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The miR-430 locus with extreme promoter density
forms a transcription body during the minor wave of

zygotic genome activation
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e A high promoter density gene cluster shapes a minor wave of

ZGA in zebrafish

e Minor wave genes can be autonomously activated outside of

the transcription body

e Minor wave promoter features are distinct from those of the

major wave
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In brief

Hadzhiev et al. study nuclear organization
and promoter architectures of the first
wave of genome activation in zebrafish.
The first active genes are in a high
promoter density gene cluster, forming a
transcription body, and minor wave
genes activated autonomously have
distinct promoter features from the

main wave.
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SUMMARY

In anamniote embryos, the major wave of zygotic genome activation starts during the mid-blastula transition.
However, some genes escape global genome repression, are activated substantially earlier, and contribute
to the minor wave of genome activation. The mechanisms underlying the minor wave of genome activation
are little understood. We explored the genomic organization and cis-regulatory mechanisms of a transcrip-
tion body, in which the minor wave of genome activation is first detected in zebrafish. We identified the miR-
430 cluster as having excessive copy number and the highest density of Pol-ll-transcribed promoters in the
genome, and this is required for forming the transcription body. However, this transcription body is not
essential for, nor does it encompasse, minor wave transcription globally. Instead, distinct minor-wave-
specific promoter architecture suggests that promoter-autonomous mechanisms regulate the minor wave
of genome activation. The minor-wave-specific features also suggest distinct transcription initiation mecha-

nisms between the minor and major waves of genome activation.

INTRODUCTION

The major wave of zygotic genome activation (ZGA) is character-
ized by activation of thousands of genes when dividing cells
reach a threshold nucleo-cytoplasmic ratio (reviewed in Lee
et al.,’ Schulz et al.,> and Vastenhouw et al.). At the major
wave transcription machinery is suggested to first outcompete
maternally deposited repressive factors, including an excess of
histones, which get diluted by exponential cell divisions (re-
viewed in Lee et al.,' Vastenhouw et al.,® Palfy et al., Wragg
and Miiller,”> Amedeo et al.,° and Joseph et al.”). In addition,
several molecular mechanisms have been suggested to regulate
the timing of genome activation: (1) availability of pioneering
transcription factors,® (2) availability of transcription initiation
machinery,®'" (3) sequential increase in chromatin accessi-
bility,'>'® (4) gradual formation of transcriptionally competent
chromatin,'*"® and (5) cell-cycle elongation.’'®

However, many genes escape global repression and become
activated in advance of the rest of the genome, during what is
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called the minor wave of genome activation.'®" In zebrafish,
the minor wave of genome activation starts at the 64-cell stage,
reaching high levels of activity by the 512-cell stage interphase,
and characterized by high production of miR-430 primary tran-
scripts.'>?%?? Notably, in zebrafish miR-430 is a key regulator
of maternal mRNA clearance,?’ and during ZGA, miR-430
nascent RNA (primary microRNA) accumulates in a transcription
body. During the minor wave of genome activation this body
carries most of the cell’s detectable, transcriptionally active
RNA Pol Il (RNA Pol Il Ser2P) and nascent RNAs,'®??? and
the high transcriptional activity of this body has been associated
with local chromatin depletion.?® Additionally, the genomic locus
of miR-430 genes is marked by CCCTC-binding factor (CTCF)
and Rad21,’* suggesting chromosome conformation mecha-
nisms involved in its activation. MiR-430 activation is dependent
on BRD4 and histone H3K27ac marking of its chromatin'*° and
on the pioneer transcription factors (also called stem cell fac-
tors): Nanog, Pou5f3, Sox19b.5'52°27 These stem cell factors
have been shown to activate the major wave of ZGA in
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Figure 1. De novo assembly of the miR-430
cluster from long-read sequencing data

(A) Schematic of the most common miR-430 gene
structure (top), the duplex consisting of promoter
region (red) and two pre-miRNA triplets (blue) each

SRCz11 containing miR-430a, miR-430b, and miR-430c
\ (gray) pre-miR-430 subtypes. Bottom: the miR-
430 gene cluster structure in current reference

assembly (GRCz11).

miR-430

(B) Genome browser view of the miR-430 gene

cluster
read
coverage

cluster assembled from long reads. The tracks
show a low-resolution continuity structure of the

gene cluster (top), long-read coverage histogram

(middle), and the read to contig assembly layout

(bottom). Raw reads with 50 or more promoters are

read to contig ———

layout

shown as red horizontal bars with the promoter
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(C) Left: number of BLAST hits in raw long reads of
single gene promoters and miR-430. Right: esti-
mated miR-430 promoter number normalized to
that of single-copy genes.

(D) Estimated miR-430 promoter number (red line)
by digital droplet PCR (ddPCR) for three zebrafish
strains and the assembled contig. Error bars are
standard deviation from the mean of the miR-430
promoter estimate normalized to each of the 6
single-copy genes and 6 technical ddPCR repli-
cates respectively.

(E) Rainfall plot representing the promoter density
across each chromosome of the newly assembled
zebrafish genome (GRCz11 reference guided).
Red arrow indicates the mirR-430 gene cluster.
Abbreviations: TSS, transcription start site; AB,
TU-AB, TU, and TL are zebrafish strains used in
(C) and (D).

See also Figure S1 and Tables S1 and S5.
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fish® 32728 and homologs Pou5f3 and Sox3 in Xenopus,>° while

their role in minor wave genome activation is not yet understood.

Deposition of histone modifications (H3K4me1, H3K4me3,
and histone variants [H2AZ]) associated with gene regulation,
precede genome activation,’ and are detected in gametes.*”
These epigenetic dynamics suggest potential inheritance from
parents with a possibly instructive role in both minor and main
waves of genome activation.®'™*°

Taken together, the genetic and epigenetic mechanisms un-
derlying the activation of miR-430 locus may explain the forma-
tion of this transcription body and provide insights into the mech-
anisms of the minor wave of genome activation.

In this study, we have examined the molecular mechanisms
underlying the activation of minor wave genes using the miR-
430 locus. We describe a repetitive structure for the miR-430
cluster and demonstrate that transcription of the miR-430
locus is required for transcription body formation. In addition,
we show that minor-wave-specific core promoters carry
distinct architecture from that used by the major wave
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RESULTS

Long-read-sequencing-mediated genome assembly
reveals the highest promoter density gene cluster in the
zebrafish genome

In the current genome assembly (GRCz11) the miR-430 locusis a
multicopy gene cluster, which consist of 8 complete miR-430
gene units, each containing a 650-bp promoter region and trip-
lets of precursor miRNAs, which themselves are repeated in 2
(duplex) or 3 times (triplex) per promoter®? (Figure 1A). Each pre-
cursor miRNA triplet consists of 4 different subtypes of precursor
genes: a, b, c, or the “a” variant, called “.”22 |n the reference
genome assembly (GRCz11), the 5’ end of the locus is truncated,
missing the promoter sequence, which suggests that this sec-
tion of the assembly is incomplete, probably due to the difficulty
of assembling the highly repetitive structure (Figure 1A).
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Therefore, we embarked to reassemble the miR-430 locus,
generating Oxford nanopore long-read sequencing data from
AB male zebrafish at ~44x coverage and complemented this
with Pacific Biosciences (PacBio) sequencing from a heat-shock
diploid “double heterozygous”*® Tuebingen-AB hybrid female
zebrafish at ~78x coverage.

Initial analyses of the long-read data revealed 7 reads, which
contained 50 or more miR-430 promoters (Figures 1B and
S1A), with 74 promoters on a single 111-kb read with 128 triplets.
The longest read spanning the miR-430 cluster was 122 kb with
67 promoters (149 triplets). This analyses confirmed the previ-
ously described sub-structure within precursor triplets and re-
vealed variable number of triplets per promoter (Figures 1A,
1B, and S1B). Assembly of the Oxford nanopore reads by the
Canu assembler®” resulted in 2 contigs containing the miR-430
gene cluster, likely representing allelic variants. The first contig
was ~3.44 Mb long with 313 miR-430 promoters (655 triplets)
spanning 577 kb (Figure 1B; Data S1). The second contig was
811 kb long containing 306 miR-430 promoters (587 triplets)
spanning 534 kb (Figure S1A; Data S1). A comparison of the
read to contig layouts (Figures 1B and S1A), showed that contig1
had overall better read support/coverage and was used in further
analyses.

The striking increase of copy number from 8 to >300 repeated
gene units prompted us to seek independent validation of the
copy number of the miR-430 primary transcript genes. To this
end, we estimated read coverage and compared with known sin-
gle-copy genes on the genome. The raw reads of our Nanopore
and PacBio sequencing were queried with the miR-430 promoter
sequence (Figure 1B) and the promoter sequences of 6 single-
copy genes (Table S1) using basic local alignment search tool
(BLAST).®3*° An estimate of promoter number of miR-430 was
generated by normalizing the BLAST hit number to that of the
single-copy genes. This analysis led to a calculated copy num-
ber of 280 + 30 and 194 + 24 for each sequencing run, respec-
tively (Figure 1C). In addition, we estimated the miR-430 pro-
moter number by digital droplet PCR (ddPCR) using shha as
single-copy reference gene for 3 zebrafish stains (AB, TU, and
TL). The copy number estimated by this approach was 277 =
25,229 + 52, and 100 + 13 for AB, TU, and TL strains, respec-
tively (Figure 1D). The assembly of the PacBio reads did not
result in continuous, end-to-end assembly of the miR-430 locus
but was split between 14 contigs (Figure S1B). The total number
of miR-430 promoters and triplet structures on all contigs from
the PacBio data was estimated to 359 and 768, respectively.

While the copy-number figures from the above approaches
differ, they are in a comparable range to that obtained by copy-
number calculation on the assembled contigs (Figures 1C and
1D). Thus, the number of promoters in the miR-430 locus is
almost 2 orders of magnitude higher than what was annotated
on the reference genome. We explored how this promoter den-
sity, repeated every 1.8 kb on average over a ~0.6 Mb region,
compares with the rest of the genome. To analyze promoter den-
sity, we performed GRCz11 reference-guided chromosome scaf-
folding of a de novo assembly from the nanopore sequencing run
(see STAR Methods). Cap analysis gene expression (CAGE-seq)
data set, “° multi-mapped to the newly scaffolded genome was
used to identify promoters and calculate their density. As demon-
strated on Figure 1E, the miR-430 cluster indeed showed by far
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the highest promoter density in the assembled genome, more
than 4 times higher than other promoter-dense regions.

Taken together, the much higher promoter copies and density
of the miR-430 gene locus than previously anticipated, provide a
potential explanation for the timing and the scale of gene expres-
sion during the minor wave of genome activation, which appears
in a large transcription body.

Distinct epigenetic regulation of the miR-430 cluster
and minor wave genes of genome activation

The occurrence of minor wave gene activation raises the question
of what chromatin and DNA sequence features are contributing
to its formation. We first aimed to characterize the epigenetic
profiles and promoter architecture features of the miR-430
cluster and other minor wave genes, in contrast with those acti-
vated at distinct phases of development. Publicly available epige-
nomic datasets representing chromatin opening (Assay
for Transposase-Accessible Chromatin, ATAC-seq) and associ-
ated with cis-regulatory element regulation (H3K4me3-,
H3K27me3-, and H3K27ac-ChlIP-seq),®'***>*" covering key
early developmental stages were selected (see STAR Methods).

The datasets were mapped to a custom genome, created by
adding the miR-430 cluster containing contig1 sequence from
the long-read assembly to GRCz11. To investigate the role of ep-
igenomic features in early genome activation, their signal levels
and dynamics during blastula stages were compared among 5
distinct gene sets (25 genes each) selected based on the timing
of their onset of activation (Figure 2): (1) miR-430 genes: the
earliest and most highly transcribed gene cluster during the mi-
nor wave. (2) Minor wave genes: detected as activated during
the first wave of the ZGA.?® Genes were selected with no
maternal contribution and >2.5-fold change between 128 and
512 cells. (3) Major wave genes: randomly selected genes acti-
vated at the major wave but not detected during the minor
wave.?? (4) Constitutive genes (CGs): housekeeping genes with
maternal contribution and expressed throughout development.
These genes were previously shown to use two different pro-
moter codes present on the same core promoter sequence.42
First, a TATA-like motif called W-box was utilized in the oocyte,
then later replaced by a nucleosome positioning signal of AT/
GC enrichment boundary downstream of the transcription initia-
tion start site (TSS) at ZGA. (5) Post-gastrulation genes (PGs):
activated after gastrulation during early segmentation stages.
Expression dynamics for all gene sets were determined based
on“® and mapped to GRCz11/danRer11, ENSEMBL v95 gene
annotations (Figures S2A-S2D; Table S2).

Next, the chromatin openness at the selected gene sets was
examined by ATAC-seq (Figures 2A and 2B). The distribution
profile of the signal was as expected for all datasets, peaking
100-150 bp upstream of the TSS in the nucleosome free region
of all active promoters. Since miR-430 signals were plotted from
multi-mapped data, they were not quantitatively comparable to
the rest of the gene sets and were used to explore and compare
temporal trends. The signals on the miR-430, as well as on the
early and late zygotic gene sets, correlated with their gene expres-
sion dynamics. miR-430 was highly active early and shows the
most open chromatin, whereas the minor wave genes become
similarly open at earlier stage and were generally more open
than the major wave genes. The latter genes were comparable

Developmental Cell 58, 155-170, January 23, 2023 157




¢? CellPress

OPEN ACCESS

Developmental Cell

A ATAC H3K27ac H3K4me3 H3K27me3
2.0 5 15 20
15- ‘;’ 10 15-
miR-430 1.0 . o5 1.0
0_5,/\/\/\/ 1 - 0.5
.Y A4 = N
0.0} 0- 0.0 0.0-
05 0 15 05 0 15 05 0 15 05 0 15
2.0 .ggéceu" 52 acel 154 2cell 2.0 [ 2cen
L -cel 4 _ 16-cell 16-cell
1512 obiong 3] G 10 |= 132 15 |2 128-cel
minor 1.0 | @ dome 5 | ® Thecel 1.07.\/'(1/\/\
wave 05 1 )”V&& oo 05 \/\/‘/\’
0.0 ‘ 1 0 10.0 - 10.0
2.0 5] 1.5 2.0
15 47 15
~ 3 1.0 H =]
major 1.0 5 | 10
wave 05 Z& 1 0-57\ _//k‘ OE?QQ/\A
0-07\ T T 07\ T T 0'07‘ T T 0'07\ T T
2.0 5 1.5 2.0 -
44 15 -
1.5 - 3] 1.0 ’
constitutive 10 - 2| o5 1.0 -
genes 0.5 4 Z& 1] ’ 0.5
S
0.0 : ‘ : 0 10.0 : 0.0 ‘ | :
2.0 5 1.5 20
4]
1.5 1.5 ]
post- ; 3] 1.0 0
gastrulation 04 2 05 I
genes 05 - 1 &A 05 -
A AN s e AR
0.0 - 0] 0.0 - | Joo 1 | ‘
15 0 15 -1.5 0 15 -15 0 15 -15 0 15
B distance from TSS (kb)
€ ATAC H3K27a H3K4me3 JH3K27me3 @mir-430
g 5000 ] oMW
:’O 4000 1 ®MaW
= ]
§ 3000 ] :gg
-g < 5000 ,Q ] f<
D 1000 $ e
& 0 —_— IS
2 0 172737475 ) 172737475 0 1283745 0 172737475

hours post fertilization (hpf)

Figure 2. Epigenomic features of miR-430 cluster compared with other gene sets activated at distinct phases of embryo development
(A) Aggregation plots showing signal distribution (mean) around the TSS for different gene sets (left side labels) and epigenetic features (top labels).
(B) Line graphs of total epigenetic signal. The miR-430 data were multi-mapped (black) and not directly comparable to the other presented gene sets, which are

unique mapped (color).
See also Figure S2 and Table S2.

to the CG set, in line with their zygotic activation at and post mid-
blastula transition (MBT).

Next, we compared chromatin states with the appearances of
promoter-associated histone modification marks. The levels of
the gene activity-associated H3K27ac***° correlated with that
of the open chromatin states (Figures 2A and 2B). The miR-430
gene clusters showed high signal already at 256-cell stage
(Figures 2A and 2B). The minor wave gene set showed higher
and broader H3K27ac signal distribution than the major wave
genes during 256-cell stage, which in contrast, were more com-
parable to the CGs. Similar to the ATAC-seq profile, the lowest
levels were observed in the post-gastrulation set.

Despite the high degree of open chromatin and enrichment in
H3K27ac corresponding to the high expression levels at early

158 Developmental Cell 58, 155-170, January 23, 2023

blastula stages, the miR-430 cluster showed low levels of the
active or poised promoter mark H3K4me3 in comparison with
other marks.'**?%%47" Minor wave genes showed presence of
H3K4me3 extending to the gene body and correlating with the
presence and extent of H3K27me3 on this gene set. The highest
levels H3K4me3 were observed in the constitutive and minor
wave gene sets, with the latter also having a broader distribution
of signal (Figures 2A and 2B) in line with their activity states. The
major wave genes showed lower signal at 256-cell stage, in line
with their later expression initiation at sphere/dome stages.
Although not expressed at early blastula and only becoming
active at significantly later (early segmentation) stages, the
PGs showed relatively high H3K4me3 signal, comparable to
the major wave genes (Figures 2A and 2B).
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Figure 3. Promoter architecture features of minor and main wave ZGA genes

(A) Schematic comparing sharp and broad promoter architectures.

(B) Sequence logo of 80 miR-430 genes showing the —35 to +15 region relative to the dominant TSS.

(legend continued on next page)
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The contrasting dynamic of the H3K4me3 signal was also
observed between stages, relatively high levels were observed
at the two cell with a significant drop at 16 cell, most prominent
in the constitutive and major wave gene sets. This dynamic
indicates potential parental inheritance or early embryonic pre-
marking, which is followed by subsequent erasure and re-depo-
sition at later stages.®® However, this “reprogramming” was not
observed in the minor wave and PGs. In summary, minor wave
genes show broadly similar epigenetic profiles to the major
wave genes, but with higher H3K27me3 levels. However, there
is a notable difference between miR-430 and other minor wave
genes in the apparent lack of H3K4me3 at this locus.

Core promoter features distinguish minor and major
wave genome activation

Previously, it was shown that ZGA in Drosophila is characterized
by enrichment for the TATA box,*® elongated transcriptional activ-
ity states in early development® and often associated with sharp
transcription initiation profiles (Figure 3A). Notably, miR-430 pro-
moters carry a canonical TATA box (Figure 3B) and sharp TSS
profile (Figure 3C). In further pursuing features of minor wave
genes, which may explain their distinct activation profiles, we
analyzed core promoter architecture of minor wave genes in rela-
tion to the 3 other groups. Sequence analysis of the 4 gene groups
indicated enrichment for TATA box at the canonical distance from
the main TSS (Figure 3D) and corresponding sharp TSS in minor
wave genes (Figure 3C). These promoter features related to but
were not identical with the maternal transcription initiation
code® (see discussion). However, the minor-wave-associated
promoter profile was distinct from the major wave genes, charac-
terized by lack of TATA box (Figure 3D) and presence of broad
TSS profile (Figure 3C). This result together suggests that miR-
430 promoters carry shared and distinctive features with minor
wave genes such as the presence of TSS-determining TATA
box or TATA-like sequence signals (W-box) and sharp TSSs.

To further analyze the potential contribution of core promoter
features to the timing of genome activation we have exploited a
family of zinc-finger genes (znfs) with distinguishable promoter
features and differential expression timing during ZGA. The
miR-430 cluster sits in a genomic environment, flanking a
gene-poor region on the long arm of chr4, which shows distinct
transcriptional dynamics from the rest of the genome.*° The long
arm of chr4, despite being relatively gene poor contains many
C2H2-type znfs, some showing early zygotic transcription.?**°
We investigated the transcriptional dynamics of these znfs using
CAGE-seq and nascent RNA-seq revealing different temporal
dynamic relating to distinct promoter architectures of these
znfs. A subset of znfs with sharp, TATA-box promoters were
found to be expressed at the minor wave, whereas broad pro-
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moter znfs, lacking a TATA box were active at the major wave
(Figures 3E-3I; Table S3). This sharp promoter structure of the
early expressed znfs was shared with miR-430 promoters (Fig-
ure 3B). The broad promoter of the main wave znfs was in line
with the predominantly broad promoter-containing main wave
genes (Figures 3C and 3D). Notably, H3K4me3 signals were
mostly lacking on the sharp promoter znfs expressed at the mi-
nor wave (Figure 3J), and thus resemble the miR-430 promoters,
in contrast to the broad promoter znfs expressed during main
wave, which carry H3K4me3 (Figure 3K).

The proximal promoter sequences of the miR-430 gene
cluster autonomously activates early transcription in a
single copy on heterologous chromosomes

To identify the promoter sequence features that may inform on the
regulation of miR-430 expression we focused on regulators of the
major wave ZGA.52>2" Publicly available ChIP-seq datasets®’"
were mapped on the de novo-assembled miR-430 contig and
signal distribution analyzed. The majority of the Nanog signal
was distributed over the promoter region, upstream of the TSS
(Figure 3A), while Pou5f3 and Sox19b showed broader distribu-
tion, still focused on the promoter region. The regions around the
miR-430 cluster showed significantly less signal suggesting that
these factors mainly bind proximally, with no indication of distal en-
hancers (Figures 4Aand S3A). In silico ClusterBuster transcription-
factor-binding site prediction®? resulted in the miR-430 region be-
ing identified as one single cluster of binding sites (Figures 4A and
S3A). The binding sites for Nanog and Pou5f1::Sox2 were predom-
inantly located in vicinity of the TSSs, with a Nanog motif at the
peak of Nanog ChlP-seq signal (Figure 4A) and a high scoring
Pou5f1::Sox2 site ~300 bp upstream of the TSS (Figure 4A).

The multicopy nature of the miR-430 locus may provide high
density of cis-regulatory elements to counter the repressive ef-
fect of maternally deposited negative regulators of transcription,
such as histones.®” To test whether the multicopy state is
required to drive activity at the minor wave of genome activation,
we integrated a single copy of the miR-430 promoter with a re-
porter gene into heterologous genomic locations. A 650-bp
proximal promoter fragment, containing the TATA box plus
Nanog and Pou5f1::Sox2-binding sites (Figure 4B; Data S1),
was used to generate reporter transgenic lines using the
PhiC31 integrase system®®** (Figure 4B; STAR Methods). Two
lines were generated, integrated on chr17 and chr22, respec-
tively. Expression driven by the miR-430 promoter was detected
in both lines at 256/512-cell and sphere stages by RT-PCR (Fig-
ure 4B), which together with the lack of detectable expression at
earlier or later stages, was in line with the expression dynamics of
the miR-430. In contrast, reporter expression from the y-crystal-
line promoter active in the lens,”® was detected only at 96 hpf as

(C) Genome browser views showing promoter shape as defined by CAGE-seq signal for miR-430, and example genes for the minor (mxtx2) and the major (rgma)

wave gene sets.

(D) Promoter architecture comparison between the 4 gene sets. Left: sequence logos of the —35 to +15 region relative to the TSS, right: percentage of the genes
with sharp (red) and broad (blue) promoter in each gene set, determined by the IQW of the corresponding CAGE consensus cluster as demonstrated (A).

(E) Chromosomal plot showing the location of sharp (red) and broad (blue) promoter znfs on chr4 and the location of the miR-430 cluster (orange).

(F and G) Expression activity of sharp and broad promoter znfs determined by CAGE-seq (F) and EU nascent RNA-seq (G).

(H and I) Comparison of the promoter motifs/architecture of the sharp (H) and broad (I) znfs.

(J and K) Distribution of H3K4me3 signal around the promoter for the sharp (K) and broad (J) znfs. Abbreviations: TSS, transcription start site; IQW, inter-

quantile width.
See also Tables S2 and S4.
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Figure 4. A single copy of the miR-430 pro-
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reporter expression during the minor wave
of genome activation

(A) Browser views showing CAGE-seq signal (top
track, blue bar) marking the position of the TSS (red
arrowheads). ChlP-seq signal of Nanog (purple),
Pou5f1 (green), and Sox2 (pink) are shown below.
Bottom annotation tracks show the miR-430 gene
features, with the core promoter (red), the precur-
sor triplet (blue), and the position of predicted
pluripotency-factor-binding sites. Purple dash line
marks the Nanog binding site in the core promoter
region close to the peak of the Nanog ChIP-seq
signal.
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promoter-containing stable transgenics reporter
lines using the PhiC31 site specific integration
system. Bottom: expression of the reporter miR-
430 promoter (left) and y-crystalline promoter
(right), detected by RT-PCR at the indicated
stages. Abbreviations: TSS, transcription start site;
v-Cry, y-crystalline C.

See also Figure S3.
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expected. These results together demonstrate that the miR-430
promoter sequence contained sufficient regulatory information
to activate transcription at early pre-MBT/MBT stages.

The miR-430 gene cluster and its activity are required
for the formation of a transcription body at the minor
wave of ZGA

To dissect the contribution of underlying genomic sequence
and miR-430 chr4 cluster transcription to transcription body
formation, we used the CRISPR-Cas9 system to specifically
target the miR-430 loci and recruit Cas9-driven loss-of-function
tools to the core of the transcription body. This system was
optimized for both lesion-generating active Cas9 and catalyti-
cally dead Cas9 (dCas9), which blocks transcription by steri-
cally hindering Pol Il, in a process termed CRISPRI.°® To
address the impact of Cas9-mediated lesion and CRISPRi on
miR-430 activity, we used RT-PCR. A dramatic reduction in
miR-430 RNA was detected at the 512-cell stage, following tar-
geting of the miR-430 cluster by either active Cas9 or dCas9,

across the embryo, alongside mosaic
and trackable CRISPRI reagents target-
ing either miR-430 or a control gene
(9ol) in a mosaic fashion (Figure 5B).
We observed efficient CRISPRI, with
loss of miR-430 transcription throughout the cell cycle and
specifically in cells containing CRISPRi reagents targeting the
miR-430 cluster, suggesting a cell autonomous, direct effect
(Figure 5B). In 512-cell stage embryos where Cas9 was tar-
geted to the miR-430 locus (Figures 5C and 5E), or dCas9
sterically blocked the miR-430 cluster (Figures 5D and 5F),
we observed a loss of the transcription body; with nascent
RNA accumulation and Pol Il Ser2P signal reduced to back-
ground levels, and accompanied by a reduction in the size of
miR-430 territory (Figure 5E). As shown previously>*?® the vol-
ume occupied by the miR-430 locus chromatin correlated with
the transcriptional activity of the miR-430 cluster (Figure S4A).
Additionally, under wild-type conditions the miR-430 territory
occupied a small nuclear volume (<0.07 um?®) during early inter-
phase of the 512-cell stage, which grew (<4 um®) as the cell
progressed through prophase (Figure S4B), before re-compac-
tion ready for the next cell division. A similar degree of tran-
scription body loss (Figures S4C-S4E) and miR-430 locus
compaction (Figures S4F-S4H) was observed following global

300bp

100bp
miR-430/Gal4-VP16 expression
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Figure 5. Manipulations that limit transcription of the miR-430 cluster also disrupt the transcription body

(A) Schematic of a single miR-430 triplet showing the position of two qRT-PCR primer sets (orange and brown arrows). Chart shows relative levels of miR-430
RNA at the 512-cell stage, normalized to 5S rRNA, following miR-430 promoter targeting by Cas9 or dCas9, and triptolide (Trp) or a-amanitin («-am) treatment,
compared with control manipulations of active Cas9 targeting go/ splice junction, dCas9 targeting gol splice junction and injection control, respectively. Data are
based on three biological repeats. Error bars represent standard deviation and asterisks indicate significance, *p < 0.05 and **p < 0.005 (unpaired t test).

(B) miR-430 MO (red) labeled transcription bodies in live 512-cell stage embryos following either miR-430 promoter or gol splice junction mosaic targeting with
dCas9-GFP (green). Gray boxes indicate enlarged region shown on the right; go/ targeted: 10 embryos, miR-430 targeted: 8 embryos. white arrowheads: nuclei
with two transcription bodies, open arrowheads: nuclei without detectable transcription bodies, scale bars, 20 um.

(C and D) EU labeling of nascent RNA (green), Pol Il ser2P (red) immunostaining, and DAPI (blue) in 512-cell-stage embryos: active Cas9; gol targeted: 6 embryos,
31 nuclei; miR-430 targeted: 6 embryos, 28 nuclei (C). Catalytically dead Cas9; gol targeted: 8 embryos, 52 nuclei; miR-430 targeted: 5 embryos, 29 nuclei (D).
(E and F) EU labeling of nascent RNA (green) combined with FISH for miR-430 DNA (red) and DAPI (blue) at 512-cell stage: active Cas9; gol targeted: 4 embryos,
21 nuclei. miR-430 targeted: 4 embryos, 41 nuclei (E). Catalytically dead Cas9; gol targeted: 5 embryos, 41 nuclei. miR-430 targeted: 8 embryos, 66 nuclei (F).

White arrowheads (C-F) remnants of transcription body, scale bars, 2 um.
See also Figure S4.

transcription inhibition. Expression analysis at dome stage
for other early genes on chr4, confirmed the dynamic and tran-
sient nature of this locus compaction with no permanent reduc-
tion in expression following miR-430 targeted manipulation
distal to the miR-430 locus (Figures S41-S4L) suggesting that
miR-430 DNA volume changes following manipulations was
not a result of chromosomal segregation or loss of large chr4
segments.

Together these observations suggest that transcription of the
miR-430 cluster is required for the formation and maintenance of
the transcription body. We show that 3D expansion of the
transcribed territory is dependent on miR-430 transcription
specifically, in line with previous observations of the repeats
co-transcriptionally forming a growing transcription body which
expands the volume occupied by the loci.”® Our experiments
identify high promoter density and subsequent transcription of
the 0.6 Mb miR-430 repetitive locus as the primary reason for
transcription body formation.

162 Developmental Cell 58, 155-170, January 23, 2023

Activity from the chr4 miR-430 locus is not required for
minor wave ZGA globally

Nascent RNA and Pol Il Ser2P imaging of pre-ZGA embryos
showed that most minor wave transcription is concentrated
within the miR-430-driven transcription body. This led us to
query whether other early transcribed loci contributed or
interacted with the transcription body, to enable their early
escape from global transcription repression. To test whether
the transcription body had a role in nuclear organization, we
investigated whether manipulation of miR-430 or its transcrip-
tional activity would impact on other minor wave genes.
Nascent RNA detection by RNA-seq upon miR-430 CRISPRI
did not lead to repression of most minor wave genes apart
from a family of chr4 znf genes (Figure S5). This loss of znf
gene activity could be a result of pleiotropic effects including
potential interference with replication,®” as suggested by acti-
vation of stress and DNA damage response genes (Fig-
ure S5B). Therefore, we focused on minor wave genes on
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Figure 6. miR-430 manipulations do not influence early zygotic transcription of minor wave genes on other chromosomes

(A) Nascent RNA (green) combined with FISH for klf17 DNA (red) and DAPI (blue) in WT 512-cell stage embryos counter-stained with DAPI (blue). 59 nuclei from 16
embryos. Right, chart shows frequency of colocalization frequency between kif17 DNA or RNA and major nascent RNA accumulation (transcription body) in 3D
space (59 and 54 nuclei, respectively).

(B) Double DNA-FISH labeling the miR-430 cluster (green) and the kif17 locus on chr2 (red) in WT 512-cell embryos counter-stained with DAPI (blue). 51 nuclei
from 8 embryos. Chart shows frequency of colocalization between kIf17 DNA and miR-430 DNA in 3D space. White arrowheads indicate kIf17 locus, open
arrowheads (A and B) indicate the miR-430 transcription body in (A) and (B).

(C and D) Change in expression in WT 512-cell stage embryos, following manipulations, for miR-430 normalized to 5S rRNA (C), and kIf17 normalized to TBP
mRNA (D). Charts show mean log,(fold change) between Cas9/dCas9 targeting a control vs. targeting miR430, or a-amanitin treatment compared with injection
control, from 4 biological repeats.

(E) Nascent miR-430 (top) or kIf17 RNA (bottom) staining at 512-cell following manipulations. Numbers indicate frequency of staining pattern, scale bars, 5 pm.
(F and G) Relative change in expression, in Tg(Xla.crygc:attP-Gal4vp16,14UAS:Clover)UoBL1 embryos, at the 512-cell stage, following manipulations, for miR-
430 RNA, normalized to 5S rRNA (F), or gal4 RNA normalized to TBP mRNA (G). Charts show mean log,(fold change) between Cas9 (n = 3 biological repeats) or
dCas9 (n = 4) targeting, a control vs. targeting miR-430, or z-amanitin treatment compared with injection control.

(C, D, F, and G) Error bars represent standard deviation and asterisks indicate significance: ns, p > 0.05, *p < 0.05, **p < 0.005 and ***p < 0.0005 (unpaired t test).
See also Figures S5 and S6.

other chromosomes where replication interference was not
expected.

We focused on klf17, a single-copy gene residing on chr2,
which showed transcriptional activity at the 512-cell stage and a
sharp promoter structure with TATA box. Using nascent RNA la-
beling combined with DNA-FISH, we observed that kif17 loci
reside in a distinct chromosomal territory to the transcription
body, marked by nascent RNA (92.4% of kIf17 loci observed distal
to a major nascent RNA accumulation marking the transcription
body; Figure 6A). The distal (95.1%) nature of kif17 locus from
the miR-430 locus was confirmed by dual labeling in DNA-FISH
at the 512-cell stage (Figure 6B). Nascent RNA was accumulating
proximal to the kIf17 loci (white arrowheads Figure 6A), suggesting

that the speckles are sometimes visible both as nascent RNA and
active Pol Il (Figures 5C-5F) may be from other minor wave loci.
These nascent RNA/RNA Pol Il speckles were small with low
signal intensity, emphasizing the small number of transcriptionally
active loci across the whole genome and their relative expression
level to the miR-430 loci, at this early stage. Together, these data
show that although the transcription body is highly enriched for
nascent RNA, it is not a unique site of transcription within the early
nucleus and single-copy genes can escape global transcriptional
repression despite occupying distinct topological domains from
the transcription body.

To investigate whether any transient interaction not captured
by these fixed imaging approaches, enabled miR-430 activity
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to influence early kif17 transcription we followed kIf17 RNA levels
upon miR-430 targeted disruption. The manipulation of miR-430
by either Cas9 or dCas9 did not have significant effect on kIf17
RNA levels, while global transcription inhibition induced a signif-
icant loss in kIf17 RNA (Figures 6C-6E and S6A-S6C). Other
early zygotically expressed genes, wnt11f2 and hspb1 (both
chrb), also failed to show a response to miR-430 targeted manip-
ulations (Figures S6D and S6E). This lack of response to miR-430
manipulations suggests that the transcription body did not exert
a global effect influencing minor wave activation of genes on
other chromosomes, or on the short arm of chr4 (gata3).

To further investigate dependence of minor wave of gene acti-
vation on the miR-430 locus, we asked whether transgene activ-
ity from a single copy of the miR-430 promoter, would be
affected by loss of miR-430 cluster activity. To answer this
miR-430 promoter manipulation was performed in the single
miR-430 promoter-driven gal4 transgenic line (chr22 transgene;
Figure 3B), and the transcriptional outputs of the miR-430 cluster
and the single miR-430 promoter-driven gal4 transgene were
measured. The targeting guide RNA did not recognize the single
transgenic miR-430 promoter but specifically targeted the
endogenous miR-430 cluster. Figures 6F and 6G shows that sin-
gle miR-430 promoter activity was not significantly affected by
either Cas9 or dCas9 targeting the chr4 miR-430 cluster while
global transcription block confirmed transgenic miR-430 pro-
moter activity before global genome activation. This suggests
that the miR-430 single promoter sequence contains the neces-
sary determinants to efficiently engage in transcription before
the main wave of global genome activation.

DISCUSSION

Much is already known about the mechanisms and regulatory
networks underlying the main wave of ZGA, but the mechanisms
governing the very first steps of global genome activation are still
unclear.' Here, we explored the minor wave gene activation by
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Figure 7. Models of minor wave gene acti-
vation in and outside of the miR-430 tran-
scription body

(A) The miR-430 cluster on chr4 with high promoter
density forms a microenvironment during the mi-
nor wave of ZGA. Minor wave gene activation
occurs distal to the transcription body, such as at
the gata3 and kif17 loci, which share promoter
architecture features with miR-430 gene but are
activated independently from the transcription
body (top). Genes that have distinct promoter
features from minor wave genes are not activated
until the major wave of ZGA (bottom), while minor
wave genes continue to function during the major
wave of ZGA.

Nascent RNA

studying the miR-430 cluster, the first
known expressed genes in zebrafish.?°
We show that this cluster is composed
of unexpectedly high promoter/gene
density, which define and is required for
the formation of a transcription body, en-
riched for nascent RNA and Pol Il Ser2P
during pre-ZGA cell cycles.'>***® The promoter-dense locus
structure provides explanation to the above listed nuclear topol-
ogy-defining biochemical features and presents a useful exper-
imental model for future transcription imaging and molecular
dissection of native transcription machinery. We also demon-
strated that not all minor wave transcription occurs in or is
dependent on the activity of the miR-430 transcription body.
Moreover, we have demonstrated that minor wave genes
including the miR-430 cluster share epigenetic and promoter ar-
chitecture features characteristically distinct form the major
wave (Figure 7).

H3K27Ac

Extreme density of promoter/gene cluster underlies the
formation of a minor wave-associated transcription body
We demonstrated by several independent lines of evidence that
the copy number of miR-430 transcribed units is almost two
orders of magnitude higher than described in the reference
genome GRCz11. This highlights the need for end-to-end
genome assemblies to resolve highly repeated loci.® Our locus
assemblies, from multiple zebrafish strains suggest that the
hundreds of copies of promoters is a robust feature of common
zebrafish strains. MiR-430 homolog loci are also multicopy in
medaka (manual analysis of the medaka®® and goldfish ge-
nomes®?) likely indicating a crucial role for abundance of these
miRNAs in clearance of maternal mRNAs.”' Nevertheless, the
exact composition of the gene sets within the cluster appears
to be variable and merits further analysis, given the significance
of zebrafish chr4, with unique gene organization.*®

Notably, genome activation is also concentrated in discrete, Pol
Il Ser2P-containing nuclear compartments in Drosophila.'®4:’
Similarly, to zebrafish, genome activation in human and mouse
embryos involves multicopy transcribed repeats.”®® Recent
in vivo transcription imaging has revealed distinct Pol Il Ser2P
accumulation foci in several mammalian cells,**®° reminiscent
to that seen in an exaggerated form in the minor wave in zebrafish
embryos. Overall, these observations from a variety of models
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suggest gene clusters are often organized into distinct nuclear to-
pologies.®® Thus, understanding the mechanisms underlying the
formation of the zebrafish transcription body may reveal genome
activation-associated transcription control as well as fundamental
regulatory principles of transcription-associated nuclear topology.

The 0.6 Mb miR-430 region packed with >300 promoters sug-
gested that the mechanisms for the early escape from global
transcriptional repression may arise from bulk properties and
macro-nuclear dynamics. The miR-430 promoter-dense cluster
may form a transcriptionally competent body in which the
nucleo-cytoplasmic ratio can be passed early in the local micro-
environment. However, this model is not supported by two ob-
servations. First, miR-430 early activation does not respond to
change of the nucleo-cytoplasmic ratio by ploidy manipula-
tion."®?? Second, in this study, minor wave activity of a single
miR-430 promoter inserted in a heterologous genomic location
was demonstrated. This indicates that the large copy number
of miR-430 was not necessary for reaching a threshold of tran-
scriptional competence, and the promoter sequence contained
the necessary regulatory information for early activation. We pro-
pose that the high promoter density facilitates transcription body
formation and boosts the promoter-autonomous responsive-
ness of the miR-430 promoters for high levels of activation
(Figure 7).

Distinct promoter features shared by minor wave
ZGA genes
Previous studies have shown that miR-430 transcription requires
H3K27ac deposition, binding of stem cell factors Sox19b/SoxB1
Nanog and Pou5f1/Pou5f3,%° and it is characterized by CTCF
and Rad21 deployment'>?*?° at a stage when topology associ-
ated domains have not yet formed.*>®” However, the question
remains: what mechanism triggers miR-430 transcription and
that of other minor wave genes? While the stem cell factors
Pou5f3/Pou5f1, SoxB1/Sox19b, and Nanog were shown to be
required for miR-430 gene activation,®2°° they are unlikely to
be sufficient for minor wave genome activation, as many major
wave genes also depend on these factors,®':2%:28:68

We demonstrated that minor wave genes are enriched in sharp
promoters, carry TATA box, and similarly to Drosophila®®“® both
are features that commonly lack H3K4me3 (reviewed in Lenhard
et al.%%). The TATA box and associated positionally constrained
TSS usage resembles the maternal transcription initiation code
we previously described.*” Oocyte-active genes deposited as
mRNA into the embryo are characterized by TATA-like se-
quences (W-box) and associated distance constraints on the
TSS choice, similarly to that seen with the canonical TATA box.
These TSS constraint similarities may indicate shared transcrip-
tion initiation machineries regulating maternal and minor wave
TSS determination despite the differences in their TSS profiles.

In contrast to minor wave genes, TATA-dependent sharp
promoters are distinctly lacking at major wave-specific genes*”
suggesting functional distinction in the transcription initiation
machineries acting on them.”®"? However, TATA-dependent
sharp promoters are not restricted to the minor wave and yet un-
identified factors likely play crucial roles in specifying early zy-
gotic gene activity (candidates include homologs of GAF™® or
Dux’*"®). The correlation between TATA box/sharp promoters
with minor wave activation is further supported by our analysis
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of minor wave znf genes interspersed with major wave znfs on
chr4d. These major wave genes either lack binding sites for mi-
nor-wave-active pioneering factors or their core promoter
sequence drives promoter architecture differences in activa-
tion-specificity”>"®"" resulting in the lack of responsiveness of
broad promoters to minor-wave-active trans-activators. Future
work may address how minor wave genes bind pioneering fac-
tors, which may selectively recognize TATA-box-dependent,
sharp TSS core promoter codes or exploit a favorable chromatin
environment at the minor wave genes.

When searching for the promoter features of minor wave
genes, we observed a distinct lack of H3K4me3 at miR-430
and at minor wave-active znf genes. This mark is generally asso-
ciated with gene regulation but decoupled from transcriptional
activity: with H3K4me3 detected on promoters well before
ZGA, upon inhibition of ZGA, and also in transcriptionally inactive
sperm. 4203542 \Whijle this histone mark may be paternally in-
herited, as seen in mouse, ® we do not see indication of such his-
tone-modification-dependent inheritance in activation of minor
ZGA genes in zebrafish.

We also observed that sharp TSS, TATA promoters are less
likely to carry the H3K4me3 mark than broad promoters (re-
viewed in Lenhard et al.°®) and further suggesting that minor
wave gene activation is not globally dependent on H3K4me3-
associated mechanisms, as observed in Drosophila.79 However,
minor wave gene promoters are not always deficient of the
H3K4me3 mark. It is conceivable that H3K4me3 is not functional
during minor wave activation but is a pre-marking mechanism
utilized later in development. H3K4me3 marks may be inter-
preted by distinct transcription machineries in different stages
of development, similarly to how distinct promoter sequence
determinants within the same promoters are selectively used
during maternal-to-zygotic transition.*?

Notably, minor wave genes, with H3K4me3 enriched pro-
moters also show H3K4me3 enriched at the gene body and
coupled to H3K27me3. This observation may indicate enrich-
ment for chromatin bivalency on developmental regulator genes
as described in embryonic stem cells (reviewed in Voigt et al.®?).

MiR-430 promoter cluster forms the transcription body
but is not required for all minor wave gene activation
Previously, it was demonstrated that miR-430 expression is a
component of the transcription body.'®?>*® Here, we demon-
strate that transcription of the miR-430 cluster is specifically
required for the formation of this transcription body. Similarly,
we observe a reduction in nuclear volume occupied by the
miR-430 cluster of chr4 following CRISPRI targeting. This corre-
lates with the proposal that high levels of transcription expand
chromatin®® and was suggested to form a favorable microenvi-
ronment, which may further promote miR-430 transcription.
Our results suggest that during the interphase of these early
cell cycles, the miR-430 cluster becomes de-compacted.
When miR-430 transcription is terminated at a later stage of
development in wild type, or during the minor wave in manipu-
lated embryos, the locus becomes compact and occupies a
small nuclear volume, throughout the cell cycle.

The high density of binding sites for stem cell factors con-
tained within the miR-430 promoter cluster may function as “en-
hancers” for these genes. In this context the 0.6 Mb miR-430
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locus, enriched in H3K27ac and stem cell factor binding sites, is
not dissimilar from previously described “enhancer clusters” or
“super-enhancers.”®' The large number of promoters observed
here fits with a recent computational model of enhancer-pro-
moter interactions, suggesting generality of equivalent topolog-
ical and functional impact of enhancers and promoter clusters.®”

We have shown that despite most of the nascent RNA and Pol
Il Ser2P accumulating at the miR-430-dependent transcription
body, minor wave genes do not necessarily colocalize or depend
on the miR-430 transcription body, for their activity. This indi-
cates that the specificity of minor wave activation is not based
on an exclusive and localized mechanism for transcriptional
competence within the transcription body. As exemplified by
our single-copy transgenic miR-430 promoters and that of
endogenous single-copy genes, they can autonomously escape
the global repressive environment prior to the major wave of
ZGA. Similarly, topologically independent activation of minor
wave ZGA genes has also been detected in Drosophila.®® Our
promoter architecture analyses suggest that the autonomy of
minor wave gene activation likely resides in the distinct promoter
structure characterized by the TATA box and sharp peak TSS
choice and does not ubiquitously require H3K4me3 histone
marks at the promoter.

The gradual nature of genome activation which manifests as
a continuity between the minor and major wave observed in
several animal models led to suggestions that the two waves
are not distinct (reviewed in Vastenhouw et al.?). However,
the distinct promoter structure of minor wave genes, which
discriminate them from the major wave of ZGA, suggest
discontinuity in the mechanisms of minor and major wave of
genome activation.

Limitations of the study
Due to limitations of the currently available genome assembly
software to handle large tandem repeats (such as the miR-430
locus), the exact copy number/structure of the de novo-assem-
bled miR-430 locus may not be entirely accurate. Strain and in-
dividual variations are also possible.

Short bursts of transcription in the very-short cell cycles
(1520 min) during cleavage stages may limit the quantification
accuracy of lowly expressed genes.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE

o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability

o EXPERIMENTAL MODEL AND SUBJECT DETAILS
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Materials and reagents generated in this study are available upon request from the lead contact.

Data and code availability
® Long-read sequencing and nascent (EU) RNA-seq data are deposited at NCBI Sequence Read Archive (SRA) under BioProject:
PRJNA900028. The sequences of the de novo assembled contigs, containing the miR-430 locus, i.e. contig 1 and contig 2 has
been deposited in the GenBank database under accession numbers GenBank: OP854626 and GenBank: OP854627 respectively.
® This paper does not report original code.
® Raw microscopy images and additional information required for data reanalysis are available upon request from the lead
contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish maintenance
All zebrafish strains were maintained in a designated facility (according to UK Home Office regulations) in a recirculating system
(ZebTEC, Tecniplast) at 26°C in a 10-h dark, 14-h light photoperiod and fed 3 times daily. Fish were kept in 3 or 6 litre containers
at recommended density of 5 adult fish per litre.

Zebrafish embryos were obtained by natural breeding and maintained at 28°C in E3 medium until desired developmental stages
were reached.

Animal work presented in this study was carried out under UK Home Office project licence P51AB7F76 assigned to the University
of Birmingham, UK, except the generation of heat shock diploid “double heterozygous” Tuebingen-AB hybrid zebrafish, which was
carried out in Shawn Burgess’s laboratory at NIH/NHGRI.

METHOD DETAILS

Isolation of high molecular weight zebrafish genomic DNA

High molecular weight genomic DNA was isolated from one AB male by proteinase K and phenol extraction following the protocol by
Green and Sambrook.®® Adult fish was euthanized by overdose of anaesthetic (Tricaine) and snap frozen in liquid nitrogen. The frozen
tissue was pulverised with liquid nitrogen precooled ceramic pestle and mortar. The powder was slowly spread over the surface of
20 ml lysis buffer in 100 ml beaker. After complete submerging of the tissue powder into the lysis buffer the lysate was transferred to
50 ml falcon tube and treated with pancreatic RNase for 1 h at 37°C and proteinase K overnight at 50°C, followed by three phenol
extractions. The DNA was precipitated from the purified lysate by addition of 0.2 volume of 10 M ammonium acetate and 2 volumes of
ethanol, washed twice with 70% ethanol air-dried and reconstituted in TE buffer.

Oxford Nanopore sequencing

Nanopore sequencing library was prepared with Genomic DNA Ligation Sequencing Kit (Oxford Nanopore, SQK-LSK110)
according to the manufacture instructions, using 1 ng genomic DNA as input and sequenced on Oxford Nanopore Promethion
device. The sequencing run resulted in 1.7133x10” reads and 1.3273x10"" bp in total (app. 44x coverage of the ~1.7Gb zebrafish
genome).
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Pacific Biosciences (PacBio) sequencing

For the PacBio assembly, Gynogenic offspring of Tuebingen-AB hybrid zebrafish were generated according to the protocol for Pro-
duction Of Homozygous Diploid Embryos by heat shock as described in The Zebrafish Book.*® In more details zebrafish eggs were
in-vitro fertilised with ultraviolet light (UV) inactivated sperm. Thirteen min after fertilisation, embryos were heat shocked at 41°C in
water bath for 2 min and immediately transferred to 28°C, causing the fertilised embryos to skip the first cell division. Homozygosity
was confirmed by PCR amplifying 8 independent loci and confirming there were no single nucleotide variants (SNVs) within any
sequence. Genomic DNA was purified using TissueLyser Il (Qiagen) and Blood & Cell Culture DNA Maxi Kit (Qiagen). The molecular
size of genomic DNA at the peak of 40- to 50-kb was confirmed using the Pippin pulse electroporation system (NIPPON genetics).
Genomic DNA from the TU/AB double heterozygous fish described above was used to perform whole-genome shotgun sequencing
on a PacBio RS Il sequencer. ~16 million subreads with a peak length of ~8kb (100X coverage) were collected and used to de novo
assemble the genome using the CANU assembler.

De novo genome assembly of long read data
The Oxford nanopore and PacBio sequencing reads were assembled into contigs using Canu software v.2.1
parameters for nanopore reads:

.1°7 with the following

- nanopore genomeSize=1.7g minReadLength=5000 minOverlapLength=1000 and PacPio reads:
- pacbio genomeSize=1.7g minReadLength=1000 minOverlapLength=500

To produce guided whole genome assembly from the nanopore data a haplotype purge was performed on the assembled
contigs with purge_dups,®* following the pipeline guide with default parameters as outlined on (https://github.com/dfguan/
purge_dups).

Using the current zebrafish genome (GRCz11) as reference, a guided scaffolding into chromosomes of the haplotig purged assem-
bly (~1.4 Mb in size) was performed with RaGOO v1.1%° according to the default pipeline (https://github.com/malonge/RaGO0),
enabling misassembly correction with the error corrected nanopore reads (generated by Canu during the assembly step):

ragoo.py hap_purged_ctigs.fa GRCz11chr_ref.fa -R CorrNPRds.fa -T corr

All assemblies were carried out on the University of Birmingham high performance computing cluster BlueBEAR.

Estimation of miR-430 promoter number from raw long reads

To estimate the miR-430 promoter copy number 250 bp promoter region sequences of miR-430 and 6 single-copy genes six single
copy genes were randomly selected from the Benchmarking Universal Single-Copy Orthologs (BUSCO) database®’+*® (Actinopterygii
gene set) and confirmed by BLAST®%°° search that the selected 250 bp sequence produced a single hit in the current (GRCz11) ze-
brafish reference genome. The miR-430 and the 6 single copy genes promoter sequences were used to perform a BLAST search
against raw reads BLAST database for each sequencing run. BLAST hits with bit score > 150 were counted for each gene and
miR-430 counts were normalised to each of the 6 single copy genes and the average was used as miR-430 promoter number esti-
mate. The genomic coordinates (danRer11) proximal promoter coordinates of miR-430 and the 6 single copy genes are provided in
Table S1.

Estimation of miR-430 promoter number by digital droplet PCR (ddPCR)

Genomic DNA from three stains AB, Tuebingen (TU) and Tuebingen Longfin (TL) was prepared from 50, 2-day old embryos collected
from a single pair for each strain. The DNA extraction was carried out with the PureLink™ Genomic DNA Mini Kit (ThermoFisher Sci-
entific, K182001) following the manufacture instructions. Genomic DNA was digested with EcoRI-HF (New England Biolabs, NEB), for
1 h. Initially dilutions down to 2 ng/pl were prepared from the digested DNA and quantified spectrophotometrically, using NanoDROP
(Thermo Scientific, Thermo Fisher Inc, USA). Further dilutions in TE buffer (10mM Tris-HCI, 1 mM EDTA, pH 7.5) to a final concen-
tration of 100 pg/ul were performed using (Fluro dsDNA High Sensitivity kit, DeNovix California, USA), following manufacturer’s in-
structions. Standard curve ranging from 0 ng/ml to 25 ng/ml, DNA samples and blank (no template) were measured in duplicate using
DS-11 spectrophotometer-fluorometer (DeNovix Inc. USA). By plotting the measured fluorescence versus DNA, concentrations were
calculated through a standard curve plot.

For the ddPCR reaction mixture, DNA was diluted to 50 ng/ul and then added to 2 xDX200™ ddPCR™ Evagreen supermix (Bio-
Rad, USA) and primers (0.5 uM) in final volume of 22 pl. 20ul of mixture was loaded into a cartridge (Bio-Rad, USA) together with 70 pl
of droplet generation oil (Bio-Rad, USA) and placed into the droplet generator (Bio-Rad, USA). After that, each sample was trans-
ferred to a 96-well PCR plate (Bio-Rad, USA) and PCR amplification was performed using C1000 thermal cycler (Bio-Rad, USA)
with the following program: 95°C for 5 min, 40 cycles at 95°C for 30 sec and 60°C for 30 sec; 4°C for 5 min followed by 90°C for
5 min; 4° C for 30 min. After the ampilification, the plate was loaded on the QX200 Droplet Digital Reader (Bio-Rad, USA) and acquired
data were analysed with QuantaSoft Analysis Pro software (Bio-Rad, USA).

After a serial dilution assay, 50 ng was selected as DNA concentration giving 1 copy/ul of the shha, single copy gene, used as
invariant gene. The final number of miR-430 promoter copies is calculated by the ratio of miR-430 primer pair (copy/ul) and the
shha primer pair (copy/ul) (Tables S4 and S5).
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Promoter density analysis

CAGE-seq data from Nepal et al.*° were mapped to the zebrafish long-reads assembly genome with Bowtie v1.2.3%” in default
n-mode allowing 2 mismatches in the 27 bp seed region and reporting all the best alignments up to 1000 (-S -n 2 -1 27 -a -m 1000
—best —strata). The CAGEr package®® was used for downstream processing of the data. First, CAGE Transcription Start Site
(CTSS) were called in each of the analysed samples removing the additional G nucleotide (due to the CAGE protocol) not mapping
to the genome. Next, reads were counted at each CTSS and subsequently normalized as tags per million (tpm). CTSS supported by at
least 0.5 tpm in at least two samples and closer than 20 nucleotides were clustered thus defining the so-called transcriptional clusters
(TCs), discarding singletons TCs (i.e., clusters containing only one CTSS). TCs were then trimmed on the edges to obtain a more
robust estimation of the promoter width. Toward this end, first the cumulative distribution of CAGE signal along the promoter was
defined and the promoter region comprised between the 10th and 90th percentiles of the CAGE signal distribution was considered,
as suggested in.?® Finally, TCs across all the analysed samples were aggregated, if supported by at least 5 tpm and closer than
100 bp, to form consensus clusters (CC) for downstream analyses. Having defined the final set of promoters (i.e., consensus clus-
ters), the promoter density was calculated as follows. First, using the clusterdist algorithm of the ClusterScan tool (-d 10,000 param-
eter),’’ the zebrafish genome was scanned grouping together all the consecutive promoters closer than 10 kb. Then, for each group
of promoters (clusters), the promoter density was calculated by dividing the number of promoters by the cluster length in kilobases.
Finally, the rainfall plot representing the promoter density shown in Figure 1E was obtained using the karyoploteR R library.®?

Processing of CAGE-seq data

CAGE-seq data set (accession SRA: SRA055273) from Nepal et al.,*® were mapped with Bowtie v1.1.2%” in default n-mode allowing 2
mismatches in the 27 bp seed region and reporting alignments of reads with up to 1 or 1000 valid alignments for unique (‘-S -n 2 -1 27
-a —best -m 1% and multimapping (‘-S -n 2 -1 27 -a —best -m 1000¢) respectively. The CAGEr package® v1.18 was used for down-
stream processing of the data, i.e., CAGE Transcription Start Site (CTSS) calling and clustering into tag and consensus clusters
(TCs and CCs), interquantile width calculation.

Processing of ChIP-seq and ATAC-seq data

Prior to mapping ChIP-seq and ATAC-seq reads were trimmed from adapters and filtered for quality using TrimGalore with automatic
adaptor detection option and quality threshold of 20. Only reads where both mates survived the filtering steps were kept in case of
paired end data (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore).

The data were mapped to a reference genome (danRer11) using segemehl aligner (v0.3.4)%° Allowing up to 2500 alignments per
read and alignments accuracy of 90 % (command line parameters: * segemehl.x -M 2500 -A 90°). Genome coverage was generated
using STAR®® with command line parameters: ‘—runMode inputAlignmentsFromBAM -outWigType bedGraph —outWigStrand
Untranded —outWigNorm RPM".

To compare the dynamics of the epigenetic features between the different gene sets (Figures 2A and 2B) and datasets, the dis-
tribution of average normalised signal relative to the transcription start site for each set and feature was visualised on aggregation
plots with the Bioconductor SeqPlots package® providing the coverage file and genomic regions of features of interest as input
with 20 bp bin size. For visualisation purposes a smoothing spline function was applied before plotting.

The transcription start sites (TSSs) were determined using the CAGE-seq dataset“” at a developmental stage where there was suf-
ficiently high signal to accurately determine the dominant TSSs for each gene in the set, or to minimize interference from the maternal
contribution in the case of the constitutive gene set. For the miR-430, minor and major wave gene sets high, sphere and 30%-epiboly
were used for dominant TSS detection, respectively. For both the constitutive and post-gastrulation sets prim-5 stage was used.

The publicly available ChlP-seq and ATAC-seq data used in this study were obtained from the Sequence Read Archive (SRA)
deposited under following BioProject accessions: BioProject: PRUINA43421614 (H3K4me3 and H3K27me3 ChlP-seq); BioProject:
PRJNA473799 (H3K27ac ChIP-seq); BioProject: PRUINA395463 (ATAC-seq); BioProject: PRINA156233 (Nanog ChiP-seq); Bio-
Project: PRUINA171706 (Pou5f1 and Sox2 ChlP-seq).

Promoter architecture analyses
To compare core promoter motif composition between gene set (minor wave, major wave, constitutive and postulation) promoter
sequences were extracted and centre-aligned to the dominant TSS.

Position weight matrices (PWM) for each core promoter set was calculated from the sequences using the “DiffLogo” R package®
and motif sequence logos were visualised with the “ggseglogo” R package.®”

Promoter architecture (sharp/broads), was determined for each gene in the above four datasets, using the 0.1-0.9 interquantile
width (the length of the region in bp where 10%-90% of the CAGE signal is concentrated) of the promoter associated CAGE-tags
consensus clusters. Promoters with interquantile width up to 10 bp were classified as sharp and with more than 10 bp as broad.

Transcription factor binding motif analyses

Enrichment for clusters of TF binding sites was done using Cluster-Buster®” with the following parameters: ‘cbust -r10000 -m 5 -c 10°.
The optimal motif weights as abundances of the motifs (occurrences per kb) and the average distance between neighbouring motifs
to use with Cluster-Buster was calculated using Cluster-Trainer, ran with the following parameters: ‘ctrain -t 10 -r 10000°. As input, a
1.6Mb sequence region, extracted from chr4 of the guided genome assembly of the Nanopore sequencing, flanking the miR-430
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cluster (500 kb up- and downstream) was used. Position frequency matrices for Nanog (UN0383.1), Pou5f1::Sox2 (MA0142.1) and
Sox2 (MA0143.3) where obtained from JASPAR(2020) database®®'°° (http://jaspar.genereg.net)

Generation of stable transgenic zebrafish reporter lines

The construct Xla.crygc:attP-Gal4vp 16-14UAS:Clover for generation of docking transgenic lines for usage with the PhiC31 integrase
mediated targeted transgene integration system was generated by replacing the eGFP reporter form pDB783:Xla.crygc:attP-
Gal4vp16-14UAS:eGFP (gift form Darius Balciunas, Temple University, PA) with the brighter green fluorescent protein Clover.

Docking lines were generated using the Tol2-mediated transgene integration system.>*%"19% |n detail 1-cell stage AB wildtype
embryos with 1nl solution containing 20ng/pl plasmid and 20ng/ul Tol2 mRNA, supplemented with 0.1% phenol red as injection
marker. Injected embryos were kept in E3 medium at 28°C and screen for lens expression (green fluorescence) between
72-96hpf. Positive embryos were grown to adulthood, outcrossed to wild type fish and germline transmitting founders (FO) were iden-
tified by screening the resulting F1 embryos for lens expression (green fluorescence) at 72-96hpf. Positive F1 embryos were grown to
adulthood to establish stable transgenic lines. Three docking lines in total were established and two of them (Tg(Xla.crygc:attP-
Gal4vp16, 14UAS:Clover)UoBL1 and Tg(Xla.crygc:attP-Gal4vp16, 14UAS:Clover)UoBL3) were used to generate miR-430 promoter
reporter lines (see below).

The miR-430 promoter region fragment (~650 bp, Data S1) was PCR amplified from zebrafish genomic DNA using the following
forward: actcacgtgtggtaccCTTAGTCACCTCTGCCCACCAAG and reverse: catcgataagcggccgcTCCGTTCATAGTCTTTAGCAGC
AAG primers (lower case letters correspond to the vector homology arms, upper case letters are specific to the miR-430 promoter
regions). The fragment was then cloned into modified pJet:attB:mCherry vector®® containing phiC31 attB site and mCherry reporter
using In-Fusion HD Cloning Kit (TaKaRa/Clontech) according to the manufacture instructions. In brief, the pJet vector was digested
with Acc65l and Notl restriction enzymes. The purified linearized vector and miR-430 promoter fragments (in 1:3 molar ratio) were
incubated with 1x In-Fusion HD cloning mix at 50°C for 15 min and 2 pl of the cloning reaction was transformed into the kit-provided
Stellar competent cells. Positive colonies were identified by PCR and the isolated plasmid verified by restriction digestion and
sequencing.

MIiR-430 promoter reporter lines were generated by following the PhiC31 integrase mediated targeted transgene integration
protocol as described in Hadzhiev et al.>* One-cell stage docking line embryos were micro-injected with 1 nl solution containing
the reporter plasmid (20 ng/ul) supplemented with PhiC31-nanos 3’'UTR mRNA (30 ng/ul). The efficiency of integration events was
determined by frequency of lens colour change (from green to red) in the injected embryos at 72-96 hpf. If lens colour change is
observed in more than 5 % of the embryos in an injection batch all the embryos from the batch are grown to adulthood, including
those without lens colour change, because integration events may have happened with higher frequency in the PGCs due to nanos
3’UTR driven localisation of the PhiC31 integrase mRNA occurring predominantly in the PGCs.

Identification of transgene integration sites
The integration site of the Tg(Xla.crygc:attP-Gal4vp16, 14UAS:Clover)UoBL3 line has been previously identified (by nanopore
sequencing) to be on chr17 ~7 kb upstream of sic16a9a and ~6kb downstream of npy4r (chr17:20640317-20646440, danRer11).

The integration site of the Tg(Xla.crygc:attP-Gal4vp 16, 14UAS:Clover)UoBL1 was identified by inverse PCR following the protocol
byGreen and Sambrook.'® Genomic DNA was prepared from about 100 4 days old transgenic embryos using PureLink™ Genomic
DNA Mini Kit (Themo Fisher, K182002). 5 ug of genomic DNA was digested in three separate reactions with Tagl, a mix of BamHI/Bcll/
Bglll and a mix of Xbal/Spel/Avrll/Nhel restriction enzymes for 2 h. The restriction digest reactions were purified by phenol-chloro-
form extraction. The digest DNA was ligated overnight at 16°C at final concentration of 500pg/ul using 5U of T4 DNA ligase in a total
volume of 100 ul. Amplification of the genomic flanking sequences was achieved by performing two nested PCR reactions in total
volume of 50 pl. For all enzyme mixes, the flanking sequence of the 3’ end of the transgene was amplified with primer pair
3PinvP_F1/3PinvP_R1 in the first PCR reaction using 3 ul of the ligation mixes as template, followed by the second PCR reaction
with 3PinvP_F2/3PinvP_R2 using 1 pl from the first PCR reaction as template.

Similarly, for Tagl and BamHI/Bcll/Bglll mix the flanking sequence of the 3’ end of the transgene was amplified using the primer
pairs 5PinvP_F1/5PinvP_R1 and 5PinvP_F2/5PinvP_R2 in the first PCR and second PCR reaction respectively. The 5’ end transgene
flank from the Xbal/Spel/Avrll/Nhel digestion mix was amplified using the primer pairs 5PinvP_F3/5PinvP_R1 and 5PinvP_F4/
5PinvP_R2 in the first PCR and second PCR reaction respectively.

The products of the second PCR reactions were purified using AMPure XP beads and sequenced. The sequencing result of all six
PCR products (for both 5’ and 3’ ends and 3 different restriction enzyme combinations for each end) confirmed the integration site to
be on chr22 into the 5’UTR of the ccdc50 gene (chr22:24318507-24318514, danRer11). All primers sequences are provided in
Table S4.

Reporter expression analyses of miR-430 promoter stable transgenic lines by RT-PCR

Total RNA was extracted from ~50 embryos at the relevant developmental stage, using miRNeasy mini kit (QIAGEN, 217004)
following kit instructions. On-column DNAse treatment was performed using RNAse-free DNAse Set (QIAGEN, 79254). Reverse tran-
scription was carried out using 1 pg of total RNA, 0.5 pug of random hexamers (Promega, C1181) and 200U M-MLYV reverse transcrip-
tase (Promega, M170A) in 25 ul reaction volume. PCR reactions were performed with GoTag® Hot Start Master Mix (Promega,
M5122) using 1 pl of the reverse transcription reaction as template in 20 pl reaction volume. Thirty amplification cycles were carried
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out in total and PCR reactions were analysed on agarose gel electrophoresis. The following primer pairs were used: miR430_
Prom_FP: AGCAGACAACAAGATGCGTGTG with Gal4VP16_RP: ACTTCGGTT CTTTGGAGCAC and vy-crystalline_Prom_FP
GAAACTTCCACTCAGTCAGACTTGC with mCherry_RP: CACCTTGAAGCGCATGAACTC.

Injections at single cell stage for ubiquitous delivery vs late-stage injection for mosaic treatments

For dCas9 and Cas9 targeting, a 1:1 ratio mix of two guide RNAs targeting the miR-430 repeats or one guide targeting the gol pro-
moter was used. Injection mixes for CRISPR mediated manipulations consisted of 650 ng/ul dCas9 protein (NEB, M0652) or Cas9
protein (NEB, M0646), and 200 ng/ul of guide RNA. For visualisation of CRISPRi knockdown reagents 400 ng/ul dCas9-GFP protein
(Novateinbio, PR-137213G) and 200 ng/ul of guide RNA was used. These injection mixes were preincubated together at 37°C for
5 min to facilitate complex formation, before supplementation with 0.1% phenol red and injection. Ubiquitous delivery of knock-
down and labelling reagents was achieved by 1 nl injection of embryos at the one-cell stage. Mosaic knock-down was produced
by 1 nl injection into a single cell at the 8-cell stage.

Nascent RNA capture and sequencing upon dCas9 inhibition of miR-430 transcription

To capture nascent RNAs, The Click-iT® Nascent RNA Capture Kit (ThermoFisher Scientific, C10365) was used. Embryos were in-
jected with CRISPRI reagents (as described above) and ~30-40 pmols of Click-iT® EU (5-ethynyl Uridine) at one-cell stage. At
512-cell, total RNA from 20 embryos of each treatment and control groups was extracted using TRIzol reagent (Invitrogen). The iso-
lated RNA was biotinylated and captured on streptavidin coated magnetic beads, following the manufacturer’s instructions of the
Click-iT® Nascent RNA Capture Kit. The beads were resuspended in 5 ul Click-iT wash buffer2 and used directly as input for
cDNA synthesis and stranded RNA-seq library preparation with the NEBNext® Ultra™ Il Directional RNA Library Prep Kit for lllumina
(E7760S). The RNA-seq libraries (two biological replica for each treatment and control groups) were sequenced (2x100bp, paired-
end) on lllumina NovaSeq 6000 platform.

Analysis of the nascent (EU) RNA-seq data
Reads were mapped to the zebrafish reference genome (danRer11) using segemehl (v0.3.4) in split(splice) mode, allowing up 2500
multimappers: ‘segemehl.x -M 2500 -S*

Htseg-count (v 0.12.4) was used to count reads (including multimappers) associated with a gene feature (ENSEMBL 95 gene an-
notations):‘htseg-count —a=0 —nonunique all —-stranded=reverse’

DESeq2 Bioconductor package® was used to perform differential expression analyses. Low expressed genes (<5 read counts)
and very highly expressed 5S rRNA, and some mitochondrial genes (>50000 read counts) were excluded from the analysis. The linear
model was adjusted to treat the two replicas pairwise, e.g., ‘~replicate + condition‘. The DESeqg2 output of the differential expression
analysis is provided Table S6.

Gene ontology enrichment analysis of overexpressed genes was performed using Panther gene ontology web interface (http://
geneontology.org/). The gene ontology analysis output is provided in Table S7.

Global transcription block with «-amanitin and triptolide treatment

Global transcription block was performed either by treatment with 2 pM triptolide from the one-cell stage (Sigma T3652) in E3 media,
or by microinjection of 200 pg a-amanitin (Sigma, A2263) at single-cell stage. As an injection control for a-amanitin, 10 % DMSO in
water was used.

PCNA staging

mApple:PCNA fusion protein (400 pg) was injected at the one-cell stage to enable ubiquitous labelling of all daughter nuclei for the
selection of synchronous embryos. At the cell cycle of interest embryos were selected for ubiquitous, bright, homogenous nuclear
staining, indicative of nuclear-wide replication. These late interphase embryos were immediately snap frozen for RNA extraction or
fixed with cold 4% PFA for in situ hybridization.

miR-430 MO labelling
Single-cell stage embryos were injected with 1 nl solutions containing Cy5-labelled miR-430 targeting morpholinos (Gene Tools
LLC)?? at a concentration of 7 M each in nuclease-free water and 0.1% phenol red.

EU labelling of nascent RNA

Single-cell stage zebrafish embryos were injected with 1 nl of 50 mM ethynyl-uridine (EU, Thermo Fisher, C10329) until fixation with
4% PFA at the stage of interest. Embryos were dehydrated and rehydrated using MeOH gradients then fluorescently labelled using
the Click-iT™ RNA Alexa Fluor™ 488 Imaging Kit (Thermo Fisher, C10329), following the manufacturer’s protocol. Labelled embryos
were used for subsequent protein RNA, or DNA detection.

3D DNA-FISH (miR-430 or kif17)
BACs DKEY-69C19 and CH1023-918E12 were used as templates for DNA-FISH probe production, corresponding to 214kb of the
miR-430 locus on chr4 and 38kb of the klf17 locus on chr2 respectively. The FISH Tag™ DNA Multicolor Kit (ThermoFisher, F32951)
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was used to label digested BAC fragments with Alexa dyes following kit instructions, with a 60 min digestion per ng of DKEY-69C19
and 10 min per ng of CH1023-918E12. 50-100 ng of probe was used for each sample in with hybridization buffer [50% formamide, 4x
SSC, 100mM NaPO4 pH 7.0, 0.1% Tween-20].

Embryos were fixed at the developmental stage of interest using 4% PFA. Isolated animal caps were equilibrated with hybridization
buffer, through a series of gradient washes. Embryonic DNA was then denatured at by 85°C for 10 min before immediate application
of probe and incubation overnight at 37°C. A hybridization buffer: PBS-T gradient of washes was used to remove unbound probe
from samples before counterstaining with DAPI. Samples were imaged on a Zeiss LSM 880 with FastAiryscan at maximum resolution,
with a 63 x1.40 numerical aperture objective lens. 20-50 optical sections (500 nm slice thickness) were acquired of each nuclei, and
resulting images were processed using Zen Black software (Zeiss).

Expression analysis following miR-430 manipulations

Total RNA was extracted from >30 PCNA-synchronised 512-cell or dome stage embryos, and 500ng of total RNA used to produce
equal amounts of total RNA, as detailed above. At least three independent experimental samples were collected for each manipu-
lation condition.

For all manipulation experiments performed in WT embryos, 10 pl RT-PCR reactions were prepared with 10 ng of cDNA with
500 nM of each forward and reverse gene-specific primers and PowerUp SYBR Green MasterMix (Applied bio systems, A25742)
on a QuantStudioV (Thermo Fisher Scientific) machine. For manipulation experiments performed in the single miR-430 promoter
transgenic embryos, 40ng of cDNA was used for gal4 and TBP quantification, or 10ng cDNA for miR-430 and 5S rRNA, both in
10 ul reactions. Thermo Fisher Connect software was used for data acquisition and PRISM for statistical analysis. -RT controls
gave CT values either >7 cycles greater than +RT samples or equivalent to alpha-amanitin treated samples representing complete
block of transcription.

Guide RNA production

Double stranded DNA templates for sgRNA guides were produced through PCR annealing and extension of 100 ng common guide
RNA backbone oligo and 100 ng target specific sgRNAR oligo (Merck) using Phusion Hot-start I| DNA Polymerase (ThermoScientific,
F549) with 35 cycles and annealing at 60 °C. Resultant DNA was gel extracted then 400 ng template used for in vitro transcription with
the HiScribe RNA synthesis T7 kit (NEB, E2040) for 2 h at 37 °C, then TurboDNase (Ambion, AM2238) treated for 15 min at 37 °C.
Protein and non-incorporated nucleotides were removed using the Monarch RNA Clean up kit (NEB, T2040), before quantification
by nanodrop.

In situ probe production

Templates for in situ probes were produced by amplification from 100 ng of 1k cell stage cDNA using gene-specific primers with pro-
moter overhangs and Phusion Hot-start I| DNA Polymerase (ThermoScientific, F549). Resultant templates were gel extracted then
500 ng transcribed into RNA using T7 RNA polymerase (ThermoScientific, EP0O111) and either dig- or FITC-labelling mix (Roche,
3935420 and #32874620 respectively). RNA probes were purified using Microspin G25 (GE Healthcare, 27-5325-01) columns
then final RNA concentration determined by nanodrop. 30 ng of pre-exhausted probe in Hybe+ was used per 50 embryo sample,
for RNA-ISH and-FISH.

Live embryo imaging

The Zeiss Lightsheet Z1 was used to image live embryos mounted in 1% low melt agarose within size three glass capillaries,
incubated at 28 °C in E3 media during imaging. Z-stacks of ~100-200 slices in 1 pm steps were acquired every 30-60 seconds
for 1.5-2.5 h, with the x20 objective.

Whole mount antibody staining

Embryos were fixed at the 512-cell stage in 4% PFA then washed with PBS-0.3% TritonX-100 to permeabilize. 10% goat serum in
PBST was used to block embryos before addition of pre-blocked Pol Il S2P monoclonal antibody (Diagenode, C15200005) at 1:1000
dilution. PBS-0.1% Tween-20 washes removed excess primary antibody before application of pre-blocked Alexa 633 goat anti-
mouse IgG (Life technologies, A21052) secondary antibody at 1:2000 dilution. Embryos were mounted in antifade mounting media
with DAPI (Vectashield, H-1200, Vector Laboratories) and imaged with a Zeiss 880 confocal microscope with Fast Airyscan Module
with a 63 x1.40 numerical aperture objective lens and the resulting images were processed using Zen Black software (Zeiss).

Whole mount in situ hybridization

Embryos were fixed in 4% PFA at the developmental stage of interest, then washed with PBST before manual dechorionation and
isolation of animal caps. Samples were dehydrated then rehydrated using a MeOH gradient before being equilibrated with hybrid-
ization buffer [50% formamide, 1.3x SSC, 5mM EDTA pH 8.0, 0.2% Tween-20]. Embryos were incubated with probe overnight at
58-65°C then unincorporated probe removed by a series of Hybe:SSCT and SSCT:PBST washes. Samples were then blocked in
10% goat serum in PBST before application of pre-blocked anti-dig-AP antibodies at a 1:2000 dilution in block. Excess antibody
was removed with dig wash buffer (Roche, 11585762001) before staining with NBT and BCIP in 100mM NaCl, 100mM Tris.HCI
pH9.5, 50mM MgCl, & 0.1% Tween-20.
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Samples were imaged on a Zeiss AxioZoom.V16, with an ApoZ 1.5x/0.37 numerical aperture objective lens and the resulting
images were processed using Zen Black software (Zeiss) and ImageJ.

Single-molecule fluorescent double in situ hybridization

Target-specific-probes were designed using the Oligostan script developed byTsanov et al.’®* RNA labelling protocol was based on
smiFISH method for Drosophila byGarcia et al.'®® Briefly, FLAP oligos (Integrated DNA technologies) were directly labelled at both
their 3’ and 5’ termini, with either FITC for FLAP-Y, or Cy5 for FLAP-X. FLAP oligos were hybridised onto the target-specific-probes
(FLAP-X for miR-430, FLAP-Y for kiIf17) at equimolar ratio in 1x NEB buffer 3, by incubating at 85°C for 3 min, then 65°C for 3 min.
Embryos were fixed in 4% PFA, manually dechorionated to isolate animal caps, which were then dehydrated and rehydrated using a
MeOH gradient. Samples were equilibrated with 15% formamide in 1xSSC before hybridization in FLAP-hybridized probe mix
[0.83uM of each probe, 200ng/ul BSA, 2mM Ribonucleoside Vanadyl Complex (Sigma-Aldrich, 102207064), 15% formamide, 2x
SSC, 10% dextran sulphate (Fisher, BP1585), 0.5ug/ul E.coli tRNA] overnight at 37°C. Unincorporated probes were removed by a
series of PBST washes before counterstaining and mounting with DAPI/DABCO (Vectashield, H-1200, Vector Laboratories). Samples
were imaged with a Zeiss 880 confocal microscope with Fast Airyscan Module with a 63 x1.40 numerical aperture objective lens and
the resulting images were processed using Zen Black software (Zeiss). All primers used in this study are provided in Table S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the expression analysis by gPCR, following miR-430 manipulations (Figures 5A, 6C, 6D, 6F, 6G, S41-S4L, S4I-S4L, S6D, and
S6E), the AACt values from independent biological repeats were evaluated by the Shapiro-Wilk test for normal distribution. The
p-values were determined by unpaired t-test.

Quantification and differential expression analyses of nascent RNAseq data (Figure S5C) was performed with DESeqg2 R package
which uses Wald test for null hypothesis testing and Benjamini-Hochberg test for FDR/adjusted p-values calculation

GO enrichment of differentially expressed genes (Figure S5B) was carried out with Panther GO web tool using Fisher’s Exact test.
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