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Summary
Background Oogenesis is a fundamental process of human reproduction, and mitochondria play crucial roles in
oocyte competence. Mitochondrial ATP-dependent Lon protease 1 (LONP1) functions as a critical protein in main-
taining mitochondrial and cellular homeostasis in somatic cells. However, the essential role of LONP1 in maintain-
ing mammalian oogenesis is far from elucidated.

Methods Using conditional oocyte Lonp1-knockout mice, RNA sequencing (RNA-seq) and coimmunoprecipitation/
liquid chromatography�mass spectrometry (Co-IP/LC�MS) technology, we analysed the functions of LONP1 in
mammalian oogenesis.

Findings Conditional knockout of Lonp1 in mouse oocytes in both the primordial and growing follicle stages impairs
follicular development and causes progressive oocyte death, ovarian reserve loss, and infertility. LONP1 directly inter-
acts with apoptosis inducing factor mitochondria-associated 1 (AIFM1), and LONP1 ablation leads to the transloca-
tion of AIFM1 from the cytoplasm to the nucleus, causing apoptosis in mouse oocytes. In addition, women with
pathogenic variants of LONP1 lack large antral follicles (>10 mm) in the ovaries, are infertile and present premature
ovarian insufficiency.

Interpretation We demonstrated the function of LONP1 in regulating oocyte development and survival, and in-
depth analysis of LONP1 will be crucial for elucidating the mechanisms underlying premature ovarian insufficiency.
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Research in Context

Evidence before this study

As a classic mitochondrial protease, Mitochondrial ATP-
dependent Lon protease 1 (LONP1) has been well dem-
onstrated to regulate metabolism and perform mito-
chondrial quality control in vitro. A growing number of
studies have indicated that LONP1 is involved in regu-
lating the unfolded protein response and mitochondrial
dynamics in vitro and mouse heart development. The
ovarian reserve and oocyte quality determine the repro-
ductive life of mammals. Oocytes contain the largest
number of mitochondria among all cell types, and the
mitochondrial quality and quantity determine the
oocyte quality and survival. However, far less is known
about the function of LONP1 in oocyte development.

Added value of this study

We found that LONP1 is associated with oocyte devel-
opment and ovarian reserve decline upon ageing. Con-
ditional knockout of Lonp1 in mouse oocytes in both
the primordial and growing follicle stages causes defec-
tive development of oocytes from secondary follicles
into antral follicles and infertility. Moreover, LONP1 abla-
tion in mouse oocytes causes prolonged activation of
the mitochondrial unfolded protein response (mtUPR)
and defective mitochondrial biosynthesis and function
and leads to the translocation of apoptosis-inducing
factor mitochondria-associated 1 (AIFM1) from the cyto-
plasm to the nucleus, causing apoptosis in mouse
oocytes. The AIFM1-induced apoptosis inhibitor partly
improves the competence of Lonp1-knockout oocytes.
Moreover, pathogenic variants of LONP1 are responsible
for large-follicle abnormalities in some women with pre-
mature ovarian insufficiency.

Implications of all available evidence

Our data revealed a new role of LONP1 in oocyte devel-
opment or ovarian ageing and provided new insights
into the pathogenic causes of premature ovarian
insufficiency.
Introduction
Female fertility is one of the first physiological functions
adversely affected by ageing.1 The consistent live birth
rate of pregnancies from oocyte donation in ageing
women suggests that a decline in oocyte quality is the
major contributing factor responsible for infertility
upon ageing.2 Ageing and abnormal follicular activation
or quiescence can lead to poor oocyte quality and prema-
ture ovarian insufficiency.3 Maternal ageing triggers a
series of molecular alterations that may cause a decline
in oocyte quality.4 However, only a few targets responsi-
ble for oocyte quality decline upon ageing have been
identified.

Folliculogenesis is a lengthy, complex process in
mammals that yields competent oocytes capable of
being fertilized and supporting embryonic develop-
ment. Follicle activation, growth, and maturation are
accompanied by a series of dynamic changes, including
granulosa cell proliferation, RNA and protein synthesis,
and mitochondrial biogenesis in oocytes.5,6 When fol-
licles develop to the secondary stage, oocytes shift their
metabolic mode from glycolysis towards oxidative phos-
phorylation (OXPHOS) to meet the energy demands
required for oocyte development.7 Unlike somatic cells,
which contain »1000 mitochondria, a mature oocyte
contains more than 100,000 mitochondria.1,8 However,
it has been reported that mitochondrial quality may be
more important than mitochondrial quantity in deter-
mining the oocyte quality and survival.4,9

Mitochondrial quality control (MQC) plays a vital
role in the maintenance of mitochondrial function.
MQC requires proper functioning of the mitochondrial
chaperone system, the mitochondrial protease system,
mitochondrial dynamics, and mitophagy.10 The accu-
mulation of oxidatively damaged and unfolded proteins
in mitochondria induces mitochondrial stresses, activat-
ing the mitochondrial unfolded protein response
(mtUPR) pathway to rescue mitochondrial function.11

However, prolonged activation of the mtUPR leads to
mitochondrial dysfunction and apoptosis.12,13

Mitochondrial ATP-dependent Lon protease 1
(LONP1) is a mitochondrial protease that regulates
www.thelancet.com Vol 75 Month January, 2022
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metabolism and mitochondrial function and responds
to reactive oxygen species (ROS)-induced damage in
somatic cells.14 LONP1 is involved in proteolysis, the
degradation of misfolded proteins, and the cyclic uptake
of specific mitochondrial enzymes.15 In addition,
LONP1 regulates mitochondrial DNA (mtDNA) replica-
tion and mitochondrial biosynthesis and stabilizes the
electron transport chain within mitochondria.16 LONP1
mutations or deficiencies are associated with various
diseases of the nervous and motor systems, including
cerebral, ocular, dental, auricular, and skeletal anoma-
lies (CODAS) syndrome; Parkinson's disease; and
amyotrophic lateral sclerosis.17 Despite significant prog-
ress in elucidating the roles of LONP1 in somatic cells,
how LONP1-mediated MQC contributes to oocyte devel-
opment and competence remains elusive.

Apoptosis-inducing factor mitochondria-associated 1
(AIFM1) is a mitochondrial inner-membrane-anchored
protein with the N-terminus exposed to the mitochon-
drial matrix and the C-terminal portion exposed to the
mitochondrial intermembrane space and is required for
the maintenance of mitochondrial respiratory chain
complex I in heathy cells.18 However, in response to cell
death signalling stimuli, AIFM1 is cleaved by calpains
and is then released from mitochondria into the
cytosol and transported the nucleus to cause cell death
by chromatin condensation and large-scale DNA
fragmentation.19,20 HSP70 inhibits the nuclear import
of AIFM by direct binding, and as a chaperone, HSP70
also binds LONP1 to facilitate mitochondrial protein
folding and maturation.21,22

In the present study, we found that LONP1 is associ-
ated with oocyte development and ovarian reserve
decline upon ageing. Conditional knockout of Lonp1 in
mouse oocytes in both the primordial and growing folli-
cle stages caused defective development of oocytes from
secondary follicles into antral follicles and infertility. In
addition, LONP1 ablation in mouse oocytes caused pro-
longed activation of the mtUPR, defective mitochon-
drial biosynthesis and function, and oocyte death.
Mechanistically, LONP1 directly interacts with AIFM1, and
LONP1 ablation led to the translocation of AIFM1 from the
cytoplasm to the nucleus, causing apoptosis in mouse
oocytes. Pathogenic variants of LONP1 are responsible for
large-follicle abnormalities in some women with prema-
ture ovarian insufficiency. Hence, our findings suggest
that LONP1 plays an essential role in oocyte development
and is required for female fertility.
Methods

Clinical samples
In the present study, we evaluated two affected families
with premature ovarian insufficiency who were
recruited from the Center for Reproductive Medicine,
Shandong University, China. The phenotypes and
www.thelancet.com Vol 75 Month January, 2022
related numbers are shown in Table S1. The human
studies were approved by the Ethics Review Board of
the Center for Reproductive Medicine, Shandong Uni-
versity (IRB No. 2021-45), and all samples were donated
voluntarily for scientific research after informed consent
was obtained. Human oocytes (unfertilized oocytes after
in vitro fertilization (IVF), young women: n=46; old
women: n=20) were obtained from donors with
approval from the Ethics Committee of Nanjing Drum
Tower Hospital. All donors gave written informed
consent.
Mice
Wild-type C57/BL6 mice were purchased from the
Nanjing Biomedical Research Institute of Nanjing Uni-
versity, China, and Lonp1flox/flox, Gdf9-Cre, Zp3-Cre mice
were generated previously.23,24 The mice were main-
tained under specific pathogen-free conditions in a con-
trolled environment at a temperature of 20§2°C and a
humidity of 50�70% on a 12:12 h light:dark cycle, and
food and water were provided ad libitum. Mice lacking
LONP1 in their oocytes were generated by crossing
Lonp1flox/flox mice with Gdf9-Cre or Zp3-Cre mice. We
named the mice with Gdf9-Cre-mediated conditional
Lonp1 knockout in primordial oocytes “Lonp1Gdf9Cre cKO
mice” and the mice with Zp3-Cre-mediated conditional
Lonp1 knockout in growing oocytes “LonpZp3Cre cKO
mice”. All mouse strains were bred with the C57BL/6
background. Animal care and experimental procedures
were performed in accordance with the guidelines of
the Experimental Animal Management Committee
(Jiangsu, China) and were approved by the Ethics
Review Board for Animal Experiments of the Affiliated
Drum Tower Hospital of Nanjing University Medical
School (No. 20171202). All applicable institutional and/
or national guidelines for the care and use of animals
were followed.
Controlled ovarian hyperstimulation and IVF
For controlled ovarian hyperstimulation, female mice
were injected i.p. with 5 IU of equine chorionic gonado-
tropin (eCG) (Sansheng Pharmaceuticals, Ningbo,
China), followed by 5 IU human chorionic gonadotropin
(hCG) (Sansheng Pharmaceutical) 48 h later. After an
additional 13 h, cumulus�oocyte complexes (COCs)
were released from the oviducts (ampullae), and the
number of oocytes was counted after digestion with 1%
hyaluronidase (Sigma-Aldrich).9 To achieve IVF, in
brief, COCs released from the oviducts of each mouse
were placed in 100 µl of HTF medium and cultured in
5% CO2 at 37°C until insemination. After sperm capaci-
tation, spermatozoa were added to droplets of HTF
medium containing oocytes. After 4 h of incubation,
the oocytes were recovered from the droplets, washed
3 times in M2 medium to remove the remaining
3
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spermatozoa and granulosa cells, and cultured in
KSOMmedium.
Fertility testing
For fertility testing, we continuously mated 6-week-old
female Lonp1flox/flox or Lonp1 conditional knockout mice
(n=6 for each genotype) with 12-week-old fertile males
at a 1:1 ratio for 6 months. The numbers of pups and lit-
ters were recorded to determine the fertility rates.
Western blot analysis
For western blotting, we lysed ovary tissues/oocytes in
RIPA lysis buffer containing protease inhibitor cocktail
for 30 min at 4°C with rotation (100 oocytes/embryos
per sample) and heated the lysates for 5 min at 95°C
after adding 5 £ SDS. The proteins were loaded onto
10% SDS-PAGE gels for electrophoresis, separated by
SDS-PAGE, and then transferred to polyvinylidene fluo-
ride (PVDF) membranes (Millipore, Darmstadt, Ger-
many) using conventional methods.25 After
immunoblotting with primary antibodies (Table S2),
the membranes were washed in TBST and incubated
with an HRP-linked goat anti-rabbit secondary antibody.
Finally, the bands were detected using an Enhanced
Chemiluminescence Detection Kit (Millipore). All the
antibodies used in Western blot analysis and the follow-
ing test were verified with positive control in our lab
provided by the manufacturer.
Histological analysis and immunohistochemistry
Ovaries in the diestrous stage were removed and fixed in
10% formalin solution at room temperature overnight
with rotation, dehydrated in an ascending series of etha-
nol solutions (70%, 80%, 90%, 95%, and 100%), and
then embedded in paraffin. The ovaries were serially
sectioned at a thickness of 5 mm and subjected to HE
staining for follicle counting. The number of follicles in
distinct stages containing oocytes with a clearly visible
nucleus per ovary was counted according to our previ-
ous report.9 For immunochemistry, 3 mm-thick sections
were deparaffinized and dehydrated with xylene and an
ascending series of alcohol solutions. After antigen
retrieval, the sections were incubated with primary anti-
bodies (Table S2) at 4°C overnight, incubated with bio-
tin-labelled secondary antibodies for 30 min at room
temperature, and developed using a DAB peroxidase
substrate kit (Zsbio, Beijing, China).
Real-time PCR (RT-PCR) analysis of oocytes
Oocyte RNA was amplified using a Single Cell
Sequence Specific Amplification Kit (Vazyme, Nanjing,
China) according to the manufacturer’s instructions.
For the RT-PCR analysis, we used ChamQ Universal
SYBR qPCR Master Mix (Vazyme) and a qTOWER3

Instrument. The primers are listed in Table S2. Relative
mRNA levels were determined by normalization to
GAPDH mRNA levels (used as an internal control)
using the 2�DDt method in GraphPad software ((Version
7, GraphPad Software, San Diego, CA). All measure-
ments were performed in triplicate for each experiment.
Immunofluorescence
Sections of ovaries were deparaffinized and rehydrated
with xylene and an alcohol gradient, and heat-induced
antigen retrieval was performed in 10 mM sodium cit-
rate buffer (pH 6.0). After permeabilization with 1%
Triton X-100 in PBS, the sections were blocked with 3%
BSA in PBS for 60 min at room temperature. Oocytes
or embryos were fixed in PBS-buffered 4% paraformal-
dehyde for 30 min at room temperature, followed by
permeabilization with 0.5% Triton X-100 in PBS for
25 min. After blocking with 3% BSA in PBS, oocytes or
embryos were incubated with primary antibodies (Table
S2) diluted in blocking solution at 4°C overnight. We
incubated the oocytes or embryos with secondary anti-
bodies for 45 min and then counterstained them with
DAPI (Life Technologies, Carlsbad, USA) for 10 min.
The oocytes or embryos were mounted on glass slides
using SlowFade� Gold Antifade Reagent (Life Technol-
ogies) and examined with a confocal laser scanning
microscope (Leica, Wetzlar, Germany).
Analysis of the mitochondrial membrane potential
Superovulated oocytes were incubated in M2 medium
containing JC-1 (0.6 µg/ml, Sigma Aldrich) or Mito-
Tracker Red CMXROS (200 nM, Invitrogen) at 37°C for
30 min, followed by three washes with 1% BSA in PBS.
The distribution and fluorescence intensity of JC-1
monomers and aggregates were captured by fluores-
cence microscopy (Leica Microsystems, Austria) and
analysed using ImageJ software. The mitochondrial
membrane potential was determined by measuring the
ratio of red (JC-1 monomers) to green (JC-1 aggregates)
fluorescence.
Evaluation of mitochondrial ROS levels
Oocytes were incubated in M2 medium containing
MitoTracker Green (100 nM, Invitrogen) at 37°C for
30 min, followed by three washes with M2 medium. We
then incubated the oocytes with M2 medium containing
MitoSOX (0.25 µg/ml, Invitrogen) for an additional
15 min at 37°C. After washing, the distribution and fluo-
rescence intensity of MitoTracker Green or MitoSOX
were captured by fluorescence microscopy (Leica) and
analysed using ImageJ software. Mitochondria-specific
ROS levels were evaluated by measuring the ratio of red
to green fluorescence.
www.thelancet.com Vol 75 Month January, 2022
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Live imaging of oocyte mitochondria
Mitochondria were stained with MitoTracker Red
CMXROS (200 nM, Invitrogen) for 30 min, and images
were acquired immediately after washing. We collected
all imaging data with a PerkinElmer UltraVIEW Vox
spinning-disk microscope equipped with a Hamamatsu
C9100-23B EMCCD camera and a CFI Apochromat TIRF
100 £ objective (NA=1.49).26 For time-lapse imaging, we
acquired stacked images containing 70 planes (1 mm/70
mm) every 30 seconds. All imaging experiments were per-
formed at 37°C in the presence of 5% CO2. The data were
analysed with Fiji ImageJ software.
Immunoprecipitation followed by liquid
chromatography�tandem mass spectrometry
(LC�MS/MS)
The 293T cell line was from ATCC. The cell line was
verified by short tandem repeat (STR) analysis and rou-
tinely tested for mycoplasma contamination by PCR
and confirmed negative in our lab. Isolated mitochon-
dria from 293T cells were lysed in RIPA buffer contain-
ing protease inhibitor (PI) and protease inhibitor
cocktail 2/3(PIC2/3). The lysates were centrifuged at
12,000 £ g for 10 min, and the supernatant was sub-
jected to immunoprecipitation with an anti-LONP1 anti-
body (Proteintech, Chicago, USA) and protein A/G
beads. After incubation at 4°C overnight, the beads
were washed 3 times with RIPA buffer. We then added
2 £ SDS sample buffer to the beads at 95°C in a metal
bath for 10 min, and the immunoprecipitated proteins
were separated by SDS�PAGE analysis. The gel bands
were digested for LC�MS/MS analyses.
Oocyte immunoprecipitation
Approximately 5,000 oocytes in the GV stage were lysed
in RIPA buffer containing PI and PIC2/3. The lysates
were centrifuged at 12,000 £ g for 10 min, and the
supernatant was subjected to immunoprecipitation with
an anti-LONP1 antibody (Proteintech) and protein A/G
beads. After incubation at 4°C overnight, the beads
were washed three times with RIPA buffer. We then
added 2 £ SDS sample buffer to the beads at 95°C in a
metal bath for 10 min, and the immunoprecipitated pro-
teins were subjected to western blot analysis.
mtDNA analysis
The procedures used for quantitative RT-PCR (qRT-
PCR) analysis of mtDNA were described previously.9

Briefly, one oocyte was placed into a PCR tube with 20
µl of lysis buffer, and after incubation at 55°C for
20 min, proteinase K was heat-inactivated at 90°C for
10 min. The samples were used directly for PCR analy-
sis, and qRT-PCR was performed using a qTOWER3

instrument (Analytik, Jena, Germany). The human
mtDNA copy number in blood cells from women with
www.thelancet.com Vol 75 Month January, 2022
premature ovarian insufficiency was determined by
comparing mitochondrial (mt ND5) and nuclear (g
ACTIN) DNA levels using qRT-PCR.
TEM
Small pieces of ovarian cortex tissue and oocytes were
fixed in 2.5% glutaraldehyde at 4°C for 24 h, and the
oocytes were embedded in 2% low-melting agarose with
a volume of 1.5 mm £ 1.5 mm £ 1.5 mm. After rinsing
in ddH2O, the agarose containing the oocytes was fixed
with 1% osmic acid, dehydrated in gradient ethanol sol-
utions and embedded in resin. Ultrathin sections were
double-stained with lead citrate and uranium acetate,
and the samples were observed under a transmission
electron microscope (JEOL JEM-1010, Japan).
Cell culture and transfection
293T cells were cultured with F12/DMEM containing
10% (v/v) foetal bovine serum (Gibco, Grand Island,
NY, USA) and 1% penicillin/streptomycin (HyClone
Laboratory, South Logan, Utah, USA) at 37°C and 5%
CO2 in compressed air at high humidity. LONP1 siRNA
(Ruibo, Guangzhou, China) was transfected into 293T
cells using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA), and the cells were collected 48 h after trans-
fection for further investigation.
SMART RNA-seq analysis of oocytes
Total oocyte RNA was reverse-transcribed into cDNA
and full-length amplified using a Discover-scTM WTA
Kit V2 (#N711, Vazyme) according to the manufacturer’s
instructions. We purified the amplified cDNA products
using Aliquot VAHTS DNA Clean Beads, and quality
was assessed with an Agilent 2100 Bioanalyzer. We
then used 1 ng of cDNA as starting material for library
construction with a TruePrep DNA Library Prep Kit V2
for Illumina� (#TD503, Vazyme). Library sequencing
and analysis were performed by GMINIX (Shanghai).
GO enrichment analysis was performed with Meta-
scape.27 Heatmaps were generated with TBtools.28
Whole-exome sequencing and variant analysis
Whole-exome sequencing was performed using periph-
eral blood from affected individuals. Functional predic-
tion was performed using PolyPhen2 and the Mutation
Taster program. The positions of mutated amino acids
in the protein structure were analysed using the pub-
lished structure of human LONP1.22 Variants were fil-
tered using the following criteria: (1) variants with
minor allelic frequencies less than 1% in the gnomAD,
1000 Genomes Project, and ExAC databases and not
present in our control database and (2) variants func-
tionally predicted to be damaging by at least two predic-
tion software programs.
5
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Statistics
Statistical analysis was performed with GraphPad Prism
(version 7). Means were compared using an indepen-
dent samples Student’s t test or one-way ANOVA. The
data are shown as the mean § SEM. P values less than
0.05 were considered statistically significant.
Results

LONP1 is associated with oocyte development and
ovarian ageing
LONP1 expression during follicular development and
ovarian ageing in mice and women was investigated. As
shown in Figure. 1a, b, LONP1 was expressed in both
oocytes and granulosa cells in all stages of follicular
development, and the expression levels of LONP1 in
oocytes gradually increased during follicular develop-
ment (peaking in oocytes from secondary and antral fol-
licles) in mice. Immunofluorescence analysis also
revealed that LONP1 was highly expressed and mainly
localized in the mitochondrial matrix in growing
oocytes and preimplantation mouse embryos (Fig. S1).

In addition, the expression of LONP1 in oocytes was
significantly elevated in the ovaries of 3-week-old and 6-
week-old mice but markedly decreased in the ovaries of
10-month-old mice (Figure. 1c�f). Immunofluorescence
analysis showed that the protein level of LONP1 in
oocytes from aged women (ranging from 38 to 45 years
old) was lower than those from young women (ranging
from 21 to 28 years old) (Figure. 1g). Similarly, the
mRNA expression level of LONP1 in oocytes from aged
women was lower than that in oocytes from young
women (Figure. 1h, 0.45 § 0.07, n=13 vs. 4.60 § 1.0,
n=36; p = 0.0002). These results suggest that LONP1 is
associated with oocyte development and ovarian ageing.
Lonp1 conditional knockout leads to infertility and
compromised oocyte development
Because LONP1 is expressed in oocytes during all stages of
follicular development, we then attempted to generate
oocyte-specific and developmental stage-specific Lonp1-
knockout mice (Lonp1Gdf9Cre cKO/LonpZp3Cre cKO mice) to
assess the roles of LONP1 in oogenesis (Fig. S2).

As shown in Fig. S3a, b, and e, LONP1 was not
detected in oocytes in Lonp1Gdf9Cre cKO mouse ovaries.
In Lonp1Zp3Cre cKO mice, the expression of LONP1
appeared normal in primordial follicles but was signifi-
cantly reduced in the oocytes of growing follicles (Fig.
S3c�e). Six-month fertility testing was performed and
indicated that unlike female Lonp1flox/flox mice, both
Lonp1Gdf9Cre cKO and LonpZp3Cre cKO female mice were
infertile (Fig. S3f, g). Collectively, these results indicate
that LONP1 in oocytes is indispensable for oocyte devel-
opment and female fertility.

Lonp1Gdf9Cre cKO mice at 3 weeks of age have an
indistinguishable ovary morphology and ovary index.
However, the embryo development potential is signifi-
cantly impaired after fertilization (Fig. S4; for details,
see the supplemental text). In the 4th and 5th weeks,
the cytoplasm of many oocytes in the ovarian medulla
of Lonp1Gdf9Cre cKO mice shrunk significantly (Figs. S5,
S6; for details, see the supplemental text). In the 6th
week, the size of the ovaries was reduced significantly,
and few antral follicles were present in the ovaries of
Lonp1Gdf9Cre cKO mice (Figure. 2a, b). In addition, the
ovary index of Lonp1Gdf9Cre cKO mice was significantly
decreased (0.07 § 0.01 vs. 0.14 § 0.02, n=6, p=0.013,
Figure. 2c), and Lonp1Gdf9Cre cKO mice no longer pro-
duced metaphase II (MII) oocytes after controlled ovar-
ian hyperstimulation (0 vs. 26.50 § 2.22, n=6,
p<0.0001, Figure. 2d). As shown in Figure. 2e and f,
the total number of follicles was significantly decreased
(60.0 § 16.38 vs. 882.5 § 117.60, n=6, p=0.0008), as
was the number of growing follicles, especially second-
ary and antral follicles (8.33 § 3.58 vs. 171.70 § 25.81,
n=6, p=0.0013; 9.17 § 3.96 vs. 83.33 § 24.72, n=6,
p=0.0296). Surprisingly, Lonp1 knockout caused the
complete depletion of all follicles at the 12th week in
Lonp1Gdf9Cre cKO mice (Figure. 2g�j). These results
indicate that LONP1 plays a vital role in the develop-
ment of growing follicles (especially secondary follicles).

Furthermore, the ovaries of Lonp1Zp3Cre cKO mice
were smaller than those of wild-type controls at 10
weeks of age. Growing oocytes of Lonp1Zp3Cre cKO mice
exhibited abnormal morphology, and their embryo
development potential was also significantly impaired
after fertilization (Fig S7; for details, see the supplemen-
tal text).

Thus, the ablation of LONP1 in oocytes in both the
primordial and growing follicular stages compromises
oocyte development and results in premature ovarian
insufficiency in mice.
Conditional Lonp1 knockout induces apoptosis-related
gene expression in oocytes
To explore the mechanisms underlying LONP1-depen-
dent oogenesis, we performed SMART RNA-seq on
oocytes from follicles in different developmental stages
(the primordial, primary, secondary, and antral stages)
and MII oocytes from 3-, 4-, and 5-week-old Lonp1Gdf9Cre

cKO and Lonp1flox/flox mice (Figure. 3a). There were sig-
nificant changes in gene expression between oocytes in
secondary follicles from Lonp1Gdf9Cre cKO mice and
those from Lonp1flox/flox mice, with 1929 differentially
expressed genes (Figure. 3b, c). GO enrichment analysis
revealed that Lonp1 knockout in mouse oocytes caused
upregulation of the expression of genes involved in apo-
ptotic signalling pathways and downregulation of the
expression of genes involved in meiotic chromosomal
segregation (Figure. 3d, e; Fig. S8a, b). Specifically, the
expression levels of genes associated with apoptosis in
oocytes from secondary follicles (i.e., Casp9, Casp6,
www.thelancet.com Vol 75 Month January, 2022



Figure 1. LONP1 is associated with oocyte development and ovarian ageing.
(a and b) Immunofluorescence staining of LONP1 in the ovaries of 3-week-old wild-type mice; Pm indicates oocytes from pri-

mordial follicles, Pr indicates oocytes from primary follicles, Sec indicates oocytes from secondary follicles, and An indicates oocytes
from antral follicles. All oocytes from the ovaries of six 3-week wild-type mice were used for statistical analysis (*p < 0.05, **p <

0.01, ****p< 0.0001, one-way ANOVA). Scale bar = 50 mm. The integrated optical density (IOD) of each oocyte from follicles in differ-
ent developmental stages was analysed using Image-Pro Plus 6.0. (c and d) western blot analysis of the expression of LONP1 in the
ovaries of 3-day-old, 3-week-old, 6-week-old and 10-month-old mice (n=3, **p < 0.01, Student’s t test). (e and f) Immunohistochem-
ical analysis of the expression of LONP1 in oocytes in ovarian sections from 3-day-old, 3-week-old, 6-week-old and 10-month-old
mice. The IOD of each oocyte from at least 5 mice was analysed (**p < 0.01, ***p < 0.001, one-way ANOVA). Scale bar = 50 mm. The
asterisks indicate oocytes. (g) Immunofluorescence staining of LONP1 in the MII oocytes of young (<28 y) and aged (>38 y) women
(n=10 vs. n=7). (h) qRT-PCR analysis of LONP1 in the MII oocytes of young (<28 y) and aged (>38 y) women (n=36 vs. n=13,
p=0.0002).
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Figure 2. Oocyte-specific knockout of Lonp1 compromises oocyte development in mice. (a) Photographs of 6-week-old Lonp1loxp/
loxp and Lonp1Gdf9Cre cKO mice. Scale bar = 500mm. (b) Micrographs of HE-stained ovarian sections from 6-week-old Lonp1loxp/loxp

and Lonp1Gdf9Cre cKO mice. The asterisks indicate oocytes. Scale bar = 50 mm. (c) Ovary index values of 6-week-old Lonp1loxp/loxp and
Lonp1Gdf9Cre cKO mice (n=6, *p < 0.05, Student’s t test). (d) Numbers of superovulated MII oocytes in 6-week-old Lonp1loxp/loxp and
Lonp1Gdf9Cre cKOmice (n=6, ***p < 0.001, Student’s t test). (e and f) Total follicle numbers and numbers of follicles in different devel-
opmental stages per ovary in 6-week-old Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice (n=6, *p < 0.05, ***p < 0.001, Student’s t test and
one-way ANOVA test). (g) Photographs of ovaries from 12-week-old Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice. Scale bar = 500 mm.
(h) Micrographs of HE-stained ovarian sections from 12-week-old Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice. Scale bar = 500 mm. The
asterisks indicate oocytes. (i) Ovary index values of 12-week-old Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice (at least 6 mice per group
were included, ****p < 0.0001, Student’s t test). (j) Serum concentrations of anti-Mullerian hormone (AMH) in 12-week-old Lon-
p1loxp/loxp and Lonp1Gdf9Cre cKOmice (n=6, **p < 0.01, Student’s t test).

8 www.thelancet.com Vol 75 Month January, 2022

Articles



Figure 3. Oocyte-specific knockout of Lonp1 induces apoptosis-related gene expression in oocytes from secondary follicles. (a) Rep-
resentative pictures showing the flowchart of SMART RNA-seq analysis of Lonp1loxp/loxp and Lonp1Gdf9Cre cKOmouse oocytes in differ-
ent developmental stages and MII oocytes from Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice of different ages (n=3 for each genotype).
(b) PCA of oocytes in different developmental stages from Lonp1loxp/loxp and Lonp1Gdf9Cre cKOmice (n=3 for each genotype). (c) Anal-
ysis of differential gene expression in oocytes in different follicle developmental stages between Lonp1loxp/loxp and Lonp1Gdf9Cre cKO
mice (n=3 from each genotype). (d) GO enrichment analysis of apoptosis-related genes in oocytes from follicles in different develop-
mental stages from Lonp1loxp/loxp and Lonp1Gdf9Cre cKOmice (n=3 for each genotype). (e) GO enrichment analysis of the top-ten most
enriched biological processes for upregulated genes in the secondary follicle stage between Lonp1loxp/loxp and Lonp1Gdf9Cre cKOmice
(n=3 for each genotype). (f) Representative genes related to the apoptotic signalling pathway expressed in oocytes from follicles in
the secondary stage in Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice (n=3 for each genotype). Pm indicates oocytes from primordial fol-
licles, Pr indicates oocytes from primary follicles, Sec indicates oocytes from secondary follicles, and An indicates oocytes from antral
follicles.

www.thelancet.com Vol 75 Month January, 2022 9

Articles



10

Articles
Casp2, Ppif, Malt1, Dap, Dedd2, Maged1, Steap3, Myc, Bok,
and Clu) were significantly increased (fold change > 1.5,
p < 0.05) (Figure. 3f).

Moreover, transcriptomic analysis of MII oocytes
from 3-, 4-, and 5-week-old Lonp1Gdf9Cre cKO and Lonp1-
flox/flox mice revealed 2076, 6165, and 5782 significantly
differentially expressed genes, respectively (Figure. 4a).
Further self-organizing map (SOM) analysis also
showed that transcript levels were significantly
increased in MII oocytes from 4- and 5-week-old
Lonp1Gdf9Cre cKO mice (Figure. 4b). GO enrichment
analysis showed that OXPHOS was compromised, the
expression of genes related to cell death was activated in
oocytes from 3-week-old Lonp1Gdf9Cre cKO mice
(Figure. 4c, d) and ribosomal biogenesis was enhanced
in oocytes from 4-week-old and 5-week-old Lonp1Gdf9Cre

cKO mice (Fig. S8c, d). Specifically, these data show
that the upregulated genes were related to persistent
mitochondrial stress and mtUPR activation in Lonp1Gdf9-

Cre cKO mouse oocytes (Figure. 4e). The expression lev-
els of the mtUPR markers Clpp, Dnaja3, Hspe1 and
Hspd1 were also significantly elevated (fold change >

1.5, p < 0.05) (Figure. 4f, Fig. S9). Additionally, a large
number of electron-dense aggregates related to the
mtUPR were present in the mitochondrial matrix of
oocytes from Lonp1Gdf9Cre cKO mice (Figure. 4g), sug-
gesting prolonged activation of the mtUPR after LONP1
ablation.
LONP1 ablation impairs mitochondrial function and
induces apoptosis in oocytes
To assess the effects of Lonp1 knockout on the intracel-
lular homeostasis of oocytes, mitochondrial functions
were analysed in Lonp1Gdf9Cre cKO mice and Lonp1flox/flox

mice. As shown in Figures. 5a, b and S10a, LONP1 abla-
tion decreased the mitochondrial membrane potential
but increased the levels of ROS in the mitochondria of
MII oocytes (mitochondrial membrane potential, 0.11 §
0.02, n=24 vs. 0.50 § 0.03, n=25, p< 0.001; mitochon-
drial ROS levels, 0.33 § 0.02, n=38 vs. 0.15 § 0.01,
n=32, p< 0.001) (Figure. 5c, d). Moreover, as shown in
Figure. 5e�g, the expression levels of mitochondrial
electron transport chain genes such as Ndufa12, Sdhb,
and Cox4i-1 were significantly attenuated (Ndufa12,
0.61 § 0.08 vs. 1.01 § 0.07, n=6, p=0.0036; Sdhb, 0.30
§ 0.09 vs. 1.05 § 0.17, n=6, p= 0.0026; Cox4i-1, 0.40
§ 0.17 vs. 1.02 § 0.09, n=6, p= 0.0082). The mtDNA
copy number was also diminished in the MII oocytes of
5-week-old Lonp1Gdf9Cre cKO mice (117614 § 46427,
n=6 vs. 355465 § 78963, n=8, p=0.035, Figure. 5h). As
shown in Figures. 5i and S10a and b, the absence of
LONP1 caused abnormal mitochondrial distribution in
oocytes. Consistently, transmission electron microscopy
(TEM) analysis revealed the presence of abnormal mito-
chondrial structures in the GV oocytes of Lonp1Gdf9Cre
cKO mice (Figure. 5j), indicating mitochondrial-related
oocyte apoptosis and death.

Specifically, in oocytes from growing follicles of 3-
week-old Lonp1 knockout mice, the mitochondria were
amorphous, and the mitochondrial membrane was
slightly swollen (Figure. 5j). In Lonp1-knockout mouse
oocytes, mitochondrial morphology was atypical, and
the cristae structures were initially blurred at 4 and 5
weeks of age, showing vacuoles, irregular membrane
structures and the disappearance of cristae structures
(Figure. 5j). The disruption of mitochondria-related apo-
ptosis was also confirmed by TUNEL staining of Lonp1-
knockout oocytes (Figure. 5k). Furthermore, MII
oocytes from Lonp1Gdf9Cre cKO mice exhibited spindle
formation deficits and abnormal chromosomal segrega-
tion (Fig. S11a, b). Together, these results suggest that
LONP1 is required for the normal functioning of mito-
chondria and antiapoptotic processes in oocytes.
LONP1 ablation causes AIFM1 nuclear translocation in
oocytes
To determine the molecular association between LONP1
and apoptosis, endogenous coimmunoprecipitation
(Co-IP) of cell lysates followed by MS was performed.
The results revealed that AIFM1 associates with LONP1
(Table S3), which was confirmed by mitochondrial
immunofluorescence and coimmunoprecipitation anal-
ysis of mouse GV oocytes (Figure. 6a, b). Calpain 1,
which cleaves AIFM1, was significantly upregulated in
GV oocytes from Lonp1Gdf9Cre cKO mice according to
qRT-PCR and immunofluorescence analyses
(Figure. 6c�e). Consistently, more AIFM1 translocated
into the nucleus in oocytes from Lonp1Gdf9Cre cKO mice
than in those from Lonp1flox/flox mice (0.52 § 0.08 vs.
0.11 § 0.11, n=3, p=0.044, Figure. 6f, g; Fig. S12). Pre-
treatment with an AIFM1-induced apoptosis inhibitor
(3-aminobenzamide) partly rescued Lonp1Gdf9Cre cKO
mouse blastocyst formation (0% vs. 18.7%, p<0.01),
suggesting an improvement in oocyte quality
(Figure. 6h). Additionally, in somatic 293T cells, AIFM1
translocated from the cytoplasm to the nucleus after
Lonp1 knockdown (Figure. 6i). Nuclear and cytoplasmic
separation experiments after Lonp1 knockdown also
showed that AIFM1 undergoes nuclear translocation
(Figure. 6j and k). The above results indicate that apo-
ptosis triggered by AIFM1 may be one of the important
causes of premature ovarian insufficiency after LONP1
ablation in mouse oocytes.
LONP1mutation is associated with premature ovarian
insufficiency in women
To investigate the association between LONP1 and the
ovarian reserve in women, we recruited two unrelated
families of women who had exhibited premature ovar-
ian insufficiency and infertility for more than 3 years.
The women had normal intelligence without other
www.thelancet.com Vol 75 Month January, 2022



Figure 4. Bioinformatics analysis showing prolonged mtUPR in Lonp1 knockout MII oocytes. (a) Venn diagram illustrating the rela-
tionships among the differentially expressed genes identified by RNA-seq analysis of MII oocytes from 3-, 4-, and 5-week-old Lon-
p1loxp/loxp and Lonp1Gdf9Cre cKO mice (n=4 for each genotype). (b) SOM analysis of genes with altered transcript levels identified by
RNA-seq analysis of MII oocytes from 3-, 4-, and 5-week-old Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice (n=4 for each genotype). (c)
KEGG enrichment analysis of significantly downregulated genes between MII oocytes from 3-week-old Lonp1loxp/loxp and Lonp1Gdf9-
Cre cKO mice (n=4 for each genotype). (d) KEGG enrichment analysis of significantly upregulated genes between MII oocytes from 3-
week-old Lonp1loxp/loxp mice and Lonp1Gdf9Cre cKO mice (n=4 for each genotype). (e) Differentially expressed genes involved in the
mitochondrial stress response between MII oocytes from 4-week-old Lonp1loxp/loxp mice and Lonp1Gdf9Cre cKO mice (n=4 for each
genotype). (f) qRT-PCR analysis of the expression of the mtUPR markers Clpp, Dnaja3, Hspe1 and Hspd1 in MII oocytes from Lon-
p1loxp/loxp and Lonp1Gdf9Cre cKO mice (n=6, *p < 0.05, **p < 0.01). (g) Representative TEM images showing typical mitochondria in
MII oocytes from Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice (n=3 for each genotype). The asterisks indicate high-electron-density pro-
tein accumulation. Scale bar=0.5 mm.
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Figure 5. Oocyte-specific knockout of Lonp1 impairs mitochondrial biosynthesis and function. (a) Representative pictures of Lon-
p1loxp/loxp (upper) and Lonp1Gdf9Cre cKO (lower) mouse MII oocytes stained with JC�1 (from 4-week-old mice of each genotype). Scale
bar=50 mm. (b) Ratios of red:green JC�1 fluorescence in Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mouse MII oocytes (n>24) from at least
six mice (****p < 0.0001, Student’s t test). (c) Representative pictures of Lonp1loxp/loxp (upper panel) and Lonp1Gdf9Cre cKO (lower
panel) mouse MII oocytes stained with MitoTracker Green and MitoSOX (from 4-week-old mice of each genotype). Scale
bar = 50 mm. (d) Ratios of MitoSOX:MitoTracker Green fluorescence in Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mouse MII oocytes (n>32)
from at least six mice (****p < 0.0001, Student’s t test). (e�g) qRT-PCR analysis of the expression of COX4i-1, Sdhb and Ndufa12 in
Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mouse MII oocytes (n=6, *p < 0.05, **p < 0.01, Student’s t test). (h) mtDNA copy numbers in
oocytes from 5-week-old Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice (at least six MII oocytes were included, *p < 0.05, Student’s t test).
(i) Representative immunofluorescence images showing the mitochondrial distributions in 4-week-old Lonp1loxp/loxp (upper) and
Lonp1Gdf9Cre cKO (lower) mouse GV oocytes. Scale bar = 50 mm. (j) Representative TEM images showing mitochondria in GV oocytes
from 3-, 4-, and 5-week-old Lonp1loxp/loxp (upper panel) and Lonp1Gdf9Cre cKO (lower panel) mice (n=3 for each genotype). M indicates
mitochondria. Scale bar=0.2 mm. (k) TUNEL staining of oocytes from Lonp1loxp/loxp and Lonp1Gdf9Cre cKOmice (n=6). Scale bar = 50 mm.
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Figure 6. Oocyte-specific knockout of Lonp1 leads to AIFM1 nuclear translocation.
(a) LONP1 colocalized with AIFM1 in wild-type mouse oocytes, as indicated by immunofluorescence analysis (at least 30 GV

oocytes were included). (b) Immunoprecipitation of LONP1 and AIFM1 in mouse oocytes (approximately 5000 wild-type GV oocytes
were used). (c) FPKM values of Capn1 in oocytes from secondary follicles of Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice (n=3 for each
group). (d) qRT-PCR analysis of Capn1 in oocytes from secondary follicles of Lonp1loxp/loxp and Lonp1Gdf9Cre cKO mice (n=9 for each
group). (e) Immunofluorescence staining of CALPAIN1 in oocytes from secondary follicles of Lonp1loxp/loxp and Lonp1Gdf9Cre cKO
mice. Scale bar = 50 mm. (f and g) Immunofluorescence staining of AIFM1 in the ovaries of 3-week-old Lonp1loxp/loxp and Lonp1Gdf9Cre

cKO mice (n=3 for each genotype). The asterisks indicate nuclei (*p < 0.05, Student’s t test). Scale bar = 50 mm. (h) Blastocyst forma-
tion in oocytes from 3-week-old Lonp1GdfCre cKO mice after pretreatment with the PARP inhibitor 3-aminobenzamide to rescue
AIFM1-induced apoptosis (n>30). (i) Immunofluorescence staining of AIFM1 in 293T cells after Lonp1 knockdown. Scale
bar = 20 mm. Scale bar = 50 mm. (j and k) Immunoprecipitation of LONP1 and AIFM1 from the cytoplasmic and nuclear proteins of
293T cells after Lonp1 knockdown.
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Figure 7. Identification of pathogenic variants of LONP1 associated with premature ovarian insufficiency. (a and b) Pedigrees of the
two affected families. The black circles represent the affected individuals. (c) Mutation patterns and conservation of mutated amino
acids in LONP1. The green dots indicate the mutations identified in this study. All mutations were missense mutations. (d and e) Rel-
ative mtDNA copy numbers in the two affected families.
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systemic abnormalities or a family history of other dis-
eases. The proband of family 1 exhibited oligomenor-
rhea at 19 years old and menopause at 25 years old. No
large antral follicles (>10 mm) were observed during
controlled ovarian hyperstimulation (Figure. 7a). The
proband of family 2 had exhibited a prolonged men-
strual cycle since menarche, with a menstrual cycle of
approximately 90�120 days. Only a few small antral
www.thelancet.com Vol 75 Month January, 2022
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follicles of approximately 1 mm were observed
(Figure. 7b). Two potentially pathogenic heterozygous
missense variants of LONP1 (c.1612C>T:p.R538C and
c.2095C>G:p.L699V) with a minor allelic frequency
<0.1% in three population databases (gnomAD, 1000
Genomes Project, and ExAC) and that may contribute
to the occurrence and development of premature ovar-
ian insufficiency were identified in the two families
(Figure. 7c, Table S1).

Due to the importance of LONP1 function and
constitutive expression in cells, many individuals
with pathogenic homozygous LONP1 mutations sel-
dom survive to reproductive age have children.
Therefore, we were only able to recruit premature
ovarian insufficiency patients with pathogenic hetero-
zygous LONP1 variants. As predicted by PolyPhen-2
and Mutation Taster, the identified pathogenic var-
iants are loss-of-function alleles and damaging mis-
sense variants of LONP1. The damaging missense
variants are located in the ATPase domain on the
surface of the LONP1 hexamer and thus may affect
the proper functioning of LONP1 (Fig. S13). In addi-
tion, we also examined the mtDNA content in the
blood cells of the two probands with LONP1 varia-
tions (Figure. 7d, e). The mtDNA/nDNA copy num-
bers in the probands of family 1 (629) and family 2
(425) were much lower than those in the probands
Figure 8. Mechanism by which LONP1 maintains
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of the control women (1491§643). This finding indi-
cates that these LONP1 mutations reduce the
mtDNA content in the cells of women with prema-
ture ovarian insufficiency.
Discussion
LONP1 is a protease responsible for degrading mis-
folded or damaged proteins within mitochondria and
regulating numerous intramitochondrial or extramito-
chondrial processes in somatic cells.14,16 Although
LONP1 mutations in humans have been found to be
associated with severe diseases, the roles of LONP1 in
mammalian reproduction remain elusive. In the pres-
ent study, we report that LONP1 is associated with ovar-
ian ageing and that several pathogenic LONP1 variants
are associated with premature ovarian insufficiency. We
further demonstrated that LONP1 is required for the
proper functioning and biogenesis of mitochondria and
the maintenance of mitochondrial morphology in
oocytes. The absence of LONP1 appears to lead to exces-
sive activation of the mtUPR in oocytes and subse-
quently to compromise of the oocyte quality and ovarian
reserve, leading to infertility. The absence of LONP1
also causes the translocation of AIFM1 to the nucleus in
the secondary follicle stage, promoting oocyte apoptosis
and death (Figure. 8).
mammalian oocyte development and survival.
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Because systemic knockout of Lonp1 is lethal to
mouse embryos,29 we generated oocyte-specific knock-
out mouse models to study the roles of LONP1 during
oocyte development and maturation. In mice with Gdf9-
Cre-mediated oocyte-specific Lonp1 knockout, ovarian
and early oocyte development appeared normal from
birth until 3 weeks of age, as these mice showed a simi-
lar number of follicles to that of the controls. Surpris-
ingly, in 6-week-old mice with oocyte-specific Lonp1
knockout, almost all oocytes in the secondary and antral
follicular stages underwent death, and the ovarian
reserve declined sharply. Similarly, women with patho-
logical LONP1 variants showed abnormal large follicular
development and premature ovarian insufficiency.
These results indicate that LONP1 plays a vital role in
regulating follicular development and survival.

Mitochondrial dysfunction is one of the primary
causes of oocyte quality decline and death.30 The roles
of LONP1 in mitochondrial function in cultured somatic
cells have been reported previously.31,32 Mitochondrial
replication takes place throughout the early process of
oogenesis, but we found that LONP1 expression accom-
panies mitochondrial biogenesis in oocytes. Moreover,
Lonp1 knockout in oocytes impairs mitochondrial func-
tion in the secondary follicle stage, when large-scale bio-
genesis of mitochondria begins. In addition, the
expression of genes related to oxidative respiration and
the electron transport chain was significantly downregu-
lated in Lonp1Gdf9Cre cKO mice after the secondary folli-
cle stage. These findings highlight that LONP1 in
oocytes regulates mitochondrial function and OXPHOS,
especially in the mammalian follicle growth stage. Inter-
estingly, LONP1 appears to regulate the mitochondrial
distribution and dynamics in oocytes. During meiosis
in oocyte maturation, mitochondria appear to undergo
fission more frequently than fusion.33 In contrast,
LONP1 deletion in oocytes alters the balance of mito-
chondrial dynamics and leads to mitochondrial dysfunc-
tion. Similarly, Lonp1 knockout in the heart affects
Opa1, as we reported previously, causing an imbalance
between fission and fusion.23

Systemic knockout of mitochondrial proteases
involved in MQC other than LONP1 (including CLPP,
AFG3L2, and OMA1) does not cause embryonic lethality
and allows embryos to develop normally.34-36 SMART
RNA-seq analysis of oocytes after LONP1 ablation
revealed that the expression of a large number of genes,
especially mtUPR- and ribosome-related genes, was sig-
nificantly upregulated in MII oocytes. Recent research
has also shown that LONP1 is associated with RNA deg-
radation and mitochondrial gene transcription.37 In
mammalian somatic cells, LONP1 is one of the compo-
nents of mitochondrial nucleoids, which are structures
that pack mtDNA tightly into DNA-protein assem-
blies.15 Our transcriptomic analysis indicated that
LONP1 may also play a role in ribosomal biogenesis and
mRNA stabilization in oocytes.

LONP1 is involved in several cellular functions, includ-
ing cellular metabolism and mitochondrial function, and
LONP1 knockdown or inhibition leads to cell death in sev-
eral somatic cell lines.38 Interestingly, we found that
LONP1 interacts with AIFM1 to promote oocyte survival
during follicular development. Only a few LONP1-interact-
ing proteins have recently been identified, e.g., Hsp60/
mtHsp70, p53, and COX4-1 subunits.22,39,40 The interac-
tion of AIFM1 with LONP1 ensures the mitochondrial
localization of AIFM1 within oocytes because Lonp1 knock-
out leads to nuclear AIFM1 translocation and induces apo-
ptosis. And we also found that the Calpain 1, as a calcium-
activated neutral protease, was significantly increase which
may cleavage AIFM1 to soluble nonmembrane form and
leads to nuclear translocation. Nuclear localization of
AIFM1 affects chromosomal condensation and leads to
chromosome fragmentation, inducing the release of the
mitochondrial apoptogenic factors cytochrome c and cas-
pase 9.41

During follicular growth, only a few follicles can
grow and successfully develop to ovulation, and over
99% of follicles undergo atresia during development.42

Premature ovarian insufficiency is characterized by
accelerated follicular atresia, and mitochondrial dys-
function may promote this process.43,44 However, the
mechanisms underlying premature ovarian insuffi-
ciency remain unknown. In the present study, we iden-
tified pathogenic missense LONP1 variants associated
with female infertility and premature ovarian insuffi-
ciency. Pathogenic LONP1 mutations and abnormal
LONP1 activity cause multiple diseases in humans,17

and mutations have mainly been found in the AAA+
and protease domains, which are the Lon family protein
regions that are conserved across species.45�48 Similar
to the LONP1 mutations found in some CODAS
patients, LONP1 mutations in women with premature
ovarian insufficiency are located in the AAA+ domain.49

In general, women with premature ovarian insuffi-
ciency who carry pathogenic heterozygous LONP1
mutations can undergo puberty. It is conceivable that
different LONP1 mutations affect gene functions in a
variety of ways and that pathogenic heterozygous
LONP1 mutations in humans can lead to reproductive
disorders earlier in puberty.15 However, how the identi-
fied pathogenic mutations affect LONP1 function and
how to use LONP1 wild-type mRNA or proteins to res-
cue oocytes from women with premature ovarian insuf-
ficiency need further investigation.

In conclusion, we established that LONP1 plays a
crucial role in oogenesis. LONP1 not only is involved in
the regulation of mitochondrial functions but also plays
a role in pathological processes involved in oocyte death
by interacting with AIFM1. In-depth analysis of LONP1
www.thelancet.com Vol 75 Month January, 2022
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will be crucial for elucidating the mechanisms underly-
ing ovarian insufficiency.
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