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Summary
Background Premature ovarian insufficiency (POI) is characterized by ovarian dysfunction that develops from
diminished ovarian reserve (DOR). The exact aetiology of POI remains poorly understood. This study aims to
elucidate the role of CKAP5 in the regulation of ovarian function and fertility.

Methods Bulk RNA sequencing of granulosa cells was conducted in the control group and in the patients with DOR to
screen for candidate genes, which were further validated by gene burden analysis in a next-generation sequencing
cohort of POI and control individuals. Additionally, ovarian reserve was evaluated in heterozygous Ckap5
knockout mice, alongside the ovarian and oocyte single-cell transcriptome analysis. The regulatory mechanism of
CKAP5 was studied through in vivo and in vitro experiments.

Findings CKAP5 was identified as a key hub gene associated with ovarian ageing. Heterozygous Ckap5 knockout mice
exhibited a POI-like phenotype, characterized by a reduced primordial follicle pool and accelerated follicular atresia.
CKAP5 promotes autophagy via ATG7 and simultaneously supports DNA damage repair through the ATM. Finally, a
variant in CKAP5 (NM_0001008938.4, c.630 + 7_630 + 11delCAAAA) was identified in patients with POI, resulting in
protein truncation and loss of function.

Interpretation CKAP5 deficiency induces premature ovarian insufficiency in both humans and mice.
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Introduction
Premature ovarian insufficiency (POI), also known as
Premature ovarian failure (POF), is characterized by
primary or secondary amenorrhoea that occurs before
the age of 40, with a follicle-stimulating hormone (FSH)
levels >25 IU/l on two occasions 4 weeks apart.1 Recent
meta-analyses suggest that the global prevalence of POI
is as high as 3.7%.2 POI significantly threatens both the
physiological and psychological health of women.
*Corresponding author. Reproductive Medicine Center, Department of Ob
University, No.139, Renmin Middle Road, Changsha, Hunan, China.
**Corresponding author. Institute of Reproductive & Stem Cell Engineering
Road, Changsha, Hunan, China.
***Corresponding author. Reproductive Medicine Center, Department of O
University, No.139, Renmin Middle Road, Changsha, Hunan, China.

E-mail addresses: huanghualin@csu.edu.cn (H. Huang), hmxiao@csu.ed

www.thelancet.com Vol 115 May, 2025
Clinically, patients with POI exhibit reduced ovarian
follicles and decreased oestrogen secretion, impairing
fertility and leading to long-term complications such as
osteoporosis, fractures, cardiovascular diseases, and
depression.3 A decline in ovarian reserve may result
from a reduction in the pool of primordial follicles,
follicular dysfunction, or the premature depletion of
immature follicles due to accelerated atresia.4 The aeti-
ology of POI is multifactorial, involving genetic,
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Research in context

Evidence before this study
As a microtubule regulator, CKAP5 has been well-established
to promote spindle formation and chromosome segregation
during mitosis and meiosis. In vitro, CKAP5 depletion leads to
abnormal oocyte nuclear maturation in humans and mice.
However, the role of CKAP5 in ovarian reserve and the onset
of premature ovarian insufficiency remains unclear.

Added value of this study
In the present study, we identified an association between
CKAP5 expression deficiency and reduced ovarian function,
suggesting CKAP5 as a gene involved in the regulation of
ovarian ageing. Ckap5 heterozygous mice exhibited a
subfertility phenotype, with a reduced ovarian primordial

follicle pool and accelerated follicular atresia. CKAP5 deficiency
impaired ovarian DNA damage repair and autophagy, leading
to increased follicular apoptosis, reduced oocyte quantity, and
compromised oocyte quality. ATM and ATG7 serve as key
targets that are regulated by CKAP5 in the DNA damage
repair and autophagy pathways. Moreover, a loss-of-function
variant in CKAP5 is responsible for clinical premature ovarian
insufficiency.

Implications of all the available evidence
These findings demonstrated that CKAP5 maintains ovarian
reserve and fertility by promoting autophagy and DNA
damage repair. This study provided insights into the genetic
causes of premature ovarian insufficiency.
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autoimmune, infectious, or iatrogenic factors, with ge-
netic causes accounting for approximately 20%–25% of
POI cases.5 Despite the identification of numerous
candidate genes having been identified, the genetic
heterogeneity of POI suggests that the aetiology remains
unclear in more than half of the cases.

Cytoskeleton-associated protein 5 (CKAP5) gene en-
codes a microtubule-associated protein that belongs to
the TOG/XMAP215 family. CKAP5 consists of TOG
domains 1–5 and is highly conserved across organisms,
including mammals, plants, and yeast. As a microtubule
regulator, CKAP5 fulfils multiple roles, including (1)
promoting microtubule nucleation and elongation6,7; (2)
maintaining the centrosome integrity and participating
in spindle formation8; (3) binding to chromosomal ki-
netochores to regulate chromosome segregation during
mitosis9; (4) Constituting the oocyte microtubule orga-
nizing centre (MTOC) during human oocyte meiosis.10

CKAP5 is highly expressed in the ovaries of perinatal
mice.11–13 In vitro depletion of CKAP5 through micro-
injection results in abnormal nuclear maturation in
oocytes from both humans and mice.10,14 However, the
role of CKAP5 in the pathogenesis of POI in vivo re-
mains unclear.

In this study, we identified an association between
CKAP5 expression insufficiency and reduced ovarian
function in patients with diminished ovarian reserve
(DOR), validated by gene burden analysis in a cohort of
patients with POI and controls, suggesting CKAP5 as a
gene involved in the regulation of ovarian ageing. A
comparison between Ckap5 heterozygous and wild-type
mice revealed that the former exhibited a phenotype
characteristic of POI, with a reduced ovarian primordial
follicle pool and accelerated follicular atresia. Single-cell
RNA sequencing (scRNA-seq) and single-oocyte
sequencing analysis suggested that ovarian ageing in
Ckap5 heterozygous mice may be due to impaired DNA
damage repair and autophagy, leading to increased
follicular apoptosis, reduced oocyte quantity and
compromised oocyte quality. Co-immunoprecipitation
coupled with mass spectrometry and in vitro cell ex-
periments identified ATM and ATG7 as key targets
regulated by CKAP5 in the DNA damage repair and
autophagy pathways. We also identified a loss-of-
function variant in the CKAP5 gene in clinical pedi-
grees with POI.
Methods
Clinical samples
A total of five DOR patients and five control patients
who underwent in vitro fertilization (IVF)-embryo
transfer or intracytoplasmic sperm injection at the
Reproductive Medicine Centre of the Second Xiangya
Hospital of Central South University were enrolled in
this study from November 2021 to November 2022. The
inclusion criteria for DOR patients included age <40
years, body mass index (BMI) < 25 kg/m2, Anti-Mülle-
rian hormone (AMH) < 1.1 ng/mL, and bilateral antral
follicle count (AFC) < 6, according to the committee
opinion from Practice Committee of the American So-
ciety for Reproductive Medicine.15 Patients with female
fallopian tube or male-related factors were selected as
the control group. Patients with chromosomal abnor-
malities, endocrine disorders, endometriosis, recurrent
miscarriage, a history of ovarian surgery, pelvic radio-
therapy or chemotherapy, and autoimmune diseases
were excluded. Ovarian stimulation was performed
prior to the collection of oocytes by FSH (Lishenbao,
Livzon) and human chorionic gonadotropin (hCG, Liv-
zon). After consent was obtained from all enrolled pa-
tients, follicular fluid was collected for the isolation of
granulosa cells (GCs). The follicular fluid was centri-
fuged at 1500 rpm for 10 min and then transferred into
lymphocyte separation medium (P8800, Solarbio) to
separate human GCs according to the manufacturer’s
instructions. The human GCs were stored at −80 ◦C for
further research.
www.thelancet.com Vol 115 May, 2025
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Members of two Han Chinese families with POI
participated in this study. Peripheral blood samples
were collected after the participants provided their
written informed consent to participate in this study and
agreed to the publication of this case report.

Analysis of RNA sequencing (RNA-seq) data of
human GCs from patients
Differentially expressed genes (DEGs) were identified
using the DESeq R package. P value < 0.01 and |Fold
Change| > 1.5 were set as the threshold for significantly
differential expression. Principal component analysis
(PCA) of DEGs was performed to explore gene expres-
sion patterns. Gene ontology (GO) enrichment and
REACTOME pathway enrichment analysis of DEGs
were performed using the clusterProfiler R package. All
genes were selected for weighted gene co-expression
network analysis using the weighted gene co-
expression network analysis (WGCNA) R package. The
power of β = 8 was chosen as the soft-thresholding
parameter to ensure an unsigned scale-free network.
In WGCNA analysis, the correlation between modules
and clinical phenotypes, as well as gene significance and
module membership, was assessed using Pearson cor-
relation analysis, with a significance threshold set at P
value < 0.05. For genes in the turquoise module, when
geneModuleMembership > 0.90 & gene-
TraitSignificance > 0.80 & GSPvalue < 0.05 & datKME >
0.90 & kIM > 1000, they were identified as hub genes in
the module.

Gene burden analysis
In total, 93 patients with POI were recruited from the
Xiangya Second Hospital of Central South University,
the Changsha Reproductive Medicine Hospital and the
Changsha Jiangwan Maternity Hospital. Whole-exome
sequencing data were collected previously.16 In total,
465 healthy women aged 45–65 years in the menopause
stage (who had no amenorrhoea and regular menstrual
cycles before age 40) were recruited from the Third
Affiliated Hospital of Southern Medical University.
Whole-genome sequencing data were collected
previously.17

Gene-burden analysis of five candidate genes was
performed. The following filtering thresholds were
applied: read depth >30; variant allele frequency >0.3;
minor allele frequency <1% in GnomAD, ExAC, and
1000 Genomes Phase 3. Genes were weighted using the
SKAT-O method, and associations between genetic
variants and POI were evaluated.

Whole-exome sequencing (WES) and variants
filtration
Prior to WES, karyotype analysis was performed to
exclude chromosomal abnormalities. The data were
filtered for rare variants according to the following
criteria: (1) autosomal or X-linked dominant and
www.thelancet.com Vol 115 May, 2025
recessive inheritance; (2) variants that potentially affect
protein sequence (nonsense, missense, splicing-site
variants, or coding indels); (3) minor allele frequencies
<0.01 in public databases, including 1000 Genomes,
ExAC, and gnomAD. After filtering for known POI-
related genes, no pathogenic variants in established
POI genes were identified. The heterozygous CKAP5
variant was then confirmed through family segregation
analysis. Sanger sequencing was performed to validate
the variant, with primers listed in Supplementary
Table S8.

Co-immunoprecipitation (Co-IP) and mass
spectrometry detection
The cells were washed with PBS buffer three times and
discarded. Subsequently, IP lysis buffer (PC105, Epi-
zyme Biotech) was added for digestion, followed by
centrifugation at 12,000g at 4 ◦C for 15 min. The su-
pernatant was mixed with anti-CKAP5 antibody at 4 ◦C
overnight. Subsequently, magnetic beads were added
and mixed uniformly overnight on a shaker at 4 ◦C. The
eluted products were separated by gel electrophoresis
and transferred to an activated PVDF membrane for
detection. Finally, mass spectrometry analysis of the
products was performed by BGI Genomics.

Animals
Ckap5-knockout mice were generated using CRISPR/
Cas9 technology on a C57BL/6J genomic background.
The sgRNA sequence and primers used for genotyping
are provided in Supplementary Table S4. Ckap5 sys-
temic knockout mice with disrupted ORF were gener-
ated. Mice were maintained in a well-controlled, specific
pathogen-free facility with 40–60% humidity, a constant
temperature of 25 ◦C, and a 12-h light/dark cycle. The
animal experiments were approved by the Animal Ethics
Committee of Hunan University of Traditional Chinese
Medicine. The care and experimental procedures for the
mice were in accordance with the Institutional Guide-
lines of the Animal Care and Use Committee (ACUC)
and were approved by the ACUC of the Hunan Uni-
versity of Traditional Chinese Medicine. Female mice
(Ckap5+/+ and Ckap5+/−) were randomly selected and
compared at each time point.

Mouse serum hormone assay
Blood samples were collected from Ckap5+/+ and
Ckap5+/− female mice from the age of 3, 6 and 9
months. Based on the anticipated effect sizes, the
analysis indicated that a sample size of 4 mice per group
would provide adequate power (0.8) to detect the ex-
pected differences at a significance level of 0.05. Serum
was prepared and stored at −80 ◦C until use. Levels of
serum FSH, luteinizing hormone (LH) and Oestradiol
(E2) were detected with mouse ELISA kit (JL10239,
JL10432 and JL11232, JonlnBio), according to the
manufacturers’ instructions.
3
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Fertility test
Female mice (n = 3 per group) were continuously mated
with fertile male mice from 8 weeks to 36 weeks of age
(female: male = 1:1). The numbers of pups and litters
were recorded.

Histology of ovarian tissue
Ovarian tissues (n = 3 per group) were collected and
fixed in 4% paraformaldehyde, embedded in paraffin,
and serially sectioned at a thickness of 4 μm. Each
sample was stained with haematoxylin and eosin (H&E).
Ovarian follicles at different stages were counted ac-
cording to the well-established standards.18

Picrosirius red (PSR) staining
The PSR Stain Kit (G1472, Solarbio) was used according
to the manufacturer’s protocol. Briefly, ovarian sections
underwent deparaffinization with xylene and an ethanol
gradient, followed by washes with water. Subsequently,
sections were treated with PSR staining solution for
15 min at room temperature.

Analysis of scRNA-seq data of ovaries
Gene expression matrices were merged to create a sin-
gle Seurat object and filtered based on the number of
features (>400) and the percentage of mitochondrial
transcripts (<25%). Genes expressed in fewer than three
cells were excluded from the analysis. Variable genes
were identified using the ‘FindVariableFeatures’ func-
tion, and 2000 variable genes were selected for subse-
quent analysis. The first 40 principal components were
utilized for PCA. All data were combined using the
Harmony R package to eliminate batch effects. Clus-
tering was performed using the ‘FindClusters’ function,
which operates on a k-nearest neighbour graph model
with a resolution of 0.2, and results were displayed in
uniform manifold approximation and projection
(UMAP)/t-distributed stochastic neighbour embedding
plots. The cell type of each cluster was identified using
known marker genes with the ‘FeaturePlot’ function
generated by the Seurat package. Subsequently, differ-
ential gene expression analysis was conducted using the
‘FindMarkers’ function of Seurat in the Ckap5+/+ and
Ckap5+/− groups. DEGs were defined as those genes with
adjusted P values < 0.05 and |Fold Change| > 2. GO and
GSEA enrichment analyses were performed in each cell
type. To assess cell-to-cell interactions among different
ovarian cell types in Ckap5+/+ and Ckap5+/− mouse
ovaries, we utilized the CellChat R package, which is
based on the expression of known ligand–receptor pairs.

Oocyte collection
Mice were superovulated (n = 3 per group) via an
intraperitoneal injection of 10 IU of pregnant mare
serum gonadotropin. After 44–48 h, oocytes were
collected from antral follicles by puncturing with a 26.5-
gauge needle in M2 medium (M7167, Sigma–Aldrich).
Oocyte RNA sequencing and analysis
Smart-seq2 analysis were constructed using oocyte RNA
from the Ckap5+/+ and Ckap5+/− group (n = 3 per
group), and the libraries were sequenced on the
DNBSEQ sequencing platform (BGI Genomics). Dif-
ferential gene expression analysis between the two
groups was performed using DESeq2 R package. Genes
with an adjusted P value below 0.05 and |Fold Change| >
2 were considered to be differentially expressed genes.
The data were then subjected to GO and GSEA
enrichment analysis.

Reactive oxygen species (ROS) level monitoring
To measure the ROS content, GV oocytes were incu-
bated in M2 medium with DCFH-DA reagent prepared
according to the manufacturer’s instructions (AKCE002-
1, Boxbio) at 37 ◦C for 20 min in a 5% CO2 incubator.
After washing three times with M2 medium, images of
the oocytes were captured under the microscope.

Cell culture
Human embryonic kidney (HEK) 293T cells (RRID:
CVCL_0063) were cultured in Dulbecco’s Modified Ea-
gle Medium (L110KJ, Basal Media) with 10% foetal
bovine serum (11011-8611, Every Green) at 37 ◦C in a
humidified 5% CO2 incubator. Starvation-induced
autophagy was induced by culturing the cells in Ear-
le’s Balanced Salt Solution (EBSS) (C0213, Beyotime) for
6 h. Chloroquine (CQ) (50-63-5, Sigma–Aldrich) was
used at 20 μM to block autophagic degradation.

Gene silencing
Specific small interfering RNAs (siRNAs) targeting hu-
man CKAP5 were generated by RiboBio. SiRNA was
administered to cells using riboFECT CP Reagent from
the kit (SIGS0003355-4, Ribobio) at 100 nM. The
transfected cells were incubated at 37 ◦C for 72 h and
then harvested for subsequent assays.

Plasmid generation and transfection
The wildtype his-CKAP5 plasmid was generated by
fusing the CKAP5 cDNA fragment into pcDNA3.1
plasmid with N-terminal his tags. The mutant his-
CKAP5 plasmid was generated according to the
splicing result of minigene assay. Plasmids were trans-
fected into HEK293T cells using the PolyJet In Vitro
DNA Transfection Reagent (SL100688, SignaGen) ac-
cording to the manufacturer’s instructions.

Minigene assay
The wild-type and mutant Exon 5-intron 5-Exon 6 of
human CKAP5 complementary DNA (cDNA) fragments
were cloned into a modified pcDNA3.1 plasmid. Sub-
sequently, both plasmids were transfected into
HEK293T cells using Lipofectamine 2000 (11668027,
ThermoFisher), respectively. After culturing for 24 h,
total RNA was extracted, and reverse transcribed into
www.thelancet.com Vol 115 May, 2025
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cDNA. PCR products were purified by agarose gel
electrophoresis and subjected to Sanger sequencing.

Western blot (WB) analysis
Tissues and cells were extracted using RIPA buffer
(WB3100, NCM), supplemented with phenyl-
methanesulfonyl fluoride (1:100, AWH0642a, Abiowell)
and Phosphatase Inhibitor Cocktail (1:100, AWB0159a,
Abiowell). The proteins were separated by SDS-PAGE
and subsequently transferred to a PVDF membrane.
The membrane was blocked with a non-protein blocking
solution (AR0041, Boster) and incubated with primary
antibodies overnight at 4 ◦C. After three washes, the
membranes were incubated with HRP-conjugated sec-
ondary antibodies at room temperature and then
washed three times with TBST. Images were captured
using a chemiluminescence detection system. The an-
tibodies used are listed in the Supplementary materials.
All primary antibodies were validated with bands of the
expected molecular weights and correct localization of
the target proteins.

Immunofluorescence (IF) and
immunohistochemistry (IHC) assays
Isolated oocytes were fixed with 4% paraformaldehyde
for 1 h at room temperature and permeabilized with
0.01% Triton X-100 for 15 min. After washing with PBS
three times, oocytes were blocked with 5% BSA for 1 h
and then incubated with the primary antibody overnight
at 4 ◦C. Oocytes were washed again, incubated with
secondary antibodies and stained with DAPI (P0131,
Beyotime). The fluorescence of oocytes was observed
using a microscope.

The sections of mouse ovaries were deparaffinized in
xylene, dehydrated in a decreasing alcohol gradient, and
underwent antigen retrieval by heating in sodium citrate
buffer. Following blocking with 5% BSA, the sections
were incubated with the primary antibody overnight at
4 ◦C. Subsequently, the sections were incubated with an
HRP-conjugated secondary antibody and developed into
colour using DAB (ZLI-9018, ZSGB-BIO). Nuclear
staining was achieved with Haematoxylin before
capturing images. In immunofluorescence experiments,
sections were incubated with fluorescence-conjugated
secondary antibodies and counterstained with antifade
mounting medium with DAPI before observation under
a fluorescence microscope.

All primary antibodies were validated with bands of
the expected molecular weights and correct localization of
the target proteins. The specificity of secondary antibody
binding was confirmed by the absence of signal in
negative controls incubated without primary antibodies.

TUNEL assay
Paraffin-embedded ovarian tissue sections were depar-
affinized. The TUNEL assay was conducted according to
the manufacturer’s protocol (E-CK-A331, Elabscience).
www.thelancet.com Vol 115 May, 2025
Ethics statement
The animal study was reviewed and approved by the
ACUC of Hunan University of Traditional Chinese
Medicine (SLBH-202205160008). All methods were
conducted in accordance with the ARRIVE guidelines.

For the study involving patients, this research was
approved by the Ethics Committee of the School of Basic
Medical Sciences, Central South University (2022-
KT110), and written informed consent was obtained
from all participants.

Statistics
For two-sample comparisons, normality and homoge-
neity of variance were assessed using the Shapiro–Wilk
test and the F-test, respectively. When both normality
and homogeneity of variance were satisfied, an inde-
pendent t-test (Student’s t-test) was performed. If
normality was met but variances were unequal, Welch’s
t-test was applied. For data that did not meet the
normality assumption, the Mann–Whitney U test was
used. For comparisons involving three groups, a One-
Way Analysis of Variance (ANOVA) was conducted to
determine overall group differences. Post hoc analysis
was performed using Tukey’s multiple comparison test
to assess pairwise differences between groups. The data
are presented as the mean ± SEM. All P values, sample
sizes (“n”), and statistical tests were specified in the
figure legends. A P value of <0.05 was considered sta-
tistically significant. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 and “ns” represents not significant. For
the majority of experiments, we performed three bio-
logical replicates per group. This sample size was
determined based on previous studies in the literature
that assessed similar experimental conditions and out-
comes, and was deemed sufficient for detecting mean-
ingful differences given the nature of the experiments.19

All treatments and outcome assessments were per-
formed blindly, with experimenters unaware of group
allocations to minimize bias.

Role of funders
The funders played no role in the study design, data
collection, data analyses, interpretation, or writing of the
manuscript.
Results
Differential gene expression in GCs from DOR and
control patients
Following the established inclusion criteria, human GC
samples were obtained from patients with DOR and
controls (Fig. 1a). Compared to controls, patients with
DOR exhibited significantly reduced levels of AMH and
bilateral AFC (Supplementary Table S1). Total RNA was
extracted from the human GCs for RNA library con-
struction and sequencing (Supplementary Fig. S1a).
PCA was performed, and PC1 revealed distinct
5
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Fig. 1: Identification of CKAP5 as a hub gene for ovarian ageing. a. The flowchart of identification of CKAP5 as a hub gene for ovarian ageing.
b. PCA analysis of RNA transcriptomes in the DOR vs. CON cohort (n = 5 for each group). c. Heatmap of DEGs. Red indicates upregulated genes
and blue indicates downregulated genes in the DOR group (n = 5 for each group). d. The cluster dendrogram and hierarchical clustering
heatmap of module eigengenes. e. The heatmap of correlation between genes in different modules and the clinical traits through WGCNA
analysis. f. Venn diagrams of candidate genes obtained through intersecting the hub genes in turquoise module and DEGs. g. The verification of
CKAP5 by qRT‒PCR in the DOR vs. CON cohort (n = 5, Student’s t-test, ****P < 0.0001). DOR, diminished ovarian reserve; CON, control; CKAP5,
Cytoskeleton Associated Protein 5; WGCNA, weighted gene co-expression network analysis; DEGs, differentially expressed genes; PCA, principal
component analysis; oocyte, the number of follicles over 14 mm on HCG Day.
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expression patterns between the DOR and control
groups (Fig. 1b). Using expression profiling, we identi-
fied 158 DEGs. Compared to the control group, 102
genes were upregulated, and 56 genes were down-
regulated in patients with DOR, as shown in the heat-
map (Fig. 1c and Supplementary Fig. S1b). GO and
REACTOME enrichment analyses of the DEGs indi-
cated that DOR was associated with intracellular
macromolecule transport and maintenance of cellular
structure (Supplementary Fig. S1c and d). Gene Set
Enrichment Analysis (GSEA) indicated that the gene set
related to DNA damage repair was downregulated
(Supplementary Fig. S1e).

To identify the genes implicated in diminished
ovarian function and their relationship with the DOR
phenotype, WGCNA was performed using all the genes
and clinical traits mentioned above (Supplementary
Table S1). We identified 22 distinct gene modules
within the cluster dendrogram and hierarchical clus-
tering heatmap of module eigengenes (Fig. 1d and
Supplementary Fig. S1f–g). Module-trait relationships
revealed correlations between genes in various modules
www.thelancet.com Vol 115 May, 2025
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and clinical traits (Fig. 1e). Red modules exhibited
positive correlations, whereas blue modules displayed
negative correlations. The turquoise module exhibited
the highest positive correlation with AMH (r = 0.74,
P = 0.01) and AFC (r = 0.77, P = 0.009), and the stron-
gest negative correlation with the group (r = −0.87,
P = 0.001). For these three traits, we found that the
correlation between module membership and gene
significance in the turquoise module was 0.66, 0.69, and
0.84, respectively, demonstrating a strong association
between the genes in the turquoise module and the
clinical features of DOR (Supplementary Fig. S1h and i).
Using this method, we established thresholds for genes
within the turquoise module to identify hub gene sets
associated with three traits, AFC_hub, AMH_hub, and
Group_hub, which contained 335, 212, and 733 hub
genes, respectively. Intersecting these hub gene sets
with 158 DEGs, five candidate genes were identified:
CKAP5, MAP3K13, CD164, VPS35, and SEPTIN2
(Fig. 1f).

Identification of CKAP5 as a hub gene associated
with ovarian ageing
For the five candidate genes, we conducted gene burden
analysis using next-generation sequencing data from 93
patients with POI and 465 healthy female controls in the
Chinese population (Supplementary Tables S2–S3). The
results revealed that CKAP5 exhibited the highest sig-
nificance (P = 1.86 × 10−3) and variant frequency in the
POI group (5.38%) in the Chinese population. In addi-
tion, reverse transcription polymerase chain reaction
(RT-PCR) confirmed that CKAP5 mRNA levels were
significantly lower in the DOR group than in the control
group (Fig. 1g). Previous in vitro studies have demon-
strated that CKAP5 plays a critical role in oocyte
meiosis, embryo development, and cell proliferation.
Based on these findings, we selected CKAP5 for further
investigation in animal experiments.

Characterization of CKAP5 expression in ovarian
tissue
Normal follicle development requires both the oocyte
and surrounding GCs to be in optimal conditions.
CKAP5 was predominantly expressed in oocytes and
GCs across various follicular stages in mouse ovaries
(Fig. 2a), especially during the primordial and primary
follicle stages. As follicles develop further, starting from
the secondary follicle stage, CKAP5 is highly expressed
in both oocytes and GCs.

CKAP5 is expressed in germinal vesicle (GV) oocytes
and colocalizes with microtubule asters (Fig. 2b). As
oocytes progress from germinal vesicle breakdown
(GVBD) onwards, CKAP5 aggregates around chromo-
somes within the spindle region. At both the metaphase
I (MI) and metaphase II (MII) stages, CKAP5 was
concentrated around aligned chromosomes, indicating
its critical role in oocyte maturation (Fig. 2b).
www.thelancet.com Vol 115 May, 2025
To investigate the role of CKAP5 in female fertility
in vivo, a knockout mouse model of Ckap5 was gener-
ated (Fig. 2c, Supplementary Table S4). Homozygous
deletion of Ckap5 impairs early embryonic develop-
ment14 and results in embryonic lethality.20 Therefore,
only heterozygous Ckap5-deficient mice were available
for the subsequent experiments (Supplementary
Table S5). Genotyping of the Ckap5+/− mice was
confirmed by PCR and Sanger sequencing (Fig. 2d and
Supplementary Fig. S2a and b) with protein loss verified
by WB (Fig. 2e and f) and IHC staining (Fig. 2g) of
ovaries from 1-month-old mice.

Ckap5 knockout results in subfertility due to POI in
mouse
While Ckap5+/− mice were viable (Supplementary
Fig. S2c and d), their ovarian volume was significantly
reduced compared to Ckap5+/+ mice (Fig. 2h and i).
Total pup numbers for Ckap5+/− females deviated
markedly from those of Ckap5+/+ females, indicating
decreased fertility (Fig. 2j). Pregnant mare serum
gonadotropin was used to induce superovulation in 4-
and 12-week-old mice by collecting the oocytes.
Compared to wild-type mice, the ovarian response in
Ckap5+/− mice was significantly reduced, with a
decrease in the number of retrieved oocytes by 59.32%
and 69.86%, respectively (Fig. 2k). Collectively, Ckap5+/−

mice exhibited an earlier decline in fertility compared to
Ckap5+/+ mice.

We conducted additional analyses of sex hormone
and ovarian tissues from mice to elucidate the POI
phenotype in Ckap5+/− mice. Elevated levels of FSH and
LH, along with decreased levels of E2, were detected in
the serum of Ckap5+/− mice at 3, 6, and 9 months of age.
Starting at 3 months, FSH levels in Ckap5+/− mice were
significantly elevated, consistent with the hormonal ab-
normalities associated with POI observed in humans
(Fig. 2l). With advancing age, E2 levels declined signif-
icantly at 6 and 9 months of age, accompanied by
elevated LH levels (Fig. 2l). Histological analysis of
ovarian tissue sections stained with H&E revealed a
reduction in the number of primordial and primary
follicles starting from 1 month after birth in Ckap5+/−

mice (Fig. 2m). In adulthood, there was a significant
decrease in secondary and antral follicles in Ckap5+/
−mice compared to Ckap5+/+ mice, accompanied by
increased follicle atresia (Fig. 2m). These findings sug-
gest that Ckap5 haploinsufficiency leads to oocyte
depletion and impaired fertility, indicating a phenotype
consistent with POI.

ScRNA-seq reveals impaired DNA damage repair,
autophagy, and increased apoptosis in Ckap5+/−

ovaries
To analyse the transcriptomic variation in ovarian cells,
we performed scRNA-seq on the ovaries of three 3-
month-old Ckap5+/− mice (Fig. 3a). Previously reported
7
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Fig. 2: Ckap5 knockout results in subfertility due to POI in mouse. a. Immunohistochemistry of CKAP5 in ovarian sections from 1-month-old
wildtype mice. Scale bars denote 50 μm, 100 μm and 400 μm. b. Immunofluorescence analysis for CKAP5 and α-tubulin colocalization in the
oocyte maturation from wildtype adult mice. Scale bars denote 20 μm. c. Schematic diagram of Ckap5 knockout. CRISPR/Cas9 technology was
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scRNA-seq data from 3-month-old normal ovaries were
reanalysed as a control using the same methodology.21

After rigorous cell filtration, a total of 19,717 cells
were retained for further analysis (Supplementary
Fig. S3a and b). Batch effects were corrected using the
Harmony R package, and global ovarian cell populations
were visualized using UMAP (Fig. 3b and
Supplementary Fig. S3c). This analysis identified 10
distinct cell types based on specific marker expression21:
oocytes, GCs, luteal cells, theca cells, stromal cells,
macrophages, T cells, B cells, endothelial cells and
epithelial cells (Supplementary Fig. S3d). Ckap5 was
predominantly expressed in non-immune cells
(Supplementary Fig. S3e). Notably, the clustering results
showed that Ckap5+/− ovarian cells were well-distributed
compared to normal controls (Fig. 3c and
Supplementary Fig. S3c). In addition, CKAP5 deficiency
altered ovarian cellularity compared to controls (Fig. 3c,
Supplementary Table S6). The percentage of oocytes and
GCs was significantly lower in Ckap5+/− ovaries, which
can be attributed to the decline in the number of folli-
cles observed. The most notable change in ovarian
cellularity associated with CKAP5 deficiency was a two-
fold increase in stromal, endothelial, and epithelial cells.
The percentage of immune cells in the ovaries of
Ckap5+/− mice was slightly decreased. These results
indicate a decline in follicles and an increase in stromal
tissue accumulation in Ckap5+/− mice.

Next, GO enrichment analysis was performed for
each cell type. Autophagy, DNA damage repair, oocyte
development, fertilization, pregnancy, and steroid
hormone-mediated signalling pathways were down-
regulated in most cells, whereas apoptosis and the
negative regulation of cell development pathways were
upregulated (Fig. 3d and e). Owing to the low number of
oocytes captured from Ckap5+/− mice, no statistically
significant pathways were identified in the GO enrich-
ment analysis (Supplementary Table S6). Therefore, we
conducted GSEA on oocytes. Similarly, “phagophore
assembly site membrane” and “DNA damage sensor
activity” gene sets were downregulated in the oocytes of
Ckap5+/− mice, accompanied by an upregulation of “cell
used to generate Ckap5+/− mice by deleting exon 3 to exon 6. d. Genotyp
bp and 643 bp. Wild-type allele: one band with 643 bp. e. Western blot an
protein levels of CKAP5 in ovary from Ckap5+/+ and Ckap5+/− mice (n =
calculated after normalization to the α-tubulin protein level. g. Immunohi
and Ckap5+/− mice. Scale bars denote 100 μm. h. The ovarian development
of Ckap5+/+ and Ckap5+/− female adult mice (n = 3, Student’s t-test, **P <
litter and the numbers of total pups per mouse were recorded for each gr
Mann–Whitney test, pups/litter: ****P < 0.0001; Student’s t-test, total pu
Ckap5+/+ mice at 4 and 12 weeks old (n = 3, Student’s t-test, 4w: *P < 0.05
month-old, 6-month-old and 9-month-old Ckap5+/+ and Ckap5+/− mice (n
*P < 0.05, **P < 0.01). m. HE staining and comparison of the numbers o
month-old (n = 3, Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ***
GVBD, germinal vesicle breakdown stages; MI, metaphase I stages; MII,
secondary follicles; AF, antral follicle; AtF, atresia follicle; FSH, Follicle-stim
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killing” gene sets (Fig. 3f and Supplementary Fig. S3f).
This enrichment analysis shows that decreased auto-
phagy, DNA damage repair, and increased apoptosis
signalling in ovarian cells may account for the POI
phenotype of the Ckap5+/− mice.

Aberrant cell-to-cell communication patterns in the
ovary following CKAP5 deletion
Altered intercellular communication is an integrated
hallmark of ageing.22 CellChat analysis was conducted to
evaluate signalling networks. Despite the decline in
ovarian function in Ckap5+/− mice, intercellular
communication was not completely disrupted
(Supplementary Fig. S4a and b). A significant reduction
in cell signal transduction was observed between oocytes
and other cell types, while interactions between stromal
cells and other cell types, particularly granulosa, luteal,
and theca cells associated with follicles, increased
(Supplementary Fig. S4a). All communication proba-
bilities in the information network were summarized to
compare the difference in overall information flow be-
tween Ckap5+/− and Ckap5+/+ mice (Supplementary
Fig. S4c). The results revealed that AMH signalling
pathways were more abundant in Ckap5+/+ mice,
whereas COLLAGEN signalling pathways were more
abundant in Ckap5+/− mice (Supplementary Fig. S4c–e).

Single-oocyte transcriptome analysis reveals CKAP5
deficiency impairs oocyte quality
To investigate the potential impact of CKAP5 deletion
on oocyte quality, we conducted a single-cell tran-
scriptome analysis of ovulated GV oocytes from 3-
month-old mice using the SMART-seq2 method
(Fig. 3a). RNA levels of Ckap5 were significantly lower
in Ckap5+/− oocytes than in Ckap5+/+ oocytes
(Supplementary Fig. S5a and b). PCA revealed distinct
expression patterns between Ckap5+/− and Ckap5+/+

oocytes, with PC1 showing clear separation (Fig. 3g).
Heatmap analysis indicated that DEGs were primarily
downregulated (Fig. 3h and Supplementary Fig. S5c)
and enriched in pathways related to autophagy, repro-
ductive processes, oocyte development, and oxidative
e of Ckap5+/+ and Ckap5+/− mice. Heterozygotes: two bands with 714
alysis of CKAP5 in ovary from Ckap5+/+ and Ckap5+/− mice. f. Relative
3, Student’s t-test, **P < 0.01). Relative amounts of proteins were
stochemistry analysis of CKAP5 expression in the ovary from Ckap5+/+

of Ckap5+/+ and Ckap5+/− female adult mice. i. The ovary/body weight
0.01). j. The numbers of litters per mouse, the number of pups per

oup in the fertility test (n = 3, Welch’s t-test, litter/mouse: *P < 0.05;
ps/mouse: ***P < 0.001). k. GV oocytes obtained from Ckap5+/− and
; Welch’s t-test, 12w: *P < 0.05). l. Serum FSH, LH and E2 levels of 3-
= 4, 3 and 6 months: Student’s t-test; 9 months: Mann–Whitney test;
f follicles of mice at 1-month-old, 2-month-old, 4-month-old and 6-
*P < 0.0001). Scale bars denote 400 μm. GV, germinal vesicle stages;
metaphase II stages; PrF, primordial follicle; PF, primary follicle; SF,
ulating hormone; E2, Oestradiol; LH, Luteinizing hormone.
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Fig. 3: ScRNA-seq analysis reveals the decreased autophagy and DNA damage repair along with increased apoptosis in ovaries of Ckap5+/− mice.
a. The flowchart of ovary scRNA-seq and single-oocyte transcriptomic in Ckap5+/− and Ckap5+/+ mice. b. UMAP plot of combined ovarian cells.
Clustering analysis revealed 10 distinct ovarian cell populations. c. UMAP plot of ovarian cells by genotype. Numbers and percentages of cell type
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stress (Fig. 4i). GSEA revealed downregulation in gene
sets associated with cell growth, autophagy, and the P53
pathway, indicating a potential impairment in oocyte
quality (Supplementary Fig. S5d).

CKAP5 binds to ATG7 and ATM as a downstream
target
To elucidate how impaired autophagy and DNA damage
repair are regulated in Ckap5+/− mice, we employed Co-
IP coupled with mass spectrometry to identify proteins
interacting with CKAP5 (Supplementary Fig. S6a and
Table S7). Proteins interacting with CKAP5 are
involved in autophagy, cell cycle and DNA damage
repair, apoptosis, reproduction and meiosis, phospha-
tase and tensin homologue deleted on chromosome 10
(PTEN) regulation, and ROS detection, consistent with
the enrichment analysis from previous scRNA-seq and
single-oocyte transcriptome studies (Supplementary
Fig. S6b). The list of interacting proteins was matched
with the proteins encoded by known POI-associated
pathogenic genes, revealing that CKAP5 interacts with
ATM and ATG7 (Supplementary Fig. S6c). These two
proteins, which may act downstream of CKAP5 to pro-
mote DNA damage repair and autophagy, were further
validated by Co-IP using peripheral blood samples from
healthy women and wildtype mouse ovaries
(Supplementary Fig. S6d and e).

CKAP5 promotes repair of double-strand breaks
(DSBs) to prevent aberrant DNA damage in the
ovary
RNA interference was employed in HEK293T cells to
downregulate CKAP5 expression and validate its regula-
tory mechanism. We examined the changes in the ATM-
CHK2-P53 and ATM-SMC3/SMC1A pathways, which
promote DNA damage repair (Fig. 4a and Supplementary
Fig. S7a and b). CKAP5 downregulation reduced protein
expression and phosphorylation in these two pathways.
To confirm that CKAP5 deficiency impairs DNA damage
repair, 100 nM etoposide was added to the cell culture
medium to induce DSBs, and the cellular response was
observed. Compared to the control group, CKAP5 defi-
ciency resulted in decreased expression and phosphory-
lation of ATM-CHK2-P53 and ATM-SMC3/SMC1A,
ultimately leading to the accumulation of the DSBs
marker, γH2AX, and indicating impaired DNA repair
(Fig. 4b and Supplementary Fig. S7c and d).

Moreover, the ATM-CHK2-P53 and ATM-SMC3/
SMC1A pathways, along with their phosphorylation
levels, were downregulated in Ckap5+/− mouse ovaries,
identity by genotype. d. GO enrichment analysis of genes of up-regulate
down-regulated DEGs in different cell types. f. GSEA enrichment analysis
repair, and cell killing. g. PCA analysis of oocyte RNA transcriptomes fo
upregulated genes and blue indicates downregulated genes in the Ckap5+/

ontology, GSEA, Gene Set Enrichment Analysis; NES, normalized enrichm
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leading to γ-H2AX accumulation, indicating unrepaired
DNA damage (Fig. 4c and Supplementary Fig. S7e and
f). These findings suggest that Ckap5 haploinsufficiency
may reduce the ovarian reserve by inhibiting DNA
damage repair in mice. Similarly, ATM was down-
regulated in both oocytes and GCs of Ckap5+/− mice,
and the expression patterns of its downstream mole-
cules, CHK2-P53 and SMC3/SMC1A, followed suit
(Fig. 4d and Supplementary Fig. S7g). However, unlike
the global downregulation of p-CHK2 within the follicle,
the decreased phosphorylation levels of P53, SMC3, and
SMC1A were mainly confined to the oocytes
(Supplementary Fig. S7g). These defects in the ATM-
CHK2-P53 and ATM-SMC3/SMC1A pathways in
Ckap5+/− mice led to unrepaired DSBs, as evidenced by
strong γH2AX positivity in follicles (Fig. 4d). In addi-
tion, ATM colocalized with CKAP5 on the spindle dur-
ing meiosis, which is essential for the meiotic process
(Fig. 4e and Supplementary Fig. S7h). In Ckap5+/− mice,
this co-localization was lost in oocytes, causing
abnormal spindle formation.

CKAP5 promotes autophagosome formation to
maintain ovarian autophagy flux
In addition to DNA damage repair, we examined
changes in autophagy. CKAP5 downregulation reduced
ATG7 and ATG5 levels, lowering the LC3II/I ratio, a
marker of autophagosome formation (Fig. 4f and
Supplementary Fig. S8a). Immunofluorescence revealed
scattered autophagosomes in the cytoplasm of the con-
trol group, whereas the si-CKAP5 group exhibited a
significant reduction in dot-like structures (Fig. 4g and
Supplementary Fig. S8b). P62, a substrate for autopha-
golysosome fusion, accumulated in CKAP5-deficient
cells, indicating impaired autophagosome formation
and disrupted autophagic flux (Fig. 4f and
Supplementary Fig. S8a). Under physiological condi-
tions, cellular autophagic activity is typically low. To
further investigate autophagy, we used the autophagy
inducer EBSS and/or the autophagic degradation in-
hibitor CQ in both cell groups (Fig. 4h–i and
Supplementary Fig. S8c and d). Consistent with previ-
ous results, ATG5 and ATG7 levels decreased with
CKAP5 downregulation, accompanied by a decrease in
LC3II and P62 accumulation (Fig. 4h–i and
Supplementary Fig. S8c and d). Unexpectedly, under
EBSS and/or CQ treatment, ATG3 exhibited an
expression trend similar to that of CKAP5, suggesting
that ATG3 may also function as a downstream protein of
CKAP5 to promote autophagy.
d DEGs in different cell types. e. GO enrichment analysis of genes of
of the oocyte for the pathways related to autophagy, DNA damage
rm Ckap5+/− and Ckap5+/+ mice. h. Heatmap of DEGs. Red indicates
− group. i. GO enrichment analysis of down-regulated DEGs. GO, gene
ent score; DEGs, differentially expressed genes.
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Fig. 4: CKAP5 promotes DSBs repair and autophagosome formation to prevent aberrant DNA damage and maintain ovarian autophagy flux. a.
Protein levels of CKAP5, ATM, p-ATM, CHK2, p-CHK2, P53, p-P53, SMC3, p-SMC3, SMC1A, p-SMC1A and γ-H2AX in HEK293T cells transfected
with siCKAP5 and siControl as measured by Western blot. GAPDH was used as the loading control. b. Protein levels of CKAP5, ATM, p-ATM,
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To determine whether the absence of CKAP5 leads to
POI in mice through inhibition of the autophagy
pathway, we analysed the differences in these
autophagy-related proteins in the ovaries of Ckap5+/+

and Ckap5+/− mice (Fig. 4j and Supplementary Fig. S8e).
Consistent with the cellular experiments, the absence of
CKAP5 resulted in decreased ATG7 levels, a lower
LC3II/I ratio, and P62 accumulation in the ovaries
(Fig. 4j and Supplementary Fig. S8e). In Ckap5+/− mice,
ATG7 expression was significantly reduced in both oo-
cytes and GCs, leading to decreased LC3 expression
across the follicle, particularly in GCs (Fig. 4k). In
addition, ATG7 colocalized with CKAP5 on the spindle
during meiosis (Fig. 4l and Supplementary Fig. S8f);
however, it was lost in Ckap5+/− oocytes, resulting in
abnormal spindle formation.

These findings suggest that CKAP5 deficiency dis-
rupts both autophagy and DNA damage repair, impair-
ing overall follicle function and contributing to the onset
of POI in mice.

Abnormal oocytes meiosis, accelerated ageing, and
excessive apoptosis with collagen deposition in
Ckap5+/− mouse ovaries
Previous studies have reported that deficiencies in
autophagy and DNA damage repair lead to elevated
apoptosis in the ovaries of mice.23,24 We also measured
the apoptosis levels in Ckap5+/− and Ckap5+/+ mice. We
found increased expression of the pro-apoptotic protein
BAX, decreased expression of the anti-apoptotic
protein BCL2, elevated levels of the activated effector
protein CASPASE3, and increased TUNEL-positive
staining in the Ckap5+/− ovaries, indicating elevated
apoptosis levels (Supplementary Fig. S9a and b). The
immunofluorescence results revealed that GCs exhibit
more severe apoptosis, suggesting that GCs may play a
more crucial role in follicular atresia (Supplementary
Fig. S9c). The RNA-seq analysis and experimental re-
sults suggest that dysregulation of autophagy and DNA
damage repair may contribute to the decline in ovarian
reserve and increased apoptosis in Ckap5+/− mice. This
CHK2, p-CHK2, P53, p-P53, SMC3, p-SMC3, SMC1A, p-SMC1A and γ-H2AX
with ETO as measured by Western blot. α-Tubulin was used as the loading
SMC3, p-SMC3, SMC1A, p-SMC1A and γ-H2AX in ovary from Ckap5+/− and
loading control. d. Immunohistochemistry analysis for ATM, p-ATM and
denote 100 μm. e. Immunofluorescence analysis for CKAP5 and ATM colo
Scale bars denote 20 μm. f. Protein levels of CKAP5, ATG7, ATG5, ATG3, P
as measured by Western blot. GAPDH was used as the loading control. g
HEK293T cells transfected with siCKAP5. Scale bars denote 200 μm. h. Pr
cells transfected with siCKAP5 and siControl or pre-treated with EBSS a
loading control. i. Protein levels of CKAP5, ATG7, ATG5, ATG3, P62 and
treated with CQ for 0–4 h as measured by Western blot. α-Tubulin was us
and P62 in ovary from Ckap5+/− and Ckap5+/+ mice as measured by Wes
tochemistry analysis for ATG7 and LC3 in the ovary of Ckap5+/+ and Cka
analysis for CKAP5 and ATG7 colocalization in the oocyte maturation from
strand breaks; ETO, etoposide; MI, metaphase I stages; MII, metaphase II
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indicates that the process of follicular atresia in Ckap5+/−

mice is mediated by cell apoptosis.
Fibrosis accumulation in both follicular and non-

follicular tissues is a canonical marker of ovarian
ageing.25 When examining collagen intercellular
communication among cells, signalling in stromal cells
from Ckap5+/− ovaries became stronger towards all cell
types except T and B cells (Supplementary Fig. S4d).
Notably, PSR staining for collagen revealed that CKAP5
deletion led to increased collagen accumulation in the
follicular and stromal compartments of Ckap5+/− ovaries
(Supplementary Fig. S9d). AMH levels reflect the num-
ber of follicles remaining in the ovary26 and typically
decline before elevated FSH concentrations. The AMH
signalling pathway, which is indicative of ovarian func-
tion, was primarily downregulated in follicular cells
(Supplementary Fig. S4e). IHC analysis confirmed lower
AMH levels in the follicles of Ckap5+/− mice compared to
Ckap5+/+ mice (Supplementary Fig. S9e). These results
suggest that CKAP5 deficiency disrupts the coordinated
intercellular communication in Ckap5+/− mice, reducing
overall ovarian function.

In oocytes from Ckap5+/− mice, spindle disorgani-
zation was observed (Supplementary Fig. S9f), accom-
panied by a decreased first polar body (PB1) extrusion
rate of 40.67% (Supplementary Fig. S9g). Compared to
Ckap5+/+ mice, the rate of spindle abnormalities in
Ckap5+/− oocytes increased by approximately 40.66%
(Supplementary Fig. S9g). In addition, a significant
accumulation of ROS was observed in Ckap5+/− GV
oocytes, indicating oocyte ageing and potentially
inducing DNA damage to the oocyte genome
(Supplementary Fig. S9h). The Ckap5+/− mice exhibited
a reduced oocyte count and abnormalities in oocyte
quality, exacerbating the decline in female fertility.

CKAP5 variant causes mendelian inherited POI
In two Chinese Han families, probands exhibited
menstrual irregularities following menarche and sub-
sequently developed POI at 23 and 26 years of age
(Fig. 5a). Ultrasonographic examination revealed
in HEK293T cells transfected with siCKAP5 and siControl or treated
control. c. Protein levels of ATM, p-ATM, CHK2, p-CHK2, P53, p-P53,
Ckap5+/+ mice as measured by Western blot. GAPDH was used as the
γ-H2AX in the ovary of Ckap5+/+ and Ckap5+/− adult mice. Scale bars
calization in the oocyte maturation from Ckap5+/− and Ckap5+/+ mice.
62 and LC3 in HEK293T cells transfected with siCKAP5 and siControl
. Immunofluorescence analysis for LC3 expression were decreased in
otein levels of CKAP5, ATG7, ATG5, ATG3, P62 and LC3 in HEK293T
nd/or CQ as measured by Western blot. α-Tubulin was used as the
LC3 in HEK293T cells transfected with siCKAP5 and siControl or pre-
ed as the loading control. j. Protein levels of ATG7, ATG5, ATG3, LC3
tern blot. α-tubulin was used as the loading control. k. Immunohis-
p5+/− adult mice. Scale bars denote 100 μm. l. Immunofluorescence
Ckap5+/− and Ckap5+/+ mice. Scale bars denote 20 μm. DSBs, double
stages; EBSS, Earle’s Balanced Salt Solution; CQ, Chloroquine.
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Fig. 5: CKAP5 variant causes clinical POI. a. The pedigrees of the families. Squares and circles denote male and female members, respectively.
Solid symbols indicate the affected members, and open symbols denote unaffected members. Slashes represent deceased members, and the
equal sign indicates infertility. Members indicated by arrows were probands. Members indicated by asterisk were selected for whole-exome
sequencing. Sanger sequencing chromatograms of CKAP5 are shown on the bottom side. The red arrows indicate the corresponding
variant. b. Schematic map of the variant positions in CKAP5 at the genomic level. c. Mini-gene assay of wild-type and mutated CKAP5 plasmids
transfected into HEK293T cells. Sanger sequencing of the band form mini-gene assay. d. Schematic map of the variant positions in CKAP5 at the
protein level. e. Protein structure of wild-type and mutated CKAP5 predicted by Alphafold3. f. Wild-type and mutated CKAP5 plasmids were
transfected into HEK293T cells. After 72 h of transfection, whole-cell lysates were prepared and separated by SDS-PAGE. CKAP5 was detected by His
antibody and GAPDH served as a loading control. Arrows indicate the targeted proteins. g. Protein levels of ATG7, ATG5, ATG3, LC3, P62, ATM,
p-ATM, CHK2, p-CHK2, P53, p-P53, SMC3, p-SMC3, SMC1A, p-SMC1A and γ-H2AX in HEK293T cells transfected with wildtype and mutated CKAP5
plasmids as measured by Western blot. α-Tubulin was used as the loading control. WT, wild type; MT, mutant type; con, control.
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ovarian atrophy, with zero to one follicle in the pro-
bands. Serum FSH levels were elevated, whereas AMH
levels were significantly decreased (Table 1), confirming
POI diagnosis. Notably, the probands did not present
with chromosomal abnormalities, a history of ovarian
surgery, chemotherapy, radiotherapy, autoimmune dis-
eases, or FMR1 premutations. To investigate the
potential genetic causes, we conducted WES of three
patients and three unaffected members in family 1 and
one patient in family 2 (Fig. 5a and b). After filtering
and sanger sequencing in members of two families,
we identified a heterozygous CKAP5 variant
(NM_0001008938.4, c.630 + 7_630 + 11delCAAAA) that
was consistent with the pattern of family co-segregation.
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Pedigree ID Age Age at
menarche

Gestation and
parturition

FSH (IU/L) AMH (ng/mL)

F1: III-2 23 13 G0P0 30.85 0.66

F2: III-4 31 12 G0P0 26.05 0.01

FSH, Follicle-stimulating hormone; AMH, anti-Müllerian hormone.

Table 1: Clinical data for the probands.

Articles
Predictions indicated that this variant, located in
intron 5, might cause alternative splicing (Fig. 5b). Mini-
gene experiments confirmed that the variant induced
intron 5 retention by constructing a mini-gene plasmid
that spanned from exons 5 to 6 and transfecting it into
HEK293T cells (Fig. 5c and d). This in-frame insertion
led to a premature termination codon (TGA) at the 70th
nucleotide downstream of CKAP5 exon 5.

Mutant plasmids were designed based on the com-
plementary sequence of the spliced RNA. Both the wild-
type and mutant plasmids were transfected into
HEK293T cells and incubated for 72 h. Cellular experi-
ments demonstrated that the mutant plasmids produced
a truncated protein (Fig. 5d–f). Peripheral blood from
the patient F2: III-4 was also analysed, and the results
were consistent with the cellular experiments, showing
a truncated protein (Supplementary Fig. S10a).
Furthermore, compared to the wild-type plasmid trans-
fection group, the group expressing the mutant protein
exhibited reduced autophagy and DNA damage repair,
consistent with the CKAP5 knockdown results (Fig. 5g
and Supplementary Fig. S10b–d). These findings sug-
gest that CKAP5 truncation leads to loss of function,
causing POI in patients.
Discussion
With the widespread application of next-generation
sequencing, the genetic spectrum of POI has
expanded significantly. To date, over 75 genes associated
with POI have been identified, involving various pro-
cesses, such as gonadal development, meiosis and DNA
damage repair, follicular development, hormone meta-
bolism, mitochondrial function, transcription factors,
ligand receptors, apoptosis, and RNA metabolism.27,28

This study demonstrates that CKAP5, a cytoskeletal
protein gene, is a key contributor to the maintenance of
ovarian reserve and oocyte development. CKAP5 regu-
lates autophagy and DNA damage repair in the ovaries
by modulating ATG7 and ATM. CKAP5 hap-
loinsufficiency impairs autophagic flux and DSBs
repair, leading to a reduction in the primordial follicle
pool, compromised oocyte quality, increased follicular
apoptosis, and accelerated follicular atresia. A hetero-
zygous variant in CKAP5 (NM_0001008938.4,
c.630 + 7_630 + 11delCAAAA) results in clinical POI in
patients by disrupting CKAP5 protein function.

Meiosis is essential for forming haploid gametes and
maintaining ovarian reserve. Only oogonia that enter
meiosis develop into oocytes, which are surrounded by
GCs to form primordial follicles, the basic functional
units of the ovary.29 Animal models with meiotic gene
defects exhibit meiotic arrest, accumulation of DSBs,
and oocyte apoptosis, ultimately resulting in a dimin-
ished ovarian reserve and reduced fertility phenotypes
resembling human POI.30 Dysfunction of these genes
causes abnormal chromosome pairing, synapsis, and
www.thelancet.com Vol 115 May, 2025
segregation in oocytes, as well as defects in homologous
recombination repair and the production of aneuploid
oocytes, contributing to unexplained infertility or early
pregnancy loss.30,31 POI caused by defects in meiotic
genes such as ATM is classified as syndromic POI and
is characterized by gonadal abnormalities, particularly
hypoplasia with germ cell deficiencies.32 In homozygous
ATM-deficient mice, gametogenesis is severely dis-
rupted as early as the leptotene stage of prophase I,
leading to oocyte apoptotic degeneration and primordial
follicle depletion.24,33 Heterozygous ATM-deficient mice
exhibit reduced primordial and primary follicles, pro-
longed oestrous cycles, and decreased ovarian func-
tion.34 In oocytes, ATM-mediated DSBs repair preserves
oocyte quality and viability. Knockdown of ATM in
mouse oocytes increases sensitivity to DNA damage and
apoptosis, leading to DSBs accumulation, preventing
completion of the first meiotic division, and impairing
blastocyst formation.35 In addition, ATM plays a role in
regulating the cell cycle checkpoint during the GV stage
and in non-homologous end joining repair during the
MII stage to preserve oocyte genomic stability.36,37 Age-
related declines in ATM function in oocytes are
thought to be a major factor in oocyte ageing,38 and GCs
require ATM for DNA damage repair as they age.39 Our
study revealed that decreased CKAP5 expression leads to
reduced ATM expression, impairing phosphorylation of
downstream pathways, such as ATM-CHK2-P53 and
ATM-SMC3/SMC1A, weakening DSBs repair capacity
and resulting in γ-H2AX accumulation. Compared to
Ckap5+/+ mice, Ckap5+/− mice exhibited impaired DNA
damage repair, particularly in oocytes and GCs, owing to
ATM deficiency, hindering follicular self-repair and
triggering apoptosis. Additionally, ROS accumulation in
the GV-stage oocytes of Ckap5+/− mice further exacer-
bated DNA damage. As meiosis progresses, the
co-localization of ATM and CKAP5 at the spindle sug-
gests that CKAP5 deficiency intensifies meiotic arrest
and hinders oocyte non-homologous end joining repair.
Ultimately, this deficiency significantly compromises
both the ovarian reserve and oocyte quality.

Autophagy governs follicular development, main-
taining cellular and energy homoeostasis. Macro-
autophagy plays a crucial role in the survival of healthy
primordial follicles. Adequate levels of autophagy pre-
vent the accumulation of ROS in oocytes and maintain
the protein levels of essential factors promoting oocyte
development in the ovary, such as AMH, GDF9,
15
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NOBOX, and TGFβ1.40 When rapamycin inhibits the
mammalian target of rapamycin (mTOR) pathway,
increasing LC3B expression, inducing autophagy, and
inhibiting apoptosis, it enhances the number of surviv-
ing oocytes.41 In GCs, AMH inhibits FOXO3A phos-
phorylation in oocytes, thereby inducing ovarian
autophagy, preventing excessive activation of primordial
follicles, and protecting the ovarian reserve.42 Ovarian
ageing is associated with decreased expression of
autophagy-related molecules.43 Impaired autophagy is
another recognized mechanism underlying POI. In the
GCs of patients with biochemical POI, reduced LC3-II/I
ratios and elevated P62 protein levels disrupt autophagic
flux and hinder the degradation of WT1, resulting in
hormonal secretion disorders.44 Variants in autophagy-
related genes, such as heterozygous ATG7 p.Phe403-
Leu and ATG9A p.Arg758Cys, have been reported in
patients with POI, with haploinsufficiency reducing
cellular responses to starvation-induced autophagy.45 As
a critical regulatory gene for autophagy, ATG7 is
essential for the maintenance of the ovarian reserve.
Ovarian knockout of ATG7 leads to complete deple-
tion,23 whereas oocyte-specific ATG7 knockout results in
partial loss of the primordial follicle pool,46 accompanied
by increased apoptosis in the ovaries of mice. In this
study, in the case of Ckap5 haploinsufficiency, ATG7
expression decreases but is not completely absent,
which may result in a partial loss of the primordial
follicle pool and follicle apoptosis, accounting for sub-
fertility in Ckap5+/− mice.

Autophagy plays a crucial role in oocyte meiosis,
helping to regulate oocyte quality with the assistance of
GCs and ensuring normal follicular growth and ovula-
tion. During the progression from primordial to mature
Graafian follicles, LC3-II levels in oocytes increase by
20%–30%.47 For mature oocytes arrested at MII post-
ovulation, early activation of autophagy with rapamycin
stabilizes intracellular Ca2+, increases mitochondrial
membrane potential, reduces ROS and active
CASPASE-3 levels, and maintains the integrity of oocyte
cortical granules and chromosomes/spindles, thereby
preventing post-maturation oocyte ageing.48 However, in
ageing mice, the macroautophagy pathway is impaired
in oocytes, with reduced autophagosomes and lyso-
somes.49 Inhibition of oocyte autophagy leads to
decreased mitochondrial membrane potential, excessive
ROS production, DNA damage, and apoptosis, ulti-
mately compromising the developmental potential.50

Treatment with the autophagy activator rapamycin can
alleviate these adverse effects, increase MII oocytes,
improve IVF outcomes, enhance blastocyst formation
rates, and reduce apoptosis.51,52 Autophagy not only af-
fects oocytes but also regulates GCs function. ATG7 and
LC3II are highly expressed in human mature cumulus
cells; when autophagy initiation is disrupted, pro-LC3
accumulates, leading to GCs death and reduced oocyte
quality and female reproductive potential.53 Disruption
of GCs autophagy impairs tricarboxylic acid cycle
homoeostasis, leading to abnormal mitochondrial dis-
tribution in oocytes, ROS accumulation, reduced nu-
clear maturation, and decreased embryo developmental
competence.54 In Ckap5+/− mice, autophagy in follicular
cells is significantly impaired. The observed reduction in
ATG7 and LC3 expression in Ckap5+/− mice mirrors the
decline in CKAP5, with significant reductions in both
oocytes and GCs. This suggests that CKAP5 deficiency
impairs follicular growth and development by inhibiting
autophagy, leading to apoptosis. This study shows that
ATG7 and CKAP5 colocalize within the spindle region.
CKAP5 deficiency not only reduced ATG7 expression in
oocytes but also disrupted its localization in the spindle,
potentially co-regulating spindle formation during
oocyte nuclear maturation.

In addition to the reduction in oocyte quantity, a
decline in oocyte quality poses a considerable challenge
to fertility in patients with POI. In various animal
models exhibiting POI characteristics, disruptions in
the meiotic process and abnormal spindle structures
have been observed, particularly in mice with homozy-
gous deficiencies in genes such as Dcaf13,55,56 Esrp1,57

Bnc1,58 and Hfm1.59 Owing to ethical constraints and
the limited availability of specimens, evidence substan-
tiating oocyte meiotic maturation in patients with POI is
scarce. Reports indicate that microinjection of human
oocytes to reduce BNC1 expression leads to impaired
first meiotic division and subsequent degradation of
affected oocytes.60 In this study, heterozygous Ckap5-
deficient mice exhibited impaired oocyte maturation,
meiotic arrest, and increased abnormal spindles, indi-
cating compromised oocyte quality and accelerated
ageing. However, note that not all animal models with
abnormal oocyte nuclear maturation exhibit POI. The
pathogenic mechanisms underlying the spindle abnor-
malities in ovarian insufficiency remain unclear. In
patients with POI carrying a CKAP5 variant, the
reduction in ovarian reserve is accompanied by abnor-
malities in oocyte maturation and compromised oocyte
quality, which may increase the likelihood of aneuploidy
and miscarriage, further exacerbating fertility decline.61

The integrity of all structural domains of CKAP5 is
essential for functional activity.62 The heterozygous
variant in CKAP5 observed in patients with POI leads to
protein truncation before the end of the first TOG
domain, resulting in loss of function. This finding was
consistent with the in vitro experimental results
following CKAP5 siRNA transfection, which demon-
strated impaired autophagy and DNA damage repair. All
patients with POI carrying the CKAP5 variant presented
with secondary amenorrhoea or menstrual irregular-
ities. Although fertility potential has not yet been
assessed in the two underage carriers (F1: III-5, aged 8
and F2: III-7, aged 16), continuous monitoring of
ovarian function and fertility outcomes will be
conducted.
www.thelancet.com Vol 115 May, 2025
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We acknowledge several limitations in our study.
Firstly, the limited availability and quality of human GC
samples constrained the sample size for transcriptome
analysis, potentially affecting statistical power and
generalizability. To minimize confounding, we matched
DOR patients and controls by age and BMI and excluded
participants with smoking, drinking history, or chro-
mosomal abnormalities. We then identified five candi-
date genes through transcriptome analysis and
confirmed CKAP5 as a potential pathogenic gene via
gene burden analysis in POI and control cohorts. While
this approach helps control for genetic background, we
acknowledge that underlying genetic variations may still
contribute to differential gene expression in the initial
analysis. Additionally, some potential confounders, such
as lifestyle factors (e.g., diet), were not fully addressed
and may influence ovarian function.63,64 We plan to
incorporate these variables in future studies to
strengthen our conclusions. Secondly, while our POI
cohort provides valuable insights, its relatively small size
and regional specificity may limit its representativeness,
warranting validation in larger, more diverse cohorts.
Finally, although we used a global heterozygous Ckap5
knockout model, which has limitations in studying the
ovarian-specific function of CKAP5, our data suggest
that the observed phenotypic changes are primarily due
to ovarian dysfunction. No significant systemic abnor-
malities, such as differences in body weight or organ
morphology, were observed between the heterozygous
knockout mice and wild-type controls, indicating that
the effects are mainly ovarian-related. To address this
limitation, future studies will employ conditional
knockout models targeting Ckap5 specifically in gran-
ulosa cells or oocytes. This cell-type-specific approach
will allow us to more precisely investigate the ovarian
function of CKAP5 and rule out any potential systemic
effects, providing a clearer understanding of its role in
ovarian ageing and pathology. These considerations
highlight important avenues for future research, which
we plan to explore in subsequent studies.

Our study suggests that CKAP5 maintains ovarian
reserve and fertility by promoting autophagy and DNA
damage repair. The heterozygous CKAP5 variant
(NM_0001008938.4, c.630 + 7_630 + 11delCAAAA) re-
sults in protein truncation and loss of function, ulti-
mately leading to clinical POI. This study further
extends the genotypic spectrum of POI and highlights
the need for additional investigation into the function of
CKAP5 and its role in POI and other infertility
disorders.
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