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Abstract

Functional ovarian cells are essential for human fertility. In the
adult ovary, different cell types ensure ovary homeostasis,
enable hormonal production, and support oocyte maturation.
Hence, the ovary is a complex and highly dynamic organ
composed of a great diversity of cell types, with many still
uncharacterized. The use of single-cell RNA sequencing
technologies on human ovarian tissue is starting to unravel the
molecular signature of the cells present in the ovary, high-
lighting dramatic changes in gene expression during follicular
growth and regression. This knowledge will ultimately provide
insights into female fertility and associated reproductive dis-
eases and will allow the optimization of human-based disease
models and in vitro gametogenesis protocols.
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Introduction

The human ovary is a highly complex and dynamic
reproductive exocrine organ composed of many different
cell types (Figure la) and responsible for storage and

maturation of oocytes and cyclic production of hormones,
such as progesterone and estrogen. The maturation of a
primary oocyte into a competent oocyte, ready for ovula-
tion, is a process tightly regulated by ovarian somatic cells
[1—3]. Each oocyte is encapsulated by somatic cells,
forming a functional unit known as the follicle. The two
main somatic cell types responsible for formation and
growth of the follicle are granulosa cells (GCs), sur-
rounding the oocyte, and theca cells (T'Cs), aligned on the
outer surface of the basal lamina [4,5]. Those two lineages
undergo a dramatic development during follicular growth/
maturation, followed by either regression or further
development into the corpus luteum (Figure 1b).
Depending on the stage of the follicle (or subsequent
corpus luteum), the GC morphology can be subdivided
into squamous, cuboidal, mural, cumulus, corona radiata,
and lutein GCs (Figure 1). The development of the TC
lineage is less well understood, but includes several well-
known subtypes, such as interna, externa, and lutein TC
(Figure 1). As the GC and TC develop, the follicle transits
from primordial, primary, secondary (<0.15 mm), prean-
tral (0.15—0.2 mm) (Figures 1b, 2a—d) to antral follicles
(0.2—5 mm), when early GCs separate into cumulus GCs
surrounding the oocyte and mural GC lining the basal
lamina (Figures 1b, 2e—f). In the ovary, there are many
antral follicles, but per menstrual cycle, typically one will
become dominant and increase in size, reaching about
20 mm before ovulation [6]. After ovulation, that follicle
transforms into the corpus luteum containing lutein GCs
and lutein TCs (Figure 2g). Inevitably, the corpus luteum
undergoes luteolysis and regresses into the corpus albi-
cans [7,8], whereas most antral follicles that undergo
atresia degenerate [9], leaving behind the Slavjanski’s
glassy membrane (basement membrane) as the only
remnant (Figure 1b).

Owing to recent developments in single-cell sequencing
technology, we are starting to gain in-depth knowledge
on the different cell types present in the adult ovary that
are responsible for follicular growth and degeneration as
well as the extraordinary tissue remodeling that takes
place in the human adult ovary during each menstrual
cycle [10—13]. In addition, the ovary also contains many
other cell types, such as cells of the ovarian surface
epithelium (OSE) and stromal cells that include a va-
riety of immune cells, endothelial cells of blood and
lymph vessels, smooth muscle cells, and fibroblasts of
the tunica albuginea and ovarian medulla [14]
(Figure 1).
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Figure 1

a Cellular make-up of human adult ovary
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Main cell types in the human adult ovary. (a) Cartoon overview of the cellular makeup present in the human adult ovary and (b) the development of the
oocyte, granulosa cell (GC), and theca cell (TC) during folliculogenesis. GV, germinal vesicle; GVBD, germinal vesicle breakdown; MI, metaphase I; Mll,

metaphase |I.

Molecular dynamics of oocytes during
folliculogenesis

Primary oocytes are arrested at dictyate (diplotene of
meiotic prophase I), in the so-called germinal vesicle
(GV) stage, and are present in the ovarian cortex, where
they constitute a finite pool of resting follicles that have
not started to grow. After a surge in luteinizing hormone
in the preovulatory follicle, meiotic resumption starts
with germinal vesicle breakdown, but pauses once more
at metaphase II (MII), until it concludes with the
extrusion of the second polar body after fertilization
[15] (Figure 1b). Several well-known germ cell and
oocyte-specific genes, including DDX4, DPPA3, GDIFY9,
00SP2z, ZP2, ZP3, FIGLA, LHXS, SOHLH2, DAZL., and
S§OX30, are detected across maturation stages
[12,13,16—18] (See Figure 3).

Laser capture microdissection followed by transcrip-
tional analysis has revealed substantial differential
expression between human oocytes from primordial and

primary follicles, such as high FOXO//FOXO1 expres-
sion in oocytes in primordial follicles and high EIF4E/
EIF4E expression in oocytes in primary follicles [19]. In
addition, nuclear localization of FOXO3 and PTEN is
involved in maintaining dormancy, whereas nuclear
accumulation of phosphorylated Akt and phosphorylated
mTOR initiates the transition from primordial to pri-
mary follicles [20]. In agreement, activation of the PI3K/
Akt/mTOR pathway stimulates this transition [21].
Single-cell transcriptomics has further revealed that
oocytes in primary follicles express high levels of CLVS1,
STAT4, TLR4, CDKI14, and DDIT4L., whereas oocytes in
secondary follicles are enriched in USP27X, PAEP,
COX741, and CHST7, and oocytes in early antral follicles
show upregulation of NTF4, [.CP2, NSMFE and ABCD1
[13] (See Figure 3).

Microarray analysis of preovulatory oocytes from the GV
stage to MII showed that expression of PCNA, FGF14,
BMPI5, and CDC25A are largely increased in MII
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Figure 2
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Images of granulosa cells (GCs) and theca cells (TCs) during folliculogenesis in humans. Histological images showing hematoxylin and eosin staining of
(a) primordial follicles, (b) primary follicles, (c) secondary follicles, (d) preantral follicles, and (e) antral follicles, with (f) an insert magnified and (g) the
corpus luteum showing different types of GCs and TCs. Scale bar in a—d and f is 10 pm, in e is 100 pm, and in g is 50 pm.

oocytes compared with GV and metaphase I oocytes
[22]. More recently, high expression of RBBP7 was
observed in MII oocytes compared with metaphase I
oocytes using single-cell transcriptomics [23]. In addi-
tion, several studies have wused single-cell tran-
scriptomics to compare the oocyte quality of patients of
different ages with different reproductive disorders
(endometriosis, polycystic ovary syndrome) or oocytes
undergoing in vitro maturation with those of healthy
females [24—32]; however, owing to the low number of
available oocytes, a robust characterization of GV to MII
progression is still lacking.

Molecular dynamics of the GC during
folliculogenesis

During folliculogenesis, GCs are the only cells that
interact directly with oocytes, having a decisive impact
on oocyte quality (Figure 2). In primordial follicles (fetal
and adult), squamous GCs are known to express FOX/.2,
GATA6, GATA4, and WT1 [12,33,34]. Several signaling
pathways, such as mTOR, Hippo, and TGFf super-
family, have been associated with the transition from the
primordial (squamous GC) to primary (cuboidal/early
GC) follicle [21,35—37]. As per RNA sequencing
performed in samples of 10 pooled GCs, GCs from the
primary follicle were shown to be enriched in RND3,
MGP, and TS7T. GCs from secondary follicles were

enriched in BNIPL, whereas levels of several hormone
receptors (AR, PGR, ESRI, FSHR) and genes related to
steroidogenesis  (CYP1141, CYP1941, HSD3B2,
HSD17BI) were increased in GCs in antral follicles [13].

Single-cell transcriptomics on 1- to 5-mm antral follicles
has revealed that many markers for GCs, such as AMH,
CDH2, GJAl, TNNI3, GSTAL, CD99, SERPINE2, DSP,
MAGED2, SPINT2, and TSPANG, were observed in all
GC subtypes [10,11] (See Figure 3). Moreover, the
majority of GCs from small antral follicles (1—2 mm)
showed high levels of W77 and EGR4, characteristic of
an early GC signature, before differentiation into
cumulus and mural GCs. A clear molecular signature
separating cumulus and mural GCs was only observed in
antral follicles larger than 2 mm, with high levels of
KRT1S8, CITEDZ2, and AKIRINI observed in mural (and
early) GCs and high levels of IGFBP2, HTRAI, INHBB,
and /HH specifically expressed in cumulus GCs [10]
(See Figure 3).

Cumulus GCs collected from cumulus—oocyte com-
plexes from patients undergoing medical assisted repro-
duction and containing either GV or MII oocytes showed
differential expression of cellular matrix components
(VIN, SPOCK2, TNC) and genes involved in steroid
metabolism and processing (AREG, EREG, HSD11BI,
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Figure 3
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Highly differentially expressed genes in human adult ovarian cells. Overview of highly differentially expressed genes in main cell types in the ovary
(oocytes and somatic cells) in different stages of folliculogenesis. COC, cumulus—oocyte complex; GC, granulosa cell; TC, theca cell.

STAR, DHCR24) with upregulation in cumulus GCs
associated with MII oocytes [13,38]. Interestingly,
immune and inflammation factors are also found upre-
gulated in cumulus GCs associated with MII oocytes
[38,39]. In accordance, cumulus GCs isolated at different
time points during ovarian stimulation and subsequent
ovulation also showed upregulation of inflammation-
related genes, such as IL7R, CXCR4, and CD24 [40].
Moreover, expression of genes involved in cumulus
expansion (TNFAIP6, PTX3, HAS2, FGG) and genes
potentially involved in follicle rupture and tissue remod-
eling (TIMP1, ADAMTS 1, ADAMTS9) were shown to be
increased until ovulation by transcriptomics on cumulus
GCs and/or by proteomics of follicular fluid [40,41].

During the formation of the corpus luteum, mural GCs
differentiate into lutein GCs (Figures 1b and 2g). In the
corpus luteum, CYP19A1 and VEGF are expressed
exclusively in lutein GCs, whereas HSD3B2, STAR, and
CYP11A1 are expressed by both lutein GCs and lutein
TCs [7,42—44] (See Figure 3). During the collection of
cumulus—oocyte complexes, additional mural GCs are
also aspirated, and those can be transiently cultured and
induced to become lutein GCs in vitro. Using this culture

model, SCN9A, OTR, and PEDF have been shown to be
involved in the regression of lutein GCs [45].

Molecular dynamics of TCs during
folliculogenesis

In the ovary, the origin and function of TCs are not well
understood, but TCs are known to be involved in
diverse aspects of folliculogenesis that include endo-
crine, structural, vascular, and immune functions [4,46].

Similarly to early GCs in 1- to 2-mm antral follicles, TCs in
those follicles show an unique molecular signature that
includes expression of UMEZ, APOD, APOC1, MEST, and
WEDCI [10]. It is only in larger antral follicles that early
TCs differentiate into endocrine interna TCs and
fibroblast-like externa TCs [47]. In agreement, genes
involved in ovarian hormonal biosynthesis and lipid
metabolism, such as STAR, CYPI11AI, CYPI741, LHCGR,
FDX1, INSL3, APOAI, and PLINZ, are expressed in the
interna T'C; by contrast, externa TCs are enriched in
genes associated with production of extracellular matrix
and vasculature development, such as COL1A41, COL1A42,
COL3A41, COL342, COL6AI, FGFRI, STAT3, and ACTAZ
[10,11,42] (See Figure 3). Interna and externa T'Cs can be
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separated owing to the differential expression of cell sur-
face makers: ANPEP (CD13) is specifically expressed in
interna TCs, whereas externa TCs are positive for ENG
(CD105) and GPC3 [11]. Lutein TGCs sustain the
expression of steroidogenic genes, such as CYP17A1
[7,48].

Molecular makeup of the ovarian stroma
Many cell types present in the ovarian stroma can also be
found in the stroma of other organs in the body. Those
include a variety of immune cells, endothelial cells of
lymph and blood vasculature, smooth muscle cells, and
fibroblast-like cells. Some of those cell lineages may
express organ-specific genes, but they also express ca-
nonical lineage markers, such as P7TPRC, CD53, and
CXCR4 in immune cells; VIWWE CLDN5, CD34, and CDH5
in endothelial cells; TAGLN, MYHI11, and RGS5 in
smooth muscle cells; and DCN, TCF21, and ARID5B in
fibroblast-like cells [10—12] (See Figure 3). Neverthe-
less, it is worth noting that each main lineage is het-
erogeneous, containing several cellular subtypes. For
example, the ovary contains several types of immune
cells such as monocytes, macrophages, B cells, T cells,
and natural killer (NK) cells [10,12], and most probably;,
those sub types can be further subdivided into addi-
tional subtypes. In this regard, also, different subtypes
of fibroblast-like cells, perhaps present in different parts
of the ovary (tunica albuginea, inner cortex, and me-
dulla), different types of epithelial cells, and smooth
muscle cells are responsible for supporting the dynamic
structure of the ovary [14]. During the cyclic transition
between the follicular and luteal phase, different cell
types ensure follicular growth and remodeling, contrib-
uting to the great temporal and spatial cellular
complexity observed in the ovary.

One of the cell populations that have not yet been
captured using single-cell sequencing technologies is the
OSE, a single layer of mesothelium cells that covers the
ovaries, interfacing with the peritoneal cavity. The role of
the OSE is largely obscure. During fetal development, it
may contribute to form GCs, whereas in the adult, it may
contribute to repair the ovarian surface after ovulation
[49]. Regarding this repair function, cells of the OSE ex-
press several markers associated with adult stem cells,
such as PROMI (CD133), RSPOI, LGR5, CD44,
ALDH1AI, and several types of keratins (KR7'78, KRT'19),
but are negative for MUC16 (CA125) [50] (See Figure 3).
The functional relationship between the mesothelium
cells of the OSE and the mesothelium cells of the fallopian
tubes (fimbria) remains obscure, but they both have been
associated with a common type of epithelial ovarian
cancer, high-grade serous ovarian carcinoma [51].

Summary
The transcriptional signature of oocytes, GCs, and TCs
among all other cells present in the adult ovary is

starting to reveal the cellular complexity and dynamics
of the human ovary. In future, including more samples of
different phases of the ovarian cycle and perhaps ovarian
tissue from patients with different ages and reproduc-
tive diseases will allow a more complete understanding
of the broad range of cell types in the ovary, which will
benefit the development of disease models. Moreover,
the differentiation in vitro of human competent oocytes,
starting from primordial follicles, is still a challenge. To
mimic follicle development in vitro, the molecular
analysis of ovarian cells, including oocytes, GCs, and
TCs, during culture will allow efficient optimization of
culture protocols to achieve oocyte maturation,
providing innovative solutions for medical assisted
reproduction and fertility preservation.

Conflict of interest statement
Nothing declared.

Acknowledgements

The authors would like to acknowledge ].S. Del Valle and E.M. Lam for the
histological images (hematoxylin and eosin staining) of human adult ovaries
used in Figure 2. This work was supported by the European Research
Council Consolidator Grant OVOGROWTH (ERC-CoG-2016-725722)
and the Chinese Scholarship Council (CSC 201706320328).

References
Papers of particular interest, published within the period of review,
have been highlighted as:
* of special interest
** of outstanding interest

1. Sanchez F, Smitz J: Molecular control of oogenesis. Biochim
Biophys Acta 2012, 1822:1896—-1912.

2. Clarke HJ: Chapter 2 control ofMammalian oocyte development
by interactions with the maternal follicular environment. 2017.

3. Baerwald AR, Adams GP, Pierson RA: Ovarian antral folli-
culogenesis during the human menstrual cycle: a review.
Hum Reprod Update 2012, 18:73-91.

4. Young JM, McNeilly AS: Theca: the forgotten cell of the
ovarian follicle. Reproduction 2010, 140:489—-504.

5. Fragouli E, Lalioti MD, Wells D: The transcriptome of follicular
cells: biological insights and clinical implications for the
treatment of infertility. Hum Reprod Update 2014, 20:1-11.

6. Gougeon A: Human ovarian follicular development: from
activation of resting follicles to preovulatory maturation. Ann
Endocrinol (Paris) 2010, 71:132—143.

7. Devoto L, Fuentes A, Kohen P, et al.: The human corpus
luteum: life cycle and function in natural cycles. Fertil Steril
2009, 92:1067-1079.

8. Abedel-Majed MA, Romereim SM, Davis JS, Cupp AS: Pertur-
bations in lineage specification of granulosa and theca cells
may alter corpus luteum formation and function. Front Endo-
crinol (Lausanne) 2019, 10:832.

9. Marcozzi S, Rossi V, Salustri A, et al.: Programmed cell death in
the human ovary. Minerva Ginecol 2018, 70:549—-560.

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

This article described somatic cell types and transcriptional signatures
of human adult ovarian cells from medulla and antral follicles sized
1-5 mm by single-cell RNA sequencing. Several subtypes of endo-
thelial, smooth muscle and immune cells were confirmed in human
adult ovary. The analysis also revealed features of early GC and early

www.sciencedirect.com

Current Opinion in Endocrine and Metabolic Research 2021, 18:187-193


http://refhub.elsevier.com/S2451-9650(21)00041-7/sref1
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref1
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref2
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref2
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref3
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref3
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref3
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref4
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref4
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref5
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref5
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref5
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref6
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref6
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref6
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref7
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref7
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref7
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref8
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref8
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref8
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref8
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref9
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref9
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref10
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref10
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref10
www.sciencedirect.com/science/journal/24519650
user
Highlight

user
Highlight

user
Highlight

user
Highlight

user
Highlight


192 Regulation of Ovarian Function

TC. Moreover, this paper also identified novel markers for GC and TC
in antral follicles.

11. Man L, Lustgarten-Guahmich N, Kallinos E, et al.: Comparison of
** human antral follicles of xenograft versus ovarian origin reveals
disparate molecular signatures. Cell Rep 2020, 32:108027.

This article described the transcriptional profiles of GC and TC from
antral follicles (1—4 mm) by single-cell RNA sequencing and included
mouse-xenografted ovarian tissue. In addition, this paper applied
several cell surface markers to sort GC and TC and validated some of
those on tissue sections.

12. Wagner M, Yoshihara M, Douagi |, et al.: Single-cell analysis of

*  human ovarian cortex identifies distinct cell populations but
no oogonial stem cells. Nat Commun 2020, 11:1147.

This article analyzed the transcriptional profile of cells from the human

ovarian cortex from patients undergoing either cesarian-section or

gender-reassignment surgery. The ovarian cells immunostained for

DDX4 clustered with perivascular cells.

13. Zhang VY, Yan Z, Qin Q, et al.: Transcriptome landscape of
** human folliculogenesis reveals oocyte and granulosa cell
interactions. Mol Cell 2018, 72:1021—-1034 e1024.
This article studied the transcriptional dynamics of oocytes and GC from
follicles smaller than 300 pum (including primordial, primary, secondary/
pre-antral and early antral stages) and preovulatory MIl stage. The
analysis not only described transcriptional profiles of oocyte and GC
from different stages, but also highlighted signaling pathways that may
be involved in primordial follicle activation and oocyte-GC crosstalk.

14. Kinnear HM, Tomaszewski CE, Chang FL, et al.: The ovarian
stroma as a new frontier. Reproduction 2020, 160:R25—R39.

15. Arroyo A, Kim B, Yeh J: Luteinizing hormone action in human
oocyte maturation and quality: signaling pathways, regula-
tion, and clinical impact. Reprod Sci 2020, 27:1223—-1252.

16. Virant-Klun |, Knez K, Tomazevic T, Skutella T: Gene expression
profiling of human oocytes developed and matured in vivo or
in vitro. BioMed Res Int 2013, 2013:879489.

17. Sanfins A, Rodrigues P, Albertini DF: GDF-9 and BMP-15 direct
the follicle symphony. J Assist Reprod Genet 2018, 35:
1741-1750.

18. Markholt S, Grondahl ML, Ernst EH, et al.: Global gene analysis
of oocytes from early stages in human folliculogenesis
shows high expression of novel genes in reproduction. Mo/
Hum Reprod 2012, 18:96—110.

19. Ernst EH, Grondahl ML, Grund S, et al.: Dormancy and activa-
tion of human oocytes from primordial and primary follicles:
molecular clues to oocyte regulation. Hum Reprod 2017, 32:
1684—1700.

20. Takeuchi A, Koga K, Satake E, et al.: Endometriosis triggers
excessive activation of primordial follicles via PI3K-PTEN-
Akt-Foxo3 pathway. J Clin Endocrinol Metab 2019, 104:
5547—-5554.

21. Grosbois J, Demeestere I: Dynamics of PI3K and Hippo
signaling pathways during in vitro human follicle activation.
Hum Reprod 2018, 33:1705-1714.

22. Assou S, Anahory T, Pantesco V, et al.: The human cumulus—
oocyte complex gene-expression profile. Hum Reprod 2006,
21:1705-1719.

23. Yu B, Doni Jayavelu N, Battle SL, et al.: Single-cell analysis of
transcriptome and DNA methylome in human oocyte matu-
ration. PloS One 2020, 15, e0241698.

24. QilL, Liu B, Chen X, et al.: Single-cell transcriptomic analysis
reveals mitochondrial dynamics in oocytes of patients with
polycystic ovary syndrome. Front Genet 2020, 11:396.

25. Ye M, Yang ZY, Zhang Y, et al.: Single-cell multiomic analysis
of in vivo and in vitro matured human oocytes. Hum Reprod
2020, 35:886—-900.

26. Zhao H, Li T, Zhao Y, et al.: Single-cell transcriptomics of
human oocytes: environment-driven metabolic competition
and compensatory mechanisms during oocyte maturation.
Antioxidants Redox Signal 2019, 30:542—-559.

27. Ferrero H, Corachan A, Aguilar A, et al.: Single-cell RNA
sequencing of oocytes from ovarian endometriosis patients
reveals a differential transcriptomic profile associated with
lower quality. Hum Reprod 2019, 34:1302—-1312.

28. LiY, LiuH, YuQ, et al.. Growth hormone promotes in vitro
maturation of human oocytes. Front Endocrinol (Lausanne)
2019, 10:485.

29. Zou H, Chen B, Ding D, et al.: Melatonin promotes the devel-
opment of immature oocytes from the COH cycle into healthy
offspring by protecting mitochondrial function. J Pineal Res
2020, 68, e12621.

30. LidJ, Lu M, Zhang P, et al.: Aberrant spliceosome expression
and altered alternative splicing events correlate with matu-
ration deficiency in human oocytes. Cell Cycle 2020:1-13.

31. Barone S, Sarogni P, Valli R, et al.. Chromosome misse-
gregation in single human oocytes is related to the age and
gene expression profile. Int J Mol Sci 2020:21.

32. Zhang JJ, Liu X, Chen L, et al.: Advanced maternal age alters
expression of maternal effect genes that are essential for
human oocyte quality. Aging (Albany NY) 2020, 12:3950—3961.

33. LilL, Dong J, Yan L, et al.: Single-cell RNA-seq analysis maps
development of human germline cells and gonadal niche in-
teractions. Cell Stem Cell 2017, 20:858—873 e854.

34. Laitinen MP, Anttonen M, Ketola |, et al.: Transcription factors
GATA-4 and GATA-6 and a GATA family cofactor, FOG-2, are
expressed in human ovary and sex cord-derived ovarian
tumors. J Clin Endocrinol Metab 2000, 85:3476—3483.

35. Ford EA, Beckett EL, Roman SD, et al.: Advances in human
primordial follicle activation and premature ovarian insuffi-
ciency. Reproduction 2020, 159:R15—-R29.

36. Grosbois J, Devos M, Demeestere |: Implications of non-
physiological ovarian primordial follicle activation for fertility
preservation. Endocr Rev 2020, 41:847—-872.

37. Emst EH, Franks S, Hardy K, et al.: Granulosa cells from human
primordial and primary follicles show differential global gene
expression profiles. Hum Reprod 2018, 33:666—679.

38. Wyse BA, Fuchs Weizman N, Kadish S, et al.: Transcriptomics
of cumulus cells - a window into oocyte maturation in
humans. J Ovarian Res 2020, 13:93.

39. Poulsen LC, Englund ALM, Wissing MLM, et al.: Human gran-
ulosa cells function as innate immune cells executing an in-
flammatory reaction during ovulation: a microarray analysis.
Mol Cell Endocrinol 2019, 486:34—46.

40. Poulsen LC, Botkjaer JA, Ostrup O, et al.: Two waves of tran-

*  scriptomic changes in periovulatory human granulosa cells.
Hum Reprod 2020, 35:1230—1245.

This article analyzed the transcriptional profiles of human cumulus GC

during the ovulation period, highlighting two waves of transcriptional

changes. Genes related to different functions and pathways were found

enriched at different time points during ovulation.

41. Poulsen LC, Pla |, Sanchez A, et al.: Progressive changes in
human follicular fluid composition over the course of ovula-
tion: quantitative proteomic analyses. Mol Cell Endocrinol
2019, 495:110522.

42. Asiabi P, Leonel ECR, Marbaix E, et al.: Inmunodetection and
quantification of enzymatic markers in theca cells: the early
process of ovarian steroidogenesisdagger. Biol Reprod 2020,
102:145-155.

43. Kamat BR, Brown LF, Manseau EJ, et al.: Expression of
vascular permeability factor/vascular endothelial growth
factor by human granulosa and theca lutein cells. Role in
corpus luteum development. Am J Pathol 1995, 146:157—-165.

44. Maybin JA, Duncan WC: The human corpus luteum: which cells
have progesterone receptors? Reproduction 2004, 128:423—-431.

45. Bagnjuk K, Mayerhofer A: Human luteinized granulosa cells-A
cellular model for the human corpus luteum. Front Endocrinol
(Lausanne) 2019, 10:452.

Current Opinion in Endocrine and Metabolic Research 2021, 18:187-193

www.sciencedirect.com


http://refhub.elsevier.com/S2451-9650(21)00041-7/sref11
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref11
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref11
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref12
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref12
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref12
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref13
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref13
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref13
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref14
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref14
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref15
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref15
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref15
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref16
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref16
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref16
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref17
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref17
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref17
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref18
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref18
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref18
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref18
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref19
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref19
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref19
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref19
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref20
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref20
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref20
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref20
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref21
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref21
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref21
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref22
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref22
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref22
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref23
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref23
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref23
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref24
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref24
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref24
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref25
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref25
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref25
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref26
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref26
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref26
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref26
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref27
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref27
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref27
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref27
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref28
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref28
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref28
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref29
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref29
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref29
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref29
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref30
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref30
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref30
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref31
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref31
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref31
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref32
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref32
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref32
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref33
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref33
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref33
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref34
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref34
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref34
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref34
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref35
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref35
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref35
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref36
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref36
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref36
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref37
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref37
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref37
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref38
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref38
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref38
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref39
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref39
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref39
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref39
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref40
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref40
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref40
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref41
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref41
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref41
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref41
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref42
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref42
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref42
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref42
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref43
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref43
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref43
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref43
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref44
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref44
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref45
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref45
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref45
www.sciencedirect.com/science/journal/24519650

46.

47.

48.

Molecular make-up of the ovary Fan and Chuva de Sousa Lopes

Tajima K, Orisaka M, Mori T, Kotsuji F: Ovarian theca cells in
follicular function. Reprod Biomed Online 2007, 15:591—-609.

Richards JS, Ren YA, Candelaria N, et al.: Ovarian follicular
theca cell recruitment, differentiation, and impact on fertility:
2017 update. Endocr Rev 2018, 39:1-20.

Groten T, Fraser HM, Duncan WC, et al.: Cell junctional pro-
teins in the human corpus luteum: changes during the
normal cycle and after HCG treatment. Hum Reprod 2006, 21:
3096—-3102.

49.

50.

51.

193

Auersperg N, Wong AS, Choi KC, et al.: Ovarian surface
epithelium: biology, endocrinology, and pathology. Endocr
Rev 2001, 22:255—-288.

Ng A, Barker N: Ovary and fimbrial stem cells: biology, niche
and cancer origins. Nat Rev Mol Cell Biol 2015, 16:625—638.

Schindler AJ, Watanabe A, Howell SB: LGR5 and LGR6 in stem
cell biology and ovarian cancer. Oncotarget 2018, 9:
1346—1355.

www.sciencedirect.com

Current Opinion in Endocrine and Metabolic Research 2021, 18:187-193


http://refhub.elsevier.com/S2451-9650(21)00041-7/sref46
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref46
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref47
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref47
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref47
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref48
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref48
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref48
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref48
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref49
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref49
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref49
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref50
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref50
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref51
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref51
http://refhub.elsevier.com/S2451-9650(21)00041-7/sref51
www.sciencedirect.com/science/journal/24519650

	Molecular makeup of the human adult ovary
	Introduction
	Molecular dynamics of oocytes during folliculogenesis
	Molecular dynamics of the GC during folliculogenesis
	Molecular dynamics of TCs during folliculogenesis
	Molecular makeup of the ovarian stroma
	Summary
	Conflict of interest statement
	Acknowledgements
	References


