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SUMMARY
Oocytes are the largest cell type in multicellular animals. Here, we show that mRNA transporter 4 (MTR4) is
indispensable for oocyte growth and functions as part of the RNA surveillance mechanism, which is respon-
sible for nuclear waste RNA clearance. MTR4 ensures the normal post-transcriptional processing of maternal
RNAs, their nuclear export to the cytoplasm, and the accumulation of properly processed transcripts. Oo-
cytes with Mtr4 knockout fail to accumulate sufficient and normal transcripts in the cytoplasm and cannot
grow to normal sizes. MTR4-dependent RNA surveillance has a previously unrecognized function in main-
taining a stable nuclear environment for the establishment of non-canonical histone H3 lysine-4 trimethyla-
tion and chromatin reorganization, which is necessary to form a nucleolus-like structure in oocytes. In conclu-
sion, MTR4-dependent RNA surveillance activity is a checkpoint that allows oocytes to grow to a normal size,
undergo nuclear and cytoplasmic maturation, and acquire developmental competence.
INTRODUCTION

Among cell types in the bodies of various species, fully grown

oocytes have the largest volumes, ranging from 70 (rodents) to

2,000 (amphibians) mm in diameter. Specific mechanisms have

been employed to support significant oocyte growth. In insects,

nurse cells transfer material to oocytes through cytoplasmic

bridges connecting the two cell types.1 In fishes and amphibians,

yolk proteins synthesized in the liver are transported to oocytes

via blood circulation.2 As an extreme example, gene clusters

encoding ribosomal RNAs (rRNAs) have been amplified in

fast-growing Xenopus oocytes to facilitate rRNA synthesis.3

However, similar mechanisms do not exist during mammalian

oogenesis. Studies have shown that the dormancy and

awakening of primordial follicles is mainly determined by the ac-

tivity of the phosphatidylinositol 3-kinase mechanistic target

of rapamycin protein kinase B [(PI3K)-mTOR-AKT] signaling

pathway.4,5 The genes and pathways supporting mammalian

oocyte growth after primordial follicle awakening remain poorly

understood.

Oocyte growth is accompanied by a significant accumulation

of RNAs transcribed from the oocyte genome. These maternal

RNAs and proteins are stored in the germinal vesicle (GV) and

ooplasm to support meiotic maturation and early zygotic devel-

opment.6,7 RNA precursors can be misfolded, fail to assemble
Deve
All rights are reserved, including those
into larger complexes, or may be incorrectly processed. The re-

sulting mutation-containing mRNAs encode truncated and toxic

proteins.8 Cells also contain junk RNAs derived from the bidirec-

tional transcription of the promoters of protein-coding genes.

Thesemisprocessed RNAsmust be distinguished and degraded

from normal RNAs that should be retained because failure to re-

move these RNAs can alter the transcription of adjacent protein-

coding genes, resulting in DNA damage and chromosomal rear-

rangements.9 The intracellular quality control pathways that

target defective RNAs for degradation are referred to as RNA

surveillance.10 Despite studies in cultured human cell lines and

model systems such as worms and fruit flies,11–13 the potential

roles of RNA processing and surveillance in extraordinary

mammalian oocyte growth and the associations of RNA surveil-

lance with reproductive and developmental defects have not

been sufficiently investigated.

The major effectors of the RNA surveillance pathways are

ribonucleases, which degrade defective RNAs. Most ribonucle-

ases function as multiunit complexes, relying on protein cofac-

tors or adaptors that recognize defective RNAs and recruit

nucleases. Among these protein complexes, RNA exosome cat-

alyzes 30-to-50 processing or degradation of a vast array of

different RNA substrates and contributes to translation-depen-

dent mRNA surveillance pathways, such as nonstop decay,

nonsense-mediated decay, and no-go decay.14–16 The RNA
lopmental Cell 60, 1–16, January 6, 2025 ª 2024 Elsevier Inc. 1
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exosome includes a barrel-shaped nine-subunit core that inter-

acts with the nuclease DIS3 (in the nucleus) or DIS3-like (DIS3L

in the cytoplasm) to form a 10-subunit complex.17–19 In all stud-

ied eukaryotic species, RNA helicase mRNA transporter 4

(MTR4) is a crucial adaptor subunit of exosomes.20–22 Helicase

activity allowsMTR4 to unwind high-dimensional RNA structures

and deliver single-stranded RNAs threaded down through the

central channel of the exosome for degradation.20,23,24 Through

interactions with nuclear poly(A)-binding protein 1 (PABPN1),

MTR4 targets polyadenylated RNA polymerase II (RNA Pol II)

transcripts that are prematurely terminated or generated by bidi-

rectional promoter activity for degradation.25 Recent gene

knockout studies have demonstrated that PABPN1 and the exo-

some subunit exosome component (EXOSC10 [also known as

RRP6]) are required to maintain RNA homeostasis and sculpt

the transcriptome in growing mouse oocytes and preimplanta-

tion embryos.26–28 However, the role of MTR4, which is involved

in a wider spectrum of exosomal functions than those of

PABPN1 or EXOSC10, remains unclear.

In this study, we profiled nuclear and cytoplasmic RNA pro-

cessing characteristics during oocyte growth using RNA

sequencing (RNA-seq) approaches and elucidated the function

of MTR4 in regulating mRNA homeostasis during oogenesis,

particularly its feedback impact on transcription, histone modifi-

cations, and chromatin configurations. These results indicated

that MTR4-dependent RNA surveillance activity is a critical

checkpoint that allows mammalian oocytes to grow to an

extraordinary size.

RESULTS

Proper mRNA accumulation in the cytoplasm is
essential for oocyte growth
The oocyte is the biggest cell type in mammals. The volume of

mouse oocytes increases nearly 500 times during the long

growth period (Figure 1A). However, the question remains as

to why oocytes can grow in large volumes. Through in situ mea-

surements of ovarian sections, we quantified that during the

growth process, the diameter of the cytoplasm expanded dras-

tically, especially around the secondary follicle period (Fig-

ure 1B). In contrast, the growth rate of the nucleus showed a

gentle trend (Figure 1B). Correspondingly, the nucleus-cyto-

plasm volume ratio of oocytes constantly decreased after being

activated at the primordial follicle stage, dropping from 12.6% at

the primary follicle stage to 3.8% at the antral stage (Figure 1C).

However, the constant decrease in the nucleus-cytoplasm vol-

ume ratio is a rather special pattern, as somatic cells tend to

maintain a stable nucleus-cytoplasm volume ratio of approxi-

mately 8%, according to published results (Figure 1C).29 We

conducted poly(A) RNA sequencing using samples derived

from different developmental stages, with the External RNA

Control Consortium (ERCC) spike-in for normalization. Because

the first wave of follicle development is relatively synchronous

and well characterized in mice, we collected transcriptome

sequencing data of oocytes from representative stages of

ovaries on day 5 (awakened oocytes start to grow at the primary

follicle stage), day 14 (growing oocytes at the secondary follicle

stage), day 21 (oocytes at the end of growth and undergoing

non-surrounded nucleolus-surrounded nucleolus [NSN-SN]
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transition in antral follicles), and day 56 (fully grown oocytes ar-

rested at the GV stage awaiting ovulation and having accom-

plished the NSN-to-SN transition). Using ERCC spike-in calibra-

tion, we found that the overall mRNA level in oocytes rose nearly

8-fold from days 5 to 21 and remained constant thereafter

(Figure 1D).

To investigate the pattern of subcellular RNA accumulation

during oocyte growth, we separated the nuclei and cytoplasm

of oocytes using micromanipulation and constructed a poly(A)

RNA sequencing library (Figures 1E and S1A). GV (nuclei) and

ooplasms were collected from mice on post-natal days 14, 21,

and 56. The general transcription activity of oocytes at each

stage was verified by a 50-ethynyl uridine (EU) incorporation

assay (Figures S1B and S1C). To verify the efficiency of nu-

cleus-cytoplasm separation, we examined the expression pat-

terns of mitochondria-related genes. All of them were highly ex-

pressed in the ooplasm but barely detected in the nuclei

(Figure S1D). Using ERCC spike-in calibration, we found that

the overall mRNA level in the ooplasm significantly increased

from days 14 to 21 and remained at a comparable level from

days 21 to 56. In contrast, the mRNA levels in the nuclei

continued to decrease from days 14 to 56 (Figure 1F). Changes

in the mRNA levels of different subcellular components during

oocyte growth revealed that most mRNAs were transported

and stored in the ooplasm after being transcribed in the nucleus,

and the cytoplasm-nucleus mRNA content ratio continued to in-

crease until finally reaching nearly 59-fold at the fully grown GV

stage (Figure 1F).

We analyzed the characteristic differences between cyto-

plasmic and nuclear transcripts. Intron splicing is essential for

pre-mRNA processing, and the alternative splicing of introns

contributes to transcriptional plasticity of the transcriptome.30,31

Thus, we conducted intron retention (IR) analyses among

different groups using the IRFinder software.32 Based on the

intron retention events detected by IRFinder, we conducted

intron quantifications among different sequencing groups. Distri-

bution maps of retained introns for individual biological repli-

cates are shown in Figure S1E.

In poly(A) RNA-seq, mature post-transcriptional RNAs with

long poly(A) tails are preferentially reverse-transcribed during

sequence library construction. In contrast, immature or non-cod-

ing RNAs without polyadenylation have not been documented in

poly(A) RNA-seq. Thus, we conducted total RNA-seq, which re-

vealedcomprehensiveco-transcriptional information (Figure1G).

Nuclei and ooplasms separated from day-21 oocytes were used

for total RNA-seq. More retained introns were identified in the

nuclei using total RNA-seq than poly(A) RNA-seq (Figure 1G).

When we compared the retained introns detected in the two

sequencing methods, introns specifically detected in total

RNA-seq were defined as co-transcriptionally spliced introns.

In contrast, the retained introns detected using poly(A) RNA-

seq on day-21 nuclei were post-transcriptionally retained introns

because they were retained after polyadenylation. Co-transcrip-

tionally spliced introns were preferentially located in the first

quarter and themiddle of the genebody,whereaspost-transcrip-

tionally retained introns detected using poly(A) RNA-seq were

concentrated in the first quarter of the gene body (Figure 1H).

Furthermore, poly(A) RNA-seq also detectedmore IR events in

the nuclei of day-14 oocytes than in day-21 oocytes, whereas no



Figure 1. Proper mRNA accumulation in ooplasm is essential for oocyte growth

(A) A diagram showing changes during mouse follicle growth. The color bar on the bottom indicates transcription activity changes.

(B) Quantitative measurements of nucleus and oocytes’ diameter in follicles from different developmental stages. n R 25 per group.

(C) Nucleus-cytoplasm volume ratio calculated from (B).

(D) Relative mRNA levels in oocytes derived from mice of different ages.

(E) Workflow of nucleus-cytoplasm separation for RNA sequencing (RNA-seq).

(F) Relative mRNA levels in the nucleus and ooplasm from day-14, -21, and -56 oocytes.

(G) Numbers of retained introns detected in different RNA-seq groups.

(H) Density map showing the distribution of retained introns in the gene body.

(I) Numbers of retained introns detected in different RNA-seq groups.

Data are represented as mean ± SEM.

See also Figure S1.
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obvious differences were found in the cytoplasm (Figure 1I). The

decrease in IR events in the nuclei from days 14 to 21 detected

using poly(A) RNA-seq indicated post-transcriptionally splicing

events of polyadenylated RNAs during oocyte growth. When

comparing co-transcriptionally spliced introns detected in

day-21 nuclei using total RNA-seq, post-transcriptionally spliced

introns detected in day-14 nuclei using poly(A) RNA-seq, and re-

tained introns in day-21 nuclei using poly(A) RNA-seq, introns

located in the middle part of the gene body are preferentially

spliced during RNA processing, whereas introns in the 50 and
30 quarters are selectively retained (Figure S1F). However, in

the ooplasm, no obvious differences in the retained introns

were found between days 14 and 21 in the poly(A) RNA-seq

(Figure S1G).

Bioinformatics analyses revealed distinct differences in con-

tent as well as characteristics of transcripts between different

subcellular groups, namely that many mRNAs were transcribed

and processed in the nucleus and then transported to the oo-

plasm for storage during oocyte growth. Temporarily retained

RNAs in the nucleus during oocyte growth were removed during

nuclear maturation. The complexity and length of this process

implies a potential surveillance mechanism for mRNA regulation

during oogenesis.

Exosome-associated RNA helicase mtr4 is crucial for
oocyte growth
Exosomes are evolutionarily conserved nuclear RNA degradation

complexes (Figure S2A). The constituents of the exosomes were

highly expressed in growing oocytes (Figure S2B). MTR4 is the

only known exosome-associated RNA helicase that unwinds

RNAs for degradation. MTR4 was expressed in mouse oocytes

during thegrowthstageandwasdownregulatedat themetaphase

II stage (Figure 2A). EndogenousMTR4 localized in the oocyte nu-

cleus (Figures 2B and S2C). Furthermore, mCherry-MTR4 ex-

pressed using mRNA microinjection showed nuclear localization

with a higher concentration around the nucleolus-like body in GV

oocytes (Figure S2D). GFP-tagged DDB1-CUL4-associated fac-

tor 13 (DCAF13, a nucleolarprotein)wasco-expressed tovisualize

the nucleolus (Figure S2D). We generated oocyte-specific Mtr4-

knockout mice using Zp3-Cre (Figure S2E) and confirmed the

knockout efficiency (Figures 2B and 2C).

Mtr4fl/fl;Zp3-Cre female mice were completely infertile (Fig-

ure S2F). Growing oocytes from day-14 Mtr4fl/fl;Zp3-Cre mice

had normal size and morphology. When control oocytes under-

went remarkable increases in size from days 14 to 21, the growth

of oocytes in Mtr4fl/fl;Zp3-Cre mice over the same period was

impaired (Figures 2D and 2E). In addition to their sizes being

smaller than wild-type (WT) oocytes, Mtr4-deleted oocytes ex-

hibited other abnormalities, including thinner zonal pellucida,

enlarged perivitelline space, and increased granularity in the oo-

plasm (Figure 2D). During in vitro maturation, oocytes isolated

from day-21 Mtr4fl/fl;Zp3-Cre mice failed to undergo GV break-

down (Figure 2F). No metaphase II eggs were obtained after

the superovulation treatment (Figure 2G).

Mtr4 deletion leads to disorders of RNA homeostasis in
oocytes
Poly(A) RNA-seq was performed using oocytes isolated from

Mtr4fl/fl and Mtr4fl/fl;Zp3-Cre mice on days 14 and 21. The gene
4 Developmental Cell 60, 1–16, January 6, 2025
expression level was assessed as fragments per kilobase of

transcript per million mapped reads (FPKM) and corrected using

ERCC spike-in (Table S1; Figures S3A and S3B). Although the

oocytes of day-14 Mtr4-null oocytes were morphologically

normal, 833 and 136 transcripts were upregulated and downre-

gulated, respectively (Figure 2H). Differences in transcript levels

were more apparent in day-21Mtr4-null oocytes, in which 2,446

and 2,898 transcripts were upregulated and downregulated,

respectively (Figure 2I). These upregulated or downregulated

transcripts on day 21 included most upregulated or downregu-

lated transcripts in day-14 Mtr4-null oocytes (Figures S3C and

S3D), indicating that the effect caused by Mtr4 knockout accu-

mulated during oocyte growth. Moreover, most of the upregu-

lated transcripts in day-21 Mtr4-null oocytes were degraded in

WT oocytes from days 14 to 21, whereas most downregulated

transcripts in Mtr4-null oocytes on day 21 accumulated in WT

oocytes from days 14 to 21 (Figures 2J and 2K), suggesting

that normal mRNA turnover during oocyte growth was disrupted

by Mtr4 deletion. However, no significant differences in global

mRNA levels were observed between Mtr4-null and Mtr4fl/fl oo-

cytes (Figure 3L). Differentially expressed genes (DEGs) were

involved in various functions during oocyte growth and matura-

tion, including DNA damage repair, chromatin remodeling,

epigenetic regulation, etc. (Figures S3E and S3F).

To investigate whether the DEGs in oocytes afterMtr4 deletion

were caused by inhibition of the exosome-mediated RNA degra-

dation pathway, we compared DEGs in Mtr4-null oocytes from

our study with DEGs in Exosc10-null oocytes and Pabpn1-null

oocytes from published data.26,33 Pairwise scatterplots gener-

ated from fold changes of expression levels inMtr4-null oocytes

and Exosc10-null oocytes or Pabpn1-null oocytes showed that

most of the shared DEGs had the same trend between the

two genotypes (Figures S3G and S3H). Compared with the

Pabpn1-null and Exosc10-null oocytes, the Mtr4-null oocytes

had more DEGs, indicating that the in vivo functions of MTR4

were related but did not totally overlap with those of EXOSC10

and PABPN1 (Figures 2M and 2N).

Mtr4 deletion results in the accumulation of RNAs in the
nucleus and blockage of cytoplasmic mRNA storage
We further investigated whether the transcriptome disorders

caused byMtr4 deletion had subcellular characteristics. We per-

formed fluorescence in situ hybridization (FISH) using RNA

probes targeting poly(A) (50 nt) RNAs. The results indicated

that large amounts of RNAs with poly(A) tails accumulated in

the nuclei of Mtr4-null oocytes (Figures 3A and 3B).

Next, we conducted a nucleus-cytoplasm separation exper-

iment in oocytes from day-21 mice, followed by poly(A) RNA-

seq and total RNA-seq (Figures S4A–S4D). The mRNA content

rose three times in the nucleus and decreased by 50% in the

cytoplasm after Mtr4 deletion (Figure 3C). Using poly(A) RNA-

seq, we detected 4,601 upregulated transcripts in the nucleus

and 5,141 downregulated transcripts in the cytoplasm of

Mtr4-null oocytes (Figures 3D and 3E; Table S2). Transcripts

encoding important maternal factors, such as Gdf9, Bmp15,

and Cxxc1,34,35 decreased in the cytoplasm of Mtr4-null

oocytes (Figures 3D and 3E), but these changes were not

observed in poly(A) mRNA-seq using whole oocytes

(Figures 2H and 2I). A similar trend was observed in total



Figure 2. MTR4 is required for oocyte maturation and RNA homeostasis

(A) Western blot results showing MTR4 levels in mouse oocytes. Total proteins from 250 oocytes were loaded in each lane. a-tubulin served as a loading control.

(B and C) Immunohistochemistry (B) and western blot (C) results showing MTR4 expression in oocytes. Arrows indicate oocytes in primordial follicles.

(D) Representative images of oocytes collected from Mtr4fl/fl and Mtr4fl/fl;Zp3-Cre mice.

(E) Diameters of oocytes in (D). n R 26 per group.

(F) GVBD ratio of oocytes derived from day-23 mice primed with PMSG for 48 h. n R 121 per genotype.

(G) Numbers of oocytes collected from oviducts of day-24 mice after superovulation. n R 4 per genotype.

(H and I) Scatterplot of the relative levels of transcripts in theMtr4fl/fl andMtr4-null oocytes. Differentially expressed transcripts are highlighted. FC, fold change.

(J and K) Heatmap showing relative expression levels of genes downregulated (J) and upregulated (K) during oocyte growth after Mtr4 deletion.

(L) Changes of relative mRNA copy numbers in Mtr4fl/fl and Mtr4-null oocytes normalized by ERCC spike-in.

(M and N) Venn diagram shows the overlap of accumulated transcripts in day-21 Mtr4-null and Exosc10-null oocytes (M) or day-21 Mtr4-null and Pabpn1-null

oocytes (N).

Scale bars: 50 mm in (B) and (C), 100 mm in (D). Data are represented as mean ± SEM.

See also Figures S2 and S3 and Table S1.
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RNA-seq data that more nuclear transcripts accumulated

whereas more cytoplasmic RNAs were downregulated in

day-21 Mtr4-null oocytes (Figures 3F and 3G; Table S3). Tran-

scriptome changes in day-14 oocytes were also analyzed using

total RNA-seq, which was consistent with that of day 21

(Figures S4E–S4H; Table S3). The disorder of subcellular

mRNA distribution implied that Mtr4 deletion led to large-scale

accumulation of nuclear mRNAs and the blockage of cyto-

plasmic mRNA storage.
Based on the globally chaotic subcellular distribution of RNA

revealed using poly(A) RNA-seq and total RNA-seq, RT-qPCR

was performed to verify this hypothesis. Results of RT-qPCR

showed a consistent upregulation in the nucleus-to-cytoplasm

ratio of Gdf9, Btg4, and Zp2 between WT and Mtr4-null oocytes

(Figure 3H). FISH probes targeting the exons of transcripts en-

coding important oocyte-specific factors, including Gdf9 and

Btg4, were used to further support the conclusion. Both Gdf9-

exon and Btg4-exon signals were upregulated in the nuclei of
Developmental Cell 60, 1–16, January 6, 2025 5



Figure 3. Mtr4 deletion results in the accumulation of RNAs in the nucleus

(A and B) Fluorescence in situ hybridization (FISH) of poly(A) RNAs in oocytes. n R 13 per genotype.

(C) Relative mRNA copy numbers in oocytes detected by poly(A) RNA-seq, normalized by ERCC.

(D and E) Scatterplot of the relative levels of transcripts in the nucleus and ooplasm of the Mtr4fl/fl and Mtr4-null oocytes in poly(A) RNA-seq. FC, fold change.

(F and G) Scatterplot of the relative levels of transcripts in the nucleus and ooplasm of the Mtr4fl/fl and Mtr4-null oocytes in total RNA-seq. FC, fold change.

(H) RT-qPCR results showing relative expression levels of several growing factors in the nucleus and cytoplasm extracted from oocytes.

(I and J) FISH probes recognizing the exons of Gdf9 in oocytes. White arrows indicate Gdf9 exon signals in the cytoplasm. n R 12 per genotype.

(legend continued on next page)
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Mtr4-deleted oocytes and reduced in the cytoplasm, and the

trend was strengthened from days 14 to 21 (Figures 3I, 3J, and

S4I), which was similar to the tendency shown in poly(A) FISH

experiments (Figures 3A and 3B). We replenishing MTR4 in

day-21 Mtr4-null oocytes by microinjection of Gfp-Mtr4 mRNA

(Figures S4J and S4K) and further conducted a poly(A) FISH

experiment on both non-injected and microinjected Mtr4-null

oocytes. The results showed that poly(A) signals in the nuclei

of microinjected Mtr4-null oocytes decreased by �50% with

the exogenous expression of MTR4 (Figures 3K and 3 L), sup-

porting the conclusion that absence of MTR4 causes nuclear

retention of mRNAs in oocytes.

Normal transcription with integrity was supposed to have

balanced read coverage across the gene body, whereas

abnormal RNA degradation events, as well as interrupted tran-

scription, may lead to RNAs without integrity. By comparing

the read coverage between the first and last exons in sequencing

data, RNA integrity can be revealed. Total RNA-seq data were

used instead of poly(A) RNA-seq to avoid 30 end bias. By

comparing the coverage between the first and last exons in the

total RNA-seq data, we found significantly increased read

coverage in the last exon compared with the first exon only in

the Mtr4-null nucleus (Figure 3M), indicating that nuclear-re-

tained transcripts in Mtr4-null oocytes contained RNAs with

50 end absence. When further comparing the last/first exon

coverage ratio in DEGs and stable transcripts retained in the nu-

cleus ofMtr4-null oocytes, the downregulated transcripts varied

the most and the stable group also showed a biased tendency

(Figure 3N), whereas transcripts with different expression levels

in cytoplasm did not show an obvious bias of exon coverage

(Figure S4L). Integrated Genomics Viewer (IGV) snapshots pre-

sent an example of imbalanced exon distribution inMtr4-null nu-

cleus (Figure 3O). By designing primers targeting the first or last

exon, respectively, biased read coverage between the first and

last exons was also verified by RT-qPCR, with several examples

(Figure S4M). Because transcripts with 50 end absence were un-

likely to have resulted from interrupted transcriptions, we spec-

ulated that Mtr4 knockout disrupted the nuclear RNA 30-50

degradation pathway, but the nuclear RNA 50-30 degradation
pathway remained intact, therefore causing higher degradation

rates of 50 end exons than 30 end exons (Figure 3P).

Dysfunction of nuclear RNA surveillance results in the
nucleus-to-cytoplasm transport of transcripts without
proper processing
To further validate the molecular characteristics of the retained

transcripts in Mtr4-null oocytes, IR events were examined in

total RNA-seq data using IRFinder software with the criteria

described previously. More abundant IR events were detected

in both the nucleus and cytoplasm of Mtr4-null oocytes
(K) FISH probes recognizing the poly(A) in Mtr4-null oocytes and Mtr4-null oocyt

(L) Quantification of poly(A) fluorescent signals in (K).

(M) Boxplot showing the coverage ratio of last exon/first exon in nuclear and cyt

(N) Boxplot showing the coverage ratio of last exon/first exon of different expres

(O) IGV snapshots showing representative examples in (M).

(P) An overview illustrating two main degradation pathways in the nucleus.

Scale bars: 30 mm in (A) and (K), 25 mm in (I) and (J). Data are represented as me

See also Figure S4 and Tables S2 and S3.
compared with that in Mtr4fl/fl oocytes, suggesting that MTR4

is essential for removal of co-transcriptionally spliced introns

(Figure 4A). When total RNA-seq reads were annotated to the

genome, the proportion of exons decreased in the nucleus and

cytoplasm of Mtr4-null oocytes, whereas the proportions of in-

trons and intergenic regions increased nearly 2-fold (Figure 4B).

When normalizing intron reads with FPKM, read numbers of

3,087 and 2,671 introns were upregulated in Mtr4-null nuclei

and cytoplasm, respectively (Figures 4C and 4D). To compare

the levels of retained introns in upregulated nuclear RNAs after

Mtr4 deletion (Figure 3D), we generated heatmaps with intron

FPKM across different subcellular group, and FPKM reads

were normalized with Z score method. 71.2% of the transcripts

(clusters I and II) had more nuclear IR after Mtr4 deletion, and

34.4% were further transported to the cytoplasm (cluster II) (Fig-

ure 4E). IGV snapshots showed two examples in which the tran-

scripts containing retained introns were stabilized in the nucleus,

and some of them were further exported to the cytoplasm

(Figures 4F and 4G).

FISH experiments showed that Gdf9-intron signals were de-

tected in both the nucleus and cytoplasm of Mtr4-null oocytes,

whereas in WT oocytes, only a few signals were detected in

the nucleus (Figure 4H). We further confirmed IR events using

RT-qPCR (Figure 4I). F-R1 primers examined the expression

levels of transcripts, with or without retained introns, whereas

the F-R2 primers specifically examined transcripts with retained

introns. The IR ratio was calculated as the number of transcripts

with retained introns divided by the total number of transcripts.

Gdf9 andNoxo1were almost undetectable in WT nuclei; howev-

er, a large proportion of Gdf9 with retained introns was detected

in the nuclei ofMtr4-null oocytes (Figures 4J and 4K). Moreover,

a higher proportion of intron-retained Gdf9 and Noxo1 was de-

tected in the cytoplasm ofMtr4-null oocytes than in WT oocytes

(Figures 4J and 4K). When replenishing MTR4 in day-21 Mtr4-

null oocytes by microinjection of Mtr4 mRNA, the IR ratio of

Gdf9, Noxo1, and Zp2 in Mtr4-null oocytes decreased by 50%

(Figure 4L).

RNA processing has been reported to occur in the nuclear

speckles. Nuclear poly(A) binding protein PABPN1 and serine-

and arginine-rich splicing factor 2 (SRSF2) localize in nuclear

speckles.26,36 Immunofluorescence results showed that in

growing oocytes from day-14 WT mice, nuclear speckles were

plenty but small (Figures S5A–S5C). However, SRSF2 and

PABPN1were evenly distributed inMtr4-null oocytes, with fewer

foci (Figures S5A–S5C). On day 21, fewer but larger foci were

formed in Mtr4fl/fl oocytes, whereas no foci were found in day-

21 Mtr4-null oocytes (Figures S5A–S5C). When replenishing

MTR4 in day-21 Mtr4-null oocytes by microinjection of Mtr4

mRNA, 36.4% of the oocytes were able to re-form larger nuclear

speckles and more small foci were formed in the left 63.6%
es with exogenously expressed MTR4. n R 11 per genotype.

oplasmic total RNA-seq data in oocytes.

sed or stable genes in nuclear total RNA-seq data.

an ± SEM.
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oocytes, confirming that the formation of nuclear speckles partly

depends on the presence of MTR4 (Figure S5A). The absence of

nuclear speckles partly explains the RNA processing dysfunc-

tion in Mtr4-null oocytes.

Dysfunction of RNA surveillance leads to the failure of
chromatin to configure transition during oocyte growth
Growing oocytes derived from day-14Mtr4fl/fl;Zp3-Cremice had

an NSN chromatin configuration, whereas all oocytes derived

from day-21 Mtr4fl/fl;Zp3-Cre mice failed to accomplish the

NSN-to-SN transition, and no nucleolus-like structures were

formed in day-21Mtr4-null oocytes (Figure 5A). As the chromatin

configuration shifts from the NSN to the SN, oocytes undergo

transcriptional silencing. RNA synthesis activity was high in

day-14 oocytes but absent in day-21 fully grown WT oocytes

following the NSN-to-SN transition (Figure 5B). However, in

Mtr4-null oocytes, the EU incorporation signal was still present

on day 21 when transcription was silenced in WT oocytes (Fig-

ure 5B). Co-immunofluorescence of phosphorylated RNA Pol II

at serine-2, another marker of active transcription, showed a

pattern similar to that of EU staining (Figure S6A).

We conducted an assay for transposase-accessible chro-

matin using high-throughput sequencing (ATAC-seq) of oocytes

derived from day-21 mice (Figure S6B). A total of 172,111 peaks

were detected inMtr4-null oocytes, nearly 3-fold higher than the

59,445 peaks in Mtr4fl/fl oocytes. Moreover, 59.6% of the peaks

(35,455) in Mtr4fl/fl oocytes overlapped with those in Mtr4-null

oocytes (Figure 5C). Peak profiling and heatmaps indicated

higher chromatin accessibility at the transcription start sites

(TSSs) and around the transcription ending sites inMtr4-null oo-

cytes (Figure 5D). Snapshots showed that the genome of Mtr4-

null oocytes had amore abundant and higher enrichment pattern

than that of Mtr4fl/fl oocytes, indicating defects in chromatin

condensation (Figure 5E). Mtr4-null oocytes showed a higher

proportion of promoter peaks, which corresponded to higher

chromatin accessibility at the TSSs, suggesting that the failure

of chromatin condensation in these oocytes may contribute to

consistent transcription (Figure 5F). Pairwise scatterplots were

generated using the fold changes of FPKM from poly(A) RNA-

seq and the fold changes of Reads Per Kilobase per Million

mapped reads (RPKM) from ATAC-seq between Mtr4fl/fl and

Mtr4-null oocytes. Scatterplots showed a similar trend of change

between RNA-seq and ATAC-seq, where the increased chro-

matin accessibility associated with upregulation of transcript

expression levels (Figure 5G). Chromatin regions around tran-

scription ending sites usually had higher accessibility in upregu-

lated genes than in downregulated genes in Mtr4-null oocytes
Figure 4. Mtr4 knockout resulted in the incorrect nucleus-to-cytoplas

(A) Statistics of retained intron number detected in total RNA-seq of different gro

(B) Genomic distribution of total RNA-seq reads.

(C and D) Relative expression levels of introns quantified by FPKM in total RNA-

(E) Heatmap indicating relative expression levels of introns. Colored bars on the le

(F and G) IGV diagram showing abnormal intron retention after Mtr4 deletion.

(H) FISH detection of the Gdf9 introns (white arrows) in oocytes. Scale bars: 25 m

(I) Diagram illustrating the design strategy of primers used in (J) and (K).

(J and K) RT-qPCR results confirming intron retention events in specific genes. n

(L) RT-qPCR results examining intron retention ratios in oocytes. n R 3 per grou

Data are represented as mean ± SEM.

See also Figure S5 and Tables S2 and S3.
(Figure 5H). Mtr4 deletion resulted in 6,744 genes with an open

promoter; however, only 2,024 transcripts (30.0%) belonged to

genes that accumulated during oocyte growth in RNA-seq, sug-

gesting that the abnormally open chromatin ofMtr4-null oocytes

resulted in the ectopic expression of non-maternal genes (Fig-

ure 5I). Genes with higher levels of chromatin accessibility in pro-

moters after Mtr4 deletion usually had higher expression levels

than those with downregulated open promoters, indicating that

an increase in chromatin accessibility is associated with tran-

scriptional activation in oocytes and may prevent genome

silencing at this stage (Figure 5J).

MTR4 is required for the transition of genomicH3K4me3
distribution fromcanonical to non-canonical type during
oogenesis
An abnormal nuclear environment has been shown to affect chro-

matin structural transition and transcription.37–40 Therefore, we

assessed whether H3K4me3, an important transcription-related

histone modification, is established after Mtr4 deletion. Immuno-

fluorescence results showed that H3K4me3 signals increased

from days 14 to 21 in control oocytes but not inMtr4-null oocytes

(Figure 6A). We conducted H3K4me3 cleavage under targets and

mentation (CUT&Tag) experiment using day-21 oocytes (Fig-

ure S6C). More CUT&Tag peaks (3-fold) were detected inMtr4fl/fl

oocytes. These peaks included 86.6% of those detected inMtr4-

null oocytes (Figure 6B). Whole-genome annotation of CUT&Tag

peaks showed that 56.2% of the H3K4me3 peaks were located

in the promoters of Mtr4-null oocytes. In contrast, only 27.2%

were detected in the promoters of Mtr4fl/fl oocytes (Figure 6C).

In contrast, the proportion of H3K4me3 peaks decreased in the

gene body and intergenic region after Mtr4-ablation (Figure 6C).

Although the number of genes with H3K4me3 signals in the pro-

moters was comparable between the two groups (Figure 6D),

the number of genes with H3K4me3 signals in the gene bodies

decreased in Mtr4-null oocytes (Figure 6E).

H3K4me3 signals were more enriched near the TSSs in Mtr4-

null oocytes than in control oocytes due to the lack of H3K4me3

distribution in non-promoter regions (Figure 6F). The deposition

of non-canonical broad H3K4me3 peaks at distal gene loci

during oocyte maturation normally coincides with genome

silencing.35,41,42 Mtr4fl/fl oocytes tended to obtain a non-canon-

ical form of broad H3K4me3 distribution (marked in yellow),

whereas Mtr4-null oocytes had typical canonical H3K4me3

peaks (marked in purple), similar to the H3K4me3 distribution

in WT day-14 oocytes from published data,33 indicating that

Mtr4 knockout impaired the establishment of broad H3K4me3

peaks during oocyte maturation (Figure 6G).
m transport of transcripts without proper processing

ups.

seq. Introns whose levels changed by more than 2-fold are highlighted.

ft of the heatmap represented the group division of intron expression patterns.

m. n R 12 per genotype.

R 3 per group.

p.
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Figure 5. Chromatin structure and accessibility affected by Mtr4 knockout in mouse oocytes

(A) DAPI staining showing the chromatin configurations in oocytes on days 14 and 21. n R 24 per group.

(B) EU fluorescent staining for the transcriptional activity of mRNA in oocytes. Scale bars: 25 mm. n R 15 per group.

(C) Venn diagram showing all ATAC-seq peaks detected in Mtr4fl/fl and Mtr4-null oocytes.

(D) Peak profile showing the relative density of the open chromatin area. Heatmap below indicates the peak distribution enrichment around the TSS.

(E) IGV snapshots of ATAC-seq peak distribution on chromatin.

(F) Whole-genome distribution of annotated peak using ATAC-seq in oocytes.

(G) Pairwise scatterplots showing fold changes of RNA-seq and ATAC-seq. Significantly changed genes are marked with colors and the corresponding numbers

marked in the quadrants.

(H) Peak profile showing the relative density of the open chromatin area.

(I) Venn diagram showing genes annotated to obtain the open promoter inMtr4fl/fl andMtr4-null oocytes and genes accumulated duringMtr4fl/fl oocyte growth in

poly(A) RNA-seq.

(J) Boxplot showing expression levels of genes in specific groups with upregulation or downregulation of chromatin accessibility level in the promoter region after

Mtr4 deletion.

See also Figure S6.
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Figure 6. MTR4 is required for the establishment of histone H3K4 trimethylation in mouse oocytes

(A) Immunofluorescence staining of H3K4me3 in oocytes. Scale bars: 25 mm.

(B) Venn diagram showing all H3K4me3 peaks detected using CUT&Tag in oocytes

(C) Genome-wide distribution of annotated peaks in oocytes.

(D and E) Venn diagram showing the number of genes with H3K4me3 peaks in the promoters (D) or gene bodies (E) in oocytes.

(F) Peak profile showing the relative density of H3K4me3 peaks around TSSs.

(G) IGV snapshots of H3K4me3 peaks’ distribution in oocytes. Yellow background indicates the sharp peaks and the purple background indicates the

broad peaks.

(H and I) Venn diagrams showing overlapping geneswith open promoters and geneswith H3K4me3modifications at the promoter or gene body in the two groups.

(J) IGV snapshots of ATAC-seq peaks and H3K4me3 peaks. Green background indicates the promoter regions, whereas the gene body regions are framed by

dashed lines.

See also Figure S6.
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Subsequently, we compared the distribution of H3K4me3

signals and chromatin accessibility. Only 47.83% of the genes

(3,838 out of 8,025 genes) with H3K4me3 modification at

the promoter had an open promoter in Mtr4fl/fl oocytes (Fig-

ure 6H). Among the genes with H3K4me3 in the gene body,
only 28.84% (1,120 of 3,883 genes) maintained open promoters,

indicating that the distribution of non-canonical H3K4me3 in the

gene body contributed to transcriptional silencing during oocyte

maturation (Figure 6H). However, 81.96% (8,244 of 10,059) of

the genes with H3K4me3 at the promoters were in the open
Developmental Cell 60, 1–16, January 6, 2025 11



Figure 7. MTR4 is required for the formation

of nucleolus-like structures in oocytes

(A and B) Immunofluorescence staining of H3K9me3

(A) and HP1 (B) in oocytes. n R 14 per genotype.

(C) Silver staining detecting active nucleolus orga-

nizer regions (black foci) and methyl green was co-

stained. n R 3 per genotype.

(D) Diagram illustrating the processing steps of 47S

pre-rRNA. Primers used in (E) were labeled in the

diagram.

(E) Levels of rRNAs in day-21 oocytes detected by

RT-qPCR. n R 3 per group.

(F and G) Translation activities detected by HPG

(green) in oocytes.

(H) Roles of MTR4-mediated RNA surveillance in

oocyte development.

Scale bars: 25 mm in (A), (B), (F), and (G); 20 mm in

(C). Data are represented as mean ± SEM.
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chromatin state in Mtr4-null oocytes (Figure 6I), suggesting an

increased association of H3K4me3 with the open promoter re-

gions in Mtr4-null oocytes. Among the 3,337 genes that lost
12 Developmental Cell 60, 1–16, January 6, 2025
H3K4me3 modifications in the gene body

after Mtr4 deletion, 61.3% (2,045) had

open promoters, suggesting that the fail-

ure of non-canonical H3K4me3 deposition

in the gene body contributed to higher

chromatin accessibility in Mtr4-null oo-

cytes (Figure 6I). Pairwise scatterplots

showed a significant positive correlation

between an increase in chromatin accessi-

bility and the establishment of H3K4me3 in

promoters afterMtr4 deletion (Figure S6E).

Pairwise scatterplots generated from

RNA-seq and CUT&Tag also showed a

high correlation between H3K4me3 and

the accumulation of nuclear transcripts,

confirming the enrichment of H3K4me3 in

promoters associated with transcription

levels in Mtr4-null oocytes (Figure S6F).

IGV snapshots provided typical examples

that the deposition of H3K4me3 in pro-

moter regions and the absence of

H3K4me3 in the gene body likely affected

chromatin accessibility in Mtr4-null oo-

cytes (Figure 6J).

MTR4 is required for rRNA
homeostasis and nucleolus-like
structure formation during oocyte
maturation
In addition to influencing chromatin acces-

sibility, Mtr4 knockout disrupted nucle-

olus-like structures in oocytes on day 21

(Figures 5A and 7A). Heterochromatin

markers H3K9me3 and heterochromatin

protein 1 (HP1) were localized in a ring

structure surrounding the nucleolar pre-
cursor body in Mtr4fl/fl oocytes; however, this structure was not

formed in Mtr4-null oocytes (Figures 7A and 7B). The nucleolus

organizer region (NOR) is responsible for nuclear formation,
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and the acidic proteins in this region can be stained with AgNO3.

Dark foci in the nucleus indicated NOR activation (Figure 7C). In

primordial and primary follicles, NOR activation did not differ be-

tween Mtr4fl/fl and Mtr4-null oocytes. Growing oocytes in sec-

ondary follicles of Mtr4fl/fl mice obtained the main large active

NOR and many small NORs, whereas both NORs were much

smaller in Mtr4-null oocytes at the same stage (Figure 7C).

According to the processing steps of the 47s pre-rRNA, we

detected multiple forms of rRNAs (Figure 7D). RT-qPCR

results showed that all types of rRNAs detected were upregu-

lated inMtr4-null oocytes, especially the 50 external transcribed
spacer (ETS), the splicing of which was reported to be associ-

ated with MTR4 in mice (Figure 7E).43 The protein translation

activity examined using the L-homopropargylglycine (HPG)

incorporation assay was impaired due to the dysfunction of

the nucleolus after Mtr4 knockout (Figures 7F and 7G). There-

fore, RNA surveillance-dependent chromatin changes are

required for nucleolus-like structure formation and rRNA ho-

meostasis during oocyte maturation.

DISCUSSION

This study provides evidence that the MTR4-mediated RNA sur-

veillance mechanism participates in nascent RNA processing

and fate decisions and ensures nuclear waste RNA clearance

to maintain a healthy nuclear environment. Using nucleus-cyto-

plasm separation and sequencing, we discovered that, under

normal conditions, the RNA content in the nucleus continues to

decrease as oocytes mature. Disruption of RNA surveillance by

Mtr4 deletion leads to the accumulation of RNAs with unpro-

cessed introns and incomplete transcript structures in the

nucleus. Deleting genes encoding other exosome-associated

factors, including Exosc3, Exosc10, and Pabpn1, leads to

similar oogenesis defects and decreases developmental poten-

tial.26,44,45 However, among all the exosome-component-null

systems, Mtr4-null oocytes had the most severe chromatin de-

fects, whichmay be related to the function of MTR4 in unwinding

advanced RNA structures in the nucleus. The accumulation of

unprocessed RNAs in the nucleus results in the loss of chromatin

structure and failure of configuration transition, as demonstrated

by the phenotypic profile and ATAC-seq in this study. Based on

the analyses of oocyte-specific Mtr4-knockout mice, we pro-

pose three potential mechanisms by which RNA surveillance

controls nuclear maturation in a feedback manner.

First, the loss of MTR4 and the accumulation of retained nu-

clear RNAs may interfere with nuclear compartmentalization. A

previous study demonstrated that RNAs form high-concentra-

tion territories and bind to diffusible regulators to guide them

into compartments to regulate essential nuclear functions,

including RNA processing, heterochromatin assembly, and

gene regulation.37 Abnormal nuclear RNA condensation caused

by MTR4 deletion leads to the dysfunction of nuclear compart-

ment formation, and proper chromatin configuration changes

essential for oocyte maturation are impaired as well.

Second, MTR4-mediated RNA surveillance is required

to restrict the localization of RNA Pol II to genomic DNA and

inhibit nonspecific genomic transcriptional activities, including

nonsense transcription from intergenic regions and leakage tran-

scription at gene promoters. A recent study suggested that the
accumulation of RNAs brought significant negative charges in

the nucleus, which might weaken the interaction between hyper-

phosphorylated RNAPol II and the chromatin template, both car-

rying substantial negative charges, implying the importance of

RNA homeostasis for the nuclear environment.46 The loss of

MTR4 may cause persistent and perversive docking of RNA

Pol II and its transcription products in the genome, thereby im-

pairing chromatin condensation and heterochromatin formation,

as demonstrated in Figure 5.

Third, persistent and perversive transcription and failure of

nuclear compartmentation may prevent epigenetic maturation

during oogenesis, particularly the establishment of non-canoni-

cal H3K4me3 peaks. It has been established that the sharp

H3K4me3 peaks in gene promoters facilitate transcription, but

the broad H3K4me3 peaks in gene bodies and distal intergenic

regions are responsible for genome silencing in fully grown oo-

cytes.42,47–49 The results in Figure 6 agree with these observa-

tions and indicate a previously unknown role of RNA surveillance

in regulating epigenetics during oogenesis.

Maintenance of an appropriate cell volume for different growth

or stress conditions is a fundamental property of eukaryotes.

Cells tend to maintain a roughly constant nucleus-to-cytoplasm

volume ratio50 to achieve a balance between transcription in the

nucleus and translation in the cytoplasm.51,52 When reaching the

nucleus-cytoplasm volume ratio limit, cells choose cell fate as di-

vision or death. However, oocytes are a special system in which

the nucleus-cytoplasm-volume ratio continued to decrease dur-

ing the growth process. By comparing the nucleus-cytoplasm

ratio, the oocyte size, and the corresponding mRNA enrichment

between cytoplasm from Mtr4fl/fl and Mtr4-null oocytes, we

suggest that proper mRNA accumulation in the cytoplasm,

controlled by RNA surveillance, is a possible volume control fac-

tor during oocyte growth.

MTR4-mediated RNA surveillance may contribute to the

expansion of oocyte volume in two ways. First, nascent RNAs

are processed, degraded in the nucleus, or transported to the

cytoplasm, all shown in this study to be under the control of

MTR4-mediated RNA surveillance. Adequate mRNAs with

advanced structures are transported and stored in the cyto-

plasm for subsequent protein translation. Key proteins for oocyte

growth are translated, and other functional important proteins

are stored as a foundation for meiotic maturation and early em-

bryonic development. Under these circumstances, sufficient

space should be provided to store massive amounts of mRNAs

and protein at the fully grown GV stage. Second, the nucleolus is

the main site for ribosome biogenesis, and assembly of the

nucleolus is essential for subsequent protein translation. A

healthy nuclear environment and rRNA processing provided by

RNA surveillance are indispensable for ribosomal biogenesis.

The dysfunction of RNA surveillance was shown in this study

to affect the translational ability of oocytes. Thus, based on the

previous theory that cell volume is controlled by the nucleus-

cytoplasm ratio, we further propose that RNA surveillance in

the nucleus contributes to cell volume expansion by providing

adequate RNA accumulation and protein translation machines.

Limitations of the study
Poor oocyte developmental potential is one of the common rea-

sons for female infertility. Here, we reported that MTR4-mediated
Developmental Cell 60, 1–16, January 6, 2025 13
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RNA surveillance mechanisms ensures oocyte growth and matu-

ration. We reported in this study that MTR4-dependent RNA sur-

veillance mechanisms directly participated in nuclear waste RNA

clearance. Moreover, RNA surveillance has a previously unrecog-

nized feedback function in maintaining a stable nuclear environ-

ment for chromatin configuration transition and is necessary

to form a nucleolus-like structure in oocytes. However, how

nuclear-retained waste transcripts interfere with chromatin

configuration transition is still not entirely clear. We gave our

hypothesis in the discussion section and more direct evidences

ought to be explored in future research. Furthermore, observa-

tions in this study suggest that MTR4 ensures the establishment

of non-canonical H3K4me3 on gene bodies, therefore building

up a link between RNA surveillance and histone modification.

To understand further links between RNA surveillance and chro-

matin status or histone modification, future studies regarding

gene function, super-resolution microscopy imaging, and biolog-

ical topology are needed to assess the role of retained transcripts

in nuclei.
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and cytoplasm from Day-14 oocytes

This paper GEO: GSE262431

Raw and analyzed data of ATAC-seq This paper GEO: GSE247846

Raw and analyzed data of CUT&Tag This paper GEO: GSE247847

Experimental models: Organisms/strains

Mouse: C57/BL Mtr4fl/fl Gift from Hong Cheng(Chinese

Academy of Sciences)

N/A

Mouse: C57/BL Mtr4fl/fl;Zp3-cre This paper N/A

Oligonucleotides

See Table S5 for primer sequences This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Plasmid: Gfp-Dcaf13 This paper N/A

Plasmid: Gfp-Mtr4 This paper N/A

Plasmid: mCherry-Mtr4 This paper N/A

Software and algorithms

IRFinder Middleton et al.32 https://github.com/williamritchie/IRFinder/

tophat Kim and Salzberg53 https://ccb.jhu.edu/software/

tophat/index.shtml

IGV Robinson et al.54 https://www.igv.org/

GraphPad Prism GraphPad Software https://www.graphpad.com

ImageJ Schneider et al.55 https://imagej.net/

Bowtie2 Langmead and Salzberg56 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

Deeptools Ramı́rez et al.57 https://deeptools.readthedocs.

io/en/latest/

Other

Information of sequencing data

see Tables S1, S2, and S3

This paper N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
All the mouse strains had a C57B6 background. Mtr4fl/fl;Zp3-Cre mice were established by crossing Mtr4 flox allele mice with Zp3-

Cre transgenic mice. Mice were bred under specific-pathogen-free conditions in a controlled environment of 20–22�C, with a 12/12 h

light/dark cycle, 50–70% humidity, and food and water provided ad libitum.

METHOD DETAILS

Oocyte collection and in vitro culture
Growing and fully grown oocyteswere collected from14- and 21-day-oldmice, respectively. Oocytes at theGV stagewere harvested

in M2 medium (M7167; Sigma-Aldrich) and cultured in mini-drops of M16 medium (M7292; Sigma-Aldrich) covered with mineral oil

(M5310; Sigma-Aldrich) at 37�C in a 5% CO2 atmosphere.

Immunofluorescence
The oocytes were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min at room temperature and permea-

bilized for 15–30 min in PBS containing 0.1% Triton X-100. After blocking with 1% bovine serum albumin in PBS containing 0.1%

Tween 20 (PBST), oocytes were incubated with primary antibodies diluted in blocking solution at 25�C for 1 h and then incubated

with Alexa Fluor 594-conjugated or 488-conjugated secondary antibodies (Molecular Probes). The slides were mounted using

VectaShield with DAPI (Vector Laboratories). Imaging of the oocytes after immunofluorescence was performed using a Zeiss

LSM710 confocal microscope. The antibodies used are listed in Table S4.

EU incorporation assay
Oocytes were cultured in M16medium containing 1mMEU for 1 h. Fixation, permeabilization, and staining were performed using the

Click-iT RNA Alexa Fluor 488 Imaging Kit (Life Technologies) according to the manufacturer’s protocol. The embryos were imaged

using a Zeiss LSM710 confocal microscope.

Western blot analysis
Oocytes were lysed in b-mercaptoethanol containing loading buffer and heated at 95�C for 5 min. Total oocyte proteins were sepa-

rated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrophoretically transferred onto polyvinylidene fluo-

ridemembranes (Millipore). Membraneswere blocked in Tris-buffered salinewith 0.1%Tween 20 (TBST) containing 5%defattedmilk

for 30 min. After being probed with primary antibodies at 4�C overnight, the membranes were washed in TBST, incubated with a

horseradish peroxidase-linked secondary antibody for 1 h and washed three times in TBST. The primary antibodies used are listed

in Table S4.
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RNA isolation and qRT-PCR
Oocytes were collected and lysed directly with 0.2% Triton X-100 and 4 IU RNase inhibitor. The standard reverse transcription pro-

tocol was followed using random primers and primer transcript II reverse transcriptase (Takara Bio). Real-time PCR was performed

using Power SYBRGreen PCRMasterMix (Applied Biosystems, Life Technologies) and an Applied Biosystems 7500 Real-Time PCR

system. Relative mRNA levels were calculated and compared with the respective cycle threshold (ct) values normalized to endog-

enous GapdhmRNA levels. Specifically, the gene expression levels were calculated by 2DCt (2DCt(gene-Gapdh)). The relative tran-

script levels of the samples were compared with those of the controls, and fold changes were determined. Each experiment was

performed in triplicates. The primer sequences are listed in Table S5.

Nucleus-cytoplasm separation experiment
Oocytes were cultured with 1 mg/mL Cytochalasin B for 30 min, together with 2 mM milrinone to prevent GV breakdown. The nuclei

and cytoplasmswere separated using amicromanipulation needle tip. After washing three times in 0.2%bovine serumalbumin, sam-

ples were collected in the DNase/RNase-free tubes and stored at �80�C for further library construction.

Library construction of poly(A) RNA sequencing
Samples from different stages were collected fromWT,Mtr4fl/f, andMtr4fl/fl;Zp3-Cremice, with 10 oocytes per sample. Each sample

was directly lysed with 2 mL of lysis buffer (0.2% Triton X-100 and RNase inhibitor) and 0.2 mL of 1:1000 diluted ERCC. The RNA in the

cell lysis buffer was reverse-transcribed according to the Smart-seq2 method.58 Qsep analysis of cDNA quality was conducted to

confirm that the main peaks of the cDNA library pool were more than 1000 bp. The full-length cDNA library was fragmented using

the TruePrep DNA Library Prep Kit V2 from Illumina (Vazyme, TD503). DNA fragments were selected, and the final sequencing li-

braries were constructed from 300–400 bp of the amplified cDNA. Sequencing data were extracted on the Illumina HiSeq X Ten plat-

form in the 150 bp paired-end mode.

Library construction of total RNA sequencing
Samples from different stages were collected from WT, Mtr4fl/fl, and Mtr4fl/fl;Zp3-Cre mice, with 10 oocytes per sample. Total RNA

was extracted using the TRIzol reagent. After removing rRNAs using the Abclonal rRNA Depletion module, total RNA was used as

input for library construction using the Abclonal Fast RNA-seq Lib Prep Kit V2. DNA fragments were selected, and the final

sequencing libraries were constructed from 300–400 bp of the amplified cDNAs. Sequencing data were extracted on the Illumina

HiSeq X Ten platform in the 150 bp paired-end mode.

Identification of intron retention events
IRFinder software was used to calculate intron retention ratio.32 The IR ratio quantifies the portion of a given intron not removed by

splicingmechanisms, ranging from 0 to 1. To b specific, the IR ratio is calculated as intronic abundance divided by the sum of intronic

abundance and normal splicing abundance (IR � ratio = Intronic abundance
Intronic abundance+exonic abundance), as illustrated by IRFinder software. Our stan-

dard included an IR-ratio > 0.3 and a low-covering group deletion. Distributions of introns were calculated as the distance between

the intron start site and the gene start site divided by the length of the gene.

ATAC-seq library construction
Samples were extracted from Day-21 ovaries of Mtr4fl/fl and Mtr4fl/fl;Zp3-Cre mice, with 50 oocytes per sample. The oocytes were

lysed in a buffer containing 0.05% digitonin, 0.5% NP-40, and 0.5% Tween20. Tn5 enzyme in Chromatin Profile Kit for Illumina

(Novoprotein; N248) was used to fragment chromatin at 37�C for 30 min and immediately stopped adding the stop buffer. After pur-

ifying DNA using DNA clean beads, PCR was performed to amplify the library for 15 cycles using the following PCR conditions: 72�C
for 3 min; 98�C for 30 s; and thermocycling at 98�C for 15 s, 60�C for 15 s, and 72�C for 8 s; following by 72�C for 2 min. After the PCR

reactions, the libraries were purified with the 1.2X DNA cleaning beads.

CUT&Tag library construction
Samples were extracted from Day-21 ovaries ofMtr4fl/fl andMtr4fl/fl;Zp3-Cremice, with 120 oocytes per sample. A NovoNGS CUT&

Tag 3.0 High sensitivity Kit (Novoprotein; N259; Illumina) was used for library construction. The protocol used in this study followed

themanufacturer’s instructions with several modifications, including antibody concentrations of 1:100 for the primary antibody (CST:

9751) and 1:200 for the secondary antibody and 16 PCR cycles for amplification.

Transcriptome analyses
RNA sequencing was performed using biological replicates of each sample. Raw data were trimmed into 50-bp reads and map-

ped to the mouse reference genome (mm9) using TopHat (v2.1.1) with default parameters.53 Uniquely mapped reads were

assembled into transcripts using reference annotations (University of California at Santa Cruz Gene Models) and Cufflinks

(v2.2.1). Relative gene expression levels were quantified using FPKM, and the final FPKM values were averaged and corrected

using the ERCC spike-in. Genes with a multiple of fold change > 2 and p-vlaue < 0.05 were considered as differentially ex-

pressed genes.
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Gene transfer format (gtf) documents including only first exons or last exons were generated separately using standard gtf docu-

ment according to the exon sorting number. Expression levels of first or last exons were quantified from the separated gtf documents

with uniquely mapped reads.

Statistical analyses and figure drawings were performed using the R software (http://www.rproject.org). The Spearman correlation

coefficient (rs) was calculated using the ‘‘cor’’ function, and the complete linkage hierarchical algorithm was used to cluster the

genes. Scatter plots were performed using ggplot2, dplyr, ggrepel and cowplot packages in R software. Boxplots were performed

using ggplot2 and ggpubr packages in R software.

ATAC-seq analyses
The pair-end ATAC-seq reads were aligned to the mm10 reference genome using Bowtie2 software. All unmapped, non-uniquely

mapped, PCR-duplicated, andmitochondrial reads were removed before subsequent analyses. Read counts were normalized using

the reads per kilobase permillionmapped readsmethodwith bamCoverage instruction, and theMacs2 software was used to identify

the narrow peaks in the downstream analysis. ATAC-seq peak profiles were generated from computeMatrix instruction using the

-referencePoint TSS arguments.

CUT&Tag analyses
Pair-end CUT&Tag reads were trimmed with trim_galore and aligned to the mm10 reference using the Bowtie2 software56 using the

following arguments: bowtie2 –end-to-end –very-sensitive –no-mixed –phred33 -I 10 -X 1000 -p 8 -x reference -1 sample_R1.fq.gz -2

sample_R2.fq.gz -S sample.raw.sam. All unmapped, non-uniquely mapped, PCR-duplicated, and mitochondrial reads were

removed before subsequent analyses. Read counts were normalized using the reads per kilobase per million mapped reads method

with bamCoverage instruction, and theMacs2 software was used to call the peaks in the downstream analyses. CUT&Tag peak pro-

files were generated from computeMatrix instruction using the -referencePoint TSS arguments.57

Detection of transcription in oocytes
The transcriptional ability of oocytes was detected by culturing them in M16 medium containing 1 mM EU for 1 h. EU staining was

performed using a Click-iT RNA Alexa Fluor 488 Imaging Kit (Life Technologies), according to the manufacturer’s instructions. Oo-

cytes were imaged using a Zeiss LSM710 confocal microscope, and relative signal intensities were quantified using ImageJ software.

FISH
Oocytes were collected from Day-14 or Day-21 mice and fixed with 4% paraformaldehyde in RNase-free PBS for 15 min. Fixed oo-

cytes were permeabilized in PBS containing 2% Triton X-100 and an RNase inhibitor for 15 min. After being blocked with WR Buffer

for 15 min, the oocytes were incubated with an RNA probe (0.2 mM in hybridization buffer) for 4–20 h at 37�C. After washing thrice in

WRBuffer (15min each time), the oocyteswere labeledwith DAPI for 5min. The oocyteswere imaged using a Zeiss LSM710 confocal

microscope.

Histologic analysis and IHC
Ovary samples were collected and fixed overnight in 4% formalin. After standard dehydration procedures, samples were embedded

in paraffin, sectioned with 5-mm thickness, deparaffinized and rehydrated, and stained with hematoxylin and eosin. For IHC staining,

sections were incubated in primary antibody overnight at 4�C, washed three times with PBS, and then incubated in biotin-labeled

secondary antibodies for 30 min at 25�C. The staining procedure followed the instructions of the Vectastain ABC kit and 3,30- dia-
minobenzidine peroxidase substrate kit (Vector Laboratories, Burlingame, California). Ovarian sections were counterstained with he-

matoxylin after IHC staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each experiment was repeated at least thrice. Results are given as mean ± SEM. The results of the two experimental groups were

compared using two-tailed unpaired Student’s t-tests. Statistically significant values of P < 0.05, P < 0.01, and P < 0.001 are indicated

by asterisks (*), (**), and (***), respectively. Independent two-group Wilcoxon rank-sum tests were used to compare the distributions

using the Wilcoxon test function in R. Pearson’s R coefficient was calculated using the cor function with default parameters, and the

complete method was used to cluster the genes.
e4 Developmental Cell 60, 1–16.e1–e4, January 6, 2025

http://www.rproject.org

	DEVCEL5998_proof.pdf
	RNA surveillance by the RNA helicase MTR4 determines volume of mouse oocytes
	Introduction
	Results
	Proper mRNA accumulation in the cytoplasm is essential for oocyte growth
	Exosome-associated RNA helicase mtr4 is crucial for oocyte growth
	Mtr4 deletion leads to disorders of RNA homeostasis in oocytes
	Mtr4 deletion results in the accumulation of RNAs in the nucleus and blockage of cytoplasmic mRNA storage
	Dysfunction of nuclear RNA surveillance results in the nucleus-to-cytoplasm transport of transcripts without proper processing
	Dysfunction of RNA surveillance leads to the failure of chromatin to configure transition during oocyte growth
	MTR4 is required for the transition of genomic H3K4me3 distribution from canonical to non-canonical type during oogenesis
	MTR4 is required for rRNA homeostasis and nucleolus-like structure formation during oocyte maturation

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Mice

	Method details
	Oocyte collection and in vitro culture
	Immunofluorescence
	EU incorporation assay
	Western blot analysis
	RNA isolation and qRT-PCR
	Nucleus-cytoplasm separation experiment
	Library construction of poly(A) RNA sequencing
	Library construction of total RNA sequencing
	Identification of intron retention events
	ATAC-seq library construction
	CUT&Tag library construction
	Transcriptome analyses
	ATAC-seq analyses
	CUT&Tag analyses
	Detection of transcription in oocytes
	FISH
	Histologic analysis and IHC

	Quantification and statistical analysis




