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Abstract

As the female gamete, meiotic oocytes provide not only half of the genome but also almost all stores for fertilization and
early embryonic development. Because de novo mRNA transcription is absent in oocyte meiosis, protein-level regulations,
especially the ubiquitin proteasome system, are more crucial. As the largest family of ubiquitin E3 ligases, Skp1—Cullin—F-
box complexes recognize their substrates via F-box proteins with substrate-selected specificity. However, the variety of F-box
proteins and their unknown substrates hinder our understanding of their functions. In this report, we find that Fbxo30, a new
member of F-box proteins, is enriched in mouse oocytes, and its expression level declines substantially after the metaphase
of the first meiosis (MI). Notably, depletion of Fbxo30 causes significant chromosome compaction accompanied by chro-
mosome segregation failure and arrest at the MI stage, and this arrest is not caused by over-activation of spindle assembly
checkpoint. Using immunoprecipitation and mass spectrometric analysis, we identify stem-loop-binding protein (SLBP) as
a novel substrate of Fbxo30. SLBP overexpression caused by Fbxo30 depletion results in a remarkable overload of histone
H3 on chromosomes that excessively condenses chromosomes and inhibits chromosome segregation. Our finding uncovers

an unidentified pathway-controlling chromosome segregation and cell progress.
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Introduction

Life begins with fertilization of an oocyte and a sperm. The
former provides not only half the genome but also almost
all stores for fertilization and early embryonic development
[1, 2]. Thus, the quality of oocytes is essential for genomic
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delivery and life generation. In mammalian ovaries, fully
grown oocytes in follicles are arrested at the dictyate stage of
the first meiotic prophase, namely, the germinal vesicle (GV)
stage. Upon stimulation with a surge in pituitary hormone,
meiosis resumes with the signature GV breakdown (GVBD)
and chromatin condensation [3]. During the prophase of the
first meiosis (Pro-MI), the spindle starts its assembly accom-
panied by the capture of condensed chromosomes. When all
chromosomes align at the equator of the spindle, the oocyte
enters the metaphase of the first meiosis (MI), followed by
chromosome segregation in anaphase I (AI) and polar body
exclusion during the metaphase of the second meiosis (MII)
[4-6]. Upon fertilization, the oocyte fuses with the sperm
and begins early embryonic development. Errors in meiotic
progression result in fertilization failure or embryonic devel-
opment abnormalities, leading to early abortion and female
infertility.

Successful oocyte meiosis requires a hierarchical network
to ensure the cell cycle process and chromosome integrity [7,
8]. Because de novo mRNA transcription is absent in fully
grown oocytes [9, 10], the regulation of proteins, especially
the ubiquitin proteasome system, is critical. Accumulative
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evidence has shown that different sets of proteins are corre-
lated with distinct characteristics of oocytes during different
meiotic stages [11]. The progression of meiosis requires the
timely degradation of specific proteins by fine regulatory
mechanisms [12, 13]. The MI-to-Al transition is a typical
process in which numerous proteins undergo programmed
elimination, allowing chromosome segregation during mei-
otic division [14-17].

The specificity of the ubiquitin proteasome system is
monitored by E3 ligases, including the major representa-
tive Skp1—Cullin—-F-box (SCF) complex. The SCF complex
is the largest family of ubiquitin ligases that ubiquitinate
various substrate proteins [18, 19]. The complex consists
of the invariant components S-phase kinase-associated pro-
tein 1 (SKP1), E3 ligase RBX1 and cullinl and the variable
F-box proteins that provide specific substrate selectivity
[20, 21]. F-box proteins are defined by the presence of the
F-box motif, which is a protein—protein interaction domain
that recruits F-box proteins into the SCF complex [22, 23].
Although a broad range of F-box protein substrates exists in
cells, many have not been identified. As a new member of
F-box proteins, the functions of Fbxo30 and its substrates in
oocytes are largely unknown.

In this study, we find that Fbxo30 is enriched in mouse
oocytes and its expression level decreases after the MI
stage. In cells, Fbxo30 is localized at the spindle during
the Pro-MI and MI stages. Interestingly, Fbxo30 depletion
causes significantly compacted chromosomes and chromo-
some segregation that is not resulted from spindle assembly
checkpoint (SAC) activation. By immunoprecipitation and
mass spectrometric analysis, we identify stem-loop-binding
protein (SLBP), a stabilizer of histone mRNA by binding
its 3" untranslated region (UTR) stem-loop structure, as a
novel substrate of Fbxo30. Upregulation of SLBP caused
by Fbxo30 RNA interference (RNAI) results in a remarkable
overload of histone H3 on chromosomes, leading to chromo-
some overcondensation and inhibiting chromosome segrega-
tion, and this defect could be rescued by SLBP knockdown
(KD). Our study therefore reveals an unidentified function
of Fbxo30 in the regulation of chromosome segregation and
establishes a molecular link between Fbxo30 and oocyte
maturation.

Materials and methods

Chemicals and antibodies

All chemicals and reagents were purchased from Sigma (St.
Louis, MO, USA) except for those specifically mentioned as
follows: anti-Fbxo30 antibody (Santa Cruz Biotechnology;

Dallas, Texas, USA; Cat#: sc-138935; immunofluorescence
(IF), 1:200; western blot (WB), 1:500), anti-SLBP antibody
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(Thermo Fisher Scientific; Waltham, Massachusetts, USA;
Cat#: PA5-41819; IF, 1:100; WB, 1:1000), anti-histone H2A
(Cell Signaling Technology; Danvers, Massachusetts, USA;
Cat#: 12349; WB, 1:1000), anti-histone H2B (Cell Sign-
aling Technology; Cat#: 12364; WB, 1:1000), anti-histone
H3 antibody (Cell Signaling Technology; Cat#: 14269; IF,
1:400; WB, 1:1000), anti-histone H4 antibody (Cell Signal-
ing Technology; Cat#: 13919; WB, 1:1000), and anti-Ubig-
uitin antibody (Cell Signaling Technology; Cat#: 3933; WB,
1:1000).

Oocyte collection and culture

ICR mice were kept and handled according to the policies
published by the Ethics Committee of Peking University
Health Science Center. After injections of 5 IU pregnant
mare serum gonadotropin (PMSG) for 44-46 h, female ICR
mice (4-6 weeks) were humanely euthanized. Fully grown
oocytes arrested at the dictyate stage of the first meiotic pro-
phase were collected from the ovaries of ICR mice [24].
Only those oocytes with clear GVs were cultured in M16
medium under mineral oil in a humidified atmosphere of
5% CO, at 37 °C. Oocytes were harvested for subsequent
analysis at the GV (0 h), GVBD (2 h), Pro-MI (6 h), MI
(8 h), and MII (12 h) stages.

Microinjection and RNAi

We performed microinjection using a Diaphot ECLIPSE
Ti-S inverted microscope (Nikon UK Ltd., Kingston upon
Thames, Surrey, UK) equipped with MM-93B hydraulic
three-dimensional micromanipulators (Narishige Inc., Sea
Cliff, NY, USA). To knockdown Fbxo30 or SLBP, 25 pM
non-targeting (control) or targeting small interfering RNA
(siRNA) were microinjected into oocytes. During and after
microinjection, oocytes were arrested at the GV stage with
2.5 pM milrinone for 16 h to allow siRNA interference
followed by a thorough wash and cultured in fresh M16
medium. The Fbxo30 siRNA sequences were as follows:
5'-GCCACAAGAGACAUUGGCAUGUUAA-3', 5'-GAG
AUGUUGAUGAAGUGGCACAAUU-3' and 5'-CCUUUG
AACGAGUAGCUUGCUUAA-3' (Invitrogen, USA). Slbp
siRNA sequences: 5'-GAGAGAGAGGAAGUCAUCAUC
GGGA-3', 5'-GAGACGGAUGAAAGUGUCUUGAUG
A-3"and 5'-AAGAAGGAUGUGAUUUGCAAGAAAU-3'
(Invitrogen, USA).

Immunofluorescence microscopy and image
analysis

Oocytes were fixed with 4% paraformaldehyde in PBS (pH
7.4) for 30 min and were permeabilized by 0.5% Triton
X-100 in PBS for 25 min at room temperature. Then, oocytes
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were blocked in 1% BSA-supplemented PBS for 1 h at room
temperature followed by incubation with primary antibodies
overnight at 4 °C. After oocytes were washed three times in
PBS containing 0.1% Tween 20 and 0.01% Triton X-100,
they were labelled with the appropriate fluorescent sec-
ondary antibodies for 1 h at room temperature. After three
washes, oocytes were counterstained with Hoechst 33342
(10 pg/ml) for 15 min or with the fluorescent a-tubulin anti-
body (1:200) for 1 h at room temperature. Immunofluores-
cence signals were observed using a confocal laser scanning
microscope (Carl Zeiss 710, Jena, Germany). Instrument set-
tings were kept constant for each replicate.

Chromosome spreading

Chromosome spreading was performed according to the pre-
vious report [25]. In brief, the zona pellucidae of oocytes
was removed by brief exposure to acidic M2 medium (pH
2.0). After recovery in M2 medium for 5 min, oocytes were
fixed in a drop of hypotonic fixation solution (1% paraform-
aldehyde in distilled H,0O, pH 9.2, 0.15% Triton X-100 and
3 mM dithiothreitol) on a glass slide for 30 min. In the hypo-
tonic buffer, oocytes burst and slowly melt onto the slide.
Spreading of chromosomes was achieved when oocytes were
positioned evenly across the slide and allowed to air dry at
room temperature. The immunofluorescence and image anal-
ysis of histone H3 were performed as described in “Immuno-
fluorescence microscopy and image analysis” above.

Three-dimensional modeling

Chromosome spreading of meiotic oocytes was imaged as
a z-series at 0.5-um intervals to capture the entire chromo-
some structure via three-dimensional (3D) confocal z-stacks.
CZI files were imported, and chromosome status and H3
staining were analysed using the Imaris program (Bitplane,
Belfast, United Kingdom) [26, 27]. Isosurface renderings of
the chromosomes were created and rotated in 3D space to
examine their alignment and morphology. 3D computerized
reconstruction of H3 staining was modeled using the Surface
Creation Wizard after manual threshold optimizations for
location analyses.

Immunoprecipitation and western blot

Immunoprecipitation was performed with the indicated anti-
bodies according to the standard protocol of the ProFound
Mammalian Co-Immunoprecipitation kit (Pierce, USA). The
immunoprecipitates were used for the following mass spec-
trometry analysis or western blot. For western blot, oocytes
were lysed in 4x LDS sample buffer (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA) containing protease
inhibitor. After the proteins were boiled for 5 min, they were

separated on SDS-PAGE and electrically transferred onto
PVDF membranes (Millipore, Darmstadt, Germany). The
membranes were blocked in TBST containing 5% skimmed
milk for 1 h at room temperature and then incubated with
the indicated primary antibodies overnight at 4 °C. After
three washes in TBST, the membranes were incubated with
the appropriate horse radish peroxidase (HRP)-conjugated
secondary antibody for 1 h at room temperature. Finally, the
membranes were detected by the enhanced chemilumines-
cence detection system (Amersham Biosciences, Piscataway,
NJ, USA).

Isobaric tags for relative and absolute quantitation
(iTRAQ)-based proteomic analysis

Oocytes (3000/sample) were digested with trypsin and
subsequently processed using the 8-plex iTRAQ reagent
(Applied Biosystems, Carlsbad, CA, USA) according to
the manufacturer’s protocol. Peptides of each subject were
labelled with different iTRAQ tags and incubated at room
temperature for 2 h. Labelled peptides were pooled and sepa-
rated into 12 fractions by nanoAcquity UPLC (Waters Cor-
poration, 34 Maple Street Milford, MA, 01757 USA) using
a Phenomenex AQ column (100 pm X 150 mm, 3 pm, C18)
coupled with tandem mass spectrometry (LC-MS/MS) in
a Q-Exactive high-resolution mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). The mass spectrom-
eter (MS) was operated in a data-dependent manner. Full
MS scans were performed in the range of 300-2000 Da at
a 70,000 resolution. For tandem MS (MS/MS) scans, the
10 most abundant ions with multiple charge states were
selected. The isolation window was set as 2.0 Da, and the
dynamic exclusion was 10 s. The MS/MS spectra were
obtained using Mascot Distiller 2.4 (Matrix Science, Lon-
don, UK), and proteins were identified in the UniProt human
database by the Mascot search engine version 2.4 (Matrix
Science, London, UK). All proteomic and bioinformatic
analyses were performed by Junchen Company (Beijing,
China) and Zhengdakangjian Company (Beijing, China).
Proteins with at least two unique peptides were validated and
selected for further quantitative analysis with Scaffold Q+
software. Proteins with at least two unique peptides whose
fold change was greater than or equal to 1.5 with a p value
less than 0.05 were considered to be differentially expressed.

Ubiquitination assay

For the construction of expression vectors encoding Myc-
His-Fbxo30 and Flag-EGFP-SLBP, mouse Fbxo30 and
SLBP cDNA were subcloned into pcDNA3.1/myc-His(—)A
and pEGFP-N1-FLAG, respectively. Ubiquitin cDNA with a
HA tag was cloned into pEF1a-Luc-IRES-Neo. After trans-
fection with various mixtures of plasmids as indicated, 293T
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cells were treated with MG132 (4 pM) for 6 h to inhibit
proteasome activity. Cells were lysed in lysis buffer contain-
ing 50 mM Tris—Cl (pH 7.5), 150 mM NaCl, 10% glycerol,
0.5% NP-40, 1 mM EDTA, and 0.5% SDS in the presence
of protease inhibitors. After centrifugation, the supernatant
was immunoprecipitated by an anti-Flag M2 affinity gel and
eluted using a buffer with high ionic concentration (50 mM
Tris—Cl, pH 7.5, 500 mM NaCl, 10% glycerol, 0.5% NP-40,
and 1 mM EDTA). Ubiquitination analysis was carried out
by immunoblotting with anti-ubiquitin, SLBP, and Fbxo30
antibodies. Whole-cell lysate (WCL) was used as input, and
p-actin was used as a loading control.

Quantitative PCR

Total RNA was isolated from oocytes (200/sample) using
the RNeasy Micro kit (QIAGEN, Germany). The RNA was
then reverse-transcribed using a RevertAid Fit Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s protocols to gener-
ate cDNA. Quantitative PCR analysis was performed using
SYBR Green PCR master mix with the QuantStudio 3 Real-
Time PCR system (Applied Biosystems, Singapore). The
primer sequences were as follows: H2A, 5'-CGACGAGGA
GCTCAACAAG-3' (sense), 5'-ACTTGCCCTTCGCCT
TATG-3’ (anti-sense); H2B, 5'-CGAAGAAGGGCTCCA
AGAA-3' (sense), 5'-CTTGTACACGTACACCGAGTAG-
3’ (anti-sense); H3, 5'-GATCGCGCAGGACTTCAA-3'
(sense), 5'-GTCCTCAAACAGACCCACAA-3’ (anti-sense);
H4, 5'-GGTTCTTCGCGATAACATCCA-3' (sense), 5'-TCG
TAGATGAGACCGGAGATG-3' (anti-sense). The relative
expression levels of targeted genes were calculated using
the 2724¢T method.

Fig. 1 Expression and subcel- a
lular localization of Fbxo30
during oocyte meiosis. a Protein

To. /’4/

Statistical analyses

All experiments were performed in triplicate unless other-
wise indicated. Mean values and standard deviations were
plotted. Student’s ¢ test was used for statistical analyses.

Results

The expression and localization of Fbxo30
during oocyte meiosis

To investigate the role of Fbxo30 during meiosis, we first
examined the expression level of Fbxo30. Western blot
of Fbxo30 was performed on oocytes harvested at differ-
ent stages. As shown in Fig. 1a, Fbxo30 showed relatively
constant expression from the GV to Pro-MI stages. When
oocytes entered MI, the expression level began to decrease.
During the MII stage before fertilization, oocytes expressed
the lowest level of this protein. Furthermore, we examined
the subcellular localization of Fbxo30 in oocytes. Fbxo30
was mainly localized to the nucleus in GV-stage oocytes and
was then distributed in the cytoplasm with heavier staining
around chromosomes during GVBD (Fig. 1b, c, Fig. Sla).
As the oocyte entered Pro-MI, Fbxo30 was obviously local-
ized at the spindle (Fig. 1d, Fig. S1a). During MI, when
the chromosomes aligned at the equatorial plate, spindle-
localized Fbxo30 expression decreased (Fig. 1e). At the MII
stage, when homologous chromosomes had already sepa-
rated, little Fbxo30 was detected in the oocyte (Fig. 1f, Fig.
S1a). The change in Fbxo30 expression levels before and
after the MI stage implies a potential function of this protein
during oocyte meiosis.
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Depletion of Fbxo30 blocks chromosome
segregation and meiotic progress

To gain insight into the role of Fbxo30 in meiosis, a loss-of-
function experiment using gene-targeting siRNA microinjec-
tion was performed to deplete Fbxo30 in oocytes. For con-
trol oocytes, the same amount of non-targeting siRNA was
microinjected. Western blot of Fbxo30 from Pro-MI oocytes
confirmed the effective depletion of the protein (Fig. 2a).
Consistently, immunofluorescent staining of Fbxo30 was
almost undetectable in Fbxo30 RNAi oocytes before the MI
stage (Fig. 2b, c). Fbxo30 RNAi did not affect the rate of
GVBD during oocyte maturation (Fig. S1b). When cultured
to the MII stage, nearly all control oocytes (92.3%) excluded
the polar body and reached MII. In contrast, most Fbxo30
RNAI oocytes (80.6%) were not able to exclude the polar
body. Focussing on the spindle and chromosomes revealed
that homologous chromosomes did not separate and that
polar body exclusion did not occur in these Fbxo30 knock-
down (Fbx030-KD) oocytes (Fig. 2d—f), demonstrating that
Fbxo30 depletion caused meiotic arrest with chromosome
segregation defects. In addition, a considerable portion of

Fbxo30 RNAi oocytes (56%) showed abnormal spindle
assembly beginning at the Pro-MI stage and especially in
MI (Figs. 2b—f, 5b, Fig. S2). This abnormal assembly may
have been caused by the overcondensation of chromosomes
resulting in an inability of the chromosomes to be pulled
and aligned by the spindle in a normal manner, thereby
unbalancing the force between chromosomes and microtu-
bules during spindle assembly. Furthermore, chromosome
overcondensation may affect spindle assembly directly as an
increasing number of studies have demonstrated that chro-
mosomes contribute to spindle assembly in acentrosomal
oocytes [4, 28, 29].

SLBP is a substrate of Fbxo30 in oocyte meiosis

Because F-box proteins function for substrate selection in
the ubiquitin proteasome system [20, 21], we investigated
the potential substrate of Fbxo30 and its molecular mecha-
nism in oocyte meiosis. The substrate selected by Fbxo30
undergoes degradation; therefore, Fbxo30 depletion would
give rise to an increase in the protein level of this substrate.
We therefore compared the proteome between control
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Fig. 2 Effects of Fbxo30 depletion on meiotic progression. a Expres-
sion level of Fbxo30 in control and Fbxo30-KD oocytes. Two hun-
dred oocytes in each group were harvested and lysed for western blot
of Fbx030. f-Actin was used as the loading control. b, ¢ Immunofluo-
rescent staining of Fbxo30 in control and Fbxo30-KD oocytes. Lit-
tle Fbxo30 signal was detected in Fbxo30-KD meiotic oocytes. d MII
rates of control and Fbxo30-KD oocytes. Each group of one repeat
contained at least 100 oocytes. Statistical data were summarized

from three independent repeats. The error bars represent the standard
deviation. e, f Fbxo30 knockdown resulted in chromosome segrega-
tion failure and meiotic arrest. Oocytes in the control and Fbxo30-
KD groups were cultured for 12 h followed by staining with Fbx030,
a-tubulin and Hoechst. Most of the Fbxo30-KD oocytes were arrested
at the MI stage with chromosome segregation failure. The boxed
regions denote the magnifications. Scale bar, 20 pm
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and Fbxo30 RNAi oocytes. In each group, 3000 MI-stage
oocytes were harvested for iTRAQ-based quantitative pro-
teomics analysis. After digestion with trypsin, the peptides
were labelled with iTRAQ reagents. Labelled peptides were
then pooled and separated into 12 fractions by nanoAcquity
UPLC, followed by MS/MS analysis with a Q-Exactive
high-resolution mass spectrometer. A total of 2306 proteins
(FDR < 1%) were identified from the labelled samples in
control and Fbxo30 RNAi oocytes (Table S1). To identify
the potential substrate, we defined upregulated proteins in
Fbxo30 RNAI oocytes as follows: fold change > 1.5 and p
value less than 0.05. Proteins were identified and relatively
quantified in terms of at least two unique peptides. Based on
the screening criteria above, 40 proteins (referred to as Set I)
were identified to be more highly expressed in Fbxo30 RNAi
oocytes than in control oocytes (Table S2).

a
Set | Set ll
(N=40) (N=238)
8 230
b
Input IP
His-Ab - + - +
SLBP ...b“ e A |
C evb
< <&
N
N
&
o <«

Fig.3 SLBP is a substrate of the Fbxo30-mediated ubiquitin protea-
some system. a Screening of the substrate of Fbxo30 by mass spec-
trometry analysis. Set I includes the candidates significantly upregu-
lated in Fbxo30-KD oocytes analysed by iTRAQ technique. Set II
includes the candidates identified by LC-MS/MS that potentially
interact with Fbxo30. The Venn diagram represents the overlap pro-
teins from Set I and Set II. b SLBP interacted with Fbxo30. Purified
His-Fbxo30 was incubated with the lysate of Fbxo30-KD oocytes in
the presence of Protein A/G beads and the His antibody. The immu-
noprecipitate was blotted with an SLBP antibody. Ten percent of the
WCL was loaded as the input. ¢ Protein levels of SLBP in control and
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To specifically target the substrate, we further performed
an Fbxo30 immunoprecipitation experiment. Purified His-
Fbxo30 was incubated with the lysate of Fbxo30 RNAI
oocytes in the presence of the His-tag antibody and Protein
A/G Sepharose beads. The associated proteins were pulled
down and analysed by LC-MS/MS. Two hundred and thirty-
eight Fbxo30-associated proteins (refer to Set II) were iden-
tified (Table S3). Among these proteins, eight candidates
were found in Set I (Table S4; Fig. 3a). Of note, 13 unique
peptides from SLBP were detected. To confirm the inter-
action between Fbxo30 and SLBP, we immunoblotted the
rest of the immunoprecipitates pulled down by His-Fbxo30
described above using the SLBP antibody. As shown in
Fig. 3b, His-Fbxo30 immunoprecipitated SLBP in the oocyte
lysate. On the other hand, Fbxo30 knockdown resulted in an
increase in SLBP expression in oocytes (Fig. 3c).

d Myc-Fbxo30
A
Fbx030 | e d |

SLBP

-_— .

P gy SE—

B-actin

Flag-EGFP-SLBP

&HA-Ub T 7
Myc-Fbxo30 - + 4+
HA-Ubiquitin

Flag-EGFP-SLBP |~ s =] 55

Flag-EGFP-SLBP = == we] 55

Fbxo30-KD oocytes were examined by western blot. d Overexpres-
sion of Fbxo30 led to a decrease in endogenous SLBP. 293T cells
were transfected with Myc-Fbxo30 followed by western blot of SLBP.
B-Actin was used as the loading control. e The ubiquitination level of
SLBP was increased with Fbxo30 overexpression. 293T cells express-
ing Flag-EGFP-SLBP and HA-Ub were co-transfected with or with-
out the Myc-Fbxo30 expression plasmid. Cellular lysate was immu-
noprecipitated by anti-FLAG M2 affinity gel (to bind Flag-SLBP)
followed by western blot with the ubiquitin and SLBP antibody,
respectively. Ten percent of the WCL was used as the input
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To validate the relationship of the E3 ligase substrate
between Fbxo30 and SLBP, we expressed Myc-Fbxo30 in
293T cells and tested the level of endogenous SLBP. As
expected, increasing expression of Myc-Fbxo30 resulted
in a decrease in the expression of SLBP (Fig. 3d). In par-
allel, 293T cells expressing Flag-SLBP and HA-Ub were
co-transfected with Myc-Fbxo30 or empty vector, followed
by proteasome inhibitor treatment. In the immunoprecipi-
tates pulled down by anti-Flag beads, the ubiquitination
level of Flag-SLBP increased in a dose-dependent manner
with an increasing amount of Myc-Fbxo30 (Fig. 3e). These
data indicated that SLBP interacted with Fbxo30 and was
degraded by Fbxo30-mediated ubiquitination.

Fbxo30 depletion causes an accumulation of SLBP
and H3 in oocytes

Because SLBP is a substrate of Fbxo30, we investigated
the cellular behaviour of SLBP in oocytes. Before GVBD,
SLBP was almost undetectable in whole oocytes (Fig. 4a).
As oocytes reached Pro-MI and MI after GVBD, a mild
SLBP signal was found around the spindle and chromo-
somes (Fig. 4b, c¢). During AI, when the chromosomes seg-
regated, the expression of SLBP remained at a mild level
(Fig. 4d). When Fbxo30 was depleted by siRNA, SLBP
became detectable in the nucleus before GVBD (Fig. 4e).
Notably, after GVBD, an abundance of SLBP was expressed
and overloaded around the spindle and chromosomes in
Fbxo030 RNAIi oocytes. With further culture, the oocytes
showed disorganized chromosomes surrounded by accu-
mulated SLBP and were arrested at MI with chromosome
segregation failure (Fig. 4f-h).

After nuclear envelope breakdown in eukaryotic cells,
loose chromatins with long arms are transferred to compact
chromosomes packaged into rod-shaped structures [30, 31].
This process ensures proper separation of chromosomes dur-
ing cell division and is highly regulated by related factors,
including histones [32—34]. By directly binding to the 3’ end
of histone mRNA, SLBP participates in almost all aspects
of histone mRNA metabolism and is essential for histone
translation [35, 36]. We thus tested the expression of core
histones in Fbxo30-KD oocytes in which SLBP protein was
upregulated. The mRNA expression levels of histone H2A,
H2B, and H4 were similar in control and Fbxo30 RNAIi
oocytes. However, the level of histone H3 in Fbxo30 RNAi
oocytes was significantly higher than that in control oocytes
(Fig. 41). Moreover, western blot confirmed the overexpres-
sion of H3 at the protein level (Fig. 4j). Previous reports
highlighted the importance of phosphorylation of serine
10 of H3 (pH3Ser10) [32, 33, 37]; thus, we examined this
phosphorylation by western blot and chromosome spreading
staining. As expected, pH3Ser10 in Fbxo30 RNAi oocytes
was higher than that in the control (Fig. S3). As histone is

required for chromosome packaging after nuclear envelope
breakdown, we wondered the status of chromosomes when
H3 was expressed abnormally in Fbxo30 RNAIi oocytes.
Chromosome spreading of meiotic oocytes was performed
followed by analysis of chromosome status as well as H3
staining of chromosomes. In normal meiotic oocytes before
Al histone H3 was evenly expressed on whole individual
chromosomes except for the region of the kinetochore. All
20 pairs of homologous chromosomes exhibited a strip-like
shape, and no pairs combined with one another. In contrast,
H3 expression in most Fbxo30 RNAi oocytes was not well
organized and was found roughly surrounding the disorgan-
ized chromosomes. The chromosomes lost their strip-like
shape and showed chaotic morphology. These chromosomes
were condensed together, resulting in obvious combina-
tion or fusion with each other, which was confirmed by 3D
modeling using the Imaris program (Fig. 4k). To clarify
whether the “chromosome mess” phenotype could be due
to MI arrest, we treated oocytes with nocodazole, a classic
drug for arresting cells at MI stage. Although all the treated
oocytes were arrested at MI (even for 12 h), none of them
displayed hypercondensed chromsomes (Fig. S4a). In addi-
tion, to examining the progression of chromosome conden-
sation, we detected chromosome status in meiotic oocytes
by close time point staining. Oocytes were examined at early
Pro-MI (2 h after GVBD), late Pro-MI (4 h after GVBD),
and MI (6 h after GVBD). The bivalents were visualized by
SMC3 and Hoechst 33342 co-staining. Specifically, Fbxo30
RNAI oocytes in early Pro-MI showed bivalents with similar
morphology to control oocytes. Beginning in late Pro-MI,
however, the bivalents in Fbxo30 RNAi oocytes seemed to
be condensed with fuzzy localization of SMC3. When the
oocytes processed to MI, chromosomes were further con-
densed, and nearly no bivalents could be detected (Fig. S4b).

In general, MI arrest in oocytes requires SAC activation
[15, 38, 39]. Therefore, we then examined SAC status.
Core SAC proteins, including Mad2, BubR1, and Bub3,
were obviously localized at the kinetochores of chromo-
somes before MI and disappeared after MI in control
oocytes. Notably, none of the SAC proteins were detected
at kinetochores before MI in Fbxo30 RNAi oocytes in
either the chromosome spreading experiment (Fig. 41) or
whole-oocyte staining experiment (Fig. S5). However,
the protein levels between control and Fbxo30 RNAi
oocytes were similar (Fig. 4m), suggesting that Fbxo30
depletion affected the recruitment of SAC proteins at kine-
tochores rather than their expression in oocytes. These
data indicated that H3 overexpression induced by Fbxo30
knockdown resulted in abnormal chromosome condensa-
tion blocking chromosome segregation and that the over-
condensed chromosomes affected SAC localization at
kinetochores.
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«Fig.4 Knockdown of Fbxo30 results in the accumulation of SLBP
and H3 in oocytes. a—h Subcellular distribution of SLBP in control
and Fbxo30-KD oocytes at the GV (0 h), Pro-MI (6 h), MI (8 h), and
Al (10 h) stages. Oocytes were stained with SLBP, microtubules,
and DNA. The white arrowhead indicates the increased SLBP in
the nuclei of Fbxo30-KD oocytes at the GV stage, while the yellow
arrowheads indicate the accumulated SLBP around the spindle after
GVBD. Scale bar, 20 pm. i mRNA expression level of core histones
in control and Fbxo30-KD oocytes. Total RNA was extracted from
100 oocytes and then reverse-transcribed to cDNA. mRNA expres-
sion was examined by qPCR. j Protein expression of core histones in
control and Fbxo30-KD oocytes. Two hundred oocytes were lysed,
followed by western blotting of H2A, H2B, H3, and H4. B-Actin was
used as a loading control. The relative intensity of the bands is sum-
marized in the histogram. k Chromosome spreading and 3D mod-
eling of chromosomes from control and Fbxo30-KD oocytes. Chro-
mosome spreading was performed with MI-stage oocytes followed by
immunostaining of H3. 3D models were constructed using the Imaris
program. Isosurface renderings of the chromosomes were created and
rotated in 3D space to assess chromosome morphology. 3D painting
of H3 on chromosomes was created using the Surface Creation Wiz-
ard after manual threshold optimizations for location analyses. 1 The
status of SAC before and after the MI stage from control and Fbxo30-
KD oocytes. The spread of chromosomes from oocytes before or after
MI (MII) stained for core SAC components Mad2, BubR1, and Bub3.
Normally in control oocytes, the SAC was active (positive kine-
tochore staining) before MI and became inactive after chromosome
segregation. SAC components failed to be loaded onto kinetochores
before MI in Fbxo30-KD oocytes. Scale bar, 5 pm. m The expres-
sion of SAC proteins in control and Fbxo30-KD oocytes. Two hun-
dred oocytes were harvested for each western blot sample of Mad2,
BubR1, and Bub3. f-Actin was used as a loading control. The relative
intensity of the bands is summarized in the histogram. No significant
difference was observed between the control and Fbxo30-KD groups.
Error bars represent the standard deviation. The asterisk indicates a
significant difference

Knockdown of SLBP restores meiotic progress
in Fbxo30 RNAi oocytes

Because the depletion of Fbxo30 led to SLBP overexpres-
sion, which inhibited chromosome separation in oocyte
meiosis, we examined whether a decrease in excess SLBP
would restore meiosis. Thus, SLBP was knocked down
in these Fbxo30 RNAi oocytes. As shown in Fig. 5a,
SLBP knockdown not only decreased the overexpression
of SLBP per se but also downregulated the expression of
H3 in Fbxo30 RNAI oocytes. Consistently, the overloaded
SLBP around the spindle disappeared in Fbxo30/SLBP
double-KD oocytes (Fig. 5b). Due to the downregulation
of H3, the chromosomes of these oocytes escaped from
the compact disorganization (Fig. 5c), which allowed SAC
proteins to be re-positioned on the kinetochores (Fig. S6).
When cultured for MII, 53% oocytes with Fbxo30/SLBP
double knockdown underwent chromosome segregation
and reached MII (Fig. 5d). These results validated that
Fbxo30-SLBP cascade in oocyte meiosis regulates histone
H3 and chromosome segregation.

In oocytes with SLBP single knockdown, we observed
decreased protein levels of SLBP per se and H3 (Fig. 5a).
These oocytes showed similar GVBD rates to control
oocytes (Fig. S1b). However, H3 was not sufficiently
expressed to fully cover the chromosomes, and almost none
of the chromosomes were condensed into strips as in the
control condition (Fig. 5¢). Due to chromosome alignment
failure, most SLBP RNAIi oocytes were arrested at MI and
were unable to reach MII (Fig. 5d). These results suggested
that either an excess or shortage of H3 disturbs oocyte mat-
uration in different ways. Thus, SLBP single knockdown
oocytes had defects different from Fbxo30/SLBP double
knockdown oocytes. SLBP knockdown restored meiotic
progress in Fbxo30 RNAi oocytes.

Discussion

Mammalian oocytes contain full components of maternal
proteins required for subsequent fertilization, genomic repro-
gramming, and embryonic gene activation [11, 40]. Due to
the absence of transcription during oocyte maturation, the
ubiquitin proteasome system is critically important for the
regulation of protein dynamics and degradation. Because
substrate proteins are spatiotemporally targeted by the ubig-
uitin proteasome system, the substrate-selected specificity
controlled by E3 ligases is significantly important [41]. As
the best characterized E3 ligase, SCF is a highly diverse
complex and fulfils specificity via variable adaptor F-box
proteins that bind substrates [18]. At present, at least 38
F-box proteins have been identified in humans [23, 42].
However, many substrates have not been identified. In this
study, we demonstrate a new degradation pathway mediated
by Fbxo30 that is essential for oocyte maturation. Deple-
tion of Fbxo30 causes an obvious failure of chromosome
segregation and meiotic arrest. Based on the large family
of F-box proteins, the SCF-mediated ubiquitin proteasome
system may make critical contributions to the depletion of
maternal materials in oocytes.

Histones are responsible for packaging and ordering
DNA into nucleosomes and are the major protein compo-
nents of chromatin. In proliferative cells, histones must be
translated rapidly during the beginning of S phase when
DNA is replicated and degraded at the end of S phase
or when errors occur in DNA replication [43]. However,
in oocytes and early embryos, histone mRNAs accumu-
late and are translated independent of DNA replication.
These histone proteins are used to replace the protamine
of sperm DNA and for the assembly of newly synthe-
sized DNA in the early embryo [38, 44]. In this study, we
found that SLBP is a substrate of SCF ubiquitin ligases
targeted by Fbxo30. Depletion of Fbxo30 leads to an inef-
fective degradation of SLBP and, in turn, H3 overload
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in oocytes. The excess H3 protein causes abnormal chro-
mosome condensation, arresting the meiotic cell cycle.
Our findings imply that the potential for H3 translation
from H3 mRNA is much higher than the actual transla-
tion observed in oocytes. Indeed, histone mRNAs are
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constantly transcribed throughout mammalian oogen-
esis [45, 46]. The abundant supply of histone mRNA is
required for subsequent embryonic development but is not
necessary for maturing oocytes per se. Thus, oocytes must
restrict the protein expression of histone during meiosis
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«Fig.5 Depletion of SLBP rescues meiotic arrest in Fbxo30-KD
oocytes. a Protein levels of SLBP, H3, and Fbxo30 in control,
Fbxo30-KD, Fbxo30/SLBP double-KD, and SLBP-KD oocytes.
One hundred oocytes were harvested for each western blot sample.
The relative intensity of the bands is summarized in the histogram. b
Immunofluorescence of SLBP in control, Fbxo30-KD, Fbxo30/SLBP
double-KD and SLBP-KD oocytes. Scale bar, 20 pm. ¢ Chromosome
spreading and 3D modeling of chromosomes from control, Fbxo30-
KD, Fbx030/SLBP double-KD, and SLBP-KD oocytes. Chromosome
spreading was performed with MI-stage oocytes followed by immu-
nostaining of H3. 3D models were constructed using the Imaris pro-
gram. Isosurface renderings of the chromosomes were created and
rotated in 3D space to assess chromosome morphology. 3D painting
of H3 on chromosomes was created using the Surface Creation Wiz-
ard after manual threshold optimizations for location analyses. Scale
bar, 5 pm. d MII rates of control, Fbxo30-KD, Fbxo30/SLBP double-
KD and SLBP-KD oocytes. Each group of one repeat contained at
least 100 oocytes. Statistical data were summarized from three inde-
pendent repeats. Error bars represent the standard deviation

because a higher expression of histone proteins puts pres-
sure on chromosomes and consumes metabolic energy.
The ubiquitin proteasome pathway mediated by Foxb30
thus functions as a guard to monitor the protein expression
of H3 in oocytes. The triple-layer SCF-SLBP-H3 cascade
not only maintains the enriched pool of H3 mRNA but also
avoids robust expression of H3 protein before fertilization.

In recent decades, infertility has been one of the most
harmful diseases for women and their families. A reported
8-10% of reproductive-aged couples suffer from infertility
worldwide [47, 48]. However, due to the absence of molecu-
lar information, most infertile women cannot be treated pre-
cisely in the clinic. Errors in meiosis in women represent the
leading cause of abortion and embryo defects [49]. Of note,
most of the errors occur during the first meiotic division
[50, 51], which largely depends on chromosome segregation.
Previous studies have highlighted the role of SAC proteins
in sensing the attachment between spindle microtubules and
kinetochores of chromosomes that in turn inhibits chromo-
some segregation [52-55]. Our findings instead provide a
new direction of segregation failure that is driven by over-
condensed chromosomes. Functional mutations in SCF
complexes, such as F-box proteins and numerous substrates
of SCF, and histones required for chromosome packaging
may cause defects in chromosome segregation and oocyte
meiosis. Thus, our study may provide potential targets for
the diagnosis and therapy of female infertility.
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