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1. EMBRYOLOGICAL DEVELOPMENT OF THE
OVARY

The embryological development of the ovary is a
complex and multi-stage process that is vital for sex
determination and the formation of reproductive
functions. This process consists of two main components:
gonadal differentiation and germ cell migration.
Development begins around the 4th week of the embryo
and continues until the end of the prenatal period.

1.1. Indifferent (undifferentiated) gonadal stage

Around the fourth week of the embryonic period,
gonadal protrusions form, consisting of mesenchymal and
mesothelial cells that do not show differentiation based
on genetic sex (XX or XY). These protrusions are closely
related to structures such as the mesonephros (Wolffian
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duct) and paramesonephros (Miillerian duct), which
participate in kidney development. At this stage, the
gonads are morphologically indistinguishable as male or
female. Therefore, they are called indifferent gonads.

During the same period, primordial germ cells
originating from the wall of the embryo's yolk sac begin to
migrate toward the gonadal protrusions through
amoeboid movements. This migration continues until
approximately the 6th week. These germ cells will form
the origin of future eggs (oocytes) and sperm cells. If these
cells cannot migrate, the gonads cannot develop, and
gonadal dysgenesis (abnormal gonadal development)
occurs.

1.2. Female gonadal differentiation

Female gonadal differentiation (ovary) occurs in
embryos with the genetic XX chromosome pair. This
process is dependent on the absence of the **SRY gene**,
located on the Y chromosome, which initiates testis
development. In the absence of the SRY gene, the
indifferent gonads gradually begin to transform into
ovaries starting around the 8th week.

During this process:

e Cortical Development: The cortex, the outer layer
of the gonad, thickens and mesenchymal cells multiply to
form follicular cells.

e  Germ Cell Association: Migrating primordial germ
cells settle in the cortex and are surrounded by
mesenchymal follicular cells. These follicular cells envelop
the germ cells, forming primordial follicles. These
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primordial follicles are the basic functional units of the
ovary.

¢ Development of Miillerian Ducts: In the absence of
the SRY gene, the Wolffian ducts, which provide for the
development of male reproductive organs, regress. In
contrast, the paramesonephric ducts (Miillerian ducts)
develop, forming the future fallopian tubes, uterus, and
upper part of the vagina.

1.3. Initiation of oogenesis and prenatal
maturation

During ovarian development, primitive germ cells
transform into cells called oogonia. Oogonia increase in
number through mitotic divisions and reach millions of
cells by the middle of the prenatal period. Starting around
the 12th week, some of these oogonia begin meiosis to
become primary oocytes.

However, this meiotic division pauses at the prophase
[ stage. This is one of the most distinctive features of the
female reproductive system. These paused primary
oocytes, together with the surrounding follicular cells,
form primordial follicles. At birth, a baby girl has millions
of primordial follicles in each ovary. These follicles
decrease physiologically throughout infancy and
childhood. Puberty begins during adolescence, and only a
portion of these follicles will mature and become capable
of ovulation.

The embryological development of the ovary is a
complex process characterized by the differentiation of
the gonads from the indifferent stage towards the female
direction, the migration of primordial germ cells to this
structure, and the initiation of the oogenesis process. The
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absence of the SRY gene is a critical factor in the formation
of the female reproductive system. Any disruption in this
process can lead to serious reproductive health problems.

2. HISTOLOGICAL ORGANIZATION OF THE OVARY

The ovary consists of three main layers from outer to
inner: (Liu et al., 2025) Germinal epithelium (Mantri et al.,
2024), Tunica albuginea (Wu et al,, 2023), Cortex and
medulla. Each of these layers has different cellular
compositions and functions.

2.1 Germinal Epithelium (Ovarian Surface
Epithelium)

This is a single-layer cuboidal or sometimes flattened
cell layer covering the outer surface of the ovary. Despite
its name, it is not directly the source of germ cells
(oocytes); it is thought to act as a stem cell source during
embryonic ovary development. It plays an important role
in repairing surface injuries following ovulation, releasing
follicles, and local immune response (Abou-El-Naga et al.,
2025).

¢ Molecular markers:
KRT19 (keratin 19): Epithelial cell marker
LGRS5: Stem cell-like feature
FOXL2: Pre-granulosa-related transcription factor
TSPANS: Surface cell distinguishing marker
e  Signaling Pathways:
TGF-p/SMAD: Homeostasis and tissue repair
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Notch: Cell proliferation, related to IVF success

Wnt/p-catenin: Epithelial-mesenchymal transition
and differentiation

Hippo (YAP/TAZ): Tissue growth control and repair
2.2 Tunica Albuginea

A dense connective tissue layer underneath the
germinal epithelium that mechanically protects and
supports the ovary externally. Rich in collagen fibers
(Type I and III). ECM components (Laminin, fibronectin)
are involved in follicle surface progression and ovulation
(Yetgin et al., 2025).

2.3 Cortex

Contains primary, secondary, and tertiary follicles,
atretic follicles, blood vessels, and stromal cells embedded
within the connective tissue network. Oocytes reside
inside follicles. It includes granulosa and theca cells as
well as interstitial stromal cells. Active folliculogenesis
occurs here. Molecular markers include: FSHR, LHR,
Aromatase (CYP19A1), ESR1/2, PGR.

2.4 Medulla

The innermost part of the ovary, consisting of
connective tissue rich in blood vessels and nerve network.
VEGF and angiopoietin signaling pathways are active in
this region.

3. HISTOLOGICAL AND FUNCTIONAL FEATURES OF
THE GERMINAL EPITHELIUM

Germinal epithelial cells originate from the mesoderm
and develop independently of primordial germ cells.

157



Studies in the last five years focused on the origin, cellular
differentiation, cell biology, and roles of this epithelial
layer in ovarian functions (Orsi et al., 2024).

3.1 Cellular Heterogeneity and Stem Cell Potential

Single-cell RNA sequencing and other advanced
techniques have identified new molecularly distinct
subpopulations Between ovarian surface epithelium and
pre-granulosa cells. Markers such as KRT19, FOXL2, LGRS5,
and TSPAN8 have been shown to distinguish these
subgroups in the human ovary. The ovarian surface
epithelium is considered to possess progenitor properties
for repairing ovulation-induced damage and may harbor
a limited stem cell reservoir (Wamaitha et al., 2025).

3.2 Molecular Regulatory Networks in the
Germinal Epithelium

Molecular activity within the germinal epithelium is
critical for surface repair, response to ovulation,
inflammation control, and early malignant changes. Key
signaling pathways and molecular markers include:

e TGF-B / SMAD: Epithelial-mesenchymal
transition and tissue regeneration

¢ Notch signaling (Notch1-4, Jagged1/2): Cell
fate and proliferation control

¢« PI3K/AKT / mTOR: Follicle activation and
cellular metabolism

e Hippo (YAP/TAZ): Negative regulation of tissue
growth
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e  Wnt / pB-catenin: Folliculogenesis and epithelial-
mesenchymal differentiation

e Ki-67: Proliferation
¢ p53: DNA damage response
e E-cadherin: Cell adhesion

e Connexin-37/43: Oocyte-granulosa
communication

e BRCA1/2: DNA repair proteins.
3.3 Hormonal and Genetic Regulation

« FOXL2, NOBOX, LHX8, FIGLA: Oocyte
development

¢ GATA4, NR5A1: Steroidogenesis
e« ESR1/ESR2, PGR: Hormone receptors
e mTOR, PI3K/AKT: Follicle activation.

3.4 Clinical And Oncological Aspects

TP53 and BRCA1/2 mutations

EMT and B-catenin activation

Cancer modeling via CRISPR/Cas9

4. CLINICAL IMPORTANCE AND CARCINOGENESIS
OF GERMINAL EPITHELIUM

The proliferative capacity and exposure to external
factors (e.g., ovulation, inflammation) of germinal
epithelium play a crucial role in the formation of epithelial
ovarian cancers (EOC). Recent research supports that the
germinal epithelium is a significant cellular origin for
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EOCs. These studies investigate the genomic profiles,
somatic mutations (especially TP53, BRCA1/2), and
epigenetic alterations of epithelial cells in detail
(Lohmussaar et al., 2020, Gui et al., 2021, Kim et al., 2025,
Tavares et al,, 2024, Dholariya et al., 2022).

4.1 Novel Biomarkers and Targeted Therapies

Germinal epithelium-focused research has led to the
identification of new biomarkers and molecular targets
for Early diagnosis and targeted therapies. Markers such
as cytokeratin, EMA, CA-125, and p53 have highlighted the
significance of ovarian surface epithelium in cancers.
Cancer stem cell theories also explore transformation
mechanisms originating from this epithelium

4.2 Contributions from Molecular Biology and
Genetics

Markers including Ki-67, p53, and E-cadherin have
been evaluated in germinal epithelial cells. New findings
have emerged related to PI3K/AKT and MAPK signaling
pathways and apoptosis regulation. Recent CRISPR-Cas9
studies demonstrate the malignant transformation
potential of these epithelial cells, with common mutations
in p53, BRCA1/2, and PIK3CA genes. The progenitor
potential of LGR5" cells further suggests a limited stem
cell pool in the germinal epithelium, indicating new
paradigms for ovarian regenerative capacity (Dholariya et
al,, 2022, Varghese et al., 2022).
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5. HORMONAL AND GENE REGULATORY FACTORS
IN OVARIAN DEVELOPMENT

5.1 Hormonal Effects

e Growth Hormone (GH) and IGF-1: GH directly
supports follicle growth and maturation through ovarian
receptors, enhances oocyte quality, and reduces follicular
atresia. It upregulates gonadotropin receptors, increasing
ovarian cell sensitivity to FSH and LH. GH use in patients
with low ovarian reserve or recurrent IVF failure is
associated with improved success rates.

¢ GnRH and Gonadotropins (FSH, LH): Central role
in primary follicle development and oocyte maturation.

e Estrogen and Progesterone Receptors (ESR1,
ESR2, PGR): Display stage-specific expression in oocytes,
granulosa, and theca cells and regulate folliculogenesis,
ovulation, and luteal phase hormonal response.

e Endothelin (EDNRA) and Paracrine Factors:
Facilitate ovulation and follicle rupture, stimulate oocyte
maturation (Meshkovska et al., 2024, Lin et al,, 2023).

5.2 Gene Regulatory Factors

A. Transcription Factors

Transcription Factor | Function

Granulosa differentiation,AMH
FOXL2 regulation

NOBOX, LHX8, FIGLA | Oocyte-specific gene activation
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Transcription Factor | Function

GATA4, NR5A1 Factors initiating steroidogenesis

IRX3/5 Follicle structural organization

B. Epigenetic Regulation

DNA methylation (DNMT1/3a/3b), histone modifications
(H3K27me3, H3K9ac), and non-coding RNAs (miR-145,
miR-21, IncRNA H19) govern oocyte development and
apoptosis control.

C. Key Molecular Markers

Marker Role Expressed In

Ki-67 Proliferation marker Epithelium,granulosa

DNA damage response,
p53 tumor suppressor Elevated in epithelial tumors

Germinal epithelium and

E-cadherin Cell adhesion molecule tumors

Connexin- Oocyte-granulosa

37/43 Gap junction proteins communication

BRCA1/2 DNA repair proteins Associated with cancer risk
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D. Carcinogenic Perspective of Germinal Epithelium

Stage Molecular Event

Chronic ovulation, inflammation,
Carcinogenic Triggers oxidative stress

TP53, BRCA mutations, epigenetic

Genomic Instability silencing

Premalignant EMT (epithelial-mesenchymal
Transformation transition), nuclear B-catenin
Carcinoma Serous, endometrioid, clear cell
Development subtypes

6. CONCLUSSION AND FUTURE PERSPECTIVES

The ovary’s histological structure must be evaluated
not only by microscopic examination but also through
molecular and functional parameters. The germinal
epithelium is accepted as a dynamic structure involved in
ovulation repair, tissue homeostasis, and malignant
transformation. Molecular biology, transcriptional
analyses, and bioinformatics-based platforms have
improved  understanding of the  epithelium'’s
subpopulations, genetic architecture, and functional
networks, opening avenues for new treatment strategies.
Recent high-resolution molecular studies (2020-2025)
provide significant insights into ovarian physiology,
cancer development, and tissue regenerative capacity.
Future research is expected to bridge stem cell biology
and cancer biology, advancing new paradigms in ovarian
health and cancer therapy. Single-cell omics have begun to
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define novel genes and pathway roles (Mantri et al., 2024,
Jinetal,, 2025, Lohmussaar et al.,, 2020, Mehmood Sherazi
etal, 2023).
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