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In mice, transcription initiates at the mid-one-cell stage and tran-
scriptional activity dramatically increases during the two-cell stage, a
process called zygotic gene activation (ZGA). Associated with ZGA is
a marked change in the pattern of gene expression that occurs after
the second round of DNA replication. To distinguish ZGA before and
after the second-round DNA replication, the former and latter are
called minor and major ZGA, respectively. Although major ZGA are
required for development beyond the two-cell stage, the function of
minor ZGA is not well understood. Transiently inhibiting minor ZGA
with 5, 6-dichloro-1-8-p-ribofuranosyl-benzimidazole (DRB) resulted
in the majority of embryos arresting at the two-cell stage and re-
tention of the H3K4me3 mark that normally decreases. After release
from DRB, at which time major ZGA normally occurred, transcription
initiated with characteristics of minor ZGA but not major ZGA, al-
though degradation of maternal mRNA normally occurred. Thus,
ZGA occurs sequentially starting with minor ZGA that is critical for
the maternal-to-zygotic transition.

minor zygotic gene activation | preimplantation mouse embryo |
gene expression | maternal-to-zygotic transition

hanges in gene expression underlie development of zygotes
into adult multicellular organisms. Mouse oocytes express a
set of genes, including oocyte-specific genes (1-3), during the
growth phase, but as oocytes approach their final size transcription
ceases (4, 5). mRNAs are extremely stable during the growth
phase, which permits them to accumulate despite oocytes becom-
ing transcriptionally inactive (6-8). Although resumption of mei-
osis triggers a transition from mRNA stability to instability, a
substantial amount of maternal mRNAs persists in one-cell em-
bryos (9, 10), with the vast majority of these mRNAs degraded by
the end of the two-cell stage and replaced with zygotic transcripts.
This destruction of maternal mRNAs with expression of new
mRNAs is referred to as the maternal-to-zygotic transition (MZT).
Although results of early studies suggested that zygotic gene
activation (ZGA) initiates during the two-cell stage, more sensitive
assays (e.g., BrUTP incorporation and expression of a transgene
from the paternal genome) revealed that zygotic transcription
begins during S-phase of one-cell stage (11-13). The changes in
gene expression between the one-cell and two-cell stages appear
linked to DNA replication because the one-cell pattern of gene
expression is still observed in the late two-cell stage when the
second round of DNA replication is inhibited (14, 15). The initial
ZGA that occurs between S phase of the one-cell embryo and
G1 of the two-cell embryo is designated as minor ZGA to dis-
criminate it from the burst of transcription that occurs during the
mid-to-late two-cell stage, which is designated as major ZGA.
Major ZGA is essential for development beyond the two-cell
stage, because inhibiting major ZGA results in cleavage arrest at
the two-cell stage. A role for minor ZGA is ill-defined because
a-amanitin-treated one-cell embryos cleave to the two-cell stage
and then arrest at the G2 phase of the two-cell stage (16). Never-
theless, whether transcription in one-cell embryos is essential for
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development beyond the two-cell stage is unresolved because minor
ZGA occurs before completion of MZT and it is possible that one-
cell embryos complete the first cell cycle using maternally derived
proteins and that minor ZGA is required for development beyond
the two-cell stage. To identify the biological function of minor
ZGA, if any, requires that only minor ZGA, but not major ZGA, is
inhibited. To this end, we transiently treated embryos during minor
ZGA with 5,6-dichloro-1-p-p-ribofuranosyl-benzimidazole (DRB),
which reversibly inhibits RNA polymerase II (POLR2A) (17) by
inhibiting protein kinases that target POLR2A (18). We report here
that transient inhibition of minor ZGA results in compromised
development beyond the two-cell stage.

Results

Minor ZGA Is Critical for Preimplantation Development. Because
DRB is a reversible inhibitor of Pol II-mediated transcription, we
used DRB to inhibit transiently transcription during minor ZGA
to determine whether minor ZGA is essential for development
beyond the two-cell stage. We first determined the period of
minor ZGA—the transition from minor to major ZGA occurs
during the second round of DNA replication—by ascertaining
the time of initiation of DNA replication in two-cell embryos by
incorporation of bromodeoxyuridine (BrdU) and found that
most embryos reached S phase 20 h postinsemination (hpi) (Fig.
14). We then determined that 80 pM DRB was the minimum
effective concentration to inhibit transcription (Fig. 1B).

We next documented that DRB-mediated inhibition of tran-
scription is reversible (Fig. 1C). Because minor ZGA starts
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Fig. 1. DRB reversibly inhibits minor ZGA. (A) Timing of S phase during the two-cell stage. DNA replication was determined by incorporation of BrdU. The
percentage of embryos that incorporated BrdU was determined at the indicated times. More than 20 embryos were observed in each time point. (B) Minimum
concentration of DRB required for maximal inhibition of transcription during minor ZGA. Embryos were treated with the indicated concentrations of DRB
between 4 and 12 hpi and transcriptional activity measured at 12 hpi. Transcriptional activity in control untreated embryos was set as 1 and the relative
transcriptional activities were calculated for the other samples. More than 20 pronuclei were analyzed in each sample and the data are presented as the
mean + SEM. (C) Validation of inhibition of transcription and recovery of transcriptional activity (Left) and phosphorylated RNA polymerase Il (Right). Em-
bryos were cultured in DRB-containing medium between 4 and 20 hpi and then transferred into the DRB-free medium. The embryos were collected 12, 20,
and 21 hpi for determination of transcriptional activity and phosphorylation of RNA polymerase Il on the C-terminal Ser2 (Ser2P). Arrowheads indicate polar
bodies. More than 20 pronuclei and nuclei were examined in each sample. (Scale bars, 20 um.) (D and E) DRB inhibits expression of genes transcribed during
minor ZGA. Embryos were treated with DRB between 4 and 12 hpi. The MIl eggs and one-cell embryos collected at 12 hpi were subjected to RT-PCR assay;
rabbit a-globin mRNA was used as an external control. The experiment was performed three times and similar results were obtained. Shown is a repre-
sentative example (D). The densities of PCR bands were quantified by using image analyzer (E). Data are represented as mean + SEM. Asterisks indicate a
significant difference from the control one-cell embryos (Student’s t test; P < 0.05). (F) Schematic representation of transient inhibition of minor ZGA. The
embryos were cultured in the KSOM medium containing 80 pM DRB from 4 to 20 hpi and then transferred to the DRB-free medium.

around mid-S phase of the one-cell stage (13), we treated em-  during minor ZGA is that Ser2 phosphorylation of the C-

bryos with DRB from 4 to 20 hpi and then assessed BrU in-
corporation following transfer to DRB-free medium. Whereas
control embryos were transcriptionally active and embryos con-
tinuously exposed to DRB were not at 12 and 20 hpi, BrU in-
corporation was observed within 1 h after transfer to DRB-free
medium. Consistent with DRB reversibly inhibiting transcription
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terminal domain (Ser2P) of POLR2A was not detected by im-
munocytochemistry in DRB-treated embryos but was detected
within 1 h following transfer to DRB-free medium (Fig. 1C and
SI Appendix, Fig. S1). Finally, expression of genes transcribed
during minor ZGA (5, 19) was inhibited by DRB treatment (Fig.
1 D and E). Based on these results, we decided to treat embryos
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with DRB between 4 and 20 hpi to investigate the effect of
transient inhibition of transcription during minor ZGA (Fig. 1F).

To determine whether minor ZGA is essential for development
beyond the two-cell stage, one-cell embryos were transferred to
medium containing DRB at 4 hpi, then transferred to DRB-free
medium at 20 hpi and cultured until 96 hpi. Control embryos not
treated with DRB developed to the blastocyst stage with a high
incidence (Fig. 24), with 98% cleaving to the three- to four-cell or
six- to eight-cell stages at 46 hpi. By 72 and 96 hpi, 94% and 92%
of the embryos developed to the molura and blastocyst stages,
respectively (Fig. 2.4 and B). In contrast, development beyond the
two-cell stage was highly compromised for DRB-treated embryos
(Fig. 2 A and B), with most embryos arresting at the two-cell stage
at 46 hpi. By 96 h >60% were still arrested at the two-cell stage
and only 10% reached the blastocyst stage. BrdU incorporation
studies indicated that the embryos were arrested in G2 because
DRB-treated embryos incorporated BrdU at 26 hpi and nuclei
were clearly present (Fig. 2C).

To assess the potential toxicity of DRB for the observed ef-
fects on development, we conducted experiments in which full-
grown oocytes were treated with DRB using the same protocol as
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used for one-cell embryos: the oocytes were treated with DRB
during meiotic maturation (16 h), washed from DRB, and then
observed for the development after fertilization. Because full-
grown oocytes are transcriptionally quiescent, we were therefore
able to assess DRB toxicity independent of its effect on tran-
scription. Results of these experiments indicated that DRB
treatment did not affect completion of meiosis and that after
removal of DRB and fertilization, the embryos developed to the
blastocyst stage at a similar rate as controls (SI Appendix, Fig.
S2). Thus, no toxic effect of DRB on development was observed.

To assess the effect of inhibiting major ZGA on preimplantation
development, embryos were treated with DRB from 26 to 42 hpi.
After the embryos were transferred to DRB-containing medium at
26 hpi, transcription ceased rapidly such that Ser2P was not de-
tected within 2 h (SI Appendix, Fig. S3). Although 70% of the
embryos cleaved to three to four cells, 30% remained at the two-cell
stage at 46 hpi. With additional culture, these two-cell embryos did
develop further such that by 96 hpi >40% and 30% reached the
morula and blastocyst stage, respectively. Thus, although the rate of
development was retarded, developmental potential remained when
major ZGA was inhibited, which is in marked contrast to when
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Fig. 2. Effect of transiently inhibiting minor ZGA on preimplantation development. (A) Development of embryos transiently treated with DRB. DRB (-)

indicates embryos treated with DMSO, the solvent for DRB, between 4 and 20 hpi. DRB (4-20 h) and DRB (26-42 h) represent embryos that were treated with
DRB between 4 and 20 h and between 26 and 42 hpi, respectively. The y axis shows percentages of embryos that developed to the indicated developmental
stages. Asterisks represent significant differences by x? test (P < 0.05). The experiment was performed three times and >30 embryos were analyzed for each
experiment. (B) Morphology of embryos treated with or without DRB at 96 hpi. DRB (-) and (+) represent embryos treated with DMSO and DRB, respectively,
between 4 and 20 hpi. (Scale bars, 100 pm.) (C) Detection of the second round of DNA replication in DRB-treated embryos. The embryos were cultured with
DRB between 4 and 20 hpi and then transferred to DRB-free medium containing BrdU. After 6 h of incubation, incorporated BrdU were detected by im-
munocytochemistry with anti-BrdU antibody. The experiments were conducted three times and more than 10 embryos were analyzed in each experiment.
Incorporation of BrdU was detected in 96.1% of embryos analyzed. (Scale bars, 20 um.)
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minor ZGA is inhibited. These results suggest that the timely oc-
currence of minor ZGA, but not major ZGA, is essential for pre-
implantation development beyond the two-cell stage.

Inhibiting Minor ZGA Alters the Transcriptome of Two-Cell Embryos
and Alters H3K4me3 Level. To understand the basis for the two-cell
arrest when minor ZGA was inhibited, we examined gene ex-
pression in late two-cell embryos following removal of DRB. We
first measured transcriptional activity by BrU incorporation and
noted that transcriptional activity was drastically increased rel-
ative to control embryos up to 29 hpi, after which transcriptional
activity was lower than controls (SI Appendix, Fig. S4). These
results suggested that Pol II inhibited by DRB paused at pro-
moters of minor ZGA genes, and was rapidly reactivated after
removal of DRB. To test this proposal, we conducted RNA-seq
on DRB-treated two-cell embryos 12 h after the removal of DRB
(32 hpi) and compared the relative transcript abundance be-
tween DRB-treated and untreated embryos.

A heatmap of annotated genes shows that a considerable
number of transcripts were up- or down-regulated in DRB-treated
embryos compared with untreated embryos (SI Appendix, Fig. S5).
It was possible that the effect of DRB treatment was different
between genes that are transcribed during minor and major ZGA.
Therefore, we classified the genes by changes in their relative
expression levels at MII, one-cell, and two-cell stages using a k-
means nonhierarchical clustering method. Genes were categorized
into five classes (Datasets S1-S5). Cluster I consisted of the genes
whose expression levels did not change after fertilization (between
the MII and one-cell stage) but increased at the two-cell stage,
indicating that this cluster predominately contained the genes
transcribed during major ZGA but not minor ZGA (Fig. 34).
Cluster II consisted of the genes whose expression decreased after
fertilization but increased by the two-cell stage, indicating that this
cluster also contains the genes transcribed during major ZGA but
not minor ZGA, as well as cluster 1. Cluster III consisted of the
genes whose expression levels continuously decreased after fer-
tilization and cleavage to the two-cell stage. Genes in this class
were unlikely to be activated during minor and major ZGA.
Cluster IV mostly contained the genes whose expression levels
increased after fertilization and then further increased at the two-
cell stage, indicating that they are transcribed during both of mi-
nor and major ZGA. Finally, the expression levels in cluster V
increased after fertilization and decreased by the two-cell stage,
suggesting genes in this cluster were transcribed during minor
ZGA but not major ZGA.

When expression levels were compared at 32 hpi (12 h after
removal of DRB) between embryos treated with or without
DRB, more than half of the genes in clusters I and II, which are
transcribed during only major ZGA but not minor ZGA, dis-
played lower levels of expression in DRB-treated embryos than
controls (Fig. 34). In contrast, a large portion of the genes in
clusters IV and V, which are transcribed during minor ZGA,
showed higher expression in DRB-treated embryos (Fig. 34).
Similar results were obtained when the percentages of highly up-
regulated and down-regulated genes were examined in each
cluster (Fig. 3B). In clusters I and II, the percentages of down-
regulated genes were higher than those of up-regulated ones,
whereas in clusters IV and V the percentages of up-regulated
genes were much higher. These results indicated that a large
portion of genes presumed to be transcribed during minor ZGA
were activated after removal of DRB, but that those transcribed
during major ZGA were not sufficiently transcribed at the time
(32 hpi) when major ZGA normally occurs. In cluster I, the
transcripts of Ccna2, Cdkl1, Cdc25c, whose encoding proteins are
essential components of the M-phase promoting factor and its
activator (20-22), were significantly decreased (S Appendix, Fig.
S6). Therefore, it is possible that the compromised expression of
genes (e.g., Ccna2, Cdkl, Cdc25c) during major ZGA caused
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cell-cycle arrest before entry into M phase in DRB-treated two-
cell embryos.

To confirm further whether minor ZGA occurred after removal
of DRB, we examined transcription from intergenic regions, be-
cause widespread transcription from intergenic regions is a unique
characteristic of minor ZGA (5). As expected, the transcripts
originated from all over the genome, including intergenic regions
in DRB-treated embryos (Fig. 44). Quantitative analysis for
intergenic expression, as we previously described (5), also dem-
onstrated extensive expression from intergenic regions in these
embryos. We divided the intergenic regions across the entire ge-
nome into 1-kb segments and enumerated divided segments in
which at least a single read was uniquely mapped. The number of
mapped regions was around threefold higher in DRB-treated two-
cell embryos than the control two-cell embryos (Fig. 4B). Thus, the
transcriptome of these late two-cell embryos following removal of
DRB was similar to that of minor ZGA but not major ZGA.

Given that promiscuous transcription was observed in DRB-
treated embryos in late two-cell embryos, the other unique
characteristic of minor ZGA, inefficient splicing (5), was ex-
plored. On the genome browser, DRB-treated embryos showed
little enrichment of sequence reads mapped to exons compared
with introns, indicating that introns are not sufficiently removed
(Fig. 4C). We determined the reads per kilobase and million
mapped reads (RPKMs) using the sequence reads mapped to
exons and introns, and calculated their ratio (intron RPKM/exon
RPKM) for each gene. Violin plots of these ratios are very
narrow—above 0.3 in the control two-cell embryos—but much
wider in DRB-treated embryos (Fig. 4D), indicating that splicing
does not occur efficiently in DRB-treated embryos.

To confirm further inefficient splicing in DRB-treated embryos,
we examined the presence of nuclear speckles, which store splicing
factors required for pre-mRNA splicing (23), because few nuclear
speckles are observed in one-cell-stage embryos (5). Although at
32 hpi several distinct foci of serine/arginine-rich splicing factor 2
(SC35), which is a component of nuclear speckles (23, 24), were
observed in control two-cell embryos, only a few small foci were
detected in DRB-treated embryos (Fig. 4 E and F). Therefore,
functional proteins would not be synthesized from the unspliced
pre-mRNA in these embryos. These results strongly suggest the
pattern of gene expression in DRB-treated embryos at the late
two-cell stage was quite similar to that during minor ZGA.

It is possible that an aberrant zygotic program caused by DRB
treatment affected the maternal program (i.e., degradation of
maternal transcripts and/or proteins) and lead to the observed
developmental arrest. Therefore, we determined whether DRB
treatment affected degradation of maternal mRNAs. Because some
of genes expressed in oocytes are also transcribed during ZGA, we
examined transcript abundance of oocyte-specific genes (i.e., not
transcribed during ZGA). A heatmap of 149 oocyte-specific tran-
scripts (5) (Dataset S6) in MII eggs, one-cell embryos, and two-cell
embryos treated with and without DRB, indicated that DRB
treatment did not affect degradation of these transcripts (Fig. 3C).

Chromatin structure plays an important role in regulating
transcription and it has been suggested that a loosened chro-
matin structure is involved in the promiscuous transcription that
occurs during minor ZGA (5, 25). We demonstrated by fluo-
rescence recovery after photobleaching (FRAP) analysis that
chromatin structure is extremely loosened in one-cell embryos
and that it become tighter during the two-cell stage (26). FRAP
analysis using an eGFP-tagged core histone estimates the mo-
bility of core histones that reflects the looseness of chromatin
structure (27, 28). Because inhibition of minor ZGA led to the
persistence of promiscuous transcription in two-cell embryos
(Fig. 4), minor ZGA could induce the change of chromatin
structure to a tighter one. Consistent with this proposal is that
the mobile fraction, an index of the looseness of chromatin
structure, remained high in DRB-treated embryos (Fig. 54).
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Effect of transiently inhibiting minor ZGA by DRB on the transcriptome of late-stage two-cell embryos. RNA-seq was conducted for DRB-treated

embryos 12 h after removal of DRB (32 hpi). These data and those obtained in the previous study [MIl eggs, one- (13 hpi), and two-cell-stage embryos (32 hpi)]
(5) were used for analysis of gene expression. (A4) Line graphs with gray background: classification of genes by k-means nonhierarchical clustering analysis
based on their expression patterns in MIl eggs, one-cell, and two-cell embryos treated with DRB. Mapped genes with <11 reads were omitted from the
analysis. The average expression levels in the MIl eggs, and one- and two-cell-stage embryos were set as 1. Error bars represent SD. Histograms with white
background: distribution of up- and down-regulated transcripts in response to DRB in each cluster. The x axis represents the logarithm of the ratio of their
expression levels between embryos treated with DRB (DRB+) and those not treated with the DRB (DRB-). The y axis represents the percentage of transcripts
with particular DRB+/DRB- ratio in total number belonging to each cluster. The red vertical line represents the position of 0 at which the DRB+/DRB- ratio
was 1.0. (B) The percentage of genes up- or down-regulated following transient inhibition of minor ZGA in each cluster. Transcripts whose expression levels
were more than two times higher or less than a half, respectively, in the DRB-treated embryos than DRB-untreated ones, were defined as up- or down-
regulated, respectively. (C) Analysis of the degradation pattern of 149 oocyte-specific transcripts (5) in MIl eggs, one-cell-stage embryos, and two-cell-stage

embryos treated with and without DRB.

Histone modifications play crucial roles in regulating tran-
scription. The global level of H3 lysine 4 trimethylation
(H3K4me3), a hallmark of active genes, decreases during the
two-cell stage (29, 30). Consistent with loss of H3K4me3 from
nucleosomes being associated with the transition from minor to
major ZGA is that this decrease was not observed in DRB-
treated embryos (Fig. 5 B and C). We also examined the effect
of DRB treatment on nuclear deposition of H3K9ac,
H3K27me3, and H3K36me3, whose levels change between the
one- and two-cell stages (31-33), and no obvious difference was
detected for these modified histones between DRB-treated and
the control embryos (SI Appendix, Fig. S7)

E6784 | www.pnas.org/cgi/doi/10.1073/pnas.1804309115

Taken together, these results demonstrate that the zygotic
program, including epigenetic changes, is compromised at the
two-cell stage by transiently inhibiting minor ZGA, whereas the
maternal program (i.e., degradation of maternal mRNA) occurs
with the expected timing

Discussion

Genome activation in preimplantation embryos occurs in two
phases—namely, minor and major—the timing being species-
dependent. For example, in mouse minor ZGA occurs during
the one-cell stage with major ZGA occurring during the two-
cell stage, whereas in bovine, minor ZGA occurs during the
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Fig. 4. Transcription with the characteristics of minor ZGA in DRB-treated two-cell stage embryos. Embryos were cultured with DRB from 4 to 20 hpi and
transferred to DRB-free medium. (A) Screenshots from the University of California, Santa Cruz (UCSC) genome browser (51) of RNA-seq data in one-cell
embryos (13 hpi) and two-cell embryos (32 hpi) treated with and without DRB. The vertical scale was trimmed to 0-20 reads; trimming is indicated by
horizontal dashed lines. (B) Quantification of the number of transcribed intergenic regions in one-cell embryos and two-cell embryos treated with or without
DRB. Intergenic regions were divided into 1-kb regions across the genome and then the number of regions that were uniquely mapped by at least a single
read was counted. Asterisks indicate significant differences by y? test (P < 0.05). (C) Distribution of the mapped reads of Sord and KI/f5 that are transcribed
during both of minor and major ZGA but not in oocytes. Shown are RNA sequencing data from one-cell embryos and two-cell embryos treated with or
without DRB visualized using the UCSC genome browser. The vertical scale was trimmed to 0-20 reads. Dashed lines indicate trimming at 20 reads. An exon-
intron structure of each gene is described under the screenshot. (Blue scale bars, 5 kb.) (D) Violin plot representing intron RPKM/exon RPKM (intron and exon
read counts normalized to 1-kb length) ratios for transcripts expressed in embryos but not in MIl eggs. (E) Images of serine/arginine-rich splicing factor 2
(SC35) immunocytochemical staining in pronuclei of one-cell embryos and nuclei of two-cell embryos treated with [DRB(+)] and without DRB [DRB(-)]. Insets
represent the magnified images. The experiment was conducted two times and six nuclei were examined for each experiment. (Scale bars, 20 um.) Arrow-
heads indicate polar bodies. (F) The number of SC35 foci in the nucleus/pronucleus in the immunofluorescence images of E. The foci whose size occupied more
than 0.03% of the area of whole embryos were recognized as those of SC35. Data are represented as mean + SEM. Asterisks indicate a significant difference
from the control two-cell embryos (Student’s t test; P < 0.05).

two/four-cell stage with major ZGA initiating during the eight-cell
stage. Major ZGA and the reprogramming of gene expression that

transcription were characterized, with the unexpected finding that
transcription is relatively promiscuous, low-level, genome-wide,

occurs during major ZGA are critical for further development (16,
34). The role of minor ZGA in development, however, has
remained enigmatic (see introductory section) but inroads have
been made. For example, in mouse the products of minor ZGA
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and produces transcripts from thousands of protein-coding genes
that are inefficiently spliced and polyadenylated (5, 35). By tran-
siently inhibiting minor ZGA with DRB, we report here that
minor ZGA is indispensable for preimplantation development.
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Transient inhibition of minor ZGA (i.e., from the mid one-cell
to the early two-cell stage) results in developmental arrest mostly
at the two-cell stage, with many minor ZGA genes, but not major
ones, being expressed. Furthermore, the transcription character-
istics of minor ZGA (i.e., pervasive transcription from intergenic
regions and inefficient splicing) are observed in late two-cell
embryos. The transcriptome similarity of one-cell and transiently
inhibited late two-cell embryos suggests minor ZGA must pre-
cede major ZGA for continued development (i.e., the program of
gene expression is not driven by a zygotic clock) (36). It is also
unlikely that failure to clear maternal mRNAs causes develop-
mental arrest because degradation of maternal mRNAs appears
unaffected. Further support for an essential role of minor ZGA
for development is that the effect on development of transiently
inhibiting major ZGA is much less pronounced.

Although >90% of the embryos arrested at the two-cell stage
after removal of DRB at 46 hpi, 40% of the embryos developed
beyond the two-cell stage and arrested at various stages at
96 hpi (Fig. 24). This difference of arrested stage could be due

E6786 | www.pnas.org/cgi/doi/10.1073/pnas.1804309115

to asynchronized embryo development. Alternatively, it could
arise from differences in expression levels of RNAs and pro-
teins that play important roles for development. Indeed, some
genes transcribed during major ZGA were still expressed or
up-regulated after removal of DRB (Fig. 3 A and B).

DRB inhibits Pol I-mediated transcription as well as a Pol II-
mediated one (37). However, it is unlikely that the developmental
arrest in the DRB-treated embryos was due to the inhibition of Pol I-
mediated transcription. Inhibition of Pol I caused developmental
arrest at the one-cell stage (38), whereas most of the DRB-treated
embryos developed to and arrested at the two-cell stage in our study
(Fig. 24). In addition, although DRB inhibits Pol I-mediated tran-
scription, the degree of inhibition is lower in Pol I-mediated tran-
scription than Pol II-mediated transcription (37). Because we used
the minimum concentration of DRB to inhibit the Pol II-mediated
transcription (Fig. 1B), Pol I-mediated transcription would not be
efficiently inhibited in our experimental conditions.

Chromatin structure becomes “tighter” during MZT (26, 39).
The lack of a requirement for an enhancer—enhancers function
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by overcoming chromatin-mediated transcriptional repression—
for efficient expression of plasmid-borne reporter genes and
promiscuous genome-wide transcription during minor ZGA
likely reflect a loosened chromatin structure (5, 25, 40). Re-
ciprocally, the requirement for an enhancer for efficient ex-
pression of plasmid-borne reporter genes and a decrease in
intergenic transcription during major ZGA presumably reflects
chromatin structure becoming “tighter” (5, 25, 26, 40). Indeed,
the absence of minor ZGA caused the persistence of loosened
state of chromatin structure at the two-cell stage (Fig. 54).
H3K4me3 is a hallmark of active genes and facilitates a loosened
chromatin structure by recruiting CHD1, a chromatin remodeler
(41); H3K4me3 typically maps to a highly defined narrow region
over a promoter of an active gene. Results from recent chromatin
immunoprecipitation experiments revealed that broad peaks of
H3K4me3 are observed on the maternal genome of zygotes and
that this distribution transforms into a sharp peak localized at the
promoter region of active genes in two-cell embryos (27, 42, 43).
Interestingly, a broad H3K4me3 distribution is still observed at the
late two-cell stage when transcription is inhibited by treatment with
a-amanitin during the one- and early two-cell stages. Thus, minor
ZGA and transcription per se could drive this change. A possible
mechanism is that transcriptional elongation erases H3K4 methyl-
ation through H3K36 methylation, which is regulated by phos-
phorylation of S2 of the carboxyl-terminal domain (44). In addition,
the transcriptome of DRB-treated two-cell embryos indicates that
functional proteins are not produced because transcripts are in-
efficiently spliced. A consequence would be reduced amounts of
KDM>5A and -B, and H3K4me3 demethylases (29) in late two-cell
embryos, which would be an additional factor contributing to
maintaining high levels of H3K4me3 in these treated embryos.
The picture that emerges regarding control of early pre-
implantation development in mouse is that maternally inherited
transcripts and proteins are responsible for development to the
two-cell stage because zygotes treated with a-amanitin cleave but
then arrest at G2 phase after completing DNA replication (45).
Minor ZGA, which is characterized by promiscuous transcription
that produces nonfunctional transcripts, except for transcripts
encoded by intronless genes, provides a mechanism to remodel
chromatin into a mature structure that supports major ZGA and
expression of genes necessary for further development.

Materials and Methods

Collection and Culture of Oocytes and Embryos. The methods of collecting
fully grown oocytes and MIl stage eggs, and fertilization and culturing
embryos were described previously (5, 46) and are detailed in S/ Appendix.
All of the procedures using animals were reviewed and approved by the
University of Tokyo Institutional Animal Care and Use Committee and were
performed in accordance with the Guiding Principles for the Care and Use of
Laboratory Animals.

Treatment with DRB. To transiently inhibit minor ZGA, one-cell embryos were
cultured in potassium simplex optimized medium (KSOM) containing 80 pM
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DRB (Sigma-Aldrich) between 4 and 20 hpi, and the treated embryos were
then washed six times in KSOM without DRB and then cultured in KSOM
without DRB. For transient inhibition of major ZGA, two-cell embryos were
cultured in KSOM containing 80 uM DRB between 26 and 42 hpi. Control
embryos were cultured in DRB-free medium that contained the appropriate
amount of dimethyl sulfoxide (DMSO), the solvent used to prepare the DRB
stock solution.

In Vitro Transcription Assay. Transcriptional activity was measured by in-
corporation of BrU into nascent RNA, as described previously (13), and is
detailed in S/ Appendix.

Detection of DNA Replication. The embryos were transferred into KSOM
containing 10 uM BrdU (Roche Diagonostic) at 14 hpi and DNA synthesis was
detected at 1-h intervals by BrdU incorporation, as previously described (47).

Immunocytochemistry. The methods of immunocytochemistry for phos-
phorylated Ser2 of the carboxyl-terminal domain, SC35, H3K4me3, H3K9ac,
H3K27me3, and H3K36me3 are described in S/ Appendix.

FRAP. FRAP analysis was conducted as described previously with slight
modification (26). Briefly, after photobleaching images were taken at 5-s
intervals for 60 s. The mobile fraction (MF), an index of the rate of fluo-
rescence recovery, was calculated using the following equation (38-40):
MF = (Fend — Fpost/(Fore — Fpost), Where Fenq is the relative intensity of fluo-
rescence at the endpoint, Fpos: is immediately after photo-bleaching, and
Fore is before photo-bleaching.

RNA Extraction and Preparation of the RNA-Seq Library. The methods of RNA
extraction and preparation of the RNA-seq library are described in
SI Appendix.

Heatmap, k-Means Nonhierarchical Clustering, Hierarchical Clustering. Relative
expression levels were calculated by RPKM values in Ml eggs, one- and two-
cell embryos treated with or without DRB. The average RPKM value of these
four samples was calculated and set as 1 for each gene. Relative expression
values were converted into log, values and represented in a heatmap using
TIGR Multiple Experiment Viewer (MeV) (48).

To conduct analysis of k-means nonhierarchical clustering, RPKM values in
oocytes were set as 1 and then relative expression values were transformed
into logyo values and subjected to k-means nonhierarchical clustering
using MeV.

To compare transcript levels between two-cell embryos treated with and
without DRB, average RPKM values of two samples were set as 1 and then
relative expression values were transformed into log, values and subjected to
hierarchical clustering using Cluster 3.0 (49). These data were visualized by
Java Treeview (50).

Reverse Transcription and PCR. Reverse transcription and PCR was conducted
as described in S/ Appendix.
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