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Abstract: Ovarian cancer is one of the deadliest cancers in women, due to its heterogeneity and usually
late diagnosis. The current first-line therapies of debulking surgery and intensive chemotherapy
cause debilitating side effects. Therefore, there is an unmet medical need to find new and effective
therapies with fewer side effects, or adjuvant therapies, which could reduce the necessary doses
of chemotherapeutics. Vitamin D is one of the main regulators of serum calcium and phosphorus
homeostasis, but it has also anticancer effects. It induces differentiation and apoptosis, reduces
proliferation and metastatic potential of cancer cells. However, doses that would be effective against
cancer cause hypercalcemia. For this reason, synthetic and less calcemic analogs have been developed
and tested in terms of their anticancer effect. The anticancer role of vitamin D is best understood in
colorectal, breast, and prostate cancer and much less research has been done in ovarian cancer. In this
review, we thus summarize the studies on the role of vitamin D and its analogs in vitro and in vivo
in ovarian cancer models.
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1. Ovarian Cancer

Ovarian cancer (OC) is the seventh deadliest and the eighth most common cancer in
women, affecting 313,000 women and causing 207,000 deaths in 2020 (International Agency
for Research on Cancer). OC is also called the “silent killer” because it is usually diagnosed
at a late stage when the chances of a cure are already very low. Most OCs are diagnosed at
stage III (51%) or IV (29%), where the 5-year survival is only 42% or 26%, respectively [1].
See Figure 1 for the most important facts of ovarian cancer. Ovarian tumors arise not only,
as previously thought, in tissues of the ovary, but recent data shows that in some cases
they can also start in the distal fallopian tube [2]. OC is a highly heterogeneous disease.
Heterogeneity is high not only among the different types of ovarian tumors, but also within
a single tumor [3]. Based on its origin, OC has seven histological types: epithelial tumors,
mesenchymal tumors, mixed epithelial and mesenchymal tumors, sex cord stromal tumors,
germ cell tumors miscellaneous tumors, and tumor-like lesions [4]. Around 90% of all
ovarian tumors are of epithelial origin [5]. Because of their high heterogeneity, epithelial
ovarian carcinomas (EOC) are divided into subgroups by the World Health Organization
according to cell type: serous tumors, mucinous tumors, endometroid tumors, clear cell
tumors, seromucinous tumors, Brenner tumors, and other carcinomas [4]. According to the
International Federation of Gynecology and Obstetrics (FIGO), OC has four stages based on
macroscopic and microscopic examination before and after surgery as well as cytology [6].
At stage I and II, the tumor is present mainly in ovaries and fallopian tubes, whereas at
stage III it has spread already to local lymph nodes and peritoneum outside the pelvis. At
the highest stage IV, distant metastases are present [7].

Treatment of OC can be local or systemic. Selection of the therapy depends on the type
and stage of the disease. First-line therapy is usually debulking surgery and chemotherapy
with platinum-based compounds and taxanes. There are also other, less common treat-
ments such as radiation therapy, hormone therapy, but also targeted therapy, which is
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directed at genes and proteins specific for the cancers. The most common targeted therapy
uses Poly(ADP-Ribose)-Polymerase (PARP) inhibitors. Unfortunately, current first-line
chemotherapeutic treatments cause serious side effects such as dizziness, fatigue, nausea,
vomiting, and diarrhea. That is why there is an urgent need to develop new adjuvant or
curative therapeutic approaches that would decrease the required dose or duration of the
classical chemotherapy, thus reducing side effect severity.
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2. Vitamin D and Vitamin D Analogs

Ultraviolet rays transform 7-dehydrocholesterol in the skin to cholecalciferol, or vita-
min D3 [8]. Vitamin D is then transported to the liver where it is hydroxylated on position
25 to the main circulating metabolite 25-hydroxyvitamin D3 (25D3) by 25-hydroxylase
encoded by the gene CYP2R1. 25D3, bound to the vitamin D binding protein, is trans-
ported to the target tissues, where it is hydroxylated on the position 1α to the main active
hormone 1,25-dihydroxyvitamin D3, or calcitriol (1,25D3), by the rate-limiting enzyme
1α-hydroxylase, coded by the CYP27B1 gene [8]. The kidneys are the main site for this
hydroxylation step, but many other tissues express CYP27B1 and thus are able to syn-
thetize the active hormone 1,25D3. Both 25D3 and 1,25D3 are degraded by the enzyme
24-hydroxylase, encoded by CYP24A1 [8]. The main role of 1,25D3, bound to its recep-
tor, the transcription factor vitamin D receptor (VDR), is the regulation of serum calcium
and phosphorus homeostasis, but it also regulates the expression of many genes that
might play a role in the development of cancer [9]. The main indicator of the organism’s
vitamin D status is serum 25D3, although the optimal status is still a subject of debate.
Levels <12 ng/mL are considered as severe vitamin D deficiency, while sufficiency varies
between 20-30 ng/mL, depending on the expert bodies or societies [10–12].

The main function of 1,25D3 is to maintain the proper levels of calcium and phosphorus
in serum. Thus, higher doses of 1,25D3, which would be effective against cancer, can cause
hypercalcemia as a side effect. For this reason, various synthetic vitamin D analogs have
been developed (representative structures of parent compounds and analogs are shown
in Figure 2). MT19c is a vitamin D2 (the plant-derived ergocalciferol) derivate, created
by Diels–Alder cycloaddition of N-methyl,1,2,4-triazolinedione and esterification with
bromoacetic acid [13]. This last modification is shared with the analog B3Cd, which is a
3-bromoacetoxy derivative of 25D3 [14]. EB1089 was one of the first developed vitamin D
analogs. It is based on the 1,25D3 structure by elongating the side chain by one carbon and
the introduction of terminal ethyl groups and introduction of double bonds at positions
22 and 24 [15]. The PRI-1906 and PRI-1907 analogs were designed based on the 1,25-
hydroxylated form (1,25D2) of the plant-derived vitamin D2 (ergocalciferol), with an
extended side chain and introduced double bonds. PRI-1906 carries terminal methyl and
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PRI-1907 ethyl groups [16]. The analogs PRI-5201 and PRI-5202 are based on PRI-1906 and
PRI-1907 by removing the methylidene group of the A-ring [17].
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3. Effect of Vitamin D on Ovarian Cancer Epidemiology

Several recent studies reviewed the anticancer effects of different vitamins on selected
female malignancies [18–20]; in our review, we focus only on the effect of vitamin D in
ovarian cancer. The role of vitamin D levels in epidemiology of OC is still unclear. One
of the first studies on the correlation between vitamin D and cancer found that sunlight
can be a protective factor against OC-associated mortality [21]. A report from Australia
concluded that exposure to ambient ultraviolet radiation may reduce the risk of EOC [22].
In another cohort study from Australia, researchers have shown that higher 25D3 serum
levels at the stage of diagnosis correlated significantly with longer survival of women with
diagnosed invasive OC [23]. In a European population, a Mendelian randomized study
found that genetically lower 25D3 levels correlated inversely with higher susceptibility to
OC [24]. Additionally, predicted higher concentrations of 25D3 (based on GWAS studies)
were associated with reduced risk of EOC [25]. However, current data on this topic are
inconsistent. In another Mendelian randomized study, researchers concluded that vitamin
D levels had no effect in seven cancers, including OC [26]. A further study found that
genetically low plasma 25D3 concentrations were not associated with increased cancer
risk and mortality rates [27]. Similarly, a study conducted in African women from Nigeria
found no significant correlation between serum 25D3 levels and the risk of EOC [28]. A
meta-analysis of 21 articles with almost one million participants concluded that vitamin D
intake could not decrease the risk of OC [29].

4. Mechanism of Anticancer Activity in Ovarian Cancer Models In Vitro

The heterogeneity of OC is mirrored by the diversity of the existing cell lines. Even
those cell lines that were obtained from the same type of tumors show high diversity in
their sensitivity to vitamin D and its analogs [30]. This might be due to differences in their
mutational landscape, but also in the expression of the components of the vitamin D system.
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While VDR is present in most of the known cell lines, the expression is highly variable, as
is also the expression of CYP27B1 and CYP24A1. The results comparing the expression
level of VDR in normal and malignant ovarian tissues are inconsistent. One study reported
higher levels in ovarian tumors compared with healthy tissue [31], while others found
that the VDR level was lower in tumors than in normal ovaries [32]. Treatment of OC cell
lines with 1,25D3 or its analogs has no effect on VDR mRNA levels, while it might increase
protein levels in a cell line-dependent manner [30,33]. Interestingly, the effect of 1,25D3 or
its analogs on the expression of CYP24A1 in different OC cell lines does not predict their
anticancer effect [30].

4.1. Effect of 1,25D3 and Its Analogs on the Hallmarks of Cancer

Besides its major role to maintain calcium-phosphate homeostasis, 1,25D3 regulates
most hallmarks of cancer. It inhibits proliferation, angiogenesis, and metastasis, induces
differentiation and apoptosis, and regulates the immune system [34,35]. The anticancer
effects of 1,25D3 were best documented for colorectal, breast, and prostate cancer [36–39].
Much less is known about the effect of 1,25D3 and its analogs in OC cells (Figure 3).
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4.2. Effect of 1,25D3 and Its Analogs on Proliferative Signals

1,25D3 inhibited proliferation by reducing the cell number of a patient-derived high
grade serous ovarian cancer (HGSOC) cell line, while no effect was seen in a further
HGSOC line [30]. In OVCAR3 cells, 1,25D3 induced cell cycle arrest either at the G1/S or
G2/M checkpoint [40,41]. The expression of several genes involved in the cell cycle was
also inhibited in some (e.g., OVCAR3, CAOV3, OV2008) but not in other cell lines (e.g.,
OVCAR5, SKOV3). Interestingly, another study found that SKOV3 cells were sensitive to
1,25D3, which reduced both their proliferation and viability [42]. In OVCAR3 cells, 1,25D3
prevented cell cycle progression through the inhibition of the CKD2-Rb-E2F axis. In these
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cells, 1,25D3 increased p27 and decreased cyclin E and A expression [40]. Proliferation of
OVCAR3 and SKOV3 cells was inhibited also by the 25D3 analog B3CD [14].

Epidermal growth factor receptor (EGFR) is often upregulated in OC, conveying a
proliferative advantage to these tumors [43,44]. In vitamin D-sensitive OC cells, 1,25D3
downregulated EGFR expression, reducing their proliferative potential [41]. The OVCAR3
cells were also sensitive to the 1,25D3 analog, EB1089, which was more active in reducing
EGFR expression than 1,25D3 [41]. The relevance of the impact of vitamin D on EGFR is
underlined also by the fact that EGFR seems to be one of the key genes associated with
resistance to platinum therapy of OC [44].

We also observed that different HGSOC cell lines responded differently to various
analogs of 1,25D2. While all tested analogs reduced cell number and viability of 13,781
cells, in the 14,433 and 8714 cells, none of the analogs affected cell viability significantly
([30] and unpublished data).

4.3. Effect of 1,25D3 and Its Analogs on Cell Death

Very often, p53 is mutated in ovarian tumors, reducing the apoptotic ability of these
cells. Therefore, finding compounds that would induce apoptosis even in the presence
of a mutated p53 is of utmost importance. Interestingly, 1,25D3 and the EB1089 analog
were able to stimulate apoptosis through p53-independent ways, by upregulating Growth
Arrest and DNA Damage-inducible 45 (GADD45), or the cyclin-dependent kinases p21 and
p27 [45]. The pro-apoptotic role of GADD45 proteins is well documented and they regulate
many cellular functions, e.g., DNA repair, cell cycle, and senescence [46]. In cell lines from
clear cell ovarian carcinoma (ES-2, TOV-21G), papillary serous adenocarcinoma (OV-90)
and endometrioid carcinoma (TOV-112D), 1,25D3 activated the intrinsic apoptotic pathway
by reducing the membrane potential of the mitochondria, increasing cytochrome C release,
and activating caspase 9 [47]. In the cell lines that expressed the progesterone receptor, the
effect of 1,25D3 was significantly higher when given together with progesterone [48].

1,25D3 increased sensitivity of the ovarian epithelial adenocarcinoma cell line SKOV3
to radiation-induced apoptosis by supporting the formation of reactive oxygen species
(ROS) [49]. Another study has shown that, in SKOV3 cells, 1,25D3 induced apoptosis
and potentiated the cytotoxic effect of cisplatin, increasing the activity of caspase 3/7.
It also increased expression of the pro-apoptotic protein Bax and the cleaved PARP in
a dose-dependent manner [42]. B3CD induced apoptosis by activating the p38 MAPK
pathway [14].

4.4. Effect of 1,25D3 and Its Analogs on Metastatic Potential

Epithelial to mesenchymal transition (EMT) is considered as the driver of invasion
and metastasis. 1,25D3 inhibited EMT in SCOV3 cancer cells [50]. One of the first organs
OC disseminates to is the peritoneum [51]. Vitamin D prevented the TGF-β-induced
mesenchymal transition and thus the transformation of the peritoneal mesothelial cells
into cancer-associated mesothelial cells (CAM) by maintaining high e-cadherin levels and
blocking the upregulation of the EMT-associated markers α-smooth muscle actin, slug
and the matrix metalloproteinases (MMP) 9 and 2, and that of thrombospondin-1, a gene
involved in both the TGF-β and focal adhesion pathways [52]. Treatment of the germline-
derived immortalized ovarian cancer cell line A2780 with 1,25D3 inhibited migration of the
cells and their adhesion to fibronectin. Pre-treatment of the cells with 1,25D3 also reduced
their metastatic potential when injected in immunodeficient mice [53].

Several long noncoding RNAs, e.g., lnc-BCAS1-4_1, play an important role in the
regulation of EMT by 1,25D3 [54]. OC patients with high levels of the lncRNA TOPORS
Antisense RNA 1 (TOPORS-AS1) in their tumors had favorable overall survival compared
with those expressing low levels. As TOPORS-AS1 is a target for VDR, it has been suggested
that the inhibitory effect of VDR in ovarian cancer cells could be mediated through TOPORS-
AS1 [55].
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In a recent study, 1,25D3 inhibited the self-renewal capacity of ovarian cancer stem
cells (CSC) by reduction of their sphere formation rate and inhibition of the expression of
stem cell markers, such as CD44, SOX2, or OCT4 [56].

4.5. Effect of 1,25D3 and Its Analogs on Replicative Immortality and Angiogenesis

In the OVCAR3 cells, 1,25D3 inhibited a further hallmark of cancer, the replicative
immortality, by downregulating activity and expression of the telomerase [57]. One mecha-
nism by which 1,25D3 regulated telomerase expression in these cells was the upregulation
of miR-498, which then degrades the telomerase mRNA, leading to their apoptotic cell
death [58].

In SKOV3, 1,25D3 inhibited VEGF expression and activity and enhanced the anti-
angiogenic effect of cisplatin [42].

There is not enough information on the role that vitamin D could play in regulating
other hallmarks. Although it is known that vitamin D affects the immune system and plays
an important role in inflammation, little is known about its effect on these hallmarks in
OC. One study has shown that 1,25D3 was able to reduce the tumor promoting effect of
M2 macrophages in ovarian cancer cells [59]. Another interesting finding was that the
vitamin D target human cathelicidin, well known as an effector molecule of the innate
immune system, promotes OC progression. It seems that OC cells induce the expression
of cathelicidin in macrophages in a VDR-dependent manner [60]. This would suggest a
detrimental effect of vitamin D on OC development.

5. Mechanism of Anticancer Activity in Ovarian Cancer Models In Vivo

The anticancer activity of 1,25D3 and its analogs in OC models has already been
studied broadly in vitro but there are only a few studies about their effects in vivo. Figure 4
summarizes the observed effects found in in vivo studies.

Nutrients 2022, 14, x FOR PEER REVIEW 6 of 11 
  

 

Several long noncoding RNAs, e.g., lnc-BCAS1-4_1, play an important role in the reg-

ulation of EMT by 1,25D3 [54]. OC patients with high levels of the lncRNA TOPORS An-

tisense RNA 1 (TOPORS-AS1) in their tumors had favorable overall survival compared 

with those expressing low levels. As TOPORS-AS1 is a target for VDR, it has been sug-

gested that the inhibitory effect of VDR in ovarian cancer cells could be mediated through 

TOPORS-AS1 [55]. 

In a recent study, 1,25D3 inhibited the self-renewal capacity of ovarian cancer stem 

cells (CSC) by reduction of their sphere formation rate and inhibition of the expression of 

stem cell markers, such as CD44, SOX2, or OCT4 [56].  

4.5. Effect of 1,25D3 and Its Analogs on Replicative Immortality and Angiogenesis 

In the OVCAR3 cells, 1,25D3 inhibited a further hallmark of cancer, the replicative 

immortality, by downregulating activity and expression of the telomerase [57]. One mech-

anism by which 1,25D3 regulated telomerase expression in these cells was the upregula-

tion of miR-498, which then degrades the telomerase mRNA, leading to their apoptotic 

cell death [58]. 

In SKOV3, 1,25D3 inhibited VEGF expression and activity and enhanced the anti-

angiogenic effect of cisplatin [42]. 

There is not enough information on the role that vitamin D could play in regulating 

other hallmarks. Although it is known that vitamin D affects the immune system and 

plays an important role in inflammation, little is known about its effect on these hallmarks 

in OC. One study has shown that 1,25D3 was able to reduce the tumor promoting effect 

of M2 macrophages in ovarian cancer cells [59]. Another interesting finding was that the 

vitamin D target human cathelicidin, well known as an effector molecule of the innate 

immune system, promotes OC progression. It seems that OC cells induce the expression 

of cathelicidin in macrophages in a VDR-dependent manner [60]. This would suggest a 

detrimental effect of vitamin D on OC development.  

5. Mechanism of Anticancer Activity in Ovarian Cancer Models In Vivo 

The anticancer activity of 1,25D3 and its analogs in OC models has already been stud-

ied broadly in vitro but there are only a few studies about their effects in vivo. Figure 4 

summarizes the observed effects found in in vivo studies. 

 

Figure 4. Effects of 1,25D3 and its analogs in in vivo models of ovarian cancer. Figure 4. Effects of 1,25D3 and its analogs in in vivo models of ovarian cancer.

In a mouse model of peritoneal metastasis, vitamin D3 protected the microvilli on
the peritoneum, thus preventing the interaction of CAMs with cancer cells by inhibiting
Smad-dependent TGF-β signaling, thus inhibiting peritoneal dissemination of the ES-2 OC
cells [52].

Vitamin D affects at different stages of the carcinogenesis process. In a mouse model of
OC, induced by 7,12-dimethylbenz[a]anthracene (DMBA), 1,25D3 administration reduced
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tumor size significantly at the stage of initiation, promotion and entire period of the
experiment. The general condition of the mice in the treated groups was significantly better
than in the untreated controls [61]. Mice treated with vitamin 1,25D3 also had lower levels
of CA125, which is considered a potential ovarian tumor marker [61,62].

1,25D3 as an anticancer agent is known to also regulate CSCs. Srivastava et al. studied
the effect of 1,25D3 on OC stem cells in vivo in a mouse xenograft tumor model using the
2008 cell line. 1,25D3 delayed tumor growth and depleted the ovarian CSCs. The effect on
the CSCs was studied in isolated xenograft tumor cells by measuring CD44 and CD117
positive cells, which are markers for stem cells. 1,25D3 significantly reduced the CSC
population in ovarian xenografts in vivo [63].

Only a few analogs of vitamin D3 or 25D3 were tested in vivo in ovarian cancer
models. MT19c reduced tumor growth in the SKOV3 xenograft model in nude mice and
in a syngeneic rat ovarian cancer models and decreased the expression of genes involved
in energy metabolism. The treatment reduced the expression of EGFR, and inhibited PI-3
kinase [13]. The 25D3 derivative B3CD was tested on the SKOV-3 xenograft model. The
compound delayed tumor growth in the majority of the mice, and in some cases even led
to full regression. However, in some of the mice, B3CD accelerated tumor growth [14].
The study with the 1,25D3 analog EB 1089 found that EB 1089 suppressed the growth of
OVCAR3 tumor xenografts in mice. Histological analysis of tumor sections showed that
EB 1089 induced apoptosis and decreased proliferation in the tumor [45].

More in vivo studies are needed to understand if vitamin D analogs should be carried
further into clinical trials.

6. Future Perspectives

The impact of vitamin D and its analogs on OC is still unclear, although the in vitro
studies are promising. Further to the research we summarized, a few studies reported
that 1,25D3 is able to potentiate the effect of some of the chemotherapeutics used in the
treatment of OC. 1,25D3 increased the cytotoxic effect of carboplatin and paclitaxel in
serous-, mucinous-, and endometrioid-type OC cell lines [33]. Although it has been shown
that 1,25D3 is a PARP inhibitor [64], the studies to test if it would potentiate the effect
of the PARP inhibitors used in OC treatment are still missing. PARP inhibitors are used
for the therapy of recurrent OC, however, the majority of the patients develop resistance,
mediated by cancer stem cells [65]. As 1,25D3 was shown to reduce the number of CSCs
in OC [63], this suggests a high clinical potential in preventing resistance to this class of
drugs. Therefore, it would be of utmost importance to understand what makes OC cells
responsive or resistant to the anticancer effects of vitamin D and its analogs. More needs to
be done especially in vivo to gain a clear picture about the impact and potential application
of vitamin D and its less calcemic analogs in OC.
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