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SUMMARY

Fertilized eggs begin to translatemRNAs at appropriate times and placements to
control development, but how the translation is regulated remains unclear. Here,
we found that pou5f3mRNA encoding a transcriptional factor essential for devel-
opment formed granules in a dormant state in zebrafish oocytes. Although the
number of pou5f3 granules remained constant, Pou5f3 protein accumulated after
fertilization. Intriguingly, signals of newly synthesized peptides and a ribosomal
protein became colocalized with pou5f3 granules after fertilization and, more-
over, nascent Pou5f3was shown to be synthesized in the granules. This functional
change was accompanied by changes in the state and internal structure of gran-
ules. Dissolution of the granules reduced the rate of protein synthesis. Similarly,
nanog and sox19b mRNAs in zebrafish and Pou5f1/Oct4 mRNA in mouse assem-
bled into granules. Our results reveal that subcellular compartments, termed em-
bryonic RNA granules, function as activation sites of translation after changing
physical properties for directing vertebrate development.

INTRODUCTION

Protein syntheses at appropriate times and placements direct various biological processes in almost all or-

ganisms including development of animals. Because transcription is silent shortly before fertilization until

zygotic genome activation at around the 1000-cell stage in zebrafish and the 2-cell stage in mouse

(Hamatani et al., 2004; Harvey et al., 2013; Kane and Kimmel, 1993), timely and spatially controlled protein

synthesis after fertilization is achieved by translational activation of the dormant mRNAs stored in eggs.

Comprehensive analyses of gene expression demonstrated that zebrafish and mouse eggs accumulate

more than eight thousand mRNAs during oogenesis (Aanes et al., 2011; Chen et al., 2011; Harvey et al.,

2013). Of these mRNAs, more than two thousand mRNAs are stored as a translationally repressed form

(Chen et al., 2011; Luong et al., 2020; Winata and Korzh, 2018). Although when and where distinct mRNAs

are translated remain largely unknown, the temporal and spatial control of global translation has been

shown to be crucial for the proper promotion of developmental processes including zygotic genome acti-

vation, formation of embryonic axes, and cell differentiation (Aoki et al., 2003; Kumari et al., 2013; Sun et al.,

2018; Wang and Latham, 1997; Winata and Korzh, 2018; Winata et al., 2018; Zaucker et al., 2020). However,

the mechanisms by which translation of the dormant mRNAs is temporally and spatially controlled after

fertilization remain largely unresolved.

pou5f3 mRNA encodes the Pou-domain transcription factor Pou5f3 (also known as Pou2/Pou5f1), a homo-

log of mammalian Oct4/Pou5f1 (Takeda et al., 1994), and was identified as one of the mRNAs extensively

translated in polysomes of zebrafish embryos at the cleavage stage (Lee et al., 2013). Identification of

pou5f3 mutants in zebrafish that possess the maternally expressed pou5f3 transcript but are deficient in

zygotically expressed pou5f3 demonstrated that Pou5f3 is essential for brain morphogenesis (Belting

et al., 2001). Moreover, generation and analyses of maternal and zygotic pou5f3 mutants demonstrated

that Pou5f3 is essential in early embryogenesis for differentiation of endoderm cells and specification of

dorsal-ventral regions (Belting et al., 2011; Lunde et al., 2004; Reim and Brand, 2006; Reim et al., 2004).

In addition, Pou5f3 has been shown to trigger zygotic genome activation cooperatively with Nanog and

Sox19b, which are also extensively translated in cleavage-stage embryos (Lee et al., 2013; Leichsenring

et al., 2013). These studies demonstrated the importance of Pou5f3 synthesis from stored mRNAs after
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fertilization for directing diverse developmental processes. However, how the translation of pou5f3mRNA

is controlled during embryogenesis remains unknown.

mRNA localization at particular regions within cells has been found in various types of cells including

oocytes, neurons, and cultured fibroblasts (Buxbaum et al., 2015; Kloc et al., 2002; Martin and Ephrussi,

2009). Furthermore, studies in which gene expression patterns in Drosophila embryos, larvae, and ovaries

were comprehensively analyzed revealed that thousands of mRNAs exhibit subcellular localizations within

cells (Jambor et al., 2015; Lecuyer et al., 2007; Wilk et al., 2016). These findings suggest that widespread

mRNAs are post-transcriptionally regulated in spatially controlled manners, although the biological

significance of most of the mRNA localizations remains unknown. Cytoplasmic RNA granules such as stress

granules and processing bodies (P-bodies) are assembled in many types of cells in organisms ranging from

yeast to mammals and are thought to function as sites of storage and/or degradation of translationally

repressed mRNAs (Buchan and Parker, 2009; Ivanov et al., 2019). Neuronal granules, another type of

RNA granules found in neurons, transport mRNAs in a translationally repressed form to dendritic and/or

axonal regions (Kiebler and Bassell, 2006; Thomas et al., 2014). We previously showed that zebrafish and

mouse oocytes possess cytoplasmic RNA granules consisting of translationally repressed cyclin B1, mos,

mad2, or emi2 mRNA (Horie and Kotani, 2016; Kotani et al., 2013, 2017; Takei et al., 2020, 2021). These

granules disassembled at different timings after initiation of meiosis, coinciding with the translational acti-

vation of assembled mRNA. Collectively, the results of most studies have suggested that cytoplasmic RNA

granules function as sites of storage and/or cargo of dormant mRNAs within cells.

In this study, we found that pou5f3 mRNA assembled into cytoplasmic RNA granules in a translationally

repressed form in zebrafish oocytes. The granular structure of pou5f3mRNA persisted after fertilization un-

til, at least, the gastrulation stage, despite an increase in Pou5f3 protein. Staining of translating proteins

and a ribosome protein indicated that newly synthesized peptides and the ribosomal protein were not co-

localized with pou5f3 RNA granules in fertilized eggs but became colocalized in later stages. Moreover,

nascent Pou5f3 polypeptides translated in polysomes were detected within pou5f3 RNA granules. The

state and internal structure of granules were found to be changed after fertilization, and their change

into liquid droplets was shown to be important for effective translation. These findings provide a model

in which RNA granules, termed embryonic RNA granules, function as both repression and activation sites

of translation for directing developmental processes.

RESULTS

Zebrafish oocytes store pou5f3 mRNA as RNA granules

In zebrafish oocytes, pou5f3 mRNA was shown to be localized at the animal polar cytoplasm (Howley and

Ho, 2000). We first confirmed the localization of pou5f3mRNA in growing and fully grown oocytes by in situ

hybridization of zebrafish ovaries (Figures 1A and 1B). The micropyle is a structure located at the top of the

animal pole, through which a sperm enters into the egg cytoplasm (Figures 1B–1L). The region of localiza-

tion of pou5f3mRNA was similar to that of cyclin B1mRNA (Figure 1C) (Kondo et al., 2001), which encodes

Cyclin B1, a regulatory subunit of maturation-promoting factor (MPF). To examine the distribution pattern

of pou5f3mRNA, we performed fluorescence in situ hybridization (FISH) of zebrafish ovaries. pou5f3mRNA

was found to be distributed as granular structures in the animal polar cytoplasm (Figure 1D). No signal was

detected with the pou5f3 sense probe (Figures S1A and S1B), confirming the specificity of signals. Interest-

ingly, pou5f3 mRNA and cyclin B1 mRNA appeared to be assembled into different granules in the same

region (Figures 1E–1H). The assembly of pou5f3 and cyclin B1 mRNAs into distinct granules in the same

region was also observed in growing oocytes (Figures S1C and S1D).

In our previous study,mos and cyclin B1mRNAs were shown to be assembled into different granules at the

animal polar cytoplasm of fully grown oocytes (Horie and Kotani, 2016). pou5f3 RNA granules were also

different from mos RNA granules (Figure 1O). In contrast to these mRNAs assembling into granules,

a-tubulin and b-actin mRNAs were diffusely distributed in the oocyte cytoplasm (Figures S1E–S1G).

The meiosis of fully grown oocytes is arrested at the prophase of meiosis I. These immature oocytes resume

meiosis in response to hormonal stimuli and are arrested again at the metaphase of meiosis II. This process

is called oocyte maturation, through which oocytes become matured and acquire fertility. We have shown

that translationally repressedmRNAs such as cyclin B1,mos,mad2, and emi2mRNAs form RNA granules in

immature oocytes and that these granules disassemble during oocyte maturation at the times of
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Figure 1. Zebrafish oocytes store pou5f3 mRNA as RNA granules that are different from those of cyclin B1 mRNA

(A–C) Distributions of pou5f3 mRNA (A and B) and cyclin B1 mRNA (C) in growing (A) and fully grown (B and C) oocytes. m, micropyle; f, follicle cells; c,

chorion.

(D) FISH analysis of pou5f3 mRNA (green) in fully grown oocytes. An inset shows an enlarged view of the boxed region. The chorion is outlined by broken

lines. DNA is shown in blue.

(E–L) FISH analyses of pou5f3 (green) and cyclin B1 (red) mRNAs in fully grown immature oocytes (E–H) and mature oocytes (I–L). DNA is shown in blue. H and

L show enlarged views of the boxed regions in G and K, respectively.

(M) Numbers of pou5f3 (left) and cyclin B1 (right) RNA granules per 100 mm2 in individual immature (Im) and mature (M) oocytes were counted (means G

standard deviations). ****p < 0.0001 (Student’s t test). The numbers in parentheses indicate the total numbers of oocytes analyzed. Similar results were

obtained from three independent experiments.

(N) PAT assay for pou5f3 and cyclin B1mRNAs in immature (Im) and mature (M) oocytes. Similar results were obtained from three independent experiments.

(O) FISH analysis of pou5f3 (green) and mos (red) mRNAs in fully grown immature oocytes. Bars, (A–C, E–G, and I–K) 50 mm and (D, H, L, and O) 10 mm.
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translational activation (Horie and Kotani, 2016; Kotani et al., 2013; Takei et al., 2020, 2021). Consistent with

the results of previous studies, cyclin B1 RNA granules had almost completely disassembled in mature oo-

cytes (Figures 1J and 1M). In contrast, pou5f3 RNA granules remained in mature oocytes (Figures 1I–1M).

We then analyzed polyadenylation of pou5f3mRNA by using a poly(A) test (PAT) assay. Polyadenylation of

dormant mRNAs has been shown to direct the translational activation of the mRNAs (Richter and

Sonenberg, 2005), and previous studies showed that the poly(A) tails of cyclin B1, mos, mad2, and emi2

are elongated at timings consistent with those of granule disassembly (Horie and Kotani, 2016; Kotani

et al., 2013; Takei et al., 2020, 2021). We confirmed that cyclin B1 mRNA was polyadenylated in mature

oocytes (Figure 1N). In contrast, the poly(A) tails of pou5f3 mRNA were not elongated (Figure 1N). Taken

together, these results demonstrate that pou5f3 RNA granules are assembled and regulated differently

from RNA granules consisting of dormant mRNAs that are translated during meiosis.

To confirm the synthesis of Pou5f3 protein during zebrafish oogenesis and embryogenesis, we produced

antibodies against the N-terminus region of zebrafish Pou5f3 (amino acids 1–122). All three affinity-purified

antibodies recognized mainly a protein with a molecular mass of �55 kDa and also slightly recognized a

protein with a molecular mass of �62 kDa in immunoblots of embryos at 3 and 6 h post fertilization (hpf)

(Figure S2A, see also Figure 2A). The intensities of both signals were significantly reduced when the anti-

body was preincubated with recombinant Pou5f3 (Figure S2B) and when the translation of pou5f3 mRNA

was inhibited with the antisense MO (Figures S2C and S2D), confirming that the antibodies specifically

recognize Pou5f3. The protein with a higher molecular mass may be a phosphorylated form of Pou5f3 as

shown in a previous study (Lippok et al., 2014). Time course analysis of oocytes and embryos showed

that the amount of Pou5f3 was significantly increased from 3 hpf until 9 hpf (Figures 2A and 2B). No statis-

tical significance was shown between immature and mature oocytes (Figure 2B), although the amount of

Pou5f3 was slightly increased between immature and fertilized eggs (0 hpf). Given that poly(A) tails of

pou5f3 mRNA were not changed (Figure 1N) and Pou5f3 protein was not accumulated in mature oocytes

(Figure 2B), pou5f3 RNA granules observed in immature and mature oocytes exhibit the assembly of

mRNAs in a translationally repressed form.

Zebrafish embryos maintain pou5f3 RNA granules during early development

We then analyzed the distribution patterns of pou5f3 mRNA after fertilization by whole mount in situ

hybridization. The cortical cytoplasm of zebrafish eggs accumulates at the animal pole, resulting in

blastodisc formation and progression of mitotic cleavages in this region (Figure 2C, insets). As reported

previously (Takeda et al., 1994), pou5f3mRNA was ubiquitously detected in the blastodisc and whole cells

during early development (Figure 2C). High-resolution images showed that pou5f3 mRNA was present as

granular structures in fertilized eggs (0 hpf) (Figure 2D). Intriguingly, the granular structures were main-

tained in embryos at 1.5, 3, and 6 hpf (Figures 2D and 2E), at which times Pou5f3 protein was significantly

accumulated (Figures 2A and 2B). pou5f3 RNA granules were dominantly distributed in the cytoplasm of

cells in cleavage-stage embryos (Figure 2F). A PAT assay showed that the poly(A) tails of pou5f3 mRNA

were significantly elongated in embryos at 1.5 and 3 hpf (Figure 2G). These results suggest that pou5f3

mRNA starts to be translated after fertilization and that the translational activation is not coupled with

apparent granule disassembly.

Signals of newly synthesized peptides become colocalized with pou5f3 RNA granules during

early development

To assess whether the pou5f3 mRNA is translated within granular structures, we used the ribopuromycyla-

tion method (David et al., 2012) in embryos. This method is based on properties of the translational inhib-

itor puromycin, which enters into the ribosome A-site and is subsequently incorporated into the nascent

chain C terminus by the peptidyl transferase activity of ribosomes (Figure 3A) (David et al., 2012). Incubation

with cycloheximide (CHX) before and during puromycin treatment stabilizes translating ribosomes on

mRNAs and detection of puromycin with an anti-puromycin antibody visualizes the newly synthesized

peptides (Figure 3A) (David et al., 2012; Moissoglu et al., 2019). This method has been developed using

cultured cells but has not been applied to vertebrate embryos.

Zebrafish embryos at the cleavage stage were treated with CHX and puromycin after preincubation with

CHX and the embryos were then washed with PBS-containing CHX to remove free puromycin. Many spots

in the cytoplasm of embryonic cells treated with CHX and puromycin were detected by immunofluores-

cence with the anti-puromycin antibody, whereas no signal was detected in cells treated with CHX but

ll
OPEN ACCESS

4 iScience 25, 104344, June 17, 2022

iScience
Article



not puromycin (Figure 3B). In addition, the spots of puromycin were significantly reduced when embryos

were treated with puromycin after preincubation with anisomycin, which also stabilizes polysomes but

prevents puromycylation by entering into the ribosome A-site and interfering with the peptidyl transferase

activity (David et al., 2012), confirming that the signals indeed show the polypeptides that are newly syn-

thesized in ribosomes (Figure 3B). Time course analysis of ribopuromycylation showed that the numbers
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G

Figure 2. Zebrafish embryos accumulate Pou5f3 protein during the early stages of development through

maintaining the granular structures of pou5f3 mRNA

(A) Time courses of Pou5f3 accumulation in immature (Im) and mature (M) oocytes and in embryos at hours post

fertilization (hpf). Ribosomal protein l11 (Rpl11) is a loading control.

(B) The intensities of both Pou5f3 bands were quantified (means G standard deviations; n = 5). NS, not significant;

*p < 0.05; **p < 0.01 (Tukey-Kramer test).

(C and D) Whole mount FISH analyses of pou5f3 mRNA (green) in embryos at 0, 1.5, 3, and 6 h post fertilization.

(C) Upper, lateral views of embryos by fluorescent dissection microscopy. Lower, animal pole views of embryos by

confocal microscopy. Insets show bright-field views of live embryos. bd, blastodisc.

(D) Upper, high-resolution confocal images. Lower, enlarged views of the boxed regions in the upper images.

(E) Numbers of granules per 100 mm2 in embryos at 0, 1.5, 3, and 6 hpf were counted (means G standard deviations). The

numbers in parentheses indicate the total numbers of oocytes analyzed. Similar results were obtained from two

independent experiments.

(F) Distribution of pou5f3 RNA granules in the cell cytoplasm. DNA is shown in blue. n, nucleus. Bars, (C) 100 mm; (D) upper,

20 mm; lower, 5 mm; (F) 10 mm.

(G) PAT assay for pou5f3 mRNA in embryos at 0, 1.5, and 3 hpf. Similar results were obtained from three independent

experiments.
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Figure 3. Embryos start to translate pou5f3 mRNAs at the sites of granules during the mitotic cleavage stage

(A) A schematic view for visualization of newly synthesized peptides by ribopuromycylation. After pretreatment with CHX, embryos were treated with CHX

and puromycin, which was detected by anti-puromycin antibody after washing out free puromycin. Note that this method also enables detection of

puromycylated peptides released from polysomes.

(B) Detection of newly synthesized peptides (red) with anti-puromycin antibody in cleavage-stage embryos stimulated with (+) or without (�) CHX and

puromycin (Puro). As a control, embryos were pretreated with anisomycin (Aniso) instead of CHX. DNA is shown in blue.

(C) Detection of newly synthesized peptides (red) in embryos at 0, 3, and 6 h post fertilization. DNA is shown in blue.

(D) Numbers of signals of newly synthesized peptides per 3,600 mm2 in embryos at 0, 3, and 6 hpf were counted (meansG standard deviations; n = 3). Similar

results were obtained from three independent experiments.

(E) 3D images of SIM for pou5f3 mRNA (green) and newly synthesized peptides (red) in embryos at 0 and 3 h post fertilization. DNA is shown in blue. Insets

show enlarged views of the boxed regions. Bars, (B and C) 10 mm, (E) 20 mm.

(F)Numbersofpou5f3RNAgranules (left) andnewly synthesizedpeptides (right)per28,800mm3 inembryosat0and3hpfwere counted (meansG standarddeviations;

n = 3).

(G) Numbers of colocalizations of pou5f3 RNA granules and newly synthesized peptides per 28,800 mm3 in embryos at 0 and 3 hpf were counted (means G

standard deviations; n = 3). Similar results were obtained from two independent experiments. **p < 0.01 (Student’s t test).
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of signals of newly synthesized peptides were similar in embryos at 0, 3, and 6 hpf (Figures 3C and 3D).

Intriguingly, however, the sizes of signals were increased in embryos at 3 and 6 hpf (Figures 3C and

S3A). Although these results are basically consistent with the results obtained using Xenopus embryonic

extracts, in which the percentage of ribosomes in polysome fractions increased after fertilization (Wood-

land, 1974), our observations show an increase in the level of translational activity during early development

at the subcellular level.

We then examined the relationship between pou5f3 RNA granules and newly synthesized peptides in em-

bryos by super-resolution microscopy (structured illumination microscopy, SIM) with z stack imaging, which

allows a better resolution (<120 nm) than that of conventional confocal microscopy. In this experiment, we

focused on the differences between 0 and 3 hpf, since Pou5f3 appeared to be significantly accumulated

from 3 hpf (Figure 2B). Three-dimensional (3D) images of SIM showed that pou5f3 RNA granules rarely co-

localized with newly synthesized peptides in embryos at 0 hpf, whereas they became colocalized with the

newly synthesized peptides in embryos at 3 hpf (Figure 3E). Quantitative analyses of 3D images showed

that the number of pou5f3 RNA granules and the number of signals of newly synthesized peptides were

not changed in embryos at 0 and 3 hpf (Figure 3F), consistent with the observations in two-dimensional

images (Figures 2E and 3D). In contrast, the number of pou5f3 RNA granules colocalizing with newly

synthesized peptides became increased in embryos at 3hpf (722 G 143 granules) compared with the num-

ber in embryos at 0 hpf (288 G 91.6 granules) (Figures 3G and S3B). The percentages of colocalizing gran-

ules in total granules were 6.9% at 0 hpf and 18.0% at 3 hpf. These results demonstrate that pou5f3mRNA is

translationally dormant in fertilized eggs and becomes selectively translated during the cleavage stage

within granules.

pou5f3 mRNA is translated within embryonic granules

To more directly assess the translational activation of pou5f3 mRNA within granules, we performed puro-

mycylation followed by a proximity ligation assay (Puro-PLA) (tom Dieck et al., 2015) in embryos. Nascent

Pou5f3 protein synthesized in polysomes can be visualized by Puro-PLA, since, only when the anti-puromy-

cin and anti-Pou5f3 antibodies are in proximity (<40 nm), linker oligonucleotides fused with secondary an-

tibodies make a circle by a ligase, which is amplified and is finally detected with fluorescently labeled

probes (Figure 4A). Antibodies recognizing the N-terminal, but not C-terminal, region of proteins allow

detection of translating sites with high sensitivity (tom Dieck et al., 2015).

We treated zebrafish embryos with puromycin in a way similar to ribopuromycylation. After fixation, the em-

bryos were incubated with anti-puromycinmouse antibody and anti-Pou5f3 N-terminus rabbit antibody fol-

lowed by incubation with secondary antibodies. The sites of proximity ligation were labeled with fluores-

cence probes. Confocal images of Puro-Pou5f3 PLA showed many spots in the cytoplasm of embryonic

cells at 3 hpf and a few spots in the blastodiscs of fertilized eggs (Figures 4B and 4C). No spot was detected

when the embryos were treated with CHX but not puromycin or when the puromycin-treated embryos were

incubated with the secondary antibodies but not with the primary antibodies (Figures 4B and 4C). In addi-

tion, reaction with the anti-Pou5f3 antibody followed by detection with a fluorescently labeled secondary

antibody showed accumulation of Pou5f3 in the nuclei (Figure S4), which is different from the Puro-Pou5f3

PLA signals (Figure 4B) and consistent with immunostaining of Pou5f3 in the previous study (Lippok et al.,

2014). These results confirm that the Puro-Pou5f3 PLA signals indeed show the nascent Pou5f3 peptides.

The significant increase in the number of Puro-Pou5f3 PLA sites from 0 to 3 hpf (Figures 4B and 4C) is consis-

tent with the results of immunoblots (Figures 2A and 2B) and supports our findings that pou5f3 mRNA is

translationally dormant in oocytes and fertilized eggs and becomes translated in the cleavage stage

(Figures 1, 2 and 3).

The Puro-Pou5f3 PLA sites and pou5f3 RNA granules were simultaneously detected by Puro-PLA fol-

lowed by FISH. Three-dimensional images of SIM showed that only a few pou5f3 RNA granules were

overlapped with Puro-Pou5f3 PLA sites in fertilized eggs (Figures 4D and 4E), whereas the number of

pou5f3 RNA granules overlapped with Puro-Pou5f3 PLA sites was increased in embryos at 3 hpf

(Figures 4D and 4E). Conformation analysis between the pou5f3-RNA granules, which were detected

with the full-length RNA probe, and Puro-Pou5f3 PLA sites showed that both signals were largely, but

not completely, overlapped and exhibited a direction from RNA granules to Puro-Pou5f3 PLA sites

(Figures 4F and 4G).
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Figure 4. Embryos start to translate pou5f3 mRNAs at the sites of granules, termed embryonic RNA granules, during the mitotic cleavage stage

(A) A schematic view for visualization of nascent Pou5f3 protein by Puro-Pou5f3 PLA. Note that this method also enables detection of nascent Pou5f3

peptides released from polysomes.

(B) Detection of Puro-Pou5f3 PLA sites in embryos at 0 and 3 h post fertilization treated with (+) or without (�) puromycin (Puro). After fixation, embryos were

incubated with (+) and without (�) anti-puromycin antibody (Primary Ab). DNA is shown in blue.

(C) Numbers of Puro-Pou5f3 PLA sites per 10,000 mm2 in embryos at 0 and 3 hpf were counted (means G standard deviations; n = 6). Similar results were

obtained from two independent experiments. **p < 0.01 (Tukey-Kramer test).

(D) 3D images of SIM for pou5f3 mRNA (green) and Puro-Pou5f3 PLA sites (red) in embryos at 0 and 3 h post fertilization. DNA is shown in blue.

(E) Numbers of colocalizations of pou5f3 RNA granules and Puro-Pou5f3 PLA sites per 14,400 mm3 in embryos at 0 and 3 hpf were counted (meansG standard

deviations; n = 4). Similar results were obtained from two independent experiments. **p < 0.01 (Student’s t test).

(F) Enlarged views of pou5f3 RNA granules and Puro-Pou5f3 PLA sites in the boxed region in (D). Intensity profiles along the dashed lines are shown in the

graphs.

(G) Surface visualization of 3D images of pou5f3mRNA (green) and Puro-Pou5f3 PLA (red). Merged images are shown (Merge). Bars, (B) 20 mm and (D) 10 mm.
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We further assessed the translational activation of pou5f3 mRNA within granules by staining one of the ri-

bosomal proteins, Rpl11. Rpl11 was distributed as many spots in embryonic cells (Figures S5A and S5B).

Simultaneous staining of Rpl11 with pou5f3 mRNA showed that Rpl11 spots were not colocalized with

pou5f3 RNA granules in embryos at 0 hpf, whereas Rpl11 spots became colocalized at 3 hpf (Figures 5A

and 5B). In addition, a translation factor, Poly(A)-binding protein cytoplasmic 1-like (Pabpc1l), was detected

by newly produced antibodies and was found to be distributed as many spots in embryonic cells

(Figures S5C and S5D). These Pabpc1l spots were colocalized with pou5f3 RNA granules at 3 hpf (Fig-

ure 5C). To detect nascent Pou5f3 peptides synthesized in ribosomes, we performed PLA using anti-

Rpl11 rabbit antibody and anti-Pou5f3 mouse antibody (Figure 5D). Rpl11-Pou5f3 PLA detected few spots

in embryos at 0 hpf and many spots at 3 hpf (Figure 5E), whereas no spot was detected when the anti-Rpl11

or anti-Pou5f3 antibody was absent (Figures S5E and S5F). Simultaneous detection of Rpl11-Pou5f3 PLA

with pou5f3 mRNA demonstrated that nascent Pou5f3 peptides synthesized in ribosomes were found

within pou5f3 RNA granules with a direction from RNA granules to Rpl11-Pou5f3 PLA sites (Figure 5F).

The number of Rpl11-Pou5f3 PLA sites colocalized with pou5f3 RNA granules was significantly increased

in embryos at 3 hpf (Figure 5G).

Altogether, our results demonstrate that pou5f3 mRNA assembles into granular structures that are trans-

lationally dormant during oogenesis and in fertilized eggs and are translationally activated through persist-

ing granular structures from the cleavage stage, promoting the progression of development. We termed

this type of granule ‘‘embryonic RNA granule’’.

The state of pou5f3 RNA granules is changed during early development

To address the molecular nature of temporal control of mRNA translation in embryonic RNA granules, we

assessed whether the phase of granules was changed from 0 to 3 hpf, since the RNA-binding protein Pum-

ilio1 changes its phase from solid-like to liquid-like prior to translational activation of target mRNAs (Takei

et al., 2020). Cytoplasmic granules such as P granules in C. elegance embryos and stress granules in many

types of cells have been shown to form liquid droplets, which are generated by liquid-liquid phase sepa-

ration (Shin and Brangwynne, 2017). Treatment of cells with hexanediol dissociates these liquid droplets

but does not affect assemblies in a solid-like state (Kroschwald et al., 2015; Updike et al., 2011). We treated

zebrafish embryos with hexanediol at 0 and 3 hpf for 20 min and fixed them. As a control, embryos were

treated with hexanetriol, a less effective chemical (Updike et al., 2011). FISH analysis showed that neither

hexanediol nor hexanetriol affected the assembly of pou5f3 RNA granules in embryos at 0 hpf (Figures 6A

and 6B), whereas approximately half of the pou5f3 RNA granules were dissociated by treatment with hex-

anediol but not by treatment with hexanetriol at 3 hpf (Figures 6C and 6D). The amount of pou5f3 mRNA

was not changed by treatment with hexanediol (Figure S6). These results suggest that pou5f3 RNAgranules

exhibit a solid-like property in fertilized eggs, whereas they become liquid droplets during the mitotic

cleavage stage.

The property of pou5f3-translating sites was further analyzed by expressing GFP-Pabpc1l in embryos.

Similar to endogenous Pabpc1l, GFP-Pabpc1l was distributed in the cytoplasm as many spots (Figure 6E).

Time-lapse observation of these spots demonstrated that several spots often fused into one larger spher-

ical spot (Figure 6E), consistent with the behavior of liquid droplets (Shin and Brangwynne, 2017). The re-

sults support the notion that pou5f3-translating sites have properties like those of liquid droplets.

To assess whether the assembly of pou5f3mRNAs into liquid droplets affects the translational efficiency of

mRNAs, we examinednewly synthesized Pou5f3 by Puro-Pou5f3 PLA. Hexanediol treatment did not globally

affect mRNA translation, since puromycylated peptides detected by immunoblotting were equivalent in

both control and hexanediol-treated embryos (Figure 6F). Interestingly, the number of Puro-Pou5f3 PLA

sites was significantly reduced in embryos treated with hexanediol but not in embryos treated with hexane-

triol (Figures 6G and 6H). The percentage of reduction in Puro-Pou5f3 PLA sites (79.5%) was higher than that

of reduction in pou5f3 RNA granules (47.5%, Figure 6D), suggesting that pou5f3mRNA is effectively trans-

lated within liquid-state granules. Because treatment with hexanediol formore than 30min causes reassem-

bly of liquid droplets due to unknown side effects (Kroschwald et al., 2017), we could not examine the

changes in the total amount of Pou5f3 in embryos by treatment with hexanediol. However, the results of

Puro-Pou5f3 PLA strongly suggest that assembly of liquid droplet RNA granules promotes translational ef-

ficiency of assembled mRNAs.
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Figure 5. Embryos start to translate pou5f3 mRNAs within embryonic RNA granules during the mitotic cleavage stage

(A) 3D images of SIM for pou5f3mRNA (green) and Rpl11 (red) in embryos at 0 and 3 h post fertilization. DNA is shown in blue. Insets show enlarged views of

the boxed regions.

(B) Numbers of Rpl11 spots (left) and numbers of colocalizations of pou5f3 RNA granules and Rpl11 spots (right) per 21,600 mm3 in embryos at 0 and 3 hpf

were counted (means G standard deviations; n = 4). Similar results were obtained from two independent experiments. *p < 0.05 (Student’s t test).

(C) 3D images of SIM for pou5f3mRNA (green) and Pabpc1l (red) in embryos at 3 h post fertilization. DNA is shown in blue. Insets show enlarged views of the

boxed regions. Similar results were obtained from two independent experiments.

(D) A schematic view for visualization of pou5f3-translating sites by Rpl11-Pou5f3 PLA. RPL11 is located at the surface of large subunits of ribosomes.

(E) Detection of Rpl11-Pou5f3 PLA in embryos at 0 and 3 h post fertilization. DNA is shown in blue. See Figures S5E and S5F for quantitative analysis.

(F) 3D images of SIM for pou5f3 mRNA (green) and Rpl11-Pou5f3 PLA sites (red) in embryos at 0 and 3 h post fertilization.

(G) Numbers of colocalizations of pou5f3 RNA granules and Rpl11-Pou5f3 PLA sites per 14,400 mm3 in embryos at 0 and 3 hpf were counted (means G

standard deviations; n = 6). Similar results were obtained from two independent experiments. **p < 0.01 (Student’s t test). Bars, 20 mm.
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Figure 6. The state of embryonic RNA granules is changed from solid-like to liquid-like during early stages of

development

(A–D) FISH analysis of pou5f3 mRNA (green) in embryos at 0 hpf (A) and 3hpf (C) without (Control) and with hexanediol

(Hexanediol) or hexanetriol (Hexanetriol). DNA is shown in blue. Numbers of pou5f3 RNA granules per 3,600 mm2 in

embryos at 0 hpf (B) and 3 hpf (D) treated without (�) and with hexanediol (HD) or hexanetriol (HT) were counted (meansG

standard deviations; n = 4). Similar results were obtained from two independent experiments. **p < 0.01, ***p < 0.001

(Tukey-Kramer test).

(E) Left, distribution of GFP-Pabc1l in embryos at 3 hpf. Right, time-lapse images of the boxed region in the left image

showing fusion of three GFP-Pabp1l spots (arrows) into a larger spherical drop.

(F) Immunoblotting analysis of puromycylated peptides in embryos at 3 hpf treated with (+) or without (�) puromycin

(Puro) and hexanediol (HD).

(G) Puro-Pou5f3 PLA sites (red) in embryos at 3 hpf treated without (Control) and with hexanediol (Hexanediol) or

hexanetriol (Hexanetriol). DNA is shown in blue. Bars, 20 mm.

(H) Numbers of Puro-Pou5f3 PLA sites per 3,600 mm2 in the embryos treated without (�) and with hexanediol (HD) or

hexanetriol (HT) were counted (meansG standard deviations; n = 6). Similar results were obtained from two independent

experiments. ***p < 0.001, ****p < 0.0001 (Tukey-Kramer test).
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The internal structure of pou5f3 RNA granules is changed during early development

To obtain more insights into the changes in embryonic RNA granules, we next analyzed the internal struc-

ture of pou5f3 RNA granules. For this analysis, antisense RNA probes for the coding region and 30UTR of

pou5f3 mRNA in similar lengths (Figure 7A) were synthesized and firstly hybridized with sections of

zebrafish ovaries. FISH signals with the antisense RNA probe for the 30UTR were weak, but the extension

of proteinase K treatment increased the intensity of signals (Figure 7A). Three-dimensional images of

SIM of double FISH analysis showed that similar sizes of signals for the coding region and 30UTR were

aligned in close proximity in growing oocytes (Figures 7B and 7E). The size of coding region signals became

larger in fully grown oocytes and the 30UTR was concentrated at several sides of the granules (Figures 7C

and 7E). These findings suggest that the granules found in growing oocytes are primary units of pou5f3

RNA granules and that these units assemble into larger granules, in which the 30UTR tails of pou5f3mRNAs

were bundled at the periphery of granules.

We then performed whole mount double FISH analysis of embryos in the cleavage stage. In contrast to

pou5f3 RNA granules in fully grown oocytes, the sizes of signals of the coding region and 30UTR were

almost the same and both signals were localized at the opposite sites of the granules (Figures 7D and

7E). In addition, the signals of the coding region and 30UTR were broadly overlapped within granules (Fig-

ure 7D). Taken together, these results showed that the internal structure of pou5f3 RNA granules was

dynamically changed during the course of oogenesis and embryogenesis.

Assembly of embryonic RNA granules of nanog and sox19b mRNAs in zebrafish and Pou5f1/

Oct4 mRNA in mouse

We finally investigated whether translational regulation within embryonic RNA granules is universal or

specific to pou5f3mRNA. In addition to pou5f3mRNA, sox19b and nanogmRNAs were shown to be exten-

sively translated in polysomes of zebrafish embryos at the cleavage stage (Lee et al., 2013). We found that

both sox19b and nanog mRNAs were assembled into granular structures in the cytoplasm of cells at 0, 3,

and 6 hpf (Figure 8A). We then investigated whether these mRNAs are translated in the same granules.

Double FISH staining showed that pou5f3 and sox19b mRNAs assembled into different granules both in

fertilized eggs and embryos at 3 hpf (Figure 8B). Similarly, pou5f3 and nanog mRNAs formed different

granules (Figure 8B). These results suggest that the translation of distinct mRNAs is regulated by assembly

of different embryonic RNA granules.

Mouse Pou5f1/Oct4, a homolog of zebrafish Pou5f3, has been shown to be expressed in blastocysts and to

be essential for mammalian embryogenesis (Nichols et al., 1998; Scholer et al., 1989; Takada et al., 2020).

We confirmed the expression of Pou5f1/Oct4 in the inner cell mass (ICM) of mouse blastocysts (Figure 8C).

FISH analysis showed that Pou5f1/Oct4mRNA formed granular structures in the cytoplasm of the ICM (Fig-

ure 8D). The ribopuromycylation method showed that newly synthesized peptides colocalized with Pou5f1/

Oct4 RNA granules (Figure 8E), suggesting the translation of mRNA within the granules. Taken together,

our results suggest that translational activation of mRNAs in embryonic RNA granules may be universal in

widespread mRNAs and in vertebrates.

DISCUSSION

Translational control of dormant mRNAs during early stages of development

Timings of translational activation and the mechanisms of temporally regulated translation of dormant

mRNAs have been extensively analyzed in a period of oocyte maturation using Xenopus oocytes (MacNicol

et al., 2015; Mendez and Richter, 2001; Richter, 2007). Compared to the regulation in oocyte maturation,

little is known about the timings and mechanisms of translational control of mRNAs after fertilization.

Mitotic cell cycles after fertilization were shown to be promoted by temporally controlled translation of cy-

clin B1mRNA through timely regulated polyadenylation in Xenopus embryos (Groisman et al., 2000, 2002).

A recent study showed the global changes in mRNAs that were incorporated into polysomes during zebra-

fish embryogenesis and the involvement of polyadenylation in promoting translation of widespread

mRNAs (Winata et al., 2018). Our finding that pou5f3 mRNA was polyadenylated after fertilization (Fig-

ure 2G) suggests the importance of poly(A) tail elongation in the translational regulation of pou5f3

mRNA. However, our observations also suggest that not all mRNAs carrying long poly(A) tails are translated

in embryos at 3 hpf, at which time almost all poly(A) tails of pou5f3 mRNA were elongated (Figure 2G),

whereas approximately 80% of pou5f3 RNA granules remained silent (Figures 3E–3G). These results
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suggest that recruitment of ribosomes to embryonic granules is spatially regulated. It will be interesting to

address the relationship between polyadenylation of pou5f3 mRNA and recruitment of ribosomes in tem-

poral and spatial control of mRNA translation.

A

DC

E

B

Figure 7. The internal structure of embryonic granules is changed during oogenesis and embryogenesis

(A) Upper, Schematic diagrams of the full length of pou5f3mRNA and location of antisense RNA probes for the coding region and 30UTR. Lower, Detection of

the coding region and 30UTR of pou5f3 mRNA (green) with the distinct RNA probes. Before hybridization, ovary sections were treated with proteinase K for

5 min and 120 min.

(B–D) 3D images of SIM for the coding region (red) and 30UTR (green) in growing (B) and fully grown (C) oocytes and embryos at 3 hpf (D). Insets show

representative pou5f3 RNA granules. Intensity profiles along the dashed lines are shown in the graphs. Bars, 10 mm.

(E) Quantitative analysis of the volumes of coding region (CR) and 30UTR signals in growing oocytes at stage I (Stage I), fully grown oocytes (FG) and embryos

at 3 hpf (n R 130). The mean is indicated with an X in a box. Outliers are indicated as circles. Similar results were obtained from two independent

experiments.
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Translational control within subcellular compartments, embryonic RNA granules

Extensive microscopic studies have suggested that membrane-less compartments such as stress granules,

P-bodies, and neuronal granules are involved in translational control of assembledmRNAs. Stress granules

are assembled in response to cellular stresses in many types of cells and are thought to be sites of storage

of mRNAs (Ivanov et al., 2019). A recent study using live imaging of single mRNA translation demonstrated

that mRNAs assembled into stress granules are indeed translationally repressed and that these mRNAs are

translated after disassembly of the granules (Moon et al., 2019). In neurons, many translationally repressed

mRNAs are packaged into neuronal granules and are transported to their final destinations. These granules

disassemble in response to neuronal activity, resulting in translational activation of the mRNAs (Thomas

et al., 2014). In Drosophila oocytes, translationally repressed bcd mRNA was shown to be assembled

into P-bodies, and the mRNA became translated after disassembly of P-bodies upon fertilization (Weil

et al., 2012). In zebrafish and mouse oocytes, translationally repressed mRNAs such as cyclin B1, mos,

mad2, and emi2mRNAs were shown to be assembled into granular structures. These oocyte RNA granules

disassembled at the time of translational activation of distinct mRNAs during oocyte maturation (Horie and

Kotani, 2016; Kotani et al., 2013; Takei et al., 2020, 2021). Collectively, many types of cytoplasmic RNA

A

D EC

B

Figure 8. Zebrafish embryos assemble embryonic RNA granules consisting of sox19b or nanog mRNA and mouse embryos assemble those

consisting of Pou5f1/Oct4 mRNA

(A) FISH analyses of sox19b (upper) or nanog (lower) mRNA (green) in zebrafish embryos at 0, 3, and 6 hpf. DNA is shown in blue. Similar results were obtained

from two independent experiments.

(B) Double FISH analysis of pou5f3 (green) and sox19b (red) (upper) or nanog (red) (lower) mRNAs in zebrafish embryos at 0 and 3 hpf. DNA is shown in blue.

Similar results were obtained from two independent experiments.

(C) Immunostaining of Pou5f1/Oct4 (left) in mouse blastocysts. A bright-field image with DNA staining in blue is shown on the right. ICM, inner cell mass.

(D) FISH analysis of Pou5f1/Oct4 mRNA (green) in mouse blastocysts. An enlarged image of the boxed region is shown on the right. DNA is shown in blue.

Similar results were obtained from five independent experiments.

(E) Simultaneous detection of Pou5f1/Oct4mRNA (green) and newly synthesized peptides (red) in mouse blastocysts. DNA is shown in blue. Arrows indicate

the regions where both signals overlapped. Bars, (A and B) 20 mm, (C and D) 10 mm, (E) 2 mm.
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granules have been shown to act as repression sites of translation. The assembled mRNAs are translated

after dissolution from the granules.

Only a few RNA granules have been demonstrated to act as activation sites of translation. In cultured

fibroblast cells, Fus, an RNA-binding protein, directs translation of mRNAs assembled in adenomatous

polyposis coli (APC) granules (Yasuda et al., 2013). In yeast, cytoplasmic granules called translation factor

mRNA granules actively translate mRNAs that have assembled into granules (Pizzinga et al., 2019). mRNA

translation continuously occurs in these granules even while they are transported to their final destination

(Moissoglu et al., 2019). Embryonic RNAgranules found in this study act as repression sites of translationdur-

ing oogenesis (Figure 1), whereas they become activation sites during early stages of embryogenesis

without disassembling their granular structure (Figures 2, 3, 4, 5, and 6). Thereby, embryonic RNA granules

are a novel type of cytoplasmic granules, and our findings provide a novel mode of translational regulation

via formation and maintenance of granular structures in temporal and spatial control of mRNA translation.

Recent studies have shown that signals of ribopuromycylation do not indicate the translation sites of

mRNAs since puromycylated peptides were rapidly dissociated from polysomes after treatment with

puromycin (Enam et al., 2020; Hobson et al., 2020). One possible explanation for the differences in results

of those studies and our study is that an in vitro translation system and cultured cells were used in the

previous studies, whereas we used zebrafish embryos for this assay. Treatment of rabbit reticulocyte lysate

or dish-cultured cells with puromycin rapidly affects the translation of polysomes by spreading quickly

throughout the lysate or cytoplasm. In contrast, embryonic cells harbor a large volume of cytoplasm,

and thereby it takes a longer time to affect the translation of polysomes after treatment with puromycin.

Indeed, a recent study has shown that translation sites of Puro-PLA were overlapped with FISH signals

of mRNAs in mouse oocytes, which have a large volume of cytoplasm (Jansova et al., 2021). We have shown

that pou5f3 RNA granules were colocalized with the signals of ribopuromycylation and Puro-Pou5f3 PLA

(Figures 3 and 4). Moreover, the signals of Rpl11, Pabpc1l, and Rpl11-Pou5f3 PLA were also colocalized

with pou5f3 RNA granules (Figure 5). Collectively, these results demonstrate translation of pou5f3

mRNA within RNA granules. Intriguing findings in these experiments were that Rpl11 and Pabpc1l spots

were colocalized but not homogenously mixed with pou5f3 RNA granules (Figures 5A and 5C). These

observations suggest that Rpl11, Pabpc1l, and pou5f3 mRNA form multiphase droplets as observed in

stress granules fused with P-bodies and in nucleoli (Shin and Brangwynne, 2017).

Simultaneous detection of Puro-Pou5f3 PLA sites with pou5f3-RNA granules using the full-length RNA

probe showed that both signals exhibited a direction from RNA granules to Puro-Pou5f3 PLA sites

(Figures 4F and 4G). These observations suggest the organization of highly ordered structures in the

complexes of RNA granules and polysomes, in which coding regions of mRNAs are aligned and translating

ribosomes assemble there and synthesize Pou5f3 peptides into the opposite direction. FISH of the coding

region and 30UTR showed the highly ordered internal structure of pou5f3 RNA granules in cleavage-stage

embryos (Figure 7D), supporting this notion. Alternatively, the RNA probe was not effectively hybridized

with pou5f3 mRNA molecules that are actively translated and thereby surrounded by dense polysomes,

because the embryos were not treated with proteinase K for preventing degradation of proteins in this

assay to simultaneously detect proteins with mRNA. Future studies such as studies using live imaging of

translation are needed to determine the accurate structure of translating sites.

Functional changes in embryonic RNA granules

FISH analysis of the internal structure of pou5f3 RNA granules showed that the coding region is located at

the center and the 30UTR is located at the periphery in fully grown oocytes (Figure 7C). This structure

partially resembles that of nuclear granules termed paraspeckles. Within paraspeckles, the 30 end of a

long-noncoding RNA, Neat, is located at the periphery and the central region of Neat is located at the

center (West et al., 2016). In the case of pou5f3 RNA granules, location and bundling of the 30UTR at the

periphery seem to be effective in the regulation of mRNA translation, since trans-acting factors tend to

bind to the 30UTR sequences of target mRNAs andmodifications in these factors have been shown to direct

translational activation. Long-term treatment with proteinase K increased the signals of the 30UTR
(Figure 7A), suggesting the binding of many RNA-binding proteins in this region. An intriguing finding

in this analysis is that almost equal sizes of signals of the coding region and the 30UTR were aligned in close

proximity in growing oocytes (Figure 7B). One possible explanation is that this minimum unit shows a single

RNAmolecule. However, this is unlikely since 1) hexanediol stimulation resulted in disappearance of half of
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the pou5f3 RNA granules in embryos at 3 hpf despite the fact that the amount of mRNA was not changed

(Figures 6C, 6D, and S6), 2) a-tubulin and b-actinmRNAs were diffusely distributed in the oocyte cytoplasm

(Figures S1E–S1G), and 3) cyclin B1 RNA granules at the animal polar cytoplasm have been shown to lose

granular structures and be dispersed throughout the cytoplasm when the actin filaments were depolymer-

ized (Kotani et al., 2013). Thus, we concluded that our assay is unable to detect single RNA molecules as

particles and that the granular signals in growing oocytes indicate assembly of several pou5f3 RNA mole-

cules in a similar structure. Nevertheless, these primary units may assemble into highly ordered structures in

fully grown oocytes, also resembling the assembly of paraspeckles (West et al., 2016). These findings sug-

gest the existence of a conservedmechanism by which RNA and binding proteins are assembled into gran-

ular structures, although the functional significance of the internal structure remains to be elucidated.

The repression type of embryonic granules exhibited a solid-like property since treatment with hexanediol

did not affect the granular structures in embryos at 0 hpf (Figures 6A and 6B). A recent study demonstrated

that the solid-like state of RNA-binding proteins promotes translational repression of mRNAs (Shiina,

2019). We previously showed that Pumilio1 in a solid-like state stably represses translation of target mRNAs

and that the phase change into a liquid-like state promotes translational activation of them (Takei et al.,

2020). Our findings in this study support the notion that RNA granules in a solid-like state effectively repress

the translation of assembled mRNAs in the cell cytoplasm. In this state, granular compartments would

effectively sequester the assembled mRNAs from translational machinery such as ribosomes. We also

showed that pou5f3, cyclin B1, and mos mRNAs formed distinct granules, whereas a-tubulin and b-actin

mRNAs were diffusely distributed in the animal polar cytoplasm (Figures 1 and S1). Although the number

of mRNAs analyzed by FISH remains small, these observations suggest that translationally repressed

mRNAs generally assemble into granular structures to effectively regulate the translational state.

In contrast to oocyte RNA granules such as cyclin B1,mos,mad2, and emi2 RNA granules, embryonic RNA

granules did not disassemble and rather the state was changed from solid-like to liquid-like, resulting in

granules of liquid droplets (Figure 6). The internal structure of pou5f3 RNA granules was also changed in

embryos at 3 hpf, with the coding region and 30UTR being localized at opposite sites with broad

overlapping (Figure 7). The changes in the state and internal structuremay be induced by post-translational

modifications or changes in trans-acting factors binding to and/or assembling with the mRNAs (Nosella

and Forman-Kay, 2021). We also observed changes in the volume of coding region and 30UTR signals

(Figure 7), which may be related to the changes in the state of RNAs and in the number of RNA molecules.

These issues need to be addressed in future studies. What then is the role of liquid-state embryonic gran-

ules inmRNA regulation?Our results demonstrated that dissolution of liquid-state pou5f3 RNAgranules by

treatment with hexanediol significantly decreased the rate of translation (Figures 6G and 6H), although we

could not rule out a possibility that puromycylated peptides synthesized from diffused mRNAs were not

detected in this assay. Nevertheless, one of the functions of liquid-state embryonic granules would be

to promote translational efficiency of assembled mRNAs by colocalizing mRNAs, trans-acting factors,

and ribosomes in a highly concentrated state. Our time-lapse observations showed that Pabpc1l exhibited

properties like a liquid droplet (Figure 6E), whereas immunoblot analysis showed that hexanediol did not

affect global translation (Figure 6F). Because other Poly(A)-binding proteins including Pabpc1a were shown

to be expressed in zebrafish embryos (Mishima et al., 2012) and only Pabpc1l was isolated as a protein bind-

ing to pou5f3 mRNA in our in vitro assay (T.K. unpublished data), global translation would be achieved by

other Pabpcs, and Pabpc1l may play a role in the regulation of embryonic RNA granules. Another possible

role of embryonic RNA granules is that assembly of mRNAs into liquid droplets allows stable synthesis of

the encoded proteins during a long period of development. In this regard, it should be noted that zygotic

pou5f3mutants develop until tail bud stages without obvious defects except a defect in brain morphology

(Belting et al., 2001). This implies that maternally deposited pou5f3mRNA can produce sufficient amounts

of Pou5f3 protein to promote diverse developmental processes including progression of gastrulation,

specification of endodermal cells, and dorsal-ventral development of embryos, all of which are defective

in the maternal and zygotic pou5f3 mutants (Lunde et al., 2004; Reim and Brand, 2006; Reim et al.,

2004), until the tail bud stage. Liquid-state pou5f3 RNA granules may function to prevent degradation of

maternal mRNAs for long durations to safely promote development. Our findings that certain fractions,

but not all, of pou5f3 RNA granules (approximately 20% of total granules) were actively translated in em-

bryos at 3 hpf (Figures 3, 4 and 5) and that the proportion of translated RNA granules increased up to

30% in embryos at 6 hpf (data not shown) support this notion. The remaining granules may be stocks for

synthesizing a large amount of Pou5f3 in later stages.
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Limitations of the study

Our double FISH analyses suggest that pou5f3, sox19b, and nanogmRNAs form homogeneous RNA gran-

ules (Figure 8B). Although these results partially resemble the formation of homogeneous RNA clusters in

Drosophila germ granules (Trcek et al., 2015), more comprehensive analyses will be needed to resolve the

relationship of these granules. Recent studies using live imaging of single mRNA translation have demon-

strated that a small fraction of reporter mRNAs was translated in stress granules, although a large fraction

of them was repressed (Moon et al., 2019; Mateju et al., 2020). Because stress granules are large compart-

ments and contain substructures exhibiting a solid- or liquid-like property (Jain et al., 2016; Shiina, 2019),

the differential translational state of assembled mRNAs may be related to the differences in the states of

substructures. Translation of mRNAs in subcellular compartments was also shown to be coupled with sub-

sequent biological processes such as assembly of co-acting proteins at the same site (Panasenko et al.,

2019; Chouaib et al., 2020; Morales-Polanco et al., 2021). It is possible that embryonic RNA granules are

regulated in much larger structures and coupled with some biological processes. Future studies are

needed to address the regulatory mechanisms including compositions and relationships of the distinct

embryonic RNA granules.

Conclusions

We discovered the existence of a novel type of RNA granule, embryonic RNA granule, that may be a uni-

versal structure in embryos. Our findings contribute to an understanding of how oocytes and embryos

regulate mRNA translation to properly control development and how cells locally and temporally regulate

mRNA translation through assembling and changing the properties of membrane-less compartments.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse polyclonal anti-Pou5f3 protein antibody This paper N/A

Rabbit polyclonal anti-Pou5f3 protein antibody This paper N/A

Mouse polyclonal anti-PABPC1L protein antibody This paper N/A

Mouse monoclonal anti-Oct3/4 protein antibody (clone 10) Santa Cruz Biotechnology Cat#sc-5279;

RRID: AB_628051

Rabbit polyclonal anti-RPL11 protein antibody Abcam Cat#ab79352;

RRID: AB_2042832

Mouse monoclonal anti-Puromycin antibody (3RH11) Kerafast Cat#EQ0001;

RRID: AB_2620162

Anti-DIG-alkaline phosphatase antibody Roche Cat#11093274910

Anti-DIG-horseradish peroxidase antibody Roche Cat#11207733910

Anti-DNP-Alexa 488 antibody Molecular probes Cat#A11097;

RRID: AB_2314332

Anti-Fluorescein-horseradish peroxidase antibody Roche Cat#11426346910

Goat Anti-mouse IgG Alexa 488 antibody Molecular probes Cat#A11017

RRID: AB_143160

Goat Anti-mouse IgG Alexa 546 antibody Molecular probes Cat#A11003;

RRID: AB_141370

Goat Anti-rabbit IgG Alexa 546 antibody Molecular probes Cat#A11010;

RRID: AB_2534077

Chemicals, peptides, and recombinant proteins

Trizol reagent Invitrogen Cat#15596-018

Tyramide-dinitrophenyl PerkinElmer Cat#NEL746A

Tyramide-Fluorescein PerkinElmer Cat#NEL741

Tyramide-Cy3 PerkinElmer Cat#NEL744

Hoechst 33258, Pentahydrate [bis-Benzimide] Setareh Biotech Cat#7075

Proteinase K Sigma Cat#P2308

Blocking reagent Roche Cat#10447200

VECTASHIELD Mounting Medium containing DAPI Vector Laboratories, Inc Cat#H1200

T4 RNA ligase New England Biolabs Cat#M0204S

Puromycin Invitrogen Cat#ant-pr-1

1,6-Hexanediol Sigma Cat#240117

1,2,6-Hexanetriol Sigma Cat#T66206

RNasin Plus Rnase Inhibitor Promega Cat#N2611

Newborn calf serum Sigma Cat#N4762

Critical commercial assays

Tyramide signal amplification (TSA) Plus DNP system PerkinElmer Cat#NEL747A

Duolink In situ PLA Probe Anti-Mouse PLUS Sigma Cat#DUO92001

Duolink In situ PLA Probe Anti-Rabbit MINUS Sigma Cat#DUO92005

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Tomoya Kotani (tkotani@sci.hokudai.ac.jp).

Materials availability

Plasmids and antibodies generated in this study are available from the Lead contact with a completed Ma-

terials Transfer Agreement, but there are restrictions to the availability of antibodies due to the lack of an

external centralized repository for its distribution and our need to maintain the stock.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult zebrafish were maintained at 28�C on a 14 hours light/10 hours dark cycle following standard

methods. Embryos were obtained by natural spawning and staged according to timings post fertilization

and morphological criteria. Embryos used in this study were less than 9 hpf, and sex cannot be determined

at these stages and is unlikely to influence the biological processes under study. All animal experiments in

this study were approved by the Committee on Animal Experimentation, Hokkaido University.

METHOD DETAILS

Isolation of ovaries and oocytes

Zebrafish ovaries were dissected from adult females in zebrafish Ringer’s solution (116 mM NaCl, 2.9 mM

KCl, 1.8 mM CaCl2, and 5 mM HEPES; pH 7.2). Oocytes were manually isolated from ovaries with forceps

under a dissectingmicroscope. Oocyte maturation was induced by stimulation with 1 mg/mL of 17a, 20b-di-

hydroxy-4-pregnen-3-one, an MIH in fish. For in situ hybridization analysis, ovaries and embryos were fixed

with 4% paraformaldehyde in PBS (4% PFA/PBS) overnight at 4�C. For the poly(A) test (PAT) assay, oocytes

and embryos were extracted with Trizol reagent (Invitrogen, 15596-018) and total RNA was used for RNA

ligation-coupled RT-PCR. For immnoblotting analysis, oocytes and embryos were homogenized with an

equal volume of ice-cold extraction buffer (EB: 100 mM b-glycerophosphate, 20 mM HEPES, 15 mM

MgCl2, 5 mM EGTA, 1 mM dithiothreitol, 100 mM (p-amidinophenyl) methanesulfonyl fluoride, and

3 mg/mL leupeptin; pH 7.5). After centrifugation at 15,000 g for 10min at 4�C, the supernatant was collected

and used for SDS-PAGE analysis.

Section in situ hybridization

Section in situ hybridization of zebrafish ovaries with or without the tyramide signal amplification (TSA) Plus

DNP system (PerkinElmer, NEL747A) was performed according to the procedure reported previously (Takei

et al., 2018). Briefly, fixed ovaries were dehydrated, embedded in paraffin, and cut into 10-mm-thick sec-

tions. Digoxigenin (DIG)-labeled antisense RNA probes for the full lengths of pou5f3, cyclin B1, a-tubulin

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Duolink In situ PLA Detection Reagents FarRed Sigma Cat#DUO92013

Oligonucleotides

See Table S1 See Table S1 See Table S1

Software and algorithms

Image J NIH imagej.net

AIVIA Leica aivia-software.com
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and b-actin were used for detection of pou5f3, cyclin B1, a-tubulin and b-actin gene transcripts, respec-

tively. No signal was detected with sense probes. After hybridization and washing, samples were incubated

with anti-DIG-alkaline phosphatase (AP) antibody (Roche, 11093274910) (1:2000 dilution) for 30 min. After

washing, the samples were reacted with a mixture of nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-

indolyl phosphate (BCIP). The samples were then mounted with glycerol and observed under an Axioskop

microscope (Carl Zeiss). For FISH with TSA, samples hybridized with RNA probes were incubated with anti-

DIG-horseradish peroxidase (HRP) antibody (Roche, 11207733910) (1:500 dilution) for 30 min. The reaction

with tyramide-dinitrophenyl (DNP) (PerkinElmer, NEL746A) was performed according to themanufacturer’s

instructions. The samples were then incubated overnight with anti-DNP-Alexa 488 antibody (Molecular

Probes, A11097) (1:500 dilution). To detect nuclei, the samples were incubated with 10 mg/mL Hoechst

33258 for 10 min. After being mounted with a Prolong Antifade Kit (Molecular probes, P7481), the samples

were observed under an LSM 5 LIVE confocal microscope (Carl Zeiss).

Double FISH of pou5f3 and cyclin B1 mRNAs was performed as follows. A fluorescein-labeled antisense

RNA probe for cyclin B1 was used for detection of the cyclin B1 gene transcript. Ten-mm-thick sections

of ovaries were hybridized with a mixture of pou5f3 and cyclin B1 antisense RNA probes. After detection

of the DIG-labeled antisense pou5f3 RNA probe as described above, the samples were incubated with

1% H2O2 in methanol for 30 min for inactivating HRP. After rehydration and washing with PBS, the samples

were incubated with anti-Fluorescein-HRP antibody (Roche, 11426346910) (1:200 dillution) for 30 min. The

reaction with tyramide-Cy3 (PerkinElmer, NEL744) was performed according to the manufacturer’s instruc-

tions. After staining with Hoechst 33258, the samples were mounted and observed under the LSM 5 LIVE

confocal microscope. The number of pou5f3 and cyclin B1 RNA granules was quantified using ImageJ

software.

Double FISH of the coding region and 30UTR of pou5f3 was performed as follows. A fluorescein-labeled

antisense RNA probe for the coding region and a DIG-labeled antisense RNA probe for the 30UTR were

used for detection of the coding region and 30UTR of the pou5f3 gene transcript, respectively. Ten-mm-

thick sections of ovaries were treated with 1 mg/mL proteinase K (Sigma, P2308) for 2 hours at 37�C before

hybridization. The samples were then hybridized with a mixture of coding region and 30UTR antisense RNA

probes. No signal was detected with sense probes. After detection of the DIG- and fluorescein-labeled

RNA probe as described above, the samples were mounted and observed under an N-SIM super-resolu-

tion microscope (Nikon). The volume of signals was measured by AIVIA software (Leica).

Collection, fixation and section in situ hybridization of mouse embryos were performed according to the

procedure reported previously (Takada et al., 2020). The samples were observed under the LSM 5 LIVE

confocal microscope.

Whole mount in situ hybridization

Zebrafish embryos at appropriate time points were fixed with 4% PFA/PBS overnight at 4�C. The chorions of
fixed embryos were removed with forceps in PBS and the embryos were treated with 100% methanol

overnight at �20�C. After rehydration and washing with PBS containing 0.1% Tween 20, the embryos

were incubated with hybridization buffer - (HB-) (50% formamide, 5x SSC, 0.1% Tween 20) for 5 min at

55�C. The samples were then prehybridized with HB+ (5 mg/mL torula RNA, 50 mg/mL heparin in HB-)

for 1 hour at 55�C and hybridized with the antisense pou5f3 RNA probe in HB+ overnight at 65�C. The em-

bryos were washed once with HB- for 30 min at 65�C, twice with 2x SSCT for 30 min at 65�C, and twice with

0.2x SSCT for 30 min at 65�C. The embryos were then incubated with Maleic acid buffer (150 mM Maleic

acid, 100 mM NaCl; pH 7.5) containing 0.1% Tween 20 (MBST) for 5 min and with 2% Blocking reagent

(Roche, 10447200) in MBST for 5 hours. The embryos were incubated with anti-DIG-HRP antibody (1:700

dilution) overnight at 4�C. After washing, the embryos were incubated with tyramide-DNP (PerkinElmer,

NEL746A) according to the manufacturer’s instructions, followed by incubation with the anti-DNP-Alexa

488 antibody. After being mounted with VECTASHIELD Mounting Medium containing DAPI (Vector Labo-

ratories, Inc, H1200), the samples were observed under the LSM 5 LIVE confocal microscope. The number of

pou5f3 granules was quantified using ImageJ software.

Double FISH of pou5f3 and sox19b or nanogmRNAs was performed as follows. After hybridization with the

fluorescein-labeled antisense RNA probe for sox19b or nanog and the DIG-labeled antisense RNA probe

for pou5f3, the embryos were incubated with anti-Fluorescein-HRP antibody (1:200 dillution) for 3 hours,
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followed by incubation with tyramide-Cy3 according to the manufacturer’s instructions. The embryos were

then incubated with 1% H2O2 in methanol for 30 min for inactivating HRP. After rehydration and washing

with PBS, the embryos were incubated with anti-DIG-HRP antibody (1:500 dillution) for 3 hours, followed

by incubation with tyramide-Fluorescein (PerkinElmer, NEL741) according to the manufacturer’s instruc-

tions. After being mounted, the samples were observed under the LSM 5 LIVE confocal microscope. To

perform double FISH of the coding region and 30UTR of pou5f3, the fixed embryos were treated with

5 mg/mL proteinase K for 5 min at room temperature before hybridization. The embryos were hybridized

with the fluorescein-labeled antisense RNA probe for the coding region and a DIG-labeled antisense

RNA probe for the 30UTR, and the signals were detected as described above. After being mounted, the

samples were observed under the N-SIM super-resolution microscope. The volume of signals was

measured by AIVIA software.

Poly(A) test assay

RNA ligation-coupled RT-PCR was performed according to the procedure reported previously (Charles-

worth et al., 2004; Kotani et al., 2013). Two mg of total RNA extracted from pools of 15 zebrafish oocytes

or embryos was ligated to 0.4 mg of P1 anchor primer (primer sequences are shown in Table S1) in a

10-mL reaction solution using T4 RNA ligase (New England Biolabs, M0204) for 30 min at 37�C. The ligase

was inactivated for 5 min at 92�C. Half of the RNA ligation reaction was used in a 25-mL reverse transcription

reaction using the Superscript III First Strand Synthesis System with a P10 primer. Four mL of the cDNA was

used for the 1st PCR with the P10 primer and a zpou5f3-PAT-f1 primer or a zcyclin B1-PAT-f1 primer for 17

cycles. Two mL of the 1st PCR reaction was used for the 2nd PCR with the P10 primer and a zpou5f3-PAT-f2

primer or a zcyclin B1-30UTR-f primer for 35 cycles. The PCR product was resolved on a 2% agarose gel in

TAE buffer. We confirmed that the increase in PCR product length was due to elongation of the poly(A) tails

by cloning the 2nd PCR products and sequencing them.

Production of antibodies and immunoblotting

The DNA sequence encoding a part of zebrafish Pou5f3 (residues 1-122) was amplified by PCR and ligated

into the pET21 vector to produce a histidine (His)-tagged protein. The recombinant protein was expressed

in E. coli and purified by SDS-PAGE, followed by electroelution in Tris-glycine buffer without SDS. The pu-

rified protein was dialyzed against 1 mM HEPES (pH 7.5), lyophilized, and used for injection into two mice

and one rabbit. The obtained antisera were affinity-purified with recombinant Pou5f3-His protein electro-

blotted onto a membrane (Immobilon; EMD Millipore, IPVH00010). Similarly, a part of Pabpc1l (residues

6-348) was expressed in E. coli, purified, and used for injection into two mice. The obtained antisera

were affinity-purified with recombinant Pabpc1l protein electroblotted onto the membrane. The crude ex-

tracts from oocytes and embryos at appropriate time points were separated by SDS-PAGE, blotted onto

the Immobilon membrane, and probed with the anti-Pou5f3 mouse and rabbit antibodies and with the

anti-Pabpc1l mouse antibody. Rpl11 was detected by immunoblotting the crude extracts with anti-Rpl11

rabbit antibody (Abcam; ab79352).

Immunofluorescence

Zebrafish embryos were fixed with 4% PFA/PBS overnight at 4�C. After removing the chorions, the embryos

were incubated with blocking buffer (4% skim-milk, 0.1% Tween 20 in TBS) for 1 hour. The embryos were

then incubated with affinity-purified anti-Pou5f3 rabbit antibody (1:50 dilution), anti-Rpl11 rabbit antibody

(1:200 dilution) or affinity-purified anti-Pabpc1l mouse antibody (1:50 dilution) overnight at room temper-

ature, followed by incubation with anti-rabbit IgG Alexa-546 antibody (1:200 dilution) or anti-mouse IgG

Alexa-488 antibody (1:200 dilution) for 1 hour. Fixation and immunofluorescence of mouse embryos

were performed according to the procedure reported previously (Takada et al., 2020). After being

mounted, the samples were observed under the LSM 5 LIVE confocal microscope.

Ribopuromycylation

The chorions of embryos at 0 and 3 hpf were removed with forceps and the embryos were pretreated with

355 mM cycloheximide or 40 mM anisomycin for 15 min in E3 solution (5 mM NaCl, 0.17 mM KCl, 0.33 mM

CaCl2, 0.33 mM MgSO4). The embryos were then incubated with 2 mM puromycin (Invitrogen, ant-pr-1) and

355 mM cycloheximide for 5 min in E3 solution. The embryos were incubated for 2 min with permeabilization

buffer (50 mM Tris-HCl, 5 mMMgCl2, 25 mM KCl, 0.015% digitonin; pH 6.8) containing 355 mM cycloheximide

or 40 mM anisomycin, 1 mM dithiothreitol, 100 mM (p-amidinophenyl) methanesulfonyl fluoride, 3 mg/mL
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leupeptin, and 8 U/mL RNasin Plus RNase Inhibitor (Promega, N2611). The embryos were fixed with 4% PFA/

PBS for 1 hour and then washed with PBS overnight at 4�C. The embryos were incubated for 15min with block-

ing buffer (0.05% saponin, 10 mM glycine in PBS) containing 5% newborn calf serum (Sigma, N4762). The em-

bryoswere then incubatedwith anti-Puromycin antibody (Kerafast; 3RH11) (1:300dilution in blocking buffer) for

1 hour.Afterwashing, theembryoswere incubatedwithanti-mouse IgG-Alexa546antibody (Molecularprobes)

(1:200 dilution in blocking buffer) for 1 hour. After beingmounted with VECTASHIELDMountingMedium con-

tainingDAPI, the samples were observed under the LSM5 LIVE confocal microscope. The number of signals of

newly synthesized peptides was quantified using ImageJ software.

Simultaneous detection of newly synthesized peptides and pou5f3 RNAgranules was performed as follows.

After hybridization with the DIG-labeled antisense pou5f3 RNA probe, the newly synthesized peptides

were detected with anti-Puromycin antibody as described above. After washing, the embryos were

incubated with anti-DIG-HRP antibody and the signals were detected as described in whole mount in

situ hybridization. The samples were mounted and observed under the N-SIM super-resolution micro-

scope. The number and volume of individual signals and the number of colocalizations of both signals

were analyzed by AIVIA software.

Simultaneous detection of newly synthesized peptides and Pou5f1/Oct4RNAgranules inmouse blastocyst-

stage embryos was performed as follows. Mouse blastocyst-stage embryos were recovered from uteri on

day 4 of pregnancy. The embryos were pretreated with 100 mg/mL cycloheximide for 15 min in M2 medium

at 37�C. The embryos were then incubated with 100 mg/mL puromycin and 100 mg/mL cycloheximide for

15 min in M2 medium at 37�C, followed by fixation with 4% PFA/PBS for 10 min at 4�C. The embryos were

transferred into oviducts and then the oviducts were fixedwith 4% PFA/PBS overnight at 4�C. Fixed oviducts

were dehydrated, embedded in paraffin, and cut into 10-mm thick sections. After detection of Pou5f1/Oct4

mRNA as reported previously (Takada et al., 2020), the sections were microwaved for 10 min (500 W) with

0.01 M citric acid (pH 6.0) containing 0.05% Tween 20, followed by cooling down for 40 min. The samples

were then incubated with anti-Puromycin antibody (1:300 dilution in Blocking buffer) for 1 hour. After

washing, the samples were incubated with anti-mouse IgG-Alexa 546 antibody (1:200 dilution in Blocking

buffer) for 1 hour. After staining of DNA with 10 mg/mL Hoechst 33258, the samples were mounted with Flu-

oro-KEEPER Antifade Reagent (Nacalai Tesque) and observed under the LSM 5 LIVE confocal microscope.

Puro-Pou5f3 PLA

The proximity ligation assay (PLA) was performed according to the manufacturer’s instructions (Sigma).

Briefly, after ribopuromycylation treatment and fixation with PFA/PBS, the embryos were incubated with

Duolink Blocking Solution (Sigma) for 1 hour. The embryos were then incubated with anti-Puromycin mouse

antibody (1:300) and affinity-purified anti-Pou5f3 rabbit antibody (1:50) diluted in Duolink Antibody Diluent

(Sigma) for 90 min. After washing with Wash Buffer A (10 mM Tris-HCl, 0.15M NaCl, 0.05% Tween 20; pH

6.8), the embryos were incubated with Duolink PLA Probes (mouse PLUS and rabbit MINUS; Sigma,

DUO092001 and DUO09002) diluted in Duolink Antibody Diluent (1:5) for 1 hour at 37�C. After washing
with Wash Buffer A, the embryos were incubated with a Ligase (Sigma, DUO092013) diluted in Ligation

Buffer (1:40) (Sigma, DUO092013) for 30 min at 37�C. Amplification and binding of the FarRed-labeled

probe were performed with a Polymerase (Sigma, DUO092013) diluted in Amplification Buffer (1:80)

(Sigma, DUO092013) for 100 min at 37�C. Amplification was stopped by washing with Wash Buffer B

(0.2 M Tris-HCl, 0.1 M NaCl; pH 6.8), followed by washing with PBS. After being mounted with

VECTASHIELD Mounting Medium containing DAPI, the samples were observed under the LSM 5 LIVE

confocal microscope. The number of Puro-Pou5f3 PLA sites was quantified using ImageJ software.

Simultaneous detection of Puro-Pou5f3 PLA sites and pou5f3 RNAgranules was performed as follows. After

hybridization with the DIG-labeled antisense pou5f3 RNA probe, the Puro-Pou5f3 PLA sites were detected

as described above. After washing, the embryos were incubated with anti-DIG-HRP antibody and the sig-

nals were detected as described in whole mount in situ hybridization. The samples were mounted and

observed under the N-SIM super-resolution microscope. The number and volume of individual signals

and the number of colocalizations of both signals were analyzed by AIVIA software.

Rpl11-Pou5f3 PLA

After fixation of embryos with 4% PFA/PBS and removal of the chorions, the PLA of Rpl11 and Pou5f3 pro-

teins was performed with the anti-Rpl11 rabbit antibody (1:200 dilution) and anti-Pou5f3 mouse antibody
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(1:50 dilution) as described above. Simultaneous detection of Rpl11-Pou5f3 PLA sites and pou5f3 RNA

granules was performed as follows. After hybridization with the DIG-labeled antisense pou5f3 RNA probe,

Rpl11-Pou5f3 sites were detected. After washing, the embryos were incubated with anti-DIG-HRP antibody

and the signals were detected as described in whole mount in situ hybridization. The samples were

mounted and observed under the N-SIM super-resolution microscope. The number of individual signals

and the number of colocalizations of both signals were analyzed by AIVIA software.

Hexanediol treatment

To dissociate lipid droplets, embryos were treated with 1,6-hexanediol (10%w/v in E3 solution) for 20min at

28�C. As a control, embryos were treated with 1,2,6-hexanetriol (10% w/v in E3 solution) for 20 min at 28�C.
Hexanediol and hexanetriol were dissolved in E3 solution as stocks and diluted in E3 solution before use.

After fixation with 4% PFA/PBS overnight at 4�C, the embryos were analyzed by whole mount in situ hybrid-

ization. Crude extracts of the embryos were analyzed by immunoblotting with the anti-puromycin antibody.

Puro-PLA was performed after hexanediol and hexanetriol treatment as described above.

Quantitative RT-PCR

The amount of pou5f3 and b-actin mRNAs was quantified by using a real-time PCR system with PowerUP

SYBR Green Master Mix (Applied Biosystems) according to the manufacturer’s instructions. Total RNA ex-

tracted from 50 embryos at 3 hpf was used for cDNA synthesis using the FastGene Scriptase II (NIPPON

Genetics). The pou5f3 and b-actin transcripts were amplified with the cDNA and primer sets specific to

pou5f3 (zpou5f3-qPCR-f1 and zpou5f3-qPCR-r1 primers) and b-actin (zb-actin-qPCR-f1 and zb-actin-

qPCR-r1 primers). Primers can be found in Table S1.

mRNA injection

The full-length Pabpc1l was cloned into pCS2-GFP-N to produce Pabpc1l fused with GFP at the N-terminus

of Pabpc1l. mRNA encoding GFP-Pabpc1l was synthesized with an mMESSAGE mMACHINE SP6 kit (Am-

bion) and dissolved in distilled water. One nl of 50 ng/mL mRNA was injected into fertilized eggs by using

Femtojet (Eppendorf). The distribution of GFP-Pabpc1l was observed under an LSM 980 confocal micro-

scope (Carl Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analyses

Single confocal optical images (Figures 1, 2, 3B, 3C, 4B, 5E, 6, 7A, 8, S1, S4 and S5) were acquired by the

confocal microscopes, LSM 5 LIVE and LSM 980, and analyzed by Image J software. After removing

intensities lower than 30% level of the top intensity as diffused background signals, the number and

area of signals were quantified using the Analyze Particles tool in Image J. Signals larger than 0.2 mm in

diameter were counted. Z-stack images (Figures 3E, 4D, 4F, 4G, 5A, 5C, 5F, and 7B–7D) were acquired

by the N-SIM super-resolution microscope and were analyzed by AIVIA software after reconstruction of

3D images with intensities in binary 16-bit type. The number and volume of signals of FISH, ribopuromycy-

lation, immunofluorescence and PLA were quantified using the 3D Object Analysis recipe in AIVIA. Detec-

tion values were set up as follows. Image Smoothing Filter Size was 9. Min Edge Intensity was 1700 for

pou5f3 mRNA, 1800 for ribopuromycylation, 1650 for Puro-Pou5f3 PLA, 2000 for Rpl11, and 1750 for

Rpl11-Pou5f3 PLA. Fill Holes Size was 0. Partition values were set up as follows. Object Radius was 0.1-3.

Mesh Smoothing Factor was 2. Min Edge to Center Distance was 0.1. The Pixel Colocalization tool in

AIVIA enables detection of spatial overlaps, i.e., colocalized spaces in 3D from two input channels of the

same image (Figure S3B). Input channels were set up as follows. Input Coloc Channel 1 was z-stack images

of pou5f3mRNA signal, and Input Coloc Channel 2 was z-stack images of ribopuromycylation, Puro-Pou5f3

PLA, Rpl11, or Rpl11-Pou5f3 PLA signal. Detection and partition values were similar to those above.

Statistical analyses

All the results were expressed as mean G standard deviations. Statistical analysis compering two samples

was performed using Student’s t-test, and that compering multiple groups was performed using Tukey-

Kramer test as indicated in the figure legends. Significance was defined as p < 0.05 (****p < 0.0001,

***p < 0.001, **p < 0.01, *p < 0.05).
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