Germ cell-specitic eIF4E1b regulates
maternal mRNA translation to ensure
zygotic genome activation
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Translation of maternal mRNAs is detected before transcription of zygotic genes and is essential for mammalian
embryo development. How certain maternal mRNAs are selected for translation instead of degradation and how this
burst of translation affects zygotic genome activation remain unknown. Using gene-edited mice, we document that
the oocyte-specific eukaryotic translation initiation factor 4E family member 1b (e[F4E1b) is the regulator of ma-
ternal mRNA expression that ensures subsequent reprogramming of the zygotic genome. In oocytes, eIF4E1b binds
to transcripts encoding translation machinery proteins, chromatin remodelers, and reprogramming factors to pro-
mote their translation in zygotes and protect them from degradation. The protein products are thought to establish
an open chromatin landscape in one-cell zygotes to enable transcription of genes required for cleavage stage de-
velopment. Our results define a program for rapid resetting of the zygotic epigenome that is regulated by maternal
mRNA expression and provide new insights into the mammalian maternal-to-zygotic transition.
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Terminally differentiated, transcriptionally quiescent
mammalian gametes fuse at fertilization and must be re-
programmed to express embryonic genes (Ladstitter and
Tachibana 2019). Maternal transcripts stored in oocytes
encode proteins that directly or indirectly modify the epi-
genome (Zhang and Smith 2015), after which the embry-
onic genome orchestrates development (Tadros and
Lipshitz 2009). Mechanisms controlling this maternal-
to-zygotic transition (MZT) are not fully understood.
The earliest transcripts from mouse zygotic genes are de-
tected late in one-cell zygotes and are followed by a more
extensive rise of gene expression in two-cell embryos. The
two waves of transcription are designated minor and ma-
jor zygotic genome activation (ZGA), respectively (Schulz
and Harrison 2019). Translation in mammals occurs be-
fore activation of zygotic genes (Latham et al. 1991), and
mouse embryos arrest at the one-cell stage if this transla-
tion is inhibited (Aoki et al. 2003; Israel et al. 2019). Why
this early burst of translation is essential for embryogene-
sis remains unknown, but recent experiments suggest
that this translation is highly selective (Alizadeh et al.
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2005; Wang et al. 2010), as most maternal RNAs and pro-
teins are rapidly cleared (Despic and Neugebauer 2018).
Considering the brief temporal window between fertil-
ization and zygotic gene transcription, we hypothesize
that maternal mRNA translation is highly regulated to en-
sure availability of factors for efficient zygotic genome re-
programming. Different maternal RNAs have been shown
to have varied binding affinities for ribosomes, suggesting
different translation efficiencies (Xiong et al. 2022; Zhang
et al. 2022). However, ribosomes themselves have no
RNA preference, and alternative strategies must be re-
quired to ensure translation of essential maternal RNAs
in zygotes. Initiation of eukaryotic protein synthesis is
controlled by the elF4F complex (Jackson et al. 2010).
elF4F is a heterogenous set of elF4A, elF4E, and elF4G.
elF4E binds directly to the 5’ 7-methylguanosine (m7G)
cap structure of mRNA and is indispensable for transla-
tion initiation. The canonical elF4Ela (also known as
elF4E) is expressed widely in different tissues and is the
default elF4E component for initiation of translation
(Joshi et al. 2005). A germ cell-specific isoform of eIF4E,
the eukaryotic translation initiation factor 4E family
member 1b (eIF4E1b), was identified in a large-scale
screen for genes that enable mouse MZT and is well con-
served (Evsikov et al. 2006; Evsikov and Marin de Evsi-
kova 2009). Using gene-edited mice in combination with
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multiple low-input molecular tools, we identified eIF4E1b
as a regulator that is essential for pre-ZGA maternal RNA
translation and the onset of preimplantation
development.

Results

eIF4E1b is a germ cell-specific eIF4E homolog expressed
late in oogenesis

It has previously been reported that protein synthesis in
fertilized mouse eggs is required for activation of zygotic
genes (Wang and Latham 1997; Aoki et al. 2003), which
we confirmed under our experimental conditions (Sup-
plemental Fig. S1). To discover possible molecular mecha-
nisms, we reviewed RN A-seq data sets of genes expressed
during mouse oogenesis (Gu et al. 2019; Niu and Spradling
2020; Wu and Dean 2020) and early cleavage stage develop-
ment (Deng et al. 2014). The eukaryotic translation
initiation factor 4E family member 1b (Eif4elb), a germ
cell-specific (Li et al. 2017) homolog (Fig. 1 A,B) of the ubig-
uitously expressed translation initiation factor 4E (Eif4e),
ishighly expressed in the latter stages of oogenesis and per-
sists in two-cell embryos before disappearing at the four-
cell stage (Fig. 1C).

elF4E binds to the 5’ cap of poly(A) mRNAs and is critical
for RNA translation (Osborne and Borden 2015). e[F4E1b
maintains the 5’ cap binding ability, albeit with a lower af-
finity (Kubacka et al. 2015). Using a knock-in (KI) mouse
line with HA and FLAG tags of the endogenous protein
(Fig. 1D; Supplemental Fig. S2A,B), we detected eIF4E1b
only in oocytes in mouse ovaries (Supplemental Fig.
S2.C), substantiating its germ cell specificity, and earlier re-
ports suggest that it may function during MZT (Evsikov
et al. 2006). We confirmed Eif4e1b®! expression in MII
eggs, which persisted until late two-cell embryos after fer-
tilization before becoming undetectable at the four-cell
stage (Fig. 1E). Published quantitative proteomic data
(Wang et al. 2010; Gao et al. 2017) corroborated these ob-
servations and were comparable with Eif4elb transcript
abundance (Fig. 1F).

Maternal deletion of Eifdelb arrests embryos
at the two-cell stage

To explore Eif4e1b function, we generated null alleles of
the single-copy gene in mice using CRISPR/Cas9 (Fig.
2A). After confirmation by DNA sequence, three Eifdelb
knockout mouse lines were established and designated
A419,A411, and A329 (Supplemental Fig. S2D,E) according
to the size of deletions. Unless noted, subsequent experi-
ments were performed with the A419 line, which was des-
ignated Eif4e1bX© for homozygous null and designated
Eif4e1b™* for heterozygous mice that were used as con-
trols. As confirmed by single-embryo RNA-seq (Fig. 2B),
Eif4e1b transcripts lost their first and second exons in 0o-
cytes and embryos from Eifde1bXC female mice. Thus, no
functional eIF4E1D protein could be translated. Homozy-
gous null mice grew to adulthood. Adult males had normal
fertility (Supplemental Fig. S3A) and testis morphology
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(Supplemental Fig. S3B), but the female Eif4e1bX° mice
were infertile (Fig. 2C) even after >5 mo of mating (Fig. 2D).

The oocytes produced by Eif4e1bX© female mice had no
morphological abnormalities and were similar in size to
controls (Supplemental Fig. S3C-E). More importantly,
Eif4e1b*© female mice ovulate numbers of eggs compara-
ble with controls (Supplemental Fig. S3F), and these eggs
could be fertilized both in vitro and in vivo to produce nor-
mal zygotes (Supplemental Fig. S3G,H). These results sug-
gest that Eif4elb deletion did not affect oogenesis and
oocyte quality. We thus focused on defects in embryogen-
esis to account for the observed EifdelbX® female
infertility.

After mating control and Eif4e1b*© females with wild-
type (WT) males, fertilized zygotes were flushed and cul-
tured in vitro for 4 d (Fig. 2E). The ratio of embryos that de-
veloped to different stages was determined and quantified
(Fig. 2F). Although Eif4e1bX° eggs were as fertile as con-
trols and could finish the first cell division, none pro-
gressed beyond the two-cell stage, whereas control
embryos became blastocysts (Fig. 2E,F). We confirmed
that the two-cell arrest occurred in vivo by flushing con-
trol and Eif4e1b®© female reproductive tracts at embryon-
ic day 3.5 (E3.5) after mating with WT males (Fig. 2G). The
arrested phenotype was also observed in the A411 and
A329 lines (Supplemental Fig. S2F). Together, these re-
sults confirm a role for e[F4E1Db in embryo development
beyond the two-cell stage.

Maternal ablation of Eif4elb impairs zygotic gene
activation

To investigate Eifde1b function in early development, we
adapted single-cell nucleosome, methylation, and tran-
script sequencing (scNMT-seq) (Clark et al. 2018) to sin-
gle-embryo NMT-seq (seNMT-seq) (Supplemental Fig.
S4A). After mating control and Eif4e1bX® female mice
with WT males, zygotes were flushed for in vitro culture.
Transcriptomes of these embryos, together with MII eggs
and PN5 (pronuclear stage 5) zygotes, were analyzed using
seNMT-seq (Supplemental Table S1). Most annotated pro-
tein-coding mRNAs and long noncoding RNAs (IncRNAs)
were detected in all samples (Supplemental Fig. S4B). After
quality control, principal component analysis (PCA) was
performed to determine relationships among samples
(Fig. 3A). From the PCA plot, we calculated Euclidian dis-
tances between the centers of the two genotypes at each
developmental stage to document differences in transcrip-
tomes between embryos from Eif4e1b*® and control fe-
male mice (Supplemental Fig. S4C). Although two-cell
embryos within the same genotype exhibited considerable
heterogeneity (Fig. 3A), we consistently detected more sig-
nificant differences in transcriptomes of two-cell embryos
derived from Eif4e1b*© and control female mice (Supple-
mental Fig. S4C), which could account for the observed
two-cell arrest (Fig. 2E-G). In contrast, data from the two
genotypes in MII eggs and PN5 zygotes were grouped
closely in the PCA plot (Fig. 3A; Supplemental Fig. S4C).
This may reflect the absence of developmental defects at
these stages (Fig. 2E,F; Supplemental Fig. S3E-H), although
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Figure 1.

Eif4e1b expresses late in oogenesis and persists until two-cell embryos. (A) Abundance (FPKM [fragments per kilobase of tran-

script per million mapped reads|) of Eifdelb transcripts in different tissues from published data. (B) Alignment of mouse eIF4Elb

(NP_001028441.1) protein sequence with that of eIF4E (NP_031943.
Eifdela (Eif4e) and Eifdelb transcripts during mouse oogenesis and
from GV to the early two-cell stage, while Eif4e is more abundant at o

3). (C) Abundance (TPM [transcripts per million mapped reads]) of
early embryo development. Eifdelb transcripts are more abundant
ther stages. (D) Schematic of the Eifde1b gene locus in the Eifde1b™

mouse line with FLAG and HA tags at the C terminus. (*) Initiator methionine, (x) stop codon. (E) Immunofluorescence of eggs and em-
bryos derived from Eif4e1b™ female mice. Anti-HA antibody and DAPI were used to visualize the eIF4E1b fusion protein and nuclear
DNA, respectively. Scale bar, 20 um. (F) Protein levels of eIF4E and eIF4E1b from published proteomics results from GV oocyte to blas-

tocyst stage.

down-regulated transcripts were identified after maternal
Eifde1b ablation (Supplemental Fig. S4D,E). This suggests
accelerated mRNA clearance in these embryos and is con-
sistent with the hypothesis that e[F4E1b binding protects
maternal RNA from degradation. The presence of addi-
tional genes down-regulated in two-cell embryos derived
from Eif4e1bX© female mice (Supplemental Fig. S4F-H)
indicates that zygotic gene expression was also affected
at these stages.

Using gene ontology (GO) (Dennis et al. 2003), we de-
termined that transcripts involved in RNA processing,
protein translation, cell cycle, etc. were severely de-
creased in late two-cell embryos derived from Eifde1b*°
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female mice (Fig. 3B). The minor wave of mouse ZGA is
detected in late one-cell embryos ~14 h after fertilization
and continues into the early two-cell stage (Schulz and
Harrison 2019). Of the 2166 reported minor ZGA tran-
scripts (Abe et al. 2015, 2018), 1447 had reduced expres-
sion in embryos from Eif4de1bX© female mice at the
early two-cell stage (Fig. 3C; Supplemental Fig. S4F; Sup-
plemental Tables S1, S2). Protein-coding RN As normally
up-regulated during minor ZGA (Alda-Catalinas et al.
2020), including the Zscan4 cluster, Rfpl4b, and
Tmem92, remained at low levels in early two-cell embry-
os after maternal deletion of Eif4e1b (Fig. 3D,E; Supple-
mental Fig. S41).
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Figure 2. Maternal deletion of Eif4e1b leads to developmental arrest at two cells. (A) Schematic of the Eifde1b gene (top) and sequences of
sgRNAs (bottom) for generation of Eif4e1b®© mouse lines. (*) Initiator methionine, (x) stop codon. (B) Abundance of read overlaps with
Eifde1b exon 1 or 2. Residual Eifde1b transcripts in Eif4e1bX© female mice lack exons 1 and 2 and produce no functional eIF4E1b protein.
(****) P<0.0001; two-tailed t-test. (C) Six-week-old female Eifde1b™® (control) and homozygous Eifde1bX° mice were mated with WT
males to determine litter sizes. (D). Accumulated pups from Eifde1b™® and Eif4e1b™© females during 5 mo of continuous mating. (E) Rep-
resentative images of in vitro cultured embryos from Eifde1b™® and Eif4e1b*© females after mating with WT males at embryonic day 0.5
(E0.5), E1.5, E2.5, E3.0, and E4.0. Inset magnification, 2.5x. Scale bar, 100 um. (F) Quantification of embryos in E. Ratio of embryos at dif-
ferent stages is plotted. Total number of embryos is above each bar. (N.S.) Not significant, (****) P <0.0001; two-sided proportion test. (G)
Images of embryos flushed from Eif4e1b™® and Eifde1bX® female reproductive tracts at E3.5 after successful in vivo mating. Inset mag-

nification, 2.5x. Scale bar, 100 pm.

Major ZGA follows the minor wave, and these broadly
activated zygotic genes direct subsequent development
to establish the blueprint of early embryos (Tadros and Lip-
shitz 2009). Since major ZGA is affected by the minor
wave, itis not surprising that many more major ZGA genes
(e.g., Prmt1, Pdxk, and Ddx39), including many epigenetic
regulators, were poorly expressed in late two-cell embryos
derived from Eif4e1b*° female mice (Fig. 3F-H; Supple-
mental Fig. S4]). Of 2629 major ZGA transcripts (Hama-

tani et al. 2004), 2402 were down-regulated in late two-
cell embryos derived from Eif4e1b*© female mice (Fig.
3F; Supplemental Tables S1, S3), indicating devastating de-
fects of major ZGA. Besides abnormal repression, 3087
genes were significantly up-regulated in the late two-cell
embryos derived from Eif4de1bX© female mice. These re-
sults suggest that maternal ablation of Eif4e1b causes re-
pression of gene products that should be activated (Fig.
3F), which in turn leads to abnormal gene up-regulation
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Figure 3. Maternal deletion of Eif4e1b impairs ZGA. (A) Principal component analysis (PCA) plot of RN A-seq results of single embryos
from Eifde1b™et (control) or Eifde1b*© female mice at different developmental stages. The lengths of dashed lines between cluster centers
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ulated RNAs is labeled in each plot. (****) P <0.0001; two-tailed t-test.

in late two-cell embryos (Supplemental Fig. S4G). Both ac- Maternal eIF4E1b reprograms zygotic chromatin
tivities may contribute to the two-cell embryo arrest. accessibility
Extensive activation of transposons in early mouse em-

bryos has been reported, and long terminal repeats (LTRs) The data for DNA methylation and chromatin accessibil-
can drive gene expression during ZGA (Franke et al. 2017). ity from seNMT-seq were sparser in each single embryo
MuERV-L has been used as a marker of successful zygotic compared with that from seRNA-seq. Thus, to overcome
genome activation (Kigami et al. 2003) and is reported to the difficulty from low sample size, we merged the results
regulate pluripotency genes (Ramirez et al. 2006). In em- of all single embryos with the same genotype and from the
bryos from Eif4e1b*° female mice, MuERV-L abundance same stage together to obtain a better global view of DNA
was decreased at the two-cell stage (Fig. 3[; Supplemental methylation and chromatin accessibility. Since abnor-
Table S4), as was global expression of LTRs (Supplemental mality of zygotic gene expression was already detected
Fig. S4K). Taken together, our results suggest that mater- during the minor wave of ZGA in embryos from
nal Eifde1b deletion causes systematical failure of minor Eif4e1b®© females, we suspected that maternal ablation
ZGA, which triggers major ZGA defects, leading to devel- of Eif4e1b disrupted the activation of the earliest zygotic
opmental arrest at the two-cell stage. genes. Thus, we examined DNA methylation and
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chromatin accessible profiles in PN5 and early two-cell
embryos collected from control and Eifde1bX© females.
Although maternal ablation of Eif4elb slightly increased
methylation of genomic DNA in early two-cell embryos,
no obvious changes were detected at the earlier PN5 stage
(Fig. 4A; Supplemental Fig. S5A). DNA methylation at mi-
nor ZGA gene loci also showed no significant changes be-
tween PN5 zygotes from Eif4e1bX® and control females,
and hypermethylation at these regions was only detected
at the early two-cell stage (Fig. 4B).

In contrast, chromatin became less accessible in both
PN5 zygotes and early two-cell embryos in the absence
of maternal eIF4E1b (Fig. 4C; Supplemental Fig. S5B). A
significant and widespread decrease in chromatin accessi-
bility at promoters of genes expected to express during mi-
nor ZGA was observed in PN5 zygotes derived from
Eif4e1b®© female mice (Fig. 4D, left panel). The lower
chromatin accessibility persisted until the early two-cell
stage, albeit to a lesser extent (Fig. 4D, right panel). Anal-
ysis of multiple minor ZGA genes confirmed the overall
trends observed. Hypermethylation of the DNA at their
promoter regions was not observed in PN5 mutant embry-
os (Supplemental Fig. S5C), while lower chromatin acces-
sibility already existed at these regions (Supplemental Fig.
S5D). Similar results were confirmed at promoters of mul-
tiple transposons (Supplemental Fig. S5E, F). These results
further indicate that the reduced chromatin accessibility,
instead of DNA methylation, is associated with decreased
expression of the earliest zygotic genes (Fig. 4E). Taken to-
gether, these results support the hypothesis that maternal
deletion of Eif4e1b fails to reset zygotic chromatin to an
open structure, leading to failed activation of zygotic
genes.

eIF4E1b regulates maternal mRNA translation

elF4E1b binds mRNAs selectively in MII eggs

In the absence of maternal e[F4E1b, target mRNAs are not
protected and quickly degrade in MII eggs and PN5 zy-
gotes (Supplemental Fig. S4D,E). To confirm eIF4Elb
binding and identify potential mRNA targets, we used
MII eggs and early two-cell embryos from Eifde1b*! and
control female mice (Fig. 1D; Supplemental Fig. S2A,B)
to perform RNA immunoprecipitation (RIP). There was
no systematic difference in mapping input RNA to anno-
tated genes (Fig. 5A) from the two genotypes at the same
developmental stage, but elF4E1b immunoprecipitated
few annotated mRNAs in early two-cell embryos derived
from either control or Eifde1b® female mice (Fig. 5B).
This suggested that mRNAs were no longer bound by
elF4E1D at this stage of development. In contrast, eIF4E1b
bound more mRNAs (Fig. 5B) transcribed from many few-
er genes (Supplemental Fig. S6A) in MII eggs, consistent
with specific binding to a small subset of mRNAs in MII
eggs. In agreement with this result, we observed signifi-
cant differences between control and Eifde1b™ samples
of the RIP-seq data from MII eggs (Supplemental Fig. S6B).

RIP data in MII eggs were reproducible within each ge-
notype (Fig. 5A; Supplemental Fig. S6C). We identified
3436 RNAs that were more abundant in Eif4e1b®! MII
eggs, representing candidate targets for e[F4E1Db binding
(Fig. 5C; Supplemental Table S5). We performed GO anal-
ysis using potential eIF4E1b targets (Fig. 5D). The top GO
terms suggest that e[F4E1b binds to mRNAs encoding
RNA binding proteins and structural units of ribosome
(e.g., Eifla, Rps8, and Rpl17), which could affect transla-
tion of maternal mRNAs (Fig. 5C-F; Supplemental Fig.
S6D). There were also GO terms from multiple

E
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Figure 4. Maternal eIF4E1Db reprograms zygotic chromatin accessibility. (A) Ratio of endogenous methylated CpG among all CpG motifs
to show global DNA methylation patterns in PN5 zygotes and early two-cell embryos from Eifde1b™®t (control) and Eif4e1b*© females. (B)
DNA methylation profile around minor ZGA gene loci in PN5 zygotes and early two-cell embryos from control and Eifde1bX© females.
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enous GpC methyltransferase (M.CviPI) to methylate accessible GpC. (D) Same as B, but for global chromatin accessibility. (E) Heat map
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bryos. Individual minor ZGA genes are annotated.
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Figure 5.

eIF4E1Db binds to a subset of mRNAs in MII eggs. (A) PCA of input and immunoprecipitated transcripts after e[F4E1b RIP. MII

eggs or early two-cell embryos from Eifde1b™ female mice were used, and WT eggs/embryos served as controls. (B) Ratio of input and
immunoprecipitated (RIP) reads that can be mapped to annotated RNAs in RIP-seq. (C) Scatter plot documenting all differentially ex-
pressed RNAs as determined by the RIP-seq using WT and Eif4e1bX! MII eggs. Transcripts that have a log, fold change of >1 or <—1
with adjusted P-value of <0.1 are considered significantly up-regulated and down-regulated and are shown as red and blue dots, respective-
ly. Up-regulated RNAs represent potential Eif4de1b mRNA targets. Three groups of them are labeled in different colors (red, black, and
green). (D) Top gene ontology (GO) terms of potential e[F4E1b RNA targets. Top 16 molecular function terms with P-values of <0.05
are shown. The number and ratio of genes that fall into each GO term are shown as well. (E,F) Integrated Genomics Viewer (IGV) view
of eIF4E1b RIP-seq results at Eif1b and Rpl17 loci in WT and Eifde1b®’ samples. (G) Scatter plot as in C documenting differentially ex-
pressed RNAs coding all known chromatin remodeling complex subunits and histone modification enzymes as determined by RIP-seq
experiments using WT and Eifde1b®’ MII eggs. Several potential eIF4E1b mRNA targets are labeled. (H,I) Same as E, but for Ino80b

and Oct4 (Pou5f1) loci.

transcriptional factors, and we were curious whether
there were additional eIF4E1Db targets that could explain
the altered chromatin accessibility in early embryos
from Eif4e1b*© females.

Chromatin accessibility is regulated by remodeling
complexes, which are affected by histone modifications
(Klemm et al. 2019). We searched the RIP-seq results for
the 103 known histone modifiers (Shah et al. 2020) and
the 77 subunits of chromatin remodeling complexes
(Hota and Bruneau 2016) in mice (Fig. 5G; Supplemental
Table S6). Ten of the 77 remodeling subunits showed sig-
nification up-regulation in the RIP-seq results, while only
one of the 103 histone modifiers was up-regulated. These
results suggest that eIF4E1b modulates chromatin acces-
sibility by selective regulation of subunits of remodeling
complexes. We focused on multiple components of the
INOS8O complex (Fig. 5H; Supplemental Fig. S6E) and
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SMARCA2, a key member of the SWI/SNF complex (Sup-
plemental Fig. S6F), which were potential eIF4E1D targets.

By examining genes reported to affect early embryogen-
esis (Supplemental Fig. S6G), we determined that Oct4
(Pou5f1), Sox2, and Polrld transcripts were additional po-
tential eIF4E1D targets (Fig. 5I; Supplemental Fig. S6H,I).
OCT4 (POUS5F1) and SOX2 are well-known pluripotency
factors that regulate early embryo development (Masui
et al. 2007; Pan and Schultz 2011; Lee et al. 2013). These
reprogramming factors interact with multiple remodeling
complexes (Wang et al. 2014; Gao et al. 2019) and may pro-
vide gene-specific recruitment during ZGA. POLRID is
an important component of RNA polymerase I, whose
deletion leads to failure of embryo development (Miao
et al. 2020). Together with other eIF4E1b targets control-
ling mRNA translation, POLR1D could facilitate transla-
tion of maternal RNAs. We searched for shared RNA
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motifs from potential e[F4E1D targets and identified mul-
tiple motifs that may be used by eIF4E1b for selective
binding (Supplemental Fig. S6J). Taken together, our re-
sults suggest that eI[F4E1b can selectively bind mRNAs
encoding proteins related to the translation machinery
that may further affect pre-ZGA maternal mRNA transla-
tion. eIF4E1Db can also bind mRNAs of chromatin remod-
eling proteins and reprogramming factors in oocytes to
control zygotic chromatin accessibility through regula-
tion of these mRNA targets.

elF4E1b controls maternal mRNA expression

We noted that the e[F4E1b maternal RNA targets had low-
er abundance in zygotes and early two-cell embryos from
Eif4e1bXC females (Supplemental Table S1; Supplemental
Fig. S7A-]). This suggested that e[F4E1b binding protects
specific maternal RNAs from rapid degradation. To deter-
mine whether eIF4E1Db affects the expression of these
RNAs, we performed immunofluorescence at different
stages in early embryo development using INOS8OB-,
OCT4-, and POLR1D-specific antibodies. Maternal abla-
tion of Eif4el1b caused decreased expression of these pro-
teins in zygotes and early two-cell embryos (Fig. 6A,B;
Supplemental Fig. S7K). This is consistent with a model
in which eIF4E1b binds a subset of maternal mRNAs not
only to protect them from degradation but, more impor-
tantly, to promote their translation into proteins. Some
elF4E1b mRNA targets encode RNA binding proteins
whose translation could further protect other maternal
RNAs. We further hypothesize that translated chromatin
remodeling proteins from elF4E1b mRNA targets could
then modify the zygotic genome to establish open struc-
tures to facilitate activation of early zygotic genes. Prelim-
inary results support this hypothesis, as knocking down
Smarca?2 in zygotes reduced chromatin accessibility of
major ZGA genes at the two-cell stage, which could fur-
ther affect embryo development.

To obtain a global view of protein expression, we col-
lected MII eggs and early two-cell embryos from control
and Eif4e1bX° females for low-input mass spectrometry
(Supplemental Table S7). Although no global biases
(Supplemental Fig. S8A) were present due to the limited
number of proteins detected, more proteins were down-
regulated in early two-cell embryos derived from
Eif4e1bX® than from control females (Supplemental
Fig. S8B-D). Since the minor ZGA produces only a few
promiscuous transcripts that are unlikely to be translat-
ed (Abe et al. 2018), the down-regulated protein expres-
sion is likely due to accumulated translation defects of
maternal mRNAs at the pronuclear stage. We detected
slightly lower expression of TET3 in early two-cell em-
bryos derived from Eifde1bX© female mice (Supplemen-
tal Fig. SSE-G), which may contribute to the modestly
reduced DNA methylation in these embryos (Fig. 4B,
right panel).

Mass spectrometry only reflects the total amount of
proteins. To determine whether maternal ablation of
Eifd4elb affected protein synthesis in zygotes, we labeled
nascent proteins with O-propargyl-puromycin (OPP) in

eIF4E1b regulates maternal mRNA translation

embryos after in vitro fertilization (IVF) and quantified
signals at different time points. Significant reduction in
protein biosynthesis was detected in zygotes and early
two-cell embryos from Eif4e1bX© female mice (Fig. 6C,
D). In agreement with these observations, eIF4Elb
mRNA targets have an advantage in binding to ribosomes
that is reduced in PN5 and early two-cell embryos after
maternal ablation of eIF4E1b (Supplemental Fig. S7L).
These results are consistent with e[F4E1Db being essential
for maternal mRNA translation in mouse zygotes. Re-
cently published Ribo-seq data (Xiong et al. 2022 ) substan-
tiated our findings, as eIF4E1b mRNA targets also bind
more ribosomes compared with nontargets in embryos
(Supplemental Fig. S9A). Because most e[F4E1b mRNA
targets maintain binding to ribosomes at these stages,
this should enable efficient translation (Supplemental
Fig. S9B,C). The eIF4E1b RNA targets also have longer
poly(A) tails (Supplemental Fig. S9D,E), as determined
by PAlso-seq experiments (Liu et al. 2019, 2021, 2023),
which could also contribute to efficient translation. Tak-
en together, these results suggest that e[F4E1b binds to es-
sential RNAs not only to stabilize them but also to
enhance their binding to ribosomes, both of which ensure
high expression of their protein products.

Microinjection of mRNA encoding eIF4E1b rescues
the two-cell arrest

To determine whether the observed defects after mater-
nal depletion of Eif4elb could be rescued, we injected
EGFP-conjugated Eif4elb mRNA into one-cell zygotes
derived from Eif4e1bX© female mice and cultured them
for 3 d. Adding back ~1.0 pL of 0.5 pg/ulL Eif4elb
mRNA rescued the two-cell arrest completely in ~25%
(three out of 13) of the embryos, which progressed to
blastocysts as normal. Partial rescue was observed in an-
other ~25% (three out of 13) of the embryos, which went
beyond the two-cell stage while the rest remained as two
cells. Injection of a higher dose of Eif4e1b mRNA (1.0
pug/uLl) rescued the defects in all embryos, with >50%
(six out of 11) becoming blastocysts and an additional
36% (four out of 11) reaching the morula stage. In con-
trast, embryos from Eif4e1bXC females injected with
equivalent molar concentrations of 0.5 pg/uL EGFP
mRNA remained at the two-cell stage (Fig. 6E,F). Using
immunofluorescence, higher levels of INOSOB and
OCT4 were observed at the early two-cell stage in em-
bryos with Eifde1b mRNA injected, indicating recovered
expression of maternal RNAs (Fig. 6G-I). Surprisingly,
adding back mRNA encoding the canonical eIF4E pro-
tein also rescued the phenotype, although not as effec-
tively (Fig. 6E-I). Even with doubling the amount of
Eif4e mRNA, full rescue was not achieved (Supplemen-
tal Fig. S7TM,NJ. These results suggest that elF4Elb
serves as a key component of the eIF4F translation initi-
ation complex when eIF4E is less available at the earliest
stages of embryo development and guides translation of
the protein products from maternal mRNAs that are es-
sential for embryo progression.
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from Eifde1b™®* and Eif4e1bX° females at different developmental stages. Scale bar, 20 pm. The nuclear fluorescent signals are quantified
at the right. (C) Imaging of nascent proteins in embryos derived from Eifde1b™¢ and Eif4e1b¥© females at different time points after IVF.
Scale bar, 20 pm. (D) Fluorescent signal from OPP (O-propargyl-puromycin) incorporation indicating that protein translation from C was
quantified. (E) Morphology of in vitro cultured embryos after microinjection of mRNAs. The number of embryos is quantified in F. Inset
magnification, 2.8x. Scale bar, 100 pm. (G) Immunostaining showing expression of two eIF4E1D targets in early two-cell embryos. Scale
bar, 10 pm. (H,I) Quantification of nuclear INO80B and OCT4 signals in G. (*) P<0.05, (**) P<0.01, (****) P<0.0001; two-tailed t-test.

Discussion

After fertilization, the epigenome of mouse embryos must
be reprogrammed to ensure transcription of zygotic genes
(Tadros and Lipshitz 2009; Ladstitter and Tachibana
2019). This process occurs during the MZT (Schultz
et al. 2018) and requires that the epigenome of parental
germ cells be reprogramed for embryo development. Earli-
er investigations reported asymmetries in genomic DNA
methylation in maternal and paternal pronuclei during re-
programming of the early zygotic epigenome. Similarly,
differences of multiple histone modifications were ob-
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served between the pronuclei in early zygotes (Morgan
et al. 2005). However, more recent results indicate that ex-
tensive demethylation of genome DNA occurred in both
male and female pronuclei (Guo et al. 2014) and that
demethylation had little gene specificity. It was also noted
that maternal and paternal alleles have similar chromatin
accessibility at the late one-cell (zygote) stage (Guo et al.
2017), and embryonic gene expression has no significant
parental allele preference (Deng et al. 2014). Thus, differ-
ences between parental contributions to the zygotic ge-
nome do not adequately explain the requisite changes in
chromatin necessary to foster gene activation. Our data



suggest an alternative in which activation of early mouse
embryogenesis is predicated on genetic programs prede-
fined in female germ cells. In this scenario, essential ma-
ternal transcripts accumulate during oogenesis and, after
fertilization, are translated into proteins that activate zy-
gotic gene expression. We propose that the oocyte-specific
elF4E1D initiator factor controls selective translation of
maternal transcripts that encode proteins to modify chro-
matin and activate transcription.

Mature eukaryotic mRNA contains a 5’ cap that is re-
quired for protein translation. The heterotrimeric eIF4F
translation initiation complex (eIF4A, eIF4E, and elF4G)
binds to the cap structure and recruits ribosomes for
translation and associated factors that stabilize the
transcript (for review, see Pelletier and Sonenberg 2019).
Oocyte-specific eIF4E1Db increases dramatically in abun-
dance late in oogenesis and binds mRNAs that encode
protein translation machinery, chromatin remodelers,
and reprogramming factors in MII eggs. Our analysis con-
firms that oocyte-specific eIF4E1b dissipates by the four-
cell stage when eIF4E resumes its primary role in transla-
tion. We propose that eI[F4E1D functions in a narrow win-
dow to prevent degradation of a subset of maternal RNAs
and translate them into proteins that activate the zygotic
genome.

The two-cell arrest of embryos derived from Eife1bX®
female mice can be rescued by microinjection of mRNA
encoding either the ubiquitously expressed (eIF4E) or the
germ cell-specific isoform (eIF4E1D) of the initiation fac-
tor. Ubiquitously expressed eIF4E has a stronger affinity
in binding mRNA caps to initiate translation (von der
Haar et al. 2004; Kubacka et al. 2015) but expresses at
very low levels during the MZT (Fig. 1C). However,
elF4E could not rescue the defects as efficiently as
elF4E1Db, suggesting that e[F4E1b may be a specialized iso-
form of eIF4E that functions specifically at the earliest
stage of embryogenesis. Previous reports show that
elF4E1Db interacts with the CPEB1 complex in Xenopus
oocytes (Minshall et al. 2007; Standart and Minshall
2008; Kubacka et al. 2015), and our results suggest that
the CPEB1 complex (Duran-Arqué et al. 2022) is an impor-
tant partner of mouse elF4E1b (Supplemental Fig. S8H;
Supplemental Table S8). The CPEB1 complex is reported
to bind selected maternal RNA in early oocytes to repress
their expression but later activates translation into pro-
tein upon resumption of meiosis (Luong et al. 2020). We
propose that eIF4E1Db participates in this process to protect
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and translate a subset of maternal RNAs after fertilization
to enable normal embryo development. eIF4E1b contains
a longer N terminus that is absent from eIF4E (Fig. 1B).
Preliminary results suggest that this structurally flexible
(Marcotrigiano et al. 1999; Jumper et al. 2021) N-terminal
domain (Supplemental Fig. SI0OA-C) may provide e[F4E1b
advantages over eIlF4E in binding components of the
CEPBI1 complex. This N-terminal domain may facilitate
elF4E1b binding to its cofactors as well as its RNA targets,
as deletion of this domain greatly reduced the function of
elF4E1b (Supplemental Fig. S10D,E). Based on our results,
we further propose that after fertilization, but before
ZGA, maternal eIF4E1Db ensures translation of proteins re-
quired for chromatin accessibility that enables expression
of early zygotic genes (Fig. 7).

Our results offer a possible explanation of how the pre-
ZGA maternal RNA translation is regulated and why this
burst of translation is essential for embryogenesis. Our
model supports the hypothesis that activation of early
mouse embryogenesis is based on a genetic program pre-
defined in female germ cells. Considering the sequence
conservation of e[F4E1b among different species, we sus-
pect that this mechanism is shared among vertebrates to
enable the maternal-to-zygotic transition. Further investi-
gations will be required to determine the catalog of mater-
nal transcripts required for zygotic gene expression and
molecular mechanisms of their selection. While the cap-
binding ability of eIF4E1b may be the major driver for cap-
turing maternal RNA to regulate their translation, there
could be additional selective factors, and their identifica-
tion will provide better insight into the maternal regula-
tion of early embryogenesis.

Materials and methods

Mice

All animal studies were performed in accordance with guidelines
of the Animal Care and Use Committee of the National Institutes
of Health under a Division of Intramural Research, National In-
stitute of Diabetes and Digestive and Kidney Diseases-approved
animal study protocol.

To generate gene-edited mouse lines, CRISPR/Cas9 crRNA XT
oligonucleotides were synthesized (Integrated DNA Technolo-
gies [IDT]) and annealed with tractrRNA (IDT 1072533) to form
the crRNA-tracrRNA duplex. A NEPA21 electroporator (Bulldog
Bio NEPA21) was used to deliver the RNP complex into zygotes
flushed from B6D2g; female mice. A ssDNA for homologous

Figure 7. Working model. eIF4E1b binds a
subset of essential maternal RNAs in MII
eggs to protect them from degradation. Af-

—CD

© ter fertilization, eIF4El1b-bound mRNAs
are translated and remodel chromatin into
l, an open state to enable transcription of the
zygotic genes that establish early develop-

— mental programs.

Chromatin Remodeling
and Zygotic Gene Transcription
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repair was added to the RNP complex when generating the mouse
line containing FLAG and HA tags fused at the C terminus of
Eif4elb. For genotyping, tail tips of mice were lysed and used
for PCR. Sequences for the crRNA XT, repair oligo, and genotyp-
ing primers are in Supplemental Table S9.

To test female fertility, pairs of Eif4de1b™ (control) and
Eif4e1bX© female mice were harem-mated with a WT male to
determine the number and sizes of litters. Eifde1b™ and
Eif4e1b®© male mice were mated with WT females separately
to determine male fertility.

Oocyte isolation and measurement

Postnatal day 14 (P14) and P28 oocytes were puncture-released
from ovaries of females at corresponding ages after genotyping.
MII oocytes were collect after hormone injection of 6- to 8-wk-
old female mice. Egg diameters were measured by Image] (version
1.53K).

Histology and immunofluorescence

Histology and immunofluorescence (IF) of mouse testes and
ovaries were performed as previously described (Wang et al.
2019). MII eggs and embryos were fixed in 4% PFA and washed
in PBS (Invitrogen 10010023) supplemented with 0.3% polyvi-
nylpyrrolidone (Sigma-Aldrich PVP360) for IF. Eggs/embryos
were incubated in PBS with 0.3% BSA (Cell Signaling Technol-
ogy [CST] 9998S) and 0.1% Tween 20 (Sigma-Aldrich P9416) for
2 h and stained overnight at 4°C with primary antibodies.
Goat antimouse or rabbit antibody conjugated with Alexa Fluor
was used for immunofluorescent imaging. Primary antibodies
used were anti-HA (1:600; CST 3724S), anti-INO8OB (1:100; Pro-
tein Tech 29488-1-AP), anti-POLR1D (1:200; Sigma-Aldrich
HPA039337), and anti-OCT4 (1:60; Santa Cruz Biotechnology
sc-5279).

For anti-OCT4 immunostaining, nonspecific signals from zo-
nae pellucidae were computationally removed with a home-
made Matlab script. The original images are shown in Supple-
mental Figure S11. All the experiments were repeated at least
three times, and representative results from one replicate are
presented.

Single-embryo NMT-seq

MII eggs and embryos were collected from 6- to 8-wk-old hormon-
ally stimulated female mice and lysed in the methyltransferase
reaction mix. One microliter of prediluted (1:10°) ERCC spike-
in (Invitrogen 4456740) was added to a single-egg/embryo lysis.
c¢DNA from single eggs/embryos was amplified by 15 PCR cycles
before dual indexing with the Nextera XT kit. The supernatants
containing genomic DNA after oligo-dT capture of RNA were
processed following the scNMT-seq protocol with modified
adapters (sequences in Supplemental Table S9). The quality of
the libraries was confirmed by Bioanalyzer 2100, and each pooled
library was sequenced (150 bp paired-end) in one lane on the Illu-
mina HiSeq4000 platform (Novogene US).

Low-input RNA immunoprecipitation (RIP) and Ribo-seq

Low-input RNA immunoprecipitation was adapted by incorpo-
rating Smart-seq2 (Picelli et al. 2014) steps into a RIP-seq proto-
col. For one experiment, 200-250 MII eggs or early two-cell
embryos were collected from WT or Eifde1b® female mice.
The EZ-Manga RIP kit (Millipore 17-701) was used for the RIP ex-
periment following the product manual. Five microliters of anti-
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HA beads (Thermo Fisher 88836) was used for each RIP group.
One-fifth of the supernatant after bead incubation was saved to
extract RNA as input using RNAclean XP beads (Beckman
AG63987). Elution buffer containing the oligo-dT30VN primer
from Smart-seq2 was added to each tube containing RNAclean
XP beads (input group) or anti-HA beads (IP group) to finish elu-
tion using a thermocycler for 5 min at 55°C and 3 min at 70°C.
Smart-seq2 protocol was followed to amplify cDNA in each
well by 14 PCR cycles before indexing, purification, and sequenc-
ing (150 bp paired-end). Approximately 200 oocytes or zygotes or
~100 early two-cell embryos were used as one group for low-input
Ribo-seq; all embryos contained HA-tagged Rpl22 (Sanz et al.
2009). The RIP-seq protocol was reused to do the low-input
Ribo-seq with minor modifications. RNase I-digested lysate was
immunoprecipitated, and the libraries were finished with a
smRNA-seq kit (Takara Bio 635029).

Analysis of next-generation sequencing results

The quality of all FastQ files from Illumina sequencing was ana-
lyzed and confirmed by FastQC (v0.11.8). RNA-seq reads from
seNMT-seq or low-input RIP-seq were trimmed with Trimmo-
matic (v0.39) (Bolger et al. 2014). The trimmed RNA-seq reads
were aligned by STAR (v2.7.6a) (Dobin et al. 2013) to the
GRCma38 annotation plus ERCC information. StringTie (v2.1.4)
was used to generate counts of genes in the GTF reference (Pertea
et al. 2015). The BAM files from RIP-seq were normalized with
deepTools by RPKM (Ramirez et al. 2016) and visualized with In-
tegrative Genomics Viewer (IGV) (Robinson et al. 2011). Ribo-seq
reads were processed as in RIP-seq, but only uniquely mapped
reads from protein-coding genes were used for analysis.

To explore expression of transposable elements (TEs) in single
embryos, TE annotation was downloaded from the Hammell lab-
oratory (TEToolkit, Cold Spring Harbor Laboratory) and supplied
to STAR for realignment of single-embryo RNA-seq data. featur-
eCounts was used to generate the expression table of annotated
TEs (Liao et al. 2014). The counting matrixes of genes or TEs
from single-embryo RNA-seq were subsequently analyzed with
DESeq2 (Love et al. 2014), and ERCC spike-in was used for nor-
malization. Log, fold change of +2 with adjusted P-value of
<0.01 was used as the cutoff for significantly up-regulated or
down-regulated transcripts. ERCC normalized counts were used
for box plots, and P-values were calculated by two-tailed t-test.
The count matrix from RIP-seq was also analyzed by DESeq2,
and log, fold change of +1 with adjusted P-value of <0.1 was
used as the cutoff. Shared motifs of potential eI[F4E1b RNA tar-
gets were searched by MEME-ChIP (Ma et al. 2014).

Single-embryo DNA-seq data for analysis of DNA methylation
and chromatin accessibility were aligned using HISAT-3N
(v2.2.1-3n) (Zhang et al. 2021). Picard (v2.20.5) was used to re-
move duplicates in the BAM files. The methylated cytosines giv-
en by HISAT-3N were annotated by a home-made C++ program to
identify CG and GC dinucleotides for analysis of DNA methyla-
tion and chromatin accessibility. Results of embryos from the
same stage and strain for PN5 (47 Het and 48 KO) and early
two-cell (46 Het and 47 KO) embryos were merged to calculate
methylation rates of detected cytosines, which were then trans-
formed into bedGraph format. The two-sided proportion test
function from R was used to calculate the P-values when methyl-
ation ratios under different experimental conditions were com-
pared. The bedGraph files were transformed in bigwig format,
and deepTools was used to generate the heat maps covering genes
that were of interest (Ramirez et al. 2016). R heatmap.3 was used
to generate heat map plots for expression and chromatin accessi-
bility of genes in different samples.
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Low-input mass spectrometry (MS) and IP-MS/MS

To quantify proteomic changes, two groups of ~500 MII eggs or
early two-cell embryos (after mating females to WT males) from
Eifde1b™®t and Eif4e1b%° female mice were collected and treated
with an encapsulated proteomic sample-processing protocol. The
relative label-free quantification (LFQ) method of MaxQuant
(Tyanova et al. 2016) was used to represent signal intensity of de-
tected proteins in LC-MS/MS. A HA tag magnetic IP/co-IP kit
(Pierce 88838) was used to perform IP using ovary lysates from
6-wk-old Eifde1b®! and WT control females. The immunoprecip-
itated elutes were analyzed by LC-MS/MS for proteins that inter-
act with eIF4E1D. Proteins that had log, fold change of >1 and P-
value of <0.05 were considered potential eI[F4E1b cofactors.

Embryo treatment and imaging of protein synthesis

To determine effects of maternal mRNA translation on embryo
development, IVF was performed with WT MII eggs. Four hours
after insemination, unfertilized eggs and fertilized zygotes were
washed and cultured in advanced KSOM medium supplemented
with cycloheximide (CHX; Sigma-Aldrich C7698), anisomycin
(Sigma-Aldrich A9789), or DMSO (Sigma-Aldrich D8418) as con-
trol for another 20 h before imaging. The Click-iT Plus OPP Alexa
Fluor 488 protein synthesis assay kit (Thermo Fisher C10456) was
used to determine nascent protein synthesis in each group of em-
bryos. Nuclei were labeled with DAPI.

To quantify nascent protein synthesis in embryos, zygotes
were imaged 5, 10, 15, and 25 h after insemination according to
the manufacturer’s instructions of the Click-iT kit. MII eggs
were imaged before fertilization. All the experiments were repeat-
ed at least three times, and representative results from one repli-
cate are presented.

mRNA in vitro transcription and microinjection

The In-Fusion cloning method was used to clone mouse Eifdela
(Eifde), Eif4e1b, and Eif4e1b (without the two to 62 amino acids)
truncated cDNA into pCDNA3.1* plasmid with EGFP sequence
fused at their N termini. The plasmids were then used to prepare
corresponding mRNAs for microinjection into mouse zygotes
(Wu and Dean 2020). Approximately 1.0 pL of mRNA solution
was injected into each zygote.

Quantification and statistical analysis

For all fluorescent staining experiments, the fluorescence intensi-
ty in each egg/embryo was quantified by Image] version 1.53k
(Schneider et al. 2012) and then used for plotting in R. Gene
counts from RNA-seq were normalized by ERCC spike-in for
plotting. All box plots include the median and data between the
25th and 75th percentile. The black or white diamond within
each box shows the average within each group. Each dot in the
box plots or bar plots reflects one value. The two-tailed Student’s
t-test or the “two.sided” prop.test function from R was used to
calculate P-values as follows: not significant (N.S.), P<0.05 (*),
P<0.01 (**), P<0.001 (***), and P<0.0001 (****). Source data for
plotting are in Supplemental Table S10.

Data availability

The data in this study have been deposited at the Gene Expression
Omnibus (accession no. GSE180218) and the ProteomeXchange
data sets (identifiers PXD041583 and PXD041622). Scripts used
in this study can be found at https://github.com/Yang-DB-Lab/
Eif4elb_Paper. All other relevant data and materials of this study
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are available from J.D. upon request under a material transfer
agreement with the National Institutes of Health.
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