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Abstract: Global epidemiological reports indicate a steady increase in the tendency to
develop ovarian cancer. The symptoms of ovarian cancer are non-specific, and there is no
effective screening tool. Most often, surgery, chemotherapy, and radiotherapy, alone or
in combination, are used to treat ovarian cancer. We have a better understanding of the
biology of ovarian cancer, the genetic basis of hereditary ovarian cancer, the stage of the
disease, and the role of cytoreductive surgery and more effective chemotherapy, which
translates into an increase in the percentage of patients who survive 5 years after diagnosis.
A growing body of evidence points to the role of genetic factors in the development of
cancer. It is known that mutations in the BRCA1 gene are responsible for an increased risk
of developing ovarian cancer. The role of other genetic disorders, such as polymorphic
variants, in increasing the risk of developing cancer is still being investigated. Ovarian
cancer is a hormone-dependent cancer and its steroid hormones are estrogens. Estrogens
affect cells through the estrogen receptors ERα and ERβ. An imbalance between ERα and
ERβ receptor expression may, therefore, be a key step in estrogen-dependent carcinogenesis.
In 60% of cancer cases, significantly elevated levels of ERα receptors are detected. The ERα
receptor is encoded by the ESR1 gene, so its polymorphisms can be considered molecular
markers of ovarian cancer. This article discusses the epidemiology, pathogenesis, risk
factors, genetic testing, treatment, and diagnosis of ovarian cancer, as well as providing an
overview of standard treatment approaches and new, targeted biologic therapies.
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1. Epidemiology of Ovarian Cancer
The number of cancer patients remains high, and it is the second leading cause of

death after cardiovascular diseases [1–3]. Worldwide, the percentage of people developing
cancer is significantly increasing.

Lung cancer is the leading cause of death caused by cancer, followed by colorectal
cancer. Risk factors that increase the incidence of cancer, such as being overweight, obesity,
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alcohol consumption, or air pollution, are at a high level in the European Union countries.
These risk factors contribute to almost half of all deaths (OECD 2021) [4]. Better prevention
strategies are therefore needed [4]. Figure 1 shows the incidence of cancer in the European
Union in 2020.
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Around 240,000 cases of ovarian cancer are diagnosed annually in the world. It is
most often diagnosed in Europe, North America, Australia, and New Zealand [5,6].

In 2022, the highest prevalence in women was recorded for breast cancer (239.4 thou-
sand), endometrial cancer (73.5 thousand), colorectal cancer (64 thousand), thyroid cancer
(47.8 thousand), cervical cancer (29.1 thousand), ovarian cancer (28.3 thousand), lung cancer
(23.9 thousand), and skin melanoma (22.7 thousand) [2].

Ovarian cancer is the second-most common cancer of the female reproductive organs,
right after endometrial cancer. Most ovarian cancer cases occur after menopause. Ovarian
cancer mainly affects women aged 55–70. The peak of incidence occurs between the ages of
55 and 59 [7]. About 70% of ovarian cancers are detected at an advanced stage (FIGO III
and IV) (The International Federation of Gynecology and Obstetrics) [8].

2. Risk Factors for Ovarian Cancer
Being a carrier of mutations in the BRCA1 and BRCA 2 genes is one of the most

well-known risk factors for ovarian cancer; 10–15% of all ovarian cancers have a genetic
basis associated with these mutations. The risk of developing ovarian cancer for BRCA1
mutation carriers is about 44%, and for BRCA2 mutation carriers, it is about 17% [2,9].
Lynch syndrome (a family history of non-polyposis colorectal cancer, a genetic disease
characterized by an increased tendency to develop various cancers such as ovarian cancer,
endometrial cancer, and urinary tract cancer) is responsible for about 10% of ovarian
cancers [10]. Other risk factors for ovarian cancer are shown in Figure 2.
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The risk of developing ovarian cancer can be reduced as a result of hysterectomy,
breastfeeding, the closure of the fallopian tubes, or the use of hormonal contracep-
tion [2,11,12].

The data show a decrease in the incidence of up to 60% in women who use oral
contraceptives for 10 years. Taking oral contraception over a shorter, five-year period also
has a beneficial effect, reducing the incidence of disease, but only by 20–30% [13].

It has been proven that four births reduce the risk of developing the disease by about
40% [14]. Two theories explain the reduction in incidence as a result of pregnancies and
childbirths, as well as the use of contraception. The first says that the beneficial effect
of pregnancies and childbirth is based on the inhibition of ovulation, the consequence
of which is the prevention of damage to the epithelium on the surface of the ovary. As
a result of this process, there is no development of inclusion cysts, and thus the start of
carcinogenesis. The second theory explains this situation by apoptosis (a natural process of
programmed cell death) induced by progesterone or progestogens. As a result, cancer cells
are removed from the ovary [15].

There are reports that indicate an almost twenty-fold increase in the risk of developing
the disease in women undergoing the in vitro procedure, in whom the cause of infertility is
unclear [16].

The aspect of diet is important. A diet rich in vegetables and fruits, especially tomatoes,
reduces the likelihood of ovarian cancer by 70% [17,18].

Some histological types of ovarian cancers can develop on the basis of endometriosis.
In patients with endometriosis, the risk is 1.8% [19,20]. Endometriosis is thought to affect
about 11% of women of childbearing age, including 50–60% of women and adolescents
suffering from pelvic pain and up to 50% of women suffering from infertility [21].

Although pelvic pain and infertility are the most well-known comorbidities of en-
dometriosis, it is also believed that ovarian, breast, and endometrium cancer may also be
associated with endometriosis. A 2021 systematic review and meta-analysis found that
women with endometriosis had almost twice the risk of ovarian cancer compared to women
without endometriosis, although the associations varied according to the ovarian cancer
histotype [22]. There was strong evidence to support links between endometriosis and
low-grade clear cell, endometrioid, and serous ovarian cancer. However, such associations
have not been consistently detected in high-grade serous or mucinous neoplasms [22].
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A better understanding of the relationships between the endometriosis subtypes and
the ovarian cancer histotypes may provide new insights into the etiological pathways of
both diseases and influence clinical decision-making regarding people with endometriosis.

3. Ovarian Cancer Prevention
At present, no systemic population studies are being conducted for the early detection

of ovarian cancer. In the case of patients with a hereditary burden of breast cancer and
ovarian cancer (who are carriers of the BRCA1/2 gene mutation), follow-up medical and
imaging examinations are recommended. As part of the first stage of care for families with a
high, hereditary risk of developing breast cancer or ovarian cancer, people who have a high,
hereditary risk of developing breast and ovarian cancer are identified. A detailed family
history is conducted, and, if there are medical indications, genetic testing is performed. As
part of the second stage, a woman with a high, hereditary risk of ovarian cancer is provided
with specialist care.

The supervision of such women consists of systematic diagnostic tests and medical
consultations in order to quickly detect any abnormalities. Every woman should have
regular gynecological examinations. An annual gynecological examination is recommended
for women over 18 years of age, and an annual rectal examination for women over 35.
In this way, you can feel the ovaries and surrounding organs, checking them for shape
and size.

The action recommended in scientific papers is the removal of the ovaries and fallopian
tubes in BRCA1/2 mutation carriers after procreation [23,24]. The prophylactic resection
of the ovaries and fallopian tubes is most beneficial in the context of hereditary breast
and ovarian cancer syndrome. This can reduce the risk of ovarian cancer by 70–85%.
Preventive resection also reduces the risk of breast cancer by 54% and overall mortality by
60–70% [25,26].

The timing of ovariectomy varies depending on the mutation. This is because the
average age at the time of the diagnosis of the cancer caused by a BRCA1 gene mutation is
about 10 years younger than in the case of a BRCA2 gene mutation, and it is even later that
the diagnosis is established in the case of mutations in the genes responsible for hereditary
ovarian cancer (RAD51C, RAD51D, BRIP1). Fallopian tube resection is a solution for women
who want to undergo sterilization or for women who do not agree to ovariectomy. In this
case, the patient should be informed that after some time the ovaries will also have to be
removed. At the moment, there is much less data on the effectiveness of tubal resection
alone in this situation.

The main activities of ovarian cancer prevention include leading a healthy lifestyle
and regular gynecological visits (including transvaginal ultrasound). Unfortunately, to
date, it has not been possible to develop an effective screening program to detect stage
I cancer, either based on imaging methods or methods using biomarkers (Ca 125, HE4,
Beta2-microglobulin, transferrin, apolipoprotein, and prealbumin) [27].

4. Symptoms of Ovarian Cancer
Unfortunately, the symptoms of ovarian cancer are uncharacteristic and occur only

at an advanced stage of the disease [28]. The symptoms usually only become apparent
when the lesion is a few cm long. Symptoms of cancer include vaginal bleeding; pain
in the lower abdomen; constant pain in the abdomen or pelvis; back pain in the lumbar
region; problems with urination (among others due to the pressure exerted by the tumor
on adjacent organs); symptoms of the digestive system, for example, bloating, enlargement
of the abdominal circumference, feeling of fullness, belching, constipation, or diarrhea; a
feeling of constant severe fatigue; and unexplained weight loss.
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In the differential diagnosis in the above situations, the possibility of ovarian cancer
should always be taken into account. The patient should be referred to a gynecologist
immediately, even if a visit took place within the last 6 months. This reduces the delay in
diagnosing and treating ovarian cancer.

5. Ovarian Cancer Diagnosis
Ovarian tumors are diagnosed on the basis of medical history and medical examina-

tions, such as
Basic blood and urine tests.
Gynecological examination in combination with abdominal ultrasound and transvagi-

nal ultrasound (USG-TV–transvaginal).
Examination with a genital tract speculum.
Tumor marker testing: CA125, HE4, test ROMA (Risk of OvarianMalignancyAlgorithm)—

an algorithm to assess the likelihood of the ovarian cancer risk. The algorithm takes
into account three elements: the risk of ovarian cancer associated with the pre- or post-
menopausal period and the levels of tumor markers CA125 and HE4 [29,30]. Table 1 shows
the interpretation of the ROMA test results.

Table 1. Interpretation of ROMA test results.

Value of ROMA Test Risk of Ovarian Cancer

premenopausal women

<11.4% Low

>11.4% High

postmenopausal women

<29.9% Low

>29.9% High

Testing the level of human chorionic gonadotropin (beta HCG), alpha-fetoprotein
(AFP), lactate dehydrogenase (LDH), and inhibin—determined in non-epithelial ovar-
ian cancers.

Chest X-ray or CT scan.
Computed tomography (CT) of the abdominal cavity and pelvis.
The final confirmation of the diagnosis is based on the results of a histopathological

examination. For the histopathological examination, a specimen of the neoplastic tissue
is taken (laparoscopically or with an abdominal opening). In rare cases, cancer can be
diagnosed by the presence of cancer cells in the fluid from the pleural cavity, peritoneum,
and lymph nodes. As a result of the tests performed, it is possible to determine the stage of
ovarian cancer.

6. Morphological Types of Ovarian Cancer
We distinguish the morphological types of ovarian cancers; cancers that arise from

the epithelium of the ovary account for 90% of all ovarian cancers. Epithelial cancers, i.e.,
ovarian cancers, can be divided into type I and type II tumors. While type I tumors (en-
dometrioid, clear cell, and low-grade serous and mucinous carcinomas) are less aggressive,
type II tumors (mainly low-maturity and high-grade serous carcinomas) behave much
more aggressively, leading to early and generalized spread. Low-grade serous carcinoma is
the most common type of epithelial carcinoma, accounting for about 60–80% of ovarian
cancer cases [31].
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Mucinous carcinomas (5–10%), endometrial carcinomas (7–10%), clear cell carcinomas
(8–12%), carcinosarcomas (5–10%) and other rarer histological types are less common. The
remaining 10% are non-epithelial neoplasms [32]. Non-epithelial neoplasms are diagnosed
at a low stage and most often affect women at a young age.

Non-epithelial ovarian cancers arise from germ cells (namely germline cancers; for
example, ovarian germinoma, teratoma, and chorionic germ cell carcinoma) or from genital
cords and their cells (gonadal tumors, granulosa tumors, and capsule cell tumors). Germcell
tumors (GCTs) are non-epithelial ovarian cancers that arise from reproductive cells (those
involved in the production of an egg). They appear mainly in young women and girls. The
risk factors for the development of this type of cancer are

- Gonadal dysgenesis, with the 46 XY karyotype and sex-determining region Y (SRY)
gene encoding a protein that determines testicular development.

- Androgen insensitivity syndrome.

Ovarian germinoma is a malignant germ cancer that develops from primary germ
cells. It is one of the most common germ cell tumors of the ovary. It is a cancer with a
good prognosis. It usually occurs unilaterally, although there are cases (8–15%) of bilateral
occurrence. Ovarian germinoma grows rapidly and infiltrates adjacent organs. It also gives
distant metastases (mainly to the lymph nodes and the lungs) and tends to recur. It most
often affects women in the second or third decade of life. It is usually a tumor with a clean
weave, and mixed forms are rare. Importantly, about 15–20% of cases of this cancer are
detected during pregnancy or shortly after childbirth.

Ovarian germinal germblastoma is not the same disease (despite the similarity of the
name of the disease) as ovarian germinoma. The former is a rare but benign ovarian tumor;
the latter is malignant. Germinoma, like other ovarian cancers, is a disease that usually
does not show any symptoms for a long time, and if they appear, they are often attributed
to other disease entities. The main symptoms of germinoma include vaginal discharge,
pain during bowel movements, lower abdominal pain, more frequent urination than usual,
irregular menstruation, and a feeling of fullness in the abdomen. Some affected women
observe an enlargement of the abdominal circumference, which is related to the appearance
of fluid in the abdominal cavity. Some of them complain of bloating, nausea, and vomiting.
Since germinoma often does not give specific symptoms, it is often detected during a
routine health check-up carried out in a gynecologist’s office. After a physical examination
and transvaginal ultrasound, the specialist decides on further treatment. If ovarian cancer
is suspected, the patient is referred for further diagnostic tests (the determination of tumor
markers, computed tomography, and magnetic resonance imaging) to determine the nature
of the lesion. The treatment of ovarian germinoma first involves the surgical removal of the
ovarian germinoma (together with the ovary and fallopian tube). The adjuvant treatment
is usually chemotherapy or, less often, radiotherapy.

7. Histopathological Classification of Ovarian Cancer
About 95% of ovarian cancers originate from the epithelium covering this organ. It is

a molecularly diverse group of cancers. Molecularly, they are divided into two types [33].
Type I is low-grade ovarian cancer. It accounts for 25% of all cancers. These include

serous and endometrioid carcinomas, mucinous carcinomas, and clear cell carcinomas. The
lesions from which these cancers develop are called borderline tumors. In type I ovarian
cancers, BRAF and KRAS mutations are found in 65% of cases; additionally, mutations of
other genes, such as HER2, PIK3CA, and PTEN, may be present. Type I ovarian cancers are
characterized by slow growth and good prognoses. Five-year survival is observed in about
55% of patients [34].



Int. J. Mol. Sci. 2025, 26, 4611 7 of 25

Type II is a low-maturity and high-grade ovarian cancer. It is characterized by rapid
growth dynamics and an aggressive course. It accounts for 75% of all cancers of this organ,
which most likely originate from the distal or hyphal section of the fallopian tube. In this
type of cancer, mutations in the p53 gene (about 90%) and in the BRCA gene are found.
Type II ovarian cancers are usually detected late, in an advanced stage of the disease, with
the presence of metastases. The 5-year survival rate does not exceed 30%.

Ovarian cancers can be classified according to their molecular classification and
anatomical stage. Given the heterogeneity of individual tumors, not every patient can
be precisely categorized. It is suggested to use the concept of five main pathogenetically
independent and histologically and molecularly different groups of ovarian cancers.

(1) High-grade serous carcinomas;
(2) Endometrioid carcinomas;
(3) Clear cell carcinomas, which often arise in the ovary and are often associated with

endometriosis;
(4) Mucinous carcinomas;
(5) Low-grade serous carcinomas [35].

An algorithm using molecular markers for the aforementioned five types is provided
in Figure 3.
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Figure 3. The diagnostic algorithm of the histologic types, based on additional immunohistochemistry
examinations. − indicates negative; +, positive; WT, wild type.

The stages of ovarian cancer have been determined according to the FIGO scale
(International Federation of Gynecology and Obstetrics) in stages I–IV, where I is the least
advanced disease and IV is the most advanced disease [36].

The classification of ovarian cancers in women was updated in early 2014 and for the
first time also includes fallopian tube and peritoneal cancers [37]. Table 2 shows the stages
of cancer, according to FIGO 2014.

Grading refers to the degree of histopathological differentiation, i.e., the assessment
of the histological malignancy of the cancer, i.e., whether the cancer is metastatic or less
susceptible to spreading. The assessment is based on the diversity of the structure and the
cytological features of the cancer cells.

There are three types of histopathological differentiation:

• G1—well-differentiated cancer (undifferentiated cells < 5%);
• G2—moderately differentiated cancer (50% of undifferentiated cells);
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• G3—undifferentiated cancer (undifferentiated cells > 50%).

Table 2. Stages of ovarian cancer, according to FIGO [33].

Degree of
Advancement Description

I The cancer is limited to the ovaries or fallopian tubes.

IA
A tumor confined to one ovary or fallopian tube (intact continuity of the tumor capsule), no

lesions on the surface of the ovary or the fallopian tube, an absence of tumor cells from fluid or
peritoneal lavages.

IB Tumors limited to 2 ovaries or fallopian tubes (intact continuity of the tumor capsule), no lesions
on the surface of the ovary or the fallopian tube, no tumor cells in the fluid or peritoneal lavages.

IC Tumors confined to 1 or 2 ovaries or fallopian tubes with the following:

IC1 An intraoperative capsular injury;

IC2 Impaired capsule continuity prior to surgery or the presence of a tumor on the surface of the
ovary or fallopian tube;

IC3 The presence of cancer cells in the fluid or peritoneal lavage.

II Cancer limited to the ovaries or fallopian tubes with the involvement of the pelvic structure
(below the plane of pelvic entry) or primary peritoneal cancer.

IIA Involvement and/or implantation on the surface of the uterus and/or fallopian tube
and/or ovaries.

IIB The involvement of other pelvic structures.

III Neoplasm involving 1 or 2 ovaries/fallopian tubes or primary peritoneal cancer with metastases
to the peritoneum outside the pelvis and/or metastases to retroperitoneal lymph nodes.

IIIA1 Neoplastic metastases are present only in the retroperitoneal lymph nodes
(histopathologically confirmed).

IIIA1(i) Metastases to the retroperitoneal lymph nodes in the largest dimension ≤ 10 mm.

IIIA1(ii) Metastases to the retroperitoneal lymph nodes in the largest dimension > 10 mm.

IIIA2 Microscopic peritoneal metastases outside the lesser pelvis (above the plane of pelvic entry), with
or without retroperitoneal lymph node metastases.

IIIB Macroscopic peritoneal metastases outside the lesser pelvis with a diameter of ≤2 cm in the
largest dimension, with or without retroperitoneal lymph node metastases.

IIIC

Macroscopic peritoneal metastases outside the pelvis with a diameter of >2 cm in the largest
dimension, with or without retroperitoneal lymph node metastases (including the involvement of

the liver capsule and the spleen by neoplasm, without the infiltration of the parenchyma of
the organ).

IV The presence of distant metastases (including peritoneal metastases).

IVA Pleural effusion with cytologically confirmed neoplasm.

IVB Interstitial liver metastases and organ metastases outside the abdomen (including inguinal lymph
nodes and lymph nodes outside the abdominal cavity).

8. Ovarian Cancer Treatment
The standard of care in ovarian cancer is surgical treatment. The qualification for the

procedure is an extremely important process. Correct classification should be based on
the results of imaging tests (computed tomography of the chest, abdominal cavity, and
pelvis) and the experience of the operator. Performing optimal cytoreductive surgery is
a fundamental step, regardless of the stage of clinical advancement, which determines
the patient’s treatment plan. The primary surgery involves the complete removal of the
uterus and its appendages (ovaries and fallopian tubes) and the excision of the pelvic
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and paraaortic lymph nodes up to the level of the left renal vein. Ovarian cancer requires
combination therapy with chemotherapy with paclitaxel (a cytostatic drug) and platinum
derivatives (other cytostatic drugs) [38]. The decision to qualify the patient for surgery
or cytostatic treatment is made by an interdisciplinary team. As a rule, six courses of
chemotherapy are administered. An exception may be made for patients with stage
IA or IB cancer according to the FIGO classification, with limited grades G1 and G2.
Radiotherapy is currently of limited importance in the fight against ovarian cancer. It
is usually used as a palliative or symptomatic treatment [39,40]. In the case of young,
childless women who want to maintain the ability to procreate, sparing treatment is used.
If the disease is at an early stage, the procedure involves the unilateral removal of the
diseased ovary and the fallopian tube, along with the adequate examination of the stage
using surgical and microscopic methods. The survival of these patients compared to those
who undergo radical surgery is favorable [41]. In a certain group of patients with early
stage and well-differentiated cancer, chemotherapy may not be used after surgery. In the
case of patients whose cancer is significantly advanced, yet it is not possible to remove
it, chemotherapy is often initially used. When the disease is found to have withdrawn,
surgery is then performed.

In the case of patients whose cancer cells are sensitive to hormones (they have hormone
receptors), hormone therapy (HTH) is used. It is part of supportive treatment.

Hormone therapy in supportive treatment is aimed at slowing down the development
of cancer and improving the quality of life. Hormone-sensitive cancer cells have hormone
receptors. The drugs used in hormone therapy modulate signal transduction by interacting
with sex hormone receptors and reduce the hormonal activity of a given tissue. Table 3
shows the options for hormonal treatment.

Table 3. Hormonal treatment options for ovarian cancer.

HTH Mechanism of Action Options

Gonadotropin-releasing
hormone receptor analogs

Competitively binds GnRH-R
and reduces the secretion of
follicle-stimulating hormone
and luteinizing hormone

GnRH I agonists
Triptorelin
Goserelin
Histrelin
Leuprolide acetate
GnRH II antagonists
Cetrorelix
Degarelix acetate

Estrogen

Estrogen receptor blockade
Antiestrogens:
Tamoxifen
Toremifene

Estrogen synthesis
suppression

Aromatase inhibitors:
Anastrozole
Exemestane
Letrozole

Estrogen receptor
downregulation

ER antagonist:
Fulvestrant

Hormonal ablation Surgery
Radiation (infrequently used)

Androgen Androgen receptor blockade

Anti-androgens:
Flutamide
Bicalutamide
Enzalutamide

Progesterone

Progesterone receptor
blockade

PR antagonists:
Mifepristone
Medroxyprogesterone
Megestrol acetate

Increasing progesterone levels
Oral contraceptive pills
Pregnancy
Breastfeeding
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Hormonal drugs that have been used in the treatment of ovarian cancer include selec-
tive estrogen receptor modulators (tamoxifen), aromatase inhibitors (letrozole, analogues),
and gonadotropin-releasing hormones (goserelin) [42] (Table 4).

Table 4. Drugs and dosages used in the treatment of ovarian cancer.

Medicines Drug Doses Indicate

Olaparib 200–800 mg per day
Indicated for the maintenance therapy of recurrent serous
ovarian cancer. The presence of BRCA mutations should be
confirmed prior to use.

Lynparz 300 mg twice daily

Indicated as monotherapy for

• The maintenance treatment of adult patients with
advanced (FIGO grade III and IV) low-differentiated
epithelial ovarian cancer, fallopian tube cancer, or
primary peritoneal cancer with BRCA1/2 mutations
(hereditary and/or somatic) who have a response
(complete or partial) following the completion of
platinum-based, first-line chemotherapy.

• The maintenance treatment of adult patients with
high-grade, platinum-sensitive, recurrent ovarian
cancer, fallopian tube cancer, or primary peritoneal
cancer who have responded (complete or partial) to
platinum-based chemotherapy.

Tamoxifen (Selective Estrogen
Receptor Modulators) 20–40 mg per day

It is one of the types of hormonal drugs, i.e., the so-called
antiestrogens, and is used in the treatment of
hormone-dependent cancers. These include breast cancer
(breast cancer), ovarian cancer, and prostate cancer.

Letrozole (Aromatase Inhibitor) 2.5 mg daily

Letrozole is a drug from the group of aromatase inhibitors.
It works by blocking the aromatase enzyme, which leads to
a decrease in the production of estrogen in the body.
Estrogen is a hormone that can accelerate the growth of
certain cancers. By lowering estrogen levels, letrozole can
slow or stop the growth of these cancer cells.

Cetrorelix (Antagonist of GnRH) 0.25 mg per day

Its main function is to inhibit the secretion of luteinizing
hormone from the anterior pituitary gland, thereby
preventing ovulation and inhibiting the production of
sex steroids.

Hormone therapy is aimed at slowing down the development of cancer and improving
the quality of life. Unfortunately, hormonal treatment is associated with side effects:
headaches, mood changes, weight gain, and fatigue. Rarely, serious complications, such as
pulmonary embolism, arterial thrombosis, or ischemic stroke, may occur.

The maintenance treatment of ovarian cancer involves the use of PARP inhibitors.
Their action focuses on blocking the repair mechanisms of cancer cells damaged during
chemotherapy [43]. As a result of the accumulation of damage and the lack of regeneration
mechanisms, cancer cell death occurs.

The patients disqualified from surgical treatment are the patients whose degree of
fitness makes it impossible to perform surgery. They are most often characterized by pleural
effusion and the histologically confirmed presence of cancer cells in the fluid. Patients who
have progressed during neoadjuvant treatment are not eligible for surgical treatment. They
receive chemotherapy and antiangiogenic treatment [44].

The prognosis in patients with ovarian cancer depends on the following factors:

- The clinical stage (Figure 4).
- Whether a complete cytoreduction procedure is possible.
- Sensitivity to platinum derivatives in systemic therapy.
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The individualization of treatment methods and new drug regimens improves the
prognosis of ovarian cancer.

9. Genetic Factors
The majority of ovarian cancers (75–90%) are sporadic and develop as a result of

the accumulation of somatic mutations, i.e., non-hereditary changes that are acquired
successively during individual life [46].

The predisposition to breast and ovarian cancer is caused by high-penetrance genes,
such as BRCA1 and BRCA2, which are associated with a high risk of developing the disease.
Low-penetrance genes, such as CHEK2 and PALB2, are also involved in the development of
these diseases and are associated with a lower risk of disease (Figure 5).
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Figure 5. Genes associated with ovarian and breast cancer risks.

These mutations are limited to the genome of cancer cells, i.e., tDNA–DNA isolated
from tumor cells. Sporadic cancers are usually diagnosed in adulthood and are not related
to the family history. In the case of hereditary ovarian cancers, they are associated with
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the carrier of mutations in the terminal BRCA1/BRCA2 genes. These genes are responsible
for the syndrome of hereditary predisposition to breast and ovarian cancer. BRCA1 and
BRCA2 are tumor suppressor genes located on chromosomes 17q21 and 13q12, respectively,
which are responsible for an increased risk of developing breast and ovarian cancer.

An example of the familial inheritance of BRCA1 mutations is shown in Figure 6.
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Figure 6. An example of a familial inheritance pattern for BRCA1 mutations.

Proteins encoded by BRCA1/2 genes are responsible for regulating cellular processes
and are involved in DNA repair. One type of DNA strand repair is homologous recombi-
nation repair (HRR). Repair by homologous recombination involves the replacement of
similar or identical parts of chromosomes. Errors and damage accumulate in the absence of
repair of the genetic material. The result of the accumulation of errors is the transformation
of a healthy cell into a cancer cell. Homologous recombination deficiency (HRD) mostly
affects the BRCA1 and/or BRCA2 genes, and in 6–27%, they affect the RAD 51D, ATM,
NBN, and PALB2 genes. In addition to BRCA1/2 mutations, mutations in other genes such
as MLH1, MSH2, MSH6, EPCAM, and PMS2 are also associated with the risk of ovarian
cancer. They are responsible for hereditary non-polyposis colorectal cancer (HNPCC).
Other mutations responsible for the development of this cancer are germline mutations in
the BRIP1, RAD51C, or RAD51D genes [47,48].

In the case of patients with ovarian cancer, it is recommended to start molecular
diagnostics with BRCA1/2 gene sequencing. This is related to the growing importance of
PARP inhibitors in cancer therapy, and the presence of BRCA1 or BRCA2 mutations is a
good predictive marker that indicates the probable high effectiveness of PARP inhibitors in
therapy. Modern treatment with a PARP inhibitor for a group of patients with hereditary
BRCA1/2 has been reimbursed in Poland for several years. However, the remaining 75–80%
of patients (without the presence of mutations in the BRCA1/2 genes) could not count on a
similar standard of treatment so far. As of January 2022, niraparib has been included on the
list of reimbursed drugs (in Poland) for the indication of ovarian cancer without mutations
in the BRCA1/2 genes. In the group of patients using niraparib, a significantly longer time
to progression and a longer time to subsequent treatment was demonstrated than in the
placebo group. Maintenance therapy with niraparib currently seems to be a very good
therapeutic option [49].

Advanced ovarian cancer returned in 80% of patients before the use of PARP inhibitors.
There is no data yet on how this group of drugs will change the landscape in the case of
ovarian cancer without BRCA1/2 mutations, but based on the results of clinical trials, it is
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assumed that patients will live much longer. Studies show that the use of PARP inhibitors
prolongs the progression-free time of the disease. In addition, as a result of the identification
of BRCA1 or BRCA2 mutations, the verification of the nature of the detected change is
required (germline mutation–hereditary or somatic–non-hereditary). This verification is
carried out by analyzing its presence in DNA isolated from cells outside the tumor. In
addition to patients with ovarian cancer, genetic counseling should be provided to women
with ovarian cancer in whom no mutation in tDNA has been identified and women in
whom molecular testing for tDNA has not been performed. Each patient with ovarian
cancer referred to genetic clinics undergoes a pedigree–clinical analysis and differential
diagnosis, including hereditary non-polyposis colorectal cancer (HNPCC, Lynch syndrome).
In patients who have not been sequenced for BRCA1 and BRCA2 per tDNA, a genetic test
for constitutional genome DNA for the five founding mutations of the BRCA1 gene is
recommended. If patients have a family history, the test is then expanded to include
BRCA1/2 gene sequencing. As a result of the above activities, individual preventive and
therapeutic recommendations are given. If patients with ovarian cancer have a hereditary
burden of cancer and do not have a BRCA1/2 mutation, they may undergo broad-panel,
commercially available, next-generation genetic sequencing (NGS) testing. These tests
allow for the sequencing of many genes associated with different syndromes of a hereditary
predisposition to cancer within a single test. However, all genetic tests have limitations.
Therefore, if no mutation is found, it is not a basis for ruling out a suspected hereditary
cancer predisposition syndrome. Therefore, the final recommendations should be formed as
a result of a full comprehensive analysis, which takes into account the results of molecular
tests and pedigree–clinical assessment. If a patient is diagnosed with a terminal (hereditary)
mutation, she should be made aware of the risk of its occurrence in the family. Genetic
counseling should be provided not only to the patient, but also to selected relatives [50].

10. The Role of Estrogen Receptors in Ovarian Cancer Oncogenesis
The ovaries are the central reproductive organs of women. They produce hormones

such as testosterone, progesterone, and estrogen. Estrogens include estrone (E1), 17β-
estradiol (E2), and estriol (E3), of which E2 is the most dominant estrogen [51]. Estrogen
cell signaling is mediated by the ERs. ERs are a family of transcription factors that control
the biological function of estrogens by regulating gene transcription using estrogen response
elements (EREs) [52]. Among estrogen receptors, we can distinguish both classical receptors
(ERα and ERβ) and non-classical receptors (estrogen receptor coupleds to the G 1 protein
(GPER1)) [53–55]. Estrogens may modulate the biology of cancer cells by affecting processes
like cell proliferation, invasion, apoptosis, the cell cycle, and inflammation [56].

The main mechanisms of changes in the biology of estrogen-induced ovarian cancer
cells are presented by Figure 7.

Although ovarian cancer is not one of the most common cancers affecting women, it is
one of the deadliest, which is caused by too-late diagnoses. Therefore, research is being
conducted to learn about new predictive markers for this disease. Studies pay attention to
estrogen receptors.

The ratio between estrogen receptors (ERα and ERβ) plays a significant role in the
development of ovarian cancer. The alpha receptor is encoded by the ESR1 gene located on
chromosome 6q25.1, and the beta receptor is encoded by the ESR2 gene on chromosome
14q23. They belong to the family of nuclear receptors [57,58].

Both receptors can activate or inhibit the transcription process of many genes. They
can also act antagonistically to each other after binding the same ligand [59].

The initiation of the transformation process is the result of the combination of estrogens
with the receptor protein, as a result of which, the conformation changes and the part of
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the receptor that binds to DNA is exposed. Both alpha and beta estrogen receptors belong
to ligand-activated transcription factors. Because the two receptors exhibit different and
distinct function, tissue distribution, and bind different cofactors, the cell’s response to
estrogen is diverse [60].

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 14 of 26 
 

 

10. The Role of Estrogen Receptors in Ovarian Cancer Oncogenesis 

The ovaries are the central reproductive organs of women. They produce hormones 

such as testosterone, progesterone, and estrogen. Estrogens include estrone (E1), 17β-es-

tradiol (E2), and estriol (E3), of which E2 is the most dominant estrogen [51]. Estrogen cell 

signaling is mediated by the ERs. ERs are a family of transcription factors that control the 

biological function of estrogens by regulating gene transcription using estrogen response 

elements (EREs) [52]. Among estrogen receptors, we can distinguish both classical recep-

tors (ERα and ERβ) and non-classical receptors (estrogen receptor coupleds to the G 1 

protein (GPER1)) [53–55]. Estrogens may modulate the biology of cancer cells by affecting 

processes like cell proliferation, invasion, apoptosis, the cell cycle, and inflammation [56]. 

The main mechanisms of changes in the biology of estrogen-induced ovarian cancer 

cells are presented by Figure 7. 

 

Figure 7. A schematic representation of the main mechanisms of estrogen-induced changes in the 

biology of ovarian cancer cells. E2—estradiol. ERs—estrogen receptors. EMT—epithelial to mesen-

chymal transition. GPER1—G-protein-coupled estrogen receptor 1. ERE—estrogen response ele-

ment. CREB—cAMP-response-element-binding protein. 

Although ovarian cancer is not one of the most common cancers affecting women, it 

is one of the deadliest, which is caused by too-late diagnoses. Therefore, research is being 

conducted to learn about new predictive markers for this disease. Studies pay attention to 

estrogen receptors. 

The ratio between estrogen receptors (ERα and ERβ) plays a significant role in the 

development of ovarian cancer. The alpha receptor is encoded by the ESR1 gene located 

on chromosome 6q25.1, and the beta receptor is encoded by the ESR2 gene on chromo-

some 14q23. They belong to the family of nuclear receptors [57,58]. 

Both receptors can activate or inhibit the transcription process of many genes. They 

can also act antagonistically to each other after binding the same ligand [59]. 

The initiation of the transformation process is the result of the combination of estro-

gens with the receptor protein, as a result of which, the conformation changes and the part 

of the receptor that binds to DNA is exposed. Both alpha and beta estrogen receptors be-

long to ligand-activated transcription factors. Because the two receptors exhibit different 

and distinct function, tissue distribution, and bind different cofactors, the cell’s response 

to estrogen is diverse [60]. 

Figure 7. A schematic representation of the main mechanisms of estrogen-induced changes in
the biology of ovarian cancer cells. E2—estradiol. ERs—estrogen receptors. EMT—epithelial to
mesenchymal transition. GPER1—G-protein-coupled estrogen receptor 1. ERE—estrogen response
element. CREB—cAMP-response-element-binding protein.

The ER-α estrogen receptor is a protein transcription factor activated by the ligands
17β-estradiol, estrone, and estriol [61]. In the body, 17β-estradiol and estrone are pro-
duced by the granulosa cells of the ovarian follicle under physiological conditions. In
postmenopausal women diagnosed with epithelial ovarian cancer, elevated levels of these
hormones in the peripheral circulation are detected. It has been shown that increased levels
of estrogen in the blood are the result of their production by ovarian cancer cells [62–64].

In ovarian epithelial cells and ovarian tumors, the aromatase gene is expressed. To
sum up, estrogens create a hormonal environment optimal for the development of cancer.
They actively participate in the process of regulating the multiplication of cancer cells [63].

In normal cells of both the ovarian epithelium and in the cells of epithelial ovarian
cancer, the presence of estrogen receptors was found. In 60% of ovarian cancer cases,
significantly elevated levels of ERα receptors were found [62,63,65].

ER-α is present in the largest amount in the cell nucleus and less in the cytoplasm.
ER-α is also found in the cell membrane of some cells [66].

Estrogens work through two mechanisms. The first is by directly binding to DNA
through the estrogen responsive element (ERE) and also by an indirect mechanism via the
transcription factor AP1. The specific site in DNA that interacts with the estrogen receptor
is the ERE. The second mechanism is the action of the activated estrogen receptor through
the expression enhancer of the AP1 type [67,68].

The expression of estrogen receptors alpha and beta in ovarian cancer cells is depen-
dent on histopathological type. The occurrence of estrogen receptors was analyzed in
various histopathological types of ovarian cancer [69].

The ER-alpha receptor was found in 97% of serous neoplasms with adenocarcinoma,
in 100% of endometrioid neoplasms, and in 70% of mucinous neoplasms [62]. There was
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no expression of the ER-alpha receptor in the clear cell adenocarcinoma type. The ER-beta
receptor was present in all the histopathological types of ovarian cancer: serous carcinoma
41%, mucinous carcinoma 30%, endometrioid carcinoma 75%, and clear cell carcinoma
39% [62].

The different expression of ER-α and -β receptors has been demonstrated between
normal ovarian epithelium, primary, and metastatic ovarian cancer tumors [70,71]. In
normal epithelium, ER-α and -β receptors were expressed, and in primary tumors, the
reduced expression of ER-α receptors was observed, while in metastatic ovarian cancer
tumors, the lack of the expression of the ER-β receptor was found [64,65].

Studies on ovarian cancer cell lines lacking the ER-α receptor (PEO14) and containing
the ER-α receptor (BG1) have shown that ER-α can affect the progesterone receptor, while
ER-β cannot [72,73].

The opposite effects of ER-α and –β on the activity of cyclin D1, a cell cycle protein,
were found [74]. ER-β decreases the expression of the cyclin D1 gene, while ER-α increases
its levels [75].

The increased expression of ER-β inhibits the proliferation and reduces the motility of
ovarian cancer cells. ER-α does not affect these processes. ER-β is an important regulator
of the proliferation and motility of ovarian cancer cells and has a pro-apoptotic effect. The
loss of ER-β receptor expression may be a significant event leading to the development of
ovarian cancer [63].

The following results were obtained in meta-analysis studies on the frequency of
the expression of sex hormone receptors in serous ovarian carcinoma [76]. Low-grade
serous ovarian carcinoma expressed estrogen receptors in 81% of cases and progestogen
receptors in 54% of cases. For high-grade serous carcinoma, the percentages were 62% and
31%, respectively.

Low-grade serous carcinoma expresses sex hormone receptors in a high percentage.
This type of tumor is more indolent and less sensitive to chemotherapy. Therefore, the
use of hormone therapy could be a therapeutic option for this tumor. In the case of serous
carcinoma, when a high degree of malignancy is observed, there is dynamic growth and
greater sensitivity to chemotherapy. It is suggested that in such a large proportion of
patients, additional hormone therapy could be used.

The primary clinical significance of estrogen receptor polymorphisms α is related to
its use as a predictive factor, enabling therapeutic decisions. The research work currently
being carried out focuses on the designation of several basic polymorphisms: PvuII, XbaI,
and others that are much less frequently determined (rs746432, rs2077647, and rs532010).
They include the assessment of the importance of these polymorphisms in endometrial
diseases [77]; osteoporosis [78,79]; and prostate [80], breast [81–83], and ovarian cancer [84].

11. Single Nucleotide Polymorphisms
Polymorphism is when a genetic change (a given allele of a specific gene) occurs

in a population with a frequency of more than 1%. We distinguish single nucleotide
polymorphisms and mini- and microsatellite sequence polymorphisms [85–87].

SNPs are the phenomenon of DNA sequence variation. It is the replacement of one
nucleotide (G, C, T, or A) between individuals of a given species or another corresponding
chromosome of a given individual [88–90]. A schematic representation of an SNP is
presented in Figure 8.

In the process of neoplastic transformation, in addition to mutations in proto-
oncogenes and tumor suppressor genes, genetic polymorphisms that determine a change
in the amino acid sequence of proteins or affect the binding site of transcription factors may
also be important [91].
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These polymorphisms, including single nucleotide polymorphisms, can affect both
the change in the risk of cancer and the effectiveness of therapy, playing an important role
in the transport, metabolism, tissue distribution, and elimination of the drug [92,93].

Polymorphisms in genes encoding hormone receptors were correlated with changes
in reproductive factors and an increased risk of ovarian cancer in different populations.
Among hormone receptors, the estrogen receptor has been extensively studied for different
ethnic groups. Estrogens are a group of compounds of particular importance for reproduc-
tive processes. The effects of estrogen are stimulated by the estrogen receptor, a dimeric
nuclear protein that binds to DNA and controls gene expression. ER expression occurs in
specific tissues: ovary, uterus, and breast [94,95].

Estrogen’s increased affinity for binding to its receptor is a key mechanism in control-
ling biological effects [96,97].

In normal cells of both the ovarian epithelium and in the cells of epithelial ovarian
cancer, the presence of estrogen receptors was found. In 60% of cancer cases, significantly
elevated levels of ERα receptors were detected [98–101]. The ERα receptor is encoded by
the ESR1 gene. ESR1 is located on chromosome 6q25.1 and consists of eight exons. The
first intron and the gene promoter contain regulatory sequences for other introns. Several
single nucleotide polymorphisms and a variable number of tandem repeat polymorphisms
(VNTRs) have been identified in ESR1. The two polymorphisms that affect ER activity,
the most commonly studied in the ESR1 gene, are SNPs, rs2234693 (PvuII) and rs9340799
(XbaI), which remain in a coupling disequilibrium with the VNTR polymorphism in the
promoter region [102] (Figure 9).

The polymorphic variant of the ESR1 rs2234693 (PvuII) gene is located above exon
2, in the first base pair of an intron of 397 bps length, in which cytosine is replaced by
thymine, and this change is identified by PvuII endonuclease [103,104]. The rs9340799
polymorphism (XbaI), located 50 bp from the polymorphic site PvuII, [105] is a variant
in which guanine is replaced by adenine. In the case of the ESR1PvuII gene polymor-
phism, it has been shown that the C allele forms part of the functional binding site of the
transcription factor B-myb and acts as an intragenic enhancer [106]. Estrogen is thought
to be involved in the regulation of myb transcription, [107]. The presence of a PvuII site
corresponding to the T allele may lead to the reduced expression of ESR1, and thus the
effects of estrogen through the indirect action of ESR1 may be reduced, resulting in relative
estrogen deficiency. The XbaI polymorphism may also have a functional significance that
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remains unclear. Polymorphisms in intron regions have been reported to modify splicing
in mRNA transcripts, leading to significant changes in gene function [108]. However,
differences in the incidence of these polymorphisms have been described, and depending
on the population studied, the T or C allele has been identified as a protective or risk factor
for breast cancer [109,110].
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The polymorphisms rs9340799 and rs2234693 are in a strong coupling imbalance with
each other. At this time, there is no biological evidence for the functionality of these SNPs,
although recent findings support the hypothesis that the above polymorphisms affect
estrogen activity, as a result of the regulation of the transcription of the ESR1 gene by
modulating transcription factor binding. Association studies remain controversial for a
variety of reasons: one is the difficulty of determining the disease-related allele, and the
other is the genetic variation found in each ethnic population and the specificity of each
study. At present, the research work focuses on the analysis of several basic polymorphisms:
PvuII, XbaI, and others much less frequently determined (rs746432, rs2077647 and rs532010).
They include the assessment of the significance of these polymorphisms in the case of
hormone-dependent cancers, such as endometrial cancer [111], breast cancer [112–114], or
ovarian cancer [84,115]. ESR1 polymorphisms have also been reported to be involved in the
response to ovarian hyperstimulation in assisted reproductive studies [116]. The presence
of the rs2234693 polymorphism of the ESR1 gene may be one of the risk factors for the
development of ovarian cancer in the Indian population [84]. It was shown that patients
with ovarian cancer were carriers of the TT genotype in 50%, TC heterozygotes in 33.75%,
and carriers of CC homozygotes in 16.25%. In the case of the control group, TT homozygotes
accounted for 79%, the TC genotype accounted for 12%, and the CC homozygotes accounted
for 9%. The patients with ovarian cancer had a significant increase in the frequency of allele
C compared to the controls. In the case of the rs9340799 polymorphism, the presence of the
AG genotype (70%) was found to prevail in the patients with ovarian cancer [117]. Most of
the studied patients with ovarian cancer were carriers of the G allele, while the patients of
the control group were carriers of the A allele. Researchers suggest that the AG and GG
genotypes may be a risk factor for ovarian cancer.
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Genetic studies of ESR1 polymorphisms in cancer are still ongoing. Epidemiological
studies were conducted to assess the association of the ESR1 PvuII polymorphism with
the risk of cancer. The results showed no significant association between the overall
cancer risk and PvuII polymorphism in homozygous (TT vs. CC) and heterozygous (TT
vs. CT) models. A statistically significant relationship was observed only for the PvuII
polymorphism in the T vs. C allele model. The analysis of stratification by the tumor
type suggested that the T genotype significantly reduced the risk of prostate cancer, the
risk of leiomyoma, and the risk of hepatocellular carcinoma. The results suggest that
the ESR1PvuII polymorphism (rs2234693 T>C) may have only a small effect on cancer
susceptibility [118]. Large-scale epidemiological studies are warranted in the future to
verify these results. In the work of Kutilin et al., genes regulating apoptosis, DNA repair,
cell proliferation, estrogen metabolism and regulation in cancer, and normal serous ovarian
adenocarcinoma of high and low grades were analyzed [119]. Using real-time qPCR, the
relative copy number of 34 genes (BAX, BCL2, TP53, MDM2, CASP9, CASP3, CASP7,
CASP8, PRKCI, SOX2, OCT4, PIK3, PTEN, C-MYC, SOX18, AKT1, NOTCH1, BRCA1,
BRCA2, EXO1, SCNN1A, KRAS, EGFR, BRAF, CYP1A1, CYP1A2, CYP1B1, CYP19A, ESR1,
ESR2, GPER, STS, SULT1A, and SULT1E1) was determined in normal and neoplastic
ovarian cells collected by a non-contact laser microscope from FFPE paraffin blocks from
200 patients. The most typical molecular markers of serous ovarian adenocarcinoma cells
were identified: the copy number of the PIK3CA, BCL2, BAX, CASP3, and CASP8 genes.
Based on the differences in the gene copy number variation, two molecular subtypes
of serous adenocarcinoma were identified, corresponding to two histological subtypes:
high-grade (MDM2, SOX2, ESR1, CYP1B1, SULT1E1, TP53, and BRCA2) and low-grade
(PIK3CA, PTEN, BCL2, BAX, and CASP3). Each of these subtypes was also characterized
by molecular heterogeneity and can be divided into several subgroups: three subgroups
for high-grade and four subgroups for low-grade serum adenocarcinoma. These results
expand our understanding of the molecular mechanisms of carcinogenesis in ovarian tissue
and confirm the molecular differences between the two histological subtypes of serous
adenocarcinoma, which probably underlie their different clinical courses. There are reports
indicating that mutations in the ESR1 gene may affect endocrine therapy, often translating
into its resistance [119]. It is known that gynecological cancers, such as ovarian cancer and
low-grade endometrial cancer, are often characterized by the expression of the estrogen
receptor ERα, encoded by ESR1. These are hormone-sensitive cancers. In the case of these
cancers, the use of endocrine therapy in the advanced and recurrent stages of the disease
is common. Studies indicate that mutations in the ESR1 gene may be a mechanism of
resistance to aromatase inhibitor treatment in gynecological cancers. It was shown that
the most common mutations were L536, Y537, and D538, which correlated with the higher
expression of ESR1 mRNA [120].

Patients with endometriosis are at risk of developing certain types of histological
ovarian cancer. The risk of developing ovarian cancer is four times higher in women with
endometriosis compared to women who have not been diagnosed with the disease. In
the case of its severe subtypes, the risk increases up to nearly 10-fold [121]. In the latest
study, scientists from the United States analyzed data on almost 500,000 women in the
state of Utah, aged 18 to 55. For the first time, the incidence rates of different types of
endometriosis and subtypes of ovarian cancer were looked at. The risk of type I ovarian
cancer was “particularly high” (about 7.5 times higher in women with endometriosis), and
the risk of type II ovarian cancer—which can be more aggressive—was about 2.7 times more
likely. It has been suggested that such a population should benefit from ovarian cancer
risk counseling and prevention and may be an important group for targeted screening
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and prevention [122]. At present, the study of variants in the PvuII and XbaIlocis in
endometriosis is the subject of scientific debate.

The data reported in the literature indicate that endometriosis is affected by an increase
in estradiol levels and ERβ expression, polymorphic genotypes and alleles of the ERβ
rs4986938 G/A gene, and the frequency of alleles of the ERα rs9340799 A/G gene [123].

In a meta-analysis study involving 4975 patients (2222 patients with ovarian cancer,
2753 controls), ESR1Pvull/Xbal polymorphisms were analyzed. The total combined results
showed no significant correlations between ESR1 Pvull/Xbal polymorphisms and the
development of endometriosis. In the subgroup analysis, PvuII was associated with
endometriosis only in stages I–III and only in the recessive model. Xbal was associated with
endometriosis only with the PCR-RFLP genotyping method and also only in the recessive
model. The meta-analysis showed that PvuII or Xbal polymorphisms were not associated
with susceptibility to endometriosis except for a small association of endometriosis in stages
I–III and PCR-RFLP in a recessive model. The results suggest that further, well-designed,
large-scale studies are needed to shed light on the problem of ovarian cancer formation
due to endometriosis in correlation with ESR1 polymorphisms [124].

Ovarian cancer, due to the lack of specific symptoms at an early stage of the disease, is
very often diagnosed at a very advanced stage, with a poor prognosis. Therefore, research
has been carried out for a long time to obtain an ideal marker of this cancer. Despite
significant achievements and the use of tests, such as the previously described ROMA
or Ova1 (based on various biomarkers, including CA-125, it was developed to estimate
the nature of the tumor to determine the probability of malignancy even before surgical
treatment and histopathological examination), effective methods for the early diagnosis
of ovarian cancer are still being sought. Despite a relatively strong genetic predisposition
to ovarian cancer, only a few variants associated with this cancer have been discovered
so far. It seems that this may be related to the low penetration of genes responsible for
the development of cancer. Single nucleotide polymorphisms may constitute a group of
new risk factors for cancer development, and their analysis may be used to qualify patients
to the group of patients with a high risk of developing the disease. In addition, they can
be extremely useful in assessing the individual risk of developing the disease in people
without symptoms of cancer. The results of the research may be used in the future to
improve earlier cancer diagnosis and, as a result, to extend the survival time of patients
with these cancers.

12. Summary
According to statistical data from recent years, the incidence of ovarian cancer in

the world is constantly increasing. Very diverse incidence is observed across continents,
geographical regions, races, and ethnic groups. These cancers most often affect women
after menopause and are usually diagnosed (70%) at late stages. Despite improvements
in surgical techniques and the introduction of new chemotherapy methods, the five-year
survival rate for ovarian cancer patients has remained essentially unchanged and now
stands at around 30–40%. Epidemiological analysis distinguishes a number of factors re-
lated to the incidence of ovarian cancer. The degree of advancement is the most important
prognostic factor. In order to assess the clinical stage of malignant ovarian cancers, the
International Association of Gynecology and Obstetrics (FIGO) has developed an appropri-
ate classification of these cancers. Ovarian tumors are characterized by a large variety of
morphological and biological features. Based on the established clinical stage and maturity,
the optimal method of surgical treatment and chemotherapy is selected in order to achieve
the highest possible cytoreduction of the tumor. About 5–10% of ovarian cancer cases are
hereditary. Two ovarian cancer susceptibility genes have been located: BRCA1 and BRCA2,
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whose mutations are inherited in an autosomal dominant manner. It should be added that
studies of the above-mentioned genes do not explain all familial aggregations of ovarian
cancer cases. An alternative model is to assume a combination of numerous, frequent,
low-risk genetic variants, for example different polymorphic alleles. In 60% of ovarian
cancer cases, significantly elevated levels of ERα receptors are detected. The ERα receptor
is encoded by the ESR1 gene, so its polymorphisms can be studied as potential molecular
markers for ovarian cancer. The studied single nucleotide polymorphisms may constitute a
group of new risk factors for cancer development, and their analysis can be used to qualify
patients to the group of patients with a high risk of developing the disease. In addition,
they can be extremely useful in assessing an individual’s risk of developing the disease
in people without symptoms of cancer. The results of the research in the future may be
used to improve the earlier diagnosis of cancer and, as a result, extend the survival time of
patients with these cancers.
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onkologia (część 2.)Podstawy medycyny personalizowanej w leczeniu raka piersi i raka jajnika. Biul. Pol. Tow. Onkol. Nowotw.
2020, 5, 255–272. [CrossRef]

51. Boon, W.C.; Chow, J.D.Y.; Simpson, E.R. The multiple roles of estrogens and the enzyme aromatase. Prog. Brain Res. 2010, 181,
209–232. [PubMed]

52. Fuentes, N.; Silveyra, P. Estrogen receptor signaling mechanisms. Adv. Protein. Chem. Struct. Biol. 2019, 116, 135–170.
53. Prossnitz, E.R.; Barton, M. Estrogen biology: New insights into GPER function and clinical opportunities. Mol. Cell Endocrinol.

2014, 389, 71–83. [CrossRef]
54. Fujiwara, S.; Terai, Y.; Kawaguchi, H.; Takai, M.; Yoo, S.; Tanaka, Y.; Tanaka, T.; Tsunetoh, S.; Sasaki, H.; Kanemura, M.; et al.

GPR30 regulates the EGFR-Akt cascade and predicts lower survival in patients with ovarian cancer. J. Ovarian Res. 2012, 5, 35.
[CrossRef]

55. Smith, H.O.; Arias-Pulido, H.; Kuo, D.Y.; Howard, T.; Qualls, C.R.; Lee, S.J.; Verschraegen, C.F.; Hathaway, H.J.; Joste, N.E.;
Prossnitz, E.R. GPR30 predicts poor survival for ovarian cancer. Gynecol. Oncol. 2009, 114, 465–471. [CrossRef] [PubMed]

56. Kozieł, M.J.; Piastowska-Ciesielska, A.W. Estrogens, Estrogen Receptors and Tumor Microenvironment in Ovarian Cancer. Int. J.
Mol. Sci. 2023, 24, 14673. [CrossRef] [PubMed]

57. Kumar, V.; Green, S.; Stack, G.; Berry, M.; Jin, J.R.; Chambon, P. Functional domains of the human estrogen receptor. Cell 1987, 51,
941–951. [CrossRef] [PubMed]

58. Mosselman, S.; Polman, J.; Dijkema, R. ER beta: Identification and characterization of a novel human estrogen receeptor. FEBS
Lett. 1996, 392, 49–53. [CrossRef]

59. Zivadinovic, D.; Watson, C.S. Membrane estrogen receptor-alpha levels predict estrogen-induced ERK1/2 activation in MCF-7
cells. Breast Cancer Res. 2005, 7, 130–144. [CrossRef]

60. Boyapati, S.M.; Shu, X.O.; Ruan, Z.X.; Cai, Q.; Smith, J.R.; Wen, W.; Gao, Y.T.; Zheng, W. Polymorphism in ER gene interactwith
estrogen receptor status in breast cancer survival. Clin. Res. 2005, 11, 1093–1098.

61. Levin, E.R. Integration of the extranuclear and nuclear actions of estrogen. Mol. Endocrinol. 2005, 19, 1951–1959. [CrossRef]
62. Leung, P.C.; Choi, J.H. Endocrine signaling in ovarian surface epithelium and cancer. Hum. Reprod. Update 2007, 2, 143–162.

[CrossRef]
63. Gallo, D.; Ferlini, C.; Scambia, G. The epithelial-mesenchymal transition and the estrogen-signaling in ovarian cancer. Curr. Drug

Targets 2010, 11, 474–481. [CrossRef]
64. Johansson, Å.; Schmitz, D.; Höglund, J.; Hadizadeh, F.; Karlsson, T.; Ek, W.E. Investigating the Effect of Estradiol Levels on the

Risk of Breast, Endometrial, and Ovarian Cancer. J. Endocr. Soc. 2022, 6, bvac100. [CrossRef]
65. Skrzypczak, M.; Wolinska, E.; Adaszek, Ł.; Ortmann, O.; Treeck, O. Epigenetic Modulation of Estrogen Receptor Signaling in

Ovarian Cancer. Int. J. Mol. Sci. 2024, 26, 166. [CrossRef] [PubMed]
66. Kocanova, S.; Mazaheri, M.; Caze-Subra, S.; Bystricky, K. Ligands specify estrogen receptor alpha nuclear localization and

degradation. BMC Cell Biol. 2010, 11, 98. [CrossRef] [PubMed]
67. Cano, A.; Hermenegildo, C. Modulation of the oestrogenreceptor: A process with distinct sussceptible steps. Hum. Reprod. 2000,

6, 207–211.
68. Paech, K.; Webb, P.; Kuiper, G.G.; Nilsson, S.; Gustafsson, J.; Kushner, P.J.; Scanlan, T.S. Differential ligand activation of estrogen

receptors ERα and ERβ at AP1 sites. Science 1997, 277, 1508–1510. [CrossRef] [PubMed]

https://doi.org/10.3892/or.2021.8174
https://doi.org/10.3390/cancers16050932
https://doi.org/10.7759/cureus.30561
https://doi.org/10.1097/CEJ.0000000000000217
https://doi.org/10.1093/annonc/mdw327
https://doi.org/10.1073/pnas.1115052108
https://doi.org/10.5603/NJO.2020.0040
https://www.ncbi.nlm.nih.gov/pubmed/20478440
https://doi.org/10.1016/j.mce.2014.02.002
https://doi.org/10.1186/1757-2215-5-35
https://doi.org/10.1016/j.ygyno.2009.05.015
https://www.ncbi.nlm.nih.gov/pubmed/19501895
https://doi.org/10.3390/ijms241914673
https://www.ncbi.nlm.nih.gov/pubmed/37834120
https://doi.org/10.1016/0092-8674(87)90581-2
https://www.ncbi.nlm.nih.gov/pubmed/3690665
https://doi.org/10.1016/0014-5793(96)00782-X
https://doi.org/10.1186/bcr959
https://doi.org/10.1210/me.2004-0390
https://doi.org/10.1093/humupd/dml002
https://doi.org/10.2174/138945010790980385
https://doi.org/10.1210/jendso/bvac100
https://doi.org/10.3390/ijms26010166
https://www.ncbi.nlm.nih.gov/pubmed/39796024
https://doi.org/10.1186/1471-2121-11-98
https://www.ncbi.nlm.nih.gov/pubmed/21143970
https://doi.org/10.1126/science.277.5331.1508
https://www.ncbi.nlm.nih.gov/pubmed/9278514


Int. J. Mol. Sci. 2025, 26, 4611 23 of 25

69. Fujimura, M.; Hidaka, T.; Kataaoka, K.; Ymakawa, Y.; Akada, S.; Terenishi, A.; Saito, S. Absence of estrrogen receptor-alpha expres-
sion in human ovarian clear cell adenocarcinoma compared with ovarian serous, endometrioid, and mucinous adenocarcinoma.
Am. J. Surg. Pathol. 2001, 25, 667–672. [CrossRef]

70. Rutherford, T.; Brown, W.D.; Sapi, E.; Aschkenazi, S.; Munoz, A.; Mor, G. Absence of estrogen receptor—β expression in metastatic
ovarian disease. Obs. Gynecol. 2000, 96, 417–421.

71. Schüler-Toprak, S.; Weber, F.; Skrzypczak, M.; Ortmann, O.; Treeck, O. Expression of estrogen-related receptors in ovarian cancer
and impact on survival. J. Cancer Res. Clin. Oncol. 2021, 147, 2555–2567. [CrossRef]

72. Borella, F.; Fucina, S.; Mangherini, L.; Cosma, S.; Carosso, A.R.; Cusato, J.; Cassoni, P.; Bertero, L.; Katsaros, D.; Benedetto, C.
Hormone Receptors and Epithelial Ovarian Cancer: Recent Advances in Biology and Treatment Options. Biomedicines 2023, 11,
2157. [CrossRef]

73. Zhang, M.; Xu, H.; Zhang, Y.; Li1, Z.; Meng, W.; Xia, J.; Lei, W.; Meng, K.; Guo, Y. Research Progress of Estrogen Receptor in
Ovarian Cancer. Clin. Exp. Obs. Gynecol. 2023, 50, 199. [CrossRef]

74. Montalto, F.I.; De Amicis, F. Cyclin D1 in Cancer: A Molecular Connection for Cell Cycle Control, Adhesion and Invasion in
Tumor and Stroma. Cells 2020, 9, 2648. [CrossRef] [PubMed]

75. Mal, R.; Magner, A.; David, J.; Datta, J.; Vallabhaneni, M.; Kassem, M.; Manouchehri, J.; Willingham, N.; Stover, D.; Vandeusen,
J.; et al. Estrogen Receptor Beta (ERbeta): A Ligand Activated Tumor Suppressor. Front. Oncol. 2020, 10, 587386. [CrossRef]
[PubMed]

76. Voutsadakis, I.A. A systematic review and meta-analysis of hormone receptor expression in low-grade serous ovarian carcinoma.
Eur. J. Obs. Gynecol. Reprod. Biol. 2021, 256, 172–178. [CrossRef]

77. Zhou, X.; Gu, Y.; Wang, D.N.; Ni, S.; Yan, J. Eight functional polymorphisms in the estrogen receptor 1 gene and endometrial
cancer risk: A meta-analysis. PLoS ONE 2013, 8, e60851. [CrossRef] [PubMed]

78. Bai, X.H.; Su, J.; Mu, Y.Y.; Zhang, X.Q.; Li, H.Z.; He, X.F.; He, X.F. Association between the ESR1 and ESR2 polymorphisms and
osteoporosis risk: An updated meta-analysis. Medicine 2023, 102, e35461. [CrossRef]

79. Ren, H.; Liu, H.; Huang, L.; Xie, W.; Lin, D.; Luo, D. Association of ESR1 and ESR2 Polymorphisms with Osteoporosis: A
Meta-Analysis from 36 Studies. J. Clin. Densitom. 2022, 25, 699–711. [CrossRef]

80. Zhao, Y.; Zheng, X.; Zhang, L.; Hu, Q.; Guo, Y.; Jiang, H.; Shi, S.; Zhang, X. Association of estrogen receptor αPvuII and XbaI
polymorphisms with prostate cancer susceptibility and risk stratification: A meta-analysis from case-control studies. Oncol.
Targets Ther. 2017, 10, 3203–3210. [CrossRef] [PubMed]

81. Aboelroos, S.A.; Eltamany, E.H.M.; Mohamed, F.A.M.; Suliman, M.A. Association between estrogen receptor alpha and aryl
hydrocarbon receptor gene polymorphisms in the prognosis of breast cancer in Egypt. Egypt. J. Immunol. 2024, 31, 87–92.

82. Vega-García, S.; Saucedo-García, R.; Basurto-Acevedo, M.L.; Vargas-Gutiérrez, C.; Galván-Duarte, R.E.; Reyes-Maldonado, E.;
Aguilar-Gallegos, U.I.; Avelar-Garnica, F.; Galván-Plata, M.E. Alpha estrogen receptor polymorphisms and their association with
breast density. Rev. Med. Inst. Mex. Seguro Soc. 2020, 58, S13–S20.

83. Wang, B.; Yuan, F. Comment on “Estrogen receptor alpha (ERS1) SNPs c454-397T>C (PvuII) and c454-351A>G (XbaI) are risk
biomarkers for breast cancer development”. Mol. Biol. Rep. 2019, 46, 5. [CrossRef]

84. Pemmaraju, S.; Amidyala, L.; Vottery, R.; Nallari, P.; Akka, J.; Ananthapur, V. Association of ER-α gene PvuII polymorphism with
ovarian cancer. Cancer Treat Res. Commun. 2018, 14, 13–16. [CrossRef] [PubMed]

85. Boyle, B.; Dallaire, N.; MacKay, J. Evaluation of the impact of single nucleotide polymorphisms and primer mismatches on
quantitative PCR. BMC Biotechnol. 2009, 9, 75. [CrossRef]

86. Tomita-Mitchell, A.; Muniappan, B.P.; Herrero-Jimenez, P.; Zarbl, H.; Thilly, W.G. Single nucleotide polymorphism spectra
in newborns and centenarians: Identification of genes coding for rise of mortal disease. Gene 1998, 223, 381–391. [CrossRef]
[PubMed]

87. Erichsen, H.C.; Chanock, S.J. SNPs in cancer research and treatment. Br. J. Cancer 2004, 90, 747–751. [CrossRef] [PubMed]
88. Shastry, B.S. SNPs in disease gene mapping, medicinal drug development and evolution. J. Hum. Genet. 2007, 52, 871–880.

[CrossRef]
89. Shastry, B.S. SNPs: Impact on genefunction and phenotype. Methods Mol. Biol. 2009, 578, 3–22.
90. Antontseva, E.V.; Degtyareva, A.O.; Korbolina, E.E.; Damarov, I.S.; Merkulova, T.I. Human-genome single nucleotide polymor-

phisms affecting transcription factor binding and their role in pathogenesis. Vavilovskii Zhurnal Genet. Sel. 2023, 27, 662–675.
[CrossRef]

91. Dakal, T.C.; Dhabhai, B.; Pant, A.; Moar, K.; Chaudhary, K.; Yadav, V.; Ranga, V.; Sharma, N.K.; Kumar, A.; Maurya, P.K.; et al.
Oncogenes and tumor suppressor genes: Functions and roles in cancers. Med. Comm. 2020 2024, 5, e582. [CrossRef]

92. Deng, N.; Zhou, H.; Fan, H.; Yuan, Y. Single nucleotide polymorphisms and cancer susceptibility. Oncotarget 2017, 8, 110635–
110649. [CrossRef]

https://doi.org/10.1097/00000478-200105000-00016
https://doi.org/10.1007/s00432-021-03673-9
https://doi.org/10.3390/biomedicines11082157
https://doi.org/10.31083/j.ceog5009199
https://doi.org/10.3390/cells9122648
https://www.ncbi.nlm.nih.gov/pubmed/33317149
https://doi.org/10.3389/fonc.2020.587386
https://www.ncbi.nlm.nih.gov/pubmed/33194742
https://doi.org/10.1016/j.ejogrb.2020.11.021
https://doi.org/10.1371/journal.pone.0060851
https://www.ncbi.nlm.nih.gov/pubmed/23593326
https://doi.org/10.1097/MD.0000000000035461
https://doi.org/10.1016/j.jocd.2022.08.007
https://doi.org/10.2147/OTT.S132419
https://www.ncbi.nlm.nih.gov/pubmed/28721070
https://doi.org/10.1007/s11033-018-4452-9
https://doi.org/10.1016/j.ctarc.2017.11.001
https://www.ncbi.nlm.nih.gov/pubmed/30104002
https://doi.org/10.1186/1472-6750-9-75
https://doi.org/10.1016/S0378-1119(98)00408-9
https://www.ncbi.nlm.nih.gov/pubmed/9858772
https://doi.org/10.1038/sj.bjc.6601574
https://www.ncbi.nlm.nih.gov/pubmed/14970847
https://doi.org/10.1007/s10038-007-0200-z
https://doi.org/10.18699/VJGB-23-77
https://doi.org/10.1002/mco2.582
https://doi.org/10.18632/oncotarget.22372


Int. J. Mol. Sci. 2025, 26, 4611 24 of 25
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