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Single-cell RNA sequencing reveals the intercellular
crosstalk and the regulatory landscape of stromal cells
during the whole life of the mouse ovary
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The heterogeneity of ovarian mesenchymal/stromal cells has just been revealed in both mice and humans. However, it
remains unclear about the cellular development trace and the intercellular communication network in the whole life of
the ovary. In the study, we integrated ours and published single-cell RNA sequencing data from E11.5 (embryonic day
11.5) until M12 (12-month-old) ovaries to show the dynamics of somatic cells along the developmental timeline. The
intercellular crosstalk among somatic cell types was depicted with collagen signaling pathway as the most outgoing
signals from stromal cells. We identified mesenchymal progenitor cells (CD24+) as the origin of stromal cells. Although
their numbers decreased significantly in adults, the cells served as the major signal sender until ovarian senescence.
Moreover, the ovarian injury could activate these stem cells and induce stroma remodeling in the aged ovary. Thus,
mesenchymal progenitor cells may represent a new strategy to delay ovarian aging in the future.

Introduction the meiosis arrest at the diplotene stage of meiosis |, germ cell cysts
begin to breakdown, and pre-granulosa cells move in surrounding the
oocyte to form primordial follicles [2—4]. As the ovarian reserve, finite
primordial follicles should be maintained dormancy until being acti-
vated by surrounding stimuli [1, 4]. Then, the follicles develop through
primary, secondary, and antral stages until preovulatory follicles. At
this stage, response to preovulatory gonadotropin surges, ovulation
occurs, and the remaining theca and granulosa cells transform to
form the corpus luteum. Through the initial recruitment of primordial
follicles and cyclic recruitment of antral follicles, follicles develop to
either ovulate or undergo degeneration (atresia) until the depletion of
the primordial pool which leads to the reproductive senescence [5].
During past decades, the vast majority of studies on ovarian
biology have focused on folliculogenesis. From germline develop-
ment, ovarian formation to oogenesis, folliculogenesis, and ovar-
ian development, each of these stages is governed by a unique

In mammals, the reproductive capability is determined by the ovarian
development, which provides a limited oocyte pool established during
fetal life [1]. The follicle, composed of an inner oocyte with surround-
ing somatic cells and formed before or just after birth in humans or
mice, is the basic unit of the ovary. In mouse embryos, ovarian devel-
opment is initiated with a “bipotential” genital ridge, whereas oocytes
are originated as primordial germ cells (PGCs) from extraembryonic
mesoderm that proliferate and migrate into the genital ridge at E10.5
(embryonic day 10.5). The bipotential genital ridge then undergoes
sex determination to be ovary at E11.5, where the localized female
germ cells proliferate and associate with each other as syncytia or
germ cell cysts between E10.5-13.5. Within the cyst, germ cells
enter the prophase of meiosis in an asynchronous manner around
E13.5-14.5 and at this stage, the cyst together with somatic pre-
granulosa cells are called “ovigerous cords.” Starting from E16.5, with

© The Author(s) 2024. Published by Oxford University Press on behalf of Higher Education Press.
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Figure 1. Single-cell RNA sequencing reveals cell types during the whole life of mouse ovary.
(A) The work flow of data collection, processing, and analysis. Mouse ovaries were collected at P14, W8, 8M, and 12M for scRNA-seq by 10x
Genomics Chromium system. The scRNA-seq data from E11.5-P5 ovaries were obtained publicly and integrated together for the following
analysis including cell clustering and identification, pseudo-time analysis, and cell—cell communication analysis. The figure was created using
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set of molecules and regulators. Moreover, it also requires coor-
dinated interactions and communications between different cell
types in the ovary. According to the ovarian structure, ovarian
follicles comprise the ovarian parenchyma, whereas the compo-
nents of the ovary that are not ovarian follicles are referred to as
mesenchyme/stroma [6]. In addition to general cell types, such
as immune cells, blood vessels, and nerve or lymphatic vessels,
the ovarian stroma also contains ovarian epithelial cells or incom-
pletely characterized stromal cells which include fibroblast-like,
spindle-shaped, or interstitial cells. These cells participate in scaf-
folding the ovary structure and supporting follicular development
by secreting extracellular matrix (ECM) proteins, such as colla-
gen, laminin, or fibronectin. Recently, with the development of
single-cell sequencing technologies, somatic cell components in
the human ovarian inner cortex have been identified with different
types of granulosa cells, thecal and stromal cells. According to
the cell origins from stroma or follicles at different developmental
stages, they divided five clusters of thecal and stromal cells with
differential gene expressions [7]. However, in another single-cell
analysis of the human ovarian cortex, the authors classified most
ovarian somatic cells (83%) as stromal cells and when the data
are integrated with the previous single-cell profiling of the human
ovary, they found a close relationship between theca cells and
the general stromal cells [8]. One single-cell transcriptomic study
of ovarian aging in nonhuman primate ovaries identified stromal
cells with specifically expressed TCF21 and COL1A2, while the
authors found the oxidative damage to early-stage oocytes and
granulosa cells is the crucial factor in ovarian functional decline
with age [8]. As we know, the distribution and subtypes of stromal
cells will likely differ according to their locations in the ovary. They
will also be affected by follicle growth, ovulation, corpus luteum
formation, or even ovarian aging process. One study generated
a single-cell atlas during mouse ovarian development by collect-
ing single cells from E10.5—P5 (postnatal day 5). Although they
found the subtypes of mesenchymal populations, the authors
focus on the two distinct pathways of pregranulosa cell differentia-
tion and two waves of follicle development [9]. Another single-cell
sequencing of the cycling murine ovary revealed the dynamics of
cell states and cell types during the estrous cycle. In the study,
the mesenchymal cell subtypes have been divided in detail as
early theca, steroidogenic theca, smooth muscle cells, pericytes,
and two interstitial stromal cell clusters: steroidogenic cells and
fibroblast-like cells [10]. However, they did not mention how these
cells coordinate with other cell types in the profound tissue remod-
eling during the process. It seems that with the development of
the single-cell sequencing technique, although the ovarian cell

types and transcriptome dynamics have been well described,
the stromal cells and their regulatory role in the ovary are often
neglected. Moreover, most studies focused on the ovary at dif-
ferent developmental stages or just revealed a static framework
in the ovary. It lacks a global view of the dynamics of somatic cell
types and cell states during the whole life of the ovary.

In this study, we sequenced 54,099 single cells (mainly
ovarian somatic cells) from P14 (postnatal day 14), W8 (8-week-
old), M8 (8-month-old), and M12 (12-month-old) mice by 10x
Genomics technology and tried to establish a single-cell atlas
of the ovary lifecycle by integrating public data generated by the
same technique from E11.5 (embryonic day 5) to P5 (postnatal
day 5) ovaries. We studied the landscape of cell-cell interactions
and explored the cell types, signaling pathways, and regulatory
mechanisms in mouse ovaries across the development. Our work
reconstructed the cellular diagram from gonadal differentiation to
primordial follicle formation until ovarian aging and delineated the
regulatory roles of ovarian somatic cells, especially mesenchyme
stromal cells during the whole life of the ovary.

Results

Single-cell RNA-seq of mouse ovary

To decipher the landscape of cell—cell interactions in mouse ovary
across development, we collected ovaries at P14 (prepuberty
stage), W8 (young), M8 (fertility decreased stage), and M12 (aged
stage) for 10x Genomics scRNA-seq and integrated the data with
previous scRNA-seq data from fetal gonads (E11.5-E18.5) and
newborn ovaries (P1-P5) for a global analysis (see Methods) [9,
11, 12]. Using a unified single-cell analysis pipeline (Fig. 1A and
Methods), we obtained in total 106,579 cells from the ovaries of all
samples, including 52,480 cells from public data and 54,099 cells
from in-house data. The median number of cells per sample was
8198 cells, with a median of 9105 unique molecular identifiers
corresponding to 2939 genes per cell (Table S1). We integrated
these high-quality cells into a unified dataset after batch correction
(Fig. STA and S1B). We clustered all cells using uniform manifold
approximation and projection (UMAP) [13] (Figs. 1B, 1C and S1C)
and obtained 7 major cell types with 31 cell clusters based on the
expression of canonical marker genes (Figs. 1D, 1E, S1E and
S1F; Table S2). These cells include germ cells (cluster 0-2) that
highly expressed Ddx4 and Daz/ [14, 15], epithelial cells (cluster
2—-4) with Upk3 [16] and Krt19 [17] expression, granulosa cells
(cluster 5—11) that expressed Wnt6, Wnt4, Kitl, and Fox/2 [18—20],
theca cells (cluster 12) with Cyp17a1 [21] expression, mesenchy-
mal cells (cluster 13—24) that highly expressed Nr2f2, Col1at,

materials from the SciDraw website. (B) UMAP plot of the single cell distribution in the mouse ovary, colored by developmental stage from
E11.5 to M12. (C) UMAP plot of the single cell distribution in the mouse ovary, colored by the identified 7 cell types. (D) Violin plot of marker
gene expression in each cell population, colored by the identified 7 cell populations. X axis: cluster number. Y axis: normalized gene expression.
(E) UMAP visualizations of marker gene expression of each cell population. Germ cells: Ddx4, Dazl; epithelial cells: Upk3b, Krt19; granulosa
genes: Kitl; Theca: Cyp17a1; mesenchymal cells: Col1a1, Tcf21; endothelial cells: Cldn5; immune cells: Cd74.
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Figure 2. Dynamics of mesenchymal cells during ovarian development.
(A) UMAP plot of mesenchymal cell distribution from E11.5 to M12, colored according to 6 identified cell subgroups: mesenchymal progenitor
cell (MPC); type 1 stromal cell (SC1); type 2 stromal cell (SC2); myoblast fibroblasts cell (MFC); smooth muscle cell (SMC); myogenic cells
(MGC). (B) Violin plot of marker gene expression in 6 mesenchymal cell subpopulations. (C) Cell number distributions of 6 mesenchymal
clusters from E11.5 to M12. (D, E) UMAP visualization of cell trajectory from MPC to SC2. The developmental trace was colored by cell types
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Tef21, and Acta2 [22, 23], endothelial cells (cluster 25—-27) with
Cldn5, Pecam1, Cdh5, and Kdr expression [24—26], and immune
cells (cluster 28-31) with Car2, Lcn2, and Cx3cr1 [27, 28] expres-
sion. The top differentially expressed genes (DEGs) in each cell
type were shown in Fig. S1F, and mesenchymal and granulosa
cells were accounted for most of the proportion (Fig. S1D).

Identification and characterization of cell types and
subpopulations

To gain in-depth insight into ovary mesenchymal cells along
the developmental line, we identified six distinct mesenchymal
cell clusters according to the expression of canonical markers
(Figs. 2A, 2B, S2A and S2B; Table S3), including myogenic cells
(MGCs, Mylpf) [29], myofibroblasts (MFCs, Acta2, Myh11, and
Tagin) [30], smooth muscle cells (SMCs, Pdgfrb, Rgs5, and
Notch3) [31], and three stromal cell subpopulations according
to their co-expressions of Tcf21, Col5a2, Lum, and Dcn [22].
These mesenchymal cell compositions also showed dynamics
along the developmental line, for example, MGCs were exclu-
sively identified in E11.5 gonads, and starting from E12.5, these
cells were replaced by smooth muscle cells. Meanwhile, MFCs
emerged at E16.5, coinciding with the onset of follicle formation
(Fig. 2C). In the three subgroups of stromal cells, we named one
cluster of cells as mesenchymal progenitor cells (MPCs) with
highly expressed a cell surface stem cell marker CD24 and DNA
replication related genes, such as Top2a, Mki67, and Hist1h2ap
[11]. Immunostaining showed CD24+ cells scattered in the stroma
of the P5 ovary; however, their numbers decreased significantly
in the P14 ovary (Fig. 2l). This is consistent with the trend of cell
proportion along the developmental timeline (Fig. 2C). The other
two stromal cells, type 1 stromal cells (SC1s, Meg3, and Igfbp5)
mainly existed in fetal and newborn ovaries (E11.5-P5), and
type 2 stromal cells (SC2s, Apoe and Cfh) were found in P14—
M12 ovaries (Figs. 2C and S2B). Next, to see the relationship
among the three types of stromal cells, we performed pseudo-
time analysis and the result demonstrated the developmental
line from MPCs to SC1 in fetal and newborn ovaries and then
continued to differentiate into SC2s at P14 until ovarian senes-
cence (Figs. 2D, 2E and S2C). GO and KEGG (Fig. S2D-F)
analyses of pseudotime-associated genes further revealed the
enrichment of DNA replication, cell division, or cell cycle-related
terms in MPCs which is consistent with the high proliferate prop-
erty of these cells, whereas the process of “cell adhesion” was
highly enriched in both SC1 and SC2 stromal cells, suggest-
ing that the two cell subpopulations may have active intercellu-
lar interactions with other cells. In addition, immunological and
aging-related biological processes, such as “positive regulation

of angiogenesis,” “immune system processes,” and “aging,” were
specifically enriched in SC2 stromal cells. Some representative
genes were plotted along pseudo-temporal trajectories, for exam-
ple, the highly expressed cell division markers Hist1h2ap, Top2a,
Ccnb2, and Cks2 in MPCs and the abruptly elevated expression
of ovarian senescence-associated genes Agt and Timp1 in SC2s
(Fig. 2F). The dynamics of some DEGs along the pseudo timeline
were shown by RT-PCR of ovaries at different ages (Fig. 2G and
2H).

We also comprehensively explored cell subpopulations
within the other five ovarian populations. Germ cells were iden-
tified from E11.5—-P5 gonads or ovaries and divided into 8 sub-
populations as previously reported (Fig. S3; Table S4), including
pre-meiotic (Hist1h2ap), pre-leptoene (Stra8), leptoene (Rec8),
zygotene (Spo11, Meiob, and Rad51ap2), pachytene (Msh4,
MIh3, and Ybx2), diplotene, dictyate, and dying germ cells [9].
Granulosa cells were classified into pre-granulosa (E11.5-P5)
and granulosa cells (P5—M12). According to previous studies,
the pre-granulosa cells were further divided into bipotential
cells (BPC, Wnt4, and Wnt6), bipotential pre-granulosa cells
(BPG, FoxI2, and Hmgcs2), and epithelial pre-granulosa cells
(EPG, Lgr5, and Gng13) [32, 33]. Starting from P5, both BPG
and EPG were gradually replaced by granulosa cells (Fox/2,
Amh, and Htral) and accompanied by follicular development
to the antral stage, granulosa cells differentiated into cumulus
cells (Inhba, Hspa5) [34] and after ovulation, they changed to
luteum cells (Star and Lhcgr) (Fig. S4; Table S5) [35]. Theca cells
were divided into three subpopulations (Fig. SSA-E; Table S6),
including theca progenitor cells (TPCs, Wt1 and Ptch1) [36, 37],
theca cell 1 (TC1s, Cyp17at) [21], and theca cell 2 (TC2s, Star
and Lhcgr) [38]. Epithelial cells were classified into four clus-
ters, including epithelial stem cells (ESCs, Cdk1, Ccna2, and
Cenpa) [11], type 1 epithelial cells (EC1s, Itm2a and Ptn), type
2 epithelial cells (EC2s, Tnni1), and type 3 epithelial cells (EC3,
Ly6e) (Fig. S5F—J; Table S7). EC1s were mainly presented in an
undifferentiated gonad (E11.5 and E12.5). EC2s were found in
fetal and newborn ovaries from E13.5 until P5 and after that, they
were replaced with dominant EC3s. Immune cells were classified
into 9 subpopulations (Fig. S6; Table S8), including macrophage
(Cd68 and Cd14) [39], monocytes (S700a4 and Ccr2), dendritic
cells (Cd209a) [40], neutrophils (Pglyrp1 and Lcn2), granulo-
cytes (S700a8), T cells (Cd3d and Cd3g), B cells (Cd79b and
Mzb1), erythoroid cells (Cpox and Car2), and basophils (Cpa3
and Cd63). Thus, from a global analysis of single cells from ova-
ries at different developmental stages, cell types and the dynam-
ics of subpopulations in each cell type were well depicted along
the developmental timeline.

(D) and inferred by pseudotime (E), respectively. (F) Expression pattern of selected marker genes along the pseudo-timeline which colored
by cell type. (G) DotPlot of differentially expressed genes in the three types of stroma cells. (H) Relative expression of differentially expressed
genes in the three types of stroma cells. (I) Immunofluorescence labeling of CD24 in P5 and P14 group. Bars = 50 pym.
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Overview of cell-cell interactions in mouse ovary across
development
We then used CellChat, a widely utilized tool for analyzing cell-
cell communication, to investigate crosstalk between diverse cell
types at each developmental time point (E11.5-M12, Fig. 3A)
[41]. Overall, the cell-cell communications increased gradually
during E11.5-P5 when the ovary underwent tissue construction,
stabilized at a high level at P14 when the ovarian structure was
well developed, and decreased after M8 as the ovary was aged
(Fig. 3B). Among cell types, mesenchymal cells played a major
role in outgoing signals, accounting for over 50% of communi-
cations at each time point. The signal strength dramatically
increased in E16.5 when cyst breakdown and follicle assembly
started, and thereafter, it remained the strongest among outgo-
ing signals until M12 in the aged ovary. In contrast, the incoming
signals of each cell type in the ovary were relatively balanced.
Another transition point occurs at P14 when the theca layer forms
around the growing secondary follicles. At this stage, the com-
munication strength to granulosa cells increases significantly, and
the theca cells begin to participate in intercellular communication
by integrating both incoming and outgoing signals (Fig. 3B).
Totally, 388 ligand—receptor pairs were identified for cell—cell
communication between different cell types, which can be cate-
gorized into 56 important signaling pathways. Among the top 25
outgoing pathways (Fig. 3C), the Midkine (MK) signaling pathway
emerged as the strongest from E11.5 to M12. This pathway was
also identified as the most prominent pathway when analyzing
the signal strength specifically from mesenchymal cells (Fig. 3D
and 3E). In contrast to MK, pleiotrophin (PTN) signals from mes-
enchymal cells decreased significantly in adult ovaries. MK and
PTN belong to the heparin-binding growth factor family, regu-
lating cell growth, survival, migration, differentiation, and angio-
genesis. Deletion of either Mdk or Ptn alone does not disrupt
non-neurological tissue development, but double deficiency leads
to infertility in female mice [42, 43]. Thus, MK and PTN may func-
tion differently at different stages of ovarian development. Growth
arrest-specific (GAS) signals were observed emerging from mes-
enchymal cells starting at E18.5 and persisting until M12. Given
that Gas2 mutant females exhibit fertility issues and disrupted fol-
liculogenesis, the mesenchymal GAS signals likely play a crucial
role in follicular development [44].

Dynamics of cell-cell communication among somatic
subpopulations in mouse ovary

To delve deeper into the influence of intercellular communications
on ovarian development, we segmented ovarian cells into eight
key stages: mitosis (E11.5-E12.5) [45], meiosis (E13.5-E16.5)
[45], primordial follicle formation (E18.5-P3) [45], P5 (primordial
follicle stage), P14 (prepuberty, follicle growth stage), W8 (young),
M8 (fertility decreased stage), and M12 (sterility, aged stage).
Cell—cell communications of 15 subpopulations of somatic cells
(ESC, EC1-3 epithelial cells; BPC, BPG, and EPG pre-granulosa
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cells; granulosa cells and cumulus cells; MPC, SC1, and SC2
stromal cells; TPC, TC1, and TC2 theca cells) were explored
across these stages (Fig. 4A and 4B). During primordial follicle
formation, MPCs, SC1, and EC1 emerged as the most active
communicators. Notably, while the proportion of MPCs declined
over development, their signal strength remained high until ovar-
ian senescence, implicating their vital role in maintaining ovarian
structure and function. EC1 epithelial cells, distinct from ESC and
EC2, primarily transmitted signals during follicle formation, sug-
gesting their collaboration with MPCs and SC1 in directing cellular
differentiation during the process. Throughout ovarian develop-
ment, granulosa cells primarily functioned as signal receivers,
whereas TPCs interacted bidirectionally, both sending and receiv-
ing signals. When focusing solely on somatic cells, collagen
signaling was identified as the most enriched pathway, strongly
correlated with overall signaling strength (r = 0.86, P < 0.001) (Fig.
4C and 4D). The contribution of each somatic cell group on the
signaling pathway and the dynamics of outgoing signal strength is
shown in Fig. 4E. Therefore, the analysis highlights the pivotal role
of collagen signaling in guiding somatic cellular communications
in the ovary across all developmental stages.

Collagen signaling pathway elaborates the role of stromal
cells in cell-cell communications in the mouse ovary

To comprehend the dynamics and the impact of collagen signal-
ing on ovarian development, we mapped the intercellular colla-
gen communication network and analyzed its centrality (Figs.
S7A and 5A). The heatmaps revealed the evolving roles of cell
groups: MPCs transition from receivers/mediators to senders and
function as influencers alongside SC1 during follicle formation.
Subsequently, SC1 was replaced with SC2, and until ovarian
aging, MPCs kept on actively communicating with other somatic
cells. Epithelial subgroups also shift roles, with EC1 dominating as
a sender during primordial follicle formation, while ESC and EC2
adapt to mediate and receive signals. Granulosa cells consistently
receive and influence collagen signals. Theca subgroups exhibit
diverse roles, with TPC mediating at P14 and 8W, TC2 receiving
signals, and TC1 gradually becoming an influencer.

The ligand-receptor pairs of the collagen signaling network
were then investigated and the top 25 ligand—-receptor pairs were
shown in Fig. 5B. In addition, we also demonstrated the most
important ligand—receptor pairs of the collagen signaling send-
ing from stromal cells to stromal cells (Fig. S7B), to granulosa
cells (Fig. S7C), to epithelial cells (Fig. S7D), and to theca cells
(Fig. S7E). Gene expressions of these pairs were cell-type and
developmental stage-specific (Fig. 5C). For instance, Col1at
and Col1a2 are ubiquitous in stromal cells, whereas Col4a1 and
Col4a2 increase in MPCs and SC2 post-W8. EC3 uniquely exhib-
its high levels of Col6a? and Col6a2 and the integrin-coding gene
Itgav shows specific expression in cumulus cells. The expression
of syndecan family members, Sdc1, increases in BPG/EPG and
keeps high levels in adult granulosa cells but decreases as ovaries
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Figure 3. Landscape of intercellular communications in mouse ovary from E11.5 to M12.
(A) The strength of intercellular communications among major cell types in the ovary at different developmental stages (E11.5-M12). Circle
sizes, edge width, and edge color represent cell numbers, communication strength, and signaling source, respectively. (B) Stacked bar plot
of the aggregated incoming and outgoing signaling strength of each cell population from E11.5-M12. The bar color is the same with the edge
color in (A). (C) Heatmap of the outgoing signaling strength of the top 25 signaling pathways derived from the intercellular communications
among major cell types in mouse ovary from E11.5-M12. (D, E) Heatmap of the incoming (D) and outgoing (E) signaling strength of the top 25
signaling pathways derived from the intercellular communications of mesenchymal cells in mouse ovary from E11.5-M12.
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Figure 4. Dynamics of intercellular communication among somatic cells in the mouse ovary.

(A) The strength of intercellular communications among somatic subpopulations. The ovarian developmental stages were characterized as
mitotic stage (mitosis, E11.5—-E12.5), meiotic stage (E13.5-E16.5), primordial follicle formation (E18.5-P3), and P5, P14, W8, M8, and M12.
Circle sizes, edge width, and edge color represent cell numbers, communication strength, and signaling source, respectively. (B) Stacked bar
plot of the aggregated incoming and outgoing signaling strength of each somatic subpopulation during mouse ovary development stages.
The bar color is the same as the edge color in (A). (C) Heatmap of the outgoing strength of the top 25 signaling pathways derived from the
intercellular communications in somatic subpopulations at different development stages. (D) The scatter plot of the outgoing communication
strength of collagen pathway and aggregated outgoing communication strength in somatic subpopulations during ovarian development.
(E) Heatmap of the outgoing strength of collagen signaling in somatic subpopulations at different stages of ovarian development.

age, while Sdc4 remains consistently elevated in EC3. RT-PCR
confirmed the dynamic expression of collagen family members
and receptors across development (Fig. 5D and 5E).

The influence of cell-cell communication on ovary aging

Our previous study has demonstrated the association of altered
macrophage states with local pro-inflammation environments in
aged ovaries [46]. To further explore the potential role of stromal
cells during ovarian aging, we compared the intercellular com-
munication networks established by stromal subgroups, immune
subgroups, and granulosa cells between W8 and M12 ovaries.
Overall, the strength of intercellular communications decreased
in M12 ovary and accompanied with the depletion of MPCs, SC2
stromal cells showed increased interactions with other cells (Fig.
6A and 6B). The strength of collagen pathway from MPCs and SC2
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also showed a similar trend between 8W and 12M ovaries (Fig.
6C). Consistent with previous reports, the deposition of collagen
fibers in the ovarian stroma was then manifested by Masson stain-
ing during the aging process (Fig. 6D) [47]. Receptor—ligand anal-
ysis identified CD44 and SDC4 as the dominant receptor which
contributed mostly to the collagen signaling network between 8W
and 12M ovaries (Fig. 6E). The expression of enriched ligand and
receptor genes of the collagen signaling pathway was shown in
Fig. 6F and the communication probabilities from MPCs or SC2
stromal cells to various immune cell types and other somatic cells
that mediated by each receptor—ligand pair was shown in Fig. S8A
and S8B. Immunostaining showed the expression of CD44 and
SDC4 in the stroma of 8W and 12M ovary (Fig. 6G) and increased
protein levels were observed in 12M ovary (Fig. 6H). CD44 was
reported to be involved in inflammatory response, and was part
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Figure 5. Identification of signaling roles of somatic subpopulations in the collagen signaling pathway.

(A) Heatmap of the relative importance of signaling roles of each somatic in collagen signaling network at mouse ovary development stages.
(B) Heatmap of the contribution of each ligand—receptor pair to collagen signaling pathway. (C) Expression distribution of collagen signaling-
related ligand—receptor genes in epithelial, granulosa, stromal, and theca subpopulations at each development stage. (D) Expression of
collagen-related genes in mouse ovaries of several development stages. (E) RT-PCR showed relative expression of collagen-related genes in

mouse ovaries of several development stages.

of the macrophage migration inhibitor receptor complex [48]. The
results indicated CD44- or SDC4-mediated collagen signals may
play a vital role in cellular communications during ovarian aging.

To further understand how cell—cell communications influ-
ence mouse ovary aging, we performed weighted gene co-
expression network analysis (WGCNA) [49] of highly variable
genes identified in granulosa cells and stromal cells in W8 and
M12 ovaries. In total, 1451 genes were included to generate
the co-expression networks, and 11 functional modules were

Life Medicine, 2024, Volume 3

identified and labeled as different colors (Fig. 6; Table S9-S11).
GO analysis showed that gene functions in the pink module were
related to collagen fibril organization, extracellular matrix organi-
zation, cell migration, and cell adhesion, while genes in the black
module were enriched in terms related to aging, cell apoptosis,
and ovarian follicle development (Fig. 6J and 6K; Table S10). The
results suggest the pivotal role of stromal cells, especially MPCs
in regulating the ovarian immune-microenvironment during ovar-
ian aging.
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Figure 6. The involvement of collagen signaling pathway in the process of ovarian aging.

Intercellular communications among stromal cells (MPCs and SC2 stromal cells), granulosa cells, and immune cells (macrophage, monocyte,
dendritic cells, and T cells) were analyzed for comparison between W8 and M12 ovaries. (A) Comparison of the total interaction strength among
somatic cell types. (B) Circle plot of differential interaction strength among somatic cell types. Edges represent increased and decreased
interaction strength in M12 (right) as compared to W8 (left) ovaries. (C) Circle plot of the communication network of the collagen signaling
pathway in W8 and M12 ovaries. Circle size, edge width, and edge color represent cell numbers, communication strength, and signaling
source, respectively. (D) Representative ovarian sections with Masson staining of collagen and fibrotic quantification in ovaries from P14 to
12M of age. Bar = 100 pm. Fibrotic area (mean + SEM) was shown as relative to stromal tissue area. ***P < 0.0001. (E) The heatmap showed
the contribution of each ligand—receptor pair to collagen signaling pathway between W8 and M12 ovaries. (F) Violin plots of collagen signaling-
related genes between W8 and M12 ovaries. (G) Immunostaining of CD44 and SDC4 in ovaries collected from 8W and 12M groups. Bars = 50 um.
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Activation of MPCs is enough for stroma remodeling in old
ovaries

As the origin of ovarian stroma cells, our study has revealed
the central role of MPCs in intercellular communications with
other cell types. Our previous study has demonstrated the
change of ovarian microenvironment after ovarian injury [46].
Based on the potential role of MPCs on the remodeling of ovar-
ian stromal cells, we suppose it may function during the pro-
cess. Because MPCs were hardly detected in 12M ovary, we
next to see if the ovarian injury can activate MPCs and alter
the ovarian microenvironment in 8W and 10M ovaries. Ovarian
surgery was performed with partial section on one lateral
ovary and the other side served as sham control. In 8W mice,
we observed time-dependent increase of some representative
genes of MPCs in injured ovaries, and after 5 days of surgery,
immunostaining demonstrated the increased Top2a and CD24
positive cells in ovarian stroma (Fig.7A and 7B). In 10M mice,
ovarian morphology showed growing follicles in injured ovary
after 21 days of surgery. Follicle counting revealed a signifi-
cantly decreased percentage of primordial follicles and follicle
atresia, while an increase in secondary and antral follicles was
observed (Fig. 7C). The increase of PCNA/Ki67/TOP2A-positive
cells was also observed in the stroma of injured ovary (Fig. 7D
and 7E). Similar to what we observed in the previous study,
ovarian injury also induced the activation of the mTOR signaling
pathway with increased phosphorylation of mMTOR and RPS6.
Moreover, we detected the significant increase in TOP2A protein
levels and the decrease in P21 expression, an age-associated
cell cycle-related protein after surgery (Fig. 7F). RT-PCR
showed the differential expression of pro- and anti-inflammatory
genes between bilateral ovaries, such as /I-6, II-18, Nirp3,
iNOS, Arg-1, or Cd206. The altered expression also included
collagen ligands Col1a1, Col1a2, Col6ai, Col6a2, Col4al, and
Col4a2 (Fig. 7G). Consistent with the RT-PCR result, we found
the decreased fibrosis in the injured ovary of 10M old mice (Fig.
7H). Immunostaining further illuminated the transition of M1 and
M2 macrophages with increased expression of M2 macrophage-
related CD206 in the injured ovarian stroma (Fig. 7l). Taken
together, our results reveal the activation of MPCs and its role in
remodeling ovarian microenvironment after ovarian injury.

Discussion

With the development of the single-cell sequencing technique,
it is possible for us to delineate the dynamic gene expressions
and intercellular communications among various cell types

in the ovary at a special developmental stage. However, it still
lacks an overall understanding about how ovarian cells commu-
nicate with each other in directing ovarian development from the
fetal to adult stage until senescence. In this study, we integrated
106,579 mouse ovary cells from E11.5 to M12 of age in view of
gene expression and intercellular communications. The cell types
were well classified and the developmental trajectories of each
cell type, including stromal cells, germ cells, epithelia cells, granu-
losa cells, and theca cells, were accurately depicted. We identified
CD24+ MPCs as the progenitor cell type guiding stroma differen-
tiation from SC1 to SC2 stroma cells during the establishment
of ovarian structure, particularly when primordial follicle form. In
addition, MPCs function as key regulators, influencing interactions
with other cell types through specific ligand—receptor pairs of the
collagen signaling pathway. As the ovary ages, there is a notable
decrease in the number of MPCs. Nevertheless, the ovary can
experience rejuvenation through the activation of MPCs, either
induced by ovarian injury or achieved via mesenchymal stem cell
(MSCs) transplantation (Fig. 8). This comprehensive analysis not
only enhances our understanding of the cellular dynamics under-
lying ovarian development but also provides insights into potential
therapeutic strategies for age-related ovarian decline.

In recent years, the heterogeneity of mesenchymal/stromal
cells has become more evident due to the advancements in
lineage-tracing methodologies and single-cell transcriptome anal-
ysis. This heterogeneity is observed not only across different tis-
sues or within a specific tissue under various physiological and
pathological conditions but also based on the relative location
of the cells within the tissue microenvironment and their interac-
tions with other cell types [50]. Ovarian mesenchymal cells also
demonstrate such heterogeneity during the whole lifetime. For
example, neuron cells or myogenic progenitor cells are limited in
fetal gonad as early as E11.5 and E12.5 with very few cell num-
bers. We then separated MFC myofibroblast and SMC smooth
muscle cells from stroma cells and identified MPCs as the ori-
gin of two kinds of stroma cells, SC1 and SC2. The two stroma
cell types reflected the change of stroma cell properties after P5
when ovarian structure was established. When comparing the dif-
ferential gene expression between SC1 and SC2 stromal cells,
the enriched genes in SC2 are related to angiogenesis, aging,
immune response, and ECM organization. This is consistent with
the complex role of SC2 stromal cells as signal senders in com-
municating with other cell types to maintain ovarian microenvi-
ronment, direct follicular development, or induce ovarian aging
in adult ovary. Previous studies with cyclic adult ovaries have
demonstrated two interstitial stromal cell types, steroidogenic

(H) Western blot of CD44 and SDC4 expression in 8W and 12M group. (I) The heatmap depicts the Topological Overlap Matrix (TOM) of
genes selected for weighted co-expression network analysis. Light color represents lower overlap and red represents higher overlap. The black
triangle and pink triangle refer to the selected modules with enriched genes for GO and KEGG analysis. (J) GO enrichment analysis of genes
in black and pink modules. (K) Co-expression network of genes in pink (top) and black (bottom) modules.
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Figure 7. Activation of MPCs after ovarian injury and its roles in tissue remodeling during ovarian aging.

8W or 10M female mice were used for ovarian partial resection, with one lateral ovary for operation, and the other side as sham control.
Ovaries were collected at 0 h, 6 h, 24 h, 48 h, 5 day, or 7 day in 8W operated mice and at 21 days in 10M mice. (A) Relative mRNA levels of
MPCs marker genes detected by RT-PCR. Data are presented as means SEM of at least three replicates. The levels of all tested mRNAs
in 0 h group were set to 1. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the 0 h group. (B) Immunofluorescence of TOP2A and CD24 in
sham and injury group. Bar = 50 um. (C) Ovarian histology and follicle counting between paired ovaries. White frame: the image was magnified
in the lower panel. Lower figure: n = 4 pairs of ovaries for follicle counting. **P < 0.01. Bars = 100 pm. (D) Immunostaining of PCNA and Ki67
in paired ovaries collected from 10M mice. White frame: the image was magnified in the lower panel. Bars = 50 um. (E) Immunofluorescence
of TOP2A in sham and injury group of 10M mice. (F) Western blot of p-mTOR, p-AKT, p-RPS6, TOP2A, and P21 expressions in sham and
injury group of 10M mice. The expressions of mTOR, AKT, RPS6, and B-Tubulin were used as internal controls. (G) Relative expression of
inflammation-related genes and collagen family members in sham and injured group of 10M mice. Data are presented as means + SEM
of at least three replicates. The levels of all tested mRNAs in the sham group were set to 1, *P < 0.05; **P < 0.01, ***P < 0.001, compared
with the sham group. (H) Representative processed color threshold images of Masson-stained ovarian tissue sections between sham and
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stromal cells, and fibroblast-like cells [51]; a bioRxiv preprint ver-
sion of the study divided stromal cells as stromal progenitor cell,
structure stromal cell, perifollicular stromal cell and steroidogenic
stromal cell [52]. After careful comparison, structure stromal cells
referred to SC1 and SC2 stromal cells, whereas perifollicular stro-
mal cells and steroidogenic stromal cells represented TC1 and
TC2 theca cells in our study. In the study, we also identified TPC
theca progenitor cells with significant enrichment of Wt1, Ptch1,
and Bgn as markers. According to the differential gene expres-
sions, that is consistent with the reported human theca progenitor
cell [53]. Thus, our results manifest the point that theca origins at
least in part from Wt1+* cells in stroma [36, 54]. Moreover, we got
similar but more detailed mesenchymal cell types and develop-
mental traces from gonad development until ovarian aging.

In the ovary, oocytes develop in follicles embedded in a com-
plex ovarian stroma which consists of various cell types and ECM.
ECM which is composed of collagens, elastin, glycoproteins, and
proteoglycans, not only provides physical support for a tissue but
also stimulates signaling pathways in cells to affect tissue mor-
phogenesis, differentiation, and homeostatic status [6]. Critical
alterations in ECM composition and organization have often been
reported to impact tissue function. For example, excessive depo-
sition of ECM, characterized by collagen | and Il, induces fibrosis
in several aging tissues, including the heart, lung, and liver [55].
Fibrosis in the aged ovary was also related to reduced oocyte

quantity and quality. Inhibition of fibrosis by antifibrosis drugs
could restore ovarian function and delay ovarian aging in old mice
[47]. However, how ECM property modifications regulate cell-to-
matrix interactions and direct gonad and ovarian development until
senescence lacks a comprehensive view. In the study, with the
advancement of single-cell sequencing technology, the intercellu-
lar communications of somatic cells and the participated signaling
pathways have been well documented along the developmental
line. As the most dominant ECM component, the collagen signal-
ing pathway was identified as the major outgoing signals in stro-
mal cells to communicate with other somatic cell types, especially
with granulosa and epithelial cells. Ligand—receptor pairs analysis
then revealed the dynamic changes of collagen ligands and recep-
tors in various somatic cell types at different development stages.
This is the first time that the intercellular signal transductions
between somatic cells have been well depicted in the whole life of
the ovary. It has been demonstrated that the imbalance between
M1 and M2 macrophages contributes to the increased expression
of inflammatory cytokines and collagen deposition during ovar-
ian aging [56]. Based on the association of a pro-inflammatory
microenvironment with ovarian aging, we involved immune cells
to compare the alterations of cellular communications between
8W and 12M ovaries. We observed strengthened outgoing col-
lagen signals from SC2 stromal cells to macrophage and mono-
cyte in 12M ovary and enriched specific ligand—receptor pairs that

injured ovaries at 10M age. Lower panel: Quantification of ovarian fibrosis in sham and injured ovaries. n = 4 pairs ovaries. ***P < 0.001.
Bar =100 um. (I) Immunofluorescence of INOS and CD206 in sham and injured ovaries of 10M mice. INOS and CD206 represent different
polarized macrophage states, M1 and M2 macrophage, respectively. Bar = 50 um.
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may function in the aging process. The deposition of collagen and
increased expression of collagen receptors CD44 and SDC4 in
the stroma were further verified in the old ovary. Together, our
results not only revealed the major role of the stromal collagen
signaling pathway in ovarian development and ovarian aging but
also identified a series of stage-specific ligand—receptor pairs that
may function during the process.

Fibroblasts are highly dynamic cells that play an essential
role in maintaining the structure integrity of virtually each organ
through producing and remodeling ECM [47]. In recent years, the
fibroblast heterogeneity has been well understood with significant
phenotypic and functional variability even within the same tissue.
Such heterogeneity is also reflected at stages of tissue develop-
ment and from alterations in the tissue microenvironment [55, 57].
In the study, we demonstrated the heterogeneity of fibroblasts and
identified MPCs as the origin to direct the differentiation of SC1
and SC2 stromal cells during ovarian development. The MPCs
highly expressed cell division genes which the property is similar
to mesenchymal progenitors reported in normal and fibrotic lung
tissue [30]. However, different from the study in lung, we found
MPCs in the ovary specifically expressed stem cell marker CD24
[58]. CD24* progenitors have been shown to repair kidney injury
and reverse renal fibrosis in experimental animals and even in
humans [59]. CD24-deficient mice also showed delayed wound
healing and impaired bone healing at tooth extraction sites [60,
61]. The CD24* MPCs in the ovary have similar stem cell property,
for example, although its numbers decreased significantly in adult
ovary, the cells kept highly intercellular communication strength
with other somatic cell types until ovarian aging when they were
hardly detected. Our study revealed that MPCs could be activated
after ovarian injury or following intra-bursal injection of exosomes
derived from human umbilical mesenchymal stem cells (Fig. S8C)
[62]. The results demonstrated the advantages of this approach
in promoting tissue repair and alleviating stromal fibrosis in the
aged ovary. Thus, we identified ovarian CD24+ MPCs as the major
player in directing stroma cell differentiation and conducting inter-
cellular communications with other somatic cell types during both
fetal and adult life. Significant decrease or depletion of the cells
in the ovary may lead to deteriorated follicular development and
stroma fibrosis. Although it is disputed about the female germline
stem cell and its potential for regeneration of the oocyte pool in
adulthood, multipotent mesenchymal stem cells have been iden-
tified in mouse and human adult ovaries with the ability to differ-
entiate into other cell types such as adipocytes, chondrocytes,
or osteocytes [63, 64]. Future studies will focus on the stem cell
property of MPCs and the underlying mechanism of how it regu-
lates stromal cell differentiation and senescence.

Research limitations

In this study, we explored the dynamics of ovarian stroma across
the entire lifespan of the mouse ovary. We also illuminated the
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pivotal role of CD24* MPCs in maintaining homeostasis during
ovarian development. Although MPCs in aged ovaries can be acti-
vated by ovarian injury or following ovarian injection with MSCs,
the properties of these cells remain unclear. Specifically, are
MPCs a type of mesenchymal stem cells unique to the ovary?
How do they orchestrate somatic cell differentiation at different
stages during ovarian development, and what is the relationship
between their activity and ovarian aging? Since MPCs keep very
low numbers in adult ovaries, can these cells be propagated in
vitro, serving as a reservoir to restore declining ovarian functions?
These are questions we seek to explore further.

Method

Research ethics

This study was approved by the Ethics Committee of Nanjing Medical
University (code number:1811050-1). All animal procedures were approved
by the Animal Experimental Center of Nanjing Medical University.

Experimental animals

C57BL/6J strain female mice at different developmental stages (P1,
P14, W8, M8, M12) were purchased from Vital River Laboratory Animal
Technology Co. (Beijing, China) for single-cell RNA sequencing. To see
the effect of mesenchymal progenitor cells on ovarian stroma remodeling,
partial ovarian resection was performed according to the previous study
[65]. Briefly, mice at 8W or 10M were chosen with partial ovarian resec-
tion on the lateral ovary and the other lateral ovary left unoperated as a
control. For 8W mice, ovaries were collected at different timepoints (0 h,
6 h, 24 h, 48 h, D5, and D7) to evaluate the activation of MPC. For 10M
mice, ovaries were collected after 3W of surgery. All mice were housed in
the Animal Core Facility of Nanjing Medical University (Nanjing, China).
Mice were maintained under a 12 h dark/12 h light cycle at 22°C with free
access to food and water. The experimental protocol was approved by
the Committee on the Ethics of Animal Experiments of Nanjing Medical
University.

Single-cell preparation and sequencing

Ovaries were dissected and digested in 500 pL HBSS supplemented with
0.25% trypsin, 1 mM ethylene diamine tetraacetic acid (EDTA), and 0.01%
DNase | at 37°C for 10 min with gentle agitation. To stop the digestion,
500 pL HBSS (plus 10% FBS) was added and the cell suspensions were
centrifuged at 400 g for 5 min at 4°C. After aspirating the supernatant
completely, the cells were resuspended in 500 uyL HBSS. The dissoci-
ated single-cell suspensions were filtered through 40 um cell strainers
(Greenpia Technology, 2-200203, Korea) and washed 2 times with PBS
containing 0.04% BSA. Cell viability was evaluated by staining in 0.4%
Trypan Blue and available cell concentrations (1000 cells/uL) were pre-
pared for single-cell sequencing by a 10x Genomics Chromium system.The
fragment length distribution and the effective concentration of the library
were evaluated by Agilent 2100 High Sensitivity DNA Assay Kit (Agilent
Technologies, CA, USA) and Qubit 3.0 Flurometer (Life Technologies, CA,
USA). The effective concentration of the library aimed > 10 nmol/L and
pair-end 150 bp sequencing was performed to produce high-quality data
on lllumina novaseq 6000.

scRNA-seq data analysis and cell type annotation
Single-cell sequencing datasets were analyzed by package CellRanger
v3.1.0 and Seurat v4.0.5 [66]. The 10x Genomics pre-built mouse genome
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for mm10-3.0.0 was used as a reference. High-quality quality control
processes and standard batch effect removal methods to ensure the
consistency of the data were utilized. Throughout the data preprocess-
ing, normalization, dimensionality reduction, batch correction, and sub-
sequent analyses, (i) we normalized the expression levels to eliminate
technical biases, (ii) removed low-quality cells that those with excessively
low or high expression levels, (iii) eliminated genes with low expres-
sion or that constitute background noise, and (iv) restricted cells based
on the number of detected features, count values, the proportion of red
blood cell genes, and the proportion of mitochondrial genes. In detail,
“NormalizeData” function in Seurat v4.0.5 was used for normalization, and
low-quality cells were removed using “subset” function. Putative doublets,
cells with minimal genes less than 200 or genes expressed in less than 3
cells, and cells with a high proportion of mitochondrial genes or red blood
cell genes were filtered by DoubletFinder (v2.0.3) [67] for downstream
analysis. To integrate the datasets of mouse ovary from E11.5 to M12, we
detected 2000 features with high variation using “FindVariableFeatures”
function in Seurat v4.0.5, and then we identified ‘anchors’ between indi-
vidual datasets with the module “FindintegrationAnchors.” Finally, these
anchors were passed to the “IntegrateData” function to correct batch
effect. Cell clusters were characterized by “FindNeighbors” (dims = 1:20)
and “FindClusters” (resolution = 0.6) and visualized with Seurat function
“RunUMAP” based on the UMAP algorithm with dims = 1:20. Each cell
cluster was classified and manually annotated based on the expression of
canonical marker genes of particular cell types. We used the Seurat func-
tion “FindAllMarkers” to identify conserved markers and DEGs in each cell
cluster with parameter log2(fold change) < 0.5 and FDR < 0.05. GO and
KEGG enrichment analysis of the DEGs was conducted using the DAVID
webtool [68] with FDR < 0.05.

Cell trajectory analysis

Monocle3 [69] was used for single-cell trajectory analysis of subpopula-
tions of mesenchymal, granulosa, germ, theca, and epithelial cells. With
the gene count matrix of diverse cell subpopulations as input to create
Monocle3 object, the function of “preprocess_cds” was used to normal-
ize and preprocess the data, and “align_cds” was used to remove batch
effects with cell alignment. To identify the trajectory of cell subpopulations,
we first used the function “reduce_dimension” to reduce the dimensions,
and “cluster_cells” to cluster cells. Then, function “learn_graph” was used
to learn the trajectory graph, and “order_cells” was used to order the cells
according to their progress through the developmental program. In addi-
tion, we also use the function “graph_test” to identify genes that change as
cells progress along a trajectory and “find_gene_modules” to collect the
trajectory-variable genes into modules.

Inference and analysis of cell-cell communication by CellChat

Cell—cell interactions based on the expression of known ligand—recep-
tor pairs across diverse cell types were analyzed by CellChat3.2 (v.0.02)
[41]. We followed the CellChat official workflow to infer potential cell—cell
communication networks induced in mouse ovary from E11.5 to M12. The
normalized counts of gene expression across cell types derived from
Seurat were served as input for CellChat and pre-processed using func-
tions identifyOverExpressedGenes, identifyOverExpressedinteractions,
and projectData with default parameters. We used the mouse-secreted
signaling, ECM-receptor, and cell-cell communication database as a
priori network information. Cell-cell communication networks were then
established by functions “computeCommunProb” to compute the commu-
nication probability and infer cellular communication network, “compute-
CommunProbPathway” to infer the cell-cell communication at a signaling
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pathway level, and “aggregateNet” to calculate the aggregated cell—cell
communication network with default parameters and fixed randomization
seeds. Communication strengths of each signaling pathway at different
time points were visualized by function “pheatmap” The key signal path-
ways and the contribution of each ligand—receptor pair to the signaling
pathway were analyzed by functions “netVisual_aggregate” and “netA-
nalysis_contribution.” “netAnalysis_computeCentrality” and “netAnaly-
sis_signalingRole_network” were used to compute, visualize the network
centrality scores, and identify signaling roles (dominant senders, receiv-
ers, influencers and mediators) of cell groups. “plotGeneExpression” was
used to plot the signaling gene expressions. To compare the interaction
among different cell populations at different development stages, we used
“comparelnteractions” to compare the total interaction strength, “netVi-
sual_diffinteraction” to compare the differential number of interactions or
interaction strength among different cell populations.

Gene co-expression network analysis

WGCNA [49] was applied to explore gene co-expression pattern in gran-
ulosa cells and macrophages. First, we evaluated 1451 variable genes
in these two cell types and generate the gene—cell expression matrix
as input. After topology analysis of our data used by WGNCA (1.70-3) R
packages, we chose 3 as the soft threshold for subsequent analysis. The
co-expression network and corresponding gene modules were generated
by the blockwiseModules function with parameters “mergeCutHeight=0.25
and minModuleSize=50." GO analysis of different modules was carried out
by David (6.8) with P-value < 0.05. Module gene co-expression networks
were visualized using Cytoscape(3.7.2).

Immunohistochemistry and immunofluorescence

Samples were fixed in 10% formalin overnight and embedded in par-
affin and sectioned to a thickness of 5 pm. For immunohistochemistry,
sections were deparaffinized, rehydrated, and endogenous peroxidase
activity was blocked by incubating in 3% hydrogen peroxide. After antigen
retrieval and antigen-blocking treatment, immunohistochemistry analyses
were performed using a SPlink Detection Kits (Zhong Shan Jin Qiao) with
specific antibodies overnight at 4°C. Negative controls were performed by
incubation with non-immune 1gGs. For immunofluorescence, secondary
antibodies were changed to Alexa Fluor 488 goat anti-rabbit and Alexa
Fluor 488 goat anti-mouse (Thermo Fisher Scientific), and the nuclei were
counterstained with Hoechst 33342 for observation under a laser scan-
ning confocal microscope (LSM 510 META, Zeiss, Germany). For immu-
nocytometry, isolated mesenchymal progenitor cells were fixed with 4%
PFA for CD24 and TCF21 staining. The antibodies used are as follow-
ing, PCNA (CST #27214,USA), SDC4 (Proteintech #11820-1AP, China),
ACTA2 (Proteintech # 23081-1-AP, China), CD44 (Proteintech # 60224-1-1g,
China), CD24 (Santa Cruz#sc-19585, USA), iNOS (Proteintech #22226,
China), CD206 (Proteintech #18704), TCF21 (abcam #ab182134, USA),
and Ki67 (Proteintech #28074-1-AP, China), TOP2A (Proteintech #20233-
1-AP, China).

Immunoblotting analysis

Ovarian proteins were extracted by radioimmunoprecipitation assay lysis
buffer (P0O013B, Beyotime Institute of Biotechnology, China) containing
protease inhibitor cocktails (MCE, USA). Proteins were directly denatured
with 5 x loading buffer. A total of 10 or 30 mg of proteins in each sam-
ple was loaded and separated by electrophoresis (165-8000, Bio-Rad,
USA). After the electronic transfer (170-3930, Bio-Rad, USA) and block-
ing with 20 mL of 5% milk, the membranes were incubated overnight at
4°C with the following primary antibodies:P21 (Zenbio, #381102, China),
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mTOR (CST, #2983, USA), p-mTOR (Zenbio, #381548, China), SDC4
(Proteintech #11820-1AP, China), CD44 (Proteintech # 60224-1-Ig, China),
p-RPS6 (9234, CST, USA), RPS6 (2217, CST, USA), p-AKT (9271, CST,
USA), AKT (9272, CST, USA), B-Tubulin (Abbkine, China). After washing
with Tris-buffered saline with Tween 20 (5 mL) three times, the horserad-
ish peroxidase-conjugated relative secondary antibodies were then used
to detect proteins through enhanced chemiluminescence (RPN2232, GE
Healthcare, USA) on the Tanon 5200 analysis system.

Follicle counting

Ovaries in the sham and injury groups were collected and fixed in 10%
buffered formalin for 12 h, then embedded in paraffin and serially sectioned
at a thickness of 5 uM for hematoxylin and eosin staining. All follicles with
a visible nucleus were counted every second section [70]. Follicle classi-
fication was determined by Pederson’s system [71]: oocytes surrounded
by a single layer of flattened or cuboidal granulosa cells were defined as
primordial and primary follicles; oocytes surrounded by more than one
layer of cuboidal granulosa cells with nonvisible antrum were determined
to be secondary follicles. The antral follicle possessed a clearly defined
antral space and a cumulus granulosa cell layer. Corpora lutea were filled
with lutein cells, and follicles were considered atretic if they contained
either a degenerating oocyte, disorganized granulosa cells, pyknotic
nuclei, shrunken granulosa cells, or apoptotic bodies [70]. The results are
reported as the percentage of each type of follicle per ovary.

RT-PCR analysis

Total RNAs were isolated from ovaries by TRIzol reagent (Invitrogen).
Then, 500-1000 ng RNA/per reaction were reverse transcribed into
cDNAs using FastQuant RT Kit (TIANGEN Biotech, China). Quantitative
RT-PCR was then performed using SYBR Green Mix (Applied Biological
Materials, Canada) in an ABI StepOnePlus platform (Thermo Fisher
Scientific). The primer sequences are listed in Table S12. The specificity of
PCR products was assessed by melting curve analyses and amplicon size
was determined by electrophoresis in 2% agarose gels.

Masson staining

Ovarian sections at 5 um thickness were used for staining with Masson
solutions (Sbjbio life Sciences #BP-DL022) and images were captured
using an Orthomorphic microscope (Nikon, Tokyo, Japan). The fibrosis
area was quantified according to the previous report but with some mod-
ifications [56]. In brief, fibrosis was measured in a single section of the
entire ovary using ImageJ software. Every image for analysis was first
converted to a 16-bit image and changed colors with collagen staining as
red and stroma as gray. A threshold was set on the basis of the staining
in the ovaries of mice at 12M of age. While in the ovarian partial resection
experiment, the staining in the ovaries of the sham group was set as the
threshold. Fibrosis area was calculated as staining density compared to
the stromal area.

Statistics analysis

We explicitly described the statistical tools, methods, and threshold for
each analysis of single-cell RNA sequencing data. Pearson’s correlation
coefficients (r) were calculated to assess the link between the outgoing
communication strength of the collagen pathway and aggregated outgo-
ing communication strength. All the collected values are processed by
GraphPad Prism 7.0 and Excel 2020 and presented as mean + SD (stan-
dard deviation). One-way ANOVA analysis was used to determine signifi-
cant differences between groups. All experiments were repeated at least
three times, and a value of P-value < 0.05 was evaluated as statistically
significant.

OXFORD

UNIVERSITY PRESS

Life Medicine

Supplementary data
Supplementary material is available at Life Medicine online.

Acknowledgements

This work was supported by the National Key Research and Development
Program of China (No. 2022YFC2703000 to J.L.; No. 2021YFC2302400
to W.S.).

Author contributions

Wan Jiang (Data curation [equal], Visualization [equal], Writing—original
draft [equal]), Wenya Sun (Data curation [equal], Visualization [equal],
Writing—original draft [equal]), Yue Peng (Methodology [equal], Validation
[equal], Visualization [equal], Writing—original draft [equal]), hao Xu
(Data curation [equal]), Haonan Fan (Methodology [equal], Validation
[equal]), Xin Jin (Data curation [equal]), yue Xiao (Data curation [equal]),
yuxiang Wang (Data curation [equal]), pin Yang (Data curation [equal]),
wenjie Shu (Conceptualization [equal], Funding acquisition [equal],
Writing—original draft [equal], Writing—review & editing [equal]), and jing
li (Conceptualization [equal], Funding acquisition [equal], Writing—original
draft [equal], Writing—review & editing [equal])

Conflict of interest

The authors declare no competing interests.

Data availability

The single-cell RNA-seq data used in this study were composed of two
parts. One set of scRNA-seq data of mouse ovary from E11.5 to P5 were
obtained from three recent studies [9, 11, 12], and were downloaded from
Sequence Read Archive BioProject (accession number PRINA562536,
PRJNA528089, and PRJNA554804). The other set of scRNA-seq data
of mouse ovary from P1, P14, W8, M8, and M12 was produced in our
own laboratory and the sequence data have been deposited in the GEO
database (GSE127106).

References

1. Sarraj MA, Drummond AE. Mammalian foetal ovarian devel-
opment: consequences for health and disease. Reproduction
2012;143:151-63.

2. Stevant |, Kiihne F, Greenfield A, et al. Dissecting cell lineage spec-
ification and sex fate determination in gonadal somatic cells using
single-cell transcriptomics. Cell Rep 2019;26:3272—-83.e3.

3. Hirshfield AN. Development of follicles in the mammalian ovary. Int
Rev Cytol 1991;124:43-101.

4. Jagarlamudi K, Rajkovic A. Oogenesis: transcriptional regulators and
mouse models. Mol Cell Endocrinol 2012;356:31-9.

5.  Hsueh EAMAJW. Initial and cyclic recruitment of ovarian follicles.
Endocr Rev 2000;21:200—14.

6. Kinnear HM, Tomaszewski CE, Chang AL, et al. The ovarian stroma
as a new frontier. Reproduction 2020;160:R25-39.

7. Fan X, Bialecka M, Moustakas I, et al. Single-cell reconstruction
of follicular remodeling in the human adult ovary. Nat Commun
2019;10:3164.

8. Wang S, Zheng Y, Li J, et al. Single-cell transcriptomic atlas of pri-
mate ovarian aging. Cell 2020;180:585-600.e19.

Life Medicine, 2024, Volume 3

c
&
<
@
=

uIdI



http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnae041#supplementary-data

icine

=
2]
=
=
=

10.

1.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Niu W, Spradling AC. Two distinct pathways of pregranulosa cell dif-
ferentiation support follicle formation in the mouse ovary. Proc Nat!
Acad Sci U S A 2020;117:20015-26.

Morris ME, Meinsohn M-C, Chauvin M, et al. A single-cell atlas of the
cycling murine ovary. eLife 2022;11:€77239.

Ge W, Wang J-J, Zhang R-Q, et al. Dissecting the initiation of female
meiosis in the mouse at single-cell resolution. Cell Mol Life Sci
2021;78:695-713.

Wang JJ, Ge W, Zhai Q-Y, et al. Single-cell transcriptome landscape
of ovarian cells during primordial follicle assembly in mice. PLoS Biol
2020;18:e3001025.

Mcinnes L, Healy J, Melville J. Umap: Uniform manifold approx-
imation and projection for dimension reduction. arXiv preprint
arXiv:1802.03426, 2018.

Xu C, Cao Y, Bao J. Building RNA-protein germ granules: insights
from the multifaceted functions of DEAD-box helicase Vasa/Ddx4 in
germline development. Cell Mol Life Sci 2021;79:4.

ZhaoY, Du Y, Ge Q, et al. Identification and expression analysis of
Dazl homologue in Cynops cyanurus. Zygote 2022;30:221-6.
Kuriyama S, Tamiya Y, Tanaka M. Spatiotemporal expression of
UPK3B and its promoter activity during embryogenesis and sper-
matogenesis. Histochem Cell Biol 2017;147:17-26.

Kuony A, Michon F. Epithelial Markers aSMA, Krt14, and Krt19 unveil
elements of murine lacrimal gland morphogenesis and maturation.
Front Physiol 2017;8:739.

Jones RL, Pepling ME. KIT signaling regulates primordial follicle for-
mation in the neonatal mouse ovary. Dev Biol 2013;382:186-97.
Wang Z, Niu W, Wang Y, et al. Follistatin288 regulates germ cell
cyst breakdown and primordial follicle assembly in the mouse ovary.
PLoS One 2015;10:e0129643.

Jameson SA, Natarajan A, Cool J, et al. Temporal transcrip-
tional profiling of somatic and germ cells reveals biased lineage
priming of sexual fate in the fetal mouse gonad. PLoS Genet
2012;8:¢1002575.

Kakuta H, Iguchi T, Sato T. The involvement of granulosa cells in
the regulation by gonadotropins of Cyp17a1 in Theca Cells. In Vivo
2018;32:1387-401.

Rastetter RH, Bernard P, Palmer JS, et al. Marker genes iden-
tify three somatic cell types in the fetal mouse ovary. Dev Biol
2014;394:242-52.

Ku CH, Johnson PH, Batten P, et al. Collagen synthesis by mesen-
chymal stem cells and aortic valve interstitial cells in response to
mechanical stretch. Cardiovasc Res 2006;71:548-56.

Choi KD, Vodyanik MA, Togarrati PP, et al. Identification of the hemo-
genic endothelial progenitor and its direct precursor in human plurip-
otent stem cell differentiation cultures. Cell Rep 2012;2:553—-67.
Privratsky JR, Newman PJ. PECAM-1: regulator of endothelial junc-
tional integrity. Cell Tissue Res 2014;355:607—-19.

Michelini S, Ricci M, Amato B, et al. CDH5, a possible new candi-
date gene for genetic testing of lymphedema. Lymphat Res Biol
2022;20:496-506.

Medina-Contreras O, Geem D, Laur O, et al. CX3CR1 regu-
lates intestinal macrophage homeostasis, bacterial translo-
cation, and colitogenic Th17 responses in mice. J Clin Invest
2011;121:4787-95.

Lewis SE, Erickson RP, Barnett LB, et al. N-ethyl-N-nitrosourea-
induced null mutation at the mouse Car-2 locus: an animal model for
human carbonic anhydrase |l deficiency syndrome. Proc Natl Acad
Sci U S A 1988;85:1962-6.

Life Medicine, 2024, Volume 3

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Schwalie PC, Dong H, Zachara M, et al. A stromal cell popula-
tion that inhibits adipogenesis in mammalian fat depots. Nature
2018;559:103-8.

Xie T,WangY, Deng N, et al. Single-cell deconvolution of fibroblast het-
erogeneity in mouse pulmonary fibrosis. Cell Rep 2018;22:3625-40.
Rosenberg AB, Roco CM, Muscat RA, et al. Single-cell profiling of
the developing mouse brain and spinal cord with split-pool barcoding.
Science 2018;360:176-82.

Zheng W, Zhang H, Gorre N, et al. Two classes of ovarian primordial
follicles exhibit distinct developmental dynamics and physiological
functions. Hum Mol Genet 2014;23:920-8.

Zheng W, Zhang H, Liu K. The two classes of primordial follicles in
the mouse ovary: their development, physiological functions and
implications for future research. Mol Hum Reprod 2014;20:286-92.
Tesfaye D, Ghanem N, Carter F, et al. Gene expression profile of
cumulus cells derived from cumulusoocyte complexes matured
either in vivo or in vitro. Reprod Fertil Dev 2009;21:451-61.

Guan S, Xie L, Ma T, et al. Effects of melatonin on early pregnancy
in mouse: involving the regulation of StAR, Cyp11at, and Ihh expres-
sion. Int J Mol Sci 2017;18:1637.

Liu C, Peng J, Matzuk MM, et al. Lineage specification of ovarian
theca cells requires multicellular interactions via oocyte and granu-
losa cells. Nat Commun 2015;6:6934.

Hatzirodos N, Hummitzsch K, Irving-Rodgers HF, et al. Transcriptome
comparisons identify new cell markers for theca interna and granu-
losa cells from small and large antral ovarian follicles. PLoS One
2015;10:e0119800.

Lavoie HA, King SR. Transcriptional regulation of steroidogenic
genes: STARD1, CYP11A1 and HSD3B. Exp Biol Med (Maywood)
2009;234:880-907.

Hudson QJ, Ashjaei K, Perricos A, et al. Endometriosis patients show
an increased M2 response in the peritoneal CD14(+low)/CD68(+low)
macrophage subpopulation coupled with an increase in the T-helper
2 and T-regulatory cells. Reprod Sci 2020;27:1920-31.

Ponichtera HE, Shainheit MG, Liu BC, et al. CD209a expression on
dendritic cells is critical for the development of pathogenic Th17 cell
responses in murine schistosomiasis. J Immunol 2014;192:4655-65.
Jin S, Guerrero-duarez CF, Zhang L, et al. Inference and analysis of
cell-cell communication using CellChat. Nat Commun 2021;12:1088.
lkeda S, Yamada M. Midkine and cytoplasmic maturation of mam-
malian oocytes in the context of ovarian follicle physiology. Br J
Pharmacol 2014;171:827-36.

Muramatsu H, Zou P, Kurosawa N, et al. Female infertility in mice
deficient in midkine and pleiotrophin, which form a distinct family of
growth factors. Genes to Cells 2006;11:1405-17.

York, JP, Ren YA, Zeng J, Bin Zhang, Wang F, Chen R, Liu J, Xia
X, Zhang P. Growth Arrest Specific 2 (GAS2) is a critical mediator
of germ cell cyst breakdown and folliculogenesis in mice. Sci Rep
2016;6:34956.

Ollinger R, Reichmann J, Adams IR. Meiosis and retrotransposon
silencing during germ cell development in mice. Differentiation
2010;79:147-58.

Xiao Y, Peng X, Peng Y, et al. Macrophage-derived extracellular
vesicles regulate follicular activation and improve ovarian func-
tion in old mice by modulating local environment. Clin Trans/ Med
2022;12:e1071.

Briley SM, Jasti S, McCracken JM, et al. Reproductive age-
associated fibrosis in the stroma of the mammalian ovary.
Reproduction 2016;152:245-60.

https://academic.oup.com/lifemedi



48.

49.

50.

51

52.

53.

54.

55.

56.

57

58.

50.

OXFORD

Cuff CA, Puré E. A crucial role for CD44 in inflammation. Trends Mol
Med 2001;7:213-21.

Langfelder P, Horvath S. WGCNA: an R package for weighted cor-
relation network analysis. BMC Bioinf 2008;9:559.

Liu R, Zhang X, Fan Z, et al. Human amniotic mesenchymal stem
cells improve the follicular microenvironment to recover ovarian
function in premature ovarian failure mice. Stem Cell Res Ther
2019;10:299.

Morris ME, Meinsohn M-C, Chauvin M, et al. A single-cell atlas of the
cycling murine ovary. Elife 2022;11:e77239.

Sheng X, Zhou J, Kang N, et al. Temporal and spatial dynamics map-
ping reveals follicle development regulated by different stromal cell
populations. bioRxiv 2022: p. 2022.03.04.480328.

Guahmich NL, Man L, Wang J, et al. Human theca arises from ovar-
ian stroma and is comprised of three discrete subtypes. Commun
Biol 2023;6:7.

Liu T, Qin Q-Y, Qu J-X, et al. Where are the theca cells from: the
mechanism of theca cells derivation and differentiation. Chin Med J
(Engl) 2020;133:1711-8.

Talbott HE, Mascharak S, Griffin M, et al. Wound healing, fibroblast
heterogeneity, and fibrosis. Cell Stem Cell 2022;29:1161-80.
Umehara T, Winstanley YE, Andreas E, et al. Female reproductive
life span is extended by targeted removal of fibrotic collagen from the
mouse ovary. Sci Adv 2022;8:eabn4564.

Lynch MD, Watt FM. Fibroblast heterogeneity: implications for human
disease. J Clin Invest 2018;128:26-35.

Wetzig A, Alaiya A, Al-Alwan M, et al. Differential marker expres-
sion by cultures rich in mesenchymal stem cells. BMC Cell Biol
2013;14:54.

Romagnani P, Kalluri R. Possible mechanisms of kidney repair.
Fibrogenesis Tissue Repair 2009;2:3.

Life Medicine

UNIVERSITY PRESS

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Shapira S, Ben-Amotz O, Sher O, et al. Delayed wound healing in heat
stable antigen (HSA/CD24)-deficient mice. PLoS One 2015;10:e0139787.
Avivi-Arber L, Avivi D, Perez M, et al. Impaired bone healing at tooth
extraction sites in CD24-deficient mice: a pilot study. PLoS One
2018;13:e0191665.

Yang W, Zhang J, Xu B, et al. HucMSC-derived exosomes miti-
gate the age-related retardation of fertility in female mice. Mol Ther
2020;28:1200-13.

Zolbin MM, Ersoy GS, Aliakbari F, et al. Basal characterization and
in vitro differentiation of putative stem cells derived from the adult
mouse ovary. In Vitro Cell Dev Biol Animal 2020;56:59-66.

Stimpfel M, Cerkovnik P, Novakovic S, et al. Putative mesenchymal
stem cells isolated from adult human ovaries. J Assist Reprod Genet
2014;31:959-74.

HeY, Peng X, Wu T, et al. Restricting the induction of NGF in ovarian
stroma engenders selective follicular activation through the mTOR
signaling pathway. Cell Death Dis 2017;8:2817.

Satija R, Farrell JA, Gennert D, et al. Spatial reconstruction of
single-cell gene expression data. Nat Biotechnol 2015;33:495-502.
McGinnis CS, Murrow LM, Gartner ZJ. DoubletFinder: doublet detec-
tion in single-cell RNA sequencing data using artificial nearest neigh-
bors. Cell Syst 2019;8:329-37.e4.

Jiao X, Sherman BT, Huang DW, et al. DAVID-WS: a stateful web service
to facilitate gene/protein list analysis. Bioinformatics 2012;28:1805—6.
Cao J, Spielmann M, Qiu X, et al. The single-cell transcriptional land-
scape of mammalian organogenesis. Nature 2019;566:496-502.
Flaws JA, Abbud R, Mann RJ, et al. Chronically elevated luteiniz-
ing hormone depletes primordial follicles in the mouse ovary. Biol
Reprod 1997;57:1233-7.

Pedersen T. Determination of follicle growth rate in the ovary of the
immature mouse. J Reprod Fertil 1970;21:81-93.

Life Medicine, 2024, Volume 3

c
&
<
@
=

uIdI




	Single-cell RNA sequencing reveals the intercellular crosstalk and the regulatory landscape of stromal cells during the whole life of the mouse ovary
	Introduction
	Results
	Single-cell RNA-seq of mouse ovary
	Identification and characterization of cell types and subpopulations
	Overview of cell–cell interactions in mouse ovary across development
	Dynamics of cell–cell communication among somatic subpopulations in mouse ovary
	Collagen signaling pathway elaborates the role of stromal cells in cell–cell communications in the mouse ovary
	The influence of cell–cell communication on ovary aging
	Activation of MPCs is enough for stroma remodeling in old ovaries

	Discussion
	Research limitations
	Method
	Research ethics
	Experimental animals
	Single-cell preparation and sequencing
	scRNA-seq data analysis and cell type annotation
	Cell trajectory analysis
	Inference and analysis of cell–cell communication by CellChat
	Gene co-expression network analysis
	Immunohistochemistry and immunofluorescence
	Immunoblotting analysis
	Follicle counting
	RT–PCR analysis
	Masson staining
	Statistics analysis

	Supplementary data
	Acknowledgements
	References


