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SUMMARY

How transcription is regulated as development commences is fundamental to understand how the transcrip-
tionally silent mature gametes are reprogrammed. The embryonic genome is activated for the first time during
zygotic genome activation (ZGA). How RNA polymerase Il (Pol ll) and productive elongation are regulated
during this process remains elusive. Here, we generate genome-wide maps of Serine 5 and Serine
2-phosphorylated Pol Il during and after ZGA in mouse embryos. We find that both phosphorylated Pol I
forms display similar distributions across genes during ZGA, with typical elongation enrichment of Pol Il
emerging after ZGA. Serine 2-phosphorylated Pol Il occurs at genes prior to their activation, suggesting
that Serine 2 phosphorylation may prime gene expression. Functional perturbations demonstrate that
CDK9 and SPT5 are major ZGA regulators and that SPT5 prevents precocious activation of some genes.
Overall, our work sheds molecular insights into transcriptional regulation at the beginning of mammalian

development.

INTRODUCTION

The maternal-to-zygotic transition (MZT) is an essential process
enabling the formation of a new organism following fertilization.
The MZT involves the reprogramming of the gametes endowing
embryonic cells with the capacity to generate all cells in our
body. Molecularly, MZT is accomplished by the degradation of
maternal transcripts inherited from the oocyte and the activation
of the zygotic gene expression program. In mammals, the oocyte
accumulates maternal transcripts synthesized during oocyte
growth, but transcriptional activity ceases when the oocyte rea-
ches its full size."™ After fertilization, the embryo activates its
own genome, a process known as zygotic genome activation
(ZGA), which in mice occurs in two waves. The first wave initiates
in the zygote, is known as minor ZGA, and is indispensable for
the second wave of transcription, which occurs at the late
2-cell stage and is referred to as major ZGA.*”” Most maternal
mRNAs are degraded by the end of major ZGA and replaced
with embryonic transcripts. Whether and how these initial ZGA
waves influence later transcriptional programs is unknown.

In mammals, ZGA has distinctive molecular properties,
including, for example, a robust transcriptional activity of repet-
itive elements. Among them, MERVL is transcribed during minor
ZGA®®° and becomes fully activated during major ZGA."® Like-
wise, LINE-1 elements are transcribed during both ZGA waves,
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and their transcription regulates chromatin accessibility.'~® In

addition, intergenic regions are robustly transcribed during
minor ZGA and splicing, and 3’ processing was suggested to
be inefficient in mouse zygotes.'* Interestingly, down-regulation
or chemical inhibition of splicing factors in mouse embryonic
stem (ES) cells induces 2-cell-like cells, which display similar
expression pattern to 2-cell embryos.'®'® This suggests that
specific features of RNA Polymerase Il (Pol ll) activity may be
important for the developmental program that underlies cellular
plasticity and totipotency.

Pol II’s largest subunit RPB1 possesses a C-terminal repeat
domain, CTD, which can be highly phosphorylated at different
positions.'” Specific CTD residues are important for transcrip-
tional regulation, for example, Y1 mutation leads to defective
transcriptional termination’® and an S5A mutation of the yeast
CTD leads to impaired promoter escape of Pol Il due to Mediator
retention at promoters.19 During a transcription cycle, non-phos-
phorylated Pol Il is recruited to the promoter and together with
the general transcription factors assembles into the pre-initiation
complex.'”?%?! Subsequently, the CTD is phosphorylated on
Serine 5 (Ser5), which induces promoter clearance and tran-
scription initiation from the transcriptional start site (TSS).?
Productive transcription of mRNA is further regulated during
elongation.?" Ser5 phosphorylated Pol Il (Pol Il Ser5P) undergoes
promoter proximal pausing ~25-50 nt downstream of the TSS,
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which is induced by the DRB Sensitivity-Inducing Factor (DSIF)
and the Negative Elongation Factor (NELF).?"** Release
from pausing is driven by the recruitment and activation of pos-
itive transcription elongation factor b (P-TEFb)-containing
complexes, for example, the Super Elongation Complex.?’
Thus, the transition into productive elongation is also highly
regulated. Namely, transition into productive elongation is trig-
gered by the action of the P-TEFb complex containing CDK9,
which phosphorylates the SPT5 subunit of DSIF, the NELF-E
subunit of NELF and the Ser 2 residue of the CTD (Pol I
Ser2P).?> While NELF phosphorylation leads to its ejection
from chromatin, phosphorylated DSIF travels with Pol Il during
elongation.?” Globally, Pol Il Ser5P is enriched at promoter prox-
imal regions and TSS, reflecting initiation and pausing, whereas
Pol 1l Ser2P is enriched across gene bodies during transcrip-
tional elongation.®*

Genome-wide analysis of nascent RNA in mouse, human, and
Drosophila cells indicated that accumulation of Pol Il around
promoter regions is an important regulatory step of eukaryotic
gene expression.”>? In mouse ES cells, knockout of the NELF
subunit NELF-B, leads to a change in Pol Il localization from
the promoter to the gene body, to altered transcription of FGF/
ERK signaling pathway genes and to compromised differentia-
tion and proliferation.® Interestingly, upon acute depletion of
NELF-C in human colon cancer cells, Pol Il travels downstream
for further ~50 nt but does not reach the gene body.*' NELF-E
is also lost from gene promoters, but SPT5 peaks remained
largely unaffected and Pol Il Ser2P and Ser5P phosphorylation
levels at promoters are maintained.®' These experiments sug-
gest that NELF plays a role in early elongation, which is distinct
to pause-release regulation.

Likewise, a mutation of the DSIF component SPT5 leads to a
severe reduction of promoter proximal Pol Il and compromises
ES cell differentiation.> SPT5 stabilizes paused Pol Il at pro-
moters and promotes Pol Il processivity across the entire gene
body.**** This implies that the control of Pol Il binding to
promoters is not the only regulatory mechanism underlying tran-
scription but also promoter clearance and elongation in the gene
body are key regulatory steps.

How Pol Il is regulated at the beginning of development is not
fully understood. In particular, the regulatory proteins and poten-
tial function of transcriptional elongation remain to be investi-
gated. Using an antibody raised against a Ser5 phosphorylated
CTD peptide, a recent study documented the genome-wide
localization of Pol Il in mouse pre-implantation embryos.*® Pol
Il Ser5P was found to be prevalent at promoters of both inactive
and active genes in early embryos, suggesting that Pol Il Ser5P
may be subject to pausing at the beginning of development.
However, how elongation is controlled and whether the
engaged, elongating Ser2 phosphorylated Pol Il is subject to
additional regulation in early embryos is unclear. Treatment of
mouse zygotes prior to minor ZGA with the specific CDK9 inhib-
itor flavopiridol results in arrested development primarily at the
2-cell stage,*® suggesting that full developmental competency
relies on the integrity of the elongation machinery, yet the molec-
ular foundations behind are unknown.

Here, we optimized Chromatin integration labeling (ChlL-
seq),”” which we applied to as little as 100 mouse cells and
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generated genome-wide maps of Pol Il Ser5P and Pol Il Ser2P
during minor and major ZGA, as well as post-ZGA. In addition,
we studied the function of elongation factors by performing
acute depletion of NELF or DSIF proteins using Trim-Away to
investigate their role in transcription elongation during ZGA.
Our results indicate a need for specific NELF proteins and
DSIF for transcription of ZGA genes. Accordingly, our results
suggest that Ser2 phosphorylation is present during ZGA, but
also that Pol Il Ser2P at the 2-cell stage may act as a facilitator
of embryonic transcription at later developmental stages.

RESULTS

Global profiling of phosphorylated Pol Il
We established a modified version of ChlL-seq, which can be
used to generate reliable genome-wide maps of phosphorylated
Pol Il with as little as 100 cells (Figure S1A and Table S1). Using
this protocol, we recapitulated genome-wide profiles of Pol Il
Ser5P and Pol Il Ser2P in ES cells obtained using a standard
chromatin immunoprecipitation sequencing (ChlP-seq) protocol
from 1 million ES cells (Figures S1B, S1C). ChlL-seq data
showed overall high correlation with ChlP-seq profiles for Pol Il
Ser5P and Pol Il Ser2P using either 100 or 1000 ES cells as start-
ing material (Figure S1A). The distribution of Pol Il Ser5P was
strongly biased around the TSS, as expected, and similar to
ChIP-seq profiles (Figures S1B, S1C). Likewise, Pol Il Ser2P
was enriched along the gene body of transcribed genes in ES
cells and displayed the typical accumulation downstream of
the transcription termination site (TTS), which was visible in
both ChlL-seq and ChIP-seq datasets (Figure S1C). Pol Il
Ser2P also accumulated at the TSS with apparent high levels
seen by ChlL (Figure S1C). However, this enrichment was lesser,
relative to the gene body, compared with Pol Il Ser5P
(Figures S1B, S1C). The enrichment of Pol Il Ser5P and Pol Il
Ser2P paralleled gene expression levels (Figure S1B, S1C).
Thus, our ChiL-seq can be used to map Pol Il with as little as
100 cells of bulk input material, a slight improvement compared
with small-scale Tn5-assisted chromatin cleavage with
sequencing (Stacc-seq) and Cut&Tag methods,*® which have
been used for 500 cells.®®

We generated genome-wide profiles of Pol Il Ser5P and Pol |l
Ser2P in mouse embryos, as well as immunoglobulin (Ig)G con-
trols, focusing on ZGA. We profiled zygotes at the time of minor
ZGA, late 2-cell-stage embryos corresponding to major ZGA as
well as 8-cell-stage embryos, a stage at which ZGA has
concluded but the embryo still undergoes significant transcrip-
tional activity.®***° We performed biological triplicates for
each stage, with the data showing similar overall Pol Il profiles
between replicates (Figure S1D). The IgG samples showed
some enrichment at the TSS, albeit not reproducibly between
replicates (Figure S1D), likely due to the Tn5 transposase in
ChIL that has a bias toward accessible chromatin regions.®’
Globally, both Pol Il Ser5P and Pol Il Ser2P displayed lower
enrichment around both the TSS and gene body in zygotes,
compared with 2- and 8-cell embryos (Figures 1A-1C), presum-
ably because transcriptional activity is lower during minor ZGA.®
Nonetheless, zygotes showed a visible enrichment of both Pol Il
Ser5P and Pol Il Ser2P at the TSS, particularly on genes with
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highest expression levels (Q5 and Q4) (Figure 1A). The enrich-
ment of both phosphorylated forms of Pol Il increased progres-
sively from the 2- to the 8-cell stage (Figures 1A and 1B). As
expected, highest expressed genes displayed the highest
enrichment of Pol Il Ser5P and Pol Il Ser2P (Figure 1A). This is
in line with recently published data for Pol Il Ser5P using
Stacc-seq (Figure S1E),*® which also correlated well with our
Pol Il Ser5P datasets (Figure S1F).

Interestingly, we noted that Pol Il Ser5P and Pol Il Ser2P dis-
played very similar distribution patterns, particularly over the
TSS, in the three stages analyzed. Namely, while Pol Il Ser5P
is known to display a strong enrichment at the TSS, a sharp
enrichment at the TSS was visible for both phosphorylated Pol
Il forms and the shape of the normalized coverage was similar
for both Pol Il Ser5P and Pol Il Ser2P (Figures 1A and 1B). This
pattern was clearly visible in composite plots in which the
coverage was scaled to enable qualitative comparisons between
Pol Il Ser5P and Pol Il Ser2P (Figure 1D). While the absolute
signal values of the two antibodies are not directly comparable,
scaled plots using the maximum and minimal signal of each
dataset enable comparison of their global distribution patterns
across stages. The similarity between the Ser2P and the Ser5P
forms of Pol Il was most pronounced in zygotes (Figure 1D)
and thus it may reflect a feature of Pol Il in early embryonic chro-
matin. Interestingly, the distinctive distribution patterns between
Pol Il Ser5P and Pol Il Ser2P emerged only from the 2-cell stage
but were most evident at the 8-cell stage (Figure 1D), where Pol Il
Ser2P was more enriched downstream of the TTS compared to
Pol Il Ser5P (Figure 1D). These different patterns may not be
related to levels of gene expression between developmental
stages, since expression levels of genes at 2- and 8-cell stages
are globally similar (Figure S2A).

Importantly, the Pol Il Ser5P ChlL-seq signal at the 2-cell stage
was sensitive to treatment with DRB, a potent inhibitor of tran-
scription elongation that induces Pol Il promoter proximal
pausing.**** Upon DRB treatment, Pol Il Ser5P sharply accumu-
lated at the TSS and the Pol Il Ser5P enrichment in the gene body
was severely reduced (Figure 1E; compare to Figure 1A and see
also below). This is unlikely to be due to changes in accessibility
along the gene body that may result from transcriptional inhibition,
since DRB treatment does not lead to changes in chromatin
accessibility.*>*® Principal-component analysis (PCA) including

Cell Reports

the DRB-treated samples revealed that the replicates were
consistent between each other, and, most importantly that DRB-
treated 2-cell-stage embryos clustered together with zygotes,
rather than with untreated 2-cell embryos (Figure 1F), inagreement
with previous reports*>° and validating our ChlL-seq protocol.

To investigate potential differences between Pol Il Ser5P and
Pol 1l Ser2P, we classified the mapped reads into genomic
features as intergenic, TSS, TTS, exons, and introns (Figure 1G).
As expected, the fraction of mapped reads at TSS was greater in
2-cell-stage embryos treated with DRB than without DRB (Fig-
ure 1G). Globally, both Pol Il Ser5P and Pol Il Ser2P displayed
similar distributions across the genomic features examined (Fig-
ure 1G). However, the proportion of Pol Il reads at the TSS
increased as development proceeds for Pol Il Ser5P but not for
Pol Il Ser2P (Figures 1G and 1H), in agreement with our observa-
tions above. In addition, zygotes displayed a large fraction of
reads from Pol Il Ser5P in intergenic regions, which decreased
at the 2-cell stage (Figures 1G and 1l). This is in line with previous
RNA sequencing (RNA-seq) data showing that intergenic regions
are pervasively transcribed in zygotes. Indeed, intergenic tran-
scription is a well-known feature of mouse zygotes.'*

Thus, our ChlL-seq data reveal distinctive features of Pol Il
Ser5P and Pol Il Ser2P distribution in mouse embryos around
ZGA, with the more typical elongation enrichment of Pol I
Ser2P emerging only after ZGA.

The accumulation of Pol Il around the TSS increases as
development proceeds

To further understand how Pol Il elongation is regulated, we next
compared the Pol Il enrichment at the TSS versus the gene body
across the three embryonic stages, compared with ES cells.
Metaplots using normalized coverage revealed that Pol Il
Ser5P is strongly enriched around the TSS and that this TSS
enrichment increases progressively during development and is
highest in ES cells (Figure 2A). This pattern may suggest that
pausing increases as development proceeds. Our composite
analysis also revealed that 2-cell-stage embryos show a distinc-
tive Pol Il Ser5P distribution, which displayed a sharp dip around
the first ~2 nucleosomes downstream of the TSS (Figure 2A).
This pattern was only observed in 2-cell-stage embryos and
was particularly clear when we computed the scaled coverage
on the same Pol Il Ser5P metaplot (Figure 2B), but not that of

Figure 1. ChlL-seq maps of phosphorylated Pol Il in mouse embryo

(A and B) Metaplots comparing Ser5P (left) and Ser2P (right) Pol Il ChIL-seq mean coverage normalized by IgG centered at TSS (A) or at TTS (B) at indicated
stages. Maternal RNA genes”' were removed and genes were grouped in quintiles based on their expression level at the corresponding stage.” First quintile
includes genes with zero expression. Average of three biological replicates is shown.

(C) Example genomic region of Pol Il Ser5P ChlL-seq coverage in zygote, 2-cell, 2-cell treated with DRB, and 8-cell-stage embryos. Average of three biological
replicates is shown.

(D) Scaled metaplots comparing Ser5P and Ser2P Pol Il ChiL-seq mean coverage centered at TSS and TTS spanning —5 kb to +5 kb from each at indicated
stages. Genes in the highest expression quintile are included. Average of three biological replicates is shown.

(E) Schematics of DRB treatment and metaplot showing Pol Il Ser5P ChiL-seq mean coverage normalized by IgG centered at TSS in 2-cell-stage embryos treated
with DRB. The same gene quintiles as in (A) were used. Average of three biological replicates is shown.

(F) Principal-component analysis on Pol Il Ser5P ChiL-seq read counts at the gene body (TSS +500 bp — TTS —500 bp) in three biological replicates of embryos
and ES cells. First two principal components are shown and percentage of the variance explained by each component is indicated.

(G) Fraction of read counts overlapping genomic annotation features comparing Pol Il Ser5P (left) and Ser2P ChlL-seq (right) in embryos and ES cells. Counts
were normalized by the total length of each feature. Bar plots with error bars show mean + SEM of three biological replicates.

(H and ) Dot plots depicting the fraction of read counts at TSS (H) and intergenic regions (l) in three biological replicates (same values as in G).
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Scaled Coverage

Pol Il Ser2P (Figure S2). These observations were not an artifact
of the ChlL, as the Pol Il Ser5P dip downstream of the TSS was
abolished by the addition of DRB, which inhibits transcriptional
elongation (Figure 2C), and suggests that this feature may be
linked to embryonic features of transcriptional elongation.
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Figure 2. Dynamics of phosphorylated Pol Il
accumulation throughout development

(A) Metaplots of Pol Il Ser5P ChiL-seq mean
coverage centered at TSS (left) and TTS (right) and
spanning —5 kb to +5 kb from each, for the indicated
embryo stages and ES cells. From (A) to (D), genes
in the highest expression quintile are included
(maternal RNA genes were removed). Average of
three biological replicates is shown.

(B and C) Scaled metaplots of Pol Il Ser5P ChlL-seq
mean coverage centered at TSS comparing em-
bryos and ES cells (B) or 2-cell-stage embryos with
or without DRB (C). Average of three biological
replicates is shown.

(D) Ratio of Pol Il Ser5P ChiL-seq scaled mean
coverage at gene body (TSS +1.5 kb - +5 kb) over
TSS (—200 bp - +100 bp) in embryos and ES cells.
Bar plots indicate mean + SEM of three biological
replicates.

(E and F) Median of Pol Il Ser5P (E) and Pol Il Ser2P
(F) ChlL-seq read counts normalized by IgG at the
gene body (TSS +500 bp — TTS —500 bp) of all
genes (left), major ZGA (middle), or maternal RNA
genes (right). Gene classes are from DBTMEE
database.”’ Dot plots indicate values relative to
the mean of zygote in three biological replicates.

We noted that the enrichment of Pol Il
Ser5P across the gene body, relative to
the TSS, was highest at the 2-cell stage
(Figures 2A and 2B). This was particularly
visible from ~1-2 kb downstream of the
TSS (Figures 2B and 2C) and suggests
that Pol Il is released more efficiently into
active elongation across the gene body
during ZGA. To address this possibility,
we calculated the relative abundance of
Pol Il in the gene body versus the TSS in
zygotes, 2- and 8-cell-stage embryos.
Indeed, the ratio of Pol Il Ser5P occupancy
on the gene body over the TSS was highest
at the 2-cell stage, followed by zygotes,
and this value decreased at the 8-cell
stage and was lowest in ES cells (Fig-
ure 2D). DRB treatment led to a strong
decrease in the relative gene body/TSS ra-
tio, as expected (Figure 2D). Overall, these
observations are in line with our interpreta-
tion above, suggesting that pausing may
increase as development proceeds, and
is highest in ES cells.

To further understand the dynamics of
Pol Il Ser5P and Pol Il Ser2P with respect
to developmental gene programs, we

investigated Pol Il abundance across different groups of genes.
As a proxy for Pol Il occupancy, we counted reads across the
gene body, excluding the TSS and the TTS (+500 base pairs
[bp]), which we normalized by the sequencing depth and by

the corresponding IgG control and computed values relative to
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zygotes. We categorized genes based on their expression
pattern as maternal and as genes expressed during major
ZGA."" We observed a strong increase in the median abundance
of Pol Il Ser5P across the gene body from the zygote to the 2-cell
stage on major ZGA genes (Figure 2E). This shift in Pol Il
abundance was prevented in the DRB-treated samples and
was not observed when we performed the same analysis in
either all genes, or in maternally expressed genes (Figure 2E).
Interestingly, Pol Il Ser2P displayed a similar, albeit weaker,
change from zygote to the 2-cell stage than Pol Il Ser5P (Fig-
ure 2F). Pol Il Ser2P levels along the body of major ZGA genes
remained higher at the 8-cell stage and in ES cells, compared
with zygotes (Figure 2F). These analyses are in agreement with
our conclusions above (Figure 1D), indicating that both
phosphorylated forms of Pol Il display similar patterns of genic
accumulation prior to the 8-cell stage.

Pol Il Ser2P accumulates at post-ZGA genes at the 2-cell
stage

The results above suggest that the genic distribution patterns of
the phosphorylated forms of Pol Il may differ as development
proceeds. To investigate this, we examined Pol Il occupancy in
relationship with the global transcriptome of each developmental
stage determined by RNA-seq.”? Globally, Pol Il Ser5P showed
the highest correlation between occupancy at the 2-cell stage
and the corresponding stage transcriptome (Figure 3A). This
correlation between Pol Il Ser5P and RNA content remained
high for the 4-cell stage (Figure 3A), presumably because many
transcripts produced at the 2-cell stage persist at the 4-cell
stage. Indeed, chromatin accessibility of gene bodies at the
2-cell stage showed a strong correlation with Pol Il Ser5P levels
at this stage (Figure S3A). Pol Il Ser5P occupancy at the 8-cell
stage correlated most strongly with its own 8-cell transcriptome;
however, the zygote Pol Il Ser5P distribution was poorly corre-
lated with the transcriptome in non-fertilized MIl oocytes and
zygotes (Figure 3A). This could be in part because zygotes
contain primarily transcripts that accumulated during oocyte
growth. Interestingly, Pol Il Ser2P at the 2-cell stage, while highly
correlated to its corresponding transcriptome, was most
strongly correlated with transcriptomes of 4- and 8-cell embryos
(Figure 3B). Relatively, this pattern was more pronounced for Pol
Il Ser2P occupancy, than for Pol Il Ser5P (Figures 3A and 3B) and
suggested that Pol Il may be phosphorylated as early as the
2-cell stage, on genes that will be expressed at later develop-
mental stages. In support of this interpretation, H3K36me3 levels
in 8-cell embryos correlated highly to Pol Il Ser2P at the 2-cell
stage (Figure S3B; and see below). Thus, we next investigated
Pol Il occupancy on genes belonging to MGA (Figure 3C).
MGA corresponds to “Mid pre-implantation Gene Activation”
and is considered as third wave of transcription during pre-im-
plantation development.® MGA includes genes that reach full
transcriptional activation from the 4-cell stage and remain mostly
active until the blastocyst stage (Hamatani et al.® and Figure 3C).
Indeed, MGA genes displayed higher enrichment of Pol Il Ser5P
at the 2-cell stage, relative to zygotes or maternal genes (Fig-
ure 3D). Similar results were obtained for Pol Il Ser2P (Figure 3E).
In line with their developmental dynamics (Figure 3C), major ZGA
genes tended to display higher levels of Pol Il Ser5P at the 2-cell
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stage, compared with MGA genes (Figure 3D). However, Pol Il
Ser2P was slightly more enriched on MGA genes compared
with major ZGA at the 2-cell stage (Figure 3E), despite MGA
genes reaching highest transcript levels abundance only at the
4-cell stage (Figure 3C). This suggests that Pol Il may be phos-
phorylated at Ser2 at the 2-cell stage on genes, which become
activated only later.

To address whether Pol Il phosphorylation occurs prior to
transcriptional activation more specifically, we restricted our
analysis to genes that are expressed exclusively at the 2- or
4-cell stage and are thus specific to these stages (Figure 3F).
We refer to these genes as “transient,” and this analysis
removes the confounding effect of steady-state transcripts pro-
duced in the previous developmental stage, yet present at sub-
sequent stages. Pol Il Ser5P enrichment was highest at the
stages corresponding to their respective specific genes. For
example, Pol Il Ser5P enrichment at the 2-cell stage was highest
at the 2-cell “transient” genes (Figure 3G). Pol Il Ser2P enrich-
ment across the gene body in 2-cell-stage embryos was higher
in 2-cell transient genes compared with maternal genes (Fig-
ure 3H). An example of such a gene is shown in Figure 3I. At
the 2-cell stage, Pol Il Ser2P remained present at 1-cell transient
genes and accumulated at 2-cell transient genes. Notably, Pol Il
Ser2P was enriched across the gene body of 4-cell “transient”
genes at the 2-cell stage (Figure 3H). However, in contrast to
2-cell transient genes, Pol Il Ser2P remained enriched in 4-cell
transient genes at the 8-cell stage (Figure 3H). We note that in
spite of their classification as 4-cell “transient” in the mouse
DBTMEE database,”' this group of genes becomes activated
at the 4-cell stage but reaches maximum transcript abundance
at the 8-cell stage (Figure 3F). Indeed, examination of the
genome tracks showed Pol |l Ser2P at the 2-cell stage on individ-
ual genes, which are transcribed at the 4- and 8-cell stage, but
whose transcripts are undetectable at the 2-cell stage (Figure 3J).
Overall, these data indicate that Pol Il Ser2P marks ongoing tran-
scriptional activity in mouse embryos. Importantly, they also
suggest that Pol Il Ser2 is phosphorylated on the gene body of
genes prior to their full activation at later developmental stages,
thereby indicating a potential priming state at the 2-cell stage.

To further investigate potential elongation dynamics, we
analyzed H3K36me3 levels according to gene expression in
zygotes, 2- and 8-cell-stage embryos.”® We observed a delay
in the acquisition of H3K86me3 over transcribed genes during
developmental progression (Figure S3C). For example, genes
highly expressed at the 2-cell stage have significantly lower
levels of H3K36me3 than genes equally highly transcribed at
the 8-cell stage (Figures S3C-S3E). This suggests that
H3K36me3 may not necessarily reflect elongation kinetics at
these developmental stages and thus cautions as to whether
the well-established role of H3K36me3 during transcriptional
elongation also applies to embryos. These interpretations are
consistent with earlier work indicating that H3K36me3 and other
histone modifications associated with transcription are un-
coupled from ZGA in mouse oocytes and embryos.**°° Thus,
H3K36me3 levels do not necessarily reflect levels of transcrip-
tion during ZGA but rather H3K36me3 accumulation increases
with developmental progression, which could suggest a gradual
maturation of chromatin toward a more somatic type.
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NELF is dispensable for global gene expression in 2-cell-
stage embryos

Our data above indicating highest Pol Il gene body compared
with TSS ratio suggest more productive Pol Il elongation at the
2-cell stage. Thus, we next investigated the role of the pausing
factors NELF and DSIF. We first examined NELF and DSIF
expression in published RNA-seq datasets.*” Nelfa and Nelfcd
transcripts are present from the zygote stage onward, presum-
ably as maternal transcripts (Figure S4A), and as previously
described for NELF-A.®" In contrast, Nelfb and Nelfe were barely
detected in zygotes, their expression increased at the 2-cell
stage, with Nelfe showing the highest levels of expression (Fig-
ure S4A). Among the DSIF components, Spt4b transcripts
were detected at low levels and Spt4a was present as a maternal
transcript, displaying highest abundance at the 2-cell stage.
Sptb transcripts started to accumulate at the 2-cell stage, and
remained at relatively low levels for the remainder of the pre-im-
plantation period (Figure S4B). Because mRNA and protein
expression are often uncoupled in early embryos, we performed
immunostaining. We detected all NELF proteins, NELF-A,
NELF-B, NELF-C/D, and NELF-E as early as the zygote stage
in both pronuclei (Figure 4A). Likewise, SPT5 was robustly de-
tected at all stages analyzed (Figure 4B), suggesting that NELF
and DSIF components are maternally inherited.

To investigate the function of NELF in 2-cell embryos, we used
Trim-Away to acutely deplete NELF proteins (Figure 4C).°> We
first focused on NELF-E since NELF-E mediates contacts with
RNA and DSIF.*® Trim-Away using an antibody against NELF-E
led to the efficient NELF-E depletion, in contrast to the IgG con-
trol (Figure 4D). Surprisingly, the majority of embryos depleted
for NELF-E reached the blastocyst stage in a proportion similar
to control embryos injected with IgG or non-injected (75.4%
versus 85.8% and 92.1%, respectively) (Figures 4E and 4F).
We obtained similar results upon Trim-Away for NELF-C/D
(Figures S4C, S4D). We then performed RNA-seq in late 2-cell
embryos upon Trim-Away for NELF-E (Figure S4E). Differential
gene expression analysis revealed that depletion of NELF-E
leads to only minor effects in gene expression (43 DE genes,
padj < 0.05) (Figure 4G, Table S2).

We conclude that the NELF complex, in particular NELF-E and
NELF-C/D, does not play a major role in the regulation of tran-
scription during major ZGA. We note that this contrasts to
NELF-A, which has been shown to regulate the “2-cell-like”
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program in mouse ES cells.”’ However, and in line with our
observations, NELF-A regulation of the “2-cell-like” program is
independent of its role as an elongation factor.”' Thus, the func-
tion of NELF as an elongation factor may be dispensable for pre-
implantation development and ZGA.

CDK9 and SPT5 are key regulators of gene expression
during major ZGA

CDK?9, a component of the p-TEFb, phosphorylates NELF, which
leads to NELF dissociation from Pol Il resulting in the transition of
Pol Il from pausing to productive elongation.* In addition, CDK9
facilitates Pol Il pause-release through the phosphorylation of
DSIF and NELF.*>°° Nuclear CDK9 protein is most abundant
at the late 2-cell stage.*® Therefore, we reasoned that the abun-
dant CDK9 may inhibit NELF-C/D and NELF-E function at this
stage. Thus, we next addressed the role of CDK9 in transcrip-
tional regulation using a specific inhibitor of CDK9 activity
(BAY1251152, referred hereafter as BAY) (Figure 5A).°° We veri-
fied the efficiency of BAY treatment using immunofluorescence,
which revealed that the Pol Il Ser2P signal was largely diminished
in 2-cell embryos compared with the controls (Figure 5B). Of
note, chemical inhibition of CDK9 in mouse zygotes using flavo-
piridol resulted in a dose-dependent developmental arrest at the
2-cell stage.®® We next examined the effect of CDK9 inhibition on
gene expression in late 2-cell-stage embryos using single-em-
bryo RNA-seq. This analysis revealed significant changes in
gene expression of a large number of genes upon BAY treatment
(n = 8,842, padj < 0.05; Table S2). While we observed both up-
and down-regulation, most genes were down-regulated
(n = 6,528, padj < 0.05; Figure 5C). A large majority of major
ZGA genes were among the down-regulated genes (Figure S5A
and Table S3). Interestingly, minor ZGA genes were less affected
and were more likely to be up-regulated (Figure S5B). Consid-
ering our data above and that of others showing that the CDK9
inhibitor, DRB, induced Pol Il Ser5P accumulation at the
TSS,° overall these results suggest that CDK9 plays a key role
during elongation at the 2-cell stage.

To further investigate the role of elongation factors during
ZGA, we next focused on DSIF. SPT5 works as an obligate dimer
with SPT4 and is known to play a role as pausing factor together
with the NELF complex,®”*® but is also involved in regulating
Pol Il processivity.*®> Phosphorylation of the C-terminus of
SPT5 by CDK9 contributes to transcription elongation and 3

Figure 4. NELF-C/D and NELF-E are dispensable for global gene expression in 2-cell-stage embryos
(A and B) Immunostaining with the indicated antibodies in zygotes, 2-cell and 8-cell embryos, and blastocyst. “n” indicates total number of embryos analyzed
across two independent experiments. Arrows indicate polar bodies. Scale bars, 50 pm.

(C) Schematic of Trim-Away for NELF-E depletion.

(D) Immunostaining using anti-NELF-E antibody in 2-cell-stage embryos after Trim-Away for NELF-E or negative controls (Trim-Away for IgG and non-injected
embryos); “n” indicates total number of embryos analyzed and “N” number of independent experiments. Note that Trim-Away involves the injection of an
antibody into embryos, which is often picked-up during the immunofluorescence staining as cytoplasmic background by the secondary antibody. Scale bars,
50 um.

(E) Developmental progression analysis. Proportion of control (non-injected or embryos under Trim-Away against IgG) or Trim-Away NELF-E embryos reaching
the blastocyst stage; “n” indicates total number of embryos analyzed and “N” number of independent experiments. Graphs show mean + SEM obtained in
individual experiments; p values were obtained by analysis of variance.

(F) Representative controls (non-injected or IgG) or embryos subjected to NELF-E Trim-Away 3 days after microinjection. Scale bar, 100 um.

(G) MA plot comparing log2-fold change between 2-cell-stage embryos upon NELF-E depletion and control embryos injected with IgG against mean RNA-seq
counts of 8 or 11 embryos, respectively. Three and five independent experiments were conducted for NELF-E depletion and IgG controls, respectively.
Differentially expressed genes are labeled in orange (padj < 0.05), non-differential genes in gray.
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processing.’®° Thus, SPT5 may act as a central regulator for
transcription elongation independently of NELF. To address
this possibility, we investigated the impact of acute depletion
of SPT5 on developmental progression and transcriptional
regulation.

Trim-Away for SPT5 led to a strong depletion of SPT5 in 2-cell-
stage embryos (Figures 5D and 5E). SPT5 depletion resulted in
developmental arrest at the 2-cell stage with full penetrance
(Figures 5F and 5G). In contrast, control IgG-injected or non-in-
jected embryos formed blastocysts at normal developmental
rates (79.5% and 89%, respectively, Figures 5F and 5G). This
phenotype is reminiscent of that of embryos grown in the pres-
ence of global transcriptional inhibitors, such as a-amanitin,®’
and suggests that SPT5 may be essential for ZGA. Thus, we
next performed RNA-seq. Depletion of SPT5 led to major
changes in gene expression at the 2-cell stage, although the
number of mis-regulated genes was less than upon CDK9 inhibi-
tion (n = 3,748, padj < 0.05; Figure 5H and Table S2). PCA of all
RNA-seq samples revealed that 2-cell-stage embryos in which
CDK9 was inhibited cluster farthest away from controls (Fig-
ure 5l). Notably, embryos in which NELF-E was depleted clus-
tered with controls, in line with our data above showing that
NELF-E depletion caused only minor changes in gene expres-
sion (Figure 4G). Two-cell-stage embryos depleted of SPT5
localized in an intermediate position between controls and
BAY-treated samples (Figure 5I), suggesting that SPT5 depletion
leads to a similar, albeit milder transcriptional phenotype than
CDK9 inhibition. Similarly to CDK9 inhibition, the absence of
SPT5 led to up- and down-regulation of genes (Figure 5H).
Indeed, the vast majority of down-regulated genes in SPT5-
depleted embryos (2,560 of 2,632; 97.3%) were also down-regu-
lated upon CDK9 inhibition (Figure 5J). In addition, 78.4% (875 of
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1,116) of up-regulated genes upon SPT5 loss were up-regulated
after CDKQ inhibition (Figure 5J).

Globally, our ChiL-seq of Pol Il Ser5P and Pol Il Ser2P re-
vealed high Pol Il enrichment at the 2-cell stage on the genes
down-regulated upon SPT5 depletion and CDKS9 inhibition (Fig-
ure 5K). These results indicate that highly transcribed genes in
2-cell-stage embryos depend upon SPT5 and/or CDKO.
Conversely, up-regulated genes displayed mostly low to not-
detectable Pol Il enrichment (Figure 5K). Major ZGA genes
were enriched among the down-regulated genes upon SPT5
depletion or CDK9 inhibition (n = 628 of 2,632 or n = 1,064 of
6,528, respectively; Figures S5A, S5C and Table S3). Maternal
RNA genes were under-represented among the differential ex-
pressed genes, and more maternal RNA transcripts were up-
regulated than down-regulated (Figure 5L and Table S3), which
suggests that full transcriptional elongation and major ZGA are
required for efficient degradation of a fraction of maternal
transcripts. Indeed, SPT5 depletion resulted in up-regulation
of 271 maternal RNA genes, although maternal genes were
not over-represented among up-regulated genes (odds ratio
0.95) (Figure 5L). Up-regulated genes also included minor
ZGA genes, and this group of genes was over-represented
among up-regulated genes (n = 510) (Figure S5D and
Table S3). Considering that most genes down-regulated upon
the absence of SPT5 are also down-regulated upon CDK9 inhi-
bition, we suggest that SPT5 regulates major ZGA downstream
of CDK9 activity. Interestingly, we found that a group of 4-cell
transient genes (n = 20) was up-regulated upon SPT5 deple-
tion, but not upon CDKS9 inhibition (Figure 5L, arrow). These
data indicate that SPT5 can prevent precocious expression of
some genes, which will become activated at later stages of
development.

Figure 5. CDK9 and SPT5 regulate transcription in 2-cell-stage embryos

(A) Experimental design to inhibit CDK9 activity.

(B) Pol 1l Ser2P immunostaining in 2-cell embryos treated with BAY1251125 or vehicle (DMSO); “n” indicates total number of embryos analyzed across two
independent experiments (N). Arrow indicates polar bodies. Scale bars, 50 um.

(C) MA plot comparing log2-fold change between 2-cell-stage embryos treated with BAY1251125 and control embryos against mean RNA-seq counts of 11 and
10 embryos, respectively, derived from three independent experiments. Differentially expressed genes are labeled in orange (padj < 0.05), non-differential genes
in gray.

(D) Schematic of Trim-Away for SPT5 depletion.

(E) Immunostaining using anti-SPT5 antibody in 2-cell embryos after Trim-Away for SPT5 or negative controls (Trim-Away for IgG and non-injected embryos);
“n” indicates total number of embryos analyzed; “N” number of independent experiments. Scale bars, 50 um.

(F) Developmental progression analysis. Proportion of control (non-injected or embryos under Trim-Away against IgG) or Trim-Away SPT5 embryos reaching the
blastocyst stage; “n” indicates total number of embryos analyzed and “N” number of independent experiments. Graphs show mean + SEM obtained in individual
experiments.

(G) Representative control (non-injected or IgG) embryos or embryos subjected to Trim-Away for SPT5 3 days after microinjection. Scale bar, 100 um.

(H) MA plot comparing log2-fold change between 2-cell-stage embryos upon SPT5 depletion by Trim-Away and control embryos injected with IgG against mean
RNA-seq counts of 11 embryos depleted of SPT5 and 11 control embryos from five independent experiments. Differentially expressed genes are in orange
(padj < 0.05), non-differential genes in gray.

(I) Principal-component analysis on RNA-seq read counts in 2-cell-stage embryos. Experiments were conducted three times for non-injected and NELF-E-
depleted embryos and five times for IgG controls, SPT5-depleted embryos and CDK9 inhibition. First two principal components are shown. Percentage of the
variance explained by each component is indicated.

(J) Venn diagram comparing the overlap between up- (left) or down-regulated genes (right; padj < 0.05) upon BAY1251125 treatment relative to control embryos
(for CDK9 inhibition) and embryos subjected to Trim-Away for SPT5 relative to their control embryos injected with IgG (for SPT5 depletion).

(K) Metaplots comparing Pol Il Ser5P (top) and Ser2P (bottom) ChlL-seq mean coverage normalized by IgG centered at TSS. Genes were
grouped by their differential expression in 2-cell-stage embryos upon SPT5 depletion (left) or CDK9 inhibition (right). Average of three biological replicates
is shown.

(L) Same MA plots as (C) and (H) but with the indicated DBTMEE gene groups labeled.*" Differentially expressed genes within each gene group are marked in red
(padj < 0.05), non-differential genes within the gene group in black, differentially expressed but not within the corresponding gene group in orange and non-
differentially expressed and not in the gene group in gray.
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DISCUSSION

The regulation of eukaryotic transcriptional elongation has been
intensively investigated, but how this is regulated during early
development is less well understood. By generating genome-
wide maps of Pol Il Ser2P in mouse embryos, our data provide
insights into transcriptional elongation in the mammalian embryo
at ZGA, a key process for development. We find that the distribu-
tion patterns of phosphorylated Pol Il are practically undistin-
guishable during ZGA. This contrasts to ES and somatic cells,
in which the initiating, Ser5 phosphorylated form of Pol Il is
typically found enriched at the TSS and the elongating, Ser2-
phosphorylated form displays a distinctive pattern of accumula-
tion across the gene body. It is noteworthy that the resolution of
these two patterns between the Ser5P and Ser2P Pol Il emerges
after ZGA, suggesting a transition from an embryonic toward a
more somatic configuration of Pol Il after ZGA. Similarly,
H3K4me3, which exists initially across ~25 kb broad domains
in mouse oocytes and becomes resolved into typical peaks
around the TSSs of active genes only upon ZGA.?® Thus, the
embryo undergoes a global remodeling of chromatin and tran-
scriptional features during MZT, which includes a potential
change in the regulation of transcriptional elongation.

Our findings indicating that the ratio of Pol Il Ser5P accumula-
tion across the gene body compared with the TSS is highest at
the 2-cell stage may indicate that Pol |l does not stall during ma-
jor ZGA. The accumulation of Pol Il at the TSS and its regulation
through promoter proximal pausing is not only important for pro-
ductive elongation, but potentially also for promoter-enhancer
communication.®®®* Hi-C analyses in mouse pre-implantation
embryos revealed that topological associated domains,
including enhancer-promoter interactions are unstructured in
early stages.®>°® Consistently, our work suggests that Pol Il is
less accumulated around TSS in zygotes, 2- and 8-cell-stage
embryos compared with ES cells.

We find that Pol Il is already phosphorylated at Ser2 at the 2-cell
stage on the gene body of genes, which will be activated at the 4-
or 8-cell stage. Such Pol Il Ser2P “primed” occupancy is also
associated with some level of H3K36me3 enrichment at the
8-cell stage, which has been linked to poised transcription.®”%®
Thus, Pol Il Ser2 phosphorylation may function as an alternative
mechanism to poise some genes for transcription to enable effi-
cient gene expression, as the cell cycle length is progressively
shortened at later stages. While our data do not have enough res-
olution to determine the position Pol Il would stop at, it is possible
that the Pol Il Ser2P enrichment that we observe reflects an alter-
native pausing position. Itis not unprecedented that Pol I stops at
a “second” pause position downstream of the TSS. For example,
the second “pause” position upon NELF-C and NELF-E deple-
tion in human cells is enriched in Pol Il Ser2P at this location.®’
Alternatively, phosphorylated Pol Il at Ser2 could transcribe along
the gene body but transcription and/or processing may be ineffi-
cient. For example, poly-adenylation may be delayed and thus
transcribed mRNAs would be unstable and/or non-detectable
by RNA-seq. The time required for accumulating a significant
amount of stable, fully processed transcripts may be delayed
so that such transcripts are only robustly detected a few hours
later, in this case at the 4-cell stage.
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Last, it remains formally possible that Pol Il Ser2P is uncoupled
from productive elongation at these stages of development. For
example, many chromatin marks are “atypical” in early embryos,
including H3K9me3, which is non-repressive,’® H3K4me3,
which is distributed along broad ~25 kb domains,*® or
H3K36me3 which is uncoupled from ZGA.*®""° A similar scenario
could apply to Pol Il, perhaps due to absence of interactors or a
different set of embryonic-specific CTD regulators.

The absence of any of the four NELF proteins in somatic cells in
culture leads to dysregulation of promoter pausing.®®”"""? Our re-
sults suggest that NELF-C/D and NELF-E are not necessary for
global transcription in 2-cell-stage embryos. Recent work indi-
cates that depleting NELF-B from the zygote to the 2-cell stage
results in progressive developmental arrest from the 4-cell stage
and prevents blastocyst formation.” On the other hand, NELF-A
overexpression in mouse ES cells induces 2-cell-like cells, with
the corresponding transcriptional activation of many ZGA
genes.®' However, NELF-A exerts this function as ZGA regulator
independently of the NELF complex.®' Our work thus further rai-
ses the possibility that the composition of the NELF complex in
embryos may differ from somatic cells. Alternatively, although
NELF proteins are expressed during pre-implantation develop-
ment, NELF complex assembly may not occur. While the roles
of SPT5 and CDK?9 in transcription have been extensively studied
by many in other contexts, given the specificities of embryonic
chromatin investigating the roles of these factors in their in vivo
developmental context is essential. Whether proximal promoter
pausing and the potential involvement of NELF as described in
somatic cells and in Drosophila occurs in zygotes and 2-cell-
stage embryos remains to be further investigated. Indeed, our re-
sults indicate that the ratio of Pol Il Ser5P accumulation at the
gene body compared with the TSS is highest in zygotes and
2-cell-stage embryos but decreases as development proceeds.

SPT5 regulates pausing in combination with NELF,*”*® but
SPT5 also functions as an elongation factor when phosphory-
lated.”®®® The latter function is consistent with our results
showing that acute SPT5 depletion leads to a substantial major
ZGA defect. Interestingly, we found that some genes, which
otherwise are expressed only at the 4-cell stage, become up-
regulated upon SPT5 depletion. Although we observed this for
a small number of genes, this result aligns with the recent study
in which NELF-B depletion between the zygote and the 2-cell
stage was found to induce up-regulation of some 4- and 8-cell
stage “transient” genes at the 2-cell stage.”® Our results
showing Pol Il Ser2 phosphorylation at the 2-cell stage provide
a mechanistic basis for these observations and suggest that
Ser2 phosphorylated Pol Il may prime for gene expression at
later developmental stages and point toward SPT5 as one of
the regulators of this process.

Limitations of the study

We modified the ChlL-seq method as few as 100 cells.
Compared with other methods, ChlL-seq offers flexibility, as it
can be used in fixed samples and provides an alternative to,
e.g., Cut&Run/Cut&Tag in cases in which antibodies prove
inefficient in Cut&Run/Cut&Tag. However, ChilL-seq also has
some disadvantages. We note that while the mapping rate is
substantial, the percentage of filtered reads in embryos is
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relatively low and thus the sequencing depth needed is high,
which is often observed when assessing low-input chromatin
mapping datasets. Like other low-input protocols, ChlL-seq
may also generate data with low signal-to-noise ratio, potentially
due to chromatin accessibility and thus it is important to perform
side-by-side IgG controls and ideally more than two biological
replicates, as we have done in our manuscript. In addition,
ChlL-seq may also have some “transposase” effect due to
Tn5. This effect would also be visible in IgG controls and may
render some datasets difficult to interpret, depending on the
transcription or chromatin factor studied. The choice of method
for low-input approaches must be appropriately adapted to the
sample and antibody in question. Likewise, the choice and
testing of antibodies should be an obligate step since in our
experience antibodies that work in ChIP will not necessarily
work in ChiL.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-SPT5 Santa Cruz Cat#sc-136075; RRID:AB_2286723
Mouse anti-NELF-A Abcam Cat#ab167675; RRID:AB_2927462
Rabbit anti-NELF-B Abcam Cat#ab167401; RRID:AB_2721176
Rabbit anti-NELF-C/D Abcam Cat#ab170934; RRID:AB_2927463
Rabbit anti-NELF-E Abcam Cat#ab170104; RRID:AB_2827280
Goat IgG Santa Cruz Cat#sc-2028; RRID:AB_737167
Rabbit anti-Pol Il Ser5P Abcam Cat#ab5131; RRID:AB_449369
Rabbit anti-Pol Il Ser2P Abcam Cat#ab5095; RRID:AB_304749
Rabbit IgG Cell Signaling Cat#2729S; RRID:AB_1031062
Goat anti-Rabbit IgG Secondary Antibody, Alexa Invitrogen Cat#A32731; RRID:AB_2633280
Fluor 488

Goat anti-Mouse IgG Secondary Antibody, Alexa Invitrogen Cat#A11029; RRID:AB_2534088
Fluor 488

Goat anti-Rabbit IgG Secondary Antibody, Cy3 Invitrogen Cat#A10520; RRID:AB_2534029

Donkey anti-rabbit IgG

Jackson ImmunoResearch Laboratories

Cat#711-005-152; RRID:AB_2340585

Biological samples

Mouse pre-implantation embryos This paper N/A
Chemicals, peptides, and recombinant proteins
5,6-Dichlorobenzimidazole 1-B-D- Santa Cruz Cat#sc-200581

ribofuranoside (DRB)

BAY1251152

CHIR99021

PD0325901

Dimethyl sulfoxide

RNasin

Pregnant Mare Serum Gonadotropin (PMSG)
human Chorionic Gonadotrophin (hCG)

DMEM, high glucose, GlutaMAX Supplement,
pyruvate

FBS

2-mercaptoethanol
Non-essential amino acids
Penicillin Streptomycin
LIF

Gelatine solution

KSOM

Vectashield
DBCO-PEG5-NHS ester
Tn5 transposase

TAPS
N,N-dimethylformamide
T4 DNA ligase

T4 DNA polymerase
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Selleckchem

Cayman Chemical Company
Cayman Chemical Company
Sigma Aldrich

Promega

Ceva

MSD Animal Health

Gibco

PAN BIOTECH
Gibco
Gibco
Gibco

Institut de Génétique et de Biologie
Moléculaire et Cellulaire (IGBMC)

PAN BIOTECH

This paper

Vector Laboratories
Santa Cruz

Glow Biologics

MP Biomedicals
Sigma Aldrich

New England Biolab
New England Biolab

Cat#S8730
Cat#13122
Cat#13034
Cat#41639
Cat#N2511
PREGMAGON ®
OVOGEST ®
Cat#31966021

Cat#P30-3302
Cat#21985023
Cat#11140-050
Cat#15070-063
N/A

Cat#P06-20410
N/A
Cat#H-2000
Cat#sc-499348
Cat#GBRP-TN5
Cat#103007
Cat#D4551
Cat#M0202
Cat#M0203
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
T7 RNA polymerase New England Biolab Cat#M0251
DNase | Thermo Scientific Cat#AM2238
SMARTScribe reverse transcriptase Takara Cat#639536
Prime star GXL Takara Cat#R050A
Proteinase K Sigma Aldrich Cat#P6556
ERCC RNA Spike in Mix Invitrogen Cat#4456740
SuperScript Il Reverse Transcriptase Invitrogen Cat#18080093
KAPA HiFi ReadyMix Roche Cat#KK2602
Critical commercial assays

MMESSAGE mMACHINE kit (Ambion) Invitrogen Cat#AM1344
Amicon Ultra-0.5 mL, 30 kDa or 100 kDa Millipore Cat#UFC503008, Cat#UFC510024

centrifugal filters

PD Minitrap™ G-25

Microcon Ultracel DNA Fast Flow Membrane
RNeasy MinElute Cleanup kit

Gene read Size selection kit

AMPure XP beads

RNAclean XP beads

NEBNext Ultra Il DNA Library Prep Kit

GE Healthcare
Millipore

Qiagen

Qiagen

Beckman Coulter
Beckman Coulter
New England Biolab

Cat#GE28-9180-07
Cat#MRCFOR100
Cat#74204
Cat#180514
Cat#A63882
Cat#A66514
Cat#E7645S

Nextera XT DNA Library Preparation Kit lllumina Cat#FC-131-1096
Deposited data
Raw data This paper GEO: GSE195840

RNA-seq data

Stacc-seq data
H3K36me3 ChIP-seq data
ATAC-seq data

Deng et al., 2014
Liu et al., 2020*°
Xu et al., 20198
Wu et al., 2016"*

GEO: GSE45719
GEO: GSE135457
GEO: GSE112835
GEO: GSE66390

Experimental models: Cell lines

Mouse: E14 embryonic stem cells

Miyanari and Torres-Padilla, 2012°

RRID:CVCL_C320

Experimental models: Organisms/strains

Mouse: C57BL/6J x CBA/H F1 mouse Janvier labs RRID:MGI:5650652
Oligonucleotides

Probe: ChiL DNA Fw Sigma-Aldrich N/A
Probe: ChiL DNA Rv Sigma-Aldrich N/A
Read2-2 primer: CGGAGATGTGTATAAGAG Sigma-Aldrich N/A
ACAGNNNNNN

Ad1 primer: AATGATACGGCGACCACCGAGAT Sigma-Aldrich N/A
CTACACTCGTCGGCAGCGTCAGATGTG

Ad2-2 primer: CAAGCAGAAGACGGCATAC Sigma-Aldrich N/A
GAGAT[8mer_index] GTCTCGTGGGCTCG

GAGATGTGTATAAGAGACAG

Oligo dT primer: AAGCAGTGGTATCAACGC Biomers.net N/A
AGAGTACT30VN

Template switching oligo: AAGCAGTGGTATCAA Exigon N/A
CGCAGAGTACATrGrG+G

ISPCR oligo: AAGCAGTGGTATCAACGCAGAGT Biomers.net N/A

Recombinant DNA

Plasmid: pGEMHE-mCherry-mTrim21

Clift et al., 2017°°

Addgene plasmid: 105522

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Snakemake Mélder et al.”® https://snakemake.readthedocs.io/en/stable/
index.html

bowtie2 Langmead and Salzberg, 2012”7 https://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

Samtools Danecek et al.”® https://www.htslib.org/doc/samtools.html

Cutadapt Martin, 20117° https://cutadapt.readthedocs.io/en/stable/

R R Core Team®’ https://www.r-project.org

Bioconductor Huber et al., 2015°" https://bioconductor.org

STAR Dobin et al., 2013°° https://github.com/alexdobin/STAR

Bedtools Quinlan and Hall, 2010%% https://bedtools.readthedocs.io/en/latest/

Rsem Li and Dewey, 20115 https://deweylab.github.io/RSEM/

Data analysis pipelines https://zenodo.org/record/7313885#.
Y25fAS8w2WY

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Maria-
Elena Torres-Padilla (torres-padilla@helmholtz-muenchen.de).

Materials availability
Oligonucleotides generated in this study are available from the lead contact.

Data and code availability
® ChlL-seq, ChIP-seq and RNA-seq datasets are available on GEO under the accession GSE195840.
® Reproducible pipelines were created by Snakemake (version snakemake-minimal 5.2.4) and are available on Github at https://
github.com/tschauer/Abe_etal_2022.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Mouse embryonic stem (ES) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)-GlutaMAX-I containing 15% FBS,
0.1 mM 2-beta-mercaptoethanol, non-essential amino acids, penicillin and streptomycin and 2 x LIF over gelatin-coated plates. The
medium was supplemented with 2i (3 pM CHIR99021 and 1 uM PD0324901, Cayman Chemical Company) for maintenance and
expansion.

Embryo collection and culture

All experiments were approved by the Government of Upper Bavaria. Mice housed in Helmholtz Zentrum Munchen were maintained
and bred under institutional guidelines in a 12h light cycle at 20-24°C and 45-65% humidity. To obtain embryos, 5-7-week-old F1
(C57BL/6J x CBA/H) female mice were injected with 10 IU pregnant mare serum gonadotropin (PMSG) (Ceva) and human chorionic
gonadotrophin (hCG) (MSD Animal Health) 48 h later. Embryos were collected from F1 females mated with F1 males (3—6 months old)
at the following post hCG times: zygotes 26h, 2-cell stage 46h, 8-cell stage 68h and blastocysts 90h.

METHOD DETAILS

Trim-Away

Trim-Away was performed as described.®> mRNAs were transcribed in vitro from pGEMHE-mCherry-mTrim21 (Addgene: 105522)
using the MMESSAGE mMACHINE kit (Ambion). Antibodies and RNasin (Promega) were purified and concentrated in PBS using Ami-
con Ultra-0.5 mL, 30 kDa or 100 kDa centrifugal filters (Millipore). Zygotes were collected from F1 (C57BL/6J x CBA/H) female mice
crossed with F1 males at 17-19 h post hCG injection and microinjected with 1-2 pL of the mixture containing 500 ng/uL antibody
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(anti-SPT5 (Santa cruz, sc-136075), anti-NELF-C/D (Abcam, ab170934), anti-NELF-E (Abcam, ab170104) or goat IgG (Santa Cruz,
sc-2028)), 200 ng/pL Trim21-mCherry mRNA, 2 U/uL RNasin and 0.05% NP-40. Embryos were cultured in KSOM under paraffin
oil at 37°C, 5% CO2.

DRB and BAY1251152 treatment
Zygotes were collected at 18 h post hCG and cultured in KSOM containing 0.1% DMSO, 100 uM DRB (Santa cruz) or 10 uM
BAY1251152 (Selleckchem) for 28 h until embryos reached at late 2-cell stage.

Immunofluorescence

Embryos or ES cells were fixed in 4% paraformaldehyde for 15 min at room temperature and permeabilized in 0.5% Triton X-100 in
PBS for 15 min. After three times washing in PBS containing 0.5% BSA, the samples were incubated overnight at 4°C in primary
antibodies diluted in PBS containing 2% BSA (1:100 dilution). Antibodies were used as follows: anti-SPT5 (Santa Cruz, sc-
136075), anti-NELF-A (Abcam, ab167675), anti-NELF-B (Abcam, ab167401), anti-NELF-C/D (Abcam, ab170934), anti-NELF-E
(Abcam, ab170104), anti-Pol Il Ser2P (Abcam, ab5095). After overnight incubation, samples were washed at three times in PBS con-
taining 0.5% BSA and incubated for one hour at room temperature in PBS containing 2% BSA and secondary antibodies coupled
with Alexa 488 or Cy3 fluorophores (Invitrogen) (catalog numbers A-32731, A-11029 and A-10520, 1:500 dilution). After washing,
samples were mounted in Vectashield (Vector Laboratories) containing DAPI. Confocal microscopy was performed using a 63x
oil objective in a Leica SP8 confocal microscope.

ChlL-seq probe preparation

ChlL-seq probe was prepared following the protocol of Harada et al.®” Briefly,100 ug of anti-rabbit IgG (Jackson ImmunoResearch
Laboratories) in 100 pL 100 mM NaHCOS (pH 8.3) was mixed with 0.2 uL of DBSO-PEG5-NHS ester and incubated for 1 h at room
temperature using a rotator. The antibody was filtered by a PD MiniTrap G-25 desalting column (GE Healthcare) to remove the free
DBCO-PEG5-NHS. DBCO-PEG5-conjugated antibodies were concentrated using an Amicon Ultra-0.5 NMWL 100 kDa centrifugal
filter (Merck Millipore) and then diluted to 1 pg/uL with PBS. The concentration of the antibody was calculated from the absor-
bances at 280 and 309 nm measured using a spectrophotometer (Nanodrop). Double-stranded ChiL DNA was prepared by an-
nealing two oligonucleotides (95°C for 5 min and then decreasing the temperature by 0.1°C/s to 20°C, in 10 mM Tris-Cl, pH
7.4, 1 mM EDTA, and 100 mM NaCl). 100 pL of double-stranded ChIL DNA (annealed at 10 pM) was mixed with 75 pL of
DBCO-PEG5-conjugated antibody (1 pg/uL) and incubated for 1 week at 4°C using a rotator. After the Click reaction with
azide-DNA, the antibody was filtered by Microcon Ultracel DNA Fast Flow Membrane (Merck Millipore) to remove the unreacted
DNA, and the antibody-DNA conjugates were concentrated using an Amicon Ultra-0.5 NMWL 100 kDa centrifugal filter (Merck
Millipore) and then diluted to 1 pg/uL with PBS.

ChiL-seq sample preparation

ChlL-seq was performed following a modified protocol of Harada et al.®” using an equivalent number of cells per condition.
Briefly, for ES cells ChlL-seq, 100 or 1000 cells were plated on gelatin-coated 96-well plates, left to attach for 16 h and fixed.
For embryos ChiL-seq, we used: 100x zygotes, 50x 2-cell stage embryos or 12x 8-cell embryos per replicate. Cells or embryos
were fixed with 1% formaldehyde in PBS for 5 min and permeabilized with 1% Triton X-100 in PBS for 20min. Cells or embryos
were incubated in 2% BSA in PBS with the primary antibodies (anti-Pol Il Ser5P (Abcam, ab5131), anti-Pol 1l Ser2P (Abcam,
ab5095)) or Rabbit IgG (Cell Signaling) at 2 ung/mL for 6h at room temperature, washed three times in 0.5% BSA in PBS and
then incubated in 2% BSA in PBS containing 500 mM NaCl with ChIL probe at 2 ng/mL at 4°C overnight. After washing three
times in PBS for ES cells or PBS containing 0.1% BSA for embryos, samples were incubated in 50 pL Tn5 solution (50 mM
HEPES-KOH, pH 7.2, 0.1 M NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 0.1% Triton X-100 and 10% glycerol) containing
0.5 uL HActive™ Tn5 transposase (Glow Biologics, GBRP-TNS5) for 10 min at room temperature. Tn5-MEDS-B oligo (2 uM)
was then added at 0.5 pL per well in 1x dialysis buffer (50mM HEPES-KOH, pH 7.2, 0.1M NaCl, 0.1mM EDTA, 1mM dithiothrei-
tol, 0.1% Triton X-100 and 10% glycerol) and incubated for 60 min at room temperature. After washing once in 1x dialysis
buffer and at three times in PBS for ES cells or PBS containing 0.1% BSA for embryos, the samples were incubated in
100 pL 1x TAPS-DMF buffer (10 mM TAPS-NaOH, pH 8.5, 5 mM MgCI2 and 10% N,N-dimethylformamide) for 1 h at 37°C
and then washed at three times in PBS for ES cells or PBS containing 0.1% BSA for embryos. To stop the Tn5 reaction, cells
were incubated in 100 pL 0.2% SDS for 10 min at room temperature or embryos were incubated in 0.1% BSA/PBS containing
50 mM EDTA at 50°C for 30 min. After washing three times in PBS for ES cells or PBS containing 0.1% BSA for embryos, sam-
ples were incubated in 50 pL reaction mixture (200 U T4 DNA ligase, NEB, and 1.5 U T4 DNA polymerase, NEB, in 1x T4 DNA
ligase reaction buffer containing 0.1 mM dNTP) for 30 min at room temperature. After discarding the solution, for ES cells,
100 pL 0.2% SDS were added to remove DNA-bound enzymes, followed by incubation for 10 min at room temperature and
three washes in PBS. For embryos, 0.1% BSA/PBS containing 50 mM EDTA were added and incubated at 50°C for 30 min,
and then washed at three times in 0.1% BSA/PBS. In situ transcription was then carried out using T7 RNA polymerase
(800 U per well; NEB) for 20 h at 37°C. The samples were treated with DNase | (2.5 U per well; Thermo) for 30 min at 37°C
and the transcribed RNA was then collected using a Qiagen MinElute Cleanup kit. The Ser5P and Ser2P Pol Il antibodies
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(@ab5131 and ab5095, respectively) have been tested with peptide competition assays for specificity (see for example Freter
et al.?%). The ab5131 Ser5P Pol Il antibody has been tested using peptide competition by dot blot, which indicated that it is
effectively competed by a Ser5P repeat peptide but does not cross-react with a non-phosphorylated CTD peptide (www.
abcam.com/ab5131). Likewise, the ab5095 Ser2P Pol Il antibody has also been tested for cross-reactivity and is effectively
competed by a Ser2P peptide, but not by a Ser5P peptide (www.abcam.com/ab5095).

ChiL-seq library preparation

Purified RNA was reverse transcribed by SMARTScribe reverse transcriptase (Takara) following the manufacturer’s instructions, with
Read2-2 primer. Synthesized cDNA was amplified by Prime star GXL (Takara) following the manufacturer’s instructions, with Ad1 and
Ad2-2 primers. The PCR amplification conditions were followed by 14 cycles for 1000 cells with anti-Pol Il Ser5P antibody, 15 cycles
for 1000 cells with anti-Pol Il Ser2P antibody, 16 cycles for 100 cells or embryos with anti-Ser5P antibody, or 17 cycles for 100 cells or
embryos with anti-Ser2P antibody at 95°C for 10 s, 60°C for 15 s and 68°C for 100 min. We used corresponding IgGs as negative
controls in our manuscript, considering that a similar result to the IgG negative control was obtained when no primary control was
added in Harada et al.>” After amplification, small fragments (<150 bp) were removed using Gene read Size selection kit (Qiagen)
and large size of fragments (>600 bp) were removed using AMPure XP beads (Beckman Coulter) according to the manufacture’s
instruction. The amplified DNA was finally purified using AMPure XP beads, excluding large and small fragments. The quality of
the libraries was assessed using a Bioanalyzer 2100 (Agilent Technologies). Samples were paired-end sequenced at PE150 on an
lllumina NovaSeq 6000 platform.

ChIP-seq sample and library preparation

ES cells were fixed with 1% formaldehyde in DMEM at 37°C for 10 min, neutralized in DMEM containing 125 mM glycine at room
temperature for 5 min and washed with PBS at three times. Fixed cells were collected with 2 mL soft lysis buffer (50 mM Tris-
HCI, pH 8.0, 10 mM EDTA and 0.1% NP-40 10% Glycerol) and centrifuged at 3000 rpm for 15 min. After removal of supernatant,
the pellet was resuspended in 100 puL SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI, pH 8.0) and sonicated using
E220 evolution (Covaris) at 140 peak incident power, 10% duty factor, 200 cycles per burst, 80 s treatment time and 7°C water
temperature. Sheard chromatin samples were centrifuged at 13000 rpm for 10 min and then the supernatant was diluted with
900 pL dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH 8.0, 167 mM NaCl) and incubated
with 2 pg anti-Pol Il Ser5P, anti-Pol Il Ser2P antibody or IgG at 4°C overnight with rotation. After incubation with 20 uL Protein
A/G magnetic beads (Thermo Scientific) for 3 h at 4°C with rotation, the samples were washed with low salt buffer (20 mM Tris-
HCI, pH 8.0, 2 mM EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X-100), high salt buffer (20 mM Tris-HCI, pH 8.0, 2 mM EDTA,
500 mM NaCl, 0.1% SDS, 1% Triton X-100) at three times and then washed with LiCl buffer (250 mM LiCl, 1% NP-40, 1% sodium
deoxycholate, 1ImM EDTA, 10mM Tris-HCI, pH 8.0) at three times. DNA was eluted with 200 pL elution buffer (1% SDS, 100 mM
NaHCO3) at 65°C for 10 min with shaking and then added with 200 mM NaCl as final concentration. Samples were decrosslinked
after overnight 65°C incubation, followed by proteinase K treatment for 1 h and DNA was purified by phenol-chloroform extraction.
ChlP-seq libraries were prepared using a NEBNext Ultra Il DNA Library Prep Kit for lllumina (NEB) according to the manufacturer’s
instructions. The quality of the libraries was assessed using a 2100 Bioanalyzer (Agilent). Samples were paired-end sequenced at
PE150 on an lllumina Hiseq 4000.

RNA-seq library preparation

Zygotes were collected at 17 h post hCG injection and cultured in KSOM with or without BAY1251152 until 46 h post hCG or were
subjected to Trim-Away for SPT5, NELF-E or IgG control. Embryos were washed in PBS and flash-frozen in lysis buffer containing
ERCC RNA spike in (Invitrogen) and processed for single embryo RNA-seq according to the Smart-Seq2 protocol.® Briefly, the RNA
is purified by RNAclean XP beads (Beckman Coulter) and then the purified RNA containing the magnet beads is reverse transcribed
by SuperScript Ill Reverse Transcriptase (Invitrogen) with 20% Betaine, 1 uM oligo dT primer and 1 pM template switching oligo
according to the manufacture’s instruction. The synthesized cDNA is amplified at 16 cycles by KAPA HiFi ReadyMix (Roche) with
0.1 uM ISPCR oligo and is purified by AMPure XP beads. RNA-seq libraries are prepared by Nextera XT DNA sample preparation
kit (Illumina). The quality of the libraries was assessed using a 2100 Bioanalyzer (Agilent). Samples were paired-end sequenced at
PE150 on an lllumina NovaSeq 6000 platform.

ChlL-seq analysis
The mouse reference genome and annotations were downloaded from Ensembl (version GRCm38.dna.primary_assembly.fa and
GRCm38.101.gtf).

Paired-end sequencing reads were trimmed using cutadapt (version 3.4) with parameters -a CTGTCTCTTATA -A CTGTCTCTTA
TA —pair-filter = any —minimum-length = 20. Trimmed reads were mapped to the reference genome using bowtie2 (version 2.3.5)
with parameters —end-to-end —-very-sensitive —no-unal —-no-mixed —no-discordant -1 10 -X 500. Aligned reads were filtered by qual-
ity using samtools (version 1.3) with parameter -q 12. Read pairs were read in to R (version 3.6.3) using readGAlignmentPairs from
the GenomicAlignment package (version 1.22.0) and fragments were filtered for fragments that have both unique start and end
positions. Coverage vectors were created using the coverage function from GenomicRanges package (version 1.38.0) and
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were normalized by the number of fragments and multiplied by a million. Normalized coverages were centered in a 10 kb window
surrounding transcription start sites (TSS) or termination sites (TTS) of protein coding genes using coverageWindowsCentered-
Stranded from tsTools package (version 0.1.2). Biological replicates of centered coverage matrices were averaged and genes
were grouped by their expression levels in the given stage i.e. Q1 included genes with zero counts and Q2-Q5 were equal sized
groups of genes stratified by increasing TPM values (transcript per million, see published RNA-seq analysis). Maternal RNA genes
(DBTMEE)*" were removed prior Q1-Q5 grouping. Composite plots were generated using plotComposite from HelpersforChIPSeq
package (version 0.1.0). When indicated, IgG normalization was applied on the TSS or TTS centered coverage matrices (replicate
averaged) by calculating the element-wise ratio of the Ser5P or the Ser2P matrices and the corresponding IgG matrix. Scaled
composite plots were further scaled by the minimum and maximum values. The ratio of gene body over TSS was calculated
on the mean scaled coverages in windows of TSS -200 bp - +100 bp for TSS, and TSS +1.5 kb — +5 kb for gene body. For
genomic region tracks, the mean coverage in 1 kb non-overlapping bins was plotted. Genome-wide distribution of reads were
analyzed at the following genomic features: TSS +/— 2.5 kb, exons, introns, TTS +/— 2.5 kb of protein coding genes that are longer
than 1 kb and intergenic regions that are the gaps in between. The total sum of the reads per feature were normalized by the total
length to obtain a rate. Finally, feature rates were divided by the sum of the rates for each sample. For count-based analysis,
fragments were counted over protein coding gene bodies, that is 500 bp downstream of TSS and 500 bp upstream of TTS, as
well as over 100 kb large consecutive bins. Size factors were calculated on the 100 kb bins using estimateSizeFactorsForMatrix
from DESeq2 package (version 1.26.0) and applied on read counts over gene body. Normalized counts were log2 transformed,
while zero counts were treated as NA (missing value). For principal-component analysis (PCA) and correlation heatmaps, genes
with NAs in any of the considered samples were omitted. For PCA, log2 normalized counts were centered by the mean and scaled
by the standard deviation. For dot plots, showing log2 normalized counts, the mean of zygote values was subtracted for each
gene and the median of each gene classification group (e.g. DBTMEE class) was calculated while NAs in the given sample
were omitted. When indicated, IgG normalization was applied on the log2 size factor normalized counts by gene-wise subtracting
the average values of the corresponding IgG replicates. When ChlL-seq data were compared to published datasets, log2 normal-
ized counts were scaled by the gene body length and Spearman’s correlation coefficients across conditions were visualized as
heatmaps.

Analysis of published ATAC-seq, ChiP-seq and Stacc-seq datasets

Published ATAC-seq, H3K36me3 ChiIP-seq and Stacc-seq datasets were obtained from GEO with accession numbers
GSE66581,”* GSE112835"® and GSE135457,%° respectively. Paired-end sequencing reads were trimmed using cutadapt (version
3.4) with parameters -a CTGTCTCTTATA -A CTGTCTCTTATA -a AGATCGGAAGAGC -A AGATCGGAAGAGC —-minimum-length =
20. Trimmed reads were mapped to the reference genome using bowtie2 (version 2.3.5) with parameters —end-to-end —very-sen-
sitive —no-unal —no-mixed —no-discordant -1 10 -X 500. Aligned reads were filtered by quality using samtools (version 1.3) with
parameter -q 12. Read pairs were read in to R (version 3.6.3) using readGAlignmentPairs from the GenomicAlignment package
(version 1.22.0) and fragments were filtered for fragments that have either unique start or end positions. Downstream analyses
were performed as for ChlL-seq.

RNA-seq analysis

The reference genome and annotation files were modified by concatenating the mouse genome with ERCC (source: Thermofisher)
and the construct ‘pPGEMHE-mCherry-mTrim21’ fasta and gtf files, respectively. The endogenous Trim21 locus was masked using
bedtools (version 2.29.0). The modified reference fasta file was used to prepare STAR index files using rsem-prepare-reference
(rsem version 1.3.3). Paired-end reads were aligned using STAR (version 2.7.6a) with parameters —quantMode
TranscriptomeSAM GeneCounts —outSAMtype BAM SortedByCoordinate. Gene expression levels were estimated as transcript
per million (TPM) using rsem-calculate-expression (rsem version 1.3.3) with parameters —-bam —paired-end -strandedness none.
Samples were filtered by quality criteria i.e. the minimum number of reads and detected genes were set to 5 x 10° reads and
1.000 genes, respectively. The percentage of reads assigned to mitochondrial genes or ERCC spike-ins were thresholded by a
maximum of 10 percent. The minimum read counts per million (CPM) of the mCherry-mTrim21 construct was set to 500 for in-
jected samples. Differential expression analysis was carried out by DESeq2 (version 1.26.0) on read counts per gene calculated
by STAR. Results were visualized as MA plots, i.e. log2 fold change in relation to mean counts, using HelpersforDESeq2 package
(version 0.1). Adjusted p value (padj) cutoff was set to 0.05. Venn diagrams were created by using the Vennerable package (version
3.1.0.9). For exploratory analysis, normalized counts were log2 transformed after adding a pseudocount of 1 and the transformed
values were batch corrected using ComBat from the sva package (version 3.34.0). For PCA, log2 normalized counts were
centered by the mean and scaled by the standard deviation.

Analysis of publicly available RNA-seq datasets

Published RNA-seq datasets were obtained from GEO with accession humbers GSE38495,*” GSE45719"° and GSE98063.%” Data
processing, read counting and TPM calculations were carried out as described for RNA-seq, except, without Trim21-related mod-
ifications of the genome. Early blastocyst cells were further divided to ICM and TE cells by hierarchical clustering on the TPM values of
selected marker genes (gene list from Blakeley et al.®®). Downstream analyses were performed as for RNA-seq.

Cell Reports 41, 111865, December 27, 2022 e6




¢? CellP’ress Cell Reports

OPEN ACCESS

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed by fitting an analysis of variance model on the fraction of embryos reaching blastocyst stage calcu-
lated for each experiment using R (version 4.0.2). Multiple comparisons were performed by using the glht function (multcomp
package, version 1.4-18). Residuals were investigated using the DHARMa package (version 0.4.4). Error bars on Figures 1G, 2D,
4E, 5F, S4A, S4B and S4D indicate the standard error of the mean of the biological replicates (s.e.m.). Statistical test on Figure 4E
was performed using analysis of variance followed by a single-step multiple testing procedure. All of the statistical details of
experiments can be found in the figure legends.
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Figure S1. ChIL-seq maps phosphorylated Pol I1, related to Figure 1

(A) Correlation heatmaps between Pol I SerSP (top) or Pol II Ser2P (bottom) ChIL-seq data from 100 or 1000
ES cells and ChIP-seq data of bulk ES cells. Correlations are calculated based on read counts at the gene body

from 3 biological replicates.
(B and C) Metaplots comparing Pol II SerSP (B) and Pol II Ser2P (C) ChIL-seq data of 100 ES cells (top) and

ChIP-seq data of bulk ES cells (bottom). Metaplots depict ChIL-seq mean coverage normalized by IgG and
ChIP-seq mean coverage centered at TSS and TTS. Maternal genes*® were removed and genes were grouped in

146

quintiles based on their expression level*°. The first quintile includes genes with zero expression. The average

of 3 biological replicates is shown.

(D) Metaplots comparing IgG (left), Pol II Ser5P (middle) and Pol II Ser2P (right) ChIL-seq mean coverage
centered at TSS and TTS in zygote, 2-cell and 8-cell stage embryos. Three biological replicates are plotted
independently. Maternal RNA genes* were removed and genes were grouped in quintiles based on their
expression levels*. The first quintile includes genes with zero expression.

(E) Metaplots comparing Pol II Ser5P ChIL-seq (left) and published Pol II Ser5P Stacc-seq®’ (right) mean
coverage centered at TSS in embryos. Maternal RNA genes* were removed and genes were grouped in
quintiles based on their expression levels in the given stage*®. The first quintile includes genes with zero
expression. The average of 3 biological replicates of ChIL-seq and 2 biological replicates of Stacc-seq are
shown. We note that some differences between the Stacc-seq and ChlIL-seq could arise due to slightly different
time points at which embryos were collected and the different antibodies for Pol II Ser5P used.

(F) Correlation heatmap in embryo datasets between Pol II SerSP ChIL-seq and published Stacc-seq generated
using an antibody against phosphorylated Ser5P3°. Spearman’s correlation coefficients were calculated based on

gene body counts from on 3 biological replicates of ChIL-seq and 2 biological replicates of Stacc-seq.
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Figure S2. Dynamics of phosphorylated Pol II accumulation during development, related to Figure 2

(A) Violin plots indicating mean expression levels (z-score of transcripts per million [TPM]) of genes in the
highest expression quintile of 2-cell (left) or 8-cell (right) stage embryos throughout development.*®7 ‘n’

indicates the number of genes.

(B) Scaled metaplots of Pol II Ser2P ChIL-seq mean coverage centered at TSS comparing embryos and ES cells.
Maternal RNA genes* were removed and genes in the highest expression quintile are included. The average of 3

biological replicates is shown.
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Figure S3. Pol IT Ser5 and Ser2 phosphorylation patterns at stage-specific genes, related to Figure 3

(A and B) Correlation heatmaps between Pol II Ser5P (left) or Pol II Ser2P (right) ChIL-seq and ATAC-seq (A)
or H3K36me3 ChIP-seq (B) embryonic datasets*”’® read counts at the gene body at the indicated developmental
stages. Spearman’s correlation coefficients were calculated on the mean of 3 biological replicates of ChIL-seq,
2 biological replicates of ATAC-seq or 2 biological replicates of H3K36me3 ChIP-seq.

(C) Metaplots of H3K36me3 ChIP-seq datasets*’ mean coverage centered at TSS and TTS. Genes were grouped
in quintiles based on their expression levels in the given stage*. The first quintile includes genes with zero
expression. Maternal RNA genes*’ were removed from the analysis. The average of 2 biological replicates is
shown.

(D) Example genomic regions showing H3K36me3 ChIP-seq*’ coverage in zygote, 2-cell and 8cell stage
embryos at an example gene (Nom1) displaying highest Pol II Ser2P across the gene body in 2-cell stage
embryos, corresponding to its transcriptional activation. The average of 2 biological replicates is shown.

(E) Example genomic regions showing H3K36me3 ChIP-seq*’ coverage at an example of ‘4-cell transient’

gene (Anapcl0) in zygotes, 2- and 8-cell stage embryos. The average of 2 biological replicates is shown.
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Figure S4. Expression of NELF and DSIF components, Trim-Away for NELF-C/D and quality control
analysis of RNA-seq datasets, related to Figure 4

(A and B) Expression levels (transcripts per million [TPM]) of NELF (A) and DSIF subunits (B) from
published embryonic RNA-seq datasets at the indicated stages*. Error bars indicate mean =+ standard error of
the mean (SEM) from single cells.

(C) Immunostaining using anti-NELF-C/D antibody in 2-cell stage embryos after Trim-Away for NELF-C/D or
negative controls (Trim-Away for IgG and non-injected embryos). ‘n’ indicates the total number of embryos
analyzed and ‘N’ the number of independent experiments. Scale bars indicate 50 pm.

(D) Developmental progression plotted as the proportion of control (non-injected or embryos under Trim-Away
against IgG) or Trim-Away NELF-C/D embryos reaching the blastocyst stage. ‘n’ indicates the total number of
embryos analyzed and ‘N’ the number of independent. Graphs show the mean =+ standard error of the mean
(SEM) obtained in individual experiments. P-values were obtained by analysis of variance.

(E) Quality filter of single embryo RNA-seq. Top-left, total sum of read counts per gene (minimum threshold
5x10° reads); top-middle, total sum of read counts per ERCC spike-in; top-right, percentage of read counts at
mitochondrial genes (maximum threshold 10%); bottom-left, number of detected genes with a read count
greater than zero (minimum threshold 1.000 genes); bottom-middle, percentage of read counts at ERCC spike-in
(maximum threshold 10%); read counts per million (CPM) aligned to the mCherry-mTrim21 construct
(minimum threshold: 500 counts in injected samples). Thresholds are indicated as dashed line. The experiments
were conducted 3 times for the collection of non-injected embryos and NELF-E depleted embryos and 5 times

for the collection of IgG controls, SPT5 depleted embryos and CDK9 inhibition.
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Figure S5. Differentially expressed major or minor ZGA genes upon CDK9 inhibition and SPT5 depletion,
related to Figure 5

(A and B) MA plots comparing the log2 fold change between 2-cell stage embryos treated with BAY 1251125
and control, untreated embryos in relation to mean RNA-seq. Differentially expressed major ZGA (A) or minor
ZGA (B) gene groups are marked in red (padj<0.05), non-differential genes within the gene group in black,
differentially expressed but not within the corresponding gene group in orange and non-differentially expressed
and not in the gene group in grey.

(C and D) MA plots comparing the log2 fold change between 2-cell stage embryos upon SPT5 depletion by
Trim-Away and control embryos injected with IgG in relation to mean RNA-seq. Differentially expressed major
ZGA (C) or minor ZGA (D) gene groups are marked in red (padj<0.05), non-differential genes within the gene
group in black, differentially expressed but not within the corresponding gene group in orange and non-

differentially expressed and not in the gene group in grey.



	CELREP111865_proof_v41i13.pdf
	Distinct patterns of RNA polymerase II and transcriptional elongation characterize mammalian genome activation
	Introduction
	Results
	Global profiling of phosphorylated Pol II
	The accumulation of Pol II around the TSS increases as development proceeds
	Pol II Ser2P accumulates at post-ZGA genes at the 2-cell stage
	NELF is dispensable for global gene expression in 2-cell-stage embryos
	CDK9 and SPT5 are key regulators of gene expression during major ZGA

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell culture
	Embryo collection and culture

	Method details
	Trim-Away
	DRB and BAY1251152 treatment
	Immunofluorescence
	ChIL-seq probe preparation
	ChIL-seq sample preparation
	ChIL-seq library preparation
	ChIP-seq sample and library preparation
	RNA-seq library preparation
	ChIL-seq analysis
	Analysis of published ATAC-seq, ChIP-seq and Stacc-seq datasets
	RNA-seq analysis
	Analysis of publicly available RNA-seq datasets

	Quantification and statistical analysis




