 

because targeting a catalytically dead HAT (dHAT, D1399Y) (Hilton et al., 2015) did not 

activate gene expression or increase H3K27ac (Figures 3B–3D and S3A-S3C). RNA in situ 
hybridization for asb11 and her5 revealed that both genes are transcribed at high levels 

in large clonal patterns (Figure 3C), likely due to the mosaic nature of the rescue caused 

by microinjection. Second, dCas9-dHAT restored chromatin accessibility, but not H3K27ac 

or transcription of the target gene in MZnps embryos (i.e. asb11, Figures 3D, S3C, and 

S3D). These results indicate that transcription occurs when histone acetylation is restored 

at the promoter, and that opening of promoters or enhancers is not sufficient to activate 

transcription during ZGA. Third, targeting dCas9-HAT to the enhancer upstream of the her5 
locus also restored transcription of the neighboring gene her11 (Figure 3D), suggesting that 

a local increase in histone acetylation is sufficient to recruit Pol II and restore transcription at 

nearby promoters.

Our analysis revealed that targeting enhancers with dCas9-HAT caused acetylation of the 

promoter and vice versa, suggesting that spatial proximity between the enhancers and 

promoters is maintained in the absence of NPS. For example, targeting dCas9-HAT to 

asb11 promoter increased H3K27ac at upstream and downstream enhancers which were 

also acetylated in wild-type embryos (Figure 3D). Conversely, for five out of seven genes 

(asb11, her5, apela, klf17 and vox), targeting NPS-bound enhancers rescued promoter 

acetylation and transcription (Figures S3C and S3D). In one case (has2), targeting the 

NPS-bound distal enhancer (>10 kb from the promoter) did not restore acetylation at the 

promoter nor transcriptional activation (Figure S3D), indicating that histone acetylation 

at enhancers needs to extend to the promoter region to activate transcription. Conversely, 

genes (i.e., ddx5, Figure S3E) that lost histone acetylation at NPS-bound enhancers but not 

at promoters remained transcriptionally active in MZnps mutants. Thus, recruiting histone 

acetyltransferase activity at enhancers or promoters can substitute NPS function, and is a 

critical step through which NPS regulate ZGA (Figure 3E).
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Identification of TFs regulating chromatin accessibility and their dependency of NPS

To identify the TFs that regulate chromatin accessibility during ZGA and their dependency 

on NPS, we first analyzed the maternally expressed TFs that are highly translated pre-ZGA, 

using ribosome footprinting (RFP) data at 2 hpf (Bazzini et al., 2012), and found 188 

sequence specific TFs (RFP >5 rpkm) (Table S1). Next, we compared the chromatin 

accessibility profile in wild-type and MZnps (DESeq2 (Love et al., 2014); FDR < 0.01) 

and performed motif enrichment analysis (McLeay and Bailey, 2010) across three different 

groups: regions that lost accessibility in MZnps, and are thus dependent on NPS (Group 

1; 7,813 sites); regions with partially reduced accessibility in MZnps embryos (Group 2; 

6,665 sites); and regions that maintained accessibility and hence are independent of NPS 

for chromatin opening (Group 3; 9,371 sites) (Figure 4A). We identified multiple TF motifs 

that were significantly enriched in regions independent of NPS pioneering activity (Group 

2 and 3), including BBX, PATZ1, KLF9, SRF, CLOCK, IRF2, STAT1, SPZ1, E2F2, and 

ATF1 (Figure 4B). Promoters that were accessible independent of NPS (Group 3) were 

significantly enriched for SP1, KLF9, FOXK1, PATZ1, NFY, CEBPZ, and ATF1 motifs. 

Finally, EOMES, YY1, LEF1, TCF3, and TBP were significantly enriched in regions 

that lost chromatin accessibility in MZnps embryos and were therefore dependent on the 

pioneering activity of NPS (Group 1) (Figure 4B and Table S1).

To further investigate the dependency of these TFs on NPS pioneering activity, we selected 

one representative from Group 3 (Nfya) and Group 1 (Eomesa) and used ChIP-seq to 

examine their binding profiles in wild-type and MZnps embryos. The majority (73%) of 

the Nfya-binding regions remain bound in MZnps embryos (Figures 4C–4E, and S4A-C), 

indicating that Nfya establishes chromatin opening independently of NPS. In contrast, most 

(87%) of the Eomesa-binding sites lost Eomesa occupancy and chromatin accessibility in 

MZnps embryos (Figures 4C–4E and S4). Together, these results provide a set of TFs that 

potentially regulate chromatin opening during ZGA (Figure 4F) and establish the relative 

dependency of these factors on NPS pioneering function.

Independent and cooperative NPS pioneering functions during ZGA

Our results indicate that NPS co-bind many genomic regions (Veil et al., 2019) (Figures 

1A and S1A); however, it remains unclear how these factors work together (i.e. redundantly 

or additively) to initiate chromatin opening during ZGA (Cirillo et al., 2002; Pálfy et al., 

2020; Veil et al., 2019; Zaret and Carroll, 2011). These are challenging questions that 

cannot be easily addressed using single mutants (Pálfy et al., 2020; Veil et al., 2019). 

To address this, we assessed chromatin accessibility (i) after rescuing N, P, or S function 

separately or in combination (NP, NS, PS, NPS) by injecting mRNAs into MZnps embryos 

or (ii) in single, double, and triple mutant backgrounds where the maternal contribution 

of N, P or S is lost (Figure 5A). To identify the physiological levels of mRNA required 

to restore the function of each factor, we titrated mRNA levels to rescue gastrulation and 

survival to adulthood without causing an overexpression phenotype. We found that each 

individual factor has pioneering activity, however Nanog is required to open chromatin 

at more regions during ZGA than Pou5f3 and Sox19b are, and many regions were only 

rescued by a combination of factors (Figures 5B, 5C, S5A-S5C). Among the 5,854 N/P/

S-bound regions that lost accessibility in MZnps embryos (Group 1), the rescue of chromatin 
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accessibility was different for each condition (2,318 regions were opened by N; 250 by 

P; 131 by S; 3,559 by NP; 2,796 by NS; 770 by PS; 4,468 by NPS). 2,303 regions only 

became accessible when simultaneously rescued by two or three factors (Figure S5C), 

suggesting that NPS work additively to pioneer chromatin opening. Conversely, NPS can 

also work redundantly, as two or more factors can function interchangeably to initiate 

chromatin accessibility in 130 regions (Figure S5D). Our results also show that N, P, and S 

have a concentration-dependent effect on chromatin accessibility; a higher concentration of 

each factor increases the number of regions in which accessibility is rescued (Figure 5D), 

suggesting that the dynamic increase in chromatin accessibility over development (Liu et al., 

2018; Pálfy et al., 2020; Veil et al., 2019) could be caused by the accumulation of pioneer 

factors (Bazzini et al., 2012).

Of all regions co-bound by all three factors (1,613 regions; Group 1) we identified 582 

regions that were opened exclusively by only one factor (8, 60, and 514 regions opened by 

S, P, and N respectively) (Figure S5E). These results are consistent with the rescue observed 

in different double mutants N+/−;P−/−;S−/− 299 (rescued by nanog+/− but not pou5f3+/−) 

and N−/−;P+/−;S−/− 37 (rescued by pou5f3+/− but not nanog+/−) (Figure S5F). Hence, in 

these 582 co-bound regions, one factor functions as the pioneer factor for the other two. 

Together these results demonstrate that N, P, and S can initiate chromatin opening either 

alone, interchangeably, or additively and indicate that their pioneering activity is modulated 

by sequence context and co-factors in vivo.

Intrinsic nucleosome occupancy primes chromatin opening in early embryos

N, P, and S can initiate chromatin opening either alone or in combination at different 

genomic sites, yet how the genomic context regulates their pioneering function in vivo is 

poorly understood. It is generally believed that nucleosomes serve as barriers that pioneer 

factors must overcome to facilitate the binding of other TFs (Joseph et al., 2017; Pálfy et 

al., 2020; Zaret and Carroll, 2011). While pioneer factors can bind nucleosomal DNA (Zaret, 

2020; Zaret and Carroll, 2011), several studies suggest that regions with high affinity for 

nucleosomes require more pioneering factors for opening (Soufi et al., 2015; Veil et al., 

2019). These studies were focused on pioneer factor binding, yet pioneer factors only open 

a fraction of their bound regions, indicating that binding is not equivalent to pioneering 

activity (Larson et al., 2021; Zaret, 2020) (Figure S1A). To define features that facilitate 

pioneering function beyond motif frequency (Grant et al., 2011) (Figures S5G and S5H), 

we determined whether genomic regions with different nucleosome occupancy respond 

differently to N/P/S. Several lines of evidence indicate that high nucleosome occupancy 

facilitates pioneering activity. i) We used a computational model to predict the intrinsic 

ability of different DNA sequences to bind nucleosomes (nucleosome occupancy score) 

(Kaplan et al., 2009). We found that regions with higher intrinsic nucleosome occupancy 

require fewer factors for opening (Figure 6A). Conversely, sites that require multiple pioneer 

factors for opening have lower nucleosome occupancy scores (Figures 6B and S6A). ii) 

Nucleosome occupancy also affected how different regions respond to TF levels, since 

regions that were opened by lower concentrations of N, P, or S had significantly higher 

nucleosome occupancy scores than those requiring higher concentrations of the transcription 

factors (Figure 6C). These results indicate that nucleosome occupancy regulates NPS 
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pioneering activity in vivo, where sites with lower nucleosome occupancy are more likely to 

be regulated by the combined action of multiple pioneer factors or by a higher concentration 

of pioneer factors. iii) To validate the nucleosome occupancy score, we performed ChIP-seq 

for H3 as a proxy for nucleosome position in wild-type and MZnps mutant embryos. H3 

signal showed a strong overlap with high intrinsic nucleosome occupancy across closed 

regions (Figures S6B and S6C). iv) H3-ChIP-seq signal was higher at the center of regions 

that lost accessibility in MZnps compared with wild-type embryos (Figures 6D and 6E), 

suggesting that nucleosomes occupy those sites that will be preferentially opened by NPS. 

In the absence of NPS, we observe the native preference for nucleosomes in the genome. 

Together these data indicate that nucleosomes facilitate, rather than impede, NPS pioneering 

activity during ZGA (Figure 6F; two-sample t-test, P < 1×10−100). Our analyses found this 

to be true for other TFs identified in early embryos beyond NPS, since TF motifs with 

the highest nucleosome occupancy or H3 ChIP-seq signal (top quartile), were significantly 

enriched in accessible sites across multiple TFs (Figure 6G; Fisher’s exact test, P < 0.01). 

These results suggest that differential nucleosome occupancy may be a general feature that 

facilitates pioneer factor activity in early development (Figures 6H and S6D).

Discussion

Here, we define how genomic context modulates the pioneering function of NPS in vivo; 

identify the network of TFs that, together with NPS, regulate chromatin accessibility 

during activation of the zygotic genome; and reveal that binding of these factors activates 

transcription through histone acetylation. These results provide the sequence of events 

and their causal relationships required for genome activation. We propose a model where 

nucleosome occupancy facilitates NPS pioneering function; NPS open half of the early 

enhancers, and activate the zygotic genome by recruiting histone acetyltransferases, such as 

p300, which acetylate the surrounding histone tails at enhancers and promoters; Brd4 then 

binds to acetylated histones and promotes Pol II recruitment and transcriptional activation, 

possibly via the Mediator complex (Cho et al., 2018; Gibson et al., 2019; Itzen et al., 2014; 

Sabari et al., 2018; Yang et al., 2008). Consistent with this model, Med13 is required for 

ZGA in mice (Miao et al., 2018), Zelda is required to promote H3K18ac in flies (Li et 

al., 2014), and chemical inhibition of p300 and Brd4 block ZGA in zebrafish (Chan et 

al., 2019). H4K16ac has been shown to regulate chromatin accessibility in flies (Samata 

et al., 2020). However, most promoters at NPS target genes remain open despite the loss 

of histone acetylation across canonical core histones in MZnps embryos, indicating that 

histone acetylation is dispensable to either initiate or maintain chromatin accessibility during 

ZGA. We identified an extensive network of TFs associated with accessible regions during 

ZGA, including SP1, NFY, FOXK1, BBX, and KLF9, which have the potential to regulate 

ZGA independently of NPS pioneering activity. Indeed, NFY and FoxH1 regulate early 

zygotic gene expression in mice during preimplantation development and in Xenopus during 

mesendoderm formation, respectively (Charney et al., 2017; Lu et al., 2016), suggesting a 

conserved regulatory mechanism for ZGA across vertebrates. Future studies will be needed 

to investigate the combinatorial role of these TFs during genome activation.

Pioneer factors play critical roles in embryo development, cellular reprogramming, and 

cancer (Zaret, 2020), however, the genomic features that define pioneering activity in 
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vivo remain poorly understood. In our model, nucleosome occupancy provides a flexible 

landscape across the genome to determine where NPS function as pioneer factors or regular 

TFs. We show that each factor (N, P, or S) displays pioneering activity in vivo (Pálfy et 

al., 2020; Veil et al., 2019) (Figures 5C, S5B, and S5D), can initiate chromatin opening in 

the absence of the other two factors, and preferentially open regions of high nucleosome 

occupancy, while in other regions they function as canonical TFs that require the activity 

of other pioneer factors. Regions with lower nucleosome occupancy require a higher 

concentration of pioneer factors or a combination of NPS (Figures 6A-C and S6A), where 

these factors work cooperatively or additively to open the chromatin. We observe that high 

nucleosome occupancy is associated with chromatin opening across multiple TFs (Figure 

6G), although we cannot exclude that this effect is secondary due to the association of 

some motifs with other genomic features correlated with high nucleosome occupancy. Our 

results are consistent with the role of nucleosomes in motif recognition in vitro (Soufi et al., 

2015; Zhu et al., 2018) and the pioneering function for other TFs such as the progesterone 

receptor (Ballaré et al., 2013). High nucleosome affinity is associated with slow nucleosome 

conformational fluctuations (Tims et al., 2011). Thus, we speculate that nucleosomes at 

regions with high intrinsic nucleosome occupancy hold the DNA motif in a more favorable 

conformation for the pioneer factors to open the chromatin (Ballaré et al., 2013; Donaghey 

et al., 2018; Zhu et al., 2018). Alternatively, interactions between pioneer factors and 

core histones may facilitate pioneering function (Iwafuchi et al., 2020). Furthermore, the 

rearrangement of nucleosomes by the initial pioneer factors can then change the sites such 

that they have preferential affinity for a subsequent pioneer TFs (Figure S6D), providing 

differential chromatin accessibility across development. This might explain how the same 

pioneer TF can regulate different sites across different cell types (Donaghey et al., 2018). 

Altogether, our results provide insights into the molecular mechanisms underlying genome 

activation and reprogramming during the MZT and suggest that nucleosome occupancy 

is a general determinant for pioneering specificity, which provides a flexible platform to 

interpret the genome and integrate the input of different TFs across different cell types and 

developmental transitions.

Limitations of the Study

Our study reveals that NPS are required to establish chromatin opening, H3K4me1, and 

histone acetylation across core histones during ZGA. We show H3K27ac is dispensable for 

chromatin opening at 4 hpf. Because the fertilized egg shows an initial presence of H3K27ac 

that is quickly lost after fertilization (Zhang et al., 2018), we cannot exclude that the initial 

H3K27ac is required to initiate chromatin opening. Because of the technical challenges 

present at early-stage embryos due to the low cell number, we focused our analysis at 4 

hpf when the major wave of zygotic transcription is established, and the number of cells 

facilitate genomic analysis. Future studies will be needed to investigate the relevance of 

these early acetylation events in chromatin remodeling and genome activation. While we 

focus on the early zygotic genes, further studies will be required to analyze the global 

structure of the genome, later zygotic gene expression, pluripotency, and differentiation. 

NPS are required to open more than half of active enchanters in the genome, however, only 

a fraction of zygotic genes is downregulated in MZnps, future studies will be needed to 

understand potential redundant roles of other TFs during ZGA.
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STAR Methods

Resource Availability

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Antonio J. Giraldez 

(antonio.giraldez@yale.edu).

Materials Availability—All mutant fish lines and reagents generated in this study are 

available upon request from the lead contact.

Data and Code Availability—Raw reads generated in this study are publicly available 

in the Sequence Read Archive (SRP355652). Processed data are available at https://

data.giraldezlab.org/. All high-throughput sequencing datasets used in this paper are listed 

in Table S3. Original western blot images and microscopy data have been deposited at 

Mendeley and will be shared by the lead contact upon request.

• This paper does not report original code. Software used are listed in the Key 

resource table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

Experiment Model and Subject Details

Zebrafish maintenance, embryo treatment, and mutant generation—Fish lines 

were maintained in accordance with the AAALAC research guidelines following a protocol 

approved by the Yale University IACUC. Zebrafish husbandry and manipulation were 

performed as described (Howe et al., 2016; Westerfield, 2000).

Drug treatment: 1) α-amanitin, 1-cell stage embryos were injected with 0.2 ng of α-

amanitin; 2) triptolide, embryos were bathed in 5.8 μM triptolide from the 1-cell stage; 

3) triptolide + flavopiridol, embryos were bathed in 5.8 μM triptolide from the 1-cell stage, 

and 11.4 uM of flavopiridol was added starting from the 128-cell stage; 4) JQ1, embryos 

were bathed in 43.8 μM JQ1 (stock: 4.38 mM in DMSO) from 1-cell stage; 5) SGC-CBP30, 

embryos were bathed in 20 mg/ml SGC-CBP30 (stock: 10mg/ml in DMSO) from 1-cell 

stage.

nanog and sox19b mutants were generated using CRISPR/Cas9 (Deltcheva et al., 2011; 

Haurwitz et al., 2010; Moreno-Mateos et al., 2015) targeting the following sequences: 

“AGCCCGGGTCTTGCGGGGCAGGG” and “GCAAACGGCTCGGCGCGGAGTGG,” 

respectively. A 4-nucleotide deletion mutant for nanog and a 5-nucleotide deletion mutant 

for sox19b were identified and maintained. See Table S2 for all oligos used to generate 

the mutants. MZnanog embryos are not viable, as previously described (Gagnon et al., 

2018; Veil et al., 2018). The nanog homozygous mutant line was maintained by injecting 

MZnanog embryos with 25 pg of nanog mRNA (Lee et al., 2013) at the 1-cell stage. 

Consistent with published work (Pálfy et al., 2020), the sox19b homozygous mutants are 

viable.
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The nanog homozygous mutant was crossed with the sox19b homozygous mutant 

to obtain nanog+/−;sox19b+/− double heterozygotes, which were then crossed with 

pou5f3hi349Tg/hi349Tg mutants (Burgess et al., 2002) to obtain nanog+/−;pou5f3+/−;sox19b+/− 

triple heterozygotes. The nanog+/−;pou5f3+/−;sox19b+/− triple heterozygotes were 

intercrossed and the resulting embryos were injected with 30 pg of pou5f3 mRNA 

at the 1-cell stage. These embryos were raised and genotyped to obtain the 

nanog−/−;pou5f3−/−;sox19b−/− triple homozygous mutant. To maintain the MZnps mutant 

line, the nanog−/−;pou5f3−/−;sox19b−/− triple mutants were intercrossed and the embryos 

were injected with 25 pg of nanog mRNA and 30 pg of pou5f3 mRNA at the 1-cell stage. 

sox19b mRNA was not injected because the sox19b homozygous mutants are viable (Pálfy 

et al., 2020).

sgRNA synthesis and injection—sgRNAs were designed and synthesized as previously 

described (Vejnar et al., 2016). Briefly, sgRNAs were designed using CRISPRscan (Moreno-

Mateos et al., 2015). sgRNA templates were amplified using the oligos listed in Table S2 

together with the following universal reverse primer: 5′-
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTA

ACTTGCTATTTCTAGCTCTAAAAC-3′ (Vejnar et al., 2016). sgRNAs were then 

synthesized using the AmpliScribe T7-Flash Transcription Kit (Lucigen) and purified by 

ethanol precipitation or with the RNeasy MinElute Cleanup Kit (QIAGEN). To generate 

mutants, 100 pg of Cas9 mRNA and 20 pg of sgRNA were injected into 1-cell stage 

embryos.

Histone acetylation restoration in MZnps embryos with the dCas9-HAT system
—The histone acetyltransferase domain from human p300 was subcloned from a published 

construct (Addgene, 61357) (Hilton et al., 2015) into the pT3TS-dCas9 plasmid to obtain 

pT3TS-dCas9-HAT. The HAT domain was inactivated by introducing a point mutation 

(D1399Y) in pT3TS-dCas9-HAT with the primers listed in Table S2 to produce pT3TS-

dCas9dHAT. dCas9-HAT mRNA and dCas9-dHAT mRNA were synthesized using the 

mMESSAGE mMACHINE T3 Transcription Kit (Thermo Fisher Scientific) according to 

manufacturer’s instructions.

For qPCR and RNA in situ hybridization following histone acetylation by dCas9-HAT, 

asb11 and her5 were targeted separately. Specifically, 200 pg of dCas9-HAT mRNA or 

dCas9-dHAT mRNA and 30 pg of each sgRNA targeting either asb11 or her5 (sgRNAs 

1–3 for asb11 or sgRNAs 1–4 for her5) were injected into 1-cell stage embryos. When 

measuring transcript level by qPCR, asb11 and her5 sgRNAs were used as control sgRNAs 

for each other. For high-throughput sequencing experiments, asb11 and her5 were targeted 

simultaneously. 200 pg of dCas9-HAT mRNA or dCas9-dHAT mRNA together with 15 

pg of each sgRNA (sgRNAs 1–3 for asb11 and sgRNAs 1–4 for her5) were injected into 

1-cell stage embryos. For the NPS-bound enhancer targeting experiments, the following 

mix (see Table S2 for details) was injected into 1-cell stage embryos: single sgRNA, 26 

sgRNAs (targeting 15 strongly downregulated genes) were mixed (5 pg each, one sgRNA 

per enhancer) with dCas9-HAT/dHAT; multiple sgRNAs, 10 sgRNAs (targeting asb11, her5, 
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and apela) were mixed (15 pg each, two to three sgRNAs per enhancer) with dCas9-HAT/

dHAT. Embryos were collected at 4 hpf for subsequent assays.

Method details

RNA in situ hybridization—Template DNAs for antisense RNA probes were amplified 

from 6 hpf cDNA using primers containing the T3-promoter sequence in the forward primer 

as listed in Table S2. Digoxigenin (DIG) labeled RNA probes were synthesized using T3 

RNA Polymerase (Roche) and purified by ethanol precipitation. RNA in situ hybridization 

was performed as described (Giraldez et al., 2005). Briefly, MZnps embryos were injected 

at the 1-cell stage for targeted histone acetylation. Uninjected wild-type, uninjected MZnps 
embryos, and injected MZnps embryos were fixed at 4 hpf with 4% paraformaldehyde 

(PFA) overnight at 4°C. Fixed embryos were washed three times with phosphate-buffered 

saline (PBS) and dehydrated with a methanol series (25%, 50%, 75%, and 100% methanol). 

Dehydrated embryos were stored at −20°C for at least 24 hours and then rehydrated with 

a reverse methanol series. Pre-hybridization and hybridization were performed at 65°C 

for 3 hours and overnight, respectively. Embryos were washed extensively and blocked 

for 3 hours at room temperature before anti-DIG antibody incubation overnight at 4°C. 

After antibody incubation, embryos were stained with BCIP/NBT. Staining was stopped 

by incubating the embryos with 4% PFA overnight at 4°C. Embryos were washed briefly, 

mounted with a glycerol series (30%, 50%, 70%, and 86%), and imaged in 86% glycerol 

with a Zeiss stereo Discovery.V12 microscope.

RNA-seq and real-time quantitative PCR (qPCR)—Total RNA was extracted 

from embryos at 4 hpf using TRIzol reagent (Thermo Fisher Scientific) following 

the manufacturer’s instructions and was treated with DNase I to remove any DNA 

contamination. Poly(A)-selected RNA-seq libraries were prepared and sequenced with an 

Illumina HiSeq system at the Yale Center for Genome Analysis. For qPCR, the extracted 

RNA was reverse-transcribed into cDNA using SuperScript III Reverse Transcriptase 

(Thermo Fisher Scientific). qPCR was performed using Power Sybr Green PCR Master 

Mix (Thermo Fisher Scientific). The efficiency of all primer-sets used, listed in Table S2, 

was determined to be between 90%−110%. asb11 and her5 levels were normalized to 

actb1 (beta-actin1) (Yuan et al., 2010). Data were collected from three biological replicates. 

The two-tailed unpaired t-test was used to evaluate whether the transcription level was 

significantly different between two groups.

Western blotting—Zebrafish embryos from wild-type and MZnps embryos were 

dechorionated at the one-cell stage and were deyolked at 4 hpf following the batch 

deyolking method previously published (Link et al., 2006). Briefly, embryos were first 

shaken in deyolking buffer (55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO3) before pelleting 

the cells at 300 g for 30 sec, and the cells were washed in deyolking wash buffer (110 

mM NaCl, 3.5 mM KCl, 2.7 mM CaCl2, 10 mM Tris/Cl, pH 8.5). For western blotting, 

the cell pellets were resuspended in sample buffer (1x NuPAGE LDS Sample Buffer 

supplemented with DTT) and heated for 10 min at 95°C. Protein samples representing 

20–40 deyolked embryos were resolved on a NuPAGE gel (3–8% Tris-Acetate gel with 

NuPAGE Tris-Acetate SDS Running Buffer for Brd4 and p300, 4–12% Bis-Tris gel with 
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NuPAGE MOPS Running Buffer for all other proteins; Thermo Fisher Scientific) and 

transferred to a nitrocellulose membrane using the iBlot 2 Gel Transfer Device (Thermo 

Fisher Scientific). The membranes were blocked in 3–5% milk / PBS with 0.1% Tween-20 

(PBST), incubated with primary antibody solution prepared in block solution, and then 

incubated with a peroxidase-conjugated secondary antibody solution prepared in block 

solution. Proteins were detected using SuperSignal West Pico PLUS Chemiluminescent 

Substrate or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher 

Scientific).

For detection of histone modifications, primary antibodies were used at 1:1000 dilution. 

Other primary antibodies were used at 1:2000 (actin), 1:500 (p300), 1:20,000 (Brd4) 

(Toyama et al., 2008), 1:600 (Eomesa), and 1:500 (Nfya). Secondary antibodies were used at 

1:5000–1:10000 dilution.

Click-iT-seq—Click-iT-seq was performed as previously described (Chan et al., 2019). 

Briefly, 50 pmol of EU (5-ethynyl uridine), from the Click-iT™ Nascent RNA Capture 

Kit (C10365), was injected into 1-cell stage embryos. Total RNA was extracted from 20 

embryos at 4 hpf using TRIzol reagent (Thermo Fisher Scientific). Nascent RNAs were 

captured, and cDNA was synthesized with the SuperScript VILO cDNA synthesis kit 

(11754–050) following the manufacturer’s instructions (C10365). Libraries were prepared 

from cDNA following the dUTP protocol and Illumina TruSeq protocol and were sequenced 

with an Illumina HiSeq system at the Yale Center for Genome Analysis.

Immunofluorescence and Click-iT RNA imaging—As previously described (Chan et 

al., 2019), 25 pg of dCas9–3xGFP mRNA together with two sgRNAs targeting miR-430 
(100 pg each, see Table S2 for the amplification primers) were injected into 1-cell stage 

embryos. Embryos were fixed with 4% PFA at 2.5 hpf (the 256-cell stage) to perform 

immunofluorescence against GFP to label the miR-430 locus. To ensure that the loss of 

transcription at the miR-430 locus in the MZnps embryos can be detected by imaging, 

Click-iT RNA imaging was performed together with miR-430 locus labeling. Specifically, 

wildtype and MZnps embryos were injected with 25 pg of dCas9–3xGFP mRNA, 100 pg 

each of the two miR-430 targeting sgRNAs, and 50 pmol of EU at the 1-cell stage and 

fixed with 4% PFA at 2.5 hpf. Fixed embryos were washed three times with 1X PBST 

(phosphate-buffered saline + 0.5% Triton X-100), dehydrated with a methanol series (25%, 

50%, 75%, and 100% methanol), stored at −20°C for at least 2 hours, and then rehydrated 

with a reverse methanol series.

Rehydrated embryos were blocked with 10% BSA (in PBST) for 2–3 hours and incubated 

with anti-GFP antibody (1:1000; Thermo Fisher Scientific, A-11120) overnight at 4°C. 

After three washes with 1X PBST, nascent transcripts were labeled using the Click-iT RNA 

Alexa Fluor 594 Imaging Kit (C10330) following the manufacturer’s instructions. Then, 

the embryos were incubated with Alexa Fluor Plus 488 anti-Mouse secondary antibody 

(1:1,000; Thermo Fisher Scientific, A32723). For H3K27ac staining, primary antibody 

(ab4729) and secondary antibody (40839, goat anti-rabbit-IgG-Atto647N) were diluted 

to 1:1000. Embryos were stained with DAPI, mounted in ProLong™ Diamond Antifade 

Mountant (Thermo Fisher Scientific, P36965) or 1% low-melt agarose, and imaged using 
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confocal fluorescence microscopy (ZEISS LSM 880, Airyscan, ZEISS LSM 980 Airyscan2, 

or Leica TCS SP8). Images were processed using Image-J software (Schneider et al., 2012) 

and are displayed as maximum intensity Z-projections unless otherwise noted.

Image analysis—To measure the enrichment of Click-iT or H3K27ac at the miR-430 

locus, nuclei were segmented based on DAPI and the mean nuclear intensity of Click-iT or 

H3K27ac was measured using FIJI (Schindelin et al., 2012). Then, individual miR-430 loci 

were manually identified based on dCas9–3xGFP staining and a circular region of interest 

was used to measure the intensity of Click-iT or H3K27ac at the loci in a single z-slice. 

Enrichment was determined by subtracting the mean nuclear intensity from the intensity 

measured at the miR-430 loci for each nucleus.

To quantify H3K27ac levels after SGC-CBP30 treatment, nuclei were initially segmented 

based on DAPI using the pixel classification and object classification workflows in ilastik 

(Berg et al., 2019). Object predictions were then imported to FIJI and a series of binary 

operations were performed to fill any holes in the nuclei. Connected components labelling 

was performed to label individual nuclei and then the intensity of H3K27ac was measured in 

each nuclei using MorphoLibJ (Legland et al., 2016).

Omni-ATAC—To reduce contamination by mitochondrial DNA, Omni-ATAC (Corces et 

al., 2017) was adapted to zebrafish based on published methods (Buenrostro et al., 2013; 

Corces et al., 2017; Liu et al., 2018). Briefly, at 4 hpf, five embryos were manually deyolked 

in PBS and resuspended in cold lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 

mM MgCl2, 0.1% NP40, 0.1% Tween-20, and 0.01% digitonin). The lysate was incubated 

on ice for 5 minutes, then 1 ml of dilution buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 

3 mM MgCl2, 0.1% Tween-20) was mixed with the lysate by inverting several times and 

samples were centrifuged at 500 g for 10 minutes at 4°C. The supernatant was removed, 

and the purified nuclei were resuspended in the transposition reaction mixture (25 μl 2×TD 

Buffer, 2.5 μl Tn5 transposase, 22.5 μl Nuclease-Free water) and incubated for 30 minutes 

at 37°C. DNA was then purified with the Qiagen MinElute Kit (Qiagen, 28004). Libraries 

were prepared using NEBNext High-Fidelity 2X PCR Master Mix (NEB, M0541) with the 

following conditions: 72°C, 5 minutes; 98°C, 30 seconds; 15 cycles of 98°C, 10 seconds; 

63°C, 30 seconds; and 72°C, 1 minute. Libraries were purified with Agencourt AMPureXP 

beads (Beckman Coulter Genomics, A63881) and sequenced with the Illumina NovaSeq 

6000 System at the Yale Center for Genome Analysis.

To investigate how Nanog, Pou5f3, and Sox19b work separately and combinatorially to 

initiate chromatin opening, 25 pg of nanog mRNA, 30 pg of pou5f3 mRNA, and 5 pg 

of sox19b mRNA were injected separately or in combinations at the 1-cell stage. To 

test concentration dependency, a high dosage (25 pg of nanog mRNA, 30 pg of pou5f3 
mRNA and 20 pg of sox19b mRNA) and a low dosage (2.5 pg of nanog mRNA, 

5 pg of pou5f3 mRNA and 5 pg of sox19b mRNA) were injected at 1-cell stage. 

Genetically relevant females (nanog+/−;pou5f3−/−;sox19b−/−, nanog−/−;pou5f3+/−;sox19b−/−, 

nanog+/−;pou5f3+/−;sox19b−/−, nanog−/−;pou5f3+/−;sox19b+/−, nanog+/−;pou5f3+/;sox19b+/−) 

were used to confirm the requirement of different factors. Omni-ATAC was performed at 4 

hpf to assess chromatin accessibility.
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ChIP-seq—Chromatin immunoprecipitation (ChIP) was performed as described 

(Bogdanovic et al., 2013; Leichsenring et al., 2013; Nelson et al., 2014; Zhang et al., 2014). 

Briefly, embryos were dechorionated at the 1-cell stage. For each assay, 1000 embryos were 

fixed at 4 hpf with 1.9% PFA for 15 minutes, quenched with 0.125 M glycine, washed 

with cold PBS, and then frozen with liquid nitrogen and stored at −80°C until use. Nuclei 

were purified and lysed in 100 μl nuclei lysis buffer (50 mM Tris–HCl pH 7.5, 10 mM 

EDTA, 1% SDS) and diluted with 200 μl IP dilution buffer (16.7 mM Tris–HCl pH 7.5, 

167 mM NaCl, 1.2 mM EDTA, 0.01% SDS). Lysates were sonicated with a Bioruptor Pico 

sonication device (Diagenode) using two rounds of 15 cycles of 30 seconds ON and 30 

seconds OFF, with 15 minutes on ice in between rounds. Then, 27.6 μl of 10% Triton X-100 

was added to the sonicated chromatin before centrifugation at 14,000 rpm for 10 minutes 

at 4°C and 5% of the supernatant was taken as input. Protein G Dynabeads (Invitrogen, 

10003D) were pre-bound to antibodies overnight at 4°C and washed three times with 0.5% 

BSA in 1X PBS. 25 μl of antibody-bound beads was added to the remaining supernatant 

and incubated overnight at 4°C. Samples were washed five times with RIPA wash buffer 

(50 mM HEPES pH 7.6, 1 mM EDTA, 0.7% DOC, 1% Igepal, 0.5 M LiCl) and two times 

with 1X TBS (Tris-buffered saline; 50 mM Tris pH 7.5, 150 mM NaCl). DNA– protein 

complexes were eluted with 660 μl elution buffer (50 mM NaHCO3, 1% SDS) at 65°C 

for 15 minutes with occasional vortexing. Input samples were thawed, and three volumes 

of elution buffer was added. NaCl was added to samples to a final concentration of 0.2 M 

and then the samples were reverse-crosslinked overnight at 65°C. Samples were treated with 

RNase A (final concentration: 0.33 μg/μl) for 2 hours and Proteinase K (final concentration: 

0.2 μg/μl) for 2 hours before purification. Libraries were prepared following the Illumina 

TruSeq protocol and sequenced with the Illumina NovaSeq 6000 System at the Yale Center 

for Genome Analysis.

Antibodies against H3K27ac, H2A.Z, H3K4me1, H3K4me3, Eomesa, NFYa, and RNA 

Polymerase II were ChIP-validated in zebrafish embryos (Bogdanovic et al., 2013; Murphy 

et al., 2018; Nelson et al., 2014; Stanney et al., 2020; Vastenhouw et al., 2010; Zhang et 

al., 2014). Antibodies against H3K18ac and H4K8ac were ChIP-validated in Drosophila 
embryos (Li et al., 2014). For ChIP-seq against H3K27ac (ab4729), H3K18ac (ab1191), 

H4K8ac (ab15823), H2A.Z (ab4174), H2BK15ac (C15410220), H2AK5ac (C15410215), 

and p300 (using a rabbit polyclonal custom antibody generated by YenZyme Antibodies 

against the “CQGTNDMLTNNQDMGSNINH” peptide of zebrafish p300a; available upon 

request), 4 μg of antibody was used for each sample. 40 μl of anti-Eomesa antibody (Nelson 

et al., 2014), 10 μl of anti-Nfya antibody (Stanney et al., 2020), 20 μl of anti-BRD4 antibody 

(13440S), and 6 μl of acetylation antibodies (CST, [H2A.Z acetyl-Histone H2A.Z (Lys4/

Lys7), 75336S; H2BK5ac, 12799S; H3K14ac, 7627S; H3K36ac, 27683S; and H4K16ac, 

13534S], Active Motif, [H3K9ac, 39137]) were used for each sample. For ChIP-seq against 

RNA Polymerase II, 4 μg of anti-RNA polymerase II CTD repeat YSPTSPS antibody 

[8WG16] from Abcam (ab817) and 4 μg from BioLegend (664912) were used for each 

sample.

Because there are no antibodies available to perform ChIP-seq against zebrafish Pou5f3 

or Sox19b, we overexpressed Myc-tagged Pou5f3 and Myc-tagged Sox19b and performed 
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ChIP-seq using 4 μg of anti-Myc-tag antibody (ab9132) for each sample. In detail, a 6x Myc 

tag was cloned into to the N-terminus of Pou5f3 and C-terminus of Sox19b in the pCS2 

backbone. The plasmids were linearized with NotI (NEB, R0189) and mRNA (myc-pou5f3 
and sox19b-myc) was synthesized with the mMESSAGE mMACHINE SP6 Transcription 

Kit according to the manufacturer’s instructions. Wild-type embryos were injected with 20 

pg of sox19b-myc mRNA or 30 pg of myc-pou5f3 mRNA at the 1-cell stage. To ensure that 

the enrichment of precipitated DNA was not due to non-specific binding of the anti-Myc 

antibody, ChIP-seq using the anti-Myc antibody was also performed on uninjected wild-type 

embryos.

CUT&TAG against H3K27ac—CUT&TAG was adapted from the published protocol 

(Kaya-Okur et al., 2019). Briefly, at 4 hpf, five embryos were manually deyolked in PBS and 

then dissociated by pipetting up and down in 400 μl Dig-wash Buffer (20 mM HEPES, pH 

7.5; 150 mM NaCl; 0.5 mM Spermidine; 1X Protease inhibitor cocktail; 0.015% Digitonin). 

Cells were spun down (600 g for 3 minutes at 4°C), washed briefly with Dig-wash Buffer, 

and then resuspended in 50 μl of H3K27ac antibody buffer (2 mM EDTA and a 1:50 dilution 

of the H3K27ac antibody in Dig-wash Buffer). Cells were incubated with primary antibody 

at room temperature for 2 hours with gentle rotation. Cells were spun down and washed with 

Dig-wash Buffer (3 × 5 minutes) to remove unbound antibody. Then, cells were resuspended 

in 50 μl of Dig-med Buffer (20 mM HEPES, pH 7.5; 300 mM NaCl; 0.5 mM Spermidine; 

1X Protease inhibitor cocktail; 0.015% Digitonin) containing a 1:200 dilution of the pA-Tn5 

adapter complex (~0.04 μM) and incubated at room temperature for 1 hour with gentle 

rotation. After incubation, cells were spun down and washed with Dig-med Buffer (4 × 5 

minutes) to remove unbound pA-Tn5 complexes. Then, cells were resuspended in 100 μl 

of Tagmentation buffer (10 mM MgCl2 in Dig-med Buffer) and incubated at 37°C for 1 

hour. Tagmentation was stopped by adding 2.25 μl of 0.5 M EDTA, 5.5 μl of 10% SDS, and 

1 μl of 20 mg/mL Proteinase K to the reaction. Next, DNA was extracted with 244 μl of 

AMPureXP beads (Beckman Coulter Genomics, A63881). Libraries were prepared with the 

NEBNext High-Fidelity 2X PCR Master Mix as in Omni-ATAC, purified with Agencourt 

AMPureXP beads, and sequenced with the Illumina NovaSeq 6000 System at the Yale 

Center for Genome Analysis.

High-throughput sequencing data management—LabxDB seq (Vejnar and 

Giraldez, 2020) was used to manage our high-throughput sequencing data and configure 

our analysis pipeline. Export to the Sequence Read Archive was achieved using the 

“export_sra.py” script from LabxDB Python.

Omni-ATAC data processing and analysis—Raw paired-end Omni-ATAC reads were 

adapter trimmed using Skewer (Jiang et al., 2014) and mapped to the zebrafish GRCz11 

genome sequence (Yates et al., 2019) using Bowtie2 (v2.3.4.1) (Langmead and Salzberg, 

2012) with parameters ‘-X 2000, --no-unal’. Unpaired and discordant reads were discarded. 

The alignments were deduplicated using samtools markdup (Li et al., 2009). Reads mapped 

to the + strand were offset by +4 bp and reads mapped to the – strand were offset by −5 

bp (Buenrostro et al., 2013). Only fragments with insert size <=100 bp (effective fragments) 

were used to determine accessible regions. Genome tracks were created using BEDTools 
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(Quinlan and Hall, 2010) and utilities from the UCSC genome browser (Lee et al., 2020). 

For all the genome tracks in the paper, signal intensity was in RPM (reads per million). 

Fragment coverage on each nucleotide was normalized to the total number of effective 

fragments in each sample per million fragments. For genome-wide analysis, reads mapped 

to mitochondrial DNA and contigs were filtered out and only uniquely mapped reads (with 

alignment quality ≥ 30) were used.

ChIP-seq data processing and analysis—Raw ChIP-seq reads were adapter trimmed, 

mapped, and deduplicated using the same method described in the previous section but 

using the default parameters for Bowtie2 for read mapping. GeneAbacus (https://github.com/

vejnar/geneabacus) was used to create genomic profiles for creating tracks. -end samples, 

fragment coverage on each nucleotide was normalized to the total fragments in each sample 

per million fragments. For single-read samples, reads were extended to the predicted 

fragment size from MACS2 (see Peak calling below) (Zhang et al., 2008), using the 

GeneAbacus “--profile_type all-extension” and“--profile_extension_length” options, and 

read coverage on each nucleotide was calculated based on the extended reads and was 

normalized to the total number of reads in each sample per million reads. For genome-wide 

analysis, reads mapped to mitochondrial DNA and contigs were filtered out and only 

uniquely mapped reads (with alignment quality ≥ 30) were used.

CUT&TAG data processing and analysis—Raw CUT&TAG reads were adapter 

trimmed, mapped, deduplicated, and tracks were created using the same method as the 

Omni-ATAC reads. Reads mapped to the + strand were offset by +4 bp and reads mapped to 

the – strand were offset by −5 bp. Fragment coverage on each nucleotide was normalized to 

the total fragments in each sample per million fragments.

Peak calling—Peaks were called using MACS2 (Zhang et al., 2008) for Omni-ATAC 

and ChIP-seq data. For Omni-ATAC, peaks were called with the additional parameters 

‘-f BEDPE --nomodel --keep-dup all’ with significance cutoff at P = 10-8. To determine 

high-confidence accessible regions, the three wild-type Omni-ATAC replicates were merged, 

and then peaks were called from the merged data. Only those peaks called from merged 

data that overlap with peaks called from all three biological replicates individually were 

defined as accessible regions. To compare the pioneering activity between Nanog, Pou5f3, 

and Sox19b, an accessible region was defined as being rescued if a peak was called from 

Omni-ATAC data in that rescue condition or genotype (at the significance level at P = 10−8) 

and overlap with the accessible region in wildtype.

For ChIP-seq of transcription factors, narrow peaks were called using MACS2 with the 

additional parameters ‘-f BEDPE --nomodel --keep-dup all’ for paired-end samples and ‘-f 

BAM --keep-dup all’ for single-read samples. Peaks from ChIP-seq of Nanog, Pou5f3, and 

Sox19b were called with the default significance cut-off (q = 0.05).

For ChIP-seq of histone modifications, broad peaks were called with the additional 

parameters ‘-f BEDPE --nomodel --keep-dup all -q 0.05 --broad --broad-cutoff 0.05’ to 

identify peaks for broad regions.

Miao et al. Page 19

Mol Cell. Author manuscript; available in PMC 2023 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://github.com/vejnar/geneabacus
https://github.com/vejnar/geneabacus


Differential accessibility analysis—To identify regions where accessibility was 

significantly changed in MZnps embryos, the fragment coverage of each accessible region 

of the three wild-type replicates was compared with that of the three MZnps replicates using 

DESeq2 (Love et al., 2014) with false discovery rate (FDR) < 0.01. Accessible regions with 

significantly lower Omni-ATAC signal in MZnps embryos were further subdivided into two 

categories: regions with no overlap with peaks called at a low significance cutoff (P = 10−3) 

from any MZnps Omni-ATAC replicate were classified as Group 1 (accessibility completely 

lost); and the other regions were classified as Group 2 (accessibility decreased but 

still accessible). Additionally, accessible regions where accessibility was not significantly 

changed and the fragment coverage difference between wild-type embryos and MZnps 
embryos was less than 30% were classified as Group 3 (accessibility unaffected).

Definition of promoters and active enhancers—Promoters were defined as the 

region within 500 bp of a transcription start site (TSS) of annotated transcripts from 

Ensembl v92 (Yates et al., 2019) and Cap Analysis of Gene Expression (CAGE) datasets 

(Nepal et al., 2013) at 3.3 hpf, 3.7 hpf, 4 hpf, and 6 hpf. The promoter of the most abundant 

transcript isoform, as determined by the CAGE data, was used to define the promoter of a 

gene. If no isoform had a maximum CAGE signal ≥ 0.5 RPM, the promoter was defined 

using a gene model that was constructed by merging all transcript isoforms annotated from 

Ensembl.

Active enhancers were defined as accessible regions outside of the promoter regions (TSS ± 

500 bp) and overlapping with H3K27ac region (H3K27ac peak region with 200 bp extension 

on both sides). Active enhancers within 4.5 kb of the promoter of a zygotic gene (see below) 

were considered to be associated with the gene. If an active enhancer was within 4.5 kb 

of the promoters of multiple genes, the active enhancer was considered to be associated 

with the gene closest to it. The histone modification, H3 and H2AZ signal of each active 

enhancer was defined as the average signal across all nucleotides within the flanking 500 bp 

region from the Omni-ATAC peak summit. The histone modification, H3 and H2AZ signal 

of promoters was defined as the average signal within the promoter region.

RNA-seq and Click-iT-seq analysis—Raw reads were aligned to the zebrafish 

GRCz11 genome sequence using STAR 2.7.5b (Dobin et al., 2012) with the parameters 

‘--alignEndsType Local –sjdbScore 2’. Genomic sequence index for STAR was built 

including exon-junction coordinates from Ensembl v92. Gene models were constructed 

using the “import_ensembl” tool from the FONtools (https://github.com/vejnar/fontools), 

which concatenates the isoforms of each gene together using the “--method union” option 

of the “fon_transform” tool. GeneAbacus (https://github.com/vejnar/geneabacus) was used 

to obtain read counts per gene with the following rules. Reads overlapping at least 10 

nucleotides of the gene annotation were considered to be mapped to the gene. For read 

counts of the genes, each locus where a read was mapped was assigned a weight equal to 

1 divided by the total number of loci to which the read was mapped. Read counts per gene 

were sum of the weights assigned to the gene. For miR-430, reads overlapping the region 

from coordinate 28,693,371 to 28,709,534 on chromosome 4 were counted as miR-430 
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cluster reads. Read counts from regular RNA-seq experiments were normalized to the total 

number of reads mapped to the zebrafish genes per million.

For Click-iT-seq experiments, read counts were normalized by the total number of 

mitochondrial reads mapped to mitochondrial protein coding genes. Zygotic genes were 

determined using a previously described method (Chan et al., 2019). Briefly, a zygotic 

gene was defined as a gene identified by (Heyn et al., 2014; Lee et al., 2013) as a zygotic 

gene, or a gene with a nascent transcription level ≥ 10 RPKM in exon regions and at least 

4-fold more nascent transcription in wild-type than α-amanitin-treated embryos in exon or 

intron regions. Zygotic genes were classified into four categories based on the transcriptional 

change in the MZnps embryos compared to wild-type embryos: Strongly down: zygotic 

genes with nascent transcription down-regulated ≥ 8-fold. Mildly down: zygotic genes with 

nascent transcription down-regulated between 8- and 2-fold. Unaffected: zygotic genes 

with transcription not substantially changed (< 2-fold). Up: zygotic genes with nascent 

transcription up-regulated ≥ 2-fold.

Motif enrichment analysis—Motifs for Nanog, Pou5f3, Sox19b in zebrafish were 

identified using DREME in MEME suite (Bailey, 2011) based on all peaks called from 

the zebrafish ChIP-seq datasets at a significance cutoff at P = 10−5. Due to the high 

co-occupancy of Nanog and Pou5f3 and the similarity of their binding motifs, a second 

Nanog binding motif (Nanog motif 2) was identified from regions bound by Nanog that 

do not overlap with the binding regions of Pou5f3 and Sox19b. Pou5f3 motif, Sox19b 

motif, and both Nanog motifs were used to determine the contribution of the sequence 

context to the pioneering activities of different transcription factors. Motif enrichment 

was performed using AME in MEME suite (McLeay and Bailey, 2010) with default 

parameters on all known transcription factor binding motifs from the Motif database on 

the MEME suite website (http://meme-suite.org/doc/download.html) and HOMER website 

(http://homer.ucsd.edu/homer/custom.motifs). Motifs for human and mouse transcription 

factors were used as the motifs for their homologous transcription factors in zebrafish. 

Homologs between zebrafish and human and mouse were identified using BioMart on 

Ensembl genome browser (Yates et al., 2019). Only transcription factors (or transcription 

factor homologs in zebrafish) with mRNA translation rate ≥ 5 RPKM at 2 hpf in zebrafish 

embryos (Chan et al., 2019) were included in this analysis. The same sample size (either 

1000 or the minimum sample size among the groups) was used for motif enrichment across 

different conditions to generate comparable significance levels between conditions.

Motif frequency and nucleosome occupancy—The motif frequency within each 

region was determined by the number of sequences matching the binding motif of the 

specific transcription factors using FIMO (Grant et al., 2011). Motif co-occurrence was 

determined if a region contains sequences that match the binding motifs of both transcription 

factors.

Nucleosome occupancy scores at nucleotide resolution were predicted using the model from 

(Kaplan et al., 2009). Nucleosome occupancy score of each accessible region was defined 

as the average nucleosome occupancy scores on all the nucleotides within the region. A 

nucleosome occupancy peak was defined as a region ≥ 100 bp, and each nucleotide has 
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a nucleosome occupancy score ≥ 0.5 within that region. To assess the correlation between 

nucleosome occupancy and the number of factors required for rescue on N/P/S-bound Group 

1 regions, all regions were ranked according to nucleosome occupancy score of the regions 

and were then divided into quartiles, and percentage of regions that require one, two and 

three factors to rescue accessibility within each quartile was then calculated. To calculate 

the enrichment of accessible motif within each quartile, the average nucleosome occupancy 

score and H3 ChIP-seq signal in MZnps and wild-type embryos were calculated at all 

motif locations and ranked from high to low, into quartiles. locations respectively. For each 

quartile, the enrichment of accessible motif was calculated by the percentage of open motifs 

within the quartile divided by the percentage of open motifs at all motif locations.

Heatmaps, plots, and networks—Heatmaps based on Omni-ATAC and ChIP-seq 

data were created using R 3.6 and the pheatmap package (https://github.com/raivokolde/

pheatmap). Motif enrichment and histone acetylation/transcription correlation heatmaps 

were created using the R package gplots (https://github.com/talgalili/gplots). Box plots, bar 

plots, and violin plots were created using the R package ggplot2 (Wickham, 2016). Biplots 

and line plots were created using Python 3.8 and the Matplotlib library (Hunter, 2007).

Quantification and statistical analysis

For qPCR, statistical tests were performed on the data from three biological replicates using 

a two-tailed unpaired t-test. For imaging analysis, two-tailed unpaired t-test was performed 

on data from at least three embryos. Fisher’s exact test was performed to calculate the 

significance of co-binding of different factors in Venn diagrams and the difference in 

percentage between different groups. The two-sample t-test was performed to calculate the 

significance between different groups for the rest of this paper. Wilcoxon sign-ranked test 

was performed to calculate the significance between signals from the heatmaps in WT and 

MZnps. Pearson correlation was used to represent the correlation between two variables.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

NPS pioneer chromatin opening at more than half of active enhancers

NPS regulate histone acetylation across core histones at enhancers and promoters

Recruiting histone acetylation can bypass the function of NPS in gene activation

High nucleosome occupancy facilitates NPS pioneering activity

Miao et al. Page 30

Mol Cell. Author manuscript; available in PMC 2023 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Nanog, Pou5f3, and Sox19b are required for chromatin remodeling and histone 
modification during ZGA.
(A) Venn diagram showing significant overlap of NPS binding at all accessible regions (P 
< 1×10−100 Fisher’s exact test). (B) Micrographs of zebrafish embryos. At 6 hpf, wild-type 

(WT) embryos develop to the shield stage, while MZnps embryos arrest at the sphere stage 

and resemble those treated with α-amanitin (a Pol II inhibitor). Co-injection of nanog and 

pou5f3 mRNAs (Rescue) rescues development of MZnps embryos at 6 hpf and 24 hpf. 

(C) Biplots comparing nascent transcriptomes of MZnps and WT embryos using Click-iT-

seq. (D) Heatmaps showing NPS binding, Pol II binding, Omni-ATAC, and H3K4me1, 
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H3K4me3, and H3K27ac levels at N/P/S-bound active enhancer and promoter regions of 

zygotic genes. Heatmaps are centered at TSSs (promoters) or Omni-ATAC peak summits 

(active enhancers). Regions are ranked by the average Pol II binding signal within 1kb of 

the TSS of associated zygotic genes in WT embryos. (E) Representative genome tracks of 

Pol II binding, NPS binding, accessibility (Omni-ATAC), and H3K4me1, H3K4me3, and 

H3K27ac levels in WT and MZnps embryos. The dashed box highlights the klf17 promoter, 

which remains accessible in MZnps embryos. (F) Stacked bar plot showing the percentage 

of differentially affected accessible chromatin regions in MZnps embryos compared to WT. 

(G-H) Left: Confocal imaging showing the miR-430 locus with nascent transcription using 

Click-iT imaging (G) or H3K27ac immunofluorescence (H) in WT and MZnps embryos. 

Right: quantification of signal at the miR-430 locus. miR-430 was labeled with dCas9-GFP 

and sgRNAs targeting the locus. Nuclei are outlined with a dashed line based on DAPI 

signal. Triptolide is a Pol II inhibitor. Scale bar: 5 μm. See also Figure S1.
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Figure 2. Nanog, Pou5f3, and Sox19b are required for histone acetylation across core histones 
and for recruitment of p300 and Brd4.
(A) Heatmaps showing histone acetylation levels across histones at N/P/S-bound active 

enhancers and promoters of differentially affected zygotic genes. Heatmaps are centered 

at TSSs (promoters) or Omni-ATAC peak summits (active enhancers) and ranked by Pol 

II binding intensity within 1kb of the TSS of the associated zygotic genes in wild-type 

(WT) embryos. (B) Heatmap showing the correlation between changes in transcription 

and changes in histone acetylation marks in MZnps/WT for N/P/S-bound active enhancers 

and promoters of zygotic genes. H2A.ZK4/7ac-H2A.Z ratio represents the ratio between 
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H2A.ZK4/7ac and H2A.Z. (C) Heatmaps showing p300 and Brd4 levels at N/P/S-bound 

active enhancers and promoters of differentially affected zygotic genes. Heatmaps are 

centered and ranked as in (A). inhibitor: Pol II inhibitors (triptolide + flavopiridol). (D) 

Representative genome tracks of Pol II, p300, Brd4, and NPS binding, Omni-ATAC and 

histone acetylation across core histones in WT and MZnps embryos. See also Figure S2.
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Figure 3. Histone acetyltransferase activity partially rescue transcription of NPS strong targets.
(A) Schematic for testing whether recruiting histone acetyltransferase activity can bypass 

NPS in activating transcription. (B) qPCR analysis showing the relative expression of asb11 
and her5, normalized by actb1. When targeted, asb11 and her5 transcription was rescued 

by dCas9-HAT in MZnps embryos (two-tailed unpaired t-test, ns: not significant, ** P 
<0.01, *** P <0.001). sgRNAsasb11 injected embryos were used as a control for her5 
expression analysis, and vice versa. sgRNAsasb11: sgRNAs targeting asb11. sgRNAsher5: 

sgRNAs targeting her5. (C) RNA in situ hybridization analysis of asb11 and her5 in wild-
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type (WT) and MZnps embryos. sgRNA targeting asb11 and her5 were injected separately. 

(D) Genome tracks showing that accessibility, H3K27ac, and transcription were restored at 

asb11 and her5 in MZnps embryos by the dCas9-HAT system. Transcription was activated 

for her11, a gene near her5. Dashed boxes highlight the sgRNA targeting regions. Arrows 

show regions where H3K27ac is rescued. sgRNA targeting asb11 and her5 were co-injected. 

(E) Model illustrating the sequence of events of NPS-mediated genome activation. See also 

Figure S3.
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Figure 4. Identification of TF motifs enriched in accessible regions and their dependence on NPS.
(A) Heatmaps of Omni-ATAC signal at differentially affected accessible regions in wild-type 

(WT) and MZnps embryos. Heatmaps are centered at Omni-ATAC peak summits and ranked 

by the average Omni-ATAC signal intensity in WT. (B) Enrichment of representative TF 

motifs at promoters, active enhancers, and other accessible regions within the three groups 

of accessible regions from (A). (C) Heatmaps of Eomesa and Nfya ChIP-seq signal within 

the three groups of accessible regions from (A) in WT and MZnps embryos. Heatmaps are 

centered at the Omni-ATAC peak summits and ranked by average ChIP-seq signal in WT 
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embryos. (D) Heatmaps showing Eomesa and Nfya levels at active enhancers and promoters 

of differentially affected zygotic genes. Heatmaps are centered at the TSS (promoters) and 

the summit of the Omni-ATAC peak (active enhancers) and ranked by average Pol II signal 

within 1kb of the TSS of the associated zygotic genes in WT embryos. (E) Representative 

genome tracks of TF binding and Omni-ATAC show that Eomesa binding depends on 

NPS pioneering activity, while Nfya binding is largely independent of NPS. (F) Diagram 

illustrating TF motifs located at the accessible regions near klf17. See also Figure S4.
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Figure 5. Nanog, Pou5f3, and Sox19b function independently and cooperatively to remodel 
chromatin.
(A) Schematic illustrating the approach to test the pioneering activity of N, P, and S – alone 

and in combination - by either TF restoration (N, P, and S denote the injected mRNAs) in 

MZnps embryos, or different combinations of mutants deprived of maternal contribution of 

the corresponding TFs. (B) Venn diagrams showing significant overlap of Group 1 regions 

that are rescued in different TF conditions (top left of each diagram) and corresponding 

genotypes (top right of each diagram). For example, most regions where accessibility 

was rescued by N (restoring Nanog in Maternal-zygotic-nanog−/−;pou5f3−/−;sox19b−/−) 

remain accessible in the N+/−;P−/−;S−/− (Maternal-nanog+/−;pou5f3−/−;sox19b−/−) mutant 

embryos. (N (P < 10−100); NP (P < 10−100); NPS (P = 1.1 × 10−93) Fisher’s exact test). 

(C) Representative genome tracks showing accessibility in different rescue conditions and 

corresponding genotypes at regions that require one, two, and three NPS factors to rescue 

accessibility. (D) Bar plot comparing the number of regions in Group 1 that were bound and 

can be rescued by N, P, and S at low and high dosage. See also Figure S5.

Miao et al. Page 39

Mol Cell. Author manuscript; available in PMC 2023 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Nucleosome occupancy facilitates pioneering activity of Nanog, Pou5f3, and Sox19b.
(A) Stacked bar plot showing the percentage of N/P/S-bound Group 1 regions that require 

one, two, or three NPS factors to rescue accessibility. All regions were ranked by average 

nucleosome occupancy score and then divided into quartiles. (B) Violin plot comparing the 

nucleosome occupancy scores between Nanog-bound regions that are rescued by single, 

double, or triple factor combination (two-sample t-test, *** P <0.001). On the x-axis, † 

denotes regions that require two or three factors for rescue. (C) Violin plot comparing 

nucleosome occupancy between low and high dosage groups in Figure 5D (two-sample t-
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test, *** P <0.001, ** P <0.01). (D) Heatmaps of Omni-ATAC, H3, and NPS binding signal, 

and nucleosome occupancy score (nuc score) at N/P/S-bound Group 1 regions that can be 

rescued by any single/double/triple NPS factors. Heatmaps are centered at Omni-ATAC peak 

summits and ranked by average intensity of Omni-ATAC signal in wild-type (WT) embryos. 

(E) Line plot of nucleosome occupancy score, H3 signal in MZnps embryos, and H3 signal 

(top 25% accessible) in WT embryos at the regions in (D). (F) Violin plot comparing the 

nucleosome occupancy between N/P/S-bound accessible regions and inaccessible regions 

(two-sample t-test, *** P <0.001). (G) Heatmaps showing accessibility enrichment for TF 

motifs (Figure 4B) in different quartiles ranked by nucleosome occupancy score, and H3 

ChIP-seq signal in MZnps and WT. (H) Schematic illustrating how nucleosome occupancy 

facilitates pioneering activity. See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-GFP Thermo Fisher Scientific Cat#A-11120; RRID:AB_221568

Goat anti-mouse secondary antibody, Alexa Fluor Plus 488 Thermo Fisher Scientific Cat#A32723; RRID:AB_2633275

Goat Anti-Rabbit IgG H&L (HRP) Abcam Cat#ab6721 RRID:AB_955447

Rabbit polyclonal anti-H3K27ac Abcam Cat#ab4729; RRID:AB_2118291

Rabbit polyclonal anti-H2A.Z Abcam Cat#ab4174; RRID:AB_304345

Rabbit polyclonal anti-H2BK15ac Diagenode Cat#C15410220

Rabbit polyclonal anti-H2AK5ac Diagenode Cat#C15410215;

Rabbit monoclonal anti-BRD4 Cell Signaling Technology Cat#13440; RRID:AB_2687578

Rabbit monoclonal anti-H2A.Z(Lys4/Lys7)ac Cell Signaling Technology Cat#75336, RRID:AB_2799867

Rabbit monoclonal anti-H2BK5ac Cell Signaling Technology Cat#12799; RRID:AB_2636805

Rabbit monoclonal anti-H3K14ac Cell Signaling Technology Cat#7627; RRID:AB_10839410

Rabbit monoclonal anti-H3K36ac Cell Signaling Technology Cat#27683; RRID:AB_2798946

Rabbit monoclonal anti-H4K16ac Cell Signaling Technology Cat#13534; RRID:AB_2687581

Rabbit polyclonal anti-H3K9ac Active Motif Cat#39137; RRID:AB_2561017

Rabbit polyclonal anti-H3K18ac Abcam Cat#ab1191; AB_298692

Rabbit polyclonal anti-H4K8ac Abcam Cat#ab15823; RRID:AB_880455

Rabbit polyclonal anti-H3K4me3 Abcam Cat#ab8580 RRID:AB_306649

Rabbit polyclonal anti-H3K4me1 Diagenode Cat#C15310037

Mouse monoclonal anti-Pol II [8WG16] Abcam Cat#ab817; RRID:AB_306327

Mouse monoclonal anti-Pol II [8WG16] BioLegend Cat#664912; RRID:AB_2650945

Goat polyclonal anti-Myc tag Abcam Cat#ab9132; RRID:AB_307033

Goat anti-rabbit-IgG-Atto647N Sigma-Aldrich Cat#40839; RRID:AB_1137669

Rabbit polyclonal anti-Actin Sigma-Aldrich Cat#A5060; RRID:AB_476738

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat#F3165; RRID:AB_259529

Rabbit polyclonal anti-p300a This paper N/A

Rabbit polyclonal anti-Nfya Charles Sagerström lab N/A

Rabbit polyclonal anti-Eomesa Fiona Wardle lab N/A

Rabbit polyclonal anti-Brd4 Dawid lab N/A

Chemicals, Peptides, and Recombinant Proteins

α-amanitin Sigma-Aldrich Cat#A2263

Triptolide Sigma-Aldrich Cat#T3652

Flavopiridol hydrochloride hydrate Sigma-Aldrich Cat# F3055

Critical Commercial Assays

ChIP DNA Clean & Concentrator Kits ZYMO RESEARCH Cat#D5205

Nextera DNA Library Prep Kit Illumina Cat#FC-121–1030

Click-iT™ RNA Alexa Fluor™ 594 Imaging Kit Thermo Fisher Scientific Cat#C10330

Mol Cell. Author manuscript; available in PMC 2023 March 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Miao et al. Page 43

REAGENT or RESOURCE SOURCE IDENTIFIER

Click-iT™ Nascent RNA Capture Kit Thermo Fisher Scientific Cat#C10365

SuperScript™ VILO™ cDNA Synthesis Kit Thermo Fisher Scientific Cat#11754–050

MAXIscript™ SP6 Transcription Kit Thermo Fisher Scientific Cat#AM1308

mMESSAGE mMACHINE™ T3 Transcription Kit Thermo Fisher Scientific Cat#AM1348

mMESSAGE mMACHINE™ SP6 Transcription Kit Thermo Fisher Scientific Cat#AM1340

AmpliScribe™ T7-Flash™ Transcription Kit Lucigen Cat#ASF3257

Deposited Data

Datasets for Omni-ATAC seq, ChIP-seq, Click-iT-seq, RNA-
seq, CUT&TAG in WT and MZnps embryos

This paper SRP355652

Nanog ChIP-seq datasets Xu et al., 2012 GSE34683

ATAC-seq datasets at oblong and sphere stages Pálfy et al., 2020 GSE130944

ATAC-seq datasets at oblong and dome stages Liu et al., 2018 GSE101779

CAGE datasets at high/oblong/sphere/shield stages Nepal et al., 2013 SRA055273

Ribosome profiling datasets at 2 hpf Bazzini et al., 2014 GSE53693

Experimental Models: Organisms/Strains

Zebrafish: MZnps, triple maternal-zygotic mutant for 
nanog−/−;pou5f3−/−;sox19b−/−

This paper N/A

Zebrafish: TU-AB, and TL strains N/A N/A

Oligonucleotides (See Table S1 for oligonucleotides used)

Recombinant DNA

pT3TS-zdCas9–3XGFP Chan et al., 2019 N/A

pcDNA-dCas9-p300 Core Hilton et al., 2015 Addgene Plasmid #61357; 
RRID:Addgene_61357

pT3TS-dCas9-HAT This paper N/A

pT3TS-dCas9-dHAT This paper N/A

pCS2+nanog Lee et al., 2013 N/A

pCS2+pou5f3 Lee et al., 2013 N/A

pCS2+pou5f3–6Xmyc This paper N/A

pCS2+sox19b-6Xmyc This paper N/A

Software and Algorithms

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2

Skewer Jiang et al., 2014 https://github.com/relipmoc/skewer

STAR Dobin et al., 2012 https://github.com/alexdobin/STAR

SAMtools Li et al., 2009 http://www.htslib.org

BEDTools Quinlan et al., 2010 https://bedtools.readthedocs.io/en/latest/

MACS2 Zhang et al., 2008 https://github.com/taoliu/MACS

DESeq2 Love et al., 2014 https://bioconductor.org/packages/release/
bioc/ht ml/DESeq2.html

MEME suite Bailey et al., 2009 http://meme-suite.org

Nucleosome occupancy prediction model Kaplan et al. 2009 https://github.com/KaplanLab/
NucleosomeModel

Python Python 3.8 https://www.python.org
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REAGENT or RESOURCE SOURCE IDENTIFIER

R R 3.6.2 https://www.r-project.org

GeneAbacus Charles E. Vejnar https://github.com/vejnar/geneabacus

FONtools Charles E. Vejnar https://github.com/vejnar/fontools

LabxDB seq Vejnar et al., 2020 https://gitlab.com/vejnar/labxdb
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