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MOLECULAR BIOLOGY

Mature mRNA processing that deletes 3’ end sequences
directs translational activation and embryonic
development

Yuki Takada'?, Ludivine Fierro', Keisuke Sato', Takahiro Sanada', Anna Ishii’,
Takehiro Yamamoto?, Tomoya Kotani'**

Eggs accumulate thousands of translationally repressed mRNAs that are translated into proteins after fertiliza-
tion to direct diverse developmental processes. However, molecular mechanisms underlying the translation of
stored mRNAs after fertilization remain unclear. Here, we report a previously unknown RNA processing of 3’ end
sequences of mature mRNAs that activates the translation of stored mRNAs. Specifically, 9 to 72 nucleotides at
the 3’ ends of zebrafish pou5f3 and mouse Pou5f1 mRNAs were deleted in the early stages of development.
Reporter assays illustrated the effective translation of the truncated forms of mRNAs. Moreover, promotion
and inhibition of the shortening of 3’ ends accelerated and attenuated Pou5f3 accumulation, respectively, re-
sulting in defective development. Identification of proteins binding to unprocessed and/or processed mRNAs
revealed that mRNA shortening acts as molecular switches. Comprehensive analysis revealed that >250 mRNAs
underwent this processing. Therefore, our results provide a molecular principle that triggers the translational
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activation and directs development.

INTRODUCTION

Protein-coding genes in eukaryotes are transcribed by RNA poly-
merase II, and nascent precursor mRNAs (pre-mRNAs) are subse-
quently processed through coordinated nuclear events, such as 5’
capping, splicing, 3’ cleavage, and polyadenylation (I). In particu-
lar, splicing and 3’ cleavage are responsible for defining the accurate
length and sequence of mature mRNAs by selecting exons and the 3’
cleavage site of pre-mRNAs. The resultant mature mRNAs are ex-
ported to the cytoplasm and translated by ribosomes. In recent
decades, studies have shown that numerous mRNAs are not imme-
diately translated; their translation is spatially and temporally regu-
lated in the cytoplasm of various cells in diverse organisms (2—4).
Therefore, protein synthesis is generally regulated at the level of
translation and transcription. However, the biological significance
and molecular mechanisms of posttranscriptional regulation in
most cases remain unexplored.

Zebrafish and mouse oocytes accumulate approximately 8000
mRNAs (5-7), of which >2000 mRNAs are stored as translationally
repressed mRNAs (6, 8—10). As transcription remains quiescent im-
mediately before fertilization until zygotic genome activation
(ZGA) at the 1000-cell stage in zebrafish and 2-cell stage in mice
(7, 11, 12), the temporal regulation of protein synthesis after fertil-
ization is achieved via translational activation of dormant mRNAs
stored in eggs. Although the time of translation of distinct mRNAs
and the underlying mechanism remain largely unknown, both in-
hibition and promotion of global translation have been demonstrat-
ed to cause defects in diverse developmental processes, including
ZGA, embryonic axis formation, and cell differentiation (13-17).
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Therefore, the temporal regulation of global translation is crucial
for the appropriate promotion of early development.

Although the translational repression of mRNAs in eggs and
their activation after fertilization have been reported in sea urchin
embryos since the 1960s (18-20), the mechanisms underlying the
temporal regulation of mRNA translation have been extensively
studied during oocyte maturation in Xenopus using some mRNAs
exhibiting dormancy in immature oocytes. Pioneering studies have
demonstrated that dormant mRNAs carry short polyadenylate [poly
(A)] tails in the oocyte cytoplasm and that their short length main-
tains a translationally inactive state in immature oocytes, which are
arrested at prophase of meiosis I (21-24). After the resumption of
meiosis, these dormant mRNAs undergo polyadenylation, resulting
in the translational activation of mRNAs and promotion of oocyte
maturation until the oocytes are arrested again at metaphase of
meiosis II (25, 26). Furthermore, studies using Xenopus, zebrafish,
and mouse oocytes have revealed that the timing of the translational
activation of distinct mRNAs is precisely regulated by RNA binding
proteins that bind to the cis-acting elements in the 3’ untranslated
region (3'UTR) (6, 27-32).

Unlike the regulation of oocyte maturation, little is known about
the mechanisms underlying the translational regulation of mRNAs
after fertilization. Studies using zebrafish embryos have indicated
that polysome-incorporated mRNAs are globally altered after fertil-
ization and that most mRNAs incorporated in polysomes undergo
polyadenylation (5, 17). The polyadenylation of mRNAs stored in
eggs is therefore suggested to be a fundamental mechanism promot-
ing the translation of numerous mRNAs. However, the processes by
which thousands of mRNAs are translated after fertilization and the
molecular mechanisms temporally regulating the translation of
dormant mRNAs during development remain largely unclear.

Zebrafish pou5f3 and mouse Pou5f1 mRNAs encode the homol-
ogous transcription factors Pou5f3 (also known as Pou2/Pou5f1)
and Pou5f1/Oct4 (33-35), respectively. Zebrafish and mouse
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oocytes were demonstrated to accumulate pou5f3 and Pou5fl
mRNAs, respectively, as translationally repressed mRNAs, and the
translation of both mRNAs was activated after fertilization, al-
though Pou5f1 mRNA was partially translated in mouse mature
oocytes (36, 37). The generation of maternal and zygotic pou5f3
mutants in zebrafish revealed that Pou5f3 is essential after fertiliza-
tion for the differentiation of endoderm cells and specification of
dorsal-ventral regions (38—40). In addition, Pou5f3 has been dem-
onstrated to induce ZGA (41, 42). Using pou5f3 mRNA as a para-
digm to study the temporal translation of dormant mRNAs after
fertilization, we previously revealed the existence of a mechanism
physically regulating mRNA translation, i.e., mRNA translation is
persistently inhibited in oocytes by the formation of solid-like gran-
ules, and it is activated when the granules transform into liquid
droplets during the cleavage stage (37).

In this research, we extended the study on pou5f3 mRNA and
found a previously unknown RNA processing method that activates
the translation of dormant mRNAs. We revealed that the 3’ end se-
quences [9 to 72 nucleotides (nt)] of pou5f3 and Pou5f1 mRNAs
were deleted before translational activation of the mRNAs in both
zebrafish and mouse embryos. This 3’ end deletion directed the
translational activation of mRNAs and appropriate progression of
early development. The identification of proteins binding to the un-
processed or processed mRNAs revealed the function of 3’ ends as
molecular switches. In addition, >40% of the 568 examined mRNAs
were found to be similarly processed. Together, our results provide a
molecular principle of the translational regulation of dormant
mRNAs after fertilization, which directs animal development.

RESULTS
The 3’ end sequences of mature mRNAs are processed
We previously revealed that the poly(A) tails of zebrafish pou5f3
mRNA were elongated after fertilization, but not during oocyte mat-
uration, based on the polymerase chain reaction (PCR)-based poly
(A) test (PAT) assay (37). To explore the molecular mechanisms by
which dormant mRNA translation is activated after fertilization, we
analyzed changes in the 3" end of pou5f3 mRNA in further detail by
sequencing the PAT assay products (fig. S1A). Intriguingly, a large
proportion of pou5f3 mRNAs in oocytes had longer 3’ end sequenc-
es in the UTR than those previously isolated from gastrula-stage
embryos (Fig. 1, A and B, sequences in blue) (33). Moreover, the
3’ end sequences of most pou5f3 mRNAs were shortened, particu-
larly from 2-hour post fertilization (hpf; cleavage stage) to 4 hpf
(blastula stage; Fig. 1B), coinciding with the increase in protein syn-
thesis (37, 43). The number of deleted nucleotides was 68 or 72 in all
stages, and the resultant 68-nt-deleted mRNA was identical to the
previously isolated mRNA (33). The poly(A) tails of pou5f3 mRNA
were short in oocytes and slightly elongated in embryos at 0 hpf
(Fig. 1B and fig. S1B). The poly(A) tails were widely elongated in
mRNAs with shortened 3’ ends, but not in mRNAs with full-
length 3’ ends, in embryos from 2 to 4 hpf (Fig. 1B and fig. S1B).
A previous study showed that pou5f3 mRNA expression in-
creased remarkably at 2 hpf (44), although ZGA is known to initiate
at 3 hpf (1000-cell stage) (7, 12). Because our previous study dem-
onstrated that pou5f3 mRNA form solid-like granules in fertilized
eggs and transform into liquid-like droplets shortly after fertiliza-
tion (37), we predicted that the increase in mRNA levels at 2 hpf
was attributable to changes in the efficiency of RNA extraction
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from embryos. To address this possibility, we extracted RNAs
after the degradation of protein-RNA complexes by proteinase K
treatment, which increased the level of pou5f3 mRNAs extracted
from fertilized eggs (fig. S1C). The total amount of pou5f3 mRNA
was equivalent over the period from 0 to 2 hpf and slightly increased
at 4 hpf (fig. S1D), suggesting the presence of zygotic pou5f3 tran-
scripts at 4 hpf and being consistent with the beginning of ZGA
after 3 hpf. To rule out the possibility that pou5f3 mRNA with a
short 3'UTR is derived from zygotic transcription, we used single-
nucleotide polymorphisms (SNPs) to distinguish zygotic mRNAs
from maternal mRNAs. The homozygous genomic differences
between females and males allowed us to distinguish between ma-
ternal and paternal mRNAs (fig. S2A). The PAT assay of embryos at
4 hpf revealed that almost all (95.2%) pou5f3 mRNAs carried female
SNPs (fig. S2B), suggesting the presence of a few zygotic transcripts
at this stage. Next, to experimentally eliminate zygotic transcripts at
4 hpf, we inhibited transcription by treating embryos with amanitin.
Amanitin treatment almost completely inhibited the transcription
of zygotically expressed genes in the earliest stage (fig. S2C). The
PAT assay revealed that the 3’ end of pou5f3 mRNA was shortened
even in amanitin-treated embryos (fig. S2D). Under this condition,
Pou5f3 protein was accumulated at the level equivalent to that in
control embryos at 4 hpf (fig. S2E). These results indicate that
changes in the length of 3’ end sequences occur due to the deletion
of the 3’ end sequences of maternal mRNAs; in addition, we re-
vealed that the maternal mRNAs synthesize most Pou5f3 in early-
stage embryos.

Wnt8a has been isolated as one of the candidates of dorsal axis
determinant that might be synthesized from stored wnt8a mRNA
after fertilization (45). In oocytes and fertilized eggs (0 hpf), ap-
proximately 50% of wnt8a mRNAs have long 3’ ends, and the re-
maining mRNAs have 93-nt-deleted 3’ ends (fig. S3, A and B).
The proportion of wnt8a mRNAs carrying shortened 3’ ends was
higher in embryos at 2 and 4 hpf, and the number of deleted nucle-
otides reached 99 (fig. S2, A and B). The poly(A) tails of wnt8a
mRNA remained short in oocytes and embryos at 0 and 2 hpf but
became elongated in embryos at 4 hpf (fig. S3, B and C).

We then analyzed changes in the 3’ end of Pou5f1 mRNA
(Fig. 1C) in mouse oocytes and embryos. The PAT assay indicated
that the 3’ end of Pou5f1 mRNA was shortened during oocyte mat-
uration, which was shortly elongated in early two-cell stage embryos
(Fig. 1D). Sequence analysis of the PAT assay products revealed that
the 3’ end sequences of Pou5f1 mRNA were deleted in mature
oocytes and that the proportion of mRNAs with shortened 3’
ends was higher in early two-cell stage embryos (Fig. 1, C and E).
Because the total amount of Pou5f] mRNA remains the same
during this period (36) and zygotic transcription starts from the
late two-cell stage in mice (11), these changes indicated the deletion
of the 3’ ends of maternal mRNAs. The number of deleted nucleo-
tides ranged from 9 to 14, and the proportion of Pou5fI mRNAs
with shortened 3’ ends was higher in early two-cell stage
embryos. The poly(A) tails of Pou5f1 mRNA were transiently short-
ened in mature oocytes, which were then elongated again in two-cell
stage embryos (Fig. 1, E and F).

The processed mRNA is effectively translated

Because the shortening of 3’ end sequences preceded or coincided
with the synthesis of proteins encoded by the mRNAs, it was pos-
tulated that this RNA processing promotes the translational
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Fig. 1. The 3’ end sequences of mature mRNAs are shortened during early development in zebrafish and mice. (A) A schematic diagram of full-length zebrafish
pou5f3 mRNA. The 3’ end sequences (100 nt) are presented at the bottom. Sequences in blue indicate an additional 3’ end. Sequences in green denote the poly(A) signal
(PAS). ORF, open reading frame. (B) Sequence analysis of the 3’ ends of pou5f3 mRNA in immature (Im) and mature (M) oocytes and embryos at 0, 2, and 4 hpf. The lengths
of 3’ ends (left) and poly(A) tails (right) are presented. Similar results were obtained from two independent experiments. (C) A schematic diagram of full-length mouse
Pou5f1 mRNA. The 3’ end sequences (50 nt) are presented at the bottom. Sequences in green denote PAS. (D) PAT assay for mouse Pou5f1 mRNA in Im and M oocytes and
early two-cell stage embryos (E2c). bp, base pair. Similar results were obtained from two independent experiments. Scale bar, 20 um. (E) Sequence analysis of the 3’ ends
of Pou5f1 mRNA in the PAT assay. The lengths of 3’ ends (left) and poly(A) tails (right) are presented. (F) Lengths of Pou5f1 poly(A) tails in the sequence analysis were
determined (means + SD). ****P < 0.0001 and **P < 0.01, Tukey’s multiple comparison test.
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activation of dormant mRNAs stored in eggs. To evaluate this pos-
sibility, we first established transgenic zebrafish carrying full-length
(long) or shortened (short) 3'UTRs of pou5f3 mRNA located down-
stream of the heat shock promoter and coding region of green fluo-
rescent protein (GFP) (Fig. 2A). As a control, we established
transgenic zebrafish carrying the simian virus 40 (SV40) 3'UTR
located downstream of the GFP-coding region (Fig. 2A).
Transgenic adult females were subjected to heat shock, and their
embryos were analyzed by in situ hybridization, quantitative reverse
transcription PCR (RT-PCR), and puromycylation followed by the
proximity ligation assay (Puro-PLA). Puro-PLA enables the detec-
tion of nascent peptides synthesized in ribosomes using two anti-
bodies that are specific for the protein of interest and puromycin
(37, 46). Compared to the detection of GFP, which requires a suffi-
cient period to exhibit fluorescence after translation (47), this
method can directly visualize the translational activity of reporter
mRNAs. In this study, heat shock induced the transcription of all
reporter mRNAs at a similar level (Fig. 2B). Puro-PLA revealed
that the reporter mRNA with the SV40 3'UTR was effectively trans-
lated in the cytoplasm of embryos at 2 hpf (Fig. 2, C and D). The
reporter mRNA with a long pou5f3 3'UTR was not translated at this
stage (Fig. 2, C and D), suggesting the translational repression of
this reporter mRNA. Conversely, the reporter mRNA with a short
pou5f3 3'UTR was effectively translated (Fig. 2, C and D). After 2
hours, the reporter mRNA with the long 3'UTR was partly translat-
ed (fig. $4, A and B), with shortening of some of its 3’ end sequences
(fig. S4C), thereby recapitulating the regulation of endogenous
pou5f3 mRNA, although not completely. Consistent with the
early activation of the reporter mRNA with the short 3'UTR, GFP
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was detected in these embryos by immunoblotting (fig. S4D). These
results suggest that the shortening of 3’ end sequences promotes the
translational efficiency of mRNA in the early stage of development.

To elucidate the relationship between 3’ end shortening and
translational regulation in further detail, we analyzed the transla-
tional efficiency by injecting mouse oocytes with reporter mRNAs
containing the long or short 3'UTRs of Pou5f1, which were located
downstream of the firefly luciferase coding region (Fig. 3, A and B).
We constructed reporter mRNAs carrying 9- and 14-nt deletions at
the end of Pou5f1 3'UTRs as short 3'UTRs because the 9-nt deletion
was the most frequently observed change in oocytes and embryos,
and the 14-nt deletion indicated the maximum length of deletion in
early cleavage-stage embryos (Fig. 1E). In immature oocytes, the re-
porter mRNAs carrying a short Pou5f1 3'UTR exhibited little or no
difference in luciferase activity compared with those reporter
mRNA carrying a long Pou5f1 3’'UTR (Fig. 3C). In contrast, the lu-
ciferase activity of reporter mRNAs carrying a short Pou5f1 3'UTR
significantly increased in mature oocytes, and this increase was de-
pendent on the length of the deletion (Fig. 3C). The PAT assay
showed that the reporter mRNA with a short, but not a long,
3'UTR was frequently polyadenylated (fig. S4E). These results
suggest that the 3’ end shortening promotes the translational acti-
vation of Pou5f1 mRNA in mature mouse oocytes.

To determine whether the sequences at the end of the 3'UTR are
involved in translational regulation, we injected oocytes with re-
porter mRNAs carrying Pou5f1 3'UTRs with mutations at their 3’
end (Fig. 3, D and E). We generated 2- or 5-nt mutations in the con-
served sequence of mouse and zebrafish and mutations of 9 nt that
were shortened in mouse embryos (Fig. 3D). In immature oocytes,
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Fig. 2. Reporter mRNA with a shortened pou5f3 3'UTR is effectively translated in the early development of zebrafish. (A) Schematic diagrams of reporter genes
with the SV40 3’UTR (SV40), full-length pou5f3 3'UTR (Long), and processed pou5f3 3'UTR (Short). (B) Left: Whole-mount in situ hybridization of reporter mRNAs in
transgenic zebrafish embryos at 2 hpf with the GFP antisense probe. Insets are embryos hybridized with the GFP sense probe. bd, blastodisc. Similar results were obtained
from two lines of transgenic zebrafish. Right: Reporter mRNA levels were determined by quantitative RT-PCR (means + SD; n = 3). (C) Detection of newly synthesized GFP
using Puro-PLA in embryos at 2 hpf. DNA is indicated in blue. Scale bars, 100 um (B) and 10 um (C). (D) Number of Puro-GFP PLA sites per 40,000 um2 was counted (means
+ SD; n > 18). Similar results were obtained from three independent experiments. **P < 0.01 and *P < 0.05, Mann-Whitney's U test.
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Fig. 3. The reporter mRNA with shortened Pou5f1 3'UTR is effectively translated in mouse mature oocytes. (A) A schematic diagram of the reporter assay in mouse
oocytes. Immature oocytes were injected with reporter mRNAs and cultured in M2+ medium for 2 h, followed by incubation with M2+ or M2— for 14 hours. Immature (Im)
and mature (M) oocytes were collected and extracted for the luciferase assay. (B) Schematic diagrams of reporter mRNAs with the full-length Pou5f1 3'UTR (Long) and 9-
and 14-nt-deleted 3'UTRs (=9 and —14 nt). (C) Results of the luciferase assay (means + SD; n > 4). The activities relative to that of Long mRNA in immature oocytes. ***P <
0.001 and **P < 0.01, Dunnett’s test. (D) Schematic diagrams (top) and sequences (bottom) of reporter mRNAs carrying the full-length Pou5f1 3'UTR (Long) and 3'UTRs
with 2-, 5-, or 9-nt mutations (2nt, 5nt, and 9nt mut, respectively). Sequences that are conserved in zebrafish and mouse are highlighted in gray. (E) Results of luciferase

assay (means + SD; n > 3). The activities relative to that of Long mRNA in immature oocytes. ***P < 0.001, **P < 0.01, Dunnett’s test. n.s., not significant.

the luciferase activity of the reporter mRNA carrying 9-nt muta-
tions in the Pou5f1 3'UTR was 2.5-fold higher than that of the re-
porter mRNA carrying a long Pou5f1 3'UTR (Fig. 3E). In mature
oocytes, the luciferase activity of reporter mRNAs carrying 2- and
9-nt mutations was higher than that of the reporter mRNA carrying
a long Pou5fl 3'UTR. However, the differences were <2-fold
(Fig. 3E). These results indicate that the 3’ end sequences mainly
contribute to the translational repression of Pou5f] mRNA in im-
mature oocytes.

Genome editing of the pou5f3 3'UTR increases protein
synthesis and affects embryonic development

To determine whether modifications of 3’ end sequences affect
mRNA translational regulation and embryonic development, we
generated mutations at the 3’ end of pou5f3 using CRISPR-Cas9
technology. Two lines of genome-edited zebrafish were established
in which 24 and 7 nt were inserted at the 3’ end, respectively
(Fig. 4A). We crossed females and males that were heterozygous
for the insertions and isolated fish that were homozygous for the
insertions. All offspring were viable and fertile. Embryos derived
from the homozygous females and males exhibited no remarkable
phenotype until 4 hpf, but they displayed delays in epiboly progres-
sion during the gastrulation stage (Fig. 4B). In particular, pou5f3”"”"

Takada et al., Sci. Adv. 9, eadg6532 (2023) 24 November 2023

embryos exhibited more substantial growth delay than pous5f3°*/**

embryos. The progression of development was severely retarded
during and after gastrulation, and the larvae showed curled tails
(fig. S5A) and died within 7-day post fertilization (dpf). Immuno-
blotting indicated that pou5f3**/** and pous5f3”"”" embryos accu-
mulated higher levels of Pou5f3 than wild-type embryos at 0 and
3 hpf (Fig. 4C and fig. S5, B to D). Consistent with the more
severe phenotypes, the increase in the amounts of Pou5f3 in
pousf3”"”" embryos was higher than that in pou5f3°*/** mutants.
Notably, according to previous studies, Pou5f3 has been detected
as two different bands (37, 43). In this study, we found that the
band with a higher molecular weight showed remarkably increased
expression in the mutants (fig. S5, B to D). These results demon-
strated that insertions in the 3’ end sequences of pou5f3 increased
Pou5f3 synthesis, resulting in developmental retardation.

To explore the effect of insertions on Pou5f3 expression, the 3’
end of pou5f3 mRNA in eggs derived from the homozygous fish was
analyzed using the PAT assay. Intriguingly, the poly(A) tails of
pous5f3 mRNA appeared to be elongated in both pousf3**/** and
pou5f37"7" eggs, which was not observed in wild-type eggs
(Fig. 4D and fig. S5E). Sequence analyses demonstrated the
shortening of the 3’ ends of almost all pou5f3 mRNAs in both
pou5f3**7* and pous5f3”"”" eggs (Fig. 4E and fig. S5F).
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Fig. 4. The 24- and 7-nt insertions at the 3’ end of pou5f3 cause developmental retardation, increased Pou5f3 accumulation, and precocious 3’ end processing.
(A) A schematic diagram of pou5f3 and the 3’ end sequences in the wild-type (WT) and pou5f32*/?* and pou5f3”””' mutants. Sequences in blue and red denote an
additional 3’ end and inserted nucleotides, respectively. Protospacer adjacent motif (PAM) and guide RNA (gRNA) sequences are highlighted in yellow and gray, respec-
tively. (B) Lateral views of WT and pou5f32*?* and pou5f3”/”' mutant embryos at 4, 6, and 8 hpf. Arrowheads indicate the marginal cells, showing the progression of
epiboly. pou5f3?*/?# and pou5f3””” mutant embryos exhibited delayed epiboly progression at 6 and 8 hpf. Similar results were obtained from three independent ex-
periments. Scale bar, 200 um. (C) Top: Immunoblotting of Pou5f3 in WT and pou5f324/?4 embryos at 0 and 3 hpf. Rpl11 is a loading control. Similar results were obtained
from five independent experiments. (C) Bottom: Intensities of both Pou5f3 bands were quantified (means + SD; n = 5). **P < 0.01 and *P < 0.05, Student's t test. The
intensities of the upper and lower Pou5f3 bands were quantified in fig. S5B. (D) PAT assay for zebrafish pou5f3 mRNA in WT and pou5f32/?* embryos at 0 and 3 hpf. Similar
results were obtained from two independent experiments. (E) Sequence analysis of the 3 ends of pou5f3 mRNA in pou5f3°*?* embryos at 0 hpf. The lengths of 3’ ends
(left) and poly(A) tails (right) are presented.

Takada et al., Sci. Adv. 9, eadg6532 (2023) 24 November 2023 6 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

Unexpectedly, the 24- and 7-nt insertions were removed from
pou5f3 mRNAs carrying long 3'UTRs. Nevertheless, these results
suggest that the insertions in the pou5f3 3'UTR caused precocious
shortening of the 3’ ends and promoted Pou5f3 synthesis in eggs
and embryos.

Inhibition of mRNA shortening reduces protein synthesis
and affects embryonic development

To explore whether the inhibition of mRNA shortening affects
protein synthesis and embryonic development, we injected zebra-
fish eggs with a morpholino oligonucleotide (MO) that targets the
3" end of pou5f3 mRNA (3'end-MO; Fig. 5A). Injection with 3’end-
MO, but not control MO containing 5-nt mismatches (5mm-MO;
Fig. 5A), caused severe developmental defects, including delayed
epiboly, thicker blastoderm during gastrulation (6 and 8 hpf;
Fig. 5B), and embryos that were notably shortened along the ante-
rior-posterior axis in the tailbud stage (12 hpf; Fig. 5B). All these
defects were consistent with those observed in embryos injected
with pou5f3-ATG-MO (Fig. 5B), which targets the translation initi-
ation codon (37), and mutant embryos lacking maternal and pater-
nal pou5f3 function (39). Immunoblotting revealed that injection
with 3’end-MO, but not 5mm-MO, inhibited Pou5{3 protein syn-
thesis (Fig. 5C). The PAT assay failed to detect full-length pou5f3
mRNA in 3’end-MO-injected embryos, most likely due to RNA-
DNA hybrid formation at the 3’ end, which prevents anchor
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primer ligation. The total amounts of pou5f3 mRNA and long-
type pou5f3 mRNA were quantified after reverse transcription
with random hexamers and a primer complementary to the se-
quence upstream of the target site of 3’end-MO. Although the
total amount of pou5f3 mRNA remained unchanged, the amount
of long pou5f3 mRNA significantly increased in embryos injected
with 3’end-MO (Fig. 5D). These findings emphasize the substantial
role of pou5f3 mRNA translation after fertilization in regulating em-
bryonic development and suggest that shortening of 3’ end sequenc-
es directs mRNA translational activation to drive embryonic
development.

RNA pull-down assay isolates proteins that bind to long and
short pou5f3 3'UTRs

Results of reporter assays, genome-edited zebrafish experiments,
and embryo injection with MO revealed that the shortening of 3’
end sequences is crucial for the translational activation of pou5f3
and Pou5f1 mRNAs. However, the molecular mechanisms underly-
ing the translational regulation of these mRNAs remain unknown.
To gain an insight into the molecular mechanisms of pou5f3 and
Pou5f1 mRNA translation through 3’ end shortening, we isolated
proteins specifically binding to the long and/or short 3'UTRs of
pou5f3 mRNA using in vitro—synthesized RNAs and zebrafish
oocyte extracts. This is because sufficient materials were obtained
using zebrafish oocytes, but not using mouse oocytes. The

MOs
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Fig. 5. Injection with MO targeting 3’ end sequences of pou5f3 prevents Pou5f3 accumulation and causes severe developmental defects. (A) 3’ end sequences of
pou5f3 mRNA that are targeted by 3'end-MO. 5mm-MO contains five mismatches (red). (B) Lateral views of WT and 3’end-MO-, 5mm-MO-, or ATG-MO-injected embryos
at 6, 8, and 12 hpf. The 3’end-MO-injected embryos exhibited defective gastrulation (thickened blastoderm and delay in epiboly progression) and shortened anterior-
posterior axis (red and black arrows). Similar results were obtained from the three independent experiments. Scale bar, 200 um. (C) Immunoblotting of Pou5f3 in embryos
injected with 3’end- or 5mm-MO at 4 hpf (left). The intensities of both Pou5f3 bands were quantified (means + SD; n = 3) (right). *P < 0.05, Tukey's multiple comparison
test. (D) Levels of total pou5f3 mRNA (Total) and long pou5f3 mRNA (Long) in WT embryos and embryos injected with 3’end-MO at 4 hpf were determined by quantitative

RT-PCR (means * SD; n = 3). **P < 0.01, Student's t test.
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sequences of the 100-terminal nucleotides of zebrafish pou5f3 and
mouse Pou5f] mRNAs shared 43.1% identity (fig. S6). Thus, it is
likely that both mRNAs bind to similar proteins. Proteins copreci-
pitated with a long or short pou5f3 3'UTR or an antisense strand of
long pou5f3 3’'UTR were purified and analyzed by mass spectrom-
etry (Fig. 6A). We first categorized proteins that bound to long
3'UTR alone as long-specific proteins. Similarly, proteins that
bound to short 3'UTR alone were categorized as short-specific pro-
teins. Second, proteins that bound to both 3'UTR types were

categorized as follows. When the number of peptides isolated
with long 3'UTR was twofold higher than that of peptides isolated
with short 3'UTR, these proteins were categorized as long-specific
proteins. Short-specific proteins were categorized similarly. The re-
maining proteins were categorized as proteins binding to both
3'UTR types after removing nonspecific bounds, i.e., when the
number of peptides in all precipitations was equivalent. Last, 129
proteins were isolated as proteins specifically binding to the long-
type pous5f3 3'UTR, 191 proteins specifically binding to the short-
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Fig. 6. Isolation of proteins binding to the long and/or short pou5f3 3'UTRs. (A) A schematic diagram of the isolation of proteins specifically binding to in vitro—
synthesized pou5f3 long or short sense RNAs or long antisense RNA. (B) Venn diagram depicts the number of proteins isolated as proteins interacting with long (red) and
short (blue) 3'UTR sequences of pou5f3 and the number of proteins binding to both 3’UTRs. (C) GO analysis of genes enriched in proteins isolated as proteins interacting
with pou5f3 3'UTR sequences. (D) Representations of proteins isolated in the RNA pull-down assay. (E and F) IP/RT-PCR analysis of HuR and HuB with Pou5f1 mRNA. Top:
Immunoblotting of mouse ovary extracts before IP (initial) and IP with control immunoglobulin G (IgG) or anti-HuR (a-HuR) (E) and anti-HuB (a-HuB) (F) antibodies.
Bottom: Semiquantitative RT-PCR amplification of Pou5f1 and a-tubulin transcripts. Similar results were obtained from two independent experiments. BrU, bromouridine;

ncRNA, noncoding RNA.
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type pou5f3 3'UTR, and 63 proteins binding to both long and short
pou5f3 3'UTRs (Fig. 6B and table S1). The Gene Ontology (GO)
terms of these proteins were associated with translation and
mRNA splicing (Fig. 6C).

To validate the results of the RNA pull-down assay, we analyzed
the interactions between endogenous proteins and mRNAs by im-
munoprecipitation followed by RT-PCR (IP/RT-PCR). HuR and
HuB were isolated as proteins binding both long and short pou5f3
3'UTRs (Fig. 6D and table S1), and previous studies have revealed
their expression in mouse ovaries (48). Pou5f] mRNA was detected
in the precipitates of anti-HuR and anti-HuB antibodies but not in
those of control immunoglobulin G (IgG) (Fig. 6, E and F). These
results demonstrated that the findings of the RNA pull-down assay
reflect in vivo interactions.

Heterogeneous nuclear ribonucleoprotein D (hnRNP D),
Gemin5, and DEAH-box polypeptide 9 (Dhx9) regulate
Pou5f1 mRNA translation
To determine the molecular mechanisms of translational regulation
through the shortening of 3’ end sequences, we focused on RNA
binding proteins that predominantly interacted with long or short
pou5f3 3'UTR (Fig. 6D and table S1). We focused on hnRNP D as a
protein binding to long 3’UTR and Gemin5 and Dhx9 as proteins
binding to short 3'UTR (Fig. 6D). We used mouse oocytes and
embryos because this system is applicable to cell biological and
functional analyses of proteins stored in oocytes (31, 32, 49).
hnRNP D, a member of the hnRNP family RNA binding pro-
teins, has been demonstrated to participate in RNA splicing and
regulation of RNA stability and translation (50). First, we analyzed
the mRNA and protein expression in fully grown mouse oocytes.
RT-PCR and immunoblotting revealed the h#nRNP D mRNA and
hnRNP D protein expression in mouse oocytes (fig. S7, A and B).
Immunofluorescence analysis of oocytes indicated that hnRNP D
was distributed in the cytoplasm and in the oocyte nucleus, germi-
nal vesicle (Fig. 7A). The interaction of hnRNP D with Pou5f1
mRNA was confirmed by IP/RT-PCR (Fig. 7B). Together, these
results suggest that Pou5f1 mRNA is a target of hnRNP D in
mouse oocytes.

To elucidate whether hnRNP D plays a role in Pou5f] mRNA
regulation, we knocked down hnRNP D using the Trim-Away
protein degradation system with anti-hnRNP D antibody. This
system allows the degradation of an endogenous protein by Tripar-
tite motif-containing protein (TRIM)-mediated degradation of the
antibody-target protein complex (49). We injected immature
oocytes with Trim2] mRNA and anti~hnRNP D antibody and in-
cubated them with M2+ medium for 16 hours. As shown in Fig. 7C,
hnRNP D was efficiently degraded by the degradation system. Next,
we knocked down hnRNP D in one-cell stage embryos and observed
the expression of Pou5f1 in early two-cell stage embryos. Immuno-
fluorescence analysis revealed an increase in Pou5fl expression in
the early two-cell stage embryos (Fig. 7D). These results suggest
that hnRNP D represses Pou5f1 mRNA translation in early-stage
mouse embryos.

Gemin5 is an RNA binding protein of the survival motor neuron
(SMN) complex, which plays a critical role in splicing. It is also a
regulator of cap-dependent and cap-independent translation (51,
52). Dhx9 (also known as RNA helicase A), a member of the
DEAD box RNA helicase family proteins, plays important roles in
various cellular processes, including transcription, splicing, and

Takada et al., Sci. Adv. 9, eadg6532 (2023) 24 November 2023

translation (53). To determine whether Gemin5 and Dhx9 partici-
pate in Pou5f1 mRNA translation, we first analyzed their expression
in fully grown mouse oocytes. RT-PCR and immunoblotting con-
firmed the expression of Gemin5 and Dhx9 mRNAs and Gemin5
and Dhx9 proteins in mouse oocytes (fig. S7, A and B). Immuno-
fluorescence revealed the expression of Gemin5 in the cytoplasm of
oocytes and two-cell stage embryos (Fig. 7A). In addition to its cy-
toplasmic distribution, Gemin5 was localized around the chromo-
some of mature oocytes and in the nucleus of two-cell stage
embryos. Immunofluorescence analysis demonstrated the high ex-
pression of Dhx9 in the nucleus of oocytes and two-cell stage
embryos and low expression of Dhx9 in the cytoplasm (Fig. 7A).
The RNA pull-down assay revealed that Gemin5 interacted with
in vitro—synthesized RNAs consisting of mouse Pou5f1 3'UTRs
(fig. S7C). Consistent with the mass spectrometry results, Gemin5
interacted more strongly with short Pou5f1 than with long Pou5f1
(fig. S7D). In addition, using an ultraviolet (UV)-crosslinking assay,
the interactions of Gemin5 and Dhx9 with Pou5fI mRNA were con-
firmed by reactions between immunoprecipitated Gemin5 and
Dhx9 proteins and in vitro—synthesized RNAs consisting of the
short Pou5f1 3'UTR (fig. S7E). IP/RT-PCR in early two-cell stage
embryos revealed that Gemin5 and Dhx9 interacted with Pou5f1
mRNA (Fig. 7B). As most Pou5f] mRNAs were shortened at this
stage (Fig. 1E), Gemin5 and Dhx9 may bind to short-type Pou5f1
in embryos.

Subsequently, we knocked down Gemin5 and Dhx9 using the
Trim-Away protein degradation system with anti-Gemin5 and
anti-Dhx9 antibodies. As presented in Fig. 7C, Gemin5 and Dhx9
were effectively degraded by this degradation system. The transla-
tional efficiency of the reporter mRNA in mature oocytes was ini-
tially investigated by injecting the 14-nt-deleted Pou5f1 mRNA (fig.
S8A). Dhx9 knockdown significantly reduced the translational ac-
tivation of reporter mRNA in mature oocytes, whereas Gemin5
knockdown slightly reduced the translation, with no significant dif-
ference (fig. S8B), indicating that Dhx9 is required for the transla-
tional activation of short Pou5f mRNA in mature oocytes. Next, we
examined the synthesis of endogenous Pou5f1 by immunofluores-
cence. Gemin5 and Dhx9 knockdown in one-cell stage embryos led
to significantly reduced Pou5f1 expression in the early two-cell
stage embryos (Fig. 7E). The Trim-Away system did not affect the
level of Pou5f1 mRNAs and shortening of their 3’ ends in the early
two-cell stage embryos (fig. S8, C to E). Therefore, these results
suggest that shortened Pou5f]1 mRNA is translationally activated
via the binding of Gemin5 and Dhx9 during the cleavage stage.

The 3’ ends of a diverse group of mRNAs are shortened
after fertilization

We lastly elucidated whether the mature mRNA processing is
unique to a subset of mRNAs or a general process in global
mRNAs. Accordingly, we performed 3’ end RNA sequencing in
which the 3’ end fragments of mRNAs containing poly(A) tails
were reverse-transcribed with an oligo(dT) primer, and sequences
close to the 3" ends of the transcripts were obtained using zebrafish
embryos at 0 and 4 hpf (Fig. 8A). The resultant sequences were
mapped onto the zebrafish genome (ensemble v11). This assay
enabled the detection of the 3’ ends of distinct mRNAs. For
example, all reads of tktb and pycrlb mRNAs were mapped onto
the end of the last exon in embryos at 0 and 4 hpf (Fig. 8B), indicat-
ing that the 3’ end of these mRNAs was not altered during this
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Fig. 7. hnRNP D, Gemin5, and Dhx9 regulate the translation of Pou5f7 mRNA in mouse embryos. (A) Inmunofluorescence of hnRNP D, Gemin5, and Dhx9 in mouse
immature (Im) and mature (M) oocytes and two-cell stage embryos (Two-cell). GV, germinal vesicle. (B) IP/RT-PCR analysis of hnRNP D (left), Gemin5 (middle), and Dhx9
(right) with Pou5f1T mRNA. Left: Semiquantitative RT-PCR amplification of Pou5f1 and a-tubulin transcripts of mouse ovary extracts before IP (initial) and IP with control IgG
(IgG) or anti—-hnRNP D (hnRNP D) antibody. Similar results were obtained from three independent experiments. Middle and Right: Semiquantitative RT-PCR amplification
of Pou5f1 and a-tubulin transcripts of mouse two-cell stage embryos before IP (initial) and IP with control IgG (IgG) or anti-Gemin5 (Gemin5) or anti-Dhx9 (Dhx9) antibody.
An asterisk indicates nonspecific amplifications. (C) Immunoblotting of oocytes injected without [control (Cont)] or with anti-hnRNP D (left), anti-Gemin5 (middle), or
anti-Dhx9 (right) antibody and Trim21 mRNA [knockdown (KD)]. (D) Left: Immunofluorescence of Pou5f1 in embryos injected with IgG (control) or anti-hnRNP D antibody
(hnRNP D KD). DNA is indicated at the bottom. Similar results were obtained from three independent experiments. Right: Intensities of Pou5f1 signals were quantified
(means £ SD). a.u., arbitrary unit. *P < 0.05, Student's t test. (E) Left: Immunofluorescence of Pou5f1 in embryos injected with IgG (control) or anti-Gemin5 (Gemin5 KD) and
anti-Dhx9 (Dhx9 KD) antibodies. Similar results were obtained from three independent experiments. Right: The intensities of Pou5f1 signals were quantified (means + SD).
**P < 0.01, Dunnett’s test. Scale bars, 20 um.
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Fig. 8. The 3’ end sequences of a diverse group of mRNAs are shortened during the early development of zebrafish. (A) A schematic diagram of the detection of
mRNA 3" ends by 3’ end RNA sequencing. Left: Zebrafish embryos at 0 and 4 hpf were collected and extracted for RNA purification. Right: Total RNAs were reverse-
transcribed using an oligo(dT) primer. After removing the RNA template, second-strand DNAs were synthesized by random priming. (B) Tracks of 3" end RNA sequencing
plotted on the 3’ genomic region of tktb and pycr1b from embryos at 0 and 4 hpf. The terminal exon is presented. The numbers of reads were 1062 (0 hpf) and 1372 (4 hpf)
in tktb and 4392 (0 hpf) and 12378 (4 hpf) in pycr1b. (C) Tracks of 3’ end sequencing plotted on the 3’ genomic region of chek1, cot/1, and btbd10b from embryos at 0 and 4
hpf. The total numbers of reads were 505 (0 hpf) and 361 (4 hpf) in chek1, 17 (0 hpf) and 44 (4 hpf) in cot/1, and 809 (0 hpf) and 1217 (4 hpf) in btbd10b. The details with P
values are shown in table S2. (D) Summary of 3’ end RNA sequencing of 568 genes with the number of mRNAs with shortened (red) and unchanged (blue) 3’ end between

0 and 4 hpf.

period. Regarding chek] mRNA, almost all reads were mapped onto
the 3’ end of the last exon at 0 hpf, whereas all reads were mapped
approximately 100 nt upstream of the 3’ end at 4 hpf (Fig. 8C). Re-
garding cotll, most reads were mapped onto the 3’ end of the last
exon, but some were mapped approximately 150 nt upstream of the
3’ end at 0 hpf. At 4 hpf, almost all reads were mapped onto the
upstream region (Fig. 8C). The 3’ end of btbd10b mRNA was sim-
ilarly changed (Fig. 8C). To accurately examine changes in mRNA
3" ends, we counted the reads defined as long and short 3’ ends and
calculated their proportion (table S2). In the case of pou5f3 mRNA,
78.8% of mRNAs (total 3342) harbored the long 3’ end at 0 hpf,
which decreased to 39.9% (total 4589) at 4 hpf (fig. S9), consistent
with the reduction observed in the PAT assay. In total, we analyzed
568 mRNAs, an estimated 5% of the mRNAs demonstrated to be
expressed in eggs (17) and revealed that 255 mRNAs (44.9%) har-
bored longer 3’ end sequences in embryos at 0 hpf that were short-
ened at 4 hpf (Fig. 8D and table S2). These results suggest that the 3’
end sequences of a diverse group of mRNAs are processed after
fertilization.

Takada et al., Sci. Adv. 9, eadg6532 (2023) 24 November 2023

DISCUSSION

RNA processing of the 3’ end sequences of mature mRNAs
directs translational activation

After the completion of nuclear RNA processing, the sequences of
eukaryotic protein-coding mRNAs are believed to remain un-
changed, excluding poly(A) tails, which are shortened by deadeny-
lases and elongated by poly(A) polymerases (54). In this study, we
demonstrated that the 3’ end sequences of mature mRNAs were
processed at a certain length, and poly(A) tails were then added
to their 3’ ends (Figs. 1 and 8 and figs. S1 and S3). In general, the
removal of the poly(A) tails of mature mRNAs has been demon-
strated to promote mRNA degradation (55-57), which is also ob-
served in the early development of zebrafish and in oocyte
maturation of mice (58, 59). However, the total levels of pou5f3
and Pou5f] mRNAs did not decrease after the shortening most
mRNAs (Fig. 1 and fig. S1) (36). Marked increases in zygotic tran-
script levels during this period were unlikely because only a small
number of zygotic mRNAs were detected in zebrafish at ~4 hpf, and
transcription was demonstrated to begin after the late two-cell stage
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in mice (fig. S2) (7, 11). Therefore, our results indicate that this RNA
processing is not coupled with mRNA degradation. Conversely,
four independent lines of evidence illustrated that this RNA pro-
cessing promotes the translational efficiency of mRNAs. First, anal-
yses of transgenes in zebrafish demonstrated that the reporter
mRNA with a shortened 3'UTR, but not a full-length 3'UTR, was
effectively translated in early development (Fig. 2). Second, reporter
assays in mice demonstrated that shortening of the 3'UTR increased
the translational efficiency in mature oocytes (Fig. 3). Third,
genome editing in zebrafish demonstrated that the precocious
shortening of 3'UTR promoted the translational activation of
pou5f3 mRNA in eggs (Fig. 4). Fourth, inhibition of mRNA short-
ening by MO injection prevented Pou5f3 accumulation (Fig. 5).
Collectively, our results uncovered a previously unknown RNA pro-
cessing that triggers the translational activation of mRNAs stored in
a dormant state.

Our sequence analyses of pou5f3 and wnt8a mRNAs in zebrafish
and Pou5f1 mRNA in mice showed that the deletion of 3’ end nu-
cleotides had detectable patterns (Fig. 1 and fig. $3). In addition,
poly(A) tails appeared to be transiently shortened before or consis-
tently with the 3’ end deletion (Fig. 1 and figs. S1 and S3). For
example, zebrafish pou5f3 mRNA was shortened by 68 or 72 nt in
almost all cases, and the poly(A) tails were elongated in mRNAs
harboring the shortened 3’ ends (Fig. 1B and fig. S1B). Although
the 9-nt deletion was abundant in mouse Pou5f] mRNA, the
number of nucleotides showed a gradual change (Fig. 1E). The
poly(A) tails were once shortened in mature oocytes and elongated
again in two-cell stage embryos (Fig. 1, E and F). A possible expla-
nation for this finding is that a deadenylase first removes poly(A)
tails, after which 3’ end sequences are deleted by an exonuclease.
Another possibility is that deadenylases shorten the 3’ end sequenc-
es after removing poly(A) tails, as some deadenylases can delete nu-
cleotides other than polyadenine (60, 61). Further studies are
warranted to isolate enzymes mediating the deletion of 3’ end
sequences.

Although the importance of polyadenylation after 3’ end pro-
cessing remains obscure, several findings suggest that this process
is crucial to the translational activation of shortened mRNAs.
First, after shortening of the 3’ ends at the time of translation, all
mRNAs examined in this study had poly(A) tails (Figs. 1 and 4
and figs. S3 and S5). Second, the reporter mRNA with a long
pou5f3 3'UTR was shortened, and poly(A) tails were inserted in ze-
brafish embryos at 4 hpf (fig. S4C). Third, in mature mouse oocytes,
the reporter mRNA with a short Pou5f1 3'UTR, but not long Pou5f1
3'UTR, was polyadenylated (fig. S4E). Furthermore, previous
studies have demonstrated that the inhibition of polyadenylation
causes severe defects in the early development of zebrafish (5, 17).
As poly(A) tails of long pou5f3 mRNA were once elongated in fer-
tilized eggs, likely due to high activities of poly(A) polymerases, but
were not translationally activated (fig. S1) (37), polyadenylation
after the shortening of 3’ ends may be a substantial process for
the translational activation after fertilization.

Our sequence analyses also illustrated that mature mRNA pro-
cessing begins at different developmental stages of zebrafish and
mouse. For example, the proportion of pou5f3 mRNA carrying
shortened 3’ ends substantially increased during the mitotic cleav-
age stage in zebrafish (Fig. 1B), whereas that of Pou5f] mRNA car-
rying shortened 3’ ends increased during oocyte maturation in mice
(Fig. 1E). These differences are consistent with those observed in
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mRNA degradation in zebrafish and mouse development. The
first wave of mRNA degradation begins shortly after fertilization
in zebrafish (58), whereas it begins during oocyte maturation in
mice (62). These findings suggest that molecular events occur in
earlier stages in mice than in zebrafish.

Changes in the 3'UTR length of mRNAs via alternative polyade-
nylation (APA) have been reported during embryonic development
in mice and zebrafish (63, 64). APA arises from differences in the
selection of pre-mRNA 3’ cleavage sites by an endonuclease, fol-
lowed by the addition of a poly(A) tail. Systematic analyses of
APA have demonstrated an increase in the lengths of 3'UTRs in nu-
merous mRNAs during developmental progression after ZGA. In
this study, 3’ end RNA sequencing revealed the shortening of 3
ends in a diverse group of mRNAs at 4 hpf (Fig. 8), which is con-
tradictory to the lengthening of the 3'UTRs of zygotic transcripts by
APA. These differences support the notion that maternally depos-
ited mRNAs are globally shortened after fertilization.

Mature mRNA processing drives embryonic development
An unexpected finding in our mutant zebrafish was that the 24- and
7-nt insertions in the 3’ end sequences were removed from mature
pou5f3 mRNAs carrying full-length 3'UTRs (Fig. 4 and fig. S5). A
possible explanation for this finding is that the insertions are deleted
from pre-mRNAs via splicing. Ectopic splicing may alter the com-
position of proteins binding to the 3’ end sequences because it
affects the subsequent binding of RNA binding proteins to
mRNAs that are important for the cytoplasmic regulation (50).
Ectopic splicing may inhibit the binding of a protein that protects
mRNA from 3’ end processing or recruit a protein to the mRNA
that promotes 3’ end shortening. Although the precise mechanisms
remain to be addressed, this insertion caused precocious shortening
of 3" end sequences, resulting in Pou5f3 protein synthesis and devel-
opmental retardation (Fig. 4 and fig. S5).

In mice, overexpressing Pou5f1/Oct4 by injecting Pou5f1/Oct4
mRNA into one-cell stage embryos caused developmental arrest
in early cleavage stages, with inappropriate induction of gene ex-
pression (65, 66). The genome-edited zebrafish experiments illus-
trated that increased Pou5f3 expression retarded the progression
of gastrulation (Fig. 4B), indicating that Pou5f3 up-regulation sim-
ilarly affects development, although this effect appears mild com-
pared with that in mice. In the immunoblot analysis, the amount
of the upper band of Pou5f3, which was confirmed to be a phos-
phorylated form of Pou5f3 (43), was significantly increased in
pousf3**?* and pou5f3”"”" eggs and embryos (Fig. 4C and fig. S5,
B to D). Although the functional differences between the two types
of Pou5f3 remain unknown, it is possible that phosphorylation at-
tenuates the Pou5f3 function, as observed in the case of Pou5f1/
Oct4 oxidation in human embryonic stem (ES) cells (67). Neverthe-
less, our results indicate that defective translation repression of en-
dogenous pou5f3 mRNA causes abnormal progression of early
development.

In contrast to the results of genome editing, injection with MO
targeting the 3’ end sequences of pou5f3 mRNA prevented 3" end
shortening and Pou5f3 synthesis (Fig. 5, A, C, and D). These find-
ings support the notion that an exonuclease removes the 3’ end se-
quences, allowing mRNA translation. Translational inhibition of
pou5f3 mRNA resulted in severe developmental defects (Fig. 5B),
which were consistent with the defects observed in maternal and
paternal pou5f3 mutants (38—42). Collectively, our findings
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demonstrate that the translational state of pou5f3 mRNA is tempo-
rally regulated during the early stages of development by the pres-
ence and shortening of 3’ end sequences to accurately regulate
Pou5f3 expression, which is crucial for driving embryonic
development.

Shortening of 3’ ends after fertilization acts as molecular
switches

Since the earliest findings of translational regulation in sea urchin
eggs in the 1960s, the mechanisms underlying the temporal regula-
tion of mRNA translation have been extensively studied during
oocyte maturation in Xenopus oocytes. In particular, polyadenyla-
tion-mediated translational regulation has been well studied using
cyclin BI mRNA, which encodes a regulatory subunit of matura-
tion/M phase—promoting factor. In immature Xenopus oocytes,
both the Poly(A)-specific ribonuclease (PARN) and poly(A) poly-
merase GLD2 bind to the 3'UTR of cyclin BI mRNA (68). The high
activity of PARN causes the shortening of the poly(A) tail of cyclin
BI mRNA. After the initiation of oocyte maturation, cytoplasmic
polyadenylation element (CPE)-binding protein (CPEB), which
binds to the CPEs of cyclin BI mRNA, is phosphorylated (69). Phos-
phorylated CPEBs recruit cleavage and polyadenylation specificity
factor (CPSF) to the polyadenylation signal in the 3'UTR of mRNA,
promoting the exclusion of PARN from the mRNA and facilitating
GLD2-mediated polyadenylation. A long poly(A) tail serves as a
binding site for poly(A)-binding protein (PABP), which cooperates
with the eukaryotic translation initiation factor 4G (eIF4G) and
cap-binding protein eIF4E to promote translation (70).

Consistent with the model of translational regulation in oocyte
maturation, we isolated CPEBL1 as a protein that binds to both long
and short 3'UTRs of pou5f3 mRNA in the RNA pull-down assay
(Fig. 6D and table S1). Further, we isolated CPSF1 and the PABP
Pabpcll as proteins that mainly bind to the short 3'UTR (Fig. 6D
and table S1). Although future studies are warranted to determine
whether these factors are involved in translational regulation after
fertilization, our results suggest that, at least in part, the translation
of mRNAs stored in eggs is regulated in a manner similar to that in
oocyte maturation.

In this study, we unveiled the molecular mechanisms of mRNA
translation through the shortening of 3’ end sequences. The 9-nt
mutations in the 3’ end sequences of Pou5f1 mRNA alleviated the
translational repression of reporter mRNAs in immature mouse
oocytes (Fig. 3E), suggesting the existence of a trans-acting factor
that represses mRNA translation. In addition, we isolated hnRNP
D as a protein that binds to unprocessed pou5f3 3’'UTR in vitro
and confirmed its binding to Pou5fI mRNA in vivo (Figs. 6 and
7B). hnRNP D knockdown increased the accumulation of Pou5f1
in the nuclei of two-cell stage embryos (Fig. 7D). hnRNP D is
known to bind to the 5" and 3'UTRs of target mRNAs and affect
their splicing, stability, and translation (71, 72). These results
suggest that hnRNP D represses Pou5f] mRNA translation, al-
though its binding sequences remain unidentified, and support
the notion that Pou5f] mRNA translation is repressed by factors
that bind to its 3’UTR. A possible scenario is that one or more
factors protect 3’ ends from processing. Further, we isolated
Gemin5 and Dhx9 as proteins that bind to the processed 3'UTRs
of Pou5f]1 mRNA and are required for Pou5fl accumulation (Figs.
6 and 7). Gemin5 targets several mRNAs and regulates their trans-
lation, including the translational activation of SMN mRNA (52,
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73). Dhx9 plays a role in various mRNA regulatory processes, in-
cluding the translation of selected mRNAs in mammalian cells
and Pou5f1/Oct4 mRNA in human ES cells (74, 75). Both Gemin5
and Dhx9 have been demonstrated to recruit ribosomes to promote
translation of selective mRNAs, possibly in the same complex (75,
76). Although Dhx9 target sites remain unknown, Gemin5 targets
the specific sequence AUUUUU in both pre- and mature mRNAs
(51, 73). pou5f3 and Pou5f] mRNAs contain Gemin5 target sites in
their processed 3'UTRs. Together, Gemin5 and Dhx9 can bind to
the 3'UTRs of pou5f3 and Pou5f] mRNAs after 3’ end processing
and recruit ribosomes to promote their translation. However, we
could not rule out the possibility that Gemin5 and Dhx9 modifica-
tions promote the translation rate after binding to the Pou5fI
3’UTR. Further detailed analyses should be performed in
future studies.

HuR and HuB were demonstrated to bind to the pou5f3 3’'UTR
in vitro and Pou5f] mRNA in vivo (Fig. 6). These proteins are
known as components of stress granules, which are assemblies of
mRNA and RNA binding proteins (48). The results of the RNA
pull-down assay suggested that the binding of HuR and HuB to
pou5f3 mRNA persists after the shortening of mRNA. As HuR
knockdown reduces the sizes of granules in cultured cells (77),
this protein might function as a core of the RNA binding protein
assemblies in both unprocessed and processed mRNAs. The RNA
pull-down assay suggested that long and short pou5f3 mRNAs share
a certain number of proteins, but many proteins are altered after
shortening (Fig. 6), although the validity of these alterations in
vivo remains unexplored. The secondary structures of pou5f3 and
Pou5f1 may have been altered after the 3’ end shortening, which
might explain the alterations in binding proteins (fig. S10A and
B). An RNA helicase, such as Dhx9, could also remodel the
mRNA structure (53). In mouse oocytes, the reporter assay revealed
that Dhx9, but not Gemin5, is required for the translational activa-
tion of reporter mRNA with a short Pou5f1 3'UTR in mature
oocytes (fig. S8, A and B). Considering that the translation rate of
endogenous Pou5f1 mRNA gradually increases until the early two-
cell stage (36), Dhx9 may alter the secondary structure of mRNA as
a first step, resulting in the recruitment of other proteins, such as
Gemin5, which are crucial for promoting translation in later
stages (Fig. 7). As other RNA helicases tend to bind to the short
3'UTR (table S1), the secondary structure of mRNA could be re-
modeled gradually, potentially increasing the binding protein
levels and translational efficiency. Additionally, the reporter assay
in mise revealed differences in translation rates between the reporter
mRNA with mutations at the 3’ end (Fig. 3, D and E). This might be
due to variations in the secondary structures of the 2m-, 5m-, and
9m-reporter mRNAs (fig. S10C). The 9-nt mutation, in particular,
could lead to a large structural change at the 3’ end, which may
result in partial derepression of translation in immature oocytes.
The compositional changes in pou5f3 mRNA may be linked to
changes in the physical properties of pou5f3 embryonic RNA gran-
ules from solid-like to liquid-like, which has been shown to promote
translational efficiency (37). Proteins binding to short-type mRNA
may sustain the solid-like state of granules, whereas those binding to
long-type mRNA may accelerate the phase change into a liquid-like
state, thereby effectively promoting a translational state in mem-
brane-less compartments.

The finding that zebrafish eggs can promote translation of short-
ened pou5f3 mRNAs suggest that the mRNA translation is strictly
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repressed in this stage via 3’ end sequences. The identification of the
molecular events that initiate 3’ end shortening is a critical issue that
must be addressed in future investigations. As hnRNP D, Gemin5,
and Dhx9 target a wide range of mRNAs, they could potentially reg-
ulate the translation of other selective mRNAs. It remains unclear
whether these proteins regulate the translation of the mRNAs that
had been shortened after fertilization in 3’ end RNA sequencing.

Our study provides a key molecular principle of mRNA transla-
tion after fertilization, which has remained unresolved for decades
after finding the accumulation of dormant mRNAs in eggs. These
discoveries should facilitate studies on the mechanisms of promot-
ing early development and may contribute to understanding the
temporal regulation of mRNA translation in diverse cellular and de-
velopmental processes.

MATERIALS AND METHODS

Collection of oocytes and embryos

All animal experiments in this study were approved by the Commit-
tee on Animal Experimentation, Hokkaido University (license
number 20-0135). AB and Tiibingen zebrafish were maintained at
28°C on a 14-hour light/10-hour dark cycle following standard
methods. Zebrafish oocytes were manually isolated from ovaries
in zebrafish Ringer's solution (116 mM NaCl, 2.9 mM KCI, 1.8
mM CaCl,, and 5 mM Hepes; pH 7.2) using forceps under a dissect-
ing microscope. Oocyte maturation was induced by treatment with
17a, 20B-dihydroxy-4-pregnen-3-one (1 pg/ml), a maturation-in-
ducing hormone in fish. Embryos were obtained via natural spawn-
ing and staged according to the time post fertilization and
morphological criteria. To inhibit zygotic transcription, 50 ng of
amanitin was injected into fertilized eggs. For the PAT assay,
oocytes and embryos were extracted with TRIzol reagent (Invitro-
gen), and total RNA was used for RNA ligation—coupled RT-PCR.
For immunoblotting, embryos were homogenized with an equal
volume of ice-cold extraction buffer [EB; 100 mM [-glycerophos-
phate, 20 mM Hepes, 15 mM MgCl,, 5 mM EGTA, 1 mM dithio-
threitol, 100 uM (p-amidinophenyl) methanesulfonyl fluoride, and
leupeptin (3 pg/ml); pH 7.5]. After centrifugation at 15,000 rpm for
10 min at 4°C, the supernatant was collected and used for SDS—
polyacrylamide gel electrophoresis (SDS-PAGE).

Institute of Cancer Research (ICR) mice were maintained at
25°C on a 14-hour light/10-hour dark cycle with free access to food
and water. Mouse oocytes were isolated by puncturing ovaries with
a needle in M2 medium [94.7 mM NaCl, 4.8 mM KCl, 1.7 mM
CaCl,, 1.2 mM KH,PO,4, 1.2 mM MgSO,, 4.2 mM NaHCOs3, 20.9
mM Hepes, 23.3 mM sodium lactate, 0.3 mM sodium pyruvate, 5.6
mM glucose, 0.1 mM gentamicin, phenol red (0.01 mg/ml), and
bovine serum albumin (BSA) (4 mg/ml); pH 7.2 to 7.4] containing
10 uM milrinone as an inhibitor of the resumption of meiosis
(M2+). Oocyte maturation was induced by incubating fully grown
oocytes with M16 medium [94.7 mM NaCl, 4.8 mM KCI, 1.7 mM
CaCl,, 1.2 mM KH,POy,, 1.2 mM MgSOy,, 25.0 mM NaHCO3, 20.9
mM Hepes, 23.3 mM sodium lactate, 0.3 mM sodium pyruvate, 5.6
mM glucose, 0.1 mM gentamicin, phenol red (0.01 mg/ml), and
BSA (4 mg/ml); pH 7.2 to 7.4] under 5% CO, in air at 37°C.
After incubation for 14 to 16 hours, oocytes extruding polar body
were collected as mature oocytes. Embryos were collected after
mating by flushing oviducts and/or uteri with phosphate-buffered
saline (PBS; 137 mM NaCl, 2.70 mM KCI, 10.0 mM Na,HPO,, and
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2.00 mM KH,PO4pH 7.2). One-cell stage embryos were recovered
from oviducts on day 1 of pregnancy, referred to as embryonic day
(E) 0.5. Two-cell stage embryos were recovered from oviducts on
day 2 of pregnancy (El1.5). For the PAT assay, oocytes and
embryos were extracted with TRIzol reagent. For immunoblotting,
30 oocytes were washed with PBS and extracted with lithium dode-
cylsulfate sample buffer (Novex). For immunofluorescence, oocytes
and embryos were fixed with 2% paraformaldehyde (PFA) in PBS
for 20 min at room temperature.

PAT assay

RNA ligation—coupled RT-PCR was performed according to a pre-
viously reported procedure (30). Briefly, 2 pg of total RNA extracted
from pools of 50 zebrafish oocytes or embryos was ligated to 0.4 pg
of P1 anchor DNA primer (primer sequences are presented in table
S3) in a 10-pl reaction mixture using T4 RNA ligase (New England
Biolabs) for 30 min at 37°C. Similarly, 400 ng of total RNA extracted
from pools of 200 to 300 mouse oocytes or embryos were ligated.
The ligase was inactivated for 5 min at 92°C. Overall, 8 pl of the re-
action mixture was used in a 10-pl reverse transcription reaction
using SuperScript III First Strand Synthesis System (Invitrogen)
with a P1’ primer. Then, 2 ul of the cDNA was used for the first
round of PCR in a total volume of 25 pl with a P1’ primer and a
primer specific for pou5f3 (zpou5f3-PAT-f1), wnt8a (zwnt8a-
PAT-f1), or Pou5f1 (mPou5f1-PAT-f1) for 17 to 20 cycles. Subse-
quently, 1 pl of the first-round PCR product was used for second-
round PCR in a total volume of 25 pl with a P1’ primer and a primer
specific for pou5f3 (zpou5f3-PAT-12), wnt8a (zwnt8a-PAT-f2), or
Pou5f1 (mPou5f1-PAT-{2) for 30 to 35 cycles. To distinguish mater-
nal and paternal mRNAs, we used zpou5f3-PAT-{3 and zpou5f3-
PAT-f4 for the first and second rounds of PCR, respectively. To
detect the 3’ ends of reporter mRNA, a primer specific for GFP
gene (GFP-PAT-f1) was used instead of zpou5f3-PAT-f1 in the
first-round PCR. The PCR products were then cloned into a
PGEM-T vector (Promega), transformed into XL-1 cells, and se-
quenced. Last, >20 colonies were selected and sequenced for the
quantitative assay.

Quantitative RT-PCR

pou5f3 mRNA was quantified in the early stages of embryos using a
real-time PCR system with SYBR green PCR Master Mix (Applied
Biosystems), according to the manufacturer's instructions. Extracts
from 50 embryos with EB containing recombinant ribonuclease
(RNase) inhibitor (80 U/ml; Takara) were treated with proteinase
K (10 pg/ml; Sigma-Aldrich) at 37°C for 2 hours. Total RNAs
were extracted with TRIzol reagent and used for cDNA synthesis
using SuperScript III First Strand Synthesis System. The pou5f3
transcript was amplified with the cDNA and primer sets specific
for pou5f3 mRNA (table S3). The foxa3, kazald2, cldne, and f-
actin transcripts were amplified using primer sets specific for dis-
tinct mRNAs (table S3). Similarly, the amounts of reporter and
elfla mRNAs in transgenic fish were quantified using total RNAs
extracted using the RNeasy Mini Kit (QIAGEN) and primer sets
specific for GFP and elfla mRNAs (table S3). The level of reporter
mRNAs was normalized to that of e[fla mRNA.

Generation of transgenic zebrafish
Using pT2KXIGAin (78), the GFP-pou5f3 3'UTR reporter genes
were constructed by replacing the Efl promoter and SV40 3'UTR

14 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

with the heat shock promoter and pou5f3 3'UTRs, respectively.
Transgenic zebrafish were generated using Tol2 transposon-mediat-
ed germline transmission (79). Three lines carrying the same re-
porter gene were generated and analyzed. All lines carrying the
same reporter gene gave equivalent results. Adult fish were heat-
shocked via warming in a water bath at 38°C for 1 hour. For in
situ hybridization analysis, embryos from distinct transgenic
females were fixed at 2 hpf with 4% PFA in PBS overnight at 4°C.
Whole-mount in situ hybridization of zebrafish embryos was per-
formed according to a previously reported procedure (30).

Puromycylation followed by the proximity ligation assay
Puro-PLA was performed according to a previously reported proce-
dure (37). To detect the Puro-PLA sites of the reporter mRNAs,
anti-GFP rabbit antibody (Sigma-Aldrich, G1544) and anti-puro-
mycin mouse antibody (Kerafast, 3RH11) were used. The samples
were observed under an LSM 980 confocal microscope (Carl Zeiss).
The number of Puro-PLA sites was quantified using the Image]
software.

Luciferase assay

To construct luciferase-Pou5f1 3'UTR reporter mRNAs, the full-
length (Long) and 9-nt-deleted (—9 nt) Pou5f1 3'UTRs were insert-
ed downstream of the firefly luciferase gene in a pGL3-Basic vector
(Promega). The sequences containing the firefly luciferase gene and
Pous5f1 3'UTR were digested and ligated into the Xho I/Xba I sites of
the pCS2 vector. Luciferase with 14-nt-deleted Pou5f1 3'UTR
(-14nt) was generated using a KOD-Plus-Mutagenesis Kit
(Toyobo) with luciferase-Pou5f1 3'UTR (Long) plasmid and the
primer set mPou5f1(-14nt)-f and mPou5f1(mut)-r1 (table S3). Sim-
ilarly, point mutations were generated at the 3’ end of Pou5f1 using
the forward primers mPou5f1(2nt mut)-f, mPou5f1(5nt mut)-f, and
mPou5f1(9nt mut)-f and the reverse primer mPou5f1(mut)-r2. The
3’ end CACACAGUA sequence was mutated to CACAAAUUA (2-
nt mutations), CACCACUGA (5-nt mutations), or ACACACUGC
(9-nt mutations). The resulting plasmids were linearized with Xba
I. The reporter mRNAs were synthesized using the mMESSAGE
mMACHINE SP6 Transcription Kit (Ambion) and dissolved in nu-
clease-free distilled water. The mRNA of Renilla luciferase fused
with the SV40 3'UTR was synthesized using mMESSAGE mMA-
CHINE SP6 Transcription Kit, with pRL-CMV plasmid
(Promega) linearized with Bam HI.

The solution containing mRNAs of firefly luciferase-Pou5f1
3'UTRs (50 ng/pl) and Renilla luciferase-SV40 poly(A) (25 ng/ul)
were injected into immature mouse oocytes in M2+ medium
using a microinjector (Dmi8; Leica). The oocytes were then incu-
bated in M2+ medium for 2 hours. Overall, 50% of the mRNA-in-
jected oocytes were incubated with M2 medium for 14 to 16 hours
to allow for maturation. The remaining oocytes were maintained as
immature oocytes in milrinone-containing M2 medium. After
washing with PBS, 10 oocytes were collected and lysed in 10 pl of
lysis buffer (Toyo Ink Inc.) for 15 min at room temperature. The
Dual-Luciferase assay was conducted using the Pikka Gene Dual
Assay Kit (Toyo Ink Inc.). In total, 10 pl of samples and 25 ul of
luminescent reagent were used. Signal intensities were obtained
using a TriStar LB 941 (Berthold Technologies). The intensity of
firefly luciferase was normalized to that of Renilla luciferase.
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Zebrafish genome editing

The guide RNA (gRNA) for modifying the pou5f3 3’ end was con-
structed using the GeneArt Precision gRNA Synthesis Kit (Invitro-
gen) with the primer set zpou5f3-gRNA-f and zpou5f3-gRNA-r
(table S3). A mixture of gRNA (200 ng/pl) and TrueCut Cas9
Protein v2 (500 ng/ul; Invitrogen) was injected into the cytoplasm
of fertilized zebrafish eggs. Mutations were analyzed using a previ-
ously described procedure (80). Briefly, injected embryos were ex-
tracted at 24 hpf and subjected to PCR with the primer set zpou5f3-
genome-f and zpou5f3-genome-r (table S3). The amplification
products were analyzed using the heteroduplex mobility assay
(HMA) to confirm the presence of mutations at the 3’ end. Adult
fish carrying mutations were analyzed by HMA after DNA extrac-
tion from fin clips. Fish heterozygous and homozygous for the mu-
tations were isolated by HMA and sequencing of amplification
products.

Immunoblotting

The crude extracts from wild-type and mutant zebrafish embryos
were separated by SDS-PAGE, blotted onto an Immobilon mem-
brane, and probed with anti-zebrafish Pou5f3 rabbit antibody (37)
oranti-Rpl11 rabbit antibody (Abcam, ab79352). The crude extracts
from mouse oocytes and embryos were separated by SDS-PAGE
with Bolt 4 to 12% Bis-Tris Plus gels (Novex) and blotted onto
the Immobilon membrane using a Bolt Mini Blot Module
(Novex). The membranes were probed with anti-hnRNP D (this
study), anti-Gemin5 (this study), or anti-Dhx9 mouse antibody
(this study).

MO injection

The sequences of antisense MOs (Gene Tools, LLC) are presented in
Fig. 5A. The 3’end-MO targets the terminal sequence of pou5f3
mRNA 3'UTR, whereas the 5mm-MO (control) contains 5-nt mis-
matches. The pou5f3-ATG-MO specifically targets the translation
initiation site of pou5f3 mRNA's (37). Using Femtojet (Eppendorf),
1 nl of 3-ng/pl 3’end-MO or 5mm-MO was injected into fertilized
eggs. Similarly, 1 nl of 1-ng/pl pou5f3-ATG-MO was injected into
fertilized eggs. To quantify the long pou5f3 mRNA, total RNAs were
extracted from wild-type and 3’end-MO-injected embryos at 4 hpf
and reverse-transcribed with a primer specific for long pou5f3
3'UTR (table S3).

RNA pull-down assay and mass spectrometry

The long and short types of zebrafish pou5f3 3’ ends were amplified
by PCR using the forward primer zpou5f3-3'UTR-f and the reverse
primer zpou5f3-3'UTR-r1 (for long 3'UTR) or zpou5f3-3'UTR-r2
(for short 3’UTR; table S3). The amplification products were
cloned into the pGEM-T vector. The bromouridine (BrU)-
labeled RNA probes consisting of pou5f3 (long) or pou5f3 (short)
3'UTR were synthesized using a Riboprobe in vitro Transcription
Systems kit (Promega). The antisense RNA probe of pou5f3
(long) was synthesized as a control. The RNA pull-down assay
was performed using the RiboTrap Kit (MBL International) accord-
ing to the manufacturer’s instructions. Briefly, anti-BrdU antibody
(MBL International) was conjugated with Protein A Sepharose
beads (GE Healthcare) overnight at 4°C, followed by binding of
the BrU-labeled RNA probes to the beads. After washing the
beads, zebrafish oocyte extracts were treated with the RNA probes
at 4°C for 2 hours. The samples were then washed with Wash Buffer
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II (MBL International), eluted with elution buffer (MBL Interna-
tional), and subjected to SDS-PAGE. The gels were then subjected
to silver staining using Silver Stain MS kit (Wako Pure Chemical
Industries Ltd). The bands were excised from the gel and subjected
to mass spectrometric analysis using Orbitrap Velos Pro (Thermo
Fisher Scientific). For protein identification, MASCOT 2.5.1 was
used for database search against NCBInr_Danio rerio (updated on
05 September 2017; 39,947 sequences). The results from each run
were filtered with the peptide confidence value, and peptides exhib-
iting a false discovery rate of <1% were selected. In addition, pro-
teins identical to the sequenced peptides with the rankl values
were selected. GO analysis was performed using DAVID Bioinfor-
matics Resources 6.8.

Mouse long and short Pou5f1 3’ ends were amplified by PCR and
cloned into the pGEM-T vector. The sense or antisense BrU-labeled
RNA was synthesized as previously described. After conjugation of
the RNA probes to Protein Sepharose beads, mouse ovary extracts
were treated with the beads at 4°C for 2 hours. After washing, the
retrieved proteins were detected by immunoblotting.

IP/RT-PCR

Mouse ovaries were homogenized with equal volumes of ice-cold
EB containing 1% Tween 20 and RNase inhibitor (100 U/ml; Invi-
trogen). After centrifugation at 5000 rpm for 15 min at 4°C, the su-
pernatant was collected and used for IP. Further, 40 pl of mouse
ovary extracts was incubated with anti-HuR (Santa Cruz Biotech-
nology, sc-5261), anti-ELAVL2 (HuB; Proteintech, 14008-1-AP),
or anti-hnRNP D (this study) mouse antibody and protein A or
G Mag Sepharose (GE Healthcare) overnight at 4°C. The same
volume of mouse IgG (Jackson ImmunoResearch) was used as a
control. The samples were washed five times with EB containing
1% Tween 20. After extracting mRNAs from the beads using
TRIzol reagent, RT-PCR was performed using primer sets specific
for Pou5f1 and a-tubulin (table S3). In total, 300 mouse embryos in
the early two-cell stage were homogenized with 400 pl of ice-cold EB
containing 1% Tween 20 and RNase inhibitor (100 U/ml). After
being irradiated twice in a ultraviolet (UV) crosslinker (XL-1000,
Funakoshi) under an energy setting of 86 mJ/cm?, 200 ul of
mouse embryo extracts was incubated with anti-Gemin5 or anti-
Dhx9 mouse antibody and protein A Sepharose overnight at 4°C.

Reverse transcription PCR

Total RNAs from mouse ovaries and oocytes were extracted using
TRIzol reagent. Reverse transcription was performed using Fast-
Gene Scriptase II (Nippon Genetics) and oligo(dT) primer. The
hnRNP D, Gemin5, and Dhx9 transcripts were amplified using the
c¢DNA and specific primer sets (table S3).

Production of antibodies

DNA sequences encoding a part of mouse hnRNP D (amino acid
residues 64 to 236), Gemin5 (amino acid residues 1250 to 1500), or
Dhx9 (amino acid residues 100 to 200) were amplified by PCR and
ligated into pGEX-KG vector at Eco RI/Sal I sites to produce gluta-
thione S-transferase (GST)-tagged proteins. The recombinant pro-
teins were expressed in Escherichia coli and purified by SDS-PAGE,
followed by electroelution in Tris-glycine buffer without SDS. The
purified proteins were dialyzed against 1 mM Hepes (pH 7.5), ly-
ophilized, and then injected into two mice. The obtained antisera
were affinity-purified with recombinant GST-hnRNP D, GST-
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Gemin5, or GST-Dhx9 protein electroblotted onto the Immobilon
membrane.

Immunofluorescence

Immunofluorescence was performed according to a previously re-
ported procedure (36). Oocytes and embryos were fixed with 2%
PFA for 20 min followed by permeabilization in 0.25% Triton X-
100 for 10 min at room temperature. The samples were then incu-
bated with blocking/washing solution for 1 hour at room tempera-
ture and then incubated with anti-Pou5f1/Oct4 rabbit antibody
(Abcam, ab181557), anti-hnRNP D mouse antibody, anti-
Gemin5 mouse antibody, and anti-Dhx9 mouse antibody overnight
at 4°C. The samples were washed with blocking/washing solution
and then incubated for 1 hour at room temperature with Alexa
Flour 488—conjugated anti-rabbit or mouse IgG secondary antibody
(Molecular Probes). The samples were mounted with VECTA-
SHIELD Mounting Medium with 4’,6-diamidino-2-phenylindole
(DAPI) (Funakoshi) and observed under LSM 980 confocal
microscope.

UV crosslinking assay

Mouse ovary extracts were incubated with anti-Gemin5 or anti-
Dhx9 antibody and Protein A Sepharose beads overnight at 4°C.
One microgram of BrU-labeled RNA was incubated with immuno-
precipitated Gemin5 or Dhx9 protein for 15 min, and the reaction
mixtures were irradiated twice in the UV crosslinker (XL-1000, Fu-
nakoshi) under an energy setting of 86 mJ/cm”. After RNase treat-
ment, samples were subjected to immunoblotting using anti-BrdU
antibody.

Trim21-mediated protein degradation

pGEMHE-mCherry-mTrim21 (Addgene, #105522) was linearized
with Asc I. mCherry-Trim21 mRNA was synthesized using mMES-
SAGE mMACHINE T7 Transcription Kit (Ambion) and dissolved
in nuclease-free distilled water. Overall, 8 pl of mRNA (200 ng/pl)
was injected into immature mouse oocytes or one-cell stage
embryos using IM-9B microinjector under the Dmi8 microscope.
The samples were incubated in M2+ (oocytes) or M2— (zygotes)
medium at 37°C for 3 hours to allow for mTrim21 protein expres-
sion. The solution containing anti~hnRNP D (200 ng/pl), anti-
Gemin5 (100 ng/ul), or anti-Dhx9 antibody (500 ng/ul) was injected
into mCherry-Trim21-expressing oocytes/zygotes. The oocytes
were incubated in M2+ medium at 37°C for 16 hours and then an-
alyzed by immunoblotting. The embryos were incubated in M16
medium containing 0.01 mM EDTA under 5% CO, at 37°C and
were collected at an early period of the two-cell stage to analyze
Pou5f1 expression by immunofluorescence. Whole-mount in situ
hybridization of mouse embryos was performed in accordance
with a previously reported procedure (31), with slight modifica-
tions. Early two-cell stage mouse embryos were fixed with 4%
PFA for 30 min and then permeabilized with 2% Triton X-100
for 20 min at room temperature. The samples were hybridized
with a solution containing a digoxigenin (DIG)-labeled RNA
probe (1 ng/pl) and then treated with anti-DIG-horseradish perox-
idase (HRP) antibody (Roche). Subsequently, the samples were
treated with tyramide-fluorescein (Akoya Bio Inc.). The samples
were washed before being mounted with VECTASHIELD Mount-
ing Medium with DAPI (Funakoshi) and observed under the LSM
980 confocal microscope. The intensities of all signal in at least five
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samples were measured using the Image]J software and calculated as
the total signal.

3’ end RNA sequencing

The 3" end RNA sequencing was performed using the 3’ mRNA-Seq
Library Prep Kit (Lexogen) according to the manufacturer’s instruc-
tions. Briefly, 500 ng of total RNAs extracted from pools of 50 zebra-
fish embryos was used for cDNA synthesis with an oligo(dT) primer
(from the kit). The second-strand DNA was synthesized using
random primers (from the kit). The library was amplified to add
the adaptor sequences for Illumina sequencing by PCR. Sequencing
was performed by Macrogen Japan Co. using HiSeqX (Illumina).
Reads were analyzed using the Bluebee genomics analysis platform
and mapped onto the zebrafish genome (ensemble v11) using Inte-
grative Genomics Viewer. To identify mRNAs harboring longer 3’
end sequences in fertilized eggs, which are shortened at 4 hpf, we
counted individual reads mapped on each gene and calculated the
percentages of reads for long and short 3’ ends in embryos at 0 and 4
hpf (table S2). In this assay, P values were calculated using Fisher’s
exact test (fig. S9 and table S2).

Statistical analysis

Statistical analyses were performed using R software (www.r-
project.org). P values were calculated using Student's ¢ test,
Tukey's multiple comparison test, Dunnett's test, or Mann-Whit-
ney's U test as indicated in respective figure legends. All data are
presented as means + SD of biological replicates or individual
samples from two to five biological replicates. P values of <0.05
were considered to indicate statistical significance.

Supplementary Materials
This PDF file includes:

Figs. S1 to S10

Legends for tables S1 and S2

Table S3

Other Supplementary Material for this
manuscript includes the following:
Tables S1 and S2
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