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Abstract

Cullin ring-finger ubiquitin ligase 4 (CRL4) has multiple functions in the maintenance of oocyte survival and meiotic cell
cycle progression. DCAF13, a novel CRL4 adaptor, is essential for oocyte development. But the mechanisms by which
CRL4-DCAF13 supports meiotic maturation remained unclear. In this study, we demonstrated that DCAF13 stimulates the
meiotic resumption-coupled activation of protein synthesis in oocytes, partially by maintaining the activity of PI3K sign-
aling pathway. CRL4-DCAF13 targets the polyubiquitination and degradation of PTEN, a lipid phosphatase that inhibits
PI3K pathway as well as oocyte growth and maturation. Dcafl3 knockout in oocytes caused decreased CDK1 activity and
impaired meiotic cell cycle progression and chromosome condensation defects. As a result, chromosomes fail to be aligned
at the spindle equatorial plate, the spindle assembly checkpoint is activated, and most Dcaf13 null oocytes are arrested at the
prometaphase I. The DCAF13-dependent PTEN degradation mechanism fits in as a missing link between CRL4 ubiquitin
E3 ligase and PI3K pathway, both of which are crucial for translational activation during oocyte GV-MII transition.

Keywords Female germ cell - Meiosis - DDB1-CULA4-associated factor 13 - Female fertility - Ubiquitin E3 ligase - PI3K
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Introduction

The good quality of oocyte is essential for female fertility
[1]. In the post-natal ovaries of mammalian species, fully
grown oocytes in follicles are arrested at diplotene stage
of the first meiotic prophase, which is also known as the
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germinal vesicle (GV) stage [2]. With the stimulation of
pituitary gonadotropins in mid-estrus, meiosis resumes with
the signature of GV breakdown (GVBD) followed by chro-
matin condensation [3]. During the prometaphase of meiosis
I (Pro-MI), the spindle is assembled accompanied with the
capture of condensed chromosomes. When all chromosomes
align at the spindle middle plate in the metaphase of meiosis
I (MI), the meiotic cell cycle progresses to anaphase I (AI),
followed by chromosomes segregation and the exclusion
of the polar body-1 (PB1) [4]. Then the ovulated oocytes
entered another cell cycle arrest at the metaphase of meiosis
IT (MII) until fertilization [5]. Errors in meiotic progression
result in fertilization failure or abnormalities of preimplanta-
tion embryonic development, leading to early abortion and
female infertility.

Oocyte meiosis is regulated by a hierarchical network that
ensures the normal cell cycle progression and the accurate
chromosome separation [6]. Since de novo mRNA transcrip-
tion ceases in fully grown oocytes, the meiotic maturation,
fertilization, and the first embryonic division are completely
supported by RNAs and proteins stored in the GV oocytes
[7, 8]. Particularly, the progression of oocyte meiosis
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requires timely degradation of specific proteins mediated
by the ubiquitin- and proteasome-dependent mechanisms.

Protein ubiquitin (Ub) E3 ligases, in particular, play key
roles during both meiotic and mitotic cell cycle progres-
sion by triggering specific proteins degradation [9]. For
example, an anaphase promoting complex (APC) initiates
the metaphase—anaphase transition by inducing the degrada-
tion of cyclin B and securin [10]. Our previous studies have
shown that cullin ring-finger ubiquitin ligase 4 (CRL4) has
multiple functions in the maintenance of oocyte survival,
meiotic cell cycle progression, and genome reprogramming
after fertilization [11]. CRL4 plays versatile biological roles
by employing nearly 90 different WD40 repeat-containing
adaptor proteins, known as DDB1-cullin-4-associated fac-
tors (DCAFs) [12, 13]. These DCAFs recruit a wide spec-
trum of substrates to CRL4 for poly- or mono-ubiquitylation
[14, 15]. DCAF1 and DCAF2 are evolutionarily conserved
substrate receptors of CRL4 [16]. Using conditional knock-
out mouse models, we revealed that both are key mediators
of CRL4 function in mammalian oocytes. While DCAF1
regulates the hydroxymethylation of genomic DNA to
maintain oocyte survival and to promote zygotic genome
reprogramming after fertilization [11, 17, 18], DCAF2 is
a previously unrecognized maternal factor that safeguards
zygotic genome stability by preventing DNA re-replication
in the first mitotic cell cycle of the zygote [19].

In addition to DCAF1 and DCAF2, we recently identified
DCAF13 as a novel CRL4 adaptor conserved from yeast to
human [20, 21]. DCAF13 is essential for oocyte survival in
primordial follicles as well as for preimplantation embryonic
development [20, 21]. DcafI3 is an early zygotic gene in
both murine and human embryos and is expressed mainly
at the 8-cell to morula stages. Dcafl3 knockout murine
embryos are arrested at the 8- to 16-cell stage before com-
paction, and this situation causes preimplantation mortal-
ity [21]. To bypass the early embryonic lethality caused by
Dcaf13 knockout, we generated an oocyte-specific Dcafl3
deletion mouse model, and discovered that this gene plays
key roles for oocyte chromatin configuration transition and
follicle development [20]. Although CRL4-DCAF13 facili-
tates genome activation in preimplantation embryos by poly-
ubiquitinating and removing the histone H3 lysine-9 (H3K9)
trimethylase SUV39H1, this mechanism did not seem to be
essential in growing oocytes because the H3K9 trimethyla-
tion level did not increase in DcafI3 knockout oocytes [20].
Furthermore, analyses of RNA-sequencing results indicated
that Dcafl3 deletion did not significantly affect the tran-
scriptome in oocytes [20]. Therefore, the ubiquitination tar-
get proteins of CRL4-DCAF13 in growing oocytes remain
obscure.

The Dcafl3 deletion in oocytes results in a low folli-
cular developmental rate to the antral stage [20]. On the
other hand, some of these DcafI3 null oocytes can grow to
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the GV stage with sizes close to the fully grown wild-type
(WT) oocytes, but the females remain sterile. We, there-
fore, suspected that the Dcaf13-deleted oocytes have meiotic
maturation defects, and thus failed to be fertilized. In this
study, we carefully investigated the meiotic maturation pro-
cess in Dcaf13-deleted oocytes, and demonstrated that the
CRL4-DCAF13-regulated biochemical processes are cru-
cial for timely meiotic resumption, normal spindle assem-
bly, accurate chromosome separation, and smooth MI-to-
MII transition in maturing mouse oocytes. Mechanistically,
CRLA4PCAFD targets the polyubiquitination and degradation
of PTEN, a lipid phosphatase that inhibits the PI3K path-
way as well as oocyte growth and maturation. Therefore,
DCAF13 stimulates the meiotic resumption-coupled activa-
tion of protein synthesis in oocytes, partially by maintaining
the activity of PI3K signaling pathway. These findings not
only described novel functions of DCAF13 in supporting
oocyte development, but also elucidated a long-looked-for
regulation mechanism of PTEN and PI3K signaling pathway
in oocytes.

Materials and methods

Oocyte collection and in vitro culture,
microinjection

Fully grown oocytes were obtained from the ovaries of
4-week-old Dcaf13™ and Dcaf13™:Gdf9-Cre female mice
48 h after intraperitoneal injection of 5 IU of PMSG (Ningbo
Sansheng Pharmaceutical Co., Ltd., China). Oocytes were
released by puncturing follicles with a fine needle in 37 °C
pre-warmed M2 medium (Sigma-Aldrich). and cultured in
minidrops of M16 medium (M7292; Sigma-Aldrich) covered
with mineral oil (M5310; Sigma-Aldrich) at 37 °C in a 5%
CO, atmosphere. For microinjection, oocytes were collected
in M2 medium with 2.5 mM milrinone to inhibit spontane-
ous GVBD. Flag-DCAF13 mRNAs were transcribed in vitro
using a SP6 message machine kit (Invitrogen, AM1450).
Microinjection was performed using a micromanipulator
and microinjector (Eppendorf) under an inverted micro-
scope (Eclipse TE200; Nikon) as previously described [22].
Approximately 10 pl synthetic mRNA (800 pg/ml) or siRNA
(20 pM) diluted in distilled was microinjected into the cyto-
plasm of oocytes.

Immunofluorescent staining

Oocytes were fixed with 4% paraformaldehyde in PBS at
room temperature for 30 min. They were then permeabilized
with 0.3% Triton X-100 in PBS for 30 min. Antibody stain-
ing was performed using standard protocols described previ-
ously [23]. Antibodies used in the experiments are described
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in Supplementary Table 1. Imaging of oocyte was performed
on a Zeiss LSM710 confocal microscope. Semi-quantitative
analysis of the fluorescence signals was performed through
the NIH Image program ImageJ.

Preparation of chromosome spread sections

Oocytes at different meiosis stages were collected and the
zona pellucida was removed using acidic M2 medium (pH
2.0). Then oocytes were fixed in a chromosome spread solu-
tion (1% paraformaldehyde, 0.15% Triton X-100, and 3 mM
dithiothreitol) on glass slides for 1 h. After fixation, slides
were air dried. Immunofluorescent staining was performed
as done for oocytes as described above.

Detection of protein synthesis

WT and DCAF13-depleted oocytes in growing, fully grown,
GVBD, and MI stage were incubated in M16 medium sup-
plemented with 100 mM HPG for 1 h. Then the oocytes were
fixed for 30 min at 37 °C in 3.7% formaldehyde. Oocytes
were permeabilized in PBS containing 0.5% Triton X-100
for 30 min at room temperature and washed in PBS plus
0.5% Triton X-100. HPG was detected by Click-iT cell reac-
tion kit (Life Technologies). The mean cytoplasmic signal
that crossed the middle of each oocyte was measured and
quantified using Image-J software.

Western blotting

Oocytes were lysed directly in f-mercaptoethanol containing
loading buffer and heated at 95 °C for 10 min. SDS-PAGE
and immunoblots were performed following standard proce-
dures using a Mini-PROTEAN Tetra Cell System (Bio-Rad,
Hercules, CA). The antibodies used are listed in Supplemen-
tary Table 1.

RT-PCR

Quantitative RT-PCR was performed using a Power SYBR
Green PCR Master Mix (Applied Biosystems, Life tech-
nologies) with ABI 7500 Real-Time PCR system (Applied
Biosystems, Life technologies). Relative mRNA levels
were calculated by normalizing to the levels of endogenous
GAPDH mRNA (used as an internal control). The forward
primer 5'-TTTCCTGTAGACAAAAGTCGAAGCA-3' and
the reward primer 5'-GCATTAGCTTTCCACAGGCG-3'
were used for Dcaf13 RT-PCR.

Live cell imaging

In vitro transcribed mRNAs encoding for GFP-a-tubulin
and mCherry-securin were microinjected into WT and

DCAF13-deleted oocytes by using an Eppendorf microin-
jector and released from milrinone after 16 h. Oocytes were
cultured in milrinone-free M16 medium containing Hoe-
chst-33342 (to label DNA) within 4 h. Oocytes were sub-
jected to live cell imaging at 12 h after meiotic resumption.
Live oocytes were acquired on a DV ELITE High Resolu-
tion Invented Living Cell Work station and cultured in M2
medium at 37 °C and 5% CO,. Image acquisition was per-
formed using Zeiss LSM-780 confocal microscope (Zeiss)
equipped with PC-Apochromat 20x/0.8 NA objective lenses
at 10 min intervals for 12 h.

Cell culture and plasmid transfection

HeLa cells were grown in DMEM (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS; HyClone) and
1% penicillin—streptomycin solution (Gibco) at 37 °C in a
humidified 5% CO, incubator. Plasmids were transfected
using Lipofectamine 2000 (Invitrogen). The FLAG-DCAF13
plasmids used in our research was described previously [24].

Immunoprecipitation and ubiquitination assay

At 48 h after transfection, Cells were lysed in lysis buffer
(50 mM Tris—HCI, pH 7.5, 150 mM NaCl, 10% glycerol, and
0.5% NP-40; protease and phosphatase inhibitors were added
prior to use). After centrifugation at 12,000g for 20 min, the
supernatant was subjected to immunoprecipitation with an
EZview Red Anti-c-Myc affinity gel (Sigma) for 4 h at 4 °C.
Then beads were washed three times with lysis buffer. SDS
sample buffer was added to the beads. Supernatant (input)
and the eluates were used for western blot analysis.

To detect protein ubiquitination status, cells were lysed
at 48 h after HA-Ub co-transfection in SDS denaturing
buffer (20 mM Tris, pH 7.4, 50mM NaCl, 0.5% NP-40,
0.5% sodium deoxycholate, 0.5% SDS, and 1 mM EDTA,
protein inhibitors were added before use) followed by soni-
cation. Lysate was sonicated and diluted ten times with dilu-
tion buffer (SO0mM Tris—HCI pH 7.4, 150 mM NaCl, 1 mM
EDTA, 0.5% sodium deoxycholate, 1% NP-40, protein
inhibitors were added before use). Samples were then incu-
bated with EZview Red anti-HA affinity gel for 2 h at 4 °C,
and cleared by centrifuging. Immunoprecipitation assay was
detected by western blotting using anti-HA antibody.

Statistical analysis

Results are given as mean+ SEM. Each experiment was
repeated at least three times. Results for two experimental
groups were compared by two-tailed unpaired Student’s ¢
tests. Statistically significant values of P <0.05, P<0.01,
and P <0.001 are indicated by asterisks (¥), (**), and (¥**),
respectively.
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«Fig. 1 Dcafl3 deletion in oocytes impairs meiotic cell cycle progres-
sion. a Expression of DCAF13 in mouse oocyte as revealed by west-
ern blot analysis. DDB1 was blotted as a loading control. Phospho-
rylation of histone H3 at serine-10 (H3S10ph) was blotted to indicate
the levels of chromosome condensation. The sizes (kDa) of protein
markers are indicated on the right. b Representative images of fully
grown oocytes from DcafI3"" and Dcafl13":Gdf9-Cre mice after
culture for 0, 4, and 16 h. Scale bar, 100 pm. ¢, d Germinal vesicle
breakdown (GVBD) (c¢) and PB1 emission (PBE) (d) rates of cultured
oocytes that were collected at the GV stage from mice. Total numbers
of oocytes used (n) are indicated. **P <0.01 by two-tailed Student’s
t tests. Error bars indicate SEM. e Immunofluorescence of a-tubulin
showing spindles in Dcaf13™ and Dcaf13™; Gdf9-Cre oocytes after
culture for 8 h and 9.5 h. Total numbers of oocytes used are indicated
in corner (oocytes showing the representative phenotype/total oocytes
being observed). Scale bar, 50 pm. f Measurement of the thickness
of spindle middle plate. C indicated maximal span of chromosomes.
S indicated maximal spindle lengths. Scatter gram shows the C:S
ratios for Deafl13™ and Dcaf13™:Gdf9-Cre oocytes after culture for
8 h. Total numbers of oocytes used (n) are indicated. ***P <0.001 by
two-tailed Student’s ¢ tests. Error bars indicate SEM. g The propor-
tions of Deaf13™ and chf]?rﬂ/ﬂ;Gdﬁ—Cre oocytes at Pro-MI and MI
stages at 8 h after culture

Results

Dcaf13 deletion in mouse oocytes causes multiple
defects of meiotic maturation

DCAF13 is expressed in mouse oocytes from the primor-
dial follicle stage, so we specifically knocked out Dcafl3
in oocytes using the well-characterized Gdf9-Cre. We have
shown in a previous study that DCAF13 protein was deleted
as expected in oocytes from primordial follicle stage in
Dcaf13™:Gdf9-Cre mice through immunohistochemistry
and western blotting [20].

DCAF13 was expressed in oocytes throughout the mei-
otic maturation process, although with a decreasing trend,
suggesting that it might potentially be involved in oocyte
meiosis (Fig. 1a). To investigate the process of meiotic
resumption, we isolated fully grown GV oocytes from preg-
nant mare serum gonadotropin (PMSG)-primed Dcaf13™!
(as a control) and Dcafl3"":Gdf9-Cre mice and cultured
them in vitro. Female mice at the age of 3—4-week-old were
used in this study because they have not shown signs of
great oocyte loss and premature ovarian failure yet. Oocytes
with a diameter greater than 75 pm were used in the fol-
lowing experiments. Only 57.6% of Dcaf13-deleted oocytes
underwent GVBD, the first visible sign of meiotic resump-
tion (Fig. 1b, ¢). Among the oocytes that underwent GVBD
within 4 h, only 16.7% extruded the first polar body (PB1)
(Fig. 1d). When the control oocytes had formed MI spindles
at 8 h after culture, the Dcaf13-deleted oocytes contained
distorted spindles with weak immunofluorescent signals of
o-tubulin and misaligned chromosomes (Fig. 1e). To quan-
titatively evaluate the extent of chromosome alignment in
oocytes, we measured the width of spindle middle plate,

which is the area that is occupied by condensed chromo-
somes, in relation to the length of the spindle (Fig. 1f). The
result showed that the middle plate was significantly broader
in Dcaf13 null oocytes than that in control oocytes. Only less
than one-fifth of Dcafl3-deleted oocytes developed to MI
stage that contained a relatively normal spindle (Fig. 1g).

DCAF13 is crucial for spindle assembly
and chromosome condensation during oocyte
meiotic divisions

To explain the reason for this phenotype, we observed the
spindle assemble and chromosome morphology in Dcafl3
null oocytes. At 8 h after culture, when the control oocytes
have developed to the MI stage, morphological analyses of
chromosome spreads indicated that the homologous chro-
mosomes pairing was normal in Dcafl3-deleted oocyte
(Fig. 2a). Topoisomerase II (TOP2), which is required for
chromosome condensation and separation, was normally
localized on chromosome arms in both wild type (WT) and
Dcafl3 null oocytes (Fig. 2a). In the Dcafl3 null oocytes
that had released PB1 (less than 20% among oocytes under-
went GVBD), the MII spindles were abnormal and the chro-
mosomes were not aligned at the equatorial plates (Fig. 2b).
In addition, because TPX2 (targeting protein for the Xeno-
pus kinesin xklp2) is required for spindle assembly during
oocyte maturation, and 7px2 depletion causes a phenotype
reminiscent of Dcafl3 knockout [25], we tested if the level
of TPX2 is altered in Dcaf13 null oocytes by immunofluo-
rescence. These new results revealed that TPX2 co-local-
izes with microtubule on meiotic spindles of WT oocytes
(Fig. 2¢). Meanwhile, pericentrin, a marker of the micro-
tubule organizing center (MTOC), was detected as rings or
dots concentrated at spindle poles (Fig. 2¢). In contrast, the
TPX2 signal was low and diffused on spindles of Dcaf13
knockout oocytes (Fig. 2c, d), and pericentrin dots failed
to concentrate and merge on spindle poles (Fig. 2c). Fol-
lowing the line that spindle assembly defects can also cause
aneuploidy, analyses of chromosome spreadings indicated
that their chromosomes were mostly aneuploid and the sis-
ter chromatids were precociously separated (Fig. 2a, €). We
also found that the chromosome length of Dcaf13-deleted
oocytes was longer than that of WT oocytes at the MII stage
(Fig. 2a, f). Normally, Ser-10 of histone H3 is phosphoryl-
ated (H3S10ph) during meiotic resumption. This post-
translational histone modification is crucial for chromosome
condensation. We compared the level of H3S10ph in con-
trol and Dcafl3-deleted oocytes cultured for 8 h by western
blotting (Fig. 2g) and immunofluorescence (Fig. 2h—j). The
results of these experiments indicated a significant decrease
in H3S10ph level and a defective chromosome condensation
process during meiotic maturation after Dcaf13 knockout
in oocytes.
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these results indicated that Dcafl3 deletion  including failure of meiotic resumption, spindle assembly

in oocyte seriously impaired the meiotic maturation pro-  defects, chromosome misalignment, pro-MI arrest, and in
cess, and caused multiple meiotic division abnormalities = some cases, aneuploidy of MII oocytes.
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«Fig.2 Dcafl3 deletion in oocyte cause spindle assembly and chro-
mosome condensation defects. a Immunofluorescence results of
TOP2 (red) and CREST (green) on chromosomes of Dcaf13ﬂ/ﬂ and
Deaf13":Gdf9-Cre oocyte showing chromosome arms and cen-
tromeres, respectively. Oocytes were subjected to chromosome
spreading at 8 h (MI) and 16 h (MII) after culture. Arrows indicate
precociously separated chromosomes. Scale bar, 10 pm. b Immuno-
fluorescent staining of a-tubulin in Dcafl 3" and Dcaf13™;Gdf9-Cre
oocyte at 16 h after culture. Arrows indicate lagging chromosomes.
Scale bar, 50 pm. ¢ Immunofluorescent staining of TPX2 and peri-
centrin in Dcaf13"™ and Dcaf13";Gdf9-Cre oocyte at 8 h after cul-
ture. Scale bar, 50 pm. d Signal intensities of TPX3 in ¢. *P <0.05
by two-tailed Student’s ¢ tests. Error bars indicate SEM. e Rates of
MII stage oocytes with chromosome abnormalities including ane-
uploidy and sister chromatid integrity. ***P <0.001 by two-tailed
Student’s ¢ tests. f Quantification of relative chromosome length at
MII stage in a. Total numbers of chromosomes being measured (n)
are indicated. g Levels of H3S10ph in Dcaf13™ and Dcaf13™"; Gdf9-
Cre oocyte detected by western blot. Samples of 100 oocytes were
collected at 8 h after culture. DDB1 was blotted as a loading control.
h Immunofluorescence of a-tubulin and H3S10ph in Deaf13™" and
Dcaf13";Gdf9-Cre oocyte at 8 h after culture. Numbers of oocytes
observed are indicated. Scale bar, 10 pm. i Representative images
showing H3S10ph (red) and CREST (green) on chromosomes of
Deaf13™" and Dcaf13™":Gdf9-Cre oocyte. Oocytes were subjected to
chromosome spreading at 8 h after culture. Scale bar, 10 pm. j Sig-
nal intensities of H3S10ph in h and i normalized by DAPI signals in
the same oocytes. *P <0.05 by two-tailed Student’s ¢ tests. Error bars
indicate SEM

Chromosome misalignment in Dcaf13-deleted
oocyte leads to the activation of spindle assembly
checkpoint

During metaphase to anaphase transition in meiosis I, the
spindle assembly checkpoint (SAC) prevents chromosome
from mis-segregation and aneuploidy [26]. SAC proteins are
activated in early metaphase until alignment of all kineto-
chores on the spindle middle plate. Then the SAC is silenced
and the APCP? triggers the degradation of securin, fol-
lowed by chromosome separation and PB1 emission [27].
We observed that BUB3, a core component of SAC which
concentrates to the centromeres of control oocyte at the MI
stage (8 h after culture), when SAC is active, but becomes
undetectable on chromosomes during MI-to-MII transi-
tion (9.5 h after culture), when the SAC is inactivated. In
comparison, BUB3 was continuously present on the chro-
mosomes of Dcafl3-deleted oocytes at both time points
(Fig. 3a).

To assess the kinetics of MI-to-MII transition, we micro-
injected mRNAs encoding mCherry-securin and GFP-a-
tubulin into WT and Dcaf13-deleted oocytes and monitored
the dynamics of these proteins by epifluorescence. The live
cell imaging results (Fig. 3b) revealed that WT oocytes fin-
ished meiosis I and developed to MII at 12 h after GVBD.
Securin level began to decrease from 6 h post-GVBD and
became very low at the anaphase I in control oocytes, but
remained stable in Dcafl3 null oocytes until the end of the

culture (12 h post-GVBD) (Fig. 3b, c). These data suggested
that chromosome alignment defects and consequent activa-
tion of the SAC blocked APC activation and metaphase-to-
anaphase transition, which are marked by securin degrada-
tion. This might be the reasons for PB1 emission defect in
Dcafli3 null oocytes.

In the next experiment, we tested if inactivation of SAC
could release the Dcafl3-deleted oocytes from pro-MI arrest.
Control and Dcaf13 null oocytes were cultured in medium
containing a small molecule inhibitor of the SAC protein
MPS [28], starting from 2 h post-GVBD. This treatment
significantly accelerated PB1 emission in control oocytes,
indicating that the MPS inhibitor is effective (Fig. 3d). In
MPS inhibitor-treated Dcafl13 null oocytes, we also observed
an acceleration of PB1 emission and an increase of PB1
emission rate. Nonetheless, the PB1 emission rate of these
oocytes was still remarkably lower than that of WT oocytes
(Fig. 3d). This result suggested that APC“P¢?° was not active
in some Dcafl3 null oocyte even when SAC was inactivated.

Therefore, we collected the information on whether
Dcafl13 null did or did not release PB1 after MPS inhibitor
treatment, and detected the protein levels of CDC20, which
is an essential substrate adaptor of APC, and securin, which
is a major substrate of APCP?° in anaphase I [29]. The
results show that the CDC20 level was low, and securin was
not degraded in Dcaf13 null oocytes that failed to release
PB1 (Fig. 3e). This result confirmed our speculation that a
low APCCPC20 activity, in addition to a constitutively active
SAC, leads to Pro-MI arrest of Dcaf13-deleted oocytes.

Restoring CDK1 activity in Dcaf13-deleted oocytes
rescues meiotic resumption defects

It has been described that there is a dramatic increase in
de novo protein (including CDC20 and TPX2) synthesis
activity during oocyte meiotic resumption [7, 22, 30]. This
GVBD-coupled acceleration of protein synthesis is crucial
for the following meiosis events including spindle assembly,
chromosome alignment and separation, and PB1 emission
[31]. We have shown in previous study that Dcaf13 deletion
in growing oocytes decreases protein translation [20]. Thus,
we speculated that the accumulation of proteins essential for
meiotic maturation might also depend on a DCAF13-related
mechanism.

We incubated WT and Dcafi3-deleted oocytes at the GV,
GVBD, and Pro-MI stage with L-homopropargylglycine
(HPG), an analogue of methionine that can be detected using
Click-iT cell reaction kit (Life Technologies), for 1 h. In WT
groups, SN oocytes had stronger HPG signals than the NSN
oocytes. The HPG signal was elevated significantly after
GVBD and then gradually declined (Fig. 4a, b). In compari-
son, the Dcaf13-deleted oocytes had lower HPG signals than
those in WT oocytes at the GV and GVBD stages during

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



2188

J.Zhang et al.

A B Time after GVBD:
- 2h
g z
o Q
3 ; =
S E] ®
b ] T
I ©
S [4)
Q Q
=
[l o
m A
] 3
® 3
<
< z
=] a
8| 3
» | @ °®
E 3
o=« o
T T
1] || c
O | e S|t
Q g Q 3
o °
]
C D
= 14 —o—Dcaf13"" -m- Dcaf13"";Gdf9-Cre 100%
c
i/g: w 80%
£ F
5 ‘s 60%
@ @
e 5
@ x 40%
£ 2
3 = 20%
(4
0,
1h 2h 3h 4h 5h 6h 7h 8h 9h 10h 11h 12h 0% 0

Time after GVBD

Fig.3 Role of spindle assembly checkpoint in Pro-MI arrest caused
by Dcafl3 deletion in oocyte. a Immunofluorescence results of
BUB3 (red) and CREST (green) on chromosome spreads made
from Dcaf13"" and Dcaf13™; Gdf9-Cre oocytes at 8 and 9.5 h after
culture. Scale bar, 10 pm. b GV-arrested oocytes harvested from
Dcaf13"™" and Dcaf13™; Gdf9-Cre mice were co-microinjected with
GFP-o-tubulin (to label spindles) and mCherry-securin mRNA.
After incubation in M16 containing milrinone for 8 h, microin-
jected oocytes were transferred to milrinone-free M16 containing
Hoechst-33342 (to label DNA), and time-lapse confocal microscopy
movies were recorded after GVBD. PM pre-metaphase I, MI meta-
phase I, M-AI metaphase—anaphase transition, A/ anaphase I, MII

meiotic resumption (Fig. 4a, b). Therefore, the boosted pro-
tein translation activation in maturing oocytes fails to occur
after Dcafl3 deletion.

Activation of the key cell cycle regulator CDK1 and accu-
mulation of the CDKI1 activators cyclin B1 and CDC25B are
prerequisites for GVBD. The CDK1-cyclin B complex is
called maturation promoting factor (MPF) [32]. We specu-
lated that the MPF activity might be too low to trigger timely
GVBD in Dcafl3-deleted oocytes. In oocytes derived from
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metaphase II. Scale bar, 25 pm. ¢ Quantification of mCherry-securin
fluorescence intensity levels in WT (blue) and Dcafl3-deleted (red)
oocytes at each time point. Time after GVBD is indicated. Values
from individual oocytes were normalized relative to that at 1 h. Error
bars indicate SEM. d PBE rates of Dcaf13"" and Dcaf13":Gdf9-Cre
oocytes which were cultured with or without MPS inhibitor (10 pM)
after GVBD. *P <0.05 by two-tailed Student’s ¢ tests. Error bars indi-
cate SEM. e Expressed levels of securin and CDC20 in Dcaf13* and
Dcaf13":Gdf9-Cre oocytes as revealed by western blot. Samples
of 100 oocytes were collected after MPS inhibitor treatment for 8 h.
Levels of DDB1 were blotted as a loading control

PMSG-primed Dcafl13"" and Dcaf13™; Gdf9-Cre mice, we
detected the protein levels of cyclin B1 and CDC25B, which
is the phosphatase that removes the inhibitory phosphoryla-
tion of CDK1 at Thr-14 and Tyrl5 [33], at the GV stage
and after cultured for 6 h by western blotting. There were
increases in cyclin B1 and CDC25 during meiotic resump-
tion of control oocytes (Fig. 4c). Nonetheless, the levels of
these proteins were significantly decreased in Dcaf13 null
oocytes (Fig. 4c). These results indicated that the absence of
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Fig.4 Levels of protein translation and MPF activity affect the
process of meiotic resumption in Dcafl3-deleted oocytes. a HPG
fluorescent staining results showing protein synthesis activity in
oocytes at the indicated stages. Oocytes were isolated from 4-week-
old Dcafl13™ and Dcaf13":Gdf9-Cre mice, and incubated in M2
medium containing 50 pM HPG for 1 h prior to staining. Total
numbers of oocytes used (n) in each stage are indicated. Scale bars,
50 pm. b Quantification of HPG signal intensities in a. **P <0.01,
*#%P <(0.001, by two-tailed Student’s ¢ tests. Error bars, SEM. ¢
Western blot results showing levels of CDC25B and cyclin B1 in

protein translation, particularly those related to MPF activa-
tion, contributes to meiosis defects after Dcafl3 depletion.

Then we overexpressed exogenous cyclin B1 and
CDC25B [28] in Dcafl3-deleted GV oocyte by mRNA
microinjection. The oocytes were cultured in M16 medium
with 2.5 mM milrinone for 10 h after microinjection. While

oocytes before and after GVBD. Samples of 100 oocytes were col-
lected before and after culture for 4 h. DDB1 was blotted as a loading
control. d, e GVBD rates of cultured Dcafl3" and Dcaf13";Gdf9-
Cre oocytes that were microinjected with mRNA encoding cyclin B1
and CDC25B or Flag-vector mRNA (as a control) at the GV stage.
The microinjected oocytes were incubated in M16 medium contain-
ing milrinone for 10 h and then further cultured in milrinone-free
medium for 6 h. **P<0.01 by two-tailed Student’s ¢ tests. ns non-
significant. Error bars, SEM

uninjected control oocytes resumed the meiotic cell cycle
only after being released from milrinone, the oocytes
injected with mRNAs encoding cyclin B1 and CDC25B
underwent GVBD shortly after microinjection (within 2 h),
indicating that the expression of cyclin B1 and CDC25B
caused a potent activation of MPF (Fig. 4d). The Dcaf13
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null oocytes have a similar GVBD rate as the control oocytes
after cyclin B1 and CDC25B expression (Fig. 4e). Thus, the
decreased CDKI1 activity due to insufficient cyclin B1 and
CDC25B accumulation was the main cause for the delay of
GVBD in oocyte of Dcafl13"": Gdf9-Cre mice.

DCAF13 proteins expressed in both growing oocytes
and fully grown oocytes contribute to meiotic
maturation

In conditional knockout driven by Gdf9-Cre, target gene
was deleted in oocytes as early as at the primordial follicle
stage [34]. Therefore, the defects of meiotic maturation in
Dcafl3 null oocytes might have been caused directly by its
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absence during meiotic resumption, or indirectly by abnor-
malities accumulated during oocyte growth. To investigated
if DCAF13 is directly required for meiotic maturation in
fully grown GV oocytes in which de novo gene transcription
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well-developed WT GV oocyte by RNA interference (siD-
caf13) (Fig. 5a) and cultured in vitro for 16 h. The GVBD
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Nevertheless, the rate of PB1 emission was lower than
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Fig.5 Effects of Dcafl3 depletion and overexpression in fully grown
oocytes on meiotic maturation. a RT-PCR and western blot results
showing mRNA and protein levels of Dcafl3 in oocytes at 16 h
after microinjection of siControl or siDcafl3. The siRNA-microin-
jected oocytes were held at the GV stage by 2.5 mM milrinone after
injection for a period of time (12 h) and then allowed to mature.
*#**P<(0.001, by two-tailed Student’s ¢ tests. Error bars, SEM. b
GVBD and PBE rates of oocytes microinjected with siControl or
siDcafl3 at the GV stage and further cultured for 16 h. Total num-
bers of oocytes used (n) are indicated. *P <0.05 by two-tailed Stu-
dent’s ¢ tests. ns non-significant. Error bars indicate SEM. ¢ Rate of

@ Springer

9h 10h 11h 12h 13h 14h 15h 16h

G/IDNA

oocytes containing a morphological normal spindle after microinjec-
tion with siControl or siDcafl13 at the GV stage and further cultured
for 16 h. d Immunofluorescence of a-tubulin (green) and DNA (red)
in oocytes microinjected with siControl or siDcaf13 at the GV stage
and further cultured for 16 h. Scale bar, 5 pm. e Immunofluorescence
results show the expression of Flag-DCAFI13 in GV oocytes. Scale
bar, 50 pm. f GVBD and PBE rates of Dcaf13™ and Dcaf13™;Gdfv-
Cre oocytes that were microinjected with mRNAs encoding Flag-
DCAF13 or control mRNAs at the GV stage. ns non-significant.
Error bars indicate SE.M
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We also tested if ectopic expression of a Flag-tagged
DCAF13 by mRNA microinjection into GV stage-arrested
Dcaf13 null oocytes was able to rescue their meiotic matu-
ration defects. Dcafl3™ oocytes were also microinjected
as a control group. The expression of Flag-DCAF13 was
detected in the GV and nucleolus-like bodies of both Dcafi13
null and control oocytes by immunofluorescence (Fig. Se).
Then the oocyte was cultured in vitro for 16 h. We found that
DCAF13 overexpressed in fully grown GV oocyte had no
effect on GVBD and PB1 extrusion both in Dcafl3"" and
Dcafl3 null oocyte (Fig. 5f). Collectively, these results sug-
gest that although DCAF13 plays a direct function in regu-
lating meiotic cell cycle progression in fully grown oocytes,
DCAF13-dependent mechanisms in growing oocytes are
also crucial for establishing the competence of undergoing
normal meiotic maturation.

CRL4PCAF13 regulates the activation of AKT
by targeting PTEN for polyubiquitination
and degradation

In the following experiments, we made efforts to elucidate
the key mechanism (but of course not the single mecha-
nism, considering the versatile functions of CRL4PCAF13) by
which DCAF13 supports oocyte maturation. According to
an interactome study in HeLa cells, DCAF13 interacts with
PTEN, the well-established repressor of PI3K-AKT signal-
ing pathway [35-37]. Because AKT is involved in CDK1
activation and resumption of meiosis in mouse oocytes [38,
39], we hypothesized that the PI3K-AKT pathway might be
afflicted in Dcaf13 null oocytes.

We tested the phosphorylation levels, which indicate
activities, of key factors of PI3K-AKT pathway in growing
oocytes, which included AKT (Ser*’?), p70 ribosome S6
kinase (P70RSK (Thr*®)), and RPS6 (Ser’*'>3¢) by immu-
nostaining as well as western blot (Fig. 6a—c). We found
that the activation levels of these factors were all lower in
Dcafl13 null oocytes compared with those in controls. These
observations suggested the biochemical connection between
CRL4PCAFI3 E3 Jigase and the PI3K signaling pathway.
Because murine oocytes are inconvenient for extensive bio-
chemical analyses, we continued to study biochemical func-
tions of DCAF13 primarily in HeLa cells and then verified
the results in oocytes. In agreement with previous data [40],
coimmunoprecipitation results showed that DCAF13 and
DDBI1 interacted with PTEN, when co-expressed in HeLa
cells (Fig. 6¢). Furthermore, levels of PTEN polyubiquitina-
tion significantly increased after DCAF13 or DDB1 overex-
pression (Fig. 6d). Conversely, when endogenous DCAF13
or DDB1 was depleted by siRNAs, PTEN polyubiquitination
levels decreased (Fig. 6e).

To investigate if CRL4PCAF13 E3 ligase also regulates
PTEN protein level in oocytes, we depleted the Ddbl and

Dcafl3 in oocytes by siRNA microinjection and then exam-
ined the level of PTEN. Western blot results showed that
endogenous PTEN accumulated in WT oocytes after Ddb1
or Dcafl13 depletion (Fig. 6f, g). The level of phosphoryl-
ated AKT also decreased in Dcafl3-knockdown oocytes,
presumably as a result of PTEN accumulation (Fig. 6g). On
the contrary, the level of PTEN decreased in WT oocytes
overexpressing DCAF13 (Fig. 6h). Therefore, we concluded
that CRL4PCAF13 E3 ligase targets PTEN for polyubiquitina-
tion and degradation in both somatic cells and oocytes.

CRL4PAF13_mediated PTEN degradation is necessary
for de novo protein synthesis and meiosis
progression in oocytes

Then we tested whether impaired activation of PI3K path-
way contributed to oocyte maturation defects caused by
Dcaf13 knockout. When WT oocytes at the GV stage were
cultured at the presence of LY-294002, a PI3K inhibitor,
about 58% oocytes were arrested at the GV stage and the
rate of PB1 was reduced compared with control oocytes
(data not shown). The effect of LY294002 is dependent on
the concentration and time of treatment. We referred to pre-
vious research to identify the concentration of LY294002
(100 pM) that can effectively repress the PI3K path-
way while minimizing off-target effects [41]. In another
approach, microinjection of mRNAs encoding Flag-PTEN
into oocytes decreased the activation of AKT (Fig. 7a) and
the rates of GVBD (Fig. 7b). Despite PB1 emission rate
was not affected (Fig. 7¢), the PTEN-overexpressing oocytes
contained distorted spindles and misaligned chromosomes
(Fig. 7d). Moreover, overexpression of PTEN, as well as
incubation with LY-294002, caused decreases in protein
synthesis activity in oocytes (Fig. 7e, f) and defects of MI
spindle assembly (Fig. 7g). TPX2 is a protein transiently
synthesized during oocyte maturation and is essential for
spindle assembly and chromosome interaction with microtu-
bules [7]. The level of TPX2 expression is critical for spindle
function [42]. However, in the LY-294002-treated oocytes
or PTEN-overexpression oocytes, the level of TPX2 on the
meiotic spindle was lower than control (Fig. 7g). These
phenotypes partially mimicked those caused by Dcaf13
knockout in oocytes, suggesting that the decreased activity
of PI3K pathway is an important reason that contributes to
meiotic maturation defects in Dcaf13-null oocytes.

Discussion

The gene encoding DCAF13 was first discovered in yeast
in 2003 [43], and was later shown to be evolutionarily
conserved and to perform key functions in the preimplan-
tation embryos. CRL4PAF13 interacts with the histone
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Fig.6 CRL4PCAF13 targets PTEN for polyubiquitination and deg-
radation. a—¢ Immunohistochemistry (a), immunofluorescence (b),
and western blot (c¢) results showing the level of phosphorylated
AKT (Ser*”?), p70 ribosome S6 kinase (P7ORSK-Thr*®), and RPS6
(Ser’*¥23%) in oocytes of 4-week-old mice with indicated genotypes.
Arrows indicate growing oocytes. Scale bars, 50 pm. d Co-immu-
noprecipitation result showing PTEN interaction with DCAF13 and
DDBI1. HeLa cells were co-transfected with Flag-PTEN and Myc-
DCAF13 or Myc-DDB1 expression plasmids for 24 h. Target pro-
teins were immunoprecipitated using anti-Myc beads and subjected to
western blotting with FLAG and Myc antibodies. Input cell lysates
were immunoblotted with an anti-Flag antibody to determine the
expression of PTEN. e HeLa cells transiently transfected with plas-
mids encoding the indicated proteins were lysed and subjected to
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immunoprecipitation with an anti-HA affinity gel. Input cell lysates
and precipitates were immunoblotted with antibodies against FLAG,
HA, and MYC. f Co-IP followed by western blotting showing PTEN
polyubiquitination in control HeLa cells and those transfected with
Dcafl3 or Ddbl siRNAs. g Western blotting results showing the lev-
els of PTEN in oocytes microinjected with control siRNA (siCtrl) or
siDdb1.o-Tubulin was blotted as a loading control. h Western blot-
ting results showing the levels of PTEN, AKT, and phosphor-AKT
(Ser*”) in oocytes after microinjected with siControl or siDcaf13 and
further cultured for 36 h. DDB1 was blotted as a loading control. i
Western blotting results showing the levels of PTEN in oocytes after
microinjected with Flag-vector or Flag-DCAF13 mRNA and further
cultured for 24 h. DDB1 was blotted as a loading control. Sizes (kDa)
of protein markers are indicated on the right in all figures
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Fig.7 PTEN overexpression affected oocytes meiotic resumption and
levels of protein translation. a Western blotting results showing the
levels of AKT and phosphor-AKT (Ser*’®) in oocytes after microin-
jected with Flag-vector or Flag-PTEN mRNA at the GV stage and
further cultured for 24 h. Sizes (kDa) of protein markers are indicated
on the right. b, ¢ GVBD (b) and PB1 emission (c) rates of oocytes
that were microinjected with Flag-vector or Flag-PTEN mRNA at the
GV stage. Total numbers of oocytes used (n) are indicated. *P <0.05
by two-tailed Student’s ¢ tests. Error bars indicate SEM. d Immuno-
fluorescence of a-tubulin showing spindles in oocytes microinjected
with Flag-vector or Flag-PTEN mRNA at the GV stage after culture
for 16 h. Scale bar, 50 pm. The rate of spindle assemble of oocytes

methyltransferase SUV39H1 and directs it to polyubiquitina-
tion and proteasomal degradation, and therefore facilitates
the removal of trimethylated histone H3 at lysine-9 and early
zygotic gene expression. On the other hand, its participation
in post-natal development and hemostasis was not studied

are shown in corner. ¢ HPG fluorescent staining results showing pro-
tein synthesis activity in oocytes. Oocytes were isolated from 3 to
4-week-old WT mice, incubated with or without LY294002 for 2 h;
or microinjected with mRNAs encoding Flag-PTEN. Then oocytes
were incubated in M2 medium containing 50 pM HPG for 1 h prior
to staining. Total numbers of oocytes used (n) in each stage are indi-
cated. Scale bars, 50 pm. f Quantification of HPG signal intensities in
(e). *P<0.05, ***P<0.001 by two-tailed Student’s ¢ tests. Error bars
indicate SEM. g Immunofluorescence results showing the level of
TPX2 in oocytes treated with LY294002 or microinjected with Flag-
PTEN mRNAs and then further cultured for 8 h. Total numbers of
oocytes used are indicated in corner. Scale bar, 50 pm

in the first report, owing to the early mortality of Dcaf13
knockout embryos at the 8—16-cell stage.

After generating a novel Dcaf13-floxed mouse strain, we
studied the function of Dcafl3 in oogenesis by knocking
out this gene in oocyte using Zp3-Cre. In growing oocytes,
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nucleolus-localized DCAF13 is an important component of
the ribosomal RNA (rRNA)-processing complex. DCAF13
deletion in oocytes led to follicle growth retardation,
impaired NSN-SN configuration transition, and ultimately
caused POF. Further exploration showed that DCAF13 par-
ticipates in the 18S rRNA processing in growing oocytes.
The lack of 18S rRNA caused a ribosome assembly disorder
and then reduced global protein synthesis [20]. In addition,
the zygotes derived from these defective oocytes do not have
developmental potential and are arrested at the 2-cell stage
after fertilization, most likely because the transcription acti-
vation of zygotic genome failed to occur [44].

However, the biochemical function of DCAF13, as an
adaptor subunit of CRL4 ubiquitin E3 ligase, in mediating
target protein degradation, has been investigated in oocytes.
Maternal Dcaf13 knockout inhibited protein synthesis, but
had little impact on mRNA transcription and histone meth-
ylation levels in oocytes [20]. These observation suggested
that DCAF13 functions in oocytes by mechanisms other
than targeting the histone methyltransferase SUV39H1 for
degradation.

In this study, we further demonstrated that DCAF13
is required for normal meiotic cell cycle progression of
oocytes. To assess the impact of Dcafl3 knockout on mei-
otic maturation, which is an event later than intrafollicular
oocyte growth, we isolated GV oocytes from 4-week-old
Dcaf13":Gdf9-Cre female mice for analyses. At this young
age, these mice have not shown obvious signs of premature
ovarian insufficiency. Therefore, we were able to harvest
fully grown oocytes from the ovaries, although the numbers
are fewer than normal.

Oocyte meiotic resumption is accompanied by a remarka-
ble increase in protein synthesis. These temporally translated
proteins play key roles in the principal meiotic events, such
as reorganization of microtubules, meiotic spindle assembly,
condensation and segregation of chromosomes, as well as
meiosis IT (MII) arrest [45]. Therefore, the quality of oocyte
meiotic maturation is to a large extent dependent on protein
synthesis as the regulation of gene expression at the tran-
scription level at the meiosis stage is halted [30]. Our current
results indicated that DCAF13 expressed in both growing
and fully grown oocytes are crucial for the translation of
key meiosis regulators including cyclin B1, CDC25B, and
CDC20. Both cyclin B and CDC25B are important to acti-
vate CDK1 during meiotic resumption. It is well recognized
that CDK1 activity is essential to maintain the chromosomes
in a condensed state during oocyte maturation. Therefore,
decreased cyclin B1 and CDC25B levels may be the cause
of chromosome condensation defect in Dcaf13 knockout
oocytes.

Based on our recent findings, DCAF13 might ensure ade-
quate global protein translation activity of maturing oocytes
by regulating rRNA synthesis and ribosome assembly during
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oocyte growth [20]. Although DCAF13 is enriched in nucle-
olus-like bodies in oocytes and early embryos, this CRL4
adaptor is also detected in the neoplasm, suggesting that
it also has nucleolus-independent function. In addition, the
fact that depletion of DCAF13 in transcriptionally inactive
GV oocytes also impaired meiosis indicates DCAF13 has a
direct function in meiotic maturation in addition to indirectly
stimulating rRNA transcription and splicing.

To elucidate the underlying mechanisms, we searched the
human protein interactome and noticed the potential interac-
tion between DCAF13 and PTEN, the key inhibitor of PI3K
pathway. This observation enlightened us because it has
been reported that PI3K pathway triggers meiotic cell cycle
progression in oocytes by multiple mechanisms [38, 39, 41,
46]. Results of further experiments collectively established
that CRL4PCAF13 maintains PTEN protein at a low level by
mediating their polyubiquitination and degradation, and
PTEN accumulation led to defective protein synthesis and
meiotic maturation in oocytes. These two Dcaf13-dependent
mechanisms (rRNA synthesis and PTEN degradation) are
not exclusive to each other, and may both contribute to the
physiological importance of DCAF13 in oogenesis. This
finding also answered a long-standing question of how the
activity of PI3K signaling pathway, particularly the abun-
dance of PTEN protein level, is regulated by intraoocyte
factors.

This question was raised as early as more than a decade
ago when the fundamental role of PI3K pathway in oocyte
growth and maturation was beginning to be recognized.
PI3K activation play an important role in growth factor-
dependent oocyte meiotic maturation. Inhibition of PI3K as
well as AKT, the key kinase in PI3K pathway, in maturing
oocytes impaired GVBD, spindle assembly, and chromo-
some alignment [41, 46-50]. AKT directly phosphorylates
and activates cGMP-inhibited cAMP phosphodiesterase
3A (PDE3A), which is essential for meiotic resumption
of GV stage-arrested oocytes [39]. Furthermore, transla-
tion of a subset of oocyte mRNAs is under the control of
somatic cell inputs acting through the PI(3)K pathway [38].
These regulation functions are involved in establishing the
competence of oocytes to accomplish meiotic maturation.
However, the mechanism that regulates PI3K/AKT activ-
ity in oocytes was not investigated before we identified
the CRL4PCAF3_mediated PTEN degradation pathway.
Two recent studies reported that DCAF13 expression was
upregulated in human osteosarcoma cells and hepatocellular
carcinoma samples [40, 51]. Employing multivariate Cox
regression analysis, these authors showed that DCAF13 was
a prognostic predictor of survival in hepatocellular carci-
noma patients [51]. They suggest that DCAF13 is a potential
cell cycle regulator. Disrupting the stability of CRL4BPCAF!3
E3 ligase by small molecules resulted in PTEN accumula-
tion and greatly inhibited osteosarcoma cell growth [40].
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Consistent with this finding but at an advantage of using an
in vivo model system, we demonstrated that DCAF13 was
involved in meiotic division based on its regulation of pro-
tein synthesis potentially by removing PTEN and activating
PI3K pathways (Fig. 8).

The results of this study also shed light on the mechanism
that associated with our recent work in which we describe a
DCAF13 downregulation-associated functional decline of
the oocyte quality and developmental potential. In that study,
we reported that proper rRNA synthesis and ribosome accu-
mulation mediated by DCAF13 and its associated nucleolar
proteins, such as fibrillarin, are prerequisites of translational
activation during oocyte GV-MII transition [20]. Neverthe-
less, how does oocyte DCAF13, as one of substrate receptors
of the CRL4 complex, perform an E3 ubiquitin ligase func-
tion in regulating follicular development was unexplained.
The discovery that CRL4P“AF!3 maintains an appropriate
activity of PI3K pathway in oocytes logically fits in its role

in developing follicles. Activity of PI3K pathway is required
for primordial follicle activation, follicle growth, and main-
tenance [52, 53]. PTEN is highly expressed in oocytes at the
primordial follicle stage and represses their awakening [36].
By mechanisms previously unclear, PTEN’s inhibitory effect
was relieved in some oocytes. Then these oocytes enter the
pool of growing follicles. DCAF13 is strongly expressed in
growing follicles, and may provide a key intracellular signal
that facilitates the partial removal of PTEN and maintains a
high activity of PI3K signaling. The phenotype of Dcaf13
knockout in oocytes (retarded follicle growth and premature
ovarian insufficiency) partially mimics those of Pdkl and
Rps6 knockout (both genes encode key components of PI3K
pathway) [54], suggesting that CRL4P“AF13_mediated PTEN
degradation is also a permissive mechanism for normal fol-
licle development.

Collectively, in this study, we described meiotic matura-
tion-related phenotypes observed in oocyte-specific Dcaf13
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Fig.8 A diagram showing the role of DCAF13 in oocyte meiotic
maturation. DCAF13 is required to maintain normal protein synthe-
sis activity in maturing oocytes. During meiosis resumption stage,
CRLAPCAFI facilitates the activation of AKT by targeting PTEN for
polyubiquitination and degradation, which promotes the translation
of Cyclin B1 and TPX2 and the activation of MPF. Dcafl3 knock-
out in oocytes caused decreased MPF activity and impaired meiotic
cell cycle progression including GV arrest, delayed GVBD, and
chromosome condensation defects. As a result, chromosomes fail to

be properly aligned at the spindle middle plate, the spindle assembly
checkpoint is activated, and most Dcaf13 null oocytes are arrested at
the prometaphase 1. In addition, insufficient accumulation of CDC20
proteins also impairs the activation of anaphase promoting complex
(APC) and prevents the metaphase-to-anaphase transition in meiosis
I. Even a small portion of DcafI3 null oocytes can release PB1 and
develop to MII, and they have a high rate of aneuploidy due to accu-
mulated meiotic abnormalities
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knockout mice (Fig. 8) in addition to the defects of follicle
development. We also identified PTEN, an important PI3K
pathway regulator and a well-established tumor repressor, as
intraoocyte target of CRL4P“AF!3 ybiquitin E3 ligase. These
physiological as well as biochemical findings extend the cur-
rent understanding of oocyte development regulation. The
same mechanism may also potentially crucial in some other
developmental processes and cancer development.
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