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Highlights
e A gene expression program, iEGA, initiates within 4 h of
mouse fertilization

e Upregulated genes are normatively spliced, protein coded,

and soon downregulated

e iEGA genes predict cancer-associated pathways and
transcription regulators

e Inhibiting predicted transcription regulators acutely disrupts

iEGA and development
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In brief

How and when embryonic transcription
begins following fertilization remains
elusive. Asami et al. generate a high-
resolution time course to reveal a
transcription program initiating within 4 h
of fertilization in mouse one-cell embryos.
The program predicts embryonic and
cancer-associated pathway expression,
and inhibiting inferred regulators acutely
blocks transcription and development.
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SUMMARY

At the moment of union in fertilization, sperm and oocyte are transcriptionally silent. The ensuing onset of
embryonic transcription (embryonic genome activation [EGA]) is critical for development, yet its timing
and profile remain elusive in any vertebrate species. We here dissect transcription during EGA by high-res-
olution single-cell RNA sequencing of precisely synchronized mouse one-cell embryos. This reveals a pro-
gram of embryonic gene expression (immediate EGA [iEGA]) initiating within 4 h of fertilization. Expression
during iEGA produces canonically spliced transcripts, occurs substantially from the maternal genome, and
is mostly downregulated at the two-cell stage. Transcribed genes predict regulation by transcription factors
(TFs) associated with cancer, including c-Myc. Blocking c-Myc or other predicted regulatory TF activities dis-
rupts iEGA and induces acute developmental arrest. These findings illuminate intracellular mechanisms that
regulate the onset of mammalian development and hold promise for the study of cancer.

INTRODUCTION

In fertilization, two heterotypic cells (the gametes, sperm and
oocyte) combine to cause formation of a totipotent one-cell em-
bryo." This is a foundational developmental event that coincides
with embryonic genome activation (EGA), in which transcription
in the new embryo initiates from gamete-derived genomes that
had been transcriptionally silent until fertilization.”* EGA occurs
in a milieu of complex biochemical and physical changes, many
unique, within nascent one-cell embryos.>® Phospho-relays
with multiple targets, including the cytostatic factor Emi2, pre-
cipitate meiotic cell cycle progression®®® and are concurrent
with specialized parental chromatin remodeling,®° which
presumptively regulates EGA. The major sperm nucleoprotein
protamine'® is removed by oocyte-derived nucleoplasmin activ-
ity and replaced by maternal histones prior to S phase, which
begins ~8 h after fertilization in the mouse.*"" The new embryo
undergoes atypical patterns of histone modification'*'® and
chromosome organisation,'“"'® but conclusions differ regarding
the extent to which chromatin structure is inherited from the
gametes'®>'” or assembled anew.'*'® Parental genomes
become bounded by pronuclear membranes that, in the mouse,
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are visible ~4.5 h after fertilization and remain for ~10 h until the
first mitotic prometaphase.®™

The dynamics of mouse EGA have been inferred from injected
reporter gene expression,'® bromodeoxyuridine (BrdU) label-
ing,"'® cDNA library construction,”® microarray analysis,”'>* and
RNA sequencing (RNA-seq)”**° to initiate as an event referred
to as “minor” EGA in late one-cell embryos, followed by “major”
EGA at the two-cell stage. However, these studies have often
relied on embryos for which the time of fertilization in vivo was
indeterminate even though oocytes are fertilizable for more than
12 h after ovulation,® the time of coitus and duration of sperm
passage and fusion at the fertilization site are unknown,?” and
one-cell embryo morphology and time since fertilization are not
reliably correlated.?® Studies have sometimes used hundreds or
thousands of embryos,??2%?429 potentially smoothing signals
and obscuring biologically relevant differences.*°

These challenges preclude the degree of inter-embryo
synchrony necessary for accurate transcriptome profiling in
one-cell embryos. Moreover, the models they produce do not
account for how maternal factor activity required for early devel-
opment is regulated in the absence of endogenous transcription
or address the cue that instigates gene expression, which can
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evidently be provided either in vivo or in distinct environments
in vitro. Hints that transcription initiates at the early one-cell stage
may also have been restricted by skewed library preparation
protocols that potentially reflect mMRNA polyadenylation (recruit-
ment) rather than de novo gene expression.>'#>*'=%% There are
conflicting views about whether gene expression in one-cell
embryos produces spliced mRNAs, with evidence of efficient ca-
nonical splicing®>***® and the suggestion that it does not
occur.?®

We recently employed polyadenylation-independent single-
cell RNA-seq (scRNA-seq) of human embryos to address
some of these issues, revealing that gene expression initiates
at the one-cell stage.®* However, the paucity of available healthy
one-cell human embryos for research hampers characterization.
It precludes precise synchronization and time course profiling
and confounds orthogonal validation, including functional
corroboration of gene expression. It has therefore not been
possible to determine precisely when EGA initiates in human
one-cell embryos or whether it initiates stochastically, as a
monotonic burst, or as a succession. Indeed, no time courses
within the one-cell stage have been reported in any species,
and the onset of EGA has been ascribed to the earliest time point
at which upregulation has been determined, not necessarily the
earliest point at which it occurs. The degree to which the onset
of EGA is conserved between species is unknown, and models
of EGA are thus incomplete. To address this, we set out to delin-
eate EGA based on multi-platform, single-cell transcriptome
time course profiling and characterization of precisely staged
mouse one-cell embryos.

RESULTS

Mouse fertilization rapidly triggers an embryonic
transcription program

Synchronous one-cell mouse embryos were produced by pre-
cisely timed intracytoplasmic sperm injection (ICSI) of mature,
metaphase Il (mll) oocytes and collected at 2-h intervals for anal-
ysis by scRNA-seq. Precise embryo synchronization minimized
noise to uncover hitherto inaccessible information about gene
expression at the onset of development, and the scRNA-seq
protocol avoided poly(A) capture and its attendant potential for
library bias.>'** We performed scRNA-seq on Mus musculus
domesticus F2 hybrid (F2) and genetically distinctive, M. m. do-
mesticus X M. m. castaneus (B6cast) embryos that developed
efficiently in vitro (Figure S1A) and treated F2-B6cast scRNA-
seq as one dataset to account for strain-specific effects and
achieve higher statistical power. This gave an average read
depth (+SEM) of 30.4 + 1.3 million per mll oocyte or one-cell em-
bryo. Unsupervised t-distributed stochastic neighbor embed-
ding (t-SNE) visualization allocated each cell in the F2-B6cast
time course to its appropriate position, producing clusters at
each time point (false discovery rate [FDR] < 0.05; Figure 1A).
An analogous time course series of independent F2 embryos
subjected to microarray analysis also appropriately allocated
each oocyte and embryo to its corresponding time point, corrob-
orating scRNA-seq (FDR < 0.05; Figures 1A and 1B). The
F2-B6cast scRNA-seq series comprised 4,067 differentially ex-
pressed genes (DEGs) across the 12-h time course in one-cell
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embryos relative to mature mll oocytes (FDR < 0.05). Of the
DEGs detected by scRNA-seq, 368 (55.2%) changed in the
same direction as the 667 DEGs detected by microarrays
(FDR < 0.05 vs. FDR < 0.05), representing a strong Pearson
correlation (r) of 0.78 (Figures 1C and S1B). Unsupervised
gene-by-gene analysis of the F2-B6cast scRNA-seq series
(FDR < 0.05) assigned embryos to corresponding respective po-
sitions on the time course, visualized in the heatmap in Figure 1D.

Of the 4,067 F2-B6cast DEGs, 2,290 (56.3%) were downregu-
lated, including canonical maternal transcripts such as Mos,
Plat, Dppa3 (Stella), and Gdf9, whose decay following fertiliza-
tion has been documented”'*® (Figure S2A). However, there
was also a remarkable and systematic program of transcriptional
upregulation (1,777 genes, 43.7%) that had initiated as early
as within 4 h of fertilization (Figure 1D). Genome activation within
12 h of fertilization (referred to here as immediate EGA,
iIEGA) was distinctive but overlapped with canonical EGA®*
(Figures S2B-S2D). We assessed upregulation by qPCR, vali-
dated by “spike-in” standardization (Figure S1C), which corrob-
orated transcript level changes identified by microarray and
scRNA-seq platforms (n = 32 transcripts) (Figures S1D-S1F).
These data reveal a program of gene expression that initiates
in mouse one-cell embryos within 4 h of fertilization.

iEGA is accompanied by normative transcript
processing

De novo transcriptome re-assembly revealed that 88.3% (1,235
of 1,398, FDR < 0.05) of iEGA transcripts possessed annotated 5’
ends, predicting canonical RNA polymerase Il (RNA Pol ll) tran-
scription start sites. Most upregulated iIEGA genes (1,398 of
1,777 [78.7%], FDR < 0.05) were protein coding, leading us to
evaluate splicing in light of the suggestion that there are low
levels of spliced, translatable mRNA in one-cell mouse em-
bryos.?® Transcript-level scRNA-seq data analyzed overall, and
individually by Sashimi plots, revealed upregulation of mature
RNA transcripts spliced at canonical exon junctions during
iIEGA (Figure S3). Increases in spliced transcript levels
were corroborated by intron-flanking gPCR (i.e., gPCR across
boundaries between different exons) of multiple targets in inde-
pendent embryos (Figures 2A, 2B, and S4A). Genes for core spli-
ceosomal components and the mRNA capping enzyme guany-
lyltransferase (Rngtt) were upregulated by 6 h (Figure S4B).
Our scRNA-seq protocol avoided poly(A) capture, and
random-primed gPCR further suggested that iEGA transcript
level increases were not contingent upon polyadenylation
(Figures S5A and S5B). Levels of some endogenous proteins
apparently increased within 6 h of fertilization, and examples
were consistent with classes corresponding to transcript upre-
gulation (e.g., Atf6 and Bbs5) and recruitment (e.g., Cep44),
although the two classes are not necessarily exclusive
(Figures S5B-S5D). We confirmed acute translational compe-
tence immediately after fertilization by coinjecting oocytes with
sperm plus mCherry-encoding cRNA. Embryos expressed
mCherry protein within 4 h of coinjection regardless of whether
the injected cRNA had been polyadenylated in vitro (Figure 2C).
These findings show that, in keeping with previous reports,®?-*°
normative splicing predominates during iEGA and is accompa-
nied by competence to translate new transcripts.



Cell Reports ¢? CellPress

OPEN ACCESS

A
2h 4 h 6h 8h
o?° 3
w2 - o, 2 2o
©-2 —- T— < ﬁ
_-6 [ T T 1 r T T 1 r T T 1 r VT - T 1 1
5 10 15 . 20
av log expression
10 2h 4h 6h 8h
o : -
L
o~ 0
D
o
-10 T T T 1 T T T 1 T T T r T T 1 1
° avlon By
av o
B ,_ 9 - th C
o 2 6 .
£ . m9 microarray © scRNA-seq
S €% * E2 :
- A
o ® 5 . ® e al A, W10 299
o 0 .ﬁ’:.. oo as Ny o B3 12804 .8 o
= ° ® Gaol ot £ Aer 8037
o -2
-1 ‘ e + 3803
i) -4
©
2 5] -6
T T T . T T T T ] all detected DEG
-1 .0 1 - -2 0 2 4
leading log FC dim 1 t-SNE dim 1
oocyte/embryo
D y 3 E chromatin remodelir
2 = meiotic cytokinesis minor EGAmnmm
T : - Ca?* mobilization
b1 mmm Emi2 degradation —— 1101 S-phase
00 Pby
@ Pb;
Y
SO 9101910
.3
‘miie-alld-til
I | 1 I | I 1
0 2 4 6 8 10 12 t(h)
tRNA charging 23
G2/M checkpoint g
DNA methylation %
ol IGF signaling 2
) <
ch.> molecular mechanism of cancer (0]
[ G1/S checkpoint 4
F
RNA-seq gPCR
_ 6.0 @ Gag 3.0 W Gag
Q ELTR
(0]
<40 @ Pol
pd
4
E20
2
% 0.0

N

=}
N

I
o
©
-
o

12 ml 2 4 6 8 10 12

time (h) after fertilization

Figure 1. A mouse EGA program initiates rapidly after fertilization

(A) Map plots showing DEGs relative to levels in metaphase Il (mll) oocytes from microarray (top) and F2-B6cast scRNA-seq series at separate time points.
(B) Multidimensional scaling (MDS) analysis of microarray data (left) and t-SNE visualization of F2 (dots) and B6cast (triangles) scRNA-seq data.

(C) Relationships of microarray and scRNA-seq data across the 12-h time course, comparing all detected transcripts (left) and differentially expressed genes
(DEGs; FDR < 0.05 vs. FDR < 0.05, microarray vs. scRNA-seq).

(D) Heatmap showing mouse one-cell embryo gene expression changes (FDR < 0.05) from F2-B6cast scRNA-seq across the time course. mll oocytes corre-
spond to 0 h. The plot indicates expression of 4,067 genes across 6 < n < 8 embryos per time point.

(E) IEGA pathway succession and canonical embryonic events in the first 12 h. Pb4, first polar body; Pb,, second polar body; mll, all, and tll, second meiotic
prophase, metaphase, anaphase, and telophase respectively.

(F) Relative levels (+SEM) of MUERV transcripts LTR, Pol, and Gag at the times shown after fertilization, from scRNA-seq (FDR < 0.05, left) and gPCR of pools of in
vitro fertilization (IVF) embryos (n = 6 pools/time point).

Cell Reports 42, 112023, February 28, 2023 3




¢? CellPress

OPEN ACCESS

Cell Reports

A Atf6 Smg6 Zswim1 Ypel5 B c
Emi [We h 4.0-p=2.08e-4 mehIUTR. post-
30 30 30 30 oi o foson 2n 4
’ : ' ) p=489-3 mll 6h
2.0 2.0 2.0 2.0 5.0 [] exon-exon
— 4 . mCh
210 1.0 1.0 1.0 _ O [ within exon | cRNA sperm >
2 © 4 0Jo=0.014
< 00 0.0 0.0 0.0 340
Z Eds . Ext6 - BQ . EBxd - B3 Exl4 - Bl B2 <
% ExF1 ExF2 ﬁ&ngm ExF1 \'nTFwEmesz ExF1 o ExR1 EXFE:FQ o ExR1 é 3.0 p=4.53e-7 ; p 0.039 p=0.023
g Bbs5 Dnaj27 Btg1 Tapt1 g 20 =0.035 & 50
s p=0.032 g4 840
© 20 2.0 2.0 ® 8 30
© 1.0 ™ - ]
1.0 1.0 1.0 £ 20
S
0.0 0.0 0.0 0.0 T T T T 30
B B0 BT EB6 BT BG B Kpna2 = Ube2a  Brd4 Cdc2i2 Sic4atap Y
Bt e B ExF1 %_ BRI BF . BRIl ExF o 2 4 2 4h
IntR1 Intf IntF1 ExF2 IntR1 p(A)’ p(A)“
D H3K27me3 tc E ©H3K4me3-H3K27me3/Kdmla ©tc F 2C DEG/Kdm1a “tc
91
5662 162 5806 18 4932 2084 257 238 3 2231 M9 1762 6 142 0O 886 6
1615 124 804 1520 139 65 65
7
=5824 =5824 =5023 =2341 =2341 =2341 =71 =71 =71
all=iz777 - patiisas mat 7235 all= =777 pat’ 5=t mat 7555 all= =i pat’nis mat’ Zids
125 [ per time-point 200 [@per time-point 10 [@per time-point
[ first appearance . [ first appearance - [ first appearance
g 160 8
E120 E
< c
o 80 [}
5 5
o 40 o
0
4 6 8 10 12 2 4 6 8 10 12
time (h) time (h) time (h)

Figure 2. Normative transcript splicing and features of chromatin associated with iEGA

(A) Bar charts indicating transcript levels determined by gPCR using the intron-flanking primers indicated below. cDNA was random primed and derived from
pools of 10 mll oocytes (mll) or IVF embryos 6 h after IVF (6 h) (n = 4). Intron-exon primer pairs gave products for genomic DNA but not cDNA. ExF1 and ExF2,
exonic forward primers; ExR1 and ExR2, exonic reverse primers; IntF1, intronic forward primers; IntR1, intronic reverse primers; nd, not detected. Values are +
SEM. t test values are shown, where p < 0.05.

(B) gPCR analysis as in (A) with intra-exonic primer pairs (within exon) and primers flanking exon junctions (exon-exon) in pools of 10 embryos (n =
regulated genes independently identified in previous work.”'

(C) Injection of mCherry cRNA (mCh; top left: ORF, mCh open reading frame; ¢, cytoplasmic polyadenylation element; t, mMRNA cleavage/polyadenylation signal).
Fluorescence intensity quantification (bottom left) at the times shown after injection of mCh cRNA (0.6 ng/uL) polyadenylated in vitro (pA*) or not (pA™). Fluo-
rescence micrographs show representative oocytes with corresponding bright-field images (insets, top left) and a non-injected control (neg; inset, top right).
Scale bars, 100 um. (A-C) Values are + SEM. Unpaired t tests show p < 0.05.

(D) Venn diagrams (top) of upregulated iEGA genes in F2-B6cast (all) and B6cast paternal (pat) and maternal (mat) scRNA-seq datasets as they map to promoters
marked with H3K27me3 in mll oocytes.*® Bar charts for F2-B6cast scRNA-seq data show cumulative upregulated gene numbers and numbers upregulated for
the first time. tc, F2-B6cast time course series scRNA-seq data.

(E) As in (D), showing overlaps with H3K4me3 or H3K27me3 promoter occupancy in sperm altered by exposure to transgene expression of Kdm1ia.®’

(F) As in (D) showing overlaps with DEGs in two-cell (2C) embryos following fertilization by transgenic Kdm1a sperm.®”

6) for up-

Pathways predicted by the iIEGA expression profile

Ingenuity Pathway Analysis (IPA)*® of upregulated F2-B6cast se-
ries genes at each time point predicted a pathway succession
that overlapped between microarray and scRNA-seq data and
reflected features of one-cell embryonic development
(Figures 1E, S2E, and S2F).° The pattern of embryonic develop-
mental terms disappeared when IPA was performed on downre-
gulated genes. Terms for upregulated genes included cell cycle

(“active”) DNA demethylation soon after fertilization.”***° Mu-
rine endogenous retrovirus (MUuERV) LTR, Pol, and Gag tran-
scripts®' were upregulated at hundreds of loci from 8 h (Fig-
ure 1F), showing that MUERV gene activation is established in
one-cell embryos as a feature of iEGA. The putative EGA regu-
lator gene Dux® was upregulated by 6 h but Dux-responsive
genes were not (Figure S1G), suggesting that iEGA is indepen-
dent of Dux or its paralogs.*® These results reflect coordination

regulation, exemplified by the meiotic-to-mitotic cell cycle tran-
sition and the first mitotic cytokinesis (e.g., cell cycle checkpoint
terms Chek1, Cks1b, Ccne2, Cdc25a, Cull, and E2F4), meta-
bolism (e.g., the insulin growth factor [IGF] signaling terms
Csnk2a1l, Igfbp4, Jak1, Pdpk1, Pik3r1, and Pik3r3), and DNA
methylation (e.g., Histlh4a, Hist1h4f, Hist2h4a, Hist4h4,
Rbbp4, and Sap30); the paternal genome (and, to a lesser
extent, the maternal one) undergoes replication-independent

4 Cell Reports 42, 112023, February 28, 2023

between iEGA and developmental processes immediately after
fertilization.

Embryonic chromatin during iEGA

We next asked whether regulatory chromatin marks occupied
iEGA genes. Only one iEGA gene contained a DNA methylation
imprint (FIt7; FDR < 0.05; Table S1), and two (Elavi2 and Nav3)
were from recently described transient H3K27me3-associated
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Figure 3. Parental genome contributions to gene expression during iEGA
(A) Bar charts indicating DEG numbers determined by scRNA-seq compared with mll oocytes (0 h) for maternal (B6) and paternal (cast) alleles in the B6cast series.

Values reflect FDR < 0.05 for each time point separately.

(B) Proportions of DEGs determined by scRNA-seq allocated to each parental genome at the times indicated (6 or 12 h) relative to 2 h after fertilization. Values
were calculated using FDR < 0.05 for the entire dataset and reveal an increase in paternal genome activity by 12 h.

(C) Bar charts indicating relative transcript levels (+SEM) determined by gPCR using random-primed cDNA from embryos produced by IVF or diploid (2n)
parthenogenotes (n = 3 pools of 10 each) 6 h after activation of development. Pairwise t test p values for each target were p = 0.069 for Kpna2 and p > 0.220 for all

others.

mouse blastocyst imprints.** Some IEGA promoters contained
H3K27me3 at the same promoter as in sperm (162,
FDR < 0.05) or mll oocytes (91, FDR < 0.05)°° or the active
mark H3K4me2 in sperm® (p < 0.05; Figures 2D-2F;
Table S1). Further data mining revealed 17,168 promoter regions
associated with the active mark H3K4me3 in the sperm genome
(FDR < 0.05),*° of which 1,116 corresponded to iEGA genes
(62.8% of the iEGA total, n = 1,777, FDR < 0.05). Co-occupancy
by H3K4me3 and H3K27me3 constitutes a bivalent mark
thought to poise promoters for transcription in mouse embryonic
stem cells (ESCs),*® but only 95 iEGA promoter regions (5.3%)
were represented by the set of promoters co-occupied by
H3K4me3 and H3K27me3 in mouse primordial germ cells (n =
3,498, FDR < 0.05)."’ This indicates that most iEGA occurs inde-
pendent of bivalently marked gamete promoters.

EGA in non-mammalian vertebrates involves chromatin re-
modeling,”*® and because meiotic exit is a canonical feature of
vertebrate fertilization, we evaluated dynamic changes to histone
modifications in relation to cell cycle progression in the mouse.
This was achieved by injecting developmentally competent, heat-
ed sperm heads that do not induce meiotic exit®*° into mil oo-
cytes (Figure S6A) and comparing histone modifications (n =
33) in the resulting biparental mll oocytes (containing oocyte-
and sperm-derived genomes) with those in age-matched one-
cell embryos. In mll oocytes containing heated sperm heads,
maternal chromatin shared only 54.5% of histone modifications
with paternal chromatin, but in control embryos that had under-
gone meiotic exit, 78.8% of parental histone modifications were
shared (p = 0.006; Figures S6B-S6D). The relative epigenetic uni-
formity (“epigenetic” here refers to chromatin composition,
including DNA and histone modifications, that might affect gene
expression) attained between parental genomes following
meiotic exit reflected an increase in modifications associated
with active transcription (e.g., the appearance of acetylated H3
lysine 27, H3K27ac; Figures S6B and S6C) from 6 to 14 active

marks in paternal chromatin and from 14 to 16 in maternal chro-
matin (Figure S6D). These findings suggest that a transcriptionally
favorable chromatin landscape in one-cell embryos is rapidly pro-
moted by meiotic exit in response to fertilization.

Distribution and regulation of iEGA genes

Upregulated iEGA genes were distributed throughout the
genome (Figure S7A). To discriminate between contributions to
iEGA from parental alleles, we focused on B6cast series DEGs
to infer relative parental genomic contributions. Unsupervised
cluster analysis placed B6cast embryos at their corresponding
time course positions (Figure S7B) and permitted parent-specific
expression assignment based on parental alleles with informative
expressed SNPs. Changes reflected maternal transcript downre-
gulation (in 2,785 of 4,695 [59.3%)] of cases), including estab-
lished precedents, Mos, Zp2 and Tle6, that had initiated by 6 h
and was followed by a progressive decline throughout iEGA
(Figures 3Aand 3B). Maternal allelic gene expression had initiated
2 h after onset of maternal transcript degradation (by 8 h after
fertilization) and included Zbed3, Zfp57, Spin1, Cnot6l, and
Obox5. This was supported by gPCR of diploid one-cell parthe-
nogenotes (i.e., embryos lacking a paternal genome), in which
expression of all (n = 10) assessed upregulated iEGA genes at
6 h was similar (p > 0.2) to that of controls (Figure 3C). Paternal
iIEGA lagged; its initiation was not detected until ~10 h but was
clearly evident by 12 h (Figures 3A and 3B). The active mark
H3K4me3 was strong in maternal chromatin at this time relative
to that in paternal chromatin (Figures S6B-S6D). These findings
suggest that initial gene expression in iEGA is predominantly
driven by the maternal genome. We also investigated whether
sperm-borne mMRNA was introduced during sperm internalization
and removal of the major sperm nucleoprotein protamine. In
agreement with qualitative analysis,*® we found that 50% of
transgene-encoded protamine was removed within ~30 min of
sperm entry (Figures S7C-S7F). We therefore produced an
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independent B6cast scRNA-seq time course series (B6cast-
HiRes) with high temporal resolution starting at 20 min. However,
the B6cast-HiRes series detected zero upregulated DEGs (from
13,870 genes whose expression was detected) and no significant
levels of sperm-borne mRNA,° even at a relatively relaxed strin-
gency (FDR < 0.1). With the caveat that B6cast and B6cast-HiRes
analyses were limited to informative reads following ICSI, these
findings argue against delivery into oocytes of a stable submem-
brane cargo of persistent sperm-borne mRNA®" and indicate that
iEGA initiates from the maternal genome.

Analysis by qPCR of embryos treated with the RNA Pol Il inhib-
itor a-amanitin were indicative of refractory and sensitive transcript
levels (Figure S4C). “Minor” EGA has been shown previously to be
refractory to a-amanitin,?"*® and consistent with this, scRNA-seq
of control and a-amanitin-treated embryos (Figure S4D) yielded
statistically indistinguishable (FDR > 0.05) upregulated transcript
profiles (Figure S4E). However, the heatmap in Figure S4E visually
indicated a reduction in the a-amanitin treatment group, implying
some a-amanitin sensitivity, consistent with gPCR. There was no
evidence of splice variants corresponding to the a-amanitin target
Rpb1 that might, in principle, mediate resistance (Figure S4F).
Levels of some refractory transcripts (e.g., Bbs5), but not all
(e.g., KIf4), were also reduced by the RNA Pol Il elongation inhibitor
5,6-dichloro-1-B-D-ribofuranosylbenzimidazole (DRB), which
precipitated early developmental arrest (Figures S4G and S4H).

Mouse iEGA and the onset of EGA in human one-cell
embryos
We recently reported gene expression in healthy human bipronu-
clear (2PN) one-cell embryos.>* Of 874 upregulated human
DEGs, 111 (12.7%) overlapped with mouse F2-B6cast iEGA se-
ries species orthologs (FDR < 0.05) (Figure 4A), supported by
mouse embryo gPCR (n = 11 genes; Figure 4B). The F2-B6cast
scRNA-seq time course revealed that recombination pathways
are expressed during iEGA, leading us to focus on them in human
one-cell embryos because their disruption in the mouse is asso-
ciated with aneuploidy®® and compromises prime editing.”*
Although heritable genome editing has been assessed in tripro-
nuclear (3PN) human one-cell embryos,®® single-cell gPCR
showed that the normally upregulated DNA repair genes MLH1,
MSH4, and MSH6%® were dysregulated in 3PN and monopronu-
clear (1PN) human embryos (Figures 4C and 4D). Thus, DNA
maintenance genes are expressed during iEGA, but DNA repair
pathway expression is disrupted in human 1PN and 3PN one-
cell embryos even though they often exhibit normal ploidy.*>°°
Of 543 iEGA genes (FDR < 0.05, log2CPM>1 [counts per
million, CPM], with at least one log2 fold change [log2FC] > 0.5
across the 2-to 12 h time course), 302 overlapped with previous
mouse data for mll oocytes and one-, two-, and four-cell embryos
(Figure 4E).?* In most cases (186 of 302; 61.6%), expression was
sustained at the one-cell stage but markedly declined by the two-
cell stage (clusters Il and lll; Figure 4E). Thus, part of the iEGA pro-
gram is downregulated at the time of “major” EGA in mouse two-
cellembryos,”" a situation that mirrors the one in human embryos
when allowance is made for the later occurrence of “major” EGA,
around the eight-cell stage.®* Expression of the remaining 302
upregulated iEGA genes (cluster I) remained elevated in two-
and four-cell embryos (Figure 4E).**
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Pathways predicted by mouse iEGA overlapped with terms
predicted by upregulated DEGs of human one-cell embryos;
the human dataset most closely corresponded to an early (4-h)
time point in the mouse time course (r = 0.675; Figure 4F). The
human embryos were heterogeneous and asynchronous and
the precise time of fertilization was unknown (and any of these
aspects might conceal human-mouse similarities); nevertheless,
our findings are consistent with a conserved pattern of genome
activation in mouse and human one-cell embryos, with slower
genome activation in humans relative to that in mice.

Shared regulatory transcription factors (TFs) in iEGA
and cancer

IPA of iEGA predicted cancerterms (Figure 1E) and upstream regu-
lator effects (FDR < 0.05) mediated by c-Myc and additional can-
cer-associated TFs°® (Figures 5A-5C, S8, and S9). Transcriptional
networks regulated by MYC and MYCN were also predicted for hu-
man one-cell embryos,** leading us to investigate the functionality
of cancer-associated TF pathways during mouse iEGA. We
selected the TFs c-Myc, Mycn, Erg, and Atf4 because they are pre-
dicted to function within 8 h of fertilization and have corresponding
inhibitors of high specificity, and each plays major and well-studied
roles in cancer.® "% The four TFs were present in the cytoplasm of
mll oocytes and in the cytoplasm and nuclei of one-cell embryos
(Figures S9A-S9D). We did not detect their transcripts in either
mll oocytes or one-cell embryos. c-Myc localized to spindles in
mil oocytes and was present in immature oocytes®%*
(Figures 5D and 5E). c-Myc and its canonical heterodimeric partner
Max were present in one-, two-, and four-cell embryos (Figures 5E
and S9E-S9G). Genes for SUMOylation and deSUMOylation,
which modulate c-Myc activity,®* were upregulated during iIEGA
(Figure S9H). We found evidence of the cytoplasmic c-Myc cleav-
age product Myc-nick®® in one-cell embryos, and other isoforms
were also readily detectable in cleavage-stage embryos
(Figures 5E and S9I). These findings are consistent with roles of
maternal c-Myc, Mycn, Erg, and Atf4 as iEGA regulators.

Abrogation of c-Myc acutely disrupts development and
iEGA

Established gene targeting or knockdown (e.g., RNAi- or morpho-
lino-based) strategies are not available to evaluate the function of
TFs such as c-Myc, which pre-exist in mll oocytes as maternally in-
herited factors that might play key roles in oogenesis and matura-
tion (Mos provides a precedent®). Alternative approaches, such as
heterobifunctional chemical degraders (PROTACs) and antibody-
dependent depletion (e.g., “Trim-Away”), assume efficient target-
ing and require additional manipulation that may impact iEGA. We
thus evaluated c-Myc with structurally distinct small molecule in-
hibitors, 10,058-F4 (F4) and MYCi975 (i975), which specifically
bind different regions within the c-Myc helix-loop-helix (HLH)
domain to prevent c-Myc-Max heterodimerization and block
gene-regulatory activity.?®®” Treatment with either inhibitor
induced developmental arrest at one- or two-cell stages
(Figures 6A-6D), and i975 resulted in loss of c-Myc immunoreac-
tivity, indicative of degradation (Figure S9J). We determined the
transcriptomic impact of c-Myc inhibition by performing scRNA-
seq of one-cell embryos (n = 8) 10 h after F4 treatment. This iden-
tified 1,500 DEGs (F4 DEGs, FDR < 0.05), of which 577 (38.5%)
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Figure 4. Initiation of human embryonic transcription: Conservation with iEGA and dysregulation of DNA repair gene expression
(A) Venn diagram showing upregulated gene overlap between mouse (full time course FDR < 0.05, slope > 0; n =1,777) and human (FDR < 0.05, logFC > 0; n = 874)

one-cell embryos (FDR < 0.1).*

(B) Bar charts for transcript levels (qPCR) of mouse orthologs of transcripts upregulated in human one-cell embryos.* Values (+SEM) are normalized against mll
oocytes (~1.0). p values (unpaired t test) are indicated for pairwise comparisons.

(C) Single-cell gPCR for transcripts encoding DNA repair and recombination pathway components in human monopronuclear (1PN) and tripronuclear (3PN) one-cell
embryos and healthy bipronuclear (2PN) and mll oocyte (mll) controls. Values (+SEM) are normalized against mll oocytes (~1.0). Unpaired t tests indicate p < 0.05.
(D) Schematic showing interactions between human mismatch repair proteins in mitotic and meiotic cells®” whose transcripts were evaluated in (C).

(E) Heatmap indicating expression trajectories of 302 of 543 iIEGA genes from mouse one-cell embryos (FDR < 0.05, log2CPM > 1 and at least one log2FC > 0.5
across the 2- to 12-h time course) relative to expression in mll oocytes or one-cell, 2C, and four-cell embryos.24 Genes were sorted into three clusters (1, Il, and lll) as

indicated.>*

(F) Ingenuity Pathway Analysis (IPA) of upregulated genes in human (Hu) and mouse one-cell embryos.
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Figure 5. c-Myc in mouse oocytes and one-cell embryos
(A) Upstream transcription regulators inferred by IPA of mouse iEGA.
(B) Transcription regulators indicated for Hu and mouse one-cell
embryos by IPA.

(C) The upstream network, with c-Myc at its center, predicted by IPA
of upregulated F2-B6cast genes at 4 h.

(D) Representative immunofluorescence micrographs of a germinal
vesicle (GV) oocyte (n = 6) and mll oocyte (n = 7) stained with anti-c-
Myc antibodies (green) and propidium iodide (red, for DNA). Each
row shows the same oocyte, with an expanded image showing the
mll spindle (expanded). Insets show negative controls (primary
antibody omitted) at the same stage. Scale bars, 20 um and 2 um
(expanded).

(E) Representative (n = 3) immunoblot of GV oocytes (100/lane), mil
oocytes (100/lane), one-cell embryos after 4 h (100/lane) and em-
bryonic day 4.5 blastocysts (eB; 30/lane). Antibodies recognized c-
Myc (Myc) or tubulin-o. (Tuba) loading/transfer controls. Indicated
sizes are in kilodaltons. A red arrowhead marks the position of ca-
nonical c-Myc (50 kDa). Quantification of canonical 50 kDa c-Myc in
each lane relative to Tuba controls normalized against mll oocytes
(set at 1.0) is plotted on the right.
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were expressed at reduced levels compared with untreated con-
trols (Figure 6E), including most (229 of 240, 95.4%) of the F4
DEGs that overlapped with iEGA genes. The list contained known
c-Myc targets (Figure 6F) and, when subjected to pathway anal-
ysis, predicted multiple relevant terms (p < 0.01), including G2/M
DNA damage regulation, cell cycle control of chromosome replica-
tion, nucleotide excision repair, and the spliceosomal cycle (Fig-
ure 6G). These findings imply a role of c-Myc in promoting IEGA.
c-Mycisalsoarepressor of transcription, including cell cycle arrest
genes, consistent with upregulation of 923 F4 DEGs, including cell
cycle-regulatory transforming growth factor g (TGF-p) signaling
pathways. gPCR corroborated disruption of iEGA gene upregula-
tion by F4 and i975 (Figures 6H and 6l). Analogous inhibition of the
related basic HLH (bHLH) domain TF Mycn also blocked early
development and disrupted iEGA gene upregulation (Figures 6J—
6M), including MUERV gene expression (p < 0.07; Figure 6M).
Treatment disrupted embryo morphology and impeded cytoki-
nesis (Figure 6L). Abrogating the functions of additional cancer-
associated TFs predicted to have iEGA-regulatory roles, Erg or
Atf4, also impeded preimplantation development (Figures S9K
and S9L). Taken together, these findings support the view that
iEGA is predictive of TFs that initiate embryonic transcription and
that iEGA shares features with gene-regulatory networks in
cancer.

DISCUSSION

This work reveals a program of mouse embryonic gene expres-
sion that initiates within 4 h of fertilization. The trigger is likely
fertilization itself; candidate iEGA-regulatory TFs such as c-
Myc and Mycn are regulated by kinases, and fertilization triggers
a phosphorylation cascade that might, in principle, activate
them.®"*®="2 Moreover, each of the four tested TFs (c-Myc,
Mycn, Erg, and Atf4) was present in oocytes and one-cell em-
bryos (Figures 5D, 5E, and S9A-S9E). Selectively inhibiting c-
Myc during iIEGA led to acute developmental arrest and induced
activation failure in ~95% of upregulated genes. c-Myc is a mas-

Cell Reports

ter regulator of gene transcription,”® binding to many active
genes as a c-Myc-Max heterodimer®® and facilitating RNA Pol
Il promoter-proximal pause release.”*"® It is also a transcrip-
tional repressor,”®’® and most F4 DEGs (61.5%) were upregu-
lated following inhibition, including cell cycle arrest genes, sug-
gesting that c-Myc represses some gene expression during
iIEGA. As well as developmental roles for c-Myc and Mycn, inter-
fering with embryonic Erg and Atf4 also impaired early develop-
ment (Figures S9K and S9L); ERG alters enhancer chromatin
landscapes to promote cell proliferation,”® while ATF4 modu-
lates metabolic control to redirect nutrients into anabolic path-
ways in tumors, a role overlapping with that of c-Myc.%>"” These
findings imply major physiological gene-regulatory roles for c-
Myc in one-cell embryos, and their collective force implicitly as-
sociates metabolic, cancer, and early embryonic pathways.

Onset of transcription immediately after gamete union has im-
plications for models of epigenetic inheritance and reprogram-
ming by providing a framework in which epigenetic marks in
gametes can be rapidly decoded for transcription in early em-
bryos. This may reflect maternal pioneer factor activity'> or
gametic bookmarking, in which epigenetic memory (e.g., histone
modification or TF occupancy) persists into mitotic M phase.”®
Bookmarking TFs predicted by iIEGA are exemplified by Brd4
and RNA Pol Il general TFs, including TATA-binding protein
and TFIID. In addition, c-Myc acts as a pioneer factor’® and tar-
gets promoters during reprogramming of somatic cells to plurip-
otency.®° We found little evidence of regulation of iIEGA by ca-
nonical imprints or the bivalent mark H3K4me3/H3K27me3,
although there was correspondence to the active mark
H3K4me3 (Figures 2D-2F). It remains to be seen whether epige-
netic marks from gametes are functional at the one-cell stage
(i.e., whether they impact one-cell-stage gene expression), and
if so, whether their regulation differs from that of later-acting
epigenetic marks in preimplantation embryos.**

One interpretation of our data is that mouse iEGA is predomi-
nantly driven by the maternal genome (Figures 3A and 3B), which
possessed a transcriptionally favorable global chromatin

Figure 6. Functional analysis of predicted iEGA regulators in early mouse embryos
(A) Developmental rates (percentage of one-cell embryos surviving IVF) following IVF (2 h) with continued culture in the presence or absence of 50 uM c-Myc
inhibitor 10,058-F4 (F4) for 3 independent experiments (10 < n < 30 embryos each). 2-cell, 2C embryo (24 h after IVF); 4-cell, four-cell embryo (~48 h); eB,

expanded blastocyst (~96 h).

(B) Hoffman micrographs after 24 h of embryos produced by IVF and incubated without (control, ctrl) or continuously with F4 (50 uM). Scale bar, 100 um.
(C) Developmental rates per (A), except in the presence or absence of 5 uM c-Myc inhibitor MYCi975 (i975), for 3 independent experiments (9 < n < 16 embryos

each).

(D) Hoffman micrographs after 24 h of embryos of (C) after incubation without (ctrl) or continuously with 5 uM i975. Scale bar, 50 pm.
(E) Heatmap showing mouse gene expression changes (FDR < 0.05) determined by scRNA-seq for mouse F2 one-cell embryos not treated (n = 7) or treated (n=7)

with F4 for 10 h after fertilization.

(F) IPA of scRNA-seq data to reveal c-Myc-regulated iEGA target genes (p < 0.05) that were not upregulated when embryos were treated with F4.

(G) Top pathway terms in IPA of genes inhibited by F4 as determined by scRNA-seq (p < 0.01).

(H) Ratiometric gPCR analysis of iEGA transcripts in mll oocytes or embryos following F4 treatment for 2 h per (A).

(I) Ratiometric qPCR analysis of iEGA transcripts in mll oocytes or embryos following i975 treatment for 4 h per (C).

(H and I) Transcript levels were normalized against mll oocytes (set at ~1.0) and values plotted + SEM, indicating differences where p < 0.10 (unpaired t test).
(J) Developmental rates as in (A), except following embryo treatment with the Mycn inhibitor (Mycn-i) CD532 (n = 3 independent experiments; 10 < n < 48

embryos each).

(K) Hoffman micrographs of embryos produced by IVF and incubated without (ctrl) or with CD532 (250 nM, Mycn-i) after 48 h. Scale bar, 100 pm.

(L) Representative immunofluorescence micrographs of 2C-stage embryos, 24 h after IVF, stained with propidium iodide (DNA, blue), phalloidin (F-actin, red), or
for Tuba (green). Embryos were incubated with F4 (c-Myc-i), CD532 (Mycn-i), or without inhibitor (ctrl). Scale bars, 50 um.

(M) Ratiometric gPCR analysis of iEGA transcripts in 2C embryos produced by IVF cultured in the absence (2C) or continuous presence (2C + inhibitor) of the
Mycn inhibitor CD532. Values are plotted + SEM and indicate differences where p < 0.10 (unpaired t test).
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landscape (Figure S6D). This was in agreement with a correlation
between H3K4me3 and the presence of maternal allele-specific
RNA Pol Il prior to “major” EGA.?" It is also consistent with estab-
lishment of totipotency in mitotic parthenogenetic embryos that
efficiently accommodate the paternal genome to support full-
term development® and full-term development of parthenoge-
netic embryos, albeit at low efficiency, following epigenetic
modification.®? Maternal genome predominance at the onset of
embryonic transcription is possibly an evolutionary corollary of
the potential to develop parthenogenetically in non-mammalian
vertebrates,®® prevented in mammals by imprinting.**

Most (88.3%) iIEGA transcripts predicted canonical RNA Pol lI
transcription start sites, and indeed, RNA Pol Il chromatin bind-
ing exhibits widespread enrichment prior to “major” EGA.”*+®!
However, early embryonic transcription exhibits anomalous fea-
tures. Although the large catalytic subunit Rpb1 carboxy-termi-
nal domain is canonically phosphorylated in active RNA Pol II,
it is hypophosphorylated during “minor” EGA®* and at genes
activated after nuclear transfer.®> Our analysis by gPCR and
scRNA-seq of embryos treated with the RNA Pol Il inhibitor
a-amanitin (Figures S4C-S4E) indicated that gene expression
was largely refractory; transcript levels in treated and untreated
embryos were statistically indistinguishable (FDR > 0.05). This
agrees with previous reports of a-amanitin-refractory transcrip-
tion,”"*® but although not statistically significant, transcript
levels were apparently reduced by treatment (Figure S4E), sug-
gesting that the effect is nuanced and non-binary. We speculate
that steric impedance prevents a-amanitin from accessing Rpb1
in a manner that varies in one-cell embryos. Understanding the
nature of this variation will benefit from profiling chromatin at
iEGA gene-regulatory regions.

Multiple strands of evidence demonstrate that normative splicing
occurred throughout iEGA (Figure S3A), contrasting with the sug-
gestion that transcription is promiscuous and uncoupled from
splicing.?® Upregulated spliced transcripts were detected by
scRNA-seq (Figure S3) or intron-flanking qPCR after 6 or 12 h
(Figures 2A, 2B, and S4A). Human one-cell embryos®* provide
orthogonal evidence of splicing, corroborated by expression tra-
jectory analysis in the mouse (Figure 4E) and other reports of upre-
gulated spliced transcripts.®**° Pathway analysis was predictive of
embryonic processes (Figures 1E and S2E), early embryonic trans-
lational competence (Figure 2C), and upregulation of protein-cod-
ing mRNAs (Figure S5C). These data argue that canonical tran-
script splicing occurs efficiently in mammalian one-cell embryos.

Gene regulation that drives or sustains totipotency in one-cell
embryos’ and pluripotency in ESCs possesses distinct yet over-
lapping features. For example, 1%-5% of pluripotent ESCs
exhibit characteristics of two-cell embryos, including MuERV
gene expression,®® and MUERV genes are activated by Dux**
and expressed during “major” EGA at mid- to late two-cell
stages.”’ Our work demonstrates that MUERV Gag, Pol, and
LTR expression initiates as part of the iEGA program within 8 h
of fertilization and ~10 h prior to cell division® (Figures 1E and
1F). However, Dux is dispensable in early embryos,*® and we
show that Dux upregulation in iEGA is preceded by MuERV
gene expression and not accompanied by upregulation of other
Dux-responsive genes (Figure S1G). Although inhibiting c-Myc
or Mycn led to increased Dux expression, it reduced MuERV

¢ CellP’ress

gene expression (Figures 6l and 6M); c-Myc and Mycn may
thus activate MUERV expression while repressing “major” EGA
pathways during iIEGA. Gene expression in iEGA is indicative
of a succession of iEGA-regulatory TFs that segues to “minor”
and then “major” EGA; this is supported by stepwise RNA Pol
Il loading of promoters in one- and two-cell mouse embryos®’
in concert with activation of other regulatory components and
mechanisms (Figures 1E and 5A).

The mouse iEGA profile overlapped with gene expression in hu-
man one-cell embryos.** Differences may reflect the slower ki-
netics of human development,®” and predicted pathways for hu-
man one-cell embryos were most conserved in early (4 h) mouse
embryos (Figure 4F). Indeed, mouse and human lineage specifica-
tion TFs are shared but differ in their respective timing, roles, and
localization.?® As in human one-cell embryos, the amplitude of up-
regulation in iIEGA was small (mean log2FC = 0.77 + 0.03,
FDR < 0.05). This is consistent induction by MYC of target genes
less than 2-fold,>® modest expression increases of genes specific
to ESCs during pluripotency induction,®® and an average negative
effect of the key transcription regulator, Polycomb, of approxi-
mately 2-fold.?® The present work coheres with the idea that
small-magnitude gene expression changes are a cardinal feature
of cellular potency transitions.

Genes expressed in human one-cell embryos were precipi-
tously deactivated between four- and eight-cell stages,
commensurate with “major” EGA.>* We here show that this
gene expression pattern is conserved in the mouse; many iEGA
genes were similarly deactivated prior to “major” EGA, which,
in the mouse, occurs at the two-cell stage®'**?® (Figure 4E).
One inference from this is that mammalian embryonic transcrip-
tion is initiated by maternal factors immediately after fertilization
but subsequently yields to a program of higher amplitude expres-
sion driven by distinctive TFs, leading to “major” EGA.

In sum, this work reports a programmed succession of gene
expression triggered following fertilization in mammals: iIEGA.
iEGA employs canonical promoters and splicing. Predicted iEGA
pathways and regulators overlap with cancer-associated terms
and are critical determinants in early development. This model of
transcriptional instatement in embryos opens doors to under-
standing the mechanistic basis by which cellular potency changes
are effected, in particular the emergence of embryonic totipotency,
with the promise of revealing targets for cancer therapy.

Limitations of the study

This study predicts that maternal factors instigate iEGA, but they
are difficult to interfere with experimentally; the factors may play
earlier roles in oocyte development and/or cannot be acutely
removed after fertilization. We addressed this limitation using in-
hibitors, but it is possible that they were not completely specific to
their intended targets. This limitation also applies to PROTAC-
and antibody-based strategies, which also require additional,
potentially disruptive manipulation. We mitigated this orthogo-
nally via structurally distinct specific inhibitors; future studies
may employ a broader inhibitor panel or use genomic knockins
of the sensitive (non-toxic), reversible, auxin-inducible degron
AID2 to generate rapidly degradable fusions.®® Our study em-
ployed different mouse strains, but some are related, and it is
possible that they behave idiosyncratically with respect to
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iEGA. Future work may also employ reciprocal crosses to confirm
parent-of-origin allelic expression. To recapitulate acrosome-re-
acted sperm-membrane depletion, we treated sperm with deter-
gent, but treatment may have been too harsh and depleted some
sperm-borne transcripts that would otherwise be delivered into
the oocyte. It should also be noted that our scRNA-seq protocol
mostly eliminated short RNAs. Finally, refinements that are
robustly able to characterize upregulated iEGA promoter chro-
matin at high resolution in single cells would be highly desirable.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Primary antibodies used in this work see Table S2 Table S2

Biological samples

Mouse (Mus musculus domesticus) In-house C57BL/6 x DBA/2 F1 (B6D2F1)
metaphase Il (mll) oocytes

Mouse (Mus musculus domesticus) In-house B6D2F1 x B6D2F1
one-cell embryos

Mouse (Mus musculus castaneous) MRC Harwell CAST/EiJ

sperm

Mouse (Mus musculus domesticus This study C57BL/6 x CAST/EiJ

X Mus musculus castaneous)
one-cell embryos

Human metaphase Il (mll) oocytes

Human bipronuclear (2PN) embryos

Human monopronuclear (1PN) embryos

Human tripronuclear (3PN) embryos

Ovation Fertility Austin,
Embryology and Andrology
Laboratories, Austin,

TX 78731, USA

O Ovation Fertility Austin,
Embryology and Andrology
Laboratories, Austin,

TX 78731, USA

Ovation Fertility Austin,
Embryology and Andrology
Laboratories, Austin,

TX 78731, USA

Ovation Fertility Austin,
Embryology and Andrology
Laboratories, Austin,

TX 78731, USA

https://www.ovationfertility.com/

https://www.ovationfertility.com/

https://www.ovationfertility.com/

https://www.ovationfertility.com/

Chemicals, peptides, and recombinant proteins

o-amanitin
5,6-Dichloro-1-B-D-ribofuranosylbenzimidazole
5-[(4-Ethylphenyl)methylene]-2-thioxo-
4-thiazolidinone (10058-F4)

NUCC-0200975 (MYCi975)

CD532

protein kinase RNA-like endoplasmic
reticulum kinase (PERK)

ERGi-USU

Merck
Merck
Merck

Selleckchem
Calbiochem
Selleckchem

R&D Systems

CAS No: 23109-05-9
CAS No: 53-85-0
CAS No: 403811-55-2

NUCC-0200975
Cat # 532605
Cat # GSK2656157

Cat # 6632/50

Critical commercial assays

Clontech SMARTer Total RNA-Seq
Kit Pico Input (V1) and (V2) system

Takara Clontech

Cat # 635006, Cat # 634412

T7 mScript™ Standard mRNA Cellscript Cat # C-MSC100625

Production System

Deposited data

Single-cell RNA-sequencing Asami et al.** GEO: GSE157834 and GSE222130
datasets. See Table S1 This paper.

DNA microarray data This paper SE64648, GSE64649 and GSE64650
RNA-sequencing datasets Park et al.**
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Database of transcriptome in DBTMEE http://dbtmee.hgc.jp

mouse early embryos

A sperm H3K4me3 ChiP-seq dataset
ChlP-seq data: raw fastq reads for
H3K4me3-bound DNA

ChlIP-seq data: sonicated genomic
DNA from sperm

H3K27me3 ChIP-seq, H3K4me3
ChlIP-seq and RNA-sequencing

Erkek et al.*®
Erkek et al.*®

Input control: GEO

Zheng et al.*®

GSE42629
GSM1046833

GSM1046836

GSE76687 and GSE71434

Experimental models: Organisms/strains

Human (Homo sapiens) N/A N/A

Mouse (Mus musculus domesticus N/A N/A

and Mus musculus castaneus)

Oligonucleotides

Primers for gqPCR. See Table S3 This paper N/A

Software and algorithms

Cutadapt (1.7.1) Martin®® https://cutadapt.readthedocs.io/

Tophat (2.0.11)

Cufflinks (2.2.1)

ht-seqg-count (0.6.1p1)

Limma-voom

lgv (2.4.19)

edgeR

Rtsne

mmseq 1.0.9
fastx-Toolkit (version 0.0.13)

BWA MEM (v0.7.12)
MACS2

Trapnell et al.®’

Trapnell et al.*”

Anders et al.”®

Ritchie et al.”*

Robinson et al.”®

Robinson et al.”

Robinson and Oshlack®®

Van Der Maaten®’

Turro et al.”®
Hannon lab

Lietal.”
Zhang et al."®

en/stable/
https://ccb.jhu.edu/software/
tophat/index.shtml
http://cole-trapnell-lab.github.io/
cufflinks/
https://htseq.readthedocs.io/
en/release_0.11.1/count.html

https://bioconductor.org/
packages/release/bioc/
html/limma.html
https://software.broadinstitute.org/
software/igv/
https://bioconductor.org/packages/
release/bioc/html/edgeR.html
https://cran.r-project.org/web/
packages/Rtsne/index.html
https://github.com/eturro/mmseq
http://hannonlab.cshl.edu/
fastx_toolkit/download.html
https://arxiv.org/abs/1303.3997
https://hbctraining.github.io/
Intro-to-ChlPseq/lessons/
05_peak_calling_macs.html

Qiagen Ingenuity Pathway QIAGEN https://digitalinsights.qiagen.com/

Analysis (IPA) products-overview/discovery-
insights-portfolio/
analysis-and-visualization/
giagen-ipa/

DAVID Dennis et al.'"" https://david.ncifcrf.gov/

Other

Agilent Bioanalyzer 2100 Agilent, USA Agilent, USA N/A

Metamorph software 7.8.12 Molecular Devices, LLC, USA N/A

ABI 7500 Real Time PCR System Applied Biosystems, CA N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Tony Perry (perry135@aol.com).

Materials availability
All unique reagents generated in this study are available via the lead contact with a completed Materials Transfer Agreement.

Data and code availability

® The sequencing data generated in this study have been deposited in the NCBI GEO database under the accession number
listed in the key resources table. Microarray data generated for this study have been deposited in the Gene Expression
Omnibus (GEO) repository under accession numbers GEO: GSE64648, GEO: GSE64649, and GEO: GSE64650. Single-cell
RNA-seq data generated for this study have been deposited under the accession numbers GEO: GSE157834 and GEO:
GSE222130. This paper analyzes existing, publicly available data. The accession numbers for the datasets are listed in the
key resources table.

® This paper does not report original code.

® 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

Mice

Oocytes were from a Mus musculus domesticus C57BL/6 (B6) x DBA/2 F1 hybrid (B6D2F,) and M. m. castaneus/EiJ (cast). Embryos
were from (B6 x DBA/2) x (B6 x DBA/2) F2 hybrids (F2), or B6 x cast (B6cast) crosses. Mice were housed in specific pathogen-free
facilities. Animal experiments were reviewed and approved by the UK Home Office (PPL PP5839163) and the University of Bath An-
imal Welfare Ethical Review Body. Female and male mice were used at 8-12 weeks of age.

Human oocyte and embryo sample collection

Human oocytes and single monopronuclear (1PN), bipronuclear (2PN) and tripronuclear (3PN) one-cell embryos were supplied anon-
ymously subject to informed consent for use in research by couples who had finished family building or decided for other reasons to
discontinue fertility treatment. Consents strictly adhered to guidelines of the Ethics Committee of the American Society for Reproduc-
tive Medicine. Embryos were cryopreserved and lysed on site at Ovation Fertility before being anonymized and shipped for analysis.

METHOD DETAILS

Human metaphase Il oocytes and one-cell embryos (zygotes)

All human sample collection, processing and analytical protocols were as described previously.®* Informed consent strictly adhered
to guidelines of the Ethics Committee of the American Society for Reproductive Medicine. Embryos were lysed on site at Ovation
Fertility before being anonymized and shipped for analysis.

Animals

Experimental animals in this study were all non-wild laboratory mice. Experiments were performed in accordance with local and
national statutes including the University of Bath Animal Welfare Ethical Review Body and complied with the UK Animals (Scientific
Procedures) Act, 1986 and its embodiments. Mice were housed in cages of up to five animals in ventilated cabinets with ad libitum
access to food and water. Where appropriate, they were allowed to acclimate for seven days prior to treatment. Cage temperatures
and relative humidity were recorded daily and ranged from 22-24°C and 40-55%, respectively.

Collection and culture of oocytes

For the B6 x cast (B6cast) cross, sperm from M. m. castaneus males were injected into mll oocytes from B6 females. Oviductal meta-
phase Il (mll) oocyte complexes were typically collected in M2 medium (EMD Millipore, UK) from 8-12-week-old C57BL/6 or B6D2F,
females (produced by crossing C57BL/6 females with DBA/2 males in-house or otherwise supplied by Charles River; L’Arbresle,
France) 12 to 15 h after standard superovulation by serial injection of equine and human chorionic gonadotropin (PMSG and
hCG). Complexes were then either used in IVF (below), or cumulus cells were removed by hyaluronidase treatment and after multiple
washing in M2 medium, denuded oocytes incubated in kalium simplex optimized medium (KSOM; Millipore) under mineral oil in hu-
midified 5% CO, (v/v air) at 37°C, until required.
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Sperm preparation and microinjection (ICSI)

Preparation of cauda epididymidal sperm from 8- to 12-week-old B6D2F; or cast males for ICSI was essentially as previously
described."?? Injection was completed in + <2.5 min for each timepoint. B6cast and B6cast-HiRes series were generated by inject-
ing cast sperm into C57BL/6 oocytes (in + <1.0 min per timepoint for the latter). Sperm were prepared by trituration for 45 sec in
nuclear isolation medium (NIM; 125 mM KCI, 2.6 mM NaCl, 7.8 mM NayHPOQ,, 1.4 mM KH,PO,, 3.0 mM EDTA; pH 7.0) containing
1.0% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) at room temperature (25°C). They were then
washed twice in NIM and pelleted at ambient temperature; head-tail detachment was enhanced by trituration during pellet resuspen-
sion. Finally, sperm were resuspended in ice-cold NIM (~0.5 mL per epididymis equivalent) and stored at 4°C for up to 3 h until
required, but typically injected immediately after preparation. This gentle protocol liberates sperm membrane and other (eg acro-
somal) components that do not enter the oocyte during fertilization; the sperm support normal, healthy full-term development®;
ICSI, in vitro fertilization (IVF) and natural mating generate indistinguishable offspring at similar rates.

Immediately before microinjection, ~50 pL of each sperm suspension was mixed with 20 uL of polyvinylpyrrolidone (PVP, average
M, = 360,000; Sigma-Aldrich) solution (15% [w/v]) and sperm injected (ICSI) within ~60 min of PVP mixing into oocytes in a droplet of
M2 as described.® "% After a brief recovery period (~5 min), injected oocytes were transferred to KSOM under mineral oil equilibrated
in humidified 5% CO, (v/v air) at 37°C and cultured until required.

Fertilization in vitro (IVF)

Where appropriate, embryos were generated by standard B6D2F; x B6D2F, IVF. Sperm were collected from mature males by epi-
didymidal puncture followed by dispersal for 5 min in pre-warmed human tubal fluid (HTF; Millipore) in humidified CO» (5% [v/v] in air)
at 37°C. Of the 400 pL dispersal droplet, 10 uL were transferred to a fresh fertilization dish containing 200 pL HTF and incubation
continued for 1 h before placing ~30 cumulus oophorous complexes freshly-isolated from superovulated 8-week-old B6D2F fe-
males and incubating in the CO, incubator at 37°C. The resultant embryos were washed in fresh HTF and dead and clearly unfertilized
oocytes removed. Embryos were then washed 5x in KSOM and incubated until required in KSOM droplets equilibrated under mineral
oil in humidified 5% CO, (v/v air) at 37°C.

Embryo culture

Embryos were typically cultured in KSOM droplets equilibrated under mineral oil in humidified 5% CO, ([v/v] in air) at 37°C as pre-
viously described.”'°? Where appropriate for the inhibition of Pol ll-mediated transcription in gPCR, mll oocytes were incubated in
the presence of 100 pg/mL a-amanitin (Sigma-Aldrich) for 40 min prior to ICSI and post-ICSI incubation continued in the presence of
a-amanitin. For the a-amanitin time course (Figure S4C), samples were collected 5 min post-ICSI (t = 0) or at the indicated times after
continued culture in a-amanitin-supplemented media. For scRNA-seq, embryos were generated by sperm-oocyte mixing for 1 h and
then incubated in KSOM containing a-amanitin (100 ng/mL) for a further 10 h, when bipronuclear embryo samples (with or without
exposure to a-amanitin) were collected. Culture of some embryos was continued to confirm developmental attenuation. There were
n =2 biological replicates, performed on different days, with untreated mll oocytes collected in parallel. After removal of a single tech-
nical drop-out, data for all (n = 11) scRNA-seq samples are presented (Figure S4E). For inhibition of Pol ll-mediated transcript elon-
gation by interference with Cdk9, embryos were incubated in the presence of 120 uM 5,6-Dichloro-1-B-D-ribofuranosylbenzimida-
zole (DRB; Merck) beginning 1 h after the start of IVF (when most fertilization has occurred) and collected 6 h after the start of DRB
treatment (Figure S4G); control embryos were incubated in parallel in media lacking DRB. To inhibit the trans-activation of c-Myc
target gene expression, embryos produced by IVF 2 h after sperm-oocyte mixing were washed and transferred to KSOM supple-
mented with 5-[(4-Ethylphenyl)methylene]-2-thioxo-4-thiazolidinone (10058-F4; Merck) or NUCC-0200975 (MYCi975; Selleckchem,
UK) and incubation continued until sample collection. 10058-F4 and MYCi975 are structurally distinct inhibitors of c-Myc-Max inter-
action, preventing trans-activation of c-Myc target gene expression; MYCi975 promotes MYC phosphorylation and degradation.
10058-F4 was used within commonly-used range of working concentrations at 50 or 100 uM and MYCi975 at 5 uM, solubilized in
dimethylsulphoxide (DMSQO); the same amount of DMSO was included in media without inhibitor for negative controls. For single-
cell RNA-sequencing (scRNA-seq; below), 10058-F4-treated samples were collected after 10 h. Mycn, Atf4 and Erg were inhibited
using an analogous protocol with their respective inhibitors. Inhibition of Mycn was achieved with CD532 (Calbiochem, US), which
disrupts the Mycn-Aurora A complex. Inhibition of Atf4 was achieved by blocking its upstream kinase, protein kinase RNA-like endo-
plasmic reticulum kinase (PERK), with GSK2656157 (Selleckchem, UK) and of Erg by inhibiting its upstream kinase, Rio Kinase 2
(RIOK2) with ERGi-USU (Cat. No. 6632/50, R&D Systems, US). Experiments in all cases were performed on at least two experimental
days and included controls performed in parallel using media lacking inhibitor.

Direct fluorescence imaging and image analysis

Differential interference contrast microscopy (DIC) and epifluorescence imaging have been described previously.*® Images of live
oocytes or embryos following cRNA injection were captured on an Olympus IX71 equipped with an Andro Zyla sCMOS camera
and OptoLED illumination system (Cairn Research Ltd., UK) and processed using Metamorph software (Molecular Devices, LLC,
USA). Excitation at 587 nm in combination with an ET-mCherry filter system was used for mCherry fluorescence detection and at
484 nm with an ET-EYFP filter system to detect Venus epifluorescence. Confocal images were obtained using LaserSharp 2000
6.0 Build 846 software on an Eclipse E600 (Nikon, Japan) microscope equipped with a Radiance 2100 laser scanning system
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(BioRad, USA; LSM Technical Service, UK). Image J (http://rsbweb.nih.gov/ij) was used in image data analysis. The parental prov-
enance of pronuclei in mouse one-cell embryos was assigned according to size and position; the female pronucleus is consistently
smaller and closer to the second polar body than the paternal pronucleus.

Immunocytochemistry

Oocytes, embryos and cultured cells were fixed in 4% (w/v) paraformaldehyde and either processed immediately or stored at 4°C for
up to two weeks until required. Fixed cells were permeabilized by incubation in PBS supplemented with 0.5% (v/v) triton X-100 and
0.1% (w/v) BSA for 30 min at 37°C, followed by blocking in PBS supplemented with 3% (v/v) normal goat serum and 0.1% (w/v) BSA
for 30 min at room temperature. Labelling was by incubating samples overnight at 4°C in primary antibody (Table S2) followed by
incubation for 1 h at 37°C with the appropriate secondary antibody (1:250 [v/v]; Life Technologies Ltd., UK) conjugated to Alexa
488, Alexa 594 and Alexa 647. DNA was stained by incubating samples at 37°C for 20 min in propidium iodide (1:200 [v/v]; Sigma,
USA) or Hoechst 33342 (1:1000 [v/v]; Sigma). Chromatin epitopes in mll oocytes and embryos are accessible to their cognate
antibodies” and most (27/33) here resided on solvent-exposed N-terminal histone tails. In 28/33 cases (84.8%), samples contained
in-built positive controls in which one or both parental chromatin sets stained within a single given cell and only one situation corre-
sponded to an epitope (the core modification, H4K91ac) that was unrecognised in both parental genomes at mll; however, both were
stained in one-cell embryos. Antibodies with no reactivity in either mll oocytes or embryos were excluded from the analysis. For c-
Myc immunocytochemistry, anti-c-Myc rabbit polyclonal antibody 10828-1-AP (Protein Tech) was used at 1:200 (v/v). Anti-a-tubulin
(Sigma) was used at 1:1000 (v/v), and for F-actin staining, phalloidin 488 (Invitrogen) was used at 1:100 (v/v). DNA was stained by
incubating samples at 37°C for 20 min in propidium iodide (1:200 [v/v]; Sigma, USA).

Immunoblotting

To characterize protein expression, mll oocytes or one-cell embryos were washed in BSA-free medium, transferred with minimum
extraneous medium to a 1.5 mL tube, collected at the bottom of the tube by a centrifugation pulse, immediately flash-frozen in liquid
No, and stored at "80°C until required. Immediately prior to electrophoresis, samples were thawed by vortexing in 5-10 pL ice-cold
lysis buffer containing 50 mM Tris-Cl (pH7.0), 0.5 mM EDTA, 150 mM NaCl, 1% (v/v) Triton X-100 and a protease inhibitor cocktail
(Thermo Scientific, UK). Samples were supplemented by mixing with an equal volume of loading buffer (2x Laemmli Lysis-buffer,
Sigma), heated at 95°C for 5 min and immediately placed on ice. Polyacrylamide gel electrophoresis was through a 4% (w/v) stacking
gel and a 10 or 12% (w/v) separating gel (ProtoGel, National Diagnostics, UK) under reducing conditions. Each track contained 100
mll oocytes, 100 one-cell embryos, or prestained protein size markers (Thermo Fisher Scientific, Inc., US, and Cleaver Scientific, Ltd.,
UK). Separated proteins were transferred onto PVDF-transfer membrane (GE Healthcare, USA) via a Trans-Blot Turbo (BioRad, USA),
followed by blocking with 3% (w/v) non-fat dry milk powder in standard TBST buffer at room temperature for 1 h. Membranes were
then incubated at 37°C for 2 h or 4°C overnight in 1% (v/v) blocking solution (1% [w/v] non-fat dry milk powder in TBS buffer) con-
taining the following primary antibodies at the following dilutions (v/v): rabbit polyclonal c-Myc (Protein Tech, 10828-1-AP), 1:2000;
monoclonal B-actin (Abcam), 1:2000; monoclonal a-tubulin (Sigma), 1:1000 (Table S2). After washing 3 X 15 min in TBST buffer (room
temperature), membranes were incubated with secondary antibody (anti-mouse IgG horseradish peroxidase conjugate, 1:5,000
[Millipore, USA] or anti-rabbit IgG horseradish peroxidase conjugate, 1:10,000 [Abcam]) in TBS buffer at 37°C for 2 h or 4°C overnight
with agitation. Membranes were washed 5x with TBST for 15 min each and immunoreactivity detected using Clarity Western ECL
Substrate (BioRad). Where appropriate, re-blotting was performed after removing primary and secondary antibodies with Restore
Western Blot Stripping Buffer (Thermo Fisher Scientific, UK) according to the recommendations of the manufacturer. Signal intensity
quantification was performed with Imaged (http://rsbweb.nih.gov/ij) by subtracting mean background signals from mean signals in
areas defined with the selection tool.

Preparation and injection of cRNA

5'-capped cRNA was synthesized in vitro from linearized plasmid template DNA in a T7 mScript™ Standard mRNA Production
System (Cellscript, USA) according to the recommendations of the manufacturer, as previously described.® Where appropriate,
the polyadenylation step following synthesis was omitted (Figure 2C). cRNA was dissolved in nuclease-free water, quantified on a
Nanophotometer and stored in aliquots at "80°C until required. cRNA solutions were diluted as appropriate with sterile water and
injected (typically at concentrations of 0.01-1.00 pg/pl) within 1 h of thawing via a piezo-actuated micropipette into mll oocytes
or embryos in M2 medium.

Ratiometric RT-PCR (qPCR)

For the analysis of discrete mMRNAs, metaphase Il (mll) oocytes or embryos were subjected to ratiometric transcript quantification by
PCR (gPCR). gPCR was selected as an orthogonal analytical technique relative to scRNA-seq (below): it employed non-fragmented
RNA, lacked a subtraction step, had a distinctive amplification schedule and used different embryos. The dynamic range of gPCR
spans 8~9 orders of magnitude, so detection is less a function of target starting concentrations. Mouse embryos for gPCR were pro-
duced either by IVF or ICSI and incubated in humidified 5% CO, (v/v air) at 37°C until required. Embryos at the appropriate time post-
injection (6 h unless otherwise stated) were examined to confirm morphology (eg the presence of a second polar body and two
pronuclei) and 5~10 oocytes or embryos transferred in a minimal volume (<0.5 pL) to 1 puL 0.2% (w/v) sarkosyl (Merck) containing
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10 ng tRNA (Hoffmann-La Roche Ltd., Basel, Ch) in a thin-walled 0.2 mL PCR tube, for use either directly or for flash-freezing in liquid
nitrogen followed by storage at "80°C until required. Cells were heated at 65°C for 5 min and used to program cDNA synthesis primed
with random 8-mers plus oligo(dT)zo (each at 30 uM) ina 21 uL reaction volume containing 200 U SuperScript IV reverse transcriptase
(Thermo Fisher Scientific, UK). gPCR reactions were performed in an ABI 7500 Real Time PCR System (Applied Biosystems, CA) in
reactions (20 L) containing 1-2 pL template cDNA, forward and reverse primers (100 nM each) and 12.5 puL of Power SYBR (ABI),
using the parameters: 10 min at 95°C, followed by cycles of (15 sec at 95°C, 1 min at 58°C and 35 sec at 72°C). Each experiment
was performed with biological triplicates collected on at least two days and included technical duplicates of each sample. Primer
sets (Eurofins Genomics, Germany, and Merck) were non-dimerizing under the conditions employed. Primers corresponded to
exonic (forward: ExF1, ExF2; reverse: ExR1 and ExR2) and intronic (forward: IntF1; reverse: IntR1) sequences in Figure 2A. Primer
pairs (Table S3) were intra-exonic (iE) and in splicing analysis straddled exon-exon (EE) or intron-exon (IE) boundaries. Reactions
lacking input cDNA were used to verify absence of contamination in cocktail components. Steady state transcript levels were normal-
ized with respect to the internal reference, H3f3a, which is robustly expressed in mouse oocytes and preimplantation embryos.®*°
The CT value for H3f3a corrected for cell number (CT + log2 embryo cell number) is constant during preimplantation stages, giving a
mean value of 29.56 + 0.23 (for 25 < n < 29 independent replicates). Comparative quantification of RNA extraction and cDNA syn-
thesis efficiencies was achieved by adding control "spike-in’ RNA to mll oocyte (n = 5 pooled cells) or 6 h embryo (n = 6 pooled cells)
lysates prior to cDNA synthesis, according to the vendor’s recommendation (Primerdesign Ltd, UK) (Figure 1B). For human mll oo-
cytes and one-cell embryos, single cells were subjected to qPCR as described previously.>* PCR primer sequences are given in
Table S3. Statistical differences between pairs of datasets were analyzed by two-tailed unpaired t-tests and p values < 0.05 consid-
ered statistically significant unless stated otherwise. All gPCR employed n > 3 independent biological samples per target.

Single-cell RNA-sequencing (scRNA-seq)

RNA-sequencing libraries were prepared from single mll oocytes and one-cell embryos 2, 4, 6, 8, 10 and 12 h post-ICSI using the
Clontech SMARTer Total RNA-Seq Kit Pico Input (V1) system (Takara Clontech). Briefly, total RNA was liberated by lysis of single
oocytes or one-embryos in 8.0 uL lysis buffer supplemented with RNase inhibitor (both from Takara Clontech). The RNA was
incubated with SMART Pico Oligo mix at 94°C for 3 min and then subjected to first-strand synthesis with SMARTScribe reverse tran-
scription using a template-switching oligo (TSO). After first strand synthesis, cDNA amplification was performed using SegAmp DNA
polymerase with lllumina barcoded adapters for 5 cycles of 15 sec at 98°C; 15 sec at 55°C; 30 sec at 68°C, followed by final extension
for 2 min at 68°C. Ribosomal cDNA was removed using ZapR and R-Probes, after which there was a second round of cDNA ampli-
fication with SegAmp DNA Polymerase for 15 cycles of 15 sec at 98°C, 15 sec at 55°C, and 30 sec at 68°C, to generate the final
sequencing libraries. Libraries were analyzed using a High-sensitivity DNA kit and Agilent Bioanalyzer 2100 (Agilent, USA). For
next-generation sequencing, libraries were combined at equimolar concentrations before loading onto an lllumina HiSeq 4000 instru-
ment (lllumina, USA) for paired-end 100 (PE100) sequencing.

Quiality control (QC) of scRNA-seq is reported in: Table S1. F2-B6cast scRNA-sequencing data QC and analyses.

RNA-sequencing for F4 and a-amanitin experiments

For each experiment, sequencing libraries were constructed with the SMARTer Stranded Total RNA-Seq Kit v2 — Pico Input Mamma-
lian (Takara), as previously described.®* Briefly, total RNA was liberated from one-cell embryos in 8 uL of lysis buffer containing
RNAse inhibitor (Takara). RNA was then fragmented for 4 min and subjected to reverse transcription with SMART Pico N6 primers
and Pico v2 SMART adaptor (template-switching oligo). Second strand cDNA synthesis was performed by subjecting the samples to
five cycles of PCR with lllumina-compatible barcoded libraries. This was followed by removal of rRNA and an addition 15 cycles of
PCR amplification. Indexed libraries were QC-validated using high-sensitivity D1000 ScreenTape and Agilent TapeStation 4200. Li-
braries were then normalised, pooled, and sequenced on an lllumina NovaSeq 6000 instrument to generate ~500 million paired-end
reads (PE100 and PE50 for F4 and a-amanitin experiments, respectively).

Microarrays

For time course transcriptomic microarray analysis, oocyte and embryo transcriptomes were prepared as for scRNA-seq (above) and
preparation and whole transcriptome amplification fidelity assessed as previously described.?® Gene expression data were quality-
assessed by inspection of chip raw images and gene expression frequency distributions. Only high quality data were approved for
further bioinformatic analysis, producing 51 samples. Raw gene expression data were background-corrected (limma R-package,
normexp method) and normalized by quantile normalization. Technically replicated probes (identical Agilent IDs) were replaced by
their median per sample. The original standard deviation was 2.07. For clustering and functional annotation, probes targeting the
same gene were disambiguated by retaining only the probe with the lowest p value. This reduced the 41,000 non-control probes
to 29,078, of which 21,391 were annotated by proper gene symbols. The number of exons was retrieved from UCSC known genes
(mm?9) by matching Agilent probe sequence locations to UCSC transcript coordinates. If different transcripts for the same probe
sequence were available the number of exons was averaged across these transcripts.
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Sequencing alignment and gene and transcript counts

Raw sequence reads (fastq) from mouse oocytes and embryos were trimmed using the fastx_trimmer command from fastx-Toolkit
(version 0.0.13; respectively 5 nt from 5’ and 6 nt from 3’ ends), and sequencing adapter sequences were removed by Cutadapt
(1.7.1).°° This removed terminal primer (6mer) sequences that might have introduced mismatches. Mapping of the trimmed reads
was by Tophat (2.0.11)°" using the GRCm38 genome and Ensembl 54 reference transcriptome. After sequence alignment, the tran-
scriptome was remodeled via de novo re-assembly of transcripts based on empirical data from mapped reads and incorporation into
the original reference (Cufflinks 2.2.1).°> Gene-level counts based on the updated transcriptome were then performed using ht-seq-
count (0.6.1p1)°® and transcript level counts via cuffnorm command from Cufflinks (2.2.1).°% The final average read-pairs per sample
(£s.e.m.) was 30.4 = 1.3 million. Transcript classification was according to Cufflinks canonical splicing identifiers * =’ (complete
match of intron chain) and ’j’ (potentially novel isoform).>? For visualization in Figure S3A, maternal genes were subtracted from
F2-B6cast series DEGs (FDR<0.05) at the time-points indicated. Sashimi plots were generated using mapped reads from oocytes
and one-cell embryos using Integrative Genome Viewer (IGV) version 2.4.19. This analysis corroborated de novo gene expression,
as distinct from extant maternal transcripts and genomic DNA.

Microarray data analysis

For the microarray dataset, raw gene expression values were background-corrected and normalized by quantile normalization using
the Limma package.®* As with RNA sequencing analysis, a GLM was fitted and eBayes used to detect differential gene expression
over the time series. Genes with an FDR <0.05 were considered to be differentially expressed.

Differential expression analysis

Gene- and transcript-level count tables were imported into edgeR®° for downstream differential gene expression analysis. For gene-
level analysis, genes expressed at low levels (<1 count per million, >45 samples) were filtered, retaining a final total of 19,184 genes.
Samples were subjected to trim-mean of M values (TMM) normalization from the edgeR package,°® a common normalization method
in which a weighted trimmed mean of the log expression ratios is used to normalize sequencing depth, here with a normalization fac-
tor range of 0.93-1.08. This is demonstrably among the most robust methods for RNA-seq differential expression analysis, including
single-cell studies where global gene expression differences are large. Normalized gene abundance was listed as read-counts per
million of mapped reads (CPM) and determined using the cpm() function in edgeR.

A visual overview of transcriptome profiles was generated in the Rtsne package (https://cran.r-project.org/web/packages/Rtsne/
Rtsne.pdf) by performing dimensionality reduction via the principal component analysis (PCA, ndims = 50) coupled with t-distributed
stochastic neighbor embedding (t-SNE), using the CPM of all genes as input with the default parameters.®” The advantage of using
t-SNE over PCA is that it provides superior resolution with which to differentiate samples in fewer dimensions (two projections were
used here) and it is commonly used in scRNA-seq studies. For differential gene expression, a generalized linear model (GLM) was
applied to determine the common, trend and gene-wise dispersions, and likelihood-ratio tests were employed to detect differential
gene expression. Genes with a false discovery rate (FDR) of <0.05 were considered differentially expressed.

For transcript-level analysis, transcripts with low expression were first removed and estimated transcript level counts then TMM-
normalized (normalization factor: 0.85-1.08) and CPM determined by edgeR + limma-voom.?* The total number of transcripts that
remained in the analysis was 53,150. We then calculated a gene-variability statistic to adjust for the mean-variance relationship using
limma-voom, and differential expression was determined using empirical Bayesian t test (eBayes) from the limma package. Tran-
scripts with an FDR of <0.05 were considered to be differentially expressed.

For parent-of-origin analysis, gffread utility from Tophat (2.0.11) was used to generate the reference fasta for the transcriptomes of
C57/BL6 and Cast/EiJ based on their corresponding reference genomes (GRCm38, Ensembl 70) and remodeled transcriptome data
as described above. The transcriptomes were merged to form a single 'F1’ reference transcriptome for mapping of trimmed
sequence reads using Bowtie 1.1.0. Mapped reads were subsequently analyzed using MMSEQ 1.0.9 to estimate the transcript level
and aggregated gene level abundance originating from the genome of each strain.”® Abundance tables were generated using
mmseq.R R script accompanied by the MMSEQ package for downstream analyses.’® Estimated counts were then imported to
limma-voom (normalization factor: 0.91-1.08) for downstream differential gene expression analysis similar to the method described
above.

iEGA gene trajectory analysis

To determine the expression trajectories of iEGA genes beyond the iEGA time course, we performed bioinformatic analysis of data
from Park et al.>* using normalised FPKM values for oocytes (n = 3), and one-, two- and four-cell embryos (n = 2) extracted from
DBTMEE (database of transcriptome in mouse early embryos, http://dbtmee.hgc.jp). The gene expression profiles of 302 iEGA genes
(FDR<0.05 throughout the time course series, > 0.5 log2FC in at least one time point compared to mll oocytes) were extracted from
this dataset and used to create a heatmap using the pHeatmap package in R. Hierarchical clustering was performed on genes using
the 'average’ clustering algorithm. Data are presented in Figure 4E, whose scale bar indicates expression z-scores derived from
Log2FPKM values.
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Bioinformatics and differential gene expression analysis for F4 and a«-amanitin experiments

Sequence reads were mapped to the mouse genome (GRCm38), Ensembl Version 100, and gene-level expression was determined,
both using STAR (version 2.5.0a) with the parameters (-outFilterScoreMinOverLread 0.3 —outFilterMatchNminOverLread 0.3 —out-
SAMstrandField intronMotif —outSAMtype BAM SortedByCoordinate). Count tables were then TMM-normalised using EdgeR
(version 3.36.0) and Limma (Version 3.50.1). A gene-wise Negative Binomial GLM model was then fitted, and a quasi-likelihood
test used to determine DEGs.

Sperm H3K4me3 ChiIP-seq analysis

A sperm H3K4me3 ChlP-seq dataset’® was downloaded from Gene Expression Omnibus (Accession GSE42629). Raw fastq reads
for H3K4me3-bound DNA (GSM1046833, ChlIP) and sonicated genomic DNA from sperm (GSM1046836, input control) were aligned
to the mouse GRCm38 genome using BWA MEM (v0.7.12).°° Mapped reads were sorted by their genomic coordinates and used as
input for peak detection using MACS2,'%° which performed PCR de-duplication, library normalization, ChIP peak modeling and
calling by comparing reads from the H3K4me3 bound library to background controls (sperm genomic DNA). FDR<0.05 and peak
fold-enrichment >5 were used to filter peak calls (total 44,209 peaks spanning a total of 62 Mb, or ~1.78% of the genome). Filtered
peaks were annotated using ChiPSeeker R package with Ensembl mouse reference gene model GTF version 100. Of the peaks,
28,190 (63.8%) were labeled within the promotor (+3 kb from the transcriptional start site [TSS]) and 5' untranslated regions
(UTRs). Only peaks within the proximal promotor region (1.5 kb upstream or downstream of the TSS) were used for downstream
comparisons.

Pathway analysis

DAVID'" (https://david.ncifcrf.gov/) was used for some of the analysis of DEGs in F4-treated embryos (p < 0.1). Other pathway and
upstream regulator analyses were performed using Qiagen Ingenuity Pathway Analysis (IPA) software with MGl gene symbols and a
nominal, uncorrected p < 0.05 cut-off. Loci encompassing multiple genes were split in the analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistics and reproducibility
Statistical differences between pairs of datasets were analyzed by %2 or, more typically, two-tailed unpaired t-tests. Values of p < 0.05

were considered statistically significant unless stated otherwise. Data were collected on at least two experimental days and reflect
>2 independent biological replicates.
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