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SUMMARY

The oocyte-to-embryo transition (OET) is regulated by maternal products stored in the oocyte cytoplasm,
independent of transcription. How maternal products are precisely remodeled to dictate the OET remains
largely unclear. In this work, we discover the dynamic solubility phase transition of maternal RNAs during
Xenopus OET. We have identified 863 maternal transcripts that transition from a soluble state to a deter-
gent-insoluble one after oocyte maturation. These RNAs are enriched in the animal hemisphere, and many
of them encode key cell cycle regulators. In contrast, 165 transcripts, including nearly all Xenopus germline
RNAs and some vegetally localized somatic RNAs, undergo an insoluble-to-soluble phase transition.
This phenomenon is conserved in zebrafish. Our results demonstrate that the phase transition of germline
RNAs influences their susceptibility to RNA degradation machinery and is mediated by the remodeling
of germ plasm. This work thus identifies important remodeling mechanisms that act on RNAs to control

vertebrate OET.

INTRODUCTION

The oocyte-to-embryo transition (OET) is one of the most dra-
matic developmental transitions during which the oocyte and
sperm fuse to produce an embryo capable of giving rise to prog-
eny. Prior to the OET, the oocyte accumulates large amounts of
maternal products during oogenesis. During the OET, a series of
events, including meiotic oocyte maturation, ovulation, fertiliza-
tion, and zygotic genome activation, occur sequentially, allowing
the oocyte to transition into a rapidly growing embryo. Strikingly,
these events are precisely regulated by maternal gene products
stored in fully grown oocytes, independent of transcription.
After decades of extensive investigation, it is still largely unclear
how maternal gene products are remodeled during the OET to
direct the initiation of embryonic development.

Itis well known that numerous remodeling events happen dur-
ing the OET. These include the remodeling of cellular organelles
as well as macromolecules in the oocyte. One of the best-stud-
ied remodeling events during the OET is the remodeling of the
endoplasmic reticulum (ER) during oocyte maturation. In most
vertebrate species, the ER is closely associated with the
germinal vesicle (GV) with some tubular ER being distributed in
the cytoplasm of fully grown oocytes. After germinal vesicle
breakdown (GVBD), the morphology and distribution of the ER
are changed massively. As a result, a substantial amount of
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the ER is placed under the plasma membrane, around the future
sperm entry site. This unique organization allows rapid release of
calcium from the ER upon sperm entry, facilitating egg activa-
tion.?~'° In some animal species, ER is pivotal for the asymmetric
localization of maternal RNAs, especially some RNAs essential
for early embryonic patterning.”'~'® In Xenopus, interfering with
ER remodeling during the oocyte maturation severely impairs
the proper localization of maternal RNAs. '© Interestingly, the pro-
teasome system is remodeled during the OET as well. In mice,
proteasomes become highly enriched in the nucleus after the
OET."" In Xenopus, proteasomes are translocated to the animal
hemisphere during the OET. This increases the half-life of vege-
tally localized Dnd1, allowing the accumulation of Dnd1 protein
in the embryo to facilitate germline development.'®

A few recent studies demonstrate that at the global level,
maternal mMRNAs are remodeled during the OET. In humans,
many maternal mRNAs are deadenylated first and then re-poly-
adenylated. During re-adenylation, massive incorporation of
non-A residues occurs. Interfering with this remodeling event
arrests human embryos at the 1-cell stage.'® In Xenopus, a large
amount of maternal RNAs is associated with the ER in fully grown
oocytes. During oocyte maturation, the mRNA-ER association
is decreased, leading to the relocation of many maternal RNAs
in mature eggs. The decreased mRNA-ER association was
observed during mouse oocyte maturation as well.'® In a study

Gheck for
Updaies


mailto:yangj@illinois.edu
https://doi.org/10.1016/j.devcel.2023.10.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.devcel.2023.10.005&domain=pdf

Developmental Cell

>

C S

Extremely animal

Animal

Vegetal - ‘

Extremely vegetal -

Log2(pellet/supernatant) - Oocyte

e S Animal
61 o H Marginal zone

-5 -25 0 25 5
Log2(pellet/supernatant) - Mature egg

Vegetal

Extremely vegetal -

TTTRT Iy T T Expression value
04
LU L A 'o.a
wargiazone S §::
| 01
\
21 B -
H
4l KIRe g “rs Extremely animal

¢? CellPress

Figure 1. Solubility phase transition of RNA
during oocyte maturation
(A) Scatter plot shows the pellet to the supernatant
ratio in the oocyte (Y-axis) and mature egg (X-axis).
I-S transcripts (red) were defined as transcripts
enriched by more than 40% in the oocyte pellet
fraction and reduced by more than 25% in the pellet
fraction after oocyte maturation. I-l transcripts
(magenta) were defined as those transcripts en-
I°-3 riched by more than 40% in the oocyte pellet frac-
02 tion, excluding those belonging to the I-S group. S-I
transcripts (green) were defined as a more than
2-fold increase in the pellet fraction of mature eggs
after oocyte maturation and more than 15% pellet
enrichment.
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(GEO:GSE199254) (GEO:GSE104848)

to analyze the dynamic structural changes in the 3’ UTR of zebra-
fish maternal mRNAs, Shi et al. detected an opening in the 3’
UTR structure immediately after fertilization and a gradual close
during cleavage, followed by a reopening after the zygotic
genome activation. These structural changes alter the accessi-
bility to specific RNA-binding proteins, influencing the stability
of maternal RNAs.?® These findings are exciting and highlight
the importance of the remodeling of maternal mRNAs during
the OET.

In this study, we report that a subset of maternal mRNA un-
dergoes solubility phase transition during Xenopus and zebrafish
OET. Our results reveal that some mRNAs encoding cell cycle
regulators become more insoluble during the OET, whereas
germline RNAs, which are highly insoluble in the oocyte, are sol-
ubilized during the OET. We provide evidence that the solubility of
germline RNAs is regulated by Xvelo1/Buc proteins, which form
the matrix of the germ plasm.?'>* Moreover, we show that the
solubility of germline RNAs influences their susceptibility to
RNA degradation machinery. Our work thus uncovers important
RNA remodeling mechanisms that occur during vertebrate OET.

RESULTS

Solubility phase transition of maternal RNA during
oocyte maturation

We recently investigated RNA-ER association during Xenopus
oocyte maturation by fractionation RNA-seq. Our results reveal
that the majority of maternal RNAs are distributed in the cytosolic
and ER fractions in the oocyte and mature egg. Interestingly,
about 10% of RNAs are present in the insoluble pellet fraction,
which is resistant to Triton X-100 extraction and can be precipi-
tated by centrifugation at 800x g.'® Although the total amount of
RNA in the pellet fraction remains largely unchanged during
oocyte maturation, the composition of transcripts in the pellet
fraction is dynamically regulated. To simplify our analysis, we
combined the cytosolic and ER fractions as the soluble fraction
and calculated the percentage of each transcript distributed in
the soluble and insoluble (the pellet fraction) fractions. As shown

(B) Venn diagram shows the overlapping relation-
ship between the fractionation RNA-seq (GEO:
| |4 GSE199254) and subcellular transcriptomic anal-
2 ysis (GEO:GSE104848).
(C) Heat maps show the distribution of S-I, I-I, and
I-S transcripts along the animal-vegetal axis.

in Figure 1A and Table S1, although the majority of RNAs are
soluble, some RNAs exist in an insoluble form. We detected
233 insoluble transcripts in the oocyte. After oocyte maturation,
29.2% of these transcripts remain insoluble. The remaining
70.8% of transcripts show a decrease in the pellet fraction.
Among all transcripts mainly distributed in the soluble fraction
in the oocyte, 863 transcripts show a significant increase (above
2-fold) in the insoluble fraction after oocyte maturation. These
observations indicate that the solubility of maternal RNA
is dynamically regulated during oocyte maturation. We catego-
rized RNAs in the insoluble fraction into three groups, RNAs un-
dergoing an insoluble-to-soluble phase transition (I-S) during
oocyte maturation, RNAs going through a soluble-to-insoluble
phase transition (S-l), and RNAs that are highly insoluble in
both oocytes and mature eggs (I-1).

In Xenopus, many maternal RNAs are asymmetrically distrib-
uted along the animal-vegetal axis.?® To begin understanding
the solubility phase transition of maternal RNAs during oocyte
maturation, we first determined if RNAs undergoing phase tran-
sitions are asymmetrically located along the A/V axis. To this
end, we compared our fractionation RNA-seq data with the sub-
cellular transcriptomic analysis by Sindelka et al.,”® in which the
distribution of maternal transcripts was analyzed by dissecting
the egg along the animal-vegetal axis, followed by RNA-seq.
Among 863 S-1 RNAs, 573 were detected by Sindelka et al.?®
(Figure 1B). Intriguingly, all these RNAs are enriched in the animal
hemisphere (Figure 1C and Table S2). In contrast, I-S RNAs
show the opposite pattern. Among 88 I-S RNAs detected by Sin-
delka et al.?® (Figure 1B and Table S2), the majority of them are
vegetally localized (Figure 1C and Table S2). These findings sug-
gest that distinct mechanisms operate along the animal-vegetal
axis to regulate the solubility phase transition of maternal RNAs
during oocyte maturation.

Soluble-to-insoluble phase transition of maternal RNA
during oocyte maturation

To better understand the RNA solubility phase transition during
oocyte maturation, we first studied S-I RNAs. In the fractionation
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Figure 2. Soluble-to-insoluble phase transition of RNA during oocyte maturation
(A) MA plot shows the percentage of RNA in the pellet fraction in the mature egg (X-axis) and the ratio between the RNA in the pellet fraction of the egg and that of

the oocyte (Y-axis). S-I transcripts are highlighted in the magenta box.

(B) Gene ontology analysis demonstrates the top biological processes that are enriched among S-I transcripts.

(C) Fractionation RT-gPCR was performed to validate fractionation RNA-seq results. The percentage distribution of ccnat, wee2.S, hmmr.L, parpbp.L, cep152.L,
lig4.L, larp1b.S, exd3.L, pif1.L, sox3.S, sema3d.S, ssx2ip.L, espl1.L, wee2.L, ncapd2.S, fbxo43.L, cdc6.L, ccdc18.L, zbtb12.L, kank1.L, ccnb1.2.L, ncbp1.S,
eif2ak3.S, dock7.S, ccnb2.L, dbr1.L, and rad21.L in the supernatant and pellet fractions were calculated.

(D) The percentage distribution of all markers analyzed in (C) was combined and plotted into the graph.

(E) Heat maps show the classification of maternal transcripts based on their degradation during the MZT. Class A transcripts are most rapidly degraded. Class B
transcripts are degraded relatively slowly. Class C transcripts are relatively stable during early development.

(F) Venn diagram shows the majority of S-I transcripts belong to class A.

(G) Heatmap shows the expression of S-1 RNAs during early embryonic development.

RNA-seq analysis, S-| RNAs show at least a 2-fold increase in the
pellet fraction after oocyte maturation (Figure 2A). We performed
a gene ontology (GO) analysis and found that S-I RNAs are
involved in the mRNA metabolic process, cell division, DNA
metabolic process, and other cellular processes important for
cell proliferation (Figure 2B). To validate the RNA-seq result, fully
grown oocytes and mature eggs were fractionated into soluble
and insoluble fractions, followed by quantitative RT-PCR (RT-
qPCR) for the expression of ccnal, wee2.S, hmmr.L, parpbp.L,
cep152.L, lig4.L, larp1b.S, exd3.L, pifil.L, sox3.S, sema3d.S,
ssx2ip.L, espll.L, wee2.l, ncapd2.S, fbxo43.L, cdc6.L,
ccdc18.L, zbtb12.L, kank1.L, ccnb1.2.L, ncbp1.S, eif2ak3.S,
dock7.S, ccnb2.L, dbri.L, and rad21.L. Indeed, all these S-I
RNAs show a significant increase in the insoluble fraction after
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oocyte maturation (Figures 2C and 2D), confirming that these
maternal transcripts indeed go through soluble-to-insoluble
phase transition during oocyte maturation.

It is well known that after fertilization, Xenopus embryos go
through 12 rapid synchronous cell divisions. At the mid-blastula
transition (MBT), large-scale transcription happens, followed by
slower asynchronous cell divisions.?”**® The lengthening of the
cell cycle after the MBT is a consequence of the rapid degrada-
tion of maternal cell cycle regulators such as Cyclins during the
maternal-to-zygotic transition (MZT).?>*° Since several cyclin
RNAs, including ccnat, ccnb1, ccnel, and ccno undergo solu-
ble-to-insoluble phase transition during oocyte maturation, we
set out to determine if the soluble-to-insoluble phase transition
correlates with the degradation of maternal RNAs during the
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Figure 3. Insoluble-to-soluble phase transition of RNA during oocyte maturation
(A) MA plot shows the percentage of RNA in the pellet fraction in the oocyte (X-axis) and the ratio between the RNA in the pellet fraction of the egg and that of the

oocyte (Y-axis). I-S transcripts are highlighted in the red box.

(B) Gene ontology analysis demonstrates the top biological processes that are enriched among I-S transcripts.
(C) Protein-protein interaction (PPIl) map shows the transcripts selected from a red box in (A). This PPl shows only proteins interacting with at least one or more

other proteins. Purple boxes indicate germline transcripts.

(D-G) Fractionation RT-qPCR was performed to validate fractionation RNA-seq results. (D) The percentage distribution of germline I-S RNAs, including nanos1,
xdazl, pgat, ddx25, grip2, sybu, dnd1, and xvelo1 in the supernatant and pellet fractions, were calculated. (E) The percentage distribution of all germline RNAs
analyzed in (D) was combined and plotted into the graph. (F) The percentage distribution of somatic I-S RNAs, including vegT, gdf1, wnt11, elov11.S, wasl.S, and
cdr2l.S in the supernatant and pellet fractions, were calculated. (G) The percentage distribution of all somatic I-S RNAs analyzed in (F) was combined and plotted

into the graph.

MZT. Gene expression profiles of unfertilized Xenopus eggs and
embryos at various developmental stages have been analyzed
by RNA-seq.®' Using these datasets, we assessed the turnover
of maternal mMRNAs during the MZT. We divided maternal RNA
into three classes. Class A RNAs are rapidly degraded after the
MBT. Degradation of class B RNAs occurs relatively slowly.
Class C RNAs are relatively stable (Figure 2E, Table S3). Intrigu-
ingly, the majority (81%) of S-1 RNAs fall into class A (Figures 2F
and 2G), indicating that the soluble-to-insoluble phase transition
of RNAs during oocyte maturation correlates with the turnover of
these RNAs during the MZT.

Insoluble-to-soluble phase transition of maternal RNA
during oocyte maturation

Next, we investigated RNAs that are enriched in the insoluble
fraction in the oocyte. As shown in Figure 3A and Table S1,
233 I-S transcripts are highly enriched in the pellet fraction
in the oocyte. Among these, 165 transcripts undergo an insol-
uble-to-soluble phase transition during oocyte maturation. We
performed GO (Figure 3B) and protein-protein interaction (PPI)
analyses (Figure 3C). The results reveal that nearly all Xenopus
germline RNAs are I-S transcripts. These include ddx25,%
nanos1,*® and dnd1°* and genes recently found to be impor-
tant for primordial germ cell (PGC) development.®® Many
germline regulators form a protein-protein interaction network
(Figure 3C).

To validate RNA-seq data experimentally, we fractionated
Xenopus oocytes and mature eggs into the soluble and insoluble
fractions and analyzed 8 germline I-S RNAs (nanos?,*® xdazl,*®
pgat,®” ddx25,%? grip2,%® sybu,* dnd1,** and xvelo1®) and 6 so-
matic I-S RNAs (vegT, gdf1, wnt11, elovl1.S, wasl.S, and cdr2l.S)
by RT-gPCR. Indeed, all the analyzed germline transcripts are
enriched in the insoluble fraction in the oocyte. Among these,
nanos1 and grip2 RNAs represent the most extreme cases,
with as high as 80% of RNAs distributed in the insoluble fraction
(Figures 3D and 3E). After oocyte maturation, the percentage
of nanos1, xdazl, pgat, ddx25, grip2, sybu, dnd1, and xvelo1
mRNAs in the insoluble fraction decreases more than 2-fold
(Figures 3D and 3E). Similar to germline I-S RNAs, vegT, gdfi,
wnt11, elovl1.S, wasl.S, and cdr2!.S are enriched in the insoluble
fraction in the oocyte and are released into the soluble fraction
after oocyte maturation (Figures 3F and 3G). In parallel, we as-
sessed the expression of |-l RNAs by fractionation RT-gPCR.
We found that rgs2.L, rnu2, thbs1.S, gata6, and bcam.S are
enriched in the insoluble fraction in both oocyte and mature
eggs (Figure S1).

Our bioinformatic analysis suggests that the soluble-to-insol-
uble and insoluble-to-soluble phase transition occurs in the
animal and vegetal hemispheres, respectively (Figure 1C). To vali-
date this experimentally, we dissected oocytes and mature eggs
into animal and vegetal halves for fractionation RT-gPCR. Indeed,
we found the soluble-to-insoluble phase transition occurs in the
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- ¢ CellPress

Developmental Cell

°
A 2
2
£
o
a
; o
>0 9 B 2 - e 2 e
170 — 3 > s a3 a3 a3
130 — o w (7] 7] 2] ]
95 | PS PSPSPSPS PS
e la Xvelo1
72 | Xvelo1 |' e, N, |
- Hsc7! .
55 .“QG SCO| - e» "> oy oo ‘l
43 —
C 1 hr post 4 hr post
Oocyte GVBD GVBD GVBD Oocyte
- ..- ..
Whole mount (Vegetal view) Hemi-section
D Oocyte E nanos1
Whole mount ’
.. o o
Mitochondria
Egg
.. B '
Vegetal view
3 S P G S mP
o~ nanos1 xdazl| pgat ddx25 dnd1 sybu grip2 —_~
2100 3 ) [
£ 8 g 100 [ .
g 60 g |
Q 40 g s0
9 20 &cg ;
o 0 orF
Xvelol - =+ -+ -+ -+ -+ -+ - + -+ - + - + - + - + - + Xvelol - + - +
2ng) —— e —— (2NQ0) —— —
o o @ o o o @ o o =] o o 9 =] o 2
g @ §F &4 F &4 § @ o4& F & F o4 g
o [« o o =] o =] [=]
o o o o o o o o
H | J
e g - nanos1 dnd1 xdazi pgat sybu ddx25 grip2 52.0
> o D s ne P ﬁ faad
S b 8 15 P . T T 915 T
g - g
S P S P 9 1.04 = - - = BN ok I - 0104 .=
o o
- [ @ = > >
myc-Xvelo1 SSRGS F £ o5 £os
o g
: 0 T T T T T T T T T T T T T T m 0
Xvelol - + - + - + - + - + - + - + Xvelo1l - +

(legend on next page)

2780 Developmental Cell 58, 2776-2788, December 4, 2023



Developmental Cell

animal hemisphere (Figure S2A), whereas the insoluble-to-solu-
ble phase transition occurs in the vegetal hemisphere (Fig-
ure S2B). Since ER remodeling during the OET is important for
RNA localization,'® we went on to determine if ER remodeling
has an impact on RNA solubility phase transition during the
OET. To this end, we disrupted the tubular ER network formation
during the OET by treating oocytes with cytochalasin B (CB)'®
and performed a fractionation RT-gPCR using control and
CB-treated samples. We found that the CB treatment had no
effect on RNA solubility phase transition (Figure S3), demon-
strating that ER remodeling and RNA phase transition are regu-
lated by distinct mechanisms.

We further extended our analysis by determining when germ-
line mRNAs become insolubilized during oogenesis. We
collected stage Il, lll, IV, and VI oocytes and performed fraction-
ation RT-gPCR. Our results reveal that nanos1, pgat, xdazl,
ddx25, sybu, and grip2 are significantly enriched in the insoluble
phase as early as in stage |l oocytes (Figure S4A). In contrast,
dnd1 and xvelo1 are initially soluble and gradually move into
the insoluble fraction as oogenesis proceeds (Figure S4A). The
timing of germline RNA insolubilization correlates with the as-
sembly of these RNAs into the Balbiani body (Bb) or germ plasm
(Figures S4B and S4C). As a control, we also assessed |- RNAs.
Our results reveal that thbs1.S, gata6, and rgs2.L are highly en-
riched in the insoluble fraction throughout the oogenesis. Inter-
estingly, the majority of ru2 transcripts were detected in the
insoluble fraction during early oogenesis. In stage IV and VI
oocytes, the percentage of rnu2 in the insoluble fraction de-
creases. By contrast, bcam.S is soluble during early oogenesis
but becomes increasingly insoluble in stage IV and VI oocytes
(Figure S4D). These results suggest that different RNAs are
recruited into insoluble compartments in the oocyte through
distinct mechanisms during oogenesis.

Insoluble-to-soluble phase transition of germline RNAs
is a consequence of the degradation of Xvelo1

To understand the biological significance of RNA solubility phase
transition during oocyte maturation, we investigated the mecha-
nism governing the insoluble-to-soluble phase transition of
germline RNAs. As germline RNAs are sequestered in the germ
plasm in the oocyte, we hypothesized that the germ plasm is

¢ CellP’ress

remodeled during oocyte maturation, leading to the phase tran-
sition of germline RNAs.

Since Xvelo1 and its zebrafish homolog Buc are essential for
the formation of Balbiani body (Bb) and germ plasm, we exam-
ined the expression of Xvelo1 during oocyte maturation. Our
results reveal that the Xvelo1 protein is highly enriched in the
insoluble fraction in the oocyte. Even after immunoprecipitation
(IP) enrichment, we still could not detect Xvelo1 protein in the
soluble fraction (Figure 4A). After oocyte maturation, the expres-
sion level of Xvelo1 is decreased sharply. After fertilization, the
level of Xvelo1 is further reduced. We could no longer detect
the Xvelo1 protein after the MBT (Figure 4B). To confirm this
finding, we performed immunostaining. In fully grown oocytes,
we were able to detect numerous Xvelo1 puncta in the cortical
region and deep cytoplasm in the vegetal hemisphere. After
GVBD, the number of Xvelo1 puncta is reduced gradually. In
mature eggs, we could detect Xvelo1 puncta only in the cortex
of the vegetal pole (Figure 4C).

As Xvelo1 is the key component of the germ plasm matrix,
we went on to determine if the germ plasm is indeed remodeled
during oocyte maturation. We assessed mitochondria and
nanos1 RNA, which are sequestered in the germ plasm in the
oocyte. Consistent with the dynamic changes in Xvelo1 expres-
sion, we detected a large amount of mitochondria aggregates in
the entire vegetal hemisphere. After oocyte maturation, mito-
chondria aggregates were detected only in the cortex at the veg-
etal pole (Figure 4D). Similarly, nanos1 RNAs form puncta in the
vegetal pole of fully grown oocytes. After oocyte maturation, the
number of nanos? puncta is reduced. Diffused nanos1 in situ
signals become obvious in the vegetal pole of mature eggs
(Figure 4E).

The above results support the idea that degradation of Xvelo1
during oocyte maturation results in the insoluble-to-soluble
phase transition of germline RNAs. To test this hypothesis
directly, we asked if overexpression of Xvelo1 could prevent
the solubilization of germline RNAs during oocyte maturation.
Indeed, we found that overexpression of Xvelo1 significantly
decreased the solubility of germline RNAs in mature eggs
(Figures 4F and 4G). Western blot analysis reveals that a large
amount of overexpressed Xvelo1 was present in the pellet frac-
tion in the oocyte. Like endogenous Xvelo1, myc-Xvelo1 was

21-24

Figure 4. Turnover of Xvelo1 during oocyte maturation results in the solubilization of germline RNAs

(A) Xvelo1 protein is enriched in the insoluble fraction in the oocyte. Oocytes were lysed in NP-40 lysis buffer. After centrifugation, the lysate was separated into
the supernatant (S) and pellet (P). Supernatant prepared from 10 oocytes was incubated with an anti-Xvelo1 antibody to enrich Xvelo1 in the soluble fraction. The
supernatant, pellet, and IP samples were mixed with SDS sample buffer and subjected to western blotting.

(B) The expression of Xvelo1 in the oocytes, ovulated eggs, and embryos at stages 1, 6, 8.5, and 10 was analyzed by western blot.

(C) The expression of Xvelo1 during oocyte maturation was analyzed by IF. White arrowheads point to Xvelo1 remaining in the vegetal pole in mature eggs. The
scale bars indicate 100 pm.

(D) Oocytes and mature eggs of the Dria transgenic frogs, which carry a mitochondria-specific GFP transgene, were stained with an anti-GFP antibody. The scale
bars indicate 100 um.

(E) Whole mount in situ results show nanos1 transcripts are located in punctate aggregates in the vegetal of the oocyte. After oocyte maturation, nanos?1
transcripts show a diffuse appearance, with only a small number of puncta remaining in the vegetal pole. The scale bars indicate 200 pm.

(F and G) Overexpression of Xvelo1 prevents solubilization of germline RNAs after oocyte maturation. Oocytes were injected with 2 ng of myc-Xvelo? RNA, and
cultured for 2 days, followed by progesterone treatment. Fractionation RT-qgPCR was performed to assess the phase transition of nanos1, xdazl, pgat, ddx25,
dnd1, sybu, and grip2 (F). (G) is the combination of all germline RNAs analyzed in (F).

(H) Myc-Xvelo1 RNA injected oocytes were cultured normally or treated with progesterone. Oocytes and mature eggs were fractionated and analyzed for the
expression of myc-Xvelo1 and endogenous Hsc70 by western blotting.

(I'and J) Control and Xvelo1 injected oocytes were used to generate embryos via the host-transfer technique. At stage 11.5, embryos derived from control and
Xvelo1 injected oocytes were harvested to assess the expression of nanos1, xdazl, pgat, ddx25, dnd1, sybu, and grip2. (J) is the combination of all markers
analyzed in (l). Student t tests were performed. ** p < 0.01, *** p < 0.001, ****p < 0.0001.
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degraded during oocyte maturation. Nonetheless, insoluble
myc-Xvelo1 remains detectable in mature eggs (Figure 4H).
Using Xvelo1 overexpressed oocytes, we generated embryos
via the host-transfer technique.”’ Embryos derived from control
and Xvelo1 overexpressed oocytes were harvested in the middle
of the MZT (stage 11.5) and analyzed for the expression of germ-
line markers. We found that overexpression of Xvelo1 signifi-
cantly increases the stability of nanos1, dnd1, xdazl, sybu, and
grip2 (Figures 41 and 4J). Taken together, we conclude that
Xvelo1 prevents the solubilization of germline RNAs and protects
them from degradation during gastrulation. The insoluble-to-sol-
uble phase transition of germline RNAs during oocyte maturation
is a consequence of the degradation of the Xvelo1 protein.

Insoluble germline RNAs are resistant to RNase A
treatment in vitro

In Xenopus oocytes, germline determinants are sequestered in
numerous small germ plasm “islands” that are finely dispersed
in the vegetal hemisphere. After fertilization, they coalesce into
afew large aggregates that are inherited later by PGCs. Germline
components remaining in the somatic tissue are degraded dur-
ing the MZT. The above results demonstrate that germline
RNAs are more stable during the MZT in embryos derived from
Xvelo1 overexpressed Xenopus oocytes (Figures 4l and 4J).
Consistently, when overexpressed in early zebrafish embryos,
Buc, which is the homolog of Xvelo1, forms aggregates and pre-
vents clearance of germline RNAs in somatic tissue, converting
somatic cells into PGCs.?**? We speculated that germline
RNAs sequestered in the germ plasm may be protected from
RNA degradation machinery. Solubilization of germline RNAs
during oocyte maturation increases their chance for degrada-
tion, facilitating clearance of germline RNAs in the soma during
embryonic development.

To test this hypothesis, we carried out an in vitro RNase A
treatment assay. We crushed oocytes in lysis buffer and treated
the crude lysates with various amounts of RNase A at 37C° for
5 min. RT-gPCR was performed subsequently to measure the
sensitivity of nanos1, ddx25, grip2, actin, hsc70, and h2a RNAs
to RNase A. We found that compared with somatic RNAs (actin,
hsc70, and h2a), germline RNAs (nanos1, ddx25, and grip2),
which are highly insoluble in the oocyte, are less sensitive to
RNase A treatment (Figure 5A). We carefully assessed the
changes in the sensitivity of RNAs to RNase A during oocyte
maturation. Crude lysates from oocytes and mature eggs were
treated with 12.5 pg/uL of RNase A for various amounts of
time, followed by RT-qPCR for a larger panel of germline RNAs
(nanos1, xdazl, pgat, sybu, dnd1, xvelo1, ddx25, and grip2) and
somatic RNAs (actin, psmal, odc, gapdh, psme3, ccnal,
hsc70, and h2a) (Figure 5B). As expected, somatic mRNAs in
oocytes and mature eggs were rapidly degraded by RNase A.
The sensitivity of somatic RNAs to RNase A remains unchanged
during oocyte maturation. Compared with somatic mMRNAs,
germline mRNAs were degraded more slowly and to a lesser
extent. Interestingly, we found that germline RNAs became
more sensitive to the RNase A treatment after oocyte maturation
(Figure 5C). To determine if the change in the sensitivity of
germline RNAs to RNase A is a result of the solubilization of
germline RNAs during oocyte maturation, we fractionated RNase
A-treated lysates and measured the sensitivity of soluble and
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insoluble germline RNAs to RNase A (Figure 5D). As shown in
Figure 5E, soluble germline RNAs are highly sensitive to RNase
A treatment. We could not detect any difference between
oocytes and mature eggs. Insoluble germline RNAs are more
resistant to RNase A treatment. Among 8 germline RNAs
analyzed, the sensitivity of insoluble nanos1, xdazl, pgat, sybu,
xvelo1, and ddx25 to RNase A remains unchanged after oocyte
maturation. The sensitivity of insoluble grip2 and dnd1 to RNase
A increases slightly. Collectively, the above results suggest that
when sequestered in the germ plasm, germline RNAs are less
prone to degradation. Solubilization of germline RNAs increases
their susceptibility to RNA degradation machinery.

Solubility and stability of germline RNAs in zebrafish
bucky ball mutant
To definitively determine if the germ plasm, by maintaining germ-
line RNAs in an insoluble state, protects them from the RNA
degradation machinery, we took advantage of the zebrafish
bucky ball mutant, which lacks Buc protein and is deficient
in the formation of Bb and germ plasm. As reported previ-
ously,?'?2%3 the ER and mitochondria are accumulated in the
Bb in wild-type zebrafish oocytes but are randomly distributed
in the entire cytoplasm in bucky ball mutant oocytes (Figure 6A).
We performed fractionation and assessed the solubility of
several germline RNAs, including nanos3,** dnd,*® dazl,*®
cal5b,’” gra,*® and vasa.”® We found that these germline
RNAs are enriched in the insoluble fraction in fully grown wild-
type zebrafish oocytes. In contrast, the amount of germline
RNAs detected in the insoluble fraction is markedly reduced in
bucky ball mutant oocytes (Figure 6B), demonstrating that Buc
plays an important role in maintaining zebrafish germline RNAs
in an insoluble state. We further compared the expression of
germline RNAs in control and bucky ball mutant embryos at the
1-cell stage. We detected a statistically significant decrease in
the expression of vasa, gra, and daz/ (Figure 6C). Since bucky
ball mutant embryos cannot form blastoderm properly, we could
not analyze the degradation of germline RNAs during the MZT.
Nevertheless, the observation that the expression of a subset
of germline RNAs is decreased in bucky ball mutant embryos
at the 1-cell stage supports the idea that soluble germline
RNAs are more susceptible to RNA degradation machinery.
Inspired by the above findings, we went on to investigate if the
solubility phase transition of mMRNA occurs during zebrafish OET.
We performed fractionation on oocytes at various stages, ovu-
lated eggs, and pre-MBT embryos and assessed the solubility
of several germline RNAs, together with ccnal, ccnb1, and
wee2, which are S- RNAs in Xenopus (Figure 2). Our results
reveal that the solubility of ccna? and ccnb1 decreases after
oocyte maturation. In the case of wee2, although its solubility
is not significantly changed during oocyte maturation, it is
more enriched in the insoluble fraction after fertilization (Figure 7).
Germline RNAs show a rather complex pattern. Compared with
somatic RNAs, germline RNAs are more enriched in the insoluble
fraction in fully grown oocytes. Among the six germline RNAs
analyzed, dazl, ca15b, gra, and vasa are already in the insoluble
fraction in stage | oocytes. Recruitment of nanos3 and dnd to the
insoluble fraction occurs gradually during oogenesis. We did not
detect any significant changes in the solubility of germline RNAs
during oocyte maturation. Instead, we found that the solubility of
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Figure 5. Insoluble germline RNAs are resistant to RNase A in vitro

(A) Crude oocyte lysate was treated with various doses of RNase A. After RNase A treatment, RNA was extracted for RT-qPCR. The level of nanos1, ddx25, grip2,
actin, hsc70, and h2a was measured. RNA from untreated lysate was set as 100%.

(B) Schematic diagram shows the procedure for the experiments in (C).

(C) Crude oocyte lysate was treated with 12.5 pg/uL RNase A for various amounts of time. Degradation kinetics of germline (nanos1, xdazl, pgat, ddx25, grip2,
sybu, dnd1, and xvelo1) and somatic (psmai, odc, gapdh, h2a, actin, hsc70, psme3, and ccnal) RNAs were measured by RT-qPCR. The expression of each
germline and somatic RNAs in the oocyte and the mature egg was shown individually. The panel on the right side is the combination of all germline and somatic
RNAs in the oocyte and egg. Two-way RM ANOVA tests were performed (oocyte germline vs. oocyte somatic: F(1,7) = 26.8, p = 0.0013; egg germline vs. egg
somatic: F(1,7) = 6.24, p = 0.0411; oocyte germline vs. egg germline: F(1,7) = 8.85, p = 0.0207; oocyte somatic vs. egg somatic: F(1,7) = 0.62, p = 0.4544),

*p < 0.05, *p < 0.01.
(D) Schematic diagram shows the procedure of experiments in (E).

(E) Crude lysate was treated with RNase A, separated into the soluble and insoluble fractions, followed by RT-qPCR for nanos1, xdazl, pgat, ddx25, grip2, sybu,
dnd1, and xvelo1. Ratio-paired t tests at 1 pg/uL were performed. *p < 0.05, **p < 0.01, **p < 0.001.

dazl, ca1l5b, nanos3, and dnd increases gradually during pre-
MBT stages (Figure 7). Thus, similar to what happens in Xeno-
pus, some cell cycle regulators become increasingly insoluble
during zebrafish oocyte maturation and early development.
The insoluble-to-soluble phase transition does occur in some
zebrafish germline RNAs, albeit during cleavage and blastula
stages. Although some species-specific differences clearly
exist, the above results demonstrate that the phase transition
of maternal mRNA during the OET is evolutionarily conserved.

DISCUSSION

The OET is one of the most dramatic developmental transitions
during which the oocyte undergoes meiotic maturation, fuses

with the sperm to form the zygote, and ultimately activates the
zygotic genome to direct embryonic development. These events
occur in the absence of transcription and are regulated precisely
by maternal products that are synthesized and stored in the
oocyte during oogenesis. Currently, it remains largely unclear
how maternal products are remodeled during the OET to orches-
trate the beginning of embryogenesis.

Here, we report the solubility phase transition of maternal RNA
during the OET, an important remodeling event that appears to
be evolutionarily conserved. We found that during Xenopus
oocyte maturation, a group of maternal RNAs become increas-
ingly resistant to detergent extraction. The majority of these
RNAs are asymmetrically localized in the animal hemisphere.
Many of them encode cell cycle regulators that are rapidly
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Figure 6. Buc regulates the solubility and
stability of germline RNAs in zebrafish

(A) Wild-type and bucky ball mutant oocytes were
stained with ER-tracker and Mito-tracker. Scale
bars on the images for ER trackers indicate 20 um,
and those for Mito trackers indicate 10 um.

(B) Fractionation RT-gPCR was performed to
measure the solubility of nanos3, dnd, dazl, ca15b,
gra, and vasa in fully grown oocytes from the wild-
type fish and bucky ball mutants. The right panel is
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the combination of all these germline RNAs.

(C) The expression of nanos3, dnd, dazl, ca15b,
gra, and vasa in 1-cell stage embryos derived from
the wild-type and bucky ball mutant females were
assessed by RT-gPCR. Student t tests were per-
formed. ** p < 0.01, ***p < 0.0001.

In a study by Riemer et al., abundant
Buc was detected in the entire blastodisc
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degraded during the MZT. We tested some of these maternal
genes in zebrafish. Indeed, we found that ccnal and ccnbl,
which encode cyclin proteins, undergo a soluble-to-insoluble
phase transition. Like in the Xenopus oocyte, zebrafish ccnb1
is localized in the animal pole,*® suggesting that the soluble-to-
insoluble phase transition of maternal mRNA is regulated by an
evolutionarily conserved mechanism. In contrast to these S-I
RNAs, many vegetally localized RNAs are highly insoluble in
Xenopus oocytes but become solubilized after oocyte matura-
tion. Intriguingly, a subset of I-S RNAs encode proteins essential
for Xenopus germline development. Our results reveal that some
zebrafish germline RNAs are I-S transcripts as well. Interestingly,
we noticed two differences between Xenopus and zebrafish.
First of all, the solubility phase transition of zebrafish germline
RNAs occurs after fertilization, not during oocyte maturation.
Second, some zebrafish germline RNAs, including vasa and
gra, remain insoluble even at the MBT. Thus, although the solu-
bility phase transition of maternal RNA happens in both Xenopus
and zebrafish, some species-specific differences clearly exist.
Our results reveal that the transition of Xenopus germline
RNAs into the insoluble phase during early oogenesis is caused
by the recruitment of germline RNAs into the germ plasm. Like-
wise, the solubilization of germline RNAs is a consequence of
the remodeling of the germ plasm during the OET. In support
of this idea, we found that Xvelo1/Buc, the matrix protein of
the germ plasm,”'* is essential for maintaining germline
RNAs in an insoluble state. In zebrafish bucky ball mutant
oocytes, which cannot assemble Bb/germ plasm, germline
RNAs become much more soluble. During Xenopus oocyte
maturation, Xvelo1 is markedly downregulated, leading to the
solubilization of germline RNAs. We found the solubilization of
germline RNAs can be inhibited by overexpression of Xvelo1
during Xenopus oocyte maturation. Interestingly, the solubiliza-
tion of zebrafish germline RNAs occurs after fertilization. This
observation is consistent with the finding that downregulation
of Buc occurs during zebrafish early embryonic development.
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after fertilization. Buc declines rapidly dur-
ing cleavage. By the 128-cell and dome
stage, only four Buc protein aggregates
are maintained in the embryo.”® This
would explain why the timing of the solubilization of germline
RNAs is different in Xenopus and zebrafish.

Dynamic regulation of RNA solubility plays an important role in
translational regulation in many contexts. It has been reported
that amyloid-like aggregation of the RNA-binding protein Rim4
during yeast gametogenesis is important for it to repress the
translation of its targets.®’ In zebrafish, maternal pou5f3 RNAs
are assembled into RNA granules. These granules are solid-
like in the oocyte but become more liquid-like during early em-
bryonic development, leading to translational activation of
pou5f3 RNAs in early embryos.>? In neurons, many mRNAs are
assembled into neuronal granules and maintained in a transla-
tionally repressed state during their transportation. Upon arrival
at their final destination, disassembly of these mRNAs from gran-
ules results in translational activation of these mRNAs.*® To
determine if RNA solubility phase transition during the OET plays
a general role in translational regulation, we examined the
expression level of proteins encoded by S-I, I-S, and |- RNAs
during Xenopus OET, using the proteomic data published
recently by Peuchen et al.>* We failed to detect any obvious
correlation between RNA solubility phase transition and changes
in the expression of corresponding proteins on a global level
(Figure S5). It seems unlikely that RNA solubility phase transition
serves as a general mechanism to regulate the global translation
of maternal RNAs during the OET.

In the case of germline RNAs, a large body of studies has
demonstrated that germ plasm functions as the cargo for the
vegetal transportation of germline RNAs. Hence, insolubilization
of germline RNAs during early oogenesis, i.e., recruitment of
germline RNAs into the Bb or germ plasm, is essential for the
asymmetric localization of germline RNAs.*>° What is the func-
tion of the solubility phase transition of germline RNAs during the
OET? Our results presented here demonstrate that the phase
transition of germline RNAs influences their susceptibility to
RNA degradation machinery. We show that insoluble germline
RNAs are more resistant to RNase A treatment in vitro. Germline

Control
Buc -/~ §
Control
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Control
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Control
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RNAs are more stable in Xenopus embryos that are derived from
Xvelo1 overexpressed oocytes. In zebrafish bucky ball mutants,
where the solubility of germline RNAs is increased, a subset of
germline RNAs is downregulated. Thus, maintaining germline
RNAs in an insoluble form ensures that germline RNAs are stored
in a protective environment. It is well known that after fertilization,
only a fraction of germline RNAs coalesce into large aggregates
and are inherited by PGCs. The remaining ones are degraded in
somatic cells. Interfering with somatic clearance of germline
RNAs impairs the segregation of the germline from the soma. It
has been reported that overexpression of Buc prevents the
degradation of germline RNAs in somatic tissue, converting so-
matic cells into PGCs.?**? Based on the literature and results
presented here, we thus propose that the solubilization of germ-
line RNAs during the OET, by increasing their accessibility to
RNA degradation machinery, facilitates the clearance of germ-
line RNAs in the soma.

It is worth mentioning that the solubility phase transition during
the OET influences RNAs differently. Insolubilization of germline
RNAs by sequestering them in the germ plasm can facilitate their
vegetal transportation during early oogenesis®*° and protect
them from RNA degradation machinery (Figures 4, 5, and 6).
Different from germline RNAs, the soluble-to-insoluble phase
transition of S- RNAs correlates with their degradation during
the MZT. The majority of S- RNAs are rapidly degraded after
the zygotic genome activation (Figure 2). It will be of great inter-
est to determine if insolubilization of S- RNAs during the OET po-
tentiates their degradation during the MZT.

In summary, this work demonstrates that many RNAs can
transition between the soluble and insoluble phases under phys-
iological conditions. It raises the striking possibility that as an
important post-transcriptional regulatory mechanism, precisely

Oocyte

they are incorporated into some insoluble
protein condensates. The identification of
the I-1, I-S, and S-I RNAs suggests that
there are several types of protein conden-
sates, which are presumably involved in
distinct post-transcriptional regulatory mechanisms important
for the oogenesis and OET. In this paper, we have provided a
detailed mechanistic explanation for the insoluble-to-soluble
phase transition of germline RNAs, representing the first step
toward understanding these important regulatory mechanisms.
Apart from germline RNAs, which represent only a small portion
of I-S transcripts, we do not know how other RNA phase transi-
tion events are regulated during the OET. Our results reveal that
the soluble-to-insoluble and insoluble-to-soluble phase transi-
tion occurs in distinct compartments during Xenopus OET. Veg-
etally localized Xvelo1 cannot regulate all these RNA phase
transition events. Clearly, further work is needed to identify other
protein condensates responsible for the RNA phase transition
during the OET.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-Xvelo Boke et al.”* N/A

Goat anti-GFP Rockland Cat. 600-101-215; RRID: AB_218182
Mouse anti-HSC70 Santa Cruz Cat. sc-7298; RRID: AB_627761

Mouse anti-c-Myc

Secondary anti-rabbit-HRP
Secondary anti-mouse-HRP

Alexa Fluor™ donkey anti-rabbit-594
Alexa Fluor™ donkey anti-rabbit-488
Alexa Fluor™ donkey anti-goat-488

Thermo Fisher
GE Healthcare
GE Healthcare
Thermo Fisher
Thermo Fisher
Thermo Fisher

Cat. 13-2500; RRID: AB_2533008
Cat. NA934V

Cat. NA931V

Cat. A-21207; RRID: AB_141637
Cat. A-21206; RRID: AB_2535792
Cat. A-11055; RRID: AB_2534102

Chemicals, peptides, and recombinant proteins

RiboLock RNase Inhibitor Thermo Fisher Cat. EO0381
TRIzol reagent Ambion Cat. 15596018

2x SYBR Green qPCR Master Mix Bimake Cat. B21203
MitoTracker™ Red CMXRos Thermo Fisher Cat. M7512

ER tracker™ Red Thermo Fisher Cat. E34250

BM Purple AP substrate Roche Cat. 11442074001
M-MLV Reverse Transcriptase Promega Cat. M1701

Pierce protein G agarose Thermo Fisher Cat. 20399

T3 RNA polymerase Promega Cat. P2083

DIG RNA Labeling Mix Roche Cat. 11277073910
Anti-Digoxigenin-AP, Fab fragments Roche Cat. 11093274910
Cytochalasin B Sigma-Aldrich Cat. C6762
ChromaTide Alexa fluor 546-14-UTP Life Technologies Cat. C11404
Hoechst 33342 Invitrogen Cat. H1399
Critical commercial assays

ECL™ Prime Western Blotting Detection Reagent Amersham Cat. RPN2236
PureLink™ RNA Mini Kit Ambion Cat. 12183025
mMMESSAGE mMACHINE Kit for SP6 Ambion Cat. AM1340
Deposited data

RNA-sequencing raw and analyzed data Hwang et al.’® GEO: GSE199254

RNA-seq raw and analyzed data for A-V axis

RNA-seq analyzed data for developmental gene
expression of Xenopus laevis

Sindelka et al.”®

Session et al.*’

GEO: GSE104848
GEO: GSE73430

Mass spectrometry analyzed data Peuchen et al.>* MassIVE:
MSV000081416

Experimental models: Organisms/strains
Xenopus laevis: Wild type Nasco LM00715
Xenopus laevis: Dria transgenic line Taguchi et al.®° NXR
Danio rerio: TU (Tiibingen) lines ZIRC (Zebrafish International ZL57

Resource Center)
Danio rerio: bucky ball (buc) -/- mutant Dosch et al.® N/A

Oligonucleotides

See S-table 4 for a list of oligonucleotides

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pCS2-Xvelo1 This paper N/A

pCS2-dnd1 Aguero et al.®? N/A

pCS2-nanos1 Aguero et al.®” N/A

pCS2-pgat Aguero et al.®? N/A
pCS2-mCherry-Myc-Xvelo1 This paper N/A

Ddx25 Francis Crick Institute TEgg065i20

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com/
Metascape Zhou et al.®® https://metascape.org
ImageJ Schneider et al.® https://imagej.net/ij/index.html
STRING von Mering et al.®® https://string-db.org
BioRender BioRender https://www.biorender.com

RESOURCE AVAILABILITY

Lead contact
o Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jing
Yang (yangj@illinois.edu).

Materials availability
® This study did not generate any new unique reagents.

Data and code availability
® RNA sequencing data analyzed in this study have been deposited to the Gene Expression Omnibus (GEO) with the dataset
identifier GSE199254.
® This paper does not report the original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Xenopus laevis

Xenopus procedures were approved by the University of lllinois at Urbana-Champaign Institutional Animal Care and Use Committee
(IACUC) under animal protocol #20125 and performed in accordance with the recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. All experimental animals were housed in recirculating water systems with
adjusted multiple parameters, including 18 °C temperature and 7.2 pH. The Xenopus facility was controlled by an automatic 12 h light
and dark cycle environment. Oocytes were collected from ovarian tissues by manual defolliculation or collagenase treatment and
cultured in the oocyte culture medium (OCM).® In order to induce oocyte meiotic maturation, stage VI oocytes were cultured in
the OCM containing 2 uM progesterone and incubated at 18 °C overnight. Different stages of oocytes and mature eggs were
collected for further analysis. For microinjection, xvelo? mRNAs were injected into the vegetal hemisphere of the oocyte using a Nar-
ishige IM300 microinjector, and then the oocyte was either cultured in the OCM or treated with progesterone. To analyze RNA phase
transition along the animal-vegetal axis, we dissected oocytes/mature eggs into the animal and vegetal halves using Gastromaster.
Animal and vegetal halves were used for cell fractionation and RT-gPCR.

Danio rerio

Zebrafish procedures were approved by the University of lllinois at Urbana-Champaign Institutional Animal Care and Use
Committee (IACUC) under animal protocol #21179 and performed in accordance with the recommendations of the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. All experimental animals were housed in recirculat-
ing water systems with adjusted multiple parameters, including 28 °C temperature and 7.4 pH. The zebrafish facility was
controlled by an automatic 14 h light and 10 h dark cycle environment. The Tubingen strain was purchased from ZIRC (Zebrafish
International Resource Center), and Buckyball mutant zebrafish were received from Dr. Mullins’ lab at the University of Penn-
sylvania. Zebrafish oocytes were obtained as described.®” Briefly, ovarian tissues were dissected and dissociated by 15 mg/ml
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collagenase treatment for 30 min at room temperature (RT). Oocytes at each stage were sorted and collected manually for
further experiments.

METHOD DETAILS

Cell fractionation

Fractionation was performed as described'® with slight modification. Briefly, Xenopus oocytes and mature eggs were rinsed with
ice-cold washing buffer (150 mM KOAc, 2.5 mM MgOAc,, and 20 mM K-HEPES pH 7.4). To extract soluble fraction, four oocytes
or eggs were homogenized in 160 pl of ice-cold extraction buffer (150 mM KOAc, 2.5 mM MgOAc,, 20 mM K-HEPES pH 7.4,
2 mM DTT, 1 mM PSMF, 50 pg/ml cycloheximide, and 200 units/ml RNase inhibitor) containing 0.5 % Triton X-100 and centrifuged
at 800 x g for 5 min. After centrifugation, supernatants were transferred to new tubes and centrifuged again at 10,000 x g for 10 min to
remove contaminating organelles and cell debris. Pellets were resuspended in 160 pl of ice-cold extraction buffer with 0.5 % Triton
X-100. The resulting supernatants (soluble fractions) and resuspended pellet solution (insoluble fractions) were used for further anal-
ysis. For the fractionation of zebrafish samples, five zebrafish oocytes, ovulated eggs, and embryos were pooled and homogenized in
100 pl of ice-cold extraction buffer containing 0.5 % Triton X-100 and centrifuged at 10,000 x g for 10 min. After centrifugation,
supernatants were transferred to new tubes. Pellets were resuspended with 100 pl of ice-cold extraction buffer containing 0.5 %
Triton X-100. All centrifugations were performed in a refrigerated centrifuge at 4 °C.

Whole-mount immunofluorescence

Xenopus stage VI and mature eggs were fixed in Dent’s fixative (80 % of methanol and 20 % DMSOQO) at -20 °C overnight. After fixation,
samples were washed with 100 % methanol three times for 5 min each time and stored in 100 % methanol at -20 °C until the staining
procedure was initiated. For whole-mount immunofluorescence, samples were rehydrated in serial dilution of methanol with TBST
(TBS with 0.1% Triton X-100) for 5 min each at room temperature (RT). Oocytes and eggs were bisected by a razor blade to obtain
hemi-sectioned or vegetal hemisphere samples. After bisection, samples were washed in TBST once and incubated in a blocking
buffer (0.15 % Triton X-100, 2 % BSA in TBS) containing 10 % normal serum from the same host as the secondary antibody for
an hour at RT. Subsequently, samples were incubated in a blocking buffer with the primary antibodies (1:100) overnight at 4 °C. Sam-
ples were washed with TBST six times for 30 min each, incubated in a blocking buffer with the secondary antibodies (1:500) overnight
at 4 °C, and washed with TBST six times for 30 min each. Stained samples were washed with 100% methanol twice for 10 min each
and then added in BABB (1: 2 ratio of benzyl alcohol: benzyl benzoate) to be cleared. Images were acquired by Nikon A1Rsi confocal
microscope.

In vitro RNase A assay

For time-dependent RNase A assay, 40 oocytes and 40 mature eggs were harvested and homogenized in 800 pl of lysis buffer.
100 pl of the lysates was saved as ‘no RNase A’. The remaining lysates were transferred into six tubes, each containing 100 pl,
and treated with RNase A (12.5 pg/ul; final concentration) at 37 °C for 5, 15, 30, 60, 90, and 120 min. After the RNase A treat-
ment, RNAs were extracted for RT-qPCR. For fractionation RNase A assay, 20 oocytes and 20 mature eggs were harvested and
homogenized in 800 pl of extraction buffer (150 mM KOAc, 2.5 mM MgOAc,, 20 mM K-HEPES pH 7.4, 2 mM DTT, 1 mM PSMF,
50 ng/ml cycloheximide, and 200 units/ml RNase inhibitor) containing 0.5 % Triton X-100. 160 pl of the lysates was saved as ‘no
RNase A’. The remaining lysates were transferred into 4 tubes (160 pl each) and incubated in different concentrations (1 pg/ul,
10 pg/ul, 100 pg/ul, and 1 ng/ul) of RNase A at 37 °C for 2 hr. After incubation with RNase A, samples were fractionated into
soluble and insoluble fractions by the above protocol. RNAs were extracted using TRIzol reagent according to the manufac-
turer’s instructions.

In vitro transcription

Xvelo1 mRNAs were synthesized from 2 ug plasmid templates using the MMESSAGE mMACHINE Kit for SP6. All probes used in this
study were synthesized from 2 pg plasmid templates using T3 RNA polymerase. To be incorporated Digoxigenin (DIG) UTPs into the
probes, 1 ul of DIG RNA labeling mix was added to the in vitro transcription reaction solution. Dig-labeled probes were detected by
anti-Digoxigenin-AP Fab fragments/BM-purple staining.

Xenopus in situ hybridization

Oocytes at various stages were fixed with MEMFA (0.1 M MOPS pH 7.4, 2 mM EGTA, 1 mM MgSOy,, and 3.7% formaldehyde
solution) for an hour at RT, washed with PBS twice, and dehydrated in methanol. Dehydrated samples were stored in 100 % methanol
at-20°C. For in situ hybridization, all samples were rehydrated in serial dilution of methanol with PBSW (PBS with 0.1 % Tween-20) for
5min each at RT. Stage lll, IV, V, and VI oocytes were hemi-sectioned by a razor blade. Once all stage Il oocytes and bisected mid and
late-stage oocytes were prepared, in situ hybridization was performed as described.®®

RNA extraction and quantitative RT-PCR
Total RNAs were extracted from the soluble and insoluble fraction of oocytes, eggs, or embryos using TRIzol reagent in accordance
with the manufacturer’s instructions. Reverse transcription and real-time PCR were performed according to standard protocols to
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analyze the expression level of mMRNAs. Ct values were acquired by Applied Biosystems QuantStudio 3 Real-Time PCR System. All
primers used are listed in the supplementary table.

Immunoprecipitation and western blots

For immunoprecipitation, fully-grown oocytes were homogenized in 0.5 % NP-40 lysis buffer (50 mM Tris pH 7.6, 125mM NaCl, 1 mM
EDTA, 0.5 % NP-40) with protease inhibitor cocktails and centrifuged at 20,000 x g for 10 min. Supernatants were transferred to new
tubes. Xvelo1 antibodies were added to the supernatant and incubated overnight at 4 °C. Subsequently, protein G-coupled agarose
beads were added to precipitate Xvelo1 proteins. After washing the beads with lysis buffer three times (5 min each), proteins were
eluted in SDS sample buffer by boiling for 5 min at 100°C. For western blots, fractionated samples and whole oocyte/egg lysates were
mixed with 2 x SDS sample buffer, boiled for 5 min at 100°C, separated on SDS-PAGE, and transferred to PVDF membranes for west-
ern blotting according to the standard protocol for western blots.

Host transfer

Host transfer was performed as described.*' Briefly, manually defolliculated oocytes were vegetally injected with 1ng of xvelo?
mRNAs and cultured at 18 °C for 24 hr. Then, control and injected oocytes were treated with 2 uM of progesterone to induce oocyte
meiotic maturation. In parallel, host female frogs were prepared by administrating hCG (human chorionic gonadotropin). After oocyte
maturation, matured eggs were stained with vital dyes to distinguish between control and Xvelo1 overexpression samples and trans-
ferred into host female frogs. Finally, transferred eggs were recovered and fertilized with sperm. Embryos derived from transferred
eggs were harvested at stage 11.5 for gene expression analysis.

Immuno-fluorescence in situ hybridization (Immuno-FISH)

Stage | and Il Xenopus oocytes were used. Sample preparation is mentioned above in Xenopus in situ hybridization section. After
hybridization with fluorescence ddx25-546 probe, oocytes were washed with 2xSSC (20xSSC pH 7.0; 175.3 g NaCl, 88.2 g sodium
citrate) containing 0.1% CHAPS twice for 30 min each at RT, 0.2xSSC containing 0.1% CHAPS twice for 30 min each at 60 °C, and
TBST (TBS with 0.1% Triton X-100) for 5 min at RT. For whole-mount immunofluorescence, the samples were incubated in a blocking
buffer (0.15 % Triton X-100, 2 % BSA in TBS) containing 10 % normal donkey serum for an hour at RT. Then, the oocytes were incu-
bated in a blocking buffer with the primary antibodies (1:200) overnight at 4 °C and washed with TBST three times for 10 min each.
After that, the samples were incubated in a TBST with the secondary antibodies (1:500) for an hour at RT and washed with TBST three
times for 10 min each. All stained samples were dehydrated with 100 % methanol and mounted with BABB. All images were acquired
using Nikon A1Rsi confocal microscope.

Treatment of cytochalasin B

Defolliculated Xenopus oocytes were pretreated with 25 png/ml of cytochalasin B to inhibit F-actin polymerization at RT for 1 hr. Then
pretreated oocytes were cultured in the OCM containing 2 uM progesterone and incubated at 18 °C overnight. After that, oocytes and
eggs were harvested for cell fractionation. DMSO was used as a control.

Mitochondria and endoplasmic reticulum (ER) staining of zebrafish oocytes

Mitochondria and ER staining were performed as described®” with slight modification. Zebrafish stage | oocytes were isolated from
the ovarian tissues of the wild-type and Buc mutant zebrafish according to the protocol mentioned above. Stage | oocytes were
stained with 0.5 pM of MitoTracker and 0.5 uM of ER tracker each in staining buffer (PBS with 0.1 % BSA) at RT for 30 min. Then,
samples were washed with staining buffer three times for 10 min each at RT. After washing, samples were stained with 0.5 pg/mi
of Hoechst 33342 in the staining buffer for 10 min at RT and then mounted with staining buffer in glass concavity slides. All images
were acquired using Nikon A1Rsi confocal microscope.

Analysis of RNA-sequencing

All RNA-seq datasets used in this study were listed in the Key resources table. The fractionation RNA-seq was analyzed as
described'® with slight modification. Briefly, all analyses were performed using abundant transcripts (17,811) and a proportion scale
according to the previous research analysis.'® The soluble fraction is the sum of the cytosolic and ER fractions, and the pellet was
considered insoluble. These 17,811 transcripts were classified into three groups below.

1)The Soluble-to-Insoluble Phase Transition (S-I): Transcripts that were increased more than two times and were enriched more
than 15% in the pellet fraction of mature eggs after oocyte maturation (863).

2)The Insoluble-to-Soluble Phase Transition (I-S): Transcripts that were enriched more than 40% in the pellet fraction of oocytes
and those pellet fraction is reduced by more than 25% after oocyte maturation (165).

3)The Insoluble-Insoluble State (I-1): Among the transcripts enriched more than 40% in the oocyte pellet fraction, the rest of the
transcripts excluding those belonging to the I-S (68).

All GO and Protein-Protein interaction (PPI) results were generated by the criteria above.
Comparison to RNA localization data along the A-V axis in Xenopus eggs
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The distribution of 15,005 transcripts along the animal-vegetal axis in the Xenopus laevis eggs has been reported previously.”®
Among them, 10,798 transcripts were detected in our fractionation RNA-seq. Among these 10,798 transcripts, 573, 88, and 4 tran-
scripts were detected in S-1, I-S, and I-I groups, respectively. The heat maps were generated by the expression level of each section
along the animal-vegetal axis.

Comparison to RNA expression level during the early Xenopus embryonic development

RNA-seq dataset analyzing the expression level of Xenopus early embryos was reported previously.>' 11,169 transcripts were
detected in both our fractionation RNA-seq and the Session study. Among these, 105 transcripts that are not expressed in the
egg were filtered out. We analyzed the expression of RNAs in mature eggs, stages 8, 9, 10, 12, and 15 embryos. The results were
normalized by the expression level in the mature egg. Since this analysis aimed to show the degradation of maternal RNAs in early
embryonic development, early zygotic genes were not included in the expression analysis. We defined early zygotic genes as those
showing a normalized value higher than 1. In our analysis, when the expression level of a specific gene was decreased by more than
25 % in the following stage, that gene was deemed to occurring degradation. Based on those criteria, all transcripts were classified
into three groups below.

1)Class A (Rapid degraded genes, 2288 transcripts): Transcripts that started to degrade between the mature egg to stage 8
embryos and between stages 8 to stage 9 embryos.

2)Class B (Slowly degraded genes, 6101 transcripts): Transcripts that started to degrade between stages 9 to 10 embryos and
between stages 10 to 11 embryos.

3)Class C (Relatively stable genes, 2675 transcripts): Transcripts that excluded those belonging to classes A and B.

All heat map results and diagrams were generated by the criteria above.

Comparison to proteomic data in Xenopus oocytes and embryos

The expression levels of proteins from stage VI oocyte to stage 2 embryo have been reported previously.®* Among all proteins
detected by mass spec, 166, 21, and 2 were encoded by S-1, I-S, and I-I transcripts, respectively. The expression of these proteins
was converted to the log scale and normalized by the expression levels in mature eggs. The heatmap was generated based on the
protein expression levels in each stage to visualize the changes in protein levels.

QUANTIFICATION AND STATISTICAL ANALYSIS
All information about the statistical details is provided in the figure legends. Visualization for RNA-seq and proteomic profile-related

results was performed by R studio. All image analysis and statistical tests were performed by ImageJ®* and GraphPad Prism 10,
respectively.
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S-Fig 1. Validation of I-I RNAs by fractionation RT-qPCR, related to Figure 1. The
percentage distribution of I-I RNAs, including rgs2.L, rnu2, thbsl.S, gata6, and bcam.S in the
supernatant and pellet fractions were calculated (left panel). The percentage distribution of all I-I

RNAs analyzed was combined and plotted into the graph on the right.
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S-Fig 2. Solubility phase transition of RNAs along the animal-vegetal axis, related to Figure
1. Oocytes and mature eggs were dissected into animal and vegetal halves for fractionation RT-
qPCR. A and B show the percentage distribution of I-S RNAs (nanos!, xdazl, pgat, ddx25,

grip2, sybu, dndl, and xvelol), S-1 RNAs (ccnal, wee2, hmmr.L, parpbp.L, cepl52.L, lig4.L, and

larplb.S).



I-S

S-Fig3. RNA phase transition occurs independent of ER remodeling during the OET,
related to Figure 1. Control and cytochalasin B (CB)-treated oocytes and mature eggs were

subjected to fractionation RT-qPCR. The percentage distribution of I-S RNAs (nanos, xdazl,



pgat, ddx25, grip2, sybu, dndl, and xvelol), S-1 RNAs (ccnal, wee2, hmmr.L, parpbp.L,
cepl52.L, lig4.L, larp1b.S, and exd3.L). and I-1 RNAs (rgs2.L, rnu2, thbsl.S, gata6, and bcam.S)

was analyzed.
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S-Fig 4. Recruitment of maternal RNAs into the insoluble fraction during oogenesis,
related to Figure 3. A. The percentage distribution of germline I-S RNAs, including nanos1,
xdazl, pgat, ddx25, grip2, sybu, dndl, and xvelol in the supernatant and pellet fractions of stage
IL, II1, IV, and VI oocytes were measured by fractionation RT-qPCR. Among these mRNAs,
nanosl, xdazl, pgat, ddx25, and sybu are localized to the vegetal pole through the so-called
“early pathway”. The vegetal localization of dndl and xvelol occurs through the “late pathway”.
grip2 can use both the early and late pathways. Thus, it is considered as “intermediate”. B.
Whole mount in situ hybridization shows recruitment of ddx25, pgat, nanosi, and dnd1 into the
Bb or germ plasm. The scale bars indicate 200 pm. C. Colocalization of ddx25 with Balbiani
body in the oocyte. ddx25 was assessed by in situ hybridization using a fluorescent probe.
Balbiani body was stained using an anti-Xvelo1 antibody. The scale bars in the upper and lower
panels indicate 50 um and 100 pm, respectively. D. The percentage distribution of I-I RNAs,
including rgs2.L, rnu2, thbsl1.S, gata6, and bcam.S in the supernatant and pellet fractions of stage
IL, III, IV, and VI oocytes were measured by fractionation RT-qPCR.
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S-Fig 5. Heatmap shows the change in protein expression across developmental time points,

related to Figure 1. From the top to bottom are proteins encoded by S-1, I-S, and I-I RNAs.
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