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While protein aggregation is a well-documented factor in various age-related diseases, its specific
impact on oocyte aging and the molecular mechanisms responsible remain poorly understood. In a
mouse model of advanced maternal age, we observe that aging promotes ubiquitinated protein
aggregation in oocytes and embryos. Starting with this clue, we identify that the expression of
ubiquitin-conjugating enzyme (E2) UBE2V1 in oocyte increases with age and correlates with
aggresome formation. We further provide evidence that UBE2V1 positively regulates protein
aggregates formation in oocyte under both physiological and stress conditions. Moreover, enhanced
UBE2V1 expression mimics the phenotypes observed in aged oocytes. Notably, restoring UBE2V1
expression in aged oocytes and embryos not only alleviates aggresome formation but also partly
ameliorates the age-related defects in oocyte maturation and embryo development. Thus, our findings
provide a mechanistic link between UBE2V1 expression, protein aggregation and developmental

defects in aged oocytes and embryos.

Due to the advancement of modern societies, maternal age at the time of
childbearing has dramatically increased in many countries'. Age is widely
regarded as one of the most critical factors affecting female reproductive
health, as increasing lines of evidence suggest that advanced maternal age is
linked to increased risks of infertility, pregnancy loss, and stillbirth™”. It is
well established that the age-associated decline in female fertility is largely
ascribable to a decrease in oocyte quality’. However, the molecular
mechanisms involved and their impact on oocyte competence remain lar-
gely unknown.

A prime contributor of decreased oocyte quality with age is aneu-
ploidy, which stems from chromosomal and spindle abnormalities dur-
ing meiosis’. Mechanistically, factors such as progressive loss of
cohesion”’, compromised spindle assembly checkpoints (SAC) that
control chromosome alignment®’, and defects in microtubule dynamics'’
have been implicated in these meiotic defects. Moreover, accumulating
abnormalities in the ooplasm—including altered metabolism, organelle
dysfunction, and aberrant gene and protein regulation—progressively
undermine oocyte quality as well’. In most mammals, oocytes are formed
during fetal development and survive months or decades before being
utilized for reproduction. During this prolonged period, oocytes increase
in size during their growth phase and accumulate maternal mRNAs and
proteins for the new embryos''. Therefore, to sustain its developmental

potential, the mature oocyte must ensure the transmission of damage-
free cytoplasm to the embryo.

Protein homeostasis, also known as proteostasis, involves multiple
processes that coordinate protein synthesis, folding, disaggregation, and
degradation. This intricate balance is essential for maintaining cellular
function and overall organismal viability'”. Protein degradation is essential
for maintaining a healthy cytoplasm by removing misfolded and damaged
proteins that could otherwise accumulate and disrupt cellular processes.
This degradation occurs through two tightly regulated pathways, the
ubiquitin-proteasome system (UPS) and autophagy-lysosome system,
which are central for protein quality control”’. Oocyte are long-lived, non-
dividing cells that are particularly sensitive to the accumulation of damaged
proteins. A recent study demonstrated that mouse oocytes maintain pro-
teostasis by sequestering ubiquitinated protein aggregates within specialized
compartments known as endolysosomal vesicular assemblies (ELV As), and
degrading them through the UPS and autophagy-lysosomal pathway upon
oocyte maturation'’. However, the factors regulating the formation of
ELVAs and their roles in oocyte aging remain to be elucidated.

Ubiquitination is a tightly regulated process mediated by a three-step
enzymatic cascade involving E1 (ubiquitin-activating enzyme), E2 (ubi-
quitin-conjugating enzyme), and E3 (ubiquitin ligase). Among these, E2
enzymes play a central role by facilitating the attachment of ubiquitin (Ub)
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to target proteins’”. Accumulating evidence indicates that several E2
enzymes exhibited dysregulated expression in aged oocytes'. Importantly,
UBE2V1 has been reported to positively regulate protein aggregation
through enhancing K63-linked ubiquitination. Unlike the canonical sig-
naling role of K48-linked polyubiquitination in targeting substrates for
proteasomal degradation, K63-linked ubiquitin chain serve as a scaffold for
protein interaction and aggregation'’. However, whether UBE2V1 mod-
ulates protein aggregation in oocytes, particularly during aging, remains
unknown.

Using a model of advanced maternal age (10-12 months) in mice, we
found that maternal ageing promotes protein aggregation in mouse oocytes.
Through gene screening and functional analysis, we identified UBE2V1 as
being upregulated at both the mRNA and protein levels during oocyte aging,
potentially facilitating protein aggregation through the catalysis of K63-
linked ubiquitination. Furthermore, elevated UBE2V1 expression leads to
developmental defects in young oocytes and embryos, whereas restoring
UBE2V1 expression mitigates the developmental defects observed in aged
oocytes and embryos.

Results

Advanced maternal age favors ELVAs formation in mouse oocyte
Oocytes enter meiosis during embryogenesis and remain arrested in meiotic
prophase I for extended periods, ranging from months to even decades,
rendering them highly susceptible to the accumulation of protein aggre-
gates. Recently, Zaffagnini et al demonstrated that mouse oocytes sequester
detrimental proteins in specialized compartments that defined as endoly-
sosomal vesicular assemblies (ELVAs), which are subsequently degraded
upon oocyte maturation to safeguard protein homeostasis'’. To assess the
effect of maternal aging on protein aggregation in oocytes, we isolated
germinal vesicle (GV) stage oocytes, as well as early embryos from young
(7-8 weeks) and old (10-12 m) mice and probed them with Proteostat, a
validated dye for detecting protein aggregation in oocytes'. Maximum
intensity projection images were obtained via z-stack confocal microscopy
to examine aggregate distribution'”. In line with previous report'*, Proteostat
signals were frequently observed in young GV oocyte, and gradually

decreased during early embryo development (Fig. 1A, B). Strikingly, old GV
oocytes displayed a substantial increase in Proteostat signals compared to
their young counterparts (Fig. 1A, B). Moreover, 2-cell embryos from aged
mice, which typically showed minimal Proteostat signals in the young
group, exhibit persistent enrichment of Proteostat signials (Fig. 1A, B),
indicating that the formation of ELVAs escalates with age in oocytes and
2-cell embryos.

Next, we explored whether protein aggregates in aged oocytes were also
marked by accumulation of ubiquitinated proteins. Immunostaining with
FK2, an antibody that recognizes both mono- and polyubiquitinated pro-
teins, was performed to determine co-localization with Proteostat-positive
compartments. The results (Fig. 1C) and quantification (Fig. 1D) revealed
that the vast majority of Proteostat signals in aged oocytes were co-labeled
by FK2, aligning with pattern observed in young oocytes. These findings
demonstrate that maternal aging favors ELVAs formation in aged oocytes
and embryos.

Age-dependent upregulation of UBE2V1 in oocytes
Given that ubiquitinated protein aggregates accumulate in old oocytes, we
hypothesized that the ubiquitination pathway might be compromised. To
investigate this further, we conducted a comparative analysis of the
expression levels of 25 E2 family members between young and old oocytes.
Our quantitative real-time PCR analysis identified 4 differentially expressed
E2 genes: three upregulated (UbeZc, Ube2e2, Ube2vl) and one down-
regulated (Ube2d2) (Supplementary Fig. 1). Among these, UBE2V1 was of
particular interest due to its known role in promoting protein aggregation'”.
Until now, the role of UBE2V1 during mouse oocyte meijosis had not
been explored. To investigate its potential function, we first examined
UBE2V1 protein accumulation and subcellular localization during meiotic
maturation. Western bolt analysis of GV, MI, and MII stage oocytes, as well
as 2-cell embryos, revealed significant UBE2V 1 protein accumulation in GV
oocytes. However, upon meiotic resumption, UBE2V1 levels sharply
declined and remained consistently low post-fertilization (Supplementary
Fig. 2A). Fluorescent images confirmed that UBE2V1 was predominantly
localized in the cytoplasm across all stages, with a pronounced

Fig. 1 | Increased ELV As formation in oocytes and A

embryos from aged mice. A Confocal images of
young (7-8 weeks) and old (42-45 weeks) oocytes
(GV), and early embryos (2-cell) labeled with Pro-
teostat (red) and counterstained with Hoechst33342
to visualize DNA (blue). B Quantification of the
number of the Proteostat compartments.

Proteostat

C Confocal images of young and aged mouse oocytes
immunolabeled with Proteostat and anti-ubiquitin
conjugates FK2. D Colocalization of ubiquitin and
Proteostat in the experiment shown in (C). The total
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number of oocytes analyzed is indicated in the fig-
ures. Data were presented as mean + SD. Statistical
analysis was performed using an unpaired two-
tailed Student’s ¢-test for (D), and one-way ANOVA
followed by multiple comparisons for (C). A P-
value < 0.05 was considered statistically significant. C
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Fig. 2 | Age-related increase of UBE2V1 level. A Western blot analysis of UBE2V1
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12 months. 100 GV oocytes per sample. B Representative images showing UBE2V1
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stained with Hoechst 33342 for DNA (blue). C Quantitative analysis of UBE2V1
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two groups. Embryos were immunostained with anti-UBE2V1 antibody (green) and
counterstained with Hoechst 33342 for nuclear DNA visualization (blue).

F UBE2V1 intensity profiles along embryo axes (white lines in E) were quantified.
The total number of oocytes analyzed is indicated in the figures. Data were presented
as mean * SD.

concentration in the germinal vesicle (nucleus) at the GV stage and an
enrichment at the cortex in 2-cell embryos. A comparable distribution of
Myc-UBE2V1, as detected by anti-Myc immunostaining in 2-cell embryos
overexpressing Myc-Ube2vI, validated the specificity of the UBE2V1 anti-
body (Supplementary Fig. 2B).

We subsequently assessed UBE2V1 protein expression in GV oocytes
from three different age groups using western blotting and found an age-
dependent increase in UBE2V1 protein expression (Fig. 2A). Immuno-
fluorescent staining of GV oocytes from different age groups further
demonstrated a significant increase in UBE2V1 fluorescence intensity in
both the cytoplasm and nucleus with aging. Notably, UBE2V1 accumula-
tion was more prominent in the cytoplasm than in the nucleus (Fig. 2B, C).
Similarly, increased UBE2V1 expression was also evident in 2-cell embryos
from aged mice (Fig. 2D). In stark contrast to the cortical distribution
observed in the young embryos, the aging group exhibited a uniform
cytoplasmic distribution (Fig. 2E, F). Collectively, these data reveal the age-
dependent upregulation and cytoplasmic distribution of UBE2V1 during

oocyte aging.

UBE2V1 modulates ELVAs formation in oocytes

Having established the correlation between UBE2V 1 expression and ELVAs
in aged oocytes, we next test the effects of UBE2V1 more directly. To this
end, we manipulated UBE2V 1 expression using Ube2vI-specific siRNA for
knockdown (UBE2V1-KD) and cRNA encoding the full-length Ube2v1 for
overexpression (UBE2V1-OE) (Fig. 3A). The efficiency of UBE2V1
knockdown (UBE2V1-KD) and overexpression (UBE2V1-OE) was con-
firmed by immunoblotting (Fig. 3B).

Proteostat staining revealed that UBE2V1 overexpression significantly
increased, whereas its knockdown reduced, Proteostat signals in oocytes
(Fig. 3C, D), indicating the regulatory role of UBE2V1 in ELV As formation.
UBE2V1 has been reported to regulate protein aggregation via K63-linked
ubiquitination'”. Consistent with this, K63-ubiquitinated proteins were

significantly elevated in young oocytes (7-8 weeks) overexpressing UBE2V1
compared to controls. Furthermore, as UBE2V 1 expression was found to be
upregulated in old oocytes, increased levels of K63-ubiquitinated proteins
were also observed in oocytes from old females (10-12 months) (Fig. 3E).
More importantly, overexpression of UBE2D3, a highly expressed E2 in
oocytes as we previously described"®, led to a significant reduction in both
K63-linked ubiquitination and protein aggregation in oocytes (Fig. 3F-I),
suggesting a potential antagonistic relationship between K48 and K63
ubiquitination, and highlighting the pivotal role of K63-linked ubiquitina-
tion in protein aggregation. Collectively, our findings identify UBE2V1 as a
potentially unique E2 enzyme that promotes ELVAs formation in oocytes
through a K63-linked ubiquitination mechanism.

Bidirectional roles of UBE2V1 in regulating oocyte quality

Given that oocytes sequester harmful proteins into aggregates at the GV
stage and degrade them during maturation to maintain oocyte quality'*, it is
plausible that alteration in protein aggregates resulting from UBE2V1
knockdown or overexpression could compromise oocyte competence. To
test this hypothesis, we monitored oocyte maturation in vitro (Fig. 4A).
Although neither UBE2V1 depletion nor overexpression affected meiotic
resumption, both conditions significantly impaired first polar body (PB1)
extrusion after 14 h of culture compared to controls (Fig. 4B, C), indicating
disrupted meiotic progression. Further, we examined meiotic spindle
morphology and chromosome alignment by immunostaining with a-
tubulin. Most control oocytes displayed a typical barrel-shaped spindle and
well-aligned chromosomes at the metaphase plate. In contrast, ~45% of
UBE2V1-OE oocytes and ~60% of UBE2V1-KD oocytes exhibited abnor-
mal spindle structures (Fig. 4D, E, arrows) and misaligned chromosomes
(Fig. 4D, E, arrowheads). Given the established link between chromosome
misalignment and aneuploidy [19], we performed chromosome spread
analysis. While the majority of control oocytes maintained euploidy with 20
univalent chromosomes, 33% of oocytes overexpressing UBE2V1 were
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Fig. 3 | UBE2V1 favors ELVAs formation. A Schematic diagram of the UBE2V1
overexpression and knockdown experiment in oocytes. B Validation of exogenous Myc-
UBE2V1 overexpression and UBE2V1 knockdown efficiency in oocytes. Western blot
analysis was performed using anti-UBE2V1 antibody to confirm exogenous Myc-
UBE2V1 mRNA overexpression and siRNA-mediated UBE2V1 depletion in GV
oocytes. Tubulin was used as a loading control. Protein lysates from 100 GV oocytes
were loaded per lane. C Confocal images of control (7-8 weeks), UBE2V1 over-
expression (UBE2V1-OE), and UBE2V1 knockdown (UBE2V1-KD) oocytes at the GV
stages labeled with Proteostat (red). D Quantification of the number of the Proteostat
compartments. E Western blot analysis of K63 poly-ubiquitination protein levels in
Young (7-8 weeks), Old (42-45 weeks), and Young with UBE2V1 over-

expression oocytes. Tubulin was used as a loading control. Total proteins from 80

Scale bars:20pm.
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oocytes were loaded in each lane. F Western blot analysis was performed using anti-
Myc antibody to confirm the overexpression of Myc-UBE2D3 mRNA. G Confocal
images of control (7-8 weeks) and UBE2D3-overexpressing (UBE2D3-OE) oocytes at
the GV stage labeled with Proteostat (red) and counterstained with Hoechst 33342 for
nuclear DNA visualization (blue). H Quantification of the number of the Proteostat
compartments. I Western blotting analysis of K63 polyubiquitinated protein in
UBE2D3-OE, control and UBE2V1-OE oocytes. Tubulin was used as a loading control.
Protein lysates from 90 GV oocytes were loaded per lane. The total number of oocytes
analyzed is indicated in the figures. Data were presented as mean + SD. Statistical
analysis was performed using an unpaired two-tailed Student’s t-test for (H), and one-
way ANOVA followed by multiple comparisons for (D). A P-value < 0.05 was con-
sidered statistically significant.

aneuploid (Supplementary Fig. 3). These results highlight the bidirectional
and dosage-sensitive roles of UBE2V1 in regulating oocyte quality.

UBE2V1 overexpression leads to protein aggregation and
developmental defects in embryos

Given the observed association between UBE2V1 upregulation and
increased protein aggregation in aging embryos, we next examined the
impact of UBE2V1 overexpression on early embryo development. MII
oocytes were injected with Ube2vl cRNAs prior to IVF, and the resulting
embryos were analyzed (Fig. 5A). As expected, Proteostat signals were
markedly increased in 2-cell embryos after UBE2V1 overexpression
(Fig. 5B). Remarkably, the developmental rate of UBE2V1-OE embryos
began to decline after the first cleavage with only 40% of cleaved embryos
successfully developing to the blastocyst stage after 4 days culturing
(Fig. 5C, D).

Given the importance of DNA damage repair and major zygotic
genome activation (ZGA) during preimplantation development, we
explored whether these processes were disturbed in UBE2V1-OE
embryos. We analyzed yH2AX level, a well-established indicator of
DNA damage, and observed a significant increase in yH2AX levels in
2-cell stage embryos following UBE2V1 overexpression (Supplementary
Fig. 4A, B). Furthermore, total de novo transcripts were detected via
ethynyl uridine (EU) staining” and showed that the overall transcrip-
tional activation in two-cell embryos was impaired by UBE2V1 over-
expression (Supplementary Fig. 4C, D). Notably, a markedly high level of
YH2AX was also observed in blastocyst embryos with UBE2V1 over-
expression, indicating persistent damage throughout preimplantation
embryo development (Fig. 5E, F). In conclusion, these findings suggested
a causal role of enhanced UBE2V1 expression in compromising the
developmental competence of embryos.
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Fig. 4 | Bidirectional roles of UBE2V1 in oocyte meiosis. A Schematic diagram of
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present a typical barrel-shape spindle and well-aligned chromosomes. Spindle
defects (arrowheads) and chromosome misalignment (arrow) were frequently
observed in UBE2V1-OE and UBE2V1-KD oocytes. E Quantification of the spindle/
chromosome defects in each group. Data are means + SD, and statistical analyses
were performed with one-way ANOVA followed by multiple comparisons. A P-
value < 0.05 was considered statistically significant. The total number of analyzed
oocytes (from at least three independent experiments) is indicated in each graph.

UBE2V1 overexpression mimics the subcellular phenotypes
observed in aged oocytes

We further compared the effects of maternal aging and UBE2V1 over-
expression at the subcellular level in oocytes, with a particular focus on the
biological consequence of protein aggregation (Fig. 6A). We first assessed
mitochondrial distribution and function, given the established link between
protein aggregation and mitochondrial dysfunction™. Mito Tracker staining
and confocal scanning revealed that most young GV oocytes showed a
typical perinuclear mitochondrial distribution (Fig. 6B). However,
approximately 50% of oocytes from aged mice exhibited abnormal mito-
chondrial clustering, a defect that was significantly exacerbated by UBE2V1
overexpression in young oocytes (Fig. 6B, C). Since mitochondria are the
primary site of intracellular ROS production, and mitochondrial dysfunc-
tion is known to contribute to age-related fertility decline due to redox
imbalances™, we measured ROS levels. Aged oocytes displayed significantly
elevated ROS levels compared to young controls, and UBE2V1 over-
expression in young oocytes similarly led to a marked increase in ROS
signals (Fig. 6D, E). Additionally, mitochondrial membrane potential
(MMP), a key indicator of mitochondrial function, was significantly
decreased in both aged oocytes and young oocytes with UBE2V1 over-
expression (Fig. 6F, G).

Protein aggregates can disrupt the protein synthesis environment via
induction of ER stress™. In oocytes, following meiotic resumption, localized
protein synthesis, particularly in regions near chromosomes, is crucial for
proper spindle assembly, chromosome alignment, and segregation™. Using
O-propargyl-puromycin (OPP), a specific covalent label of growing

polypeptides™, we analyzed nascent protein synthesis in MI oocytes. our
results demonstrated that the whole oocyte was translationally active with
two distinct areas-chromosomal and perispindular areas-showing increased
activity. Remarkably, a significant decrease in translation fluorescence signal
was observed in Old and Young+OE oocytes, particularly in these hot spot
regions (Fig. 6H, I). In conclusion, these findings suggest that excessive
UBE2V1 expression replicates the subcellular phenotypes seen in aged
embryos.

Restoring UBE2V1 expression ameliorates defects in protein
aggregation and meiosis of aged oocytes

Having established a causal link between elevated UBE2V1 expression,
protein aggregation and decline in oocyte quality, we next sought to
determine whether restoring UBE2V1 expression in aged oocytes could
ameliorate age-related defects. To explore this, we microinjected siRNA
targeting UBE2V1 into aged GV oocytes (hereafter referred to as Old+KD)
(Fig. 7A). After optimizing the siRNA incubation period, we found that
UBE2V1 protein levels in aged oocytes were reduced to levels comparable to
those in young oocytes 18 h post-siRNA injection (Fig. 7B). Remarkably, the
increased ELVAs formation typically seen in aged oocytes was reversed in
Old+KD oocytes (Fig. 7C, D), further underscoring the crucial role of
UBE2V1 in driving age-related protein aggregation in oocytes.

To examine the biological consequence, we evaluated meiotic pro-
gression, spindle organization and chromosome alignment and segregation
(Fig. 7A). Statistical analysis demonstrated an improvement in meiotic
progression, as revealed by the increased PB1 extrusion rate in Old+KD
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Fig. 5| UBE2V1 overexpression leads to protein aggregation and developmental
defects in embryos. A Schematic illustration of the UBE2V1 overexpression
experiments in mouse embryos. B Confocal images of control and UBE2V1
overexpression (UBE2V1-OE) 2-cell embryos labeled with Proteostat (red).
DNA was counterstained with Hoechst33342 (blue). C Quantification of
embryo development rates at E1.5, E2.5, and E4 days from the control and
UBE2V1-OE groups. D Phase-contrast images of E4 embryos. The arrows
indicate embryos experiencing cytoplasmic fragmentation and developmental
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arrest. E yH2AX staining was used to assess blastocyst apoptosis in blastocyst
embryos derived from the control and UBE2V1-OE groups. F The mean
fluorescence intensity of yH2AX in the control and UBE2V1-OE was quanti-
fied. The total number of oocytes analyzed per condition is indicated in each
graph. Data were presented as mean + SD of three independent experiments.
Statistical analysis was performed using an unpaired two-tailed Student’s t-test
for (F), and multiple t-test for (C). A P-value < 0.05 was considered statistically
significant.

oocytes (Fig. 7E). Moreover, defects in spindle organization and chromo-
some alignment were also partially alleviated in Old+KD oocytes (Sup-
plementary Fig. 5A, B). Finally, the high incidence of aneuploidy exhibited
in old oocytes was rescued to a level comparable to that in young oocytes
(Supplementary Fig. 5C, D). These results collectively suggest that restoring
UBE2V1 expression can rescue age-related protein aggregation and meiotic
defects.

UBE2V1 depletion mitigates protein aggregation and develop-
mental defects in aged embryos

We next asked whether reducing UBE2V1 expression in old embryos could
ameliorate the observed developmental defects. To test this, we injected
siRNA targeting UBE2V1 into MII oocytes from aged mice and subjected
them to IVE. After fertilization, we assessed protein aggregation levels and
embryo development (Fig. 8A). Notably, UBE2V1 knockdown (Old+KD
embryos) resulted in a significant reduction in protein aggregates in 2-cell
stage embryos compared to the untreated old embryos (Fig. 8B). Con-
sistently, the resulting embryos also displayed a higher rate of successful
development to the blastocyst stage (Fig. 8C). Importantly, defects in DNA
damage repair and embryonic genomic activation that observed in old
embryos were ameliorated in Old4-KD embryos (Supplementary Fig. 6). In
addition, lysosomal activity, which was reduced in aged oocytes, was
restored to levels comparable to those in young controls following UBE2V1
knockdown (Fig. 8D, E). DNA damage, as assessed by YH2AX staining, was
also significantly reduced in blastocysts derived from the Old+KD group
(Fig. 8F, G). Furthermore, post-implantation outcomes were improved, as

evidence by a higher live pup rate following embryo transfer at
E18.5 (Fig. 8H).

Together, these findings indicate that restoring UBE2V1 expression in
aged embryos alleviates protein aggregation and improves developmental
competence, highlighting UBE2V1 as a potential therapeutic target for age-
related female fertility decline.

Discussion

Dysfunction in protein homeostasis is a hallmark of many age-related
diseases, most notably neurodegenerative disorders™. Beyond neurons, age-
related protein inclusions have also been observed in tissues such as the
heart™, muscle fibers”, and endothelial cell**. Oocytes, some of the longest-
lived cells in the body, exhibit well-documented quality decline with age in
mammals”. Notably, the recent discovery of protein aggregates in oocytes
highlights a previously unexplored aspect of oocyte aging'“*. However, the
effects of maternal aging on proteostasis in mouse oocytes and the under-
lying molecular mechanisms remain largely elusive.

Given the observed aggregation of ubiquitinated protein in aged
oocytes, we examined the expression profiles of E2 ubiquitin-conjugating
enzymes in oocytes from young and old mice and identified an age-
dependent increase in UBE2V1 protein levels (Fig. 2). Notably, UBE2V 1 has
been shown to promote protein aggregation through K63-linked ubiquiti-
nation in cardiomyocytes'’. Generally, E2 enzymes determine the type of
ubiquitination modification to occur. Among the seven lysine residues
in ubiquitin (K6, K11, K27, K29, K33, K48, and K63), K48-linked chains
target proteins for proteasomal degradation, whereas the K63-linked
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Fig. 6 | UBE2V1 overexpression mimics the subcellular phenotypes observed in
aged oocytes. A Schematic diagram of experimental design of subcellular pheno-
typic analysis. B Confocal images showing mitochondrial distribution in the Young,
Old, and Young+OE groups. C Quantification of the proportion of oocytes with
clustering mitochondria distribution (arrows). D Confocal images of ROS level in
Young, Old, and Young+OE groups. E Quantitative analysis of the ROS fluores-
cence intensity in Young, old, and Young+OE groups. F Mitochondrial membrane
potential in Young, Old, and Young+OE oocytes was evaluated using JC-1 staining.
Green fluorescence indicates inactive mitochondria, while red fluorescence indicates

active mitochondria in the oocytes. G Histogram showing the JC-1 red/green ratio.
H Confocal images of Young, old, and Young+OE oocytes (at 6 h after release for
each group) labeled with OPP (conjugated with AF594, red) to indicate new protein
synthesis levels, with DNA counterstained using Hoechst 33342 (blue). I Statistical
analysis of the OPP fluorescence intensity in Young, Old, and Young+OE.
Throughout, data are presented as means + SD, and one-way ANOVA followed by
multiple comparisons was used for statistical analysis. A P-value < 0.05 was con-
sidered statistically significant. The total number of oocytes analyzed (from at least
three independent experiments) is indicated in each graph.

ubiquitination serves as a molecular platform for protein/protein interac-
tion important for kinase signaling activation, receptor endocytosis, protein
trafficking, and DNA damage repair’”. In this work, we found that the
dynamic expression of UBE2V1 protein correlates with aggresome
formation-showing significantly accumulation at GV stage, followed by a
marked decline after fertilization. Through loss- and gain-of func-
tion experiments, we provide direct evidence that UBE2V1 positively reg-
ulates protein aggregation in oocytes. Consistent with the report described
previously”?, K63-linked ubiquitination were increased after UBE2V1
overexpression, and reduced following knockdown. Importantly, over-
expression of UBE2D3, another E2 that catalyzes K48-linked ubiquitina-
tion, led to a significant reduction in both K63-linked ubiquitination and
protein aggregation in oocytes (Fig. 3F, H). These findings suggest that
UBE2V1 may be a previously undefined regulator of ELVAs formation in
oocytes through K63-linked ubiquitination. However, the detail molecular
mechanism underlying this process warrants further exploration.

2-cell embryos from old mice also exhibited elevated UBE2V1
expression, increased protein aggregation, and impaired embryonic devel-
opment. Interestingly, deleting UBE2V1 significantly alleviated protein
aggregation and developmental defects in aged embryos. Notably, lysosomal
activity was reduced in aged embryos but was rescued by UBE2V1

knockdown. These findings suggest that UBE2V1-induced protein aggre-
gation may overwhelm the degradative capacity of the autophagy-lysosome
system, thereby contributing to impaired clearance and further decline in
cellular proteostasis. We propose that this feed-forward loop plays a key role
in the deterioration of autophagic activity and embryonic developmental
potential in aged mice.

ELVAs formation is required for detrimental protein degradation,
which is crucial for preserving oocyte quality'”. In line with this, reduced
ELVAs formation resulting from UBE2V1 depletion led to the production
of defective oocytes. Defective developmental competence was also observed
in oocytes with excessive protein aggregation, such as in UBE2V1-
overexpressing and aged oocytes (Figs. 4 and 5). One possible explanation is
that the accumulation of protein aggregates may overwhelm the degradative
capacity of the endolysosomal system, thereby contributing to proteotoxic
stress. Consistent with this notion, defective in mitochondrial distribution
and function, as well as impaired protein synthesis, were also observed in
UBE2V1-overexpressing and aged oocytes. ROS, not only destroys DNA,
but also disrupts the protein synthesis environment, which causes more
serious consequences such as protein synthesis error and aggregates accu-
mulation, creating a vicious circle. Importantly, temporal and spatial reg-
ulation of translation ensures that proteins are synthesized at the right time
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Fig. 7 | Restoration of UBE2V1 expression alleviates protein aggregation and
meiotic defects in aged oocytes. A Schematic representation of the UBE2V1
knockdown experiments in old oocytes. B Western blot analysis showing knock-
down efficiency of UBE2V1 siRNA. Total proteins from 100 oocytes were loaded in
each lane. C Confocal images of Young (7-8 weeks), Old (42-45 weeks), and
UBE2V1 knockdown (Old+KD) oocytes at GV stage labeled with Proteostat (red).

D Quantification of the number of the Proteostat compartments. E Quantitative
analysis of Pbl extrusion rates in Young, Old, and Old+KD groups. Data were
expressed as mean + SD of at least three independent experiments, and one-way
ANOVA followed by multiple comparisons was used for statistical analysis. A P-
value < 0.05 was considered statistically significant. Oocytes analyzed in each group
was indicated in each figure.

and in the appropriate locations within the oocyte and embryo, which is
essential for processes such as spindle assembly, chromosome alignment™
and zygotic genome activation’”. Although these effects may stem from
protein aggregation, we cannot exclude the possibility that UBE2V1 reg-
ulates these processes through alternative mechanisms, especially con-
sidering the diverse cellular functions mediated by K63-linked
ubiquitination™.

In summary, our findings underscore the critical roles of UBE2V1 in
oocyte aging, and suggest additional ways for developing targeted therapies
to improve reproductive outcomes in aged females.

Materials and methods

Mice

ICR mice were used in this study. 7-8-week-old female mice were used as a
control. To generate a natural aging mouse model, 10-12-month-old female
mice which near the end of their reproductive lifespan were used. We have
complied with all relevant ethical regulations for animal use, and all
experiments were approved by the Animal Care and Use Committee of
Nanjing Medical University and were performed in accordance with
institutional guidelines.

Antibodies

The following antibodies were purchased: Rabbit Polyclonal UEV1A anti-
body (Cat#: GTX16444; Gene Tex); Mouse monoclonal [3F2] to gamma
H2A X (Cat#: ab22551; Abcam); Human anti-centromere CREST antibody
(Cat#: 15234; Antibodies Incorporated); Cy5-conjugated donkey anti-
human IgG (Cat#: 709605149 and 705095147; Jackson Immuno-Research
Laboratory); Horseradish peroxidase (HRP) conjugated goat anti-rabbit
(Cat#: SA00001-2) and IgG LC3 Polyclonal antibody (Cat#: 14600-1-AP)
(Protein Tech); FITC-conjugated goat anti-rabbit IgG (Cat#: A31627;
Thermo Fisher). Mouse monoclonal FK2 primary antibodies (Cat#:

ST1200), Mouse monoclonal FITC conjugated anti a-tubulin antibody
(Cat#: F2168), FITC conjugate goat anti-mouse IgG Antibody (Cat#:
F0257), TRITC conjugate Goat Anti-Mouse IgG Antibody (Cat#: AP124R),
Rabbit Monoclonal Anti-Ubiquitin (Lys63-Specific) Antibody (Cat#: 05-
1308), and Hoechest33342 (Cat#: B2261) were purchased from Sigma.

Oocyte collection and culture

To obtain fully grown GV oocytes, mice were superovulated with an
intraperitoneal injection of 5 IU pregnant mare serum gonadotropin
(PMSG). Cumulus-enclosed oocytes were isolated 46-48 h later, and the
cumulus cells were removed by repeated pipetting to obtain denuded
oocytes. The oocytes were cultured in drops of M2 medium covered with
mineral oil at 37 °C under 5% CO,. For the collection of ovulated MII
oocytes, mice were superovulated with PMSG followed by an injection of 5
IU human chorionic gonadotropin (HCG). Cumulus-oocyte complexes
were isolated from the oviducts, and cumulus cells were removed by incu-
bation with 1 mg/mL hyaluronidase.

In vitro fertilization and embryo transfer
IVF assays were conducted according to protocol™ with minor modifica-
tions. In brief, sperm were collected from the cauda epididymis of ICR mice
aged 10-20 weeks and left to capacitate for 1 h in HTF fertilization medium
(Millipore, Merck) supplemented with 10 mg/ml BSA. The capacitated
spermatozoa were then added to HTF drops containing denuded oocytes, as
previously described™. After an appropriate co-incubation period at 37 °C,
the presumptive zygotes were washed to remove excess sperm. Then,
zygotes were transferred to KSOM medium (Millipore, Merck) and incu-
bated up to the blastocyst stage at 37 °C in a humidified atmosphere of 5%
CO,, 5% O,, and 90% N,.

For the embryo transfer experiments, 2-cell stage embryos were
transferred into the oviducts of pseudopregnant ICR female mice at a ratio
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Fig. 8 | UBE2V1 depletion rescues age-related embryonic defects. A Schematic
diagram showing the rescue experiments in embryos. B Confocal sections of
Young, Old, and Old+KD embryos at the 2-cell stages labeled with Proteostat.
Proteostat (red), and DNA was counterstained with Hoechst33342 (blue).

C Quantification of embryo development rates at E1.5, E2.5, and E4 days from
the Young, Old, and Old+KD groups. D Representative images showing LC3
(green) and Hoechst 33342 (blue) staining in the Young, Old, and Old+KD
groups. E Mean LC3 fluorescence intensity in the Young, Old, and Old4+KD
groups. F yH2AX staining was used to assess blastocyst apoptosis in 2-cell
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embryos derived from the Young, Old, and Old+KD groups. yH2AX (rad) was
detected, and DNA was counterstained with Hoechst 33342 (blue). G The mean
fluorescence intensity of yH2AX in the Young, Old, and Old+KD was quantified.
H Statistical Analysis of Live Birth Rate at E18.5 Following Embryo Implanta-
tion. The total number of oocytes analyzed per condition is indicated in each
graph. Data were presented as mean + SD of three independent experiments.
Statistical analysis was performed using one-way ANOVA followed by multiple
comparisons for (E, G, and H), and multiple t-test for (C). A P-value < 0.05 was
considered statistically significant.

of 15 embryos per recipient. Surrogate mothers were sacrificed at embryonic
day 18.5 (E18.5) to evaluate fetal development.

Plasmid construction and cRNA synthesis

Total RN A was extracted from 50 oocytes using the Arcturus PicoPure RNA
Isolation Kit (KIT0204; Applied Biosystems), and cDNA was generated
using the Quantitect Reverse Transcription kit (205,311; Qiagen). Plasmid
construction and cRNA synthesis were performed as described previously™.
Purified PCR products were digested with EcoRI and Xbal (R3101S and
R0145S, NEB), and then cloned into the pCS2+ vector with Myc tags. For
mRNA synthesis, plasmids were linearized with Notl, followed by in vitro
transcription using the SP6 mMESSAGE mMACHINE kit (AM1340;
Thermo Fisher) according to the manufacturer’s instructions. The cRNA
was then purified using the RNeasy Micro Kit (74004; Qiagen). Synthesized
cRNA was aliquoted and stored at —80 °C. The related primer sequences
can be found in Supplementary Table 1.

Overexpression and knockdown experiments

To achieve overexpression and knockdown in mouse oocytes, microinjec-
tion was performed employing an inverted microscope (Eclipse Ti-S,
Nikon) equipped with a micromanipulator (Narishige). siRNA duplexes
targeting Ube2v] were obtained from Gene Pharma and prepared as
20 umoL/L stock solutions. For knockdown analysis, 2.5 pL of Ube2v1
siRNA (1 mM) or an equivalent volume of negative control siRNA was
microinjected into oocytes. For overexpression experiments, 10 pL of cRNA
(10 ng/uL) was introduced into GV-stage oocytes, with PBS injection ser-
ving as the control. Following injections, oocytes were arrested at the GV
stage in M2 medium containing 2.5 uM milrinone for 24 h to facilitate
siRNA or cRNA working. To overexpress or knockdown Ube2vI in
embryos, 5-10 pL of cRNA or siRNA were injected into MII before ferti-
lization. After fertilization, zygotes were cultured in fresh KSOM medium
under mineral oil in a 5% CO, incubator at 37 °C for subsequent devel-
opment. The related sequences can be found in Supplementary Table 1.
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Quantitative real-time PCR

Total RNA was extracted from 50 oocytes using Arcturus PicoPure RNA
Isolation Kit (Applied Biosystems, CA, USA). First-strand cDNA was
synthesized with the cDNA Synthesis Kit (Qiagen, Germany). Real-time
PCR was conducted with SYBR Green dye on an ABI StepOnePlus Real-
time PCR system (Applied Biosystems, CA, USA). Glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) served as the internal control. Each
experiment was performed in triplicate or more. The related primer
sequences can be found in Supporting Information Supplementary Table 1.

Immunofluorescence and confocal microscopy

Oocytes or embryos were fixed with 4% paraformaldehyde for 30 min and
then permeabilized with 0.5% Triton X-100 for 20 min. After blocking in 1%
BSA in PBS for 1 h, samples were incubated overnight at 4 °C with primary
antibodies: anti-UBE2V1 antibody, anti-gamma H2A X antibody, anti-LC3
antibody or anti-tubulin antibody (diluted in 1% BSA). After three washes
for 5 min each, the oocytes or embryos were labeled with secondary FITC-or
TRITC -conjugated antibody (diluted in 1% BSA) for 1h at room tem-
perature. Following three washes, the oocytes or embryos were stained with
Hoechst 33342 for 20 min to visualize the chromosomes. Finally, the oocytes
were mounted on microscope slides and examined using a laser scanning
confocal microscope (LSM 700, Zeiss).

For Proteostat staining (PROTEOSTAT" Aggresome detection kit;
Cat#: ENZ-51035-0025; ENZO), oocytes and embryos were processed
according to the manufacturer’s instructions. Briefly, Cells were fixed with
2% formaldehyde in 1x Assay Buffer containing 0.05% BSA for 1 h at room
temperature (RT), followed by permeabilization in 1x Assay Buffer with
0.5% Triton X-100 and 3 mM EDTA for 1 h on ice. The samples were then
washed in PBS with 0.05% BSA, immunolabeled with primary antibodies
(FK2) for 1 h at RT in 1x Assay Buffer with 0.05% BSA, and washed again in
PBS with 0.05% BSA for 1h at RT. The cells were then incubated with
secondary antibodies (FITC-conjugated goat anti-mouse IgG) and Pro-
teostat (1:2000) for 1 h at RT in 1x Assay Buffer with 0.05% BSA. After a
final wash in PBS with 0.05% BSA, the samples were prepared for imaging as
described. DNA was counterstained with Hoechst 33342, as provided in
the kit.

To detect mitochondrial distribution, oocytes were cultured in M2
medium containing 200 nM Mito-Tracker Red (Molecular Probes, Eugene,
OR) for 30 min at 37 °C. Chromosomes were counterstained with Hoechst
33342 for 10 min. Mitochondrial membrane potential was evaluated using
Mito-Probe JC-1 Assay Kit (M34152, Thermo), oocytes were incubated in
M2 medium containing 2 uM JC-1 for 30 min at 37 °C. After three washes,
the samples were mounted in antifade medium (Vectashield, Vector
Laboratories, CA, USA) and examined using a laser scanning confocal
microscope (LSM 700, Zeiss).

Western blotting

The samples containing a sufficient number of oocytes were lysed in
Laemmli buffer and incubated at 95 °C for 5 min, then frozen at —20°C
until use. Total oocyte proteins were separated by 10% SDS-PAGE and
electrophoretically transferred to the PVDF membrane. The membranes
were then blocked for 1h in Tris-buffered saline with 0.1% Tween-20
(TBST) and 5% low-fat dry milk. After blocking, the membranes were
incubated overnight at 4°C with the appropriate primary antibodies
(diluted in 5% low-fat dry milk). The membranes were then washed three
times with PBST (PBS containing 0.1% Tween 20) and incubated for 1 h at
room temperature with HRP-conjugated secondary antibodies (diluted in
5% low-fat dry milk). Protein bands were subsequently visualized using the
ECL Plus Western Blotting Detection System (GE Healthcare, Little Chal-
font, United Kingdom). Tubulin served as the loading control.

Chromosome spreading

Chromosome spreads were prepared following a previously described
protocol”. Briefly, oocytes were treated with Tyrode’s buffer (pH 2.5) at
37 °C for approximately 30 s to remove the zona pellucida. After a 10-min

recovery period in M2 medium, the oocytes were fixed on a glass slide in a
drop of 1% paraformaldehyde containing 0.15% Triton X-100. Once air-
dried, the oocytes were incubated with CREST antibodies (1:500) overnight
at 4 °C for kinetochore labeling, followed by a 1-h incubation with a Cy5-
conjugated secondary antibody. Chromosomes were stained with Hoechst
33342, and the samples were analyzed using a laser scanning confocal
microscope.

EU incorporation assays

EU incorporation assays were conducted using Click-iT RNA Imaging kits
(C10329; Invitrogen). In summary, 2-cell embryos were cultured in KSOM
medium with 1 mM 5-ethynyl uridine (EU) for 3 h. 2-cell embryos were
fixed overnight at 4 °C in 4% paraformaldehyde. Following fixation, they
were permeabilized with 0.5% Triton for 15 min at room temperature and
washed three times with PBST. In a dark environment at room temperature,
2-cell embryos were then incubated in a Click-iT reaction mixture for 30 to
60 min. After incubation, they were washed twice with a washing buffer. The
nucleus was stained with Hoechst 33342 diluted at 1:1000 in PBST for
15 min. Images were obtained using a confocal laser scanning microscope,
and fluorescence intensity was measured as described previously. The
fluorescence signal was determined by calculating the average intensity after
subtracting the background.

ROS evaluation

To assess reactive oxygen species (ROS) levels, oocytes were incubated in
M2 medium containing 5 uM CM-H2DCFDA (C6827; Invitrogen) at 37 °C
for 30 min in a 5% CO, incubator. After incubation, the oocytes were
washed three times and transferred to a live cell-imaging dish, covered with
mineral oil. Fluorescent images were then immediately captured using a
Zeiss Laser Scanning Confocal Microscope (LSM 700; Zeiss).

Protein synthesis detection

To detect nascent protein synthesis, MI stage oocytes were cultured in M2
medium supplemented with 50 uM OPP from Click-iT™ Plus OPP Alexa
Fluor™ 594 Protein Synthesis Assay kits (C10457; Invitrogen) for 30 min.
After a rapid wash with PBS/PVP three times, the oocytes were fixed at room
temperature in 3.7% paraformaldehyde for 15 min. The oocytes were then
permeabilized with 0.5% Triton at room temperature for 15 min, followed
by three washes with 0.1% BSA, and then blocked in 0.1% BSA for one hour.
Afterward, the oocytes were washed three times with PBST. In the dark at
room temperature, the oocytes were incubated in the Click-iT OPP reaction
cocktail for 30 min. Following the incubation, the oocytes were washed twice
with Rinse buffer. The nuclei were stained with Hoechst 33342 diluted
1:1000 in PBST for 15 min. Finally, the samples were mounted on slides and
examined using a confocal laser scanning microscope.

Quantitative analysis of confocal microscope images

Maximum intensity projection images were generated from z-stack confocal
microscopy to examine ELVAs. Quantification of ELVAs was performed
using the “Analyze Particles” function in FIJI. Images were first converted to
8-bit grayscale and uniformly thresholded to distinguish particles from the
background. Identical threshold settings were applied across all samples
within each experiment to ensure consistency. Particle analysis was per-
formed using the following parameters: size (25 pixels” to infinity; equivalent
to =1 um?). The total number of particles per cell (or per image field) was
recorded and subjected to statistical analysis.

Colocalization measurements were performed as previously
described". The percentage of overlapped area in the reference channel was
used as the readout for each oocyte. For fluorescence intensity analysis, the
mean cytoplasmic intensity of UBE2V1, yH2AX, ROS, OPP, EU, and LC3
was quantified from the equatorial section of each oocyte or embryo.

Statistics and reproducibility
Unless otherwise specified, all experiments were conducted with three
biological replicates, with consistent results, as detailed in the figure legends.
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Statistical analysis was performed using GraphPad Prism 9 (Student’s ¢-test
unless otherwise noted; data are presented as mean + SD; P <0.05 was
considered significant). Sample sizes (1) and replicate definitions are spe-
cified in the figure legends. The raw data are available in the
Supplementary Data.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The authors confirm that all data supporting this study are available: the
supplementary source data are included in the Supplementary Information
and Supplementary Data files, with additional data available from the cor-
responding authors upon reasonable request.
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