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Limited understanding exists regarding how aging impacts the cellular

and molecular aspects of the human ovary. This study combines

single-cell RNA sequencing and spatial transcriptomics to systematically
characterize human ovarian aging. Spatiotemporal molecular signatures

of the eight types of ovarian cells during aging are observed. An analysis

of age-associated changesin gene expression reveals that DNA damage
response may be a key biological pathway in oocyte aging. Three granulosa
cells subtypes and five theca and stromal cells subtypes, as well as their
spatiotemporal transcriptomics changes during aging, are identified. FOXP1
emerges as aregulator of ovarian aging, declining with age and inhibiting
CDKNI1A transcription. Silencing FOXP1 results in premature ovarian
insufficiency in mice. These findings offer a comprehensive understanding
of spatiotemporal variability in human ovarian aging, aiding the
prioritization of potential diagnostic biomarkers and therapeutic strategies.

Ovaries with the functions of fertility and hormone secretion play a vital
role throughout the female reproductive lifespan’. Ovarian function peaks
atapproximately 20 to 30 years of age, begins to decline after 30 years of
age, and then reaches failure at approximately 50 years of age”. People
experiencing menopause will encounter anumber of dysfunctional out-
comes forapproximately 30 years, such as osteoporosis, cardiovascular
disease, obesity, tumors, Alzheimer’s disease and diabetes’. With the
increasein life expectancy worldwide, ovarian aging has gradually become
akey health problem among female persons undergoing menopause.

The development of therapeutic strategies to delay ovarian aging
requires comprehensive understanding of the cellular components,
molecular properties and their spatial-temporal changes. Human ova-
ries consist of different stages of follicles as basic functional units and a
large number of stromal cellular elements*. Single-cell RNA sequencing
(scRNA-seq), which is used to investigate cellular heterogeneity has
facilitated the mapping of organ aging at unprecedented resolution®.
Recent studies using scRNA-seq have indicated abundant cell types
in human ovaries, such as granulosa cells, oocytes, stromal cells and
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immune cells®’. Furthermore, studies on murine and primate ovaries
have provided cell-specific findings during aging®*; however, the
diverse cellular landscapes and cell type-specific regulatory changes
of human ovarian aging are still unknown.

The human ovary shows extensive variation in the cortex and
medulla, with the processes of oogenesis starting in the cortex and
the medullary region of the ovary undergoing dramatic restructuring.
Thus, anunderstanding of spatial archetypesis necessary foracompre-
hensive understanding of the aging dynamics of the ovary. scRNA-seq
technology requires the dissociation of tissue into asingle-cell suspen-
sion, increasing the difficulty of studying spatial architecture of the
ovary. Although some insitu hybridization (ISH)-based methods have
obtainedspatialinformation, they only detect afew knowntarget genes
simultaneously™’¢. Spatial transcriptomics (ST) is a new technology
that captures the messenger RNA of cells in sections using numerous
barcoded oligo-dT primers and then maps transcriptsto the tissueslice,
enabling the spatial visualization of gene expression”. This approach
facilitates an analysis with subcellular resolution to confirm regional
markers and cell type identities based on ST and scRNA-seq.

In this study, we aim to explore the cellular spatiotemporal
changes and key regulatory genes involved in human ovarian aging. We
present aspatiotemporal atlas that systematically describes the spatial
archetypes and cellular heterogeneity during the aging of the human
ovary at three representative stages during ovarian lifespan: repro-
ductively young (18-28 years), middle-aged (36-39 years) and older
aged (47-49 years). Then, we identified FOXP1 as a central protective
factor for ovarian aging. Our data provide valuable inspiration for the
mechanismand potential therapeutic targets of humanovarian aging.

Results

Study design for spatiotemporal analysis of human ovarian
aging

The overview of the study design for the human ovarian aging atlas
isshown in Fig. 1a. We collected a total of 15 healthy ovaries in the fol-
licular phase from female volunteers who underwent hysterectomy
and oophorectomy surgery due to cervical or endometrial cancer.
Selected ovariantissues were evaluated by two pathologists to exclude
tumor metastasis (Extended Data Fig. 1a). The ovarian tissues of the
15 cases were divided into three groups based on age: young group
(Y; 18-28 years), middle-aged group (M; 36-39 years) and older age
group (O; 47-49 years). To further elucidate the dynamics of ovar-
ian function, we assessed the level of serum anti-Miillerian hormone
(AMH), a well-established clinical biomarker for evaluating ovarian
reserve function. Notably, AMH levels were high in the young group
(3.76 ng ml™), declined in the middle-aged group (1.35 ng ml™) and
were nearly undetectablein the older age group (<0.06 ng ml™) (Sup-
plementary Table 1). We generated scRNA-seq data for nine ovarian
tissues (fromnine participants) and ST-seq data for 28 ovarian tissues
(from 15 participants) (Supplementary Table 1).

scRNA-seq profiling and spatial location of human ovarian cells
We used 10x Genomics to investigate ovarian aging at the single-cell
level. Ovary tissues (0.5-1cm?3) from nine participants (three per age
group) were enzymatically dissociated into individual cells, resulting
inatotal 0f 92,965 ovarian cells (31,005 from the young group, 32,557
fromthe middle-aged group and 29,403 from the older age group). Cells
expressing high levels of mitochondrial genes (>10% of total unique
molecular identifiers (UMIs)) were excluded (Extended Data Fig. 1b).
Thetotal cellular RNA content and number of expressed genes showed
no significant difference among the three groups (Extended Data
Fig.1c). Then, we used the Uniform Manifold Approximation and Pro-
jection (UMAP) algorithm for the nonlinear dimensionality reduction
analysis and identified eight cell types based on specific cell markers
(Fig.1b, Extended Data Fig.1d-fand Supplementary Table 2). They were
granulosa cells (GCs; GSTAI', AMH" and HSD17BI"), oocytes (TUBBS®,

ZP3"and FIGLA") thecaand stroma (T&S) cells (DCN* and STAR"), smooth
muscle cells (SMCs; ACTA2" and MUSTNI"), endothelial cells (TM4SF1*
and VWF’), monocytes (TYROBP' and IFI30"), natural killer (NK) cells
(CCL5" and NKG7") and T lymphocytes (IL7R* and KLRBI") (Extended
DataFig.1g,h). Similar to previous studies®’, T&S cells accounted for the
majority of ovarian cells (Extended Data Fig. 1i). We identified specific
markers for oocytes and GCs, including the classical marker ZP3 and the
oocyte-specific distribution of TUBBS, encoding a primary 3-tubulin
subunit. GSTAI, found specifically in GCs, may serve as a potential
marker for GCs. To validate cell clustering accuracy, we conducted a
Gene Ontology (GO) analysis of marker genes for each cell type (Fig. 1c).
Notably, genes highly expressed in GCs were enriched in regulating
hormone levels, whereas those in oocytes were linked to oocyte dif-
ferentiation. T&S cells exhibited GO terms such as ‘extracellular matrix
organization’ and ‘cholesterol transfer activity’ and SMCs showed
enrichmentin‘muscle system process’and ‘cytoskeleton organization’.

Subsequently, ST sequencing (ST-seq) was conducted using ovar-
iantissues from15 participants (five per group) to spatially map ovarian
celldistributions. Inthe ST-seq data, the mtRNA of all spots represented
less than20% of total reads, indicating high data quality (Extended Data
Fig.2a). The ST-seq collectively identified over 8,000 genes (Extended
Data Fig. 2b). Utilizing the scRNA-seq atlas, a factor analysis was per-
formed to deduce the likely single-cell composition of each spot,
effectively localizing all scCRNA-seq clusters. Recognizable cell types,
including oocytes centrally located in follicles (Fig. 1d(i)), GCs at the
follicle periphery (Fig.1d(ii)), widely distributed T&S cells (Fig. 1d(iii))
and SMC/endothelial cells along blood vessels (Fig. 1d(iv),(v)), were
successfully mapped. The immune cells, including monocytes, NK
cells and T lymphocytes, were mainly distributed in the interstitium
of the medulla (Fig. 1d(vi),(vii),(viii)). The overall distribution of all
ovarian cells was shown in Extended Data Fig. 2c. Spatial cellmapping
revealed the spatial distribution of the clusters predicted by scRNA-seq
of human ovary.

Cell-specific changes in ovarian aging’s transcriptional
programs

We conducted a comparative analysis of gene expression patterns
across various ovarian cell types in the young, middle-aged and older
age groups. Differentially expressed genes (DEGs; |avg_logFC| > 0.25
and P,4;< 0.05) inatleast one cell type were identified (Extended Data
Fig. 3a and Supplementary Table 3). Specifically, a total of 1,068, 711
and 889 upregulated DEGs were identified between the young and old
groups (0/Y), young and middle-aged groups (M/Y) and middle-aged
and older age groups (O/M), respectively (Extended Data Fig. 3b). We
alsoobserved 1,187,376 and 1,241 downregulated DEGs that were iden-
tified between the O/Y, M/Y and O/M groups, respectively (Extended
DataFig.3b). Notably, the DEG analysis highlighted significant differ-
ences between perimenopausal ovaries and those with reproductive
function in young or middle-aged stages. GO and KEGG enrichment
analyses revealed that the upregulated DEGs were mainly associated
with cellular senescence and some pathways associated with senes-
cence, such as FoxO signaling pathway, IL-17 signaling pathway, nuclear
factor (NF)-kB signaling pathway, NOD-like receptor signaling pathway,
p53 signaling pathway and PI3K-Akt signaling pathway (Fig. 2a). The
downregulated DEGs were mainly related to cell migration, extracel-
lular matrix (ECM)-receptor interaction, estrogen signaling pathway,
extracellular vesicle, oxidative phosphorylation, platelet activation,
regulation of actin cytoskeleton and tight junction (Fig. 2a).

Based on the above results, cellular senescence may play an
important role in human ovarian aging'®. During the aging process,
the signaling pathway score for senescence increased in the majority of
ovariancells (Fig. 2b). Pathway analysis of spatial gene expression data
furtherindicated heightened enrichment of cellular senescence and a
senescence-associated secretory phenotype (SASP) signaling pathway
inthefollicle, cortex and medulla of old ovaries (Fig. 2c). Notably, the
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Fig.1|Single-cell transcriptome profiling and spatial location of human
ovarian cells. a, The study flowchart. b, UMAP plots showing eight cell types

(left) and age-dependent cell distribution (right). GC, granulosa cell; OO, oocyte;

T&S, theca and stroma cells; SMCs, smooth muscle cells; EC, endothelial cell;
MONO, monocytes. ¢, Representative GO terms of different cell types (left).

Heat map showing top 50 marker genes in each cell type (right). Pvalues were
calculated by Fisher’s exact test. d, Each slide (i-viii) shows H&E staining, ST spot
cell type predictions and characteristic markers, respectively of each cell type
from left to right. The analysis was conducted in each ovarian tissue (n = 15).

accumulation of lipofuscin, ahallmark of cellular senescence, increased
during ovarianaging. As showninFig.2d, lipofuscin accumulation was
increased during ovarian aging. Fluorescence-based 3-galactosidase

(B-gal) staining further illustrated a consistent increase throughout
ovarian aging (Extended DataFig.3c). The major senescence hallmark
CDKNI1A/p21 showed increased expression in all ovarian cell types
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from the older age group (Fig. 2e). Spatial expression analysis using
ST data confirmed the overall increase of CDKN1A during ovarian
aging (Fig. 2f).

To pinpoint ovarian cell types expressing CDKNI1A, multiplex
immunohistochemistry (IHC) was employed. The findings revealed an
accumulation of CDKNI1A-positive cells during ovarian aging, notably in
GCsand T&S cells, as evidenced by staining for GSTAland DCN (Fig. 2g).
Examination of SASPs using cytokine oligonucleotide arrays revealed
increased expression in aged ovaries, confirmed by quantitative PCR
with reverse transcription (RT-qPCR) results. (Fig. 2h and Extended
Data Fig. 3d). Activation of the NF-kB signaling pathway, known to
induce SASPs and exacerbate cellular senescence, was observed in
most ovarian cell types during aging (Extended DataFig. 3e). Western
blot results further supported the increase in markers related to cel-
lular senescence (CDKN1A, yH2AX and pNF-kB) during ovarian aging
(Extended Data Fig. 3f). In conclusion, these findings suggest that spe-
cific celltypesin aged human ovaries may exhibit distinctive features
associated with cellular senescence.

Spatiotemporal changesin oocytes during ovarian aging

Due to microfluidic channel limitations on the 10x Genomics plat-
form, only oocytes withadiameter less than 50 um could be obtained.
To determine the oocyte stage, previously reported stage-specific
markers, including LMOD3 and FOS for primordial oocytes, RPS4X
and FIGLA for primary oocytes, SYT5, STK26 and TAF1A for second-
ary oocytes, UBOX5 and CCDC25 for antral oocytes, and HTRA3 and
NBPF12for preovulatory oocytes, were analyzed®”. scRNA-seq results
indicated high expression of LMOD3, FOS, RPS4X and FIGLA in these
oocytes, suggesting that they were at the primordial or primary stage
(Extended Data Fig. 4a).

Pseudotime trajectories were analyzed for oocytes, identifying
three stages (cluster a, b and ¢) (Fig. 3a). Oocytes in the young group
exhibited distribution across the three types, whereas those in the
middle-aged group were primarily in cluster a, and all oocytes in the
older agegroup wereincluster c (Fig. 3b). Pseudotime analysis revealed
that oocytes in the young group were at the trajectory’s beginning,
whereas those in the old group were in a terminal state, suggesting
GeneSwitch during aging (Fig. 3c). Dynamic changesin gene expression
patterns at each stage were analyzed, revealing 749, 418 and 575 DEGs
(P,g;< 0.05, log,FC > 0.5) in the three stages, respectively (Extended
DataFig.4b).Inclustera, enriched GO termsincluded ‘cotranslational
proteintargeting to membrane, ‘nuclear-transcribed mRNA catabolic
process’and ‘translationalinitiation’ (Fig. 3d). Cluster bshowed enrich-
mentin ‘collagen-containing extracellular matrix, ‘extracellular matrix
organization’ and ‘positive regulation of cell adhesion’ (Fig. 3d). In
cluster c,enriched GO terms included ‘apoptosis, ‘double-strand break
repair’ and ‘organelle fission, indicating DNA damage and apoptosis
inoocytes (Fig.3d).

Next, we compared the DNA damage and repair genelistand gen-
erated scores during oocyte aging. DNA damage scoresincreased and
DNA repair scores decreased in aged oocytes (Fig. 3e). Expression of
classical DNA damage response genes (for example, STAT3 and EIF4A1)
significantly increased in older oocytes, whereas crucial DNA repair
genes (for example, APEX1and RAD1) were downregulated (Extended
DataFig.4c).IHC results supported DNA oxidation (8-OHdG-positive)

and DNA damage (yH2AX-positive) accumulation in aged oocytes
at the primordial stage (Extended Data Fig. 4d,e). Overall, increased
DNA damage and diminished DNA repair may contribute to aging in
primordial or primary stage oocytes.

Subsequently, CellPhoneDB was employed to investigate cell
communication between oocytes and other ovarian cell types during
aging. Notably, interactions between oocytes and other cell types
were significantly enhanced in aged groups (Fig. 3f). Aged oocytes
exhibited elevated expression of the receptor-ligand pair MDK-LRP1,
known for its crucial rolein chronicinflammation and the recruitment
of inflammatory cells® (Fig. 3g and Extended Data Fig. 5a). Further
exploration of cell communication, focusing on the coexpression of
MDK and LRP1 within ST spots, revealed widespread expression in
both oocytes and surrounding cells, with higher scores observed in
the older age groups (Extended Data Fig. 5b and Fig. 3h), consistent
with IHC staining results (Fig. 3i). These findings suggest a potential
association between increased MDK-LRP1 expression and heightened
cell communication between oocytes and other ovarian cells in aged
humanovaries. Theinteractions identified in our data may contribute
to an inflammatory response, thereby exacerbating DNA damage in
oocytes during aging.

Spatiotemporal transcriptional changes of GCs during aging
GCs, which envelop and interact with the developing oocyte, have
unclear classifications and changes during aging. UMAP analysis cat-
egorized all GCsinto three subtypes (GC subtypes 1,2 and 3) (Fig.4aand
Supplementary Table 2). Analysisindicated that GCsin the young group
were predominantly GC subtypes 1and 2, whereas those in the older
age group were mainly GC subtype 3 (Fig. 4b). Further analysis revealed
that GC subtype1expressed knownmarkers suchas AMH, FST,HSD17B1,
SERPINE2 and PRKAR2B, along with previously unreported genes such
as DSP and MAGED?2 (Fig. 4¢). GO analysis highlighted enrichment
in ‘ATP metabolic process’ and ‘gap junction’, processes involved in
follicular development, in GC subtype 1 (Extended Data Fig. 6a). GC
subtype 2 exhibited expression of genes related to hormone synthe-
sis, including INSL3, APOE, GSTA1,APOA1, FDXI1 and CYP17A1 (Fig. 4c).
GO termssuch as ‘cholesterol metabolic process’and ‘steroid biosyn-
thetic process’ were enriched in subtype 2 (Extended Data Fig. 6a).
GC subtype 3 expressed markers DCN, LGALSI and LGALS3, which are
known regulators of GC apoptosis and the cell cycle?* (Fig. 4c). GO
terms ‘apoptosis’ and ‘cell cycle’ were enriched in subtype 3 (Extended
DataFig. 6a). These findings provide insights into the transcriptional
characteristics of three subpopulations of GCs in the human ovary.
Next, we transferred labels from the integrated data to spatial
gene expression data, mapping GC subtypes based on spatial loca-
tion. Notably, the ST datarevealed three distinct populations of GCsin
different areas. GC subtype 1was situated in the cumulus of the antral
follicle, subtype 2 was in in the mural layer of follicles and subtype 3
exhibited a widespread distribution across antral follicles (Fig. 4d).
Experimental validation using subtype-specific markers (AMH for
subtype 1, GSTAI1 for subtype 2 and LGALSI for subtype 3) confirmed
these distinct spatial distributions (Fig. 4e). Within GC subtype 1, the
expression of the steroidogenic enzyme gene HSD17B1, crucial for
steroidogenesisin GCs, was notably high (Fig. 4e). Subtype 2 expressed
APOE, a key player in cholesterol transport during steroidogenesis®,

Fig. 2| Cell type-specific spatiotemporal changes in transcriptional
regulatory programs throughout ovarian aging. a, Representative KEGG
pathways of upregulated DEGs (top) and downregulated DEGs (bottom)
compared between the O/Y, M/Y and O/M groups in eight cell types. Pvalues were
calculated by Fisher’s exact test. b, Gene set score analysis of cellular senescence
pathwaysin various ovarian cell types of different groups, Y, Mand O. Data were
analyzed by two-sided Wilcoxon rank-sum tests. Box-and-whisker plots show

the minimum, 25th percentile, median, 75th percentile and maximum. n =3 per
age group. ¢, ST spotillustrating cellular senescence and SASP score within the

humanovary. Thered arrow indicates follicles. d, Lipofuscin staining of different
aged human ovaries. 10D, integrated optical density. Data are presented as the
mean +s.e.m.n =10 for each group (one-way ANOVA). e, Violin plot showing the
expression of CDKNI1A in all ovarian cell types. Data were analyzed by two-sided
Wilcoxon rank-sum tests. f, ST spot indicating the CDKNI1A expression in human
ovaries of different ages. g, Multiplex IHC staining for CDKN1A, ZP3 (oocyte
marker), GSTA1 (GC marker) and DCN (T&S cell marker) of differently aged human
ovaries. The experiment was repeated three times. h, Cytokine oligonucleotide
array for SASPs in human ovaries of different ages. n = 3 for each group.
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at high levels (Fig. 4e). Neither HSD17B1 nor APOE was expressed in
GC subtype 3, indicating reduced hormone synthesis in this subtype.
The ST data also revealed that PCNA, a marker of cell proliferation,
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map showing the dynamic DEGs along the pseudotime. The related biological
process of each subtype is listed on the right. e, Gene set score analysis of DNA
damage and DNA repair pathways in oocytes of different groups. Data were
analyzed by two-sided Wilcoxon rank-sum tests. Box-and-whisker plots show the
minimum, 25th percentile, median, 75th percentile and maximum. n =3 per age
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g, MDK signaling pathway network of oocytes between other ovariancellsinY,
Mand O groups. h, ST spot showing the score of MDK-LRP1in oocytes and their
surround cells in ovaries of three groups, Y, Mand O. The analysis was conducted
ineach ovariantissue (n=15). i, Representative image of oocytes fromY, Mand
O human ovary sections stained for MDK protein by IHC. The red arrows indicate
primordial oocytes. The scores are listed on the right. Data are presented as the
mean +s.e.m.n =10 for each group (one-way ANOVA).
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Subsequently, we explored dynamic states and cell transitionsin
GCsby inferring state trajectories using Monocle. The analysis revealed
that GCsubtypelwasatthe beginning of the trajectory path (Fig. 4f,g).
The early-stage GC subtype 1was predominantly distributed inyoung
and middle-aged ovaries, whereas GCs in old-aged samples were pri-
marily at the terminal ends of GC subtype 3, indicating GeneSwitch in
GCsduringovarianaging (Fig. 4h). Transcriptional changes associated
with transitional states were investigated, categorizing GC clusters
into three phases (Extended Data Fig. 6c). Subtype 1 was predomi-
nantly in phase 1, with signaling pathways related to the metabolism
of guanosine triphosphate (GTP) and glucose. Subtype 2 was mainly in
phase 3, characterized by genes involved in cytokine production and
the ECM. Subtype 3 was mainly in phase 2, enriched in the apoptosis
pathway. Overall, these results suggested that GC subtypes1and 2 were
predominantly observed in young and middle-aged ovaries, whereas
subtype 3 was more prevalentin older ovaries. This shift in composition
may imply a decrease in functional GC types and a potential increase
inapoptotic GCsin aging ovaries.

In examining aging-related gene expression changes in GCs, fur-
ther analysis of transcriptomic alterations in these subpopulations
revealed partially overlapping DEGs in GC subtypes between the young,
middle-aged and older age groups (Extended DataFig. 6d). From young
tomiddle age, downregulated DEGs in GC subtypes1and 2 were associ-
ated with transcriptional and translational signaling, whereas they were
upregulated in GC subtype 3 (Extended Data Fig. 6e). From middle to
old age, upregulated DEGs in GC subtypes 1and 2 were associated with
the aforementioned transcriptional and translational signaling. The
downregulated DEGsin GC subtype 2 were enriched in processes asso-
ciated with steroidogenesis, including steroid biosynthetic process,
cholesterol metabolic process, lipid metabolic process and cholesterol
biosynthetic process.

To investigate whether cellular senescence undergoes changes
in GC subtypes during aging, we computed the cellular senescence
score, revealing an augmentation in all three types of GCs in the aged
ovary (Fig. 4i). Correspondingly, CDKN1A was upregulatedin all three
subtypes of GCs (Extended Data Fig. 6f). Immunostaining analyses
confirmed increased levels of CDKNIA protein in aged ovarian GCs
(Fig.4j). Then, we assessed cellular senescence and SASP scores of GCs
inour ST data. GCs inthe older age group exhibited higher levels of cel-
lular senescence and SASPs compared to the young and middle-aged
groups, especiallyin GC subtype1 (Fig. 4k). Based on the analysis of ST
data, LMNA may be animportant marker for GC senescence (Extended
DataFig. 6g). Additionally, primary human GCs (hGCs) were obtained
from participants aged 21to 47 years old who underwentassisted repro-
ductive therapy to further explore cellular senescence (Fig. 41). SASP
expressionin hGCsincreased progressively with ages ranging from 22
to 47 years (LMNA, P=0.0019; CDKNIA, P=0.0269; IL-8, P=0.0172).
These findings suggest that cellular senescence is a potential feature of
aging GCs, whichmay contribute to ovarian dysfunction during aging.

Spatiotemporal changes of T&S cells during aging

The ovary contains a significant stromal compartment (Extended
Data Fig. 2¢), with unknown classification and aging-related changes
in ovarian stromal cells. Through UMAP analyses, we identified five
T&S cell subtypes with distinct transcriptomic signatures (Fig. 5a and

Supplementary Table 2). Subtype 1, characterized by STAR and CYB5A
expression, exhibited enriched RNA and protein synthesis processes
(Fig.5b,c) and widespread distributionin the ovarian medulla (Fig. 5d).
Subtype2, expressing ECM genes such as COL1A1 and COL3A1,was asso-
ciated with ‘extracellular vesicle’and ‘extracellular matrix’ pathways and
located around follicles (Fig. 5b-d). Subtype 3, expressing myofibro-
blast markers ACTA2 and TAGLN, showed enrichment in supramolecular
fiber pathways and cytoskeletal protein binding, located around blood
vessels (Fig. 5b-d). Subtype 4, defined by FBLN1 and CXCL2 expression,
was associated with ‘response to chemical’ and ‘regulation of response
tostimulus’ pathways, located in the outer cortex, potentially involved
in ovarian defense against external stress (Fig. 5b—d). Subtype 5,
characterized as inflammatory-like fibroblasts expressing CD74,
HLA-DRBI, CCL4 and HLA-DRA, was enriched in pathways related to
‘antigen processing and presentation’, ‘cellular response tointerferon-y’
and complement cascades, may be involved in post-ovulation repair.
Further experimental verification was conducted by using the markers
of T&S subtype cells (Fig. Se). Statistics indicate decreased numbers of
T&S cellssubtype 2and 5in the older age group, aligning with reduced
folliclesand ovulationinaged ovaries (Extended Data Fig. 7a). Overall,
these findings suggest the existence of five distinct T&S cell clusters,
with their spatiotemporal dynamics likely linked to their functions.

Weinvestigated the dynamic states and cell transitionsin T&S cells
by analyzing state trajectories. Subtype 2 of T&S cells occupied theini-
tial phase of the trajectory path (Fig. 5f). The clusters of T&S cells were
divided into three phases based on transcriptional changes, with sub-
type 2mainly representing phase 1 cells involved in metabolic processes
and the ECM, aligning with theirroleinfollicle development (Extended
DataFig. 7b). Additionally, we analyzed the trajectories of T&S cellsin
young, middle-aged and older age groups. Notably, early-stage T&S
cells were predominantly presentin young and middle-aged samples,
whereas those in old-aged samples were mainly found at the terminal
ends of the transition path, suggesting potential changesin the types
of T&S cells during the aging process (Fig. 5g).

Additionally, we investigated age-related changes in gene expres-
sionwithin the T&S cells. Examination of transcriptomic changes dur-
ing aging revealed partially overlapping DEGs among subpopulations
(Extended Data Fig. 7c). Subtypes 1-4 of T&S cells exhibited similar
gene expression changes from young to middle age, with upregulated
DEGslinked to pro-inflammatory pathways (Extended Data Fig. 7d). In
subtype 5, upregulated DEGs were associated with hypoxiaresponse,
whereas downregulated DEGs were involved in telomere function.
Transitioning frommiddle to old age, all T&S cells subtypes displayed
upregulated DEGs enriched in cellular stress response, and subtypes
1-4 had downregulated DEGs associated with the negative regulation
of apoptosis. Subtype 5 exhibited downregulated DEGs related to
fibrotic signaling. These findings underscore the emergence of tran-
scriptional signatures associated with inflammation, apoptosis and
fibrosisinaged T&S cells.

The cellular senescence score increased across all T&S cell sub-
populations during aging (Fig. 5h), accompanied by upregulated
CDKNIA expressionin aged cells (Fig. 5i). ST data confirmed elevated
CDKNIA, especially in subtype 4 located in the cortex, aligning with
IHC results (Fig. 5j, left and right). Analyzing ST data further revealed
asignificant rise in SASP factors, including HMGAL, PIM1 and CAV],

Fig. 4| Spatiotemporal transcriptional changes of three GCs subpopulations
during aging. a, UMAP visualization of GC subclusters. b, Histogram showing
the cell rate of three GC subclustersin Y, Mand O groups. ¢, Dot plot heat map
showing top eight markers for subcluster GCs. d, The spatial cluster distribution
of each subclusters (left) and ST spot overlapped with H&E staining (right).

e, Multiplex IHC staining for the markers of subtype GCs. AMH (granulosa1),
GSTAI1 (granulosa2), LGALS1 (granulosa 3). The experiment was repeated three
times. f,g, Pseudotime-ordered analysis of GCs. h, Two-dimensional graph of the
pseudotime-ordered GCs from Y, Mand O groups. The cell density distribution

isshownin the above figure. i, Gene set score analysis of cellular senescence
pathwaysin GC subtypes with age. Data were analyzed by two-sided Wilcoxon
rank-sum tests. Box-and-whisker plots show the minimum, 25th percentile,
median, 75th percentile and maximum. n = 3 per age group. j, Representative
images of CDKNI1A expression in GCs of three groups by IHC. k, IHC scores for
CDKNI1Ain GCs. Dataare presented as the mean + s.e.m. (one-way ANOVA). n =10
for each group.1, ST spot overlay of cellular senescence and SASP gene set score
in GCs of three groups. m, The correlation analysis of SASP levels with age in
primary human GCs (hGCs). n = 25-28 (Pearson correlation analysis, two-sided).
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inaged T&S cells (Fig. 5k). NF-kB signaling, known to stimulate SASPs,
was also increased in the T&S cells of the older age group (Extended
DataFig.7e). To validate SASP upregulationin T&S cells during aging,
primary T&S (pT&S) cells from ovaries of women aged 23 to 47 years

exhibited aging-associated increasesin HMGALI, PIM1, CAV1and NF-kB,
consistent with scRNA-seq and ST analysis (Fig. 51). These findings col-
lectively suggest the presence of senescence-like characteristics in T&S
cells during ovarian aging.
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FOXP1is a core transcriptional regulator for ovarian cellular
senescenceinvitro

Cellular senescence is a potential contributor to ovarian aging, particu-
larlyin GCs and T&S cells. We employed single-cell regulatory network

inference and clustering analysis to identify core transcription factors
(TFs) in GCs and T&S cells. TF analysis revealed that FOXP1, SOX4 and
FOS, which exhibited decreased expression in both cell types, may play
crucial roles in ovarian aging (Fig. 6a,b). Subsequently, we used small
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Fig. 5| Spatiotemporal changes of five T&S cells subpopulations during
aging. a, UMAP visualization of T&S cell subclusters. b, Dot plot heat map
showing top T&S cell subclusters markers. ¢, Heat map showing the highly
expressed genes and GO terms specifically in T&S subtype cells. d, The spatial
cluster distribution of each subclusters (left) and ST spot overlapped with H&E
staining (right). e, IHC for markers of T&S subtype cells. The experiment was
repeated three times. f, Pseudotime-ordered analysis of T&S cells (left). Subtypes
arelabeled by colors (right). g, A2D graph of the pseudotime-ordered T&S cells
from the young, middle and older age groups. The cell density distribution
isshownin the above figure. h, Gene set score analysis of cellular senescence
pathways in T&S subtype cells with age. Data were analyzed by two-sided

Wilcoxon rank-sum tests. Box-and-whisker plots show the minimum, 25th
percentile, median, 75th percentile and maximum. n = 3 per age group. i, Violin
plot showing the expression of CDKN1A in five T&S cells subclusters. Data were
analyzed by two-sided Wilcoxon rank-sum tests. j, ST spot overlay of CDKN1A
expression (left) and representative images of CDKN1A expression by IHC (right)
in T&S cells of three groups. k, ST spot overlay of SASPs (HMGA1, PIM1 and CAV1)
expression in T&S cells of three groups. The ST data analysis is shown on the
right. Data were analyzed by two-sided Wilcoxon rank-sum tests. The analysis
was conducted in each ovarian tissue (n =15).1, The correlation analysis of SASPs
levels with age in pT&S cells from human ovaries. n = 25 (Pearson correlation
analysis, two-sided).

interfering RNAs (siRNAs) to knock down FOXP1,SOX4and FOSina
human GCline (COV434) toinvestigate theirimpact on ovarian aging.
Transfection with si-FOXP1in COV434 led to a notable increase in the
expression of senescence-associated genes (Extended Data Fig. 8a).

FOXP1 expression in human ovaries showed an age-related
decrease in hGCs and pT&S (Fig. 6¢). This decline was confirmed in
aged ovaries through western blot and IHC (Fig. 6d,e). Using siRNAs,
we silenced FOXP1in COV434 and pT&S cells, leading to increased
senescence-associated (SA)-B-gal staining (Fig. 6f). Furthermore,
proteins associated with cellular senescence and DNA damage were
upregulated after FOXP1 knockdown (Fig. 6g and Extended Data
Fig. 8b). FOXP1 depletion also reduced the numbers of 5-ethynyl-
2’-deoxyuridine (EdU)-positive and Ki67-positive cells (Fig. 6h and
Extended Data Fig. 8c), suggesting impaired cell proliferation.
Enhanced yH2AX fluorescence intensity in COV434 and pT&sS cells
after FOXP1silencingindicated activation of the DNA damage response
(Extended DataFig. 8d). These findings suggest a potential association
between age-related FOXP1 reduction and senescence in both GCs
and T&S cells.

Bulk RNA-seq analysis in FOXP1-knockdown COV434 cells revealed
409 upregulated and 254 downregulated genes (Extended Data
Fig. 8e,f). GO analysis indicated enrichment of upregulated genes in
‘response to stimuli’and ‘immune response’, whereas downregulated
geneswere associated with ‘cellular developmental processes’and ‘cel-
lular differentiation’ (Fig. 6i). Notably, senescence markers (CDKNIA,
CDKN2A and CDKN2B) and SASPs (IL-6, TNF and CXCL8) were elevated
inthesi-FOXP1groups, whereas cell cycle-related genes (CCNAI, CCNB1
and CCND1I) decreased (Fig. 6j). Si-FOXP1also increased expressionin
pathways linked to cellular senescence and immune inflammation,
suggesting that FOXP1 silencing induces GCs senescence at the tran-
scriptomic level.

To explore the regulatory mechanism, we focused on FOXP1's
impact on the CDKNIA locus. FOXP1-binding sites within the CDKN1A
promoter were identified through promoter occupancy analysis
(Extended DataFig. 8h). Chromatinimmunoprecipitation (ChIP)-qPCR
confirmed FOXP1 binding to the CDKN1A promoter (Fig. 6k), sug-
gesting that FOXP1inhibits ovarian cellular senescence by repressing
CDKNI1A transcription. Dual-luciferase reporter assays demonstrated
that FOXP1 activation decreased the activity of the wild-type (WT)

CDKNIA promoter, and mutating FOXP1in the CDKNIA promoter
1535-1573 abrogated this effect (Fig. 6l). Lentivirus-mediated FOXP1
upregulationin COV434 reduced SA-B-gal staining and CDKN1A expres-
sion (Fig. 6m-p). Together, these results suggest that FOXP1 inhibits
CDKNIA transcription by binding to its promoter, providing insight
into the mechanism underlying FOXP1’s role in preventing ovarian
cellular senescence.

FOXP1knockoutin GCs accelerates ovarian aging

To investigate the impact of FOXP1 on ovarian aging, we eliminated
the FOXP1 gene from mouse GCs by breeding FOXP1'™"'>* mice with
CYP19A1-Cre transgenic mice (Fig. 7a). At 12 weeks, the ovaries of
FOXP1'>®1%®? CYP19A1-Cre (+) (FOXPI""*") mice were significantly smaller
than those of WT (FOXP1'*) mice (Fig. 7b). Histological and morpho-
metric analyses revealed a reduction in healthy follicle numbers and
anincrease in atretic follicle numbers in FOXP1™* mice compared to
FOXP1"* mice (Fig. 7c,d). The FOXP1™/" females showed reduced serum
AMH and estradiol (E2) levels (Fig. 7e,f), indicating a diminished ovar-
ianreserve. Furthermore, litter sizes in FOXP1"/" females were smaller
to those of littermate controls (Fig. 7g). These findings demonstrate
that FOXP1 deletion in GCs expedites ovarian aging, manifested by
decreased follicle numbers and reduced offspring sizes.

Inthe mouse model, the knockout of FOXP1in GCsled toincreased
SA-B-galactivity (Fig. 7h). Analysis of cellular senescence-related genes
(CDKNIA, CDKN2A, IL-1a, IL-1B, IL-6 and IL-8) in WT and FOXP1""*" mice
ovaries showed asignificantincreasein mRNA levelsin FOXP1"/" ovaries,
indicating the potential role of FOXP1in cellular senescence (Fig. 7i).
Subsequent examination of YH2AX expression by IHC revealed a sig-
nificant increase (Fig. 7j). Consistent with this, TUNEL staining dem-
onstrated a higher number of apoptotic GCs in the FOXP1"/" group
compared to the FOXP1"* group (Fig. 7k). Overall, these findings suggest
that FOXP1knockoutleadsto areductionin ovarian follicular reserve.

Quercetin protects the ovarianreserve in middle-aged mice

In the pursuit of drugs against ovarian aging, three well-known
anti-aging agents (fisetin, quercetin and dasatinib) were investigated®.
Notably, quercetin and fisetin delayed FOXP1 gene silencing-induced
cellular senescence in COV434 cells (Fig. 8a). Quercetin significantly
reduced CDKNIA, CDKN2A, IL-6 and /L-8 mRNA levels (Fig. 8b and

Fig. 6 | The role of FOXP1in ovarian aging. a, Network of regulatory TFsin
three GC subtypes. Node size correlates with the number of edges positively.

b, Network of regulatory TFsin five T&S subtypes. ¢, The correlation analysis of
FOXP1expression with agein hGCs and pT&S. n=28-30 (Pearson correlation
analysis, two-sided). d, FOXP1expression in ovaries. Data are presented as the
mean +s.e.m.n =10 foreach group (one-way ANOVA). e, Western blotting of
FOXP1protein levelsin ovaries. Data are presented asthe mean ts.e.m.n=6
for each group (one-way ANOVA). f, SA-B-gal staining. Data are presented as

the mean + s.e.m.n = 5for each group (unpaired two-tailed ¢-test). g, Protein
expression of genes related to cellular senescence. The experiment was
repeated for three times. h, EdU incorporation assay. Data are presented as the
mean +s.e.m.n=5foreachgroup (unpaired two-tailed ¢-test). i, Representative
GO terms of DEGs. Pvalues were calculated by Fisher’s exact test.j, The

expression of SASPs and cell cycle-related genes. k, ChIP-qPCR using the FOXP1
antibody at the CDKN1A promoter. Data are presented asthemean +s.e.m.n=3
for each group (unpaired two-tailed ¢-test). I, Activity of WT and mutant (MT)
CDKNIA promoter luciferase (luc) reporter. Empty vector-infected cells (MOCK)
served as the control. Data are presented as the mean + s.e.m.n = 6 for each
group (one-way ANOVA). m, mRNA expression after FOXP1overexpressionin
COV434.Data are presented as the mean +s.e.m. n =3 for each group (unpaired
two-tailed ¢-test). n, SA-B-gal staining. The percentage of SA-B-gal-positive cells
was shown on the right. Data are presented as the mean + s.e.m.n = 5for each
group (unpaired two-tailed t-test). o, mMRNA expression of CDKNI1A. Dataare
presented as the mean +s.e.m. n =3 for each group (unpaired two-tailed ¢-test).
p, The protein expression of CDKN1A in COV434. Data are presented as the
mean + s.e.m. This test was repeated three times (unpaired two-tailed ¢-test).
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Extended Data Fig. 9a). EdU staining indicated improved COV434 cell
proliferation rates with fisetin and quercetin (Fig. 8cand Extended Data
Fig.9b). Immunofluorescence staining showed decreased yH2AX levels

after fisetin or quercetin treatment (Extended Data Fig. 9c). Western
blot experiments confirmed that quercetin activated FOXP1 expression
(Fig.8d). These findings suggest that quercetin inhibits GC senescence.
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To investigate the potential delay of ovarian aging, reproduc-
tively aged mice were treated with quercetin. Specifically, 36-week-old
and 48-week-old female mice, equivalent to 38-40 and 48-50 years
of age in humans, received oral quercetin for 1 month (Fig. 8e). The

quercetin-treated group showed regular weight (Extended Data
Fig. 10a) and organ function (Extended Data Fig. 10b-g), indicating
noside effects. After Imonth, the estrous cycle and serum AMH levels
confirmed a protective effect of quercetin on the ovarian reserve in
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Fig. 7| Conditional knockout of FOXP1in GCs accelerates ovarian agingin
mice. a, Schematic representation of the deletion of FOXP1in GCs by using
CYP19AI1-Cre transgenic mice. b, Ovaries of FOXP1* and FOXP1"/" mice at 12
weeks. ¢, H&E staining of ovaries from FOXP1"* and FOXP1"/" mice. d, Comparison
of follicle numbers of FOXP1"* and FOXP1""" mice. Data are presented as the

mean +s.e.m.n=>5foreachgroup (unpaired two-tailed ¢-test). e, Serum AMH level
of FOXP1”* and FOXP1™/* mice. Data are presented as the mean + s.e.m.n =5 for
each group (unpaired two-tailed t-test). f, Serum E2 level of FOXP1** and FOXP1""/"
mice. Data are presented as the mean + s.e.m. n = 5for each group (unpaired two-
tailed t-test). g, Litter size of mated mice. Data are presented as the mean + s.e.m.

n=5foreachgroup (unpaired two-tailed ¢-test). h, SA-B-gal staining of ovaries
from FOXP1** and FOXP1"/" mice. The number of SA-B-gal-positive cells was
shownontheright. Data are presented as the mean + s.e.m.n = 5for each group
(unpaired two-tailed t-test). i, Relative RNA expression of SASPs in GCs from
FOXP1"*and FOXP1""" mice. Data are presented as the mean +s.e.m.n =3 for each
group (unpaired two-tailed t-test). j, Representative images of yH2AX staining in
ovaries of FOXP1"* and FOXP1""" mice. Data are presented as the mean +s.e.m.
n=5foreachgroup (unpaired two-tailed ¢-test). k, TUNEL staining of ovaries from
FOXP1"*and FOXP1""" mice. Data are presented as the mean + s.e.m.n =5 for each
group (unpaired two-tailed ¢-test).

36-week-old mice, whereas no effect was observed in 48-week-old mice
(Fig. 8f,g). Ascompared to the control group, the number of primordial
follicles and antral follicles were significantly increased after quercetin
treatment, whereas the follicle proportion of atretic follicles was sig-
nificantly decreased in 36-week-old mice (Fig. 8h); however, there were
nostatistical differences of follicles between the control and treatment
group in 48-week-old mice (Fig. 8h). Reproductive capability analysis
revealed a higher proportion of successful pregnancies in 36-week-old
quercetin-treated mice thanin the control group (Fig. 8i). These results
suggest that quercetin treatment preserves the ovarian reserve and
improves ovarian aging in middle-aged life; however, quercetin showed
no ovarian protective effects in 48-week-old mice, possibly due to the
limited number of follicles, similar to perimenopausal women.

The intrinsic mechanism of quercetin’s protective effect on the
ovarianreserve in females was investigated. Quercetin treatment sig-
nificantly reduced SA-B-gal activity in the ovary (Fig. 8j,k). Accordingly,
reducedlevels of the senescence markers CDKN1A and yH2AX proteins
were observedin quercetin-treated ovaries (Fig. 81,m). The expression
of FOXP1inthe ovaries alsosignificantly increased after treatment with
quercetin (Fig. 81,m).Insummary, these findings suggest that quercetin
improves ovarian functionin middle-aged mice.

Discussion

In this study, we conducted a comprehensive analysis of single-cell
and spatial transcriptomic maps of human ovaries across different
age groups, shedding light on spatial and temporal variationsin gene
expression during ovarian aging. Based on this dataset, our results
provided five noteworthy contributions. First, we delineated gene
expression signatures and spatial locations for eight types of human
ovarian cells, pinpointing cell type-specific DEGs during ovarian aging.
Second, an exploration of age-associated changes in gene expres-
sion highlighted the DNA damage response as a biological pathway
involved in oocyte aging. Third, integrating SCRNA-seq data with ST
enabled the identification of three GC subtypes and five T&S cell
subtypes in the human ovary, along with changes in transcriptomic
features during aging. Fourth, we identified FOXP1 as a potential key
transcriptional regulator for ovarian cellular senescence, repressing
the transcription of the senescence marker CDKNI1A. Fifth, our study
revealed that quercetin treatment improved for ovarian reserve in
reproductively aged mice. These findings provide new insights into

human ovarian aging and present potential targets for the treatment
of ovarian aging.

Obtaining critical human tissues for studying ovarian aging poses
challenges, resultingin limited research on cellular compositions and
gene expression changes in this context. While Wang et al. recently
utilized scRNA-seq to create a nonhuman primate cell atlas for ovar-
ian aging, differences between nonhuman primates and humans still
exist®. Although nonhuman primates are recognized as the best animal
model for humanstudies, many evolutionary differences exist between
nonhuman primates and humans*?, Llonch et al. compared the tran-
scriptomes of germinal vesicle and in vitro-matured-stage oocytes but
focused only on post-ovulation oocytes, excluding developing oocytes
and ovarian somatic cells”. Our study addresses the gap by presenting
the first comparative atlas of temporal and spatial variability in the
human ovary during aging, revealing detailed age-related gene expres-
sion alterations in oocytes and ovarian somatic cells at the single-cell
level; however, the ovarian samples were collected from patients with
cervical orendometrium neoplasms before cancer treatment. Despite
confirming healthy ovarian tissue through staining, further dataanaly-
sisis necessary to eliminate potential tumor-related impacts on ovarian
function and biases arising from cancer types.

In characterizing the cellular composition of the human ovary,
we identified three GC subtypes and four T&S cell subtypes based
on distinctive spatiotemporal transcriptomic molecular signatures.
These subtypes exhibit specific spatial locations and fulfill distinct
functions within the human ovary. Notably, our analysis delved into the
intricate components of ovarian stromal cells, previously undescribed.
Two subtypes, T&S cell subtypeland 4, were uniquely localized in the
ovary medullaand cortexbone, respectively. T&S cell subtypes2and5,
involvedinfollicular development and ovulation, exhibited decreased
abundance in the old age group. Additionally, we demonstrated that
one myofibroblast-like cell type (subtype 3) plays arole in maintaining
vascular functionin the humanovary.

In aged ovaries, a prominent observation is the manifestation of
features associated with cellular senescence across most cell types.
These changes encompass heightened cellular senescence score, SASPs,
SA-B-gal activity, lipofuscin accumulation, oxidative protein damage
and alterations in molecules linked to cellular senescence pathways.
Previous studies indicated that two pathways caninitiate and maintain
cellular senescence: the p53-p21-pRB and the p16-pRB pathways?.

Fig. 8| Quercetin treatment protects the ovarian reserve in middle-aged
mice. a, SA-B-gal staining in COV434 upon administration of fisetin (F), quercetin
(Q) and dasatinib (D) in cells with knockdown of FOXP1. Data are presented as
the mean + s.e.m.n =5 for each group (unpaired two-tailed t-test). b, Relative
RNA expression of CDKN1A in si-FOXP1 COV434 treated with F, Qand D. Data are
presented as the mean + s.e.m. n =3 for each group (unpaired two-tailed ¢-test).
¢, EdUincorporation assay of COV434 upon administration of F, Qand Din cells
with knockdown of FOXP1. Data are presented as the mean +s.e.m.n=5for
eachgroup (unpaired two-tailed ¢-test). d, FOXP1 protein expression in COV434
treated by F, Qand D. This test was repeated three times. Data are presented as
the mean + s.e.m. (one-way ANOVA). n = 3 for each group. e, Experimental design
to test the effects of quercetin on ovarian aging. f, Estrous cycles monitoring of
mice. n=25foreachgroup (Fisher Freeman Halton, two-sided). g, Serum AMH

levels. Data are presented as the mean + s.e.m. n = 8 for each group (unpaired
two-tailed ¢-test). h, Follicle counting results according to ovary serial sections.
ANF, antral follicle; ATF, atretic follicle; PMF, primordial follicle; PF, primary
follicle; SF, secondary follicle; CL, corpus luteum. Data are presented as the
mean +s.d. n = 6 for each group (unpaired two-tailed ¢-test). i, The proportion of
successful pregnant mice. n = 8 for each group (chi-squared test, two-sided).

Jj, SA-B-gal staining of mice ovaries. k, Statistical analysis of SA-B-gal-positive
GCsinmice ovaries. Data are presented as the mean + s.e.m. (one-way ANOVA).
n=>5foreachgroup.l, Western blot analysis of FOXP1, CDKN1A and yH2AX levels
from the ovaries of treated mice. m, Densitometry quantified data of western
blot analysis. Data are presented as the mean * s.e.m. (unpaired two-tailed
t-test). This test was repeated three times. n, Schematic illustration showing that
downregulation of FOXP1in GCs and T&S cells contributes to ovarian senescence.
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Notably, a significant increase in CDKN1A/p21 levels, indicative of a
p21 pathway-induced senescence-like phenotype, was observed in
eight ovarian cell types, suggesting its presence inaged human ovaries.
Histological assessments and transcriptional analyses of mouse ovaries

revealed significantly increased CDKNIA expression with advancing
age”. Inline with this finding, endometriosis-associated ovarian aging
led to increased CDKNI1A levels in GCs*°. The prolonged presence of
senescentcellsinthetissueis problematicbecause they secrete SASPs
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that trigger local inflammation and spread the senescence pheno-
type’. Numerous studies have associated ovarian aging with a chronic
low-gradeinflammatory environment'>*>**, supported by our findings
demonstrating the activation of inflammation-associated signal path-
ways (NF-kB, NOD-like receptor, IL-17 and FoxO) and increased expres-
sion of pro-inflammatory factors (such as IL-1a, IL-1B, IL-6, IL-8, TNF and
IFNy) inaged ovaries. This inflammatory microenvironmentinthe ovary
may induce oocyte damage, as indicated by the activation of the DNA
damage system in aged oocytes, suggesting chronic inflammation as
apotential confounding factor in ovarian aging.

The molecular network governing the senescence of ovarian cells
is not well understood. In this study, our analyses identified FOXP1 as
acrucial TF regulating cellular senescence in the ovary. During aging,
we noted a decline in FOXP1 expression in ovarian GCs and T&S cells,
andits knockdownresulted ininduced SA-B-gal activity in these cells.
Depletion of FOXP1in GCs activated cellular senescence-associated
gene expression, accelerating ovarian aging in mice. FOXP1, known for
controlling cell differentiation, proliferation and development®* ¢, has
beenimplicatedinattenuating senescence in mesenchymal stem cells
and preventing hypertrophic and senescent phenotypes in cardiomyo-
cytes®, Collectively, our data propose FOXP1as a potential target for
delaying ovarian aging; however, the study has limitations, such as the
inability of FOXP1 knockout mice to fully replicate the aging process of
humanovaries due to physiological differences. Further investigation
isneeded to understand how FOXP1is downregulated inaged human
ovaries, particularly exploring its regulation at the epigenetic level.

Quercetin, adietary flavonoid found in various fruits and vegeta-
bles, isrecognized for itsanti-inflammatory and antioxidant properties,
known to prevent age-associated diseases. Our previous findings have
established quercetin as a geroprotective drug in cisplatin-exposed
mice, enhancing reproductive span, oocyte quality, fertility, ovarian
reserve and hormone secretion®. In this study, we discovered its effi-
cacyinimprovingovarianfunctioninmiddle-aged mice. Nevertheless,
quercetin failed to demonstrate protective effects in older mice, pos-
sibly owing to the restricted number of follicles in 48-week-old mice,
mirroring the gradual decline seen in humans leading to menopause®.
Thisled tothe hypothesisthat preventing ovarian cellular senescence
frommiddle age might be a promising strategy to delay ovarian aging.
Futureresearchis needed to delve into how quercetin precisely regu-
lates FOXP1 expressionin the ovary.

In conclusion, we have mapped the spatiotemporal single-cell
transcriptomic landscape of humanovarianaging and identified FOXP1
as deregulated with aging and modulating ovarian reserve. The phar-
macological activation of FOXP1, asinduced by quercetin, emerges as a
promising therapeutic strategy for delaying ovarian aging (Fig. 8n). Our
study deepens the understanding of humanovarian aging, providing a
valuableresource for investigating potential therapeuticinterventions.
Moving forward, we aim to explore FOXP1as a potential target for both
the diagnosis and treatment of human ovarian aging.

Methods

Human samples and ethical statement

Human ovaries were obtained from participants who underwent
oophorectomy due to cervical cancer or carcinoma of the endome-
trium (Supplementary Table 1). All participants were in the prolif-
erative phase during the operation. They did not use any hormone
medications and had not undergone radiotherapy or chemotherapy.
Pathologists evaluated the ovarian tissues to exclude tumor metastasis.
The sample collection was approved by the local ethics committee
(TJ-IRB20210319) and all participants provided informed consent.

Single cellisolation

Human ovarian tissues were preserved in Miltenyi tissue storage solu-
tionatanice bath and transferred to the laboratory within 2 h. Approxi-
mately, a 1-cm3 piece was isolated. The tissue was washed with PBS

(0.04% BSA) and cut into 0.1-cm3sections in 2 mg ml™ IV collagenase.
The tube containing IV collagenase and tissues was then oscillated in
awater bath at 37 °C for 20 min. After centrifugation at 1,200 rpm for
5 min, the supernatant was discarded and the tissues were resuspended
in 0.5% trypsin. The tissues in 0.5% trypsin were further oscillatedina
water bath at 37 °C for 10 min. Digestion was stopped with DMEM con-
taining 10% BSA and filtered through a 40-pm cell strainer (Millipore).
Subsequently, cells were incubated in red blood cell lysis buffer for
10 min, then centrifuged and resuspended in100-200 pl PBS contain-
ing 0.04% BSA. Overall cell viability, confirmed by trypan blue exclu-
sion (above 85%), resulted in single-cell suspensions, counted using a
hemocytometer, and the concentration was adjusted to 700-1,200
cells per pl.

Single-cell RNA sequencing and analysis
Asingle-cell suspension for each ovary sample was loaded onto a sepa-
rate channel ofa Chromium10x Genomics single cell 3’ v3 library chip
as per themanufacturer’s protocol. Complementary DNA sequencing
libraries were prepared according to the manufacturer’s protocoland
sequencedonan llluminaNovaSeq 6000 (2 x 150-bp paired-end reads).
Raw sequence reads in FASTQ format from ovary samples were
processed and aligned to the GRCh38 human reference transcriptome
(https://www.10xgenomics.com/) using the CellRanger v.4.0.0 pipeline
(https://www.10xgenomics.com/) with default parameters. The result-
inggene expression matrices were merged using the Seurat package v.3
(ref. 40). The preprocessing followed the guidelines provided by the
Seuratv.3tutorial. Toaccount for differencesin sequencing depth across
samples, we normalized expression values for total UMIs per cell and
log transformed the counts using the Seurat Normalize Data function.

Clustering and identification of cell types

All clustering analyses were conducted following the Seurat v.3 inte-
grated tutorial. Variable genes were identified with the FindVari-
ableFeatures function and 2,000 variable genes were selected for
subsequent analysis. The first 20 principal components were used
for principal-component analysis (PCA). Use the harmony function
to remove batch effects on the data. Clustering was performed using
the FindClusters function, which works on a k-nearest neighbor graph
model with a resolution of 0.5, and displayed in UMAP/¢-distributed
stochastic neighbor embedding plots.

Toidentify DEGs, we used the Seurat FindMarkers function based
onaWilcox likelihood-ratio test with default parameters, and selected
the genes expressed in more than 25% of the cellsin a cluster and with
anaverage log(fold change) value greater than 0.25as DEGs. For the cell
type annotation of each cluster, we combined the expression of canoni-
calmarkers found inthe DEGs with knowledge from the literature and
displayed the expression of markers of each cell type with Feature-
plotand violin plots that were generated with the Seurat FeaturePlot/
Vinplot function. The cell type of each cluster was identified by known
marker genes. For each celltype, were-ran the Seurat cluster workflow
toidentify cell subtypes.

Gene set score analysis

The ‘AddModuleScore’ function in Seurat was used to calculate mod-
ule scores for gene expression programs in single cells. First, all the
analyzed genes were binned based on the average expression and the
controlgenes were randomly selected fromeach bin. Then, the average
expression value of the gene set was calculated at the single-cell level
minus the aggregated expression of the control gene set. Gene sets were
obtained from the MSigDB database (https://www.gsea-msigdb.org/
gsea/msigdb/) and are listed in Supplementary Table 4.

Pseudotime analysis
To map the differentiation/conversion of particular cell types, pseu-
dotime trajectory analysis was performed with Monocle2 (v.2.99.3)".
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To construct the trajectory, the Monocle dispersionTable function
was used to select highly variable genes from epidermal cells and to
perform dimension-reduction with DDRTree. Finally, the trajectory
was visualized by plot_cell_trajectory.

Transcriptional regulatory network analysis

Thetranscriptional regulatory network was analyzed by the PYSCENIC
workflow using default parameters. TFs of hg38 were used as reference
TFsand downloaded from RcisTarget (https://resources.aertslab.org/
cistarget/). The gene expression matrix of all cell types was normalized
from Seurat as input. First, coexpression modules were identified
between TFs and the potential target genes based on the gene expres-
sion matrix through grnboost2 module. Second, for each coexpres-
sionmodule, cis-regulatory motifenrichment analysis was performed
among all potential target genes by ctx module, and only the target
genes enriched with the motifs of the corresponding TFs were selected
asdirect target genes. Each TF andits direct target genes were defined
asaregulon. Finally, Regulonspecificity scores were calculated for each
cell. Networks of the TF modules were visualized by Cytoscape (v.3.8.2).

Cell-cell communication analysis

The cell-cell interactions between different cell types were evaluated
using CellChat (v.1.4.0, R package). CellChat takes gene expression
dataas userinput to model the probability of cell-cell communication
by integrating gene expression with the existing database consisting
of known interactions between signaling ligands, receptors and their
cofactors. Inthis paper, cell-cellinteractions were analyzed individually
for different conditions following the default pipeline. Normalized count
datafrom each condition were used to create a CellChat object and the
recommended preprocessing functions were applied for the analysis
ofindividual datasets with default parameters. CellChatDB.human was
used as the database for inferring cell-cell communication. All catego-
ries of ligand-receptor interactions in the database were used in the
analysis. Communicationsinvolving fewer than10 cells were excluded.

Spatial transcriptomic experiment

The ovarywasembedded with OPTI-MUMindryiceandsavedin-80 °C.
The freezingtissue was tested for RNA quality with RIN > 7.0 (RNA pico,
Agilent). The tissue optimization experiment (10x Genomics, Visium
Spatial Tissue Optimization, Rev A) was performed with imaging of
fluorescence footprint and 8 min was identified as optimum permea-
bilization time. Human ovarian samples were then processed for full
ST experiment as the manufacturer’s instructions (10x Genomics,
Visium Spatial, Rev B).

Spatial transcriptomic data processing

We used Space Ranger v.1.2.1to process raw fastq files. The Space
Ranger output files were thenimported into the R environment (v.4.0.5)
and analyzed using the R package Seurat v.4.0.1 (https://github.com/
satijalab/seurat/). We obtained information about the number of spots,
UMIs under each tissue and median/mean genes and reads per spot.
SCTransformwas used to normalize datafollowed by function RunPCA
and FindNeighbors; the PCA dims were determined by the function
ElbowPlot (please see Code Availability for details). The spatial expres-
sion of selected genes was visualized using the normalized data. The
number of expressed UMIs (nUMIs) and genes (nGene) were visual-
ized with the function SpatialPlot. The spatial expression of selected
gene sets from the MSigDB database (https://www.gsea-msigdb.org/
gsea/msigdb/) was visualized by R package SPATA2 v.0.1.0 (https://
themilolab.github.io/SPATA2/) with function plotSurface2 setting
‘parameters smooth = TRUE’ and ‘smooth_span =0.2".

Cell-type annotation of ST data
Tospatially map thehuman ovary insitu, the combined scRNA-seq data-
sets were integrated with 10x Visium ST data using the anchor-based

integration pipeline in Seurat (v.4.0.1), which allowed the transfer of
cell-type annotations from scRNA-seq to ST. The annotated scRNA-seq
dataset for the same tissue from the identical person was used as refer-
ence dataset. The scRNA-seq dataset was also normalized by SCTrans-
form followed by PCA. Cell-type annotation was performed using the
Seurat cell-type annotation pipeline with the function FindTransfer-
Anchors setting parameter ‘normalization.method = SCT’ and func-
tion TransferData setting parameters ‘prediction.assay = TRUE” and
‘dims =1:30".

To further split GCs (or T&S cells) into subclusters, spots con-
taining these cells were clustered into several groups according to
their cell-type annotation. For the echo group, we filtered the origi-
nal single-cell reference dataset by cell-type annotation to get a new
dataset with the same cell type using the Seurat function subset. The
Seurat cell-type annotation pipeline was performed for echo spot
groups, respectively with the cells of GCs (or T&S cells) relabeled with
the subtype names.

Spatial cell-cell interaction analysis

To study cell-cell interactions in the slides, we used stlearn v.0.4.12
(https://github.com/BiomedicalMachineLearning/stLearn) to measure
ligand-receptor (L-R) coexpression. Selected L-R pairs were applied to
the STresults, where the cell typesin every spatial spot were annotated.
TheL-R coexpression data and the spatial adjacency information were
thenimportinto the Seurat object for visualization of L-R coexpression
score in specific anatomical regions.

Lipofuscin staining

Sudan black B (Solarbio), 0.15 g, was dissolved in 100 ml 70% ethyl
alcohol and stored sealed away from light. Frozen sections of human
ovaries were incubated in 1% methanol for 5 min and incubated in PBS
twice for 5 min, then 50% and 70% ethyl alcohol for 5 min. Afterwards,
filtered Sudan black B dye liquor was dropped into the sections for
5-10 min and washed in 50% ethyl alcohol and then ultrapure water.
Finally, sections were incubated with nuclear solid red for 5 min and
examined by microscopy.

Immunofluorescence and IHC

After de-paraffinization and rehydration, antigen retrieval of sec-
tions was conducted using EDTA Antigen Repair Buffer (pH 9.0) at
100 °C for 23 min. Then sections were washed in PBS three times
for 5 min each. For IHC the sections were incubated in 3% H,0, for
30 min at room temperature. After blocking with 5% BSA for 30 min
at 37 °C, sections were incubated in primary antibodies at 4 °C over-
night. The next day, sections were washed in PBS three times and then
incubated in donkey anti-rabbit IgG (H + L) (1:200 dilution, AntGene)
for 1 hat 37 °C away from light. Finally, sections were stained with
4,6-diamidino-2-phenylindole (DAPI) for 5 min and examined under
the microscope. Antibodies used for immunofluorescence and IHC
staining are listed in Supplementary Table 5.

Multiplex IHC

An Opal4-Color Manual IHCkit was purchased from Akoya Biosciences.
In brief, after de-paraffinization and rehydration, antigen retrieval
on sections was conducted using AR6 buffer working solution. After
blocking for 10 min, the tissues were covered in primary antibody for
1hat37°C. Then, sections were washed with TBST and incubated in
secondary antibody working solution for 10 min. Subsequently, the
opal fluorophore working solution was applied to tissues for 10 min.
To label other primary antibodies, antigen retrieval on sections was
conducted using AR6 buffer working solution again and the follow-
ing steps were performed in sequence as mentioned above. Finally,
sections were incubated in DAPI working solution for 5 min and then
examined under the microscope. Antibodies used for multiplex IHC
staining are listed in Supplementary Table 5.
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RNAisolation and RT-qPCR

Total RNA was exacted with TRIzol Reagent (Invitrogen). After
assessing the concentration of RNA with a Nanodrop 2000 ultra-
microspectrophotometer (Thermo), 2 pg total RNA was reversed as
cDNA using a HiScript Il Q RT SuperMix for qPCR (+gDNA wiper) kit.
Quantitative PCR withreverse transcription (RT-qPCR) was conducted
with ChamQ Universal SYBR qPCR master mix (Vazyme, R223-01, Q711-
02) onthe CFX96 real-time PCR system (Bio-Rad). Alldata were calcu-
lated by the 2““method. Primers are listed in Supplementary Table 5.

Western blot analysis

Proteins were extracted from cells and human ovarian tissues. After
quantification using a BCA kit, 25 pg protein per sample was used
for western blot analysis. In brief, proteins were separated by 10%
SDS-PAGE geland then transferred to polyvinylidene fluoride (PVDF)
membranes. After blocking with 5% BSA for 1 h at room temperature,
blots were incubated with specific primary antibodies overnight at
4 °C.Theprimary antibodies are listed in Supplementary Table 5. The
next day, blots were rewarmed for 1 h and incubated with secondary
antibodies for 1 h. Finally, a ChemiDoc TMXRS+ system was used for
image acquisition.

Isolation of human GCs

After oocyte retrieval, follicular fluid (FF) was collected from women
of different ages who received in vitro fertilization because of male
infertility. The GCs were isolated from the FF. The FF was centrifuged
at2,000 rpmfor10 minand pellets were resuspended in1 mIPBS. Then
the above cell suspension was added to 4 ml 50% Percoll solution softly
without disturbing the liquid level to purify the hGCs. After centrifuga-
tionat400gfor 30 min, with acceleration at zero, pellets were collected
from the middle liquid level. After incubation in red blood cell lysis
buffer, hGCs were stored at —80 °C until RNA extraction.

Isolation and culture of pT&S cells

pT&S cells were isolated from women of different ages as previously
mentioned*. Then the pT&S cells were seeded into six-well plates
and cultured through 2-3 population doublings in DMEM containing
5% fetal bovine serum (FBS), 5% horse serum, 20 nM insulin, 20 nM
selenium, 1.0 pM vitamin E, penicillin (100 IU ml™) and streptomycin
(0.1 mg ml™). Cells were maintained in an environment of 5% CO, at
37°C.

Cell culture and treatment

COV434 cells and primary pT&sS cells were transfected with siRNA
(RIBOBIO) targeting FOXP1, SOX4 and FOS using Lipofectamine 3000
(Thermo, L3000015). The sequences of the siRNAs are listed in Sup-
plementary Table 5. In brief, cells were incubated in 50 nM siRNAs
for 6 h and cultured in DMEM containing 10% FBS for another 48 h.
For exploring senolytics fighting ovarian cell senescence, cells were
treated with quercetin (10 pM, MedChemExpress), dasatinib (100 nM,
MedChemExpress) or fisetin (10 uM, MedChemExpress) for 24 h. After
that, cells were used for RT-qPCR, western blot, SA-f3-gal staining and
immunofluorescence.

SA-B-gal staining

For SA-B-gal staining, we used a Senescence 3-Galactosidase Stain-
ing kit (Beyotime Biotechnology) or Senescence Green Detection kit
(Invitrogen, C10850). Inbrief, cells or ovarian tissue were washed with
PBS and incubated in stationary liquid for 15 min at room tempera-
ture. After washing in PBS three times for 3 min each, cells were incu-
bated in dyeing working fluid for 14 h (Senescence [3-Galactosidase
Stainingkit) or 2 h (Senescence Green Detectionkit) in 37 °C without
CO,. The next day, dyeing working fluid was discarded and washed
with PBS three times. Finally, the sections were examined under the
microscope.

ChIP

ChIPwas conducted with COV434 cells using the SimpleChIP Enzymatic
Chromatin IP kit (Magnetic Beads) (Cell Signaling Technology). In brief,
chromatinwas crosslinked by 1% formaldehyde and digested with mic-
rococcal nuclease. FOXP1 antibody, normal rabbit IgG and Protein G
Magnetic Beads were used to precipitate specific chromatin fragments.
DNA fragments were purified using DNA purification spin columns
after reverse crosslinking of the DNA-protein complex. Enrichment
of DNA sequences was determined by RT-qPCR. The primers used for
ChIP-gPCR arelisted in Supplementary Table 5.

Generation of GC-conditional FOXP1knockout mice

Mice with the targeted FOXP1 mutation and CYP19A1-Cre knock-in mice
onaC57BL/6) background were generated by Shanghai Model Organ-
isms. Initially, CYP19A1-Cre heterozygotes were bred with FOXP1%/fex
mice. The resulting male FOXP1"¥*, CYP19A1-Cre mice were bred to
female Cre (=), FOXP1"/1* mice to generate FOXP1"°¥x CYP19A1-Cre
males and females. For the final cross, FOXP1%¥°*, CYP19A1-Cre males
were bred with FOXP17¥* Cre (-) females to generate FOXP11o¥/ox,
CYP19A1-Cre females. FOXP1%¥* CYP19A-Cre (-) femalelittermates
served as controls.

Quercetin administrationin mice

All of the animal protocols and experiments procedures used in this
study were approved by the Experimental Animal Committee of Tongji
Hospital (TJH202304003). The 36-week-old and 48-week-old C57BL/6
mice were purchased from Beijing Huafukang. The mice were raised
in the Tongji Hospital under specific-pathogen-free conditions with
al2-hlight-dark cycle and free access to food and water at 25 °C. The
mice were randomly divided into the control group and the treatment
group. The mice in the treatment group were given 50 mg kg™ querce-
tin (MedChemExpress, HY-18085, diluted with 0.5% CMC-Na) or the
equivalent volume of solvent by oral gavage every 3 days for 1 month.

Follicle counts
The ovaries were serially sectioned at 5-um thickness and stained with
hematoxylinand eosin (H&E). The primordial, primary, secondary and
antral follicles were identified as previously reported®. Follicles were
counted in sections at least 25 pm apart (each fifth section) spanning
theentire ovary.

Serum hormone testing

Human or mice whole-blood samples were centrifuged to collect the
serum. Assays for AMH and E2 levels were performed following the
manual instructions of the ELISA kits (CUSABIO).

Estrous cycle examination

The pipette with 20 plsaline was gently inserted into the vaginal canal.
Then, the vaginal fluid was smeared on slides, stained with H&E and
observed under a light microscope. The estrous cycle was classified
into four stages, including the proestrus, estrus, metestrus and dies-
trus phases*.

Statistical analyses

Datain the bar plots are shown as the mean + s.e.m. All experimental
data were analyzed using unpaired t-tests or one-way analysis of vari-
ance (ANOVA) to compare differences between groups (GraphPad v.9.0
Software). Pvalues <0.05 were considered to be statistically significant.
Blank indicates not significant. A Spearman’s rank correlation coef-
ficient (r) was used to calculate the correlation-associated statistical
significance in GraphPad v.9.0.

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

Theraw data of scRNA sequencing and ST presented in this study have
been deposited into the Gene Expression Omnibus database under
accession code GSE255690. Any other data underlying this study will
be provided by the corresponding authors upon reasonable request.
Source data are provided with this paper.

Code availability
The analysis code for scRNA sequencing and ST is available on GitHub
at https://zenodo.org/doi/10.5281/zenod0.10867453 (ref. 45).
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Extended Data Fig. 1| Information of human ovaries and quality control of
scRNA-seq data. (a) H&E staining of ovaries from women in young, middle and
old groups for scRNA-seq and ST-seq (n =15). (b) Percentages of mitochondrial
genes detected in each sample. Box-and-whisker plots (minimum, 25th
percentile, median, 75th percentile, maximum). (c) Left: numbers of unique
molecularidentifiers (UMIs) (upper) and genes (lower) detected in each cell.
Right: UMIs counts and expressed genes are shown by three groups. (d) The
number of expressed UMIs (nUMI) and genes (nGene) in different cell types.

(e) UMAP plot showing the eight ovarian cell clusters in each sample. (f) UMAP
plot showing all ovarian cell clusters. (g) Top three markers of each cell type
shown as expression quantity (circle size) and mean expression (color).

(h) UMAP cluster map of each slide showing expression of marker genes.

(i) Bar plot showing the cell numbers of different cell types and detected genes
inhuman ovaries. (j) Immunofluorescence staining of human GCs markers (AMH
and GSTA1) and oocytes markers (ZP3 and TUBBS). The experiment was repeated
for three times.
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annotations mapped to the H&E image showing eight cell types in each sample.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Supplement of gene expression in different cell

types changed throughout human ovarian aging. (a) Heatmaps showing the
upregulated (left) and downregulated (right) DEGs of each cell type between the
old and young groups (0/Y), middle and young groups (M/Y), and old and middle
groups (O/M). Gene numbers on the left represents from top to bottom, DEGs
shared by at least two cell types, DEGs shared by at least two groups, unique DEGs
of each cell type in each group. The numbers of unique DEGs are annotated.

(b) Venn diagram of DEGs shared by three groups. Y, young; M, middle; O, old.

(c) Fluorescence-based-B-Gal staining of human ovaries from young, middle

and old group. The scores are listed on the right. Data are presented as the

mean + SEM. n =10 for each group (one-way ANOVA). (d) Relative mRNA
expression of SASPs in human ovaries at different ages by RT-qPCR. Data are
presented as the mean + SEM. n = 9 for each group (one-way ANOVA). (e) Gene set
score analysis of NF-kB signaling pathway in eight ovarian cell types of different
groups. Two-sided Wilcoxon rank-sum tests. Box-and-whisker plots (minimum,
25th percentile, median, 75th percentile, maximum). n =3 per age group.

(f) Protein expression of cellular senescence-related genes in human ovaries
detected by Western blot. Representative images were shown. Data are presented
asthe mean + SEM. This test was repeated three times (one-way ANOVA).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Supplement of gene expressionin oocytes changed
throughout human ovarian aging. (a) The expression level of stage-specific
markers for oocytes. LMOD3 and FOS for primordial oocytes, RPS4X and FIGLA
for primary oocytes, SYT5, STK26 and TAF1A for secondary oocytes, UBOX5 and
CCDC25 for antral oocytes, HTRA3 and NBPF12 for preovulotary oocytes.

(b) Heat map illustrating the DEGs of each oocyte stage. DEG numbers are shown

ontheleft. (c) Representative genes of DNA damage (STAT3, EIF4A1) and DNA
repair (APEX1, RAD1) expressionin oocytes of three groups. Y, young; M, middle;
O, old. (d) Representative images of oocytes by IHC of yH2AX, 8-OHdG and
nitrotyrosine between three groups.(e) IHC scores of relative expression for each
group. AOD, average optical density. Data are presented as the mean + SEM.n=10
for each group (one-way ANOVA).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Supplement of GCs subclusters. (a) Heat map showing
the highly expressed genes specifically in granulosal, granulosa 2, granulosa 3.
(b) ST spot overlay of PCNA expression in GCs subtypes. (c) Heat map showing
the dynamic DEGs along the pseudotime. Subtypes are labeled by colors (upper
panel). The related biological process of each subtype s listed on the right.
Therelated genes are listed on the left. (d) Heatmaps showing the upregulated
(above, orange) and downregulated (below, blue) DEGs for each GCs subclusters
between three groups (0/Y, M/Y, O/M). (e) Representative GO terms of DEGs

enrichment between three groups (0/Y, M/Y, O/M) in each GCs subtypes. Left,
the GO terms of upregulated DEGs. Right, the GO terms of downregulated

DEGs. P values were calculated by Fisher’s exact test. (f) Violin plot showing

the expression of CDKNIA in three GCs subclusters during aging. Two-sided
Wilcoxon rank-sum tests. (g) ST spot overlay of LMNA expression in GCs of three
groups. The ST data analysis is shown on the right. Two-sided Wilcoxon rank-sum
tests. Box-and-whisker plots (minimum, 25th percentile, median, 75th percentile,
maximum). n =5 per age group.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Supplement of T&S cells subclusters. (a) Histogram
showing the cell rate of five T&S subclusters in young (Y), middle (M) and old
(0) groups. (b) Heat map showing the dynamic DEGs along the pseudotime.
Subtypes are labeled by colors (upper panel). The related biological process of
eachsubtypeislisted on the right. The related genes are listed on the left.

(c) Heatmaps showing the upregulated (left, orange) and downregulated

(right, blue) DEGs for each T&S subclusters between three groups (O/Y, M/Y, O/M).
(d) Representative GO terms of DEGs enrichment between three groups (0/Y,
M/Y, O/M) in each theca & stroma cell subtype. Left, the GO terms of upregulated
DEGs. Right, the GO terms of downregulated DEGs. P values were calculated by
Fisher’s exact test. (e) ST data analysis for NF-kB in T&S cells of three groups. Y,
young; M, middle; O, old. Two-sided Wilcoxon rank-sum tests.

Nature Aging


http://www.nature.com/nataging

https://doi.org/10.1038/s43587-024-00607-1

si-FOXP1

25 4
< < 5 8 8
g 3 3 > 3 g3
2 e . £< s 5
&z gs £3 15 s 32
5 3z °g @ X2
20 ¥ 25 2 20
2R 28 20 £ 52
53 £9 §510 ] £
< < < < <1
F4 z Z 05 & «
(4 o
£ € £ € &
00 0
9
b == si-FOXP1#2
o
si-FOXP1#1 == Si-FOXP1#3 588
$8%
1.5+ £dd
: ©5% gex gee xwo
g | 233 53% ses Sis 5
> S 3s S 0.8
2 g8 ¥ g3z iik 2 08
o =
s 1.0 ,;I f’ f‘ ‘J 5 .
3 .3 o 3 0.6
e J ! . c
2 [y K] .
2 . ]
g . . 5 04-H~ .
il
R M | : N
s 8 0.2
. .
& &

&

&

si-FOS
1.2
c
8 o ]
55 |3 §< £s
32 ° 3z 32
25 H 238 2 aM
£0 ] 89 59
8 ® % 2?5
< < < < 0.
z z z z
& H H H
08
O B D
S SO g R
oot & ohohot SLLEO
& o o & &
338 83F 383 COv434
359 355 538 o
28  ¥¥¥ i 4

e o = =~

® © o -
.
0.0028
P=0.0008
P=0.0293

Relative intensity of Ki67

si-FOXP1#3 si-FOXP1#2 si-FOXP1#1
o
3

A W @ * SRSV W
«(O‘f‘ o o oW *‘e\q} e 8 ¢ o &
d N o
Nerge cov434 DAP! pTES
K 25 58 8 « 18y @
o & o 20
N gzo IR _ x .
* . 0 g
& f’ g L1s &
2 215 . 9 s 2
F £ : = z %
H PR @ 2 1.0 &
@ £ 1.0 @ N 3 &
E ® i 5 &
§ § 05 3 205 19
x o} g 2 “
=3 14 b & ®
- 0.0 © 0.0 2 SRR
& RN & SRS
3 FR R R 3 2 55
o ((0 QO ({0 e b & & &
£l B gl &
| o
Replication e rept Condition si-FOXP1 200 I Control: si-NC Group G roxpq  Expression a
A rep2 si-NC 1 Case: si-FOXP1 iNC - - o
! si o8 0 63 0 0F 06 o8 o® o
u rep3 ! PN R
150 4 &e\g & ‘\,‘,\\0‘3
g v 5 : « Down (254) W é@a\"&?\o‘é‘j
© )
8 o 2 100 ! NoDiff (16389) «f \\*e‘*q?,\x\*‘ze
AN
. g ! * Up (409) R LT
0 ? - Qgﬁ S
§—2- T ; N
: N 2 N ¥ >
- ARSI NN N
-4, L [ [ | Lomm -J A . <
-10 5 ) 5 10 0 ro— S S 5 &R
Conos s -50 =25 00 25 50 K8 R3
PC1: 94% variance log2(Fold Change) o & e
-1573~-1559 -1562~-1548 -1554~-1540 -1549~-1535
AAAATGAAAACAAAA  AACAAAAAAACAAAA  CAAAACAAAACAAAA AAAAACAAAACAAAA
RS=0.95 RS=0.91 RS=0.90 RS=0.90
CDKN1A I
-2000 -1000 -1

Extended Data Fig. 8 | Supplement of transcription factor. (a) Relative
mRNA expression of FOXP1, SOX4, FOS-knockdown COV434 cells. Data are
presented as the mean + SEM. n =3 for each group (unpaired two-tailed t-test).
(b) Analysis of protein expression of genes related to cellular senescence

in COV434 and pT&S upon si-FOXP1-mediated gene knockdown. Data are
presented as the mean + SEM. n =3 for each group (unpaired two-tailed t-test).
(c) Immunofluorescence staining of Ki67 in COV434 and pT&S upon si-FOXP1-
mediated gene knockdown. The relative intensity is listed on the right. Data are
presented as the mean + SEM. n =5 for each group (unpaired two-tailed t-test).

(d) Immunofluorescence staining of yH2AX in COV434 and pT&S upon si-FOXP1-
mediated gene knockdown. The relative intensity is listed on the right. Data are
presented as the mean + SEM. n = 5for each group (unpaired two-tailed t-test).

(e) PCA analysis of three si-NC samples and three si-FOXP1samples. (f) Volcano
plot of DEGs. Blue: downregulated DEGs; Red: upregulated DEGs. (g) KEGG terms
associated with cellular senescence in si-NC group and si-FOXP1group. P values
were calculated by Fisher’s exact test. (h) The predicted binding sites for FOXP1in
the promoter of CDKN1A using the JASPAR website.
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Extended Data Fig. 9| The effect of quercetinin COV434 with knockdown

of FOXP1. (a) mRNA relative expression of CDKN2A, IL-6 and IL-8 in si-FOXP1
COV434 treated with fisetin (F), quercetin (Q) and dasatinib (D). Dataare
presented as the mean + SEM. n =3 for each group (unpaired two-tailed t-test).
(b) Immunofluorescence staining of Ki67 upon administration of fisetin (F),
quercetin (Q) and dasatinib (D) in COV434 with knockdown of FOXP1. The relative
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intensity is listed on the right. Data are presented as the mean + SEM. n =5 for
each group (unpaired two-tailed t-test). (¢c) Immunofluorescence staining of
YH2AX upon administration of fisetin (F), quercetin (Q) and dasatinib (D) in
COV434 with knockdown of FOXP1. The relative intensity is listed on the right.
Data are presented as the mean + SEM. n = 5 for each group (unpaired two-tailed
t-test).

Nature Aging


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-024-00607-1

30
—— 36w-Con
— 28] —— 36W-Q
% —— 48w-Con
§ 26 —— 48W-Q
>
_8 W
m 24—
22 Tr1rr1rrrrrorrT I T rrrrrrrr | T 1 rrrrrrr I T 1
0 10 20 30
day
b c d
_ _ 80— P=0.1239 P=0.2404
60 P=0.3345 P=0.8607 200 P=0.1256 P=0.7732 1 T | [ ¢
1T 1T l 1 0 1 | ?
* 150 * =
3 40 . - : g
-] ° -] ° =]
= - . = 100 ° <
H 0 m
< 50 < o
50
0- 0-
o O o0 jel o O o0 jel
of \N’O ,b@ﬂ 9 \N’O W of \N’O ,5@!4 ® ‘\‘,O W
e f g
30—  P=00146 P=0.6384 500— P=0.9916 P=0.2320 800 P=0.0838 P=0.7960
l T | 1 L | | 1 |
* 600
4 .« e
* 2 .
I 400_
[m)
a 4
200
0_
o O o0 je! o ECESIN O o o o0 O
%6\“,0 B b‘%\ﬂ,() W o0 \“,O ooV b‘%\«(} N {gaN,G 0B b‘%\N,G S

Extended Data Fig. 10 | Biological safety evaluation of quercetin treatment
inmice. (a) The body weight of mice in four groups. Data are presented as the
mean + SEM. n =25 for each group (unpaired two-tailed t-test). (b) and (c) The
serum level of alanine aminotransferase (ALT) and aspartate transaminase
(AST) for liver function. Data are presented as the mean + SEM. n =5 for each

and blood urea nitrogen (BUN) for renal function. Data are presented as the
mean + SEM. n = 5for each group (unpaired two-tailed t-test). (f) and (g) The
serum level of creatine kinase (CK) and lactic dehydrogenase (LDH) for heart
function. Data are presented as the mean + SEM. n =5 for each group (unpaired
two-tailed t-test).

group (unpaired two-tailed t-test). (d) and (e) The serum level creatinine (CREA)
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section,
nfa | Confirmed

[ The exact sample size (n} for each experimental group/condition, given as a discrete number and unit of measurement
<] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

E] The statistical test(s) used AND whether they are one- or two-sided
Only cormmon tests should be described solely by name; describe more complex technigues in the Methods section.

[X] A description of all covariates tested
E] A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

E A full description of the statistical parameters including central tendency [e.g. means) or other basic estimates (e.g. regression coefficient)
AMD variation {e.g. standard deviation] or associated estimates of uncertainty (e.g. confidence intervals)

X For null hypothesis testing, the test statistic (e.g. £, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values gs exact values whenever suitable.

|:| For Bayesian analysis, information an the choice of priors and Markov chain Monte Carlo settings
[ ] Fer hlerarchical and complex designs, Identification of the appropriate |evel for tests and full reporting of outcomes

[¥] Estimates of effect sizes (e.g. Cohen's d, Pearson's r}, indicating how they were calculated
Our wah collection on statistice for biolngists contalns articies on many of the points above.
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Software and code
Policy information about avallability of computer code

Data collection Mo open source data were used.

Data analysis Used Rversion 4.0.3, RStudio version 1.4.1103, Image Lab 6.0, Image J 1.46r, Bio-Rad CFX Manager, GraphPad Prism 8.0
Packages used in R were as follows:
R package Monocle2 55 {version 2.99.3)
ReisTargetEhttps://resources aertslab.org/felstarget/@
Cellranger v4.0.0
Seurat package v3, https:/fsatijalab.org/seuratfvignettes htmi
MSigD8 database, https:/fwww. gsea-msigdb.org/gsea/msigdh,
R package Monocle? version 2.99.3, http:/fwww. bicconductor.orgfpackages/release/bioc/htmlfmonocle. html
ReisTarget, hittps:/fresources.aertslab.org/cistarget/
Cytoscape [version 3.8.2), https:/feytoscape.org/
Space Ranger V1.2.1, httpsy/fsupport. 10xgenomics.com/spatial-gens-expression/software/pipelines/latest/installation
Stlearn w0.3.2, https:ffgithub.com/BiomedicalMachinelearning/stLearn
Metascape version 3.5, http://metascape org/
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewars. Wae strongly encourage code deposition in a community repository (8.8 GitHub), See the Mature Portfolic guidelines for submitting code & software for further information,




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The analysis code for single cell RNA-sequencing and spatial transcriptomic is available at https://github.com/Sxw3078/Human_Ovary_Aging/tree/main.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender There is no male-female distinction involved in the study. We only studied the ovaries of female in biological attribute.

Reporting on race, ethnicity, or ' All samples were deidentified and we do not have access to other information including race, ethnicity, or other socially
other socially relevant relevant groupings.
groupings

Population characteristics We obtained ovarian samples for single cell RNA-sequencing and spatial transcriptomic from cognitively normal individuals
aged 18, 19, 22, 28, 29 years (young group) and aged 36, 37, 38, 39, 39 years (middle group) and aged 47, 48, 49, 49, 49
years (old group). Please see Supplemental Table 1 for population characteristic information.

Recruitment Women were consented in person. All women signed informed consents. Samples collected in Tongji Hospital, Tongji
Medical College, Huazhong University of Science and Technology were also approved by the local ethics committee (TJ-
IRB20210319). Our priority in selecting women for this study was their age. No obvious cancer metastasis was found in all
ovarian tissues during operation, and postoperative pathology showed no ovarian metastasis. None of them presented with
endocrine related diseases and they received no hormonal induction of their ovaries. Patients donated a part of the ovarian
tissue for this research by informed consent.

Ethics oversight The study was approved by the Ethics Committee in Tongji Hospital, Tongji Medical College, Huazhong University of Science
and Technology (TJ-IRB20210319). All women have signed informed consents.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine sample size, but our sample size (n = 9) are similar to those reported in previous
publications (Wang, S. et al., Cell, 2020; Fan, X.et al., Nature Communications, 2019; Wagner, M.et al., Nature Communications, 2020;)

Data exclusions Do data were excluded from the analyses.
Replication Most of the experiments were conducted three times independently with similar results. Please refer to each figure legend for more details.

Randomization 15 human ovaries used for sequencing were divided into three groups according to their ages. Five women aged 18y, 19y, 22y, 28y, 29y were
clarified as the young group. Five women aged 36y, 37y, 38y, 39y, 39y were clarified as the middle group. Five women aged 47y, 48y, 49y,
49y, 49y were clarified as the old group.

Blinding Investigators were not blinded to group allocation due to the fact that we need to carefully documenting the differences during sample
collection, so blinding was not always possible. When possible, data analysis and image acquisition was performed in a blind manner.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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R Dual use research of concern
X Plants
Antibodies

Antibodies used Cell Signaling Technology, FOXP1 Rabbit Antibody, catalog number #2005, lot number 3.
Proteintech, NLRP3 Rabbit pAb, catalog number, catalog number 19771-1-AP, lot number 00102786.
Cell Signaling Technology, NF-«kB p65 (D14E12) XP® Rabbit mAb, catalog number #8242, lot number 8.
Cell Signaling Technology, Phospho-NF-kB p65 (Ser536) (93H1) Rabbit mAb, catalog number #3033, lot number 16.
Abclonal, Phospho-Histone H2AX-S139 Rabbit mAb, catalog number AP0687, 4000000110.
Abclonal, B-Actin Rabbit mAb (High Dilution), catalog number AC026.
Proteintech, P21 Polyclonal antibody, catalog number 10355-1-AP, lot number 00085901.
Abcam, Mouse monoclonal [15A3] to DNA/RNA Damage, catalog number ab62623.
Abclonal, Nitro-Tyrosine Rabbit pAb, catalog number A20506, lot number 3561654104
Proteintech, AMH Polyclonal antibody,catalog number 14461-1-AP.
Abclonal, GSTA1 Rabbit pAb, catalog number A18266.
Proteintech, ZP3 Polyclonal antibody, catalog number 21279-1-AP.
Abclonal, TUBBS8 Rabbit pAb, catalog number A12617.
Santa Cruz Biotechnology, Ki67 antibody, catalog number sc-23900.
AntGene, AlLexarFlour 488 Donkey anti Rabbit IgG(H L), ANT023.
AntGene, AlLexarFlour 594 Donkey anti Rabbit IgG(H L), ANT029.
Supplemental Table 5 for more information for antibodies.

Validation All of these antibodies were optimized and used previously in the lab and were used in multiple papers published from our lab such

as:

Zhou S, Xi Y, ChenY, Zhang Z, Wu C, Yan W, Luo A, Wu T, Zhang J, Wu M, Dai J, Shen W, Zhang F, Ding W, Wang S. Ovarian
Dysfunction Induced by Chronic Whole-Body PM2.5 Exposure. Small. 2020 Aug;16(33):e2000845. doi: 10.1002/smll.202000845.
Epub 2020 Jul 19. PMID: 32686359.

Chen Q, XuZ, LiX, DuD, Wu T, Zhou S, Yan W, Wu M, Jin Y, Zhang J, Wang S. Epigallocatechin gallate and theaflavins independently
alleviate cyclophosphamide-induced ovarian damage by inhibiting the overactivation of primordial follicles and follicular atresia.
Phytomedicine. 2021 Nov;92:153752. doi: 10.1016/j.phymed.2021.153752. Epub 2021 Sep 14. PMID: 34601223.

Li M, Zhou'S, Wu Y, Li Y, Yan W, Guo Q, Xi Y, Chen Y, Li Y, Wu M, Zhang J, Wei J, Wang S. Prenatal exposure to propylparaben at
human-relevant doses accelerates ovarian aging in adult mice. Environ Pollut. 2021 Sep 15;285:117254. doi: 10.1016/
j.envpol.2021.117254. Epub 2021 Apr 28. PMID: 33957517.

The resource of antibodies were listed as follows:

SOX4 Rabbit pAb, https://abclonal.com.cn/catalog/A10717

FOXP1 Rabbit Antibody,https://www.cellsignal.cn/products/primary-antibodies/foxp1-antibody/2005 ?site-search-
type=Products&N=4294956287&Ntt=foxp1&fromPage=plp

NLRP3 Rabbit pAb, https://www.ptgcn.com/products/NALP3-Antibody-19771-1-AP.htm

NF-kB p65 (D14E12) XP® Rabbit mAb, https://www.cellsignal.cn/products/primary-antibodies/nf-kb-p65-d14e12-xp-rabbit-
mab/8242?site-search-type=Products&N=4294956287&Ntt=nf-kb&fromPage=plp

Phospho-NF-kB p65 (Ser536) (93H1) Rabbit mAb, https://www.cellsignal.cn/products/primary-antibodies/phospho-nf-kb-p65-
ser536-93h1-rabbit-mab/30337site-search-type=Products&N=4294956287&Ntt=3033&fromPage=plp&_requestid=1916665
Phospho-Histone H2AX-S139 Rabbit mAb, https://abclonal.com.cn/catalog/AP0687

B-Actin Rabbit mAb (High Dilution), https://abclonal.com.cn/catalog/AC026

P21 Polyclonal antibody, https://www.ptgen.com/products/P21-Antibody-10355-1-AP.htm

Mouse monoclonal [15A3] to DNA/RNA Damage,https://www.abcam.cn/dnarna-damage-antibody-15a3-ab62623.html
Nitro-Tyrosine Rabbit pAb, https://abclonal.com.cn/catalog/A20506

AntGene, ALexarFlour 488 Donkey anti Rabbit IgG(H L),http://antgene.cn/pd.jsp?id=30923#skeyword=488&_ pp=0_35

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) COV434 cell lines were purchased from Procell.

Authentication COV434 cell lines were authenticated by China Center for Type Culture Collection




Mycoplasma contamination All cell lines were teated negative for mycoplasma contamination.

Commonly misidentified lines  There is no misidentified lines in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

For quercetin administration, mice used were female C57BL/6 mice from Beijing Huafukang. For granulosa cell-conditional FOXP1
knockout mice, mice with the targeted FOXP1 mutation and CYP19A1-Cre knock-in mice on a C57BL/6 J background were generated
by the Shanghai Model Organisms (China).The mice were raised in the Tongji Hospital under specific pathogen-free (SPF) conditions
with a 12-h light/dark cycle and free access to food and water at 25°C.

No wild animals were used in the study.

Our research on ovarian function necessitated the selection of female mice as the primary subjects. However, for the experiment
involving the cohabitation and breeding of mice, male mice were utilized. The rationale behind this choice was twofold: female mice
offer a precise representation for ovarian studies, and the introduction of male mice in the breeding experiment was imperative to
create a realistic breeding setting. This approach, therefore, ensured that the research findings would be both authentic and
relevant.

No field-collected samples were used in the study.

All of the animal protocols and experiments procedures used in this study were approved by the Experimental Animal Committee of
Tongji Hospital (TJH202304003).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedtres foreach seed stock-tised-ornovel- genotype generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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