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Abstract

:

Background: Ovarian cancer (OC) is one of the most lethal cancers in women. The active form of vitamin D3, 1,25-dihydroxyvitamin D3 (1,25D3, calcitriol) has anticancer activity in several cancers, including ovarian cancer, but the required pharmacological doses may cause hypercalcemia. We hypothesized that newly developed, low calcemic, vitamin D analogs (an1,25Ds) may be used as anticancer agents instead of calcitriol in ovarian cancer cells. Methods: We used two patient-derived high-grade serous ovarian cancer (HGSOC) cell lines with low (13781) and high (14433) mRNA expression levels of the gene encoding 1,25-dihydroxyvitamin D3 24-hydroxylase CYP24A1, one of the main target genes of calcitriol. We tested the effect of calcitriol and four structurally related series of an1,25Ds (PRI-1906, PRI-1907, PRI-5201, PRI-5202) on cell number, viability, the expression of CYP24A1, and the vitamin D receptor (VDR). Results: CYP24A1 mRNA expression increased in a concentration-dependent manner after treatment with all compounds. In both cell lines, after 4 h, PRI-5202 was the most potent analog (in 13781 cells: EC50 = 2.98 ± 1.10 nmol/L, in 14433 cells: EC50 = 0.92 ± 0.20 nmol/L), while PRI-1907 was the least active one (in 13781 cells: EC50 = n/d, in 14433 cells: EC50 = n/d). This difference among the analogs disappeared after 5 days of treatment. The 13781 cells were more sensitive to the an1,25Ds compared with 14433 cells. The an1,25Ds increased nuclear VDR levels and reduced cell viability, but only in the 13781 cell line. Conclusions: The an1,25Ds had different potencies in the HGSOC cell lines and their efficacy in increasing CYP24A1 expression was cell line- and chemical structure-dependent. Therefore, choosing sensitive cancer cell lines and further optimization of the analogs’ structure might lead to new treatment options against ovarian cancer.
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1. Introduction


Ovarian cancer (OC), known as the “silent killer” showing no symptoms at early stages, is the deadliest gynecologic malignancy. Relapse after initial treatment is frequently fatal. Preventing relapse of the tumor is the ultimate, yet still unmet goal in treating OC patients. The standard treatment of OC is cytoreductive surgery and platinum-taxane-based chemotherapy. The use of platinum-based therapeutics is, however, limited in dosage and frequency due to their unspecific mode of action and toxic effects on normal cells, severely reducing the patients’ quality of life [1]. Very often, a small number of cells in the primary tumors escape the toxicity of the drugs. These cells will grow into a life-threatening recurrent disease that finally leads to death [1,2]. Low vitamin D levels were associated with increased risk for various cancers, suggesting a beneficial effect of supplementation or treatment with vitamin D, its active metabolites, or synthetic analogs [3,4].



Vitamin D3 is produced in the skin by sunlight from 7-dehydrocholesterol [5]. Cytochrome P450 enzymes activate vitamin D in two steps: 25-hydroxylation in the liver, followed by 1α-hydroxylation in the kidneys [6]. The most active form of vitamin D3, 1,25-dihydroxyvitamin D3 (calcitriol) binds to the vitamin D receptor (VDR), which acts as a ligand-activated transcription factor, binding to vitamin D response elements (VDRE) on target genes [7]. Liganded VDR upregulates the transcription of hundreds of target genes. The gene encoding 25-hydroxyvitamin D 24-hydroxylase (CYP24A1) is the most strongly upregulated one [8]. Hydroxylation of calcitriol at C-24, catalyzed by CYP24A1, initiates its catabolism to the inactive and water-soluble ultimate metabolite, calcitroic acid. CYP24A1 thus provides negative feedback to the activity of calcitriol [9].



The expression of CYP24A1 is usually low in the absence of calcitriol [10]. The gene contains multiple VDRE sequences and is highly responsive to liganded VDR [8]. CYP24A1 is present in the inner mitochondrial membrane of all calcitriol responsive cells. After exposure to calcitriol, the expression of CYP24A1 increases, however, the kinetics of the increase is cell-type specific [11]. Interestingly, several tumors have a high constitutive expression of CYP24A1, which may lower the local concentration of calcitriol in the cancer microenvironment [12].



The best-known role of calcitriol is to maintain the calcium-phosphate homeostasis of the organism [13]. It also stimulates other vital processes, such as the differentiation of keratinocytes, the development of immune cells, and the detoxification of the organism [14,15]. In numerous cancer cells, calcitriol inhibits proliferation and induces differentiation or apoptosis [4,16]. Different analogs of calcitriol (an1,25Ds; for simplicity, 1,25D includes both 1,25D2 and 1,25D3) were also shown to inhibit proliferation, modulate the immune response of different cancer cells, and reduce tumor growth and metastasis in animal models of various cancers [4,17].



Epidemiological data suggest that persons with low serum levels of the circulating form of vitamin D (25-hydroxyvitamin D, 25D), are at higher risk to develop HGSOC, and therefore, vitamin D supplementation might prevent ovarian carcinogenesis [18]. However, the use of calcitriol in therapeutic, supra-physiological doses is limited by its potent calcemic and phosphatemic activities. Over the years, several an1,25Ds were synthesized [19] with reduced or negligible calcemic and enhanced anticancer activity, as tested in leukemia, breast, prostate, and colon cancer cells [20,21,22,23,24]. However, an1,25Ds have not been extensively studied on OC cells, except for a single study of the 1,25D3 analog (EB1089) several years ago [25]. Thus, although there are some reports on the activity of calcitriol in commercially available ovarian cancer cells, little is known on the effects of an1,25Ds on HGSOC cells.



We have previously shown that analogs of 1,25-dihydroxyergocalciferol (1,25-dihydroxyvitamin D2, 1,25D2) induced differentiation of human acute myeloid leukemia cells [21,26]. As the effect of calcitriol and of different an1,25Ds is very often cell- and tissue-dependent, in this study we tested if these novel, less calcemic an1,25Ds, known to be effective in colorectal and breast cancer models, are also effective in ovarian cancer cells. We compared the effect of a series of structurally related an1,25Ds (PRI-1906, PRI-1907, PRI-5201, PRI-5202, Figure 1) with that of calcitriol in two patient-derived HGSOC cell lines, to investigate if any of these analogs affect ovarian cancer cells and thus to evaluate the possibility of developing an1,25Ds as potential adjuvants for treatment of HGSOC.




2. Results


Synthetic an1,25Ds of the most active forms of vitamin D (1,25D3 and 1,25D2) have been tested against several types of cancer [4], however, very little is known about their activity in ovarian cancer cells. We have chosen two cell lines (13781 and 14433) from our previously established patient-derived HGSOC cell line panel [27] and treated them with either calcitriol, as a widely used reference, or four side chain-modified an1,25Ds (PRI-1906, PRI-1907, PRI-5201, and PRI-5202). The side-chain structure and especially the C-26, C-27 alkyls, contribute significantly to the binding affinity of the analog for VDR and thus to its functional activity. They surround the terminal C-25 hydroxyl group and affect the formation of a hydrogen bond with the amino acid residues His397 and His 397 of the ligand-binding pocket of the ligand-binding domain (LBD) of VDR [28].



2.1. Basal Expression of CYP24A1


The main known role of CYP24A1 (the 1,25-dihydroxy vitamin D 24-hydroxylase) enzyme, a mixed-function oxidase cytochrome P450 molecule, is to catabolize both the active form of vitamin D 1,25D and its precursor 25D, in order to prevent hypercalcemia.



Our previous RNA-seq data analysis [27] had already indicated that the 13781 cells have a lower basal level of CYP24A1 mRNA than 14433 cells. To validate the RNA-seq data, we measured the transcript number (Q) of the CYP24A1 gene using quantitative real-time PCR (RT-qPCR). The results confirmed the data from the RNA-seq analysis. Basal level of CYP24A1 is around 10 times higher in 14433 cells (Q = 221,477 ± 16,629) than in 13781 cells (Q = 22,642 ± 5351) (Figure 2).




2.2. Effect of Treatment with an1,25Ds on CYP24A1 Expression


As CYP24A1 is one of the best-known targets most strongly affected by activation of VDR, we have used its expression as a marker for the activity of the an1,25Ds in the treated cells.



2.2.1. Effect of Short-Term Treatment with an1,25Ds on CYP24A1 Expression


We treated the cells with the an1,25Ds at different concentrations (i.e., 0.1; 0.3; 1; 3; 10; 50; 100 nmol/L) for 4 h and calculated the EC50 (half-maximal effective concentration) for their effect on CYP24A1 gene induction (Figure 3 and Figure 4). In both cell lines, PRI-5202 was the most active analog with the lowest EC50, and PRI-1907 was the least active one. The potency of the analogs was around two times higher in the 14433 cell line, which has a higher CYP24A1 basal expression level than in the 13781 cell line.




2.2.2. Effect of Long-Term Treatment with an1,25Ds on Gene Expression


To study the long-term effect of the an1,25Ds, the cells were treated with each compound at 100 nmol/L for 4 h, 1, 3, and 5 days. After 5 days of treatment, the effect was stronger in the 13781 cells (Figure 5a) than in the 14433 cells (Figure 5b). This outcome probably results from the already high basal levels of CYP24A1 mRNA in the 14433 cells, where an expression plateau is reached earlier.



When we compared the effectiveness of the an1,25Ds in the two cell lines, we realized that the increase in CYP24A1 expression compared to the basal level was always higher in the 13781 cells, compared with the 14433 cells (Table 1, raw values with SD used to calculate these ratios are shown in Supplementary Tables S1 and S2). While we see a stronger effect of PRI-5202 at 1 nmol/L, this difference disappears at a high concentration (100 nmol/L).



We also tested the effect of an1,25Ds on other genes connected with inflammation and tumorigenesis (Supplementary Figure S1). In the 13781 cells, we observed that at a concentration of 100 nmol/L, all analogs increased the expression of CXCL1, CXCL2, IL-6, and IL-8 after 4 h after which the expression levels returned to the levels of the solvent control, On the other hand, the 14433 cells reacted with initial downregulation of CXCL1 and CXCL2 before returning to baseline levels while IL-6 and IL-8 were not affected by the treatments at all. These results again demonstrated the differential responsiveness of these cells to an1,25Ds.





2.3. Effect of Treatment with an1,25Ds on Nuclear VDR Level


To induce gene expression, the an1,25Ds bind to VDR, which is a transcription factor. In some cells, the ligands of VDR can either upregulate its expression or stabilize the protein. Therefore, our next step was to study the effect of the an1,25Ds on VDR protein level in the nucleus. The cells were treated for 5 days with each compound at a concentration of 100 nmol/L. After the treatment, we stained the cells and analyzed the VDR staining intensity in the nuclei of the cells using single-cell quantitative immunofluorescence. In the 13781 cell line, all compounds except PRI-1906 increased the nuclear intensity for VDR, indicating higher nuclear VDR protein levels (Figure 6a, Supplementary Table S3). In the 14433 cell line, only PRI-5201 increased nuclear VDR protein levels (Figure 6b, Supplementary Table S3).




2.4. Effect of Treatment with an1,25Ds on the Proliferation of Ovarian Cancer Cells


As our previous experiments showed that the compounds affect the vitamin D system of the cells, we investigated the effect of the compounds on different markers of proliferation.



2.4.1. Effect of Treatment with an1,25Ds on Cell Number and Viability


In the 13781 cell line, all tested compounds significantly reduced the cell number (Figure 7a). In contrast, in the 14433 cell line a statistically significant reduction in the number of cells was observed only after treatment with PRI-1907, PRI-5201, and PRI-5202, but not with calcitriol and PRI-1906 (Figure 7b). In addition to cell number, we measured cell viability directly. In the 13781 cell line, all tested compounds significantly reduced the viability of the cells (Figure 7c). In the 14433 cell line, we observed no significant effects on cell viability (Figure 7d), again highlighting the differences between the individual cell lines.




2.4.2. Effect of Treatment with an1,25Ds on Ki67 Expression


As we had observed a decrease in the cell viabilityafter treatment with the an1,25Ds, we examined how the an1,25Ds affected the expression of the proliferation marker Ki67 in the treated cells. However, there were no significant differences in the percentage of Ki67-positive cells, independent of treatment and cell line (Figure 8, Supplementary Table S3 for values normalized to ethanol control). One explanation for the lack of downregulation could be that in these cells p53 is mutated [27], which might impair its ability to downregulate Ki67 [29].






3. Discussion


Numerous studies have shown that calcitriol had anticancer effects in different models of cancer [4]. However, a major drawback of its use in therapeutic super-physiological doses is the potentially lethal calcemic effect. This led to the development of analogs with lower calcemic effects, but with similar, or stronger anticancer properties [30,31]. In the present study, we have tested for the first time if single- and/or double-point modified analogs of the most active form of vitamin D are effective in HGSOC cells. We demonstrated that our an1,25Ds were able to induce CYP24A1 expression, suggesting that the vitamin D signaling system is working in these cells. The analogs also increased nuclear VDR levels and reduced cell number—effects which were time-, structure of the analog- and cell line-dependent.



This pilot study is the first paper testing the effectiveness of analogs of active vitamin D in patient-derived high-grade serous ovarian cancer cell lines. Our purpose was to assess if these analogs are able to induce an effect in these cells, and not to understand the whole picture of the functional profile of these compounds. For this purpose, we used two synthetic analogs of vitamin D modified at a single point, PRI-1906 with an extended and rigidified side chain, and its side-chain C-26-, C-27-homolog, PRI-1907. We have also used two double point-modified analogs, PRI-5201 and PRI-5202, additionally depleted of the 19-methylene in their A-ring (see Figure 1) and thus viewed as 19-nor variants of the former two [32]. We have compared their activity with calcitriol, as we already knew that the an1,25Ds, except PRI-1907, were less calcemic in mice than calcitriol [33]. In this study, we proved that the response of HGSOC cell lines depends on the structure of the respective an1,25Ds sensitive and the most pronounced activity was found for the double point-modified analogs (modified A-ring and side-chain). Compared to calcitriol, the most active analog PRI-5202 was a 19-nor compound extended at both C-26 and C-27.



The activity of the compounds was cell-line dependent, a property already observed earlier in other cell lines [33]. The differences were most pronounced at low concentration (1 nmol/L), while at high concentration (100 nmol/L), the differences leveled out. PRI-5202 was the most potent analog in inducing CYP24A1 expression in both HGSOC cell lines, while PRI-1907 was the least potent one. Dual activity of PRI-1907 has been observed previously in HL60 cells, where this compound had the highest pro-differentiating effect, while it was least potent in inducing CYP24A1 mRNA expression when compared with PRI-1906 and calcitriol [34]. This analog, although one of the most active analogs in leukemia and breast cancer models, had also the highest toxicity in animal models [22]. PRI-5202, the 19-nor version of PRI-1907 (see Figure 1), was much less toxic in animal models and had the lowest calcemic effect compared with all other an1,25Ds [22,33]. In the tested HGSOC cells, PRI-5202 was the most active in increasing CYP24A1 expression and reducing cell number even in the less responsive 14433 cells. Except for PRI-1907, all other an1,25Ds were more active than calcitriol, when used at 1 nmol/L. This difference has disappeared when the an1,25Ds were used at 100 nmol/L. The effect of PRI-1906 and PRI-5201 was very similar at all concentrations and treatment times.



Although there are some reports on the activity of calcitriol in ovarian cancer cells little is known about the functioning of an1,25Ds in these cells. Previous studies have shown that calcitriol inhibited the expression of genes involved in proliferation, epithelial–to-mesenchymal transition, the Wnt pathway. However, most of these studies were performed in the commercially available cell lines OVCAR3 or SCOV3 [35,36,37], which are less reliable models of the most common type of ovarian cancer, the high-grade serous ovarian cancer. This is why we have used two of our patient-derived cell lines, chosen from a whole panel of HGSOC cells. The two tested ovarian cancer cell lines responded differently to the analogs depending on the duration of the treatment, manifesting in differential up- or downregulation of several target genes.



All an1,25Ds, except PRI-1907, were very potent in inducing CYP24A1 gene expression, as their EC50-s were in the nanomolar range. The potency of the analogs (measured after 4 h treatment) was 2–3 times higher in the 14433 cells than in the 13781 cells; on the other hand, the efficacy of the compounds (increasing CYP24A1 expression from basal level) was higher in the 13781 line. This difference between the efficacies of the drugs in the two cell lines increased with the duration of the treatment. We suppose that this difference was due to the differences in the basal expression level of CYP24A1: in the 14433 cells, with higher basal levels of CYP24A1, the effect of the analogs is lower, because the already existent CYP24A1 enzyme degrades the analogs, at least partially. The significant accumulation of nuclear VDR in the 13781 cells treated with the analogs might be another explanation for the higher responsiveness of these cells to the treatment with the an1,25Ds. These cells were also significantly less viable after treatment with the an1,25Ds than the 14433 cells.



In this study, we showed that the single- and double-point modified analogs of 1,25D2 are active in HGSOC cells, and their activity depends on the cell-line and the chemical structure of the an1,25Ds. Next, we need to explore whether these compounds have anti-cancer effects in ovarian cancer cells. There is also an urgent need for new an1,25Ds which would be effective also in cell lines like 14433 and to discover what makes some HGSOCs responsive to an1,25Ds and others not. Based on these considerations, our results underline the necessity of testing more patient-derived cell lines, to understand the biological activity of the an1,25Ds in ovarian cancer. Understanding what makes these cells responsive to the analogs could help in designing analogs that have even higher anticancer activity and retain low toxicity.




4. Materials and Methods


4.1. Compounds


Calcitriol and the analogs (PRI-1906, PRI-1907, PRI-5201, PRI-5202) were obtained and handled as previously described [19,32]. All an1,25Ds were dissolved in ethanol, which was used as vehicle control at a maximum concentration of 0.1%.




4.2. Cell Culture


The patient-derived high-grade serous ovarian cancer cell lines (13781 and 14433) were selected from a panel of 34 cell lines [27]. Informed consent was obtained from all patients with HGSOC included in this study in the Department of Obstetrics and Gynecology, Medical University of Vienna. The study protocol was approved by the relevant ethics committees (EK No. 366/2003 and 260/2003). The cells were cultured in DMEM/F-12 (1:1) + GlutaMAX containing 10% fetal calf serum (FCS), 100 U/mL Pen-Strep (all Thermo Fisher Scientific, MA, USA). For the treatments with an1,25Ds, the cells were cultured for 2 days and then washed with phosphate-buffered saline (PBS) and cultured in the same medium containing only 2% FCS for the whole duration of the treatment.




4.3. Cell Number & Cell Viability


To measure cell number and viability, the cells were treated with 100 nmol/L of each compound for 5 days. For cell number, the cells were washed with PBS, detached using Trypsin-EDTA (Thermo Fisher Scientific) and the number of cells was determined using an automated cell counter TC10TM (Biorad, CA, USA). Cell viability was measured using CellTiter-Blue ® Cell Viability Assay (Promega, WI, USA) according to the manufacturer’s protocol. Fluorescence was measured in black-well plates from the bottom using a Tecan Infinite M200 PRO (Tecan AG, CH) with the following parameters: excitation 550 nm, emission 600 nm.




4.4. RT-qPCR


4.4.1. mRNA Expression Analysis


RNA was isolated using EXTRAzol Reagent (Blirt, PL) according to the manufacturer’s protocol. cDNA was synthesized using a High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). CYP24A1 gene expression was analyzed in a quantitative polymerase chain reaction (qPCR) using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific). Primers used for the reactions were GAPDH: fwd: 5′-TCCTCTGACTTCAACAGCGAC-3′, rev: 5′-TGCTGTAGCCAAATTCGTTGTC-3′; CYP24A1: fwd: 5′-CAAACCGTGGAAGGCTATC-3′, rev: 5′-AGTCTTCCCCTTCCAGGATCA-3′; CXCL1: fwd: 5′-GAAAGCTTGCCTCAATCCTG-3′, rev: 5′-CTTCCTCCTCCCTTCTGGT-3′; CXCL2: fwd: 5′-GGGCAGAAAGCTTGTCTCAA-3′, rev: 5′-GCTTCCTCCTTCCTTCTGGT-3′; IL-6: fwd: 5′-AATTCGGTACATCCTCGACGG-3′, rev: 5′-GGTTGTTTTCTGCCAGTGCC-3′; IL-8: fwd: 5′-GTTGGCAGCCTTCCTGATTT-3′, rev: 5′-TTCTTTAGCACTCCTTGGCAAAA-3′. Acquired data were analyzed using the 2−ΔΔCT method, [38] using GAPDH as the housekeeping gene and total human RNA (Takara, JP) as calibrator.




4.4.2. Quantitative Assessment of CYP24A1 Transcript


To measure CYP24A1 transcripts quantitatively, the following primers were used: fwd: 5′-CTCATGCTAAATACCCAGGTG-3′, rev: 5′-TCGCTGGCAAAACGCGATGGG-3′. The standard curve obtained using the amplicon of a known quantity, with the sequence matching the one produced from cDNA using these primers, was obtained in RT-qPCR. Constitutive expression of CYP24A1 in 14433 and 13781 cells was measured from the cDNA, and the number of transcripts was read out from the standard curve.





4.5. Immunofluorescence


For immunofluorescence staining, cells were cultured on 8-chamber slides (Thermo Fisher Scientific). Cells were treated with 100 nmol/L of each compound for 5 days. After treatment, cells were fixed using 3.6% formaldehyde in PBS for 15 min. The fixed cells were incubated for 20 min in 0.2% Triton-X in PBS at room temperature (RT) for permeabilization followed by incubation with 50 mmol/L NH4Cl for 15 min and 30 min in 3% BSA in PBS at RT for blocking. Cells were incubated with primary VDR (1:200) antibody (Merck Darmstadt, DE) for 1 h at RT or Ki67 (1:500) (Thermo Fisher Scientific) antibodies for 1 h at RT. An Alexa Fluor 647 conjugated anti-rabbit secondary antibody was used at a concentration of 1:500 in PBS for VDR staining visualization. Next cells were incubated with Ki67 (1:500) antibody (Thermo Fisher Scientific) for 1 h at RT. The Ki67 antibody had a fluorescence marker. Cells were counterstained using DAPI (Thermo Fisher Scientific) and mounted using Fluoromount G (Southern Biotech, Birmingham, AL, USA). Images of the stained cells were acquired using TissueFAXS hard- and software (TissueGnostics GmbH, Vienna, Austria) equipped with a Zeiss AxioImager Z1 using a Zeiss NeoFluar 20×/0.5 objective (Zeiss, Oberkochen, Germany).




4.6. Image Analysis


The acquired images were automatically analyzed using TissueQuest 6.0 software (TissueGnostics GmbH) using individual cell detection based on nuclear segmentation. A nuclear mask was used to detect the levels of Ki67 and VDR. Thresholds were set manually based on visual inspection to discriminate Ki67 positive from Ki67 negative cells and propagated to all samples. For VDR, mean pixel-intensities for each cell were used to determine the average grey value (=staining intensity) for each cell.




4.7. Data Analysis


Data analysis was performed using Microsoft Excel (Microsoft, Redmond, WA, USA) and statistical analysis was performed using GraphPad Prism 7.0 (Graphpad Software, San Diego, CA, USA). Employed statistical tests are described in the respective figure legends.









Supplementary Materials


All data are available online at https://www.mdpi.com/article/10.3390/ijms23010172/s1.





Author Contributions


Conceptualization, A.K., E.K., M.S., E.M.; methodology, E.K., E.M., K.P., M.S.; validation, K.P.; formal analysis, K.P., M.S.; investigation, K.P., N.K., T.M., U.N.; resources, D.C.C.-T., E.K., E.M., M.C., M.S.; data curation, K.P.; writing—original draft preparation, E.K., K.P., M.S.; writing—review and editing, A.K., D.C.C.-T., E.K., E.M., K.P., M.S., M.C.; visualization, K.P., M.S.; supervision, E.K., M.S.; project administration, E.K., M.S.; funding acquisition, E.K., E.M., M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by: the Austrian Science Fund (FWF) and the Herzfelder’sche Familienstiftung, grant number P 32840-B (to M.S.); the Austrian Science Fund (FWF), grant number P 29948-B28 (to E.K.); The National Science Centre of Poland, grant OPUS 2015/17/B/NZ4/02632 (to E.M.).




Institutional Review Board Statement


Informed consent was obtained from all patients with HGSOC included in this study in the Department of Obstetrics and Gynecology, Medical University of Vienna. The study protocol was approved by the relevant ethics committees (EK No. 366/2003 and 260/2003).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mikula-Pietrasik, J.; Witucka, A.; Pakula, M.; Uruski, P.; Begier-Krasinska, B.; Niklas, A.; Tykarski, A.; Ksiazek, K. Comprehensive review on how platinum- and taxane-based chemotherapy of ovarian cancer affects biology of normal cells. Cell. Mol. Life Sci. 2019, 76, 681–697. [Google Scholar] [CrossRef] [PubMed]

	



Charkhchi, P.; Cybulski, C.; Gronwald, J.; Wong, F.O.; Narod, S.A.; Akbari, M.R. CA125 and Ovarian Cancer: A Comprehensive Review. Cancers 2020, 12, 3730. [Google Scholar] [CrossRef] [PubMed]

	



Guo, H.; Guo, J.; Xie, W.; Yuan, L.; Sheng, X. The role of vitamin D in ovarian cancer: Epidemiology, molecular mechanism and prevention. J. Ovarian Res. 2018, 11, 71. [Google Scholar] [CrossRef] [PubMed]

	



Carlberg, C.; Munoz, A. An update on vitamin D signaling and cancer. In Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2020. [Google Scholar] [CrossRef]

	



Holick, M.; MacLaughlin, J.; Clark, M.; Holick, S.; Potts, J.J.; Anderson, R.; Blank, I.; Parrish, J.; Elias, P. Photosynthesis of previtamin D3 in human skin and the physiologic consequences. Science 1980, 210, 203–205. [Google Scholar] [CrossRef] [PubMed]

	



Prosser, D.; Jones, G. Enzymes involved in the activation and inactivation of vitamin D. Trends Biochem. Sci. 2004, 29, 664–673. [Google Scholar] [CrossRef]

	



Carlberg, C.; Seuter, S.; de Mello, V.; Schwab, U.; Voutilainen, S.; Pulkki, K.; Nurmi, T.; Virtanen, J.; Tuomainen, T.; Uusitupa, M. Primary vitamin D target genes allow a categorization of possible benefits of vitamin D3 supplementation. PLoS ONE 2013, 8, e71042. [Google Scholar]

	



Vaisanen, S.; Dunlop, T.; Sinkkonen, L.; Frank, C.; Carlberg, C. Spatio-temporal activation of chromatin on the human CYP24 gene promoter in the presence of 1alpha,25-dihydroxyvitamin D3. J. Mol. Biol. 2005, 350, 65–77. [Google Scholar] [CrossRef]

	



Christakos, S.; Dhawan, P.; Verstuyf, A.; Verlinden, L.; Carmeliet, G. Vitamin D: Metabolism, Molecular Mechanism of Action, and Pleiotropic Effects. Physiol. Rev. 2016, 96, 365–408. [Google Scholar] [CrossRef]

	



Roff, A.; Wilson, R.T. A novel SNP in a vitamin D response element of the CYP24A1 promoter reduces protein binding, transactivation, and gene expression. J. Steroid Biochem. Mol. Biol. 2008, 112, 47–54. [Google Scholar] [CrossRef]

	



Berkowska, K.; Corcoran, A.; Grudzień, M.; Jakuszak, A.; Chodyński, M.; Kutner, A.; Marcinkowska, E. Investigating the role of megalin in semi-selectivity 2 of side-chain modified 19-nor analogs of vitamin D. Int. J. Mol. Sci. 2019, 20, 4183. [Google Scholar] [CrossRef]

	



Höbaus, J.; Hummel, D.; Thiem, U.; Fetahu, I.; Aggarwal, A.; Müllauer, L.; Heller, G.; Egger, G.; Mesteri, I.; Baumgartner-Parzer, S.; et al. Increased copy-number and not DNA hypomethylation causes overexpression of the candidate proto-oncogene CYP24A1 in colorectal cancer. Int. J. Cancer 2013, 133, 1380–1388. [Google Scholar] [CrossRef] [PubMed]

	



Holick, M.F. Vitamin D and bone health. J. Nutr. 1996, 126, 1159S–1164S. [Google Scholar] [CrossRef] [PubMed]

	



Feldman, D.; Krishnan, A.V.; Swami, S.; Giovannucci, E.; Feldman, B.J. The role of vitamin D in reducing cancer risk and progression. Nat. Rev. Cancer 2014, 14, 342–357. [Google Scholar] [CrossRef] [PubMed]

	



Makishima, M.; Lu, T.T.; Xie, W.; Whitfield, G.K.; Domoto, H.; Evans, R.M.; Haussler, M.R.; Mangelsdorf, D.J. Vitamin D receptor as an intestinal bile acid sensor. Science 2002, 296, 1313–1316. [Google Scholar] [CrossRef]

	



Trump, D.L.; Deeb, K.K.; Johnson, C.S. Vitamin D: Considerations in the continued development as an agent for cancer prevention and therapy. Cancer J. 2010, 16, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez-Barral, A.; Bustamante-Madrid, P.; Ferrer-Mayorga, G.; Barbachano, A.; Larriba, M.J.; Munoz, A. Vitamin D Effects on Cell Differentiation and Stemness in Cancer. Cancers 2020, 12, 2413. [Google Scholar] [CrossRef] [PubMed]

	



Ong, J.S.; Cuellar-Partida, G.; Lu, Y.; Australian Ovarian Cancer Study; Fasching, P.A.; Hein, A.; Burghaus, S.; Beckmann, M.W.; Lambrechts, D.; Van Nieuwenhuysen, E.; et al. Association of vitamin D levels and risk of ovarian cancer: A Mendelian randomization study. Int. J. Epidemiol. 2016, 45, 1619–1630. [Google Scholar] [CrossRef] [PubMed]

	



Nadkarni, S.; Chodynski, M.; Corcoran, A.; Marcinkowska, E.; Brown, G.; Kutner, A. Double point modified analogs of vitamin d as potent activators of vitamin D receptor. Curr. Pharm. Des. 2015, 21, 1741–1763. [Google Scholar] [CrossRef]

	



Baurska, H.; Kielbinski, M.; Biecek, P.; Haus, O.; Jazwiec, B.; Kutner, A.; Marcinkowska, E. Monocytic differentiation induced by side-chain modified analogs of vitamin D in ex vivo cells from patients with acute myeloid leukemia. Leuk. Res. 2014, 38, 638–647. [Google Scholar] [CrossRef]

	



Nachliely, M.; Trachtenberg, A.; Khalfin, B.; Nalbandyan, K.; Cohen-Lahav, M.; Yasuda, K.; Sakaki, T.; Kutner, A.; Danilenko, M. Dimethyl fumarate and vitamin D derivatives cooperatively enhance VDR and Nrf2 signaling in differentiating AML cells in vitro and inhibit leukemia progression in a xenograft mouse model. J. Steroid Biochem. Mol. Biol. 2019, 188, 8–16. [Google Scholar] [CrossRef]

	



Wietrzyk, J.; Nevozhay, D.; Milczarek, M.; Filip, B.; Kutner, A. Toxicity and antitumor activity of the vitamin D analogs PRI-1906 and PRI-1907 in combined treatment with cyclophosphamide in a mouse mammary cancer model. Cancer Chemother. Pharmacol. 2008, 62, 787–797. [Google Scholar] [CrossRef]

	



Milczarek, M.; Chodynski, M.; Pietraszek, A.; Stachowicz-Suhs, M.; Yasuda, K.; Sakaki, T.; Wietrzyk, J.; Kutner, A. Synthesis, CYP24A1-Dependent Metabolism and Antiproliferative Potential against Colorectal Cancer Cells of 1,25-Dihydroxyvitamin D2 Derivatives Modified at the Side Chain and the A-Ring. Int. J. Mol. Sci. 2020, 21, 642. [Google Scholar] [CrossRef] [PubMed]

	



Baurska, H.; Klopot, A.; Kielbinski, M.; Chrobak, A.; Wijas, E.; Kutner, A.; Marcinkowska, E. Structure-function analysis of vitamin D(2) analogs as potential inducers of leukemia differentiation and inhibitors of prostate cancer proliferation. J. Steroid Biochem. Mol. Biol. 2011, 126, 46–54. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Jiang, F.; Li, P.; Li, C.; Ma, Q.; Nicosia, S.V.; Bai, W. Growth suppression of ovarian cancer xenografts in nude mice by vitamin D analogue EB1089. Clin. Cancer Res. 2005, 11, 323–328. [Google Scholar]

	



Nachliely, M.; Sharony, E.; Kutner, A.; Danilenko, M. Novel analogs of 1,25-dihydroxyvitamin D2 combined with a plant polyphenol as highly efficient inducers of differentiation in human acute myeloid leukemia cells. J. Steroid Biochem. Mol. Biol. 2016, 164, 59–65. [Google Scholar] [CrossRef] [PubMed]

	



Kreuzinger, C.; von der Decken, I.; Wolf, A.; Gamperl, M.; Koller, J.; Karacs, J.; Pfaffinger, S.; Bartl, T.; Reinthaller, A.; Grimm, C.; et al. Patient-derived cell line models revealed therapeutic targets and molecular mechanisms underlying disease progression of high grade serous ovarian cancer. Cancer Lett. 2019, 459, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Wanat, M.; Malinska, M.; Kutner, A.; Wozniak, K. Effect of Vitamin D Conformation on Interactions and Packing in the Crystal Lattice. Cryst. Growth Des. 2018, 18, 3385–3396. [Google Scholar] [CrossRef]

	



Engeland, K. Cell cycle arrest through indirect transcriptional repression by p53: I have a DREAM. Cell Death Differ. 2018, 25, 114–132. [Google Scholar] [CrossRef] [PubMed]

	



Arai, M.A.; Kittaka, A. Novel 2-alkyl-1alpha,25-dihydroxy-19-norvitamin D3: Efficient synthesis with Julia olefination, evaluation of biological activity and development of new analyzing system for co-activator recruitment. Anticancer Res. 2006, 26, 2621–2631. [Google Scholar]

	



Yang, S.W.; Tsai, C.Y.; Pan, Y.C.; Yeh, C.N.; Pang, J.H.; Takano, M.; Kittaka, A.; Juang, H.H.; Chen, T.C.; Chiang, K.C. MART-10, a newly synthesized vitamin D analog, represses metastatic potential of head and neck squamous carcinoma cells. Drug Des. Dev. Ther. 2016, 10, 1995–2002. [Google Scholar] [CrossRef]

	



Pietraszek, A.; Malinska, M.; Chodynski, M.; Krupa, M.; Krajewski, K.; Cmoch, P.; Wozniak, K.; Kutner, A. Synthesis and crystallographic study of 1,25-dihydroxyergocalciferol analogs. Steroids 2013, 78, 1003–1014. [Google Scholar] [CrossRef] [PubMed]

	



Trynda, J.; Turlej, E.; Milczarek, M.; Pietraszek, A.; Chodynski, M.; Kutner, A.; Wietrzyk, J. Antiproliferative Activity and in Vivo Toxicity of Double-Point Modified Analogs of 1,25-Dihydroxyergocalciferol. Int. J. Mol. Sci. 2015, 16, 24873–24894. [Google Scholar] [CrossRef]

	



Baurska, H.; Marchwicka, A.; Klopot, A.; Kutner, A.; Marcinkowska, E. Studies on the mechanisms of superagonistic pro-differentiating activities of side-chain modified analogs of vitamin D2. Oncol. Rep. 2012, 28, 1110–1116. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Li, C.; Zhao, X.; Zhang, X.; Nicosia, S.V.; Bai, W. p27(Kip1) stabilization and G(1) arrest by 1,25-dihydroxyvitamin D(3) in ovarian cancer cells mediated through down-regulation of cyclin E/cyclin-dependent kinase 2 and Skp1-Cullin-F-box protein/Skp2 ubiquitin ligase. J. Biol. Chem. 2004, 279, 25260–25267. [Google Scholar] [CrossRef]

	



Shen, Z.; Zhang, X.; Tang, J.; Kasiappan, R.; Jinwal, U.; Li, P.; Hann, S.; Nicosia, S.V.; Wu, J.; Zhang, X.; et al. The coupling of epidermal growth factor receptor down regulation by 1alpha,25-dihydroxyvitamin D3 to the hormone-induced cell cycle arrest at the G1-S checkpoint in ovarian cancer cells. Mol. Cell. Endocrinol. 2011, 338, 58–67. [Google Scholar] [CrossRef] [PubMed]

	



Hou, Y.F.; Gao, S.H.; Wang, P.; Zhang, H.M.; Liu, L.Z.; Ye, M.X.; Zhou, G.M.; Zhang, Z.L.; Li, B.Y. 1alpha,25(OH)(2)D(3) Suppresses the Migration of Ovarian Cancer SKOV-3 Cells through the Inhibition of Epithelial-Mesenchymal Transition. Int. J. Mol. Sci. 2016, 17, 1285. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]








[image: Ijms 23 00172 g001 550] 





Figure 1. Chemical structures of calcitriol and the tested vitamin D analogs PRI-1906, PRI-1907, PRI-5201, and PRI-5202. Some carbons and rings are specifically labeled due to their structural importance (see discussion section). 
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Figure 2. Absolute transcript number of CYP24A1 mRNA in the two cell lines 13781 and 14433 measured by absolute quantification RT-qPCR. Two-tailed t-test *** p < 0.001, N = 4. 
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Figure 3. Activity of the compounds in the 13781 cell line. (a–e) Concentration-response curves of CYP24A1 expression after treatment with the an1,25Ds for 4 h. Mean ± SD, nonlinear regression: sigmoidal three parameter fit with the following constraints: bottom > 0, EC50 > 0; N = 3–8. (f) The table shows the calculated EC50 values (n/d = not determined). 
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Figure 4. Activity of the compounds in the 14433 cell line. (a–e) Concentration-response curves for CYP24A1 expression after treatment with the an1,25Ds for 4 h. Mean ± SD, nonlinear regression: sigmoidal three parameter fit with the following constraints: bottom > 0, EC50 > 0; N = 3–12. (f) The table shows the calculated EC50 values (n/d = not determined). 
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Figure 5. Expression of CYP24A1 in (a) 13781 and (b) 14433 cells after treatment with an1,25Ds at 100 nmol/L at different time points (4 h, 1 day, 3, and 5 days). The diagrams show the percentage increase compared with the ethanol control. N = 3. 
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Figure 6. Nuclear VDR protein level in (a) 13781 and (b) 14433 cells after treatment with 100 nmol/L of an1,25Ds for 5 days. RM-ANOVA with Dunnett post-test vs. ethanol control, * p < 0.05, N = 4. 
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Figure 7. Cell number and viability in (a,c) 13781, and (b,d) 14433 cells after treatment with an1,25Ds at a concentration of 100 nmol/L for 5 days. RM-ANOVA with Dunnett post-test vs. ethanol control, * p < 0.05, ** p < 0.01, *** p < 0.01, N = 4 (a), 3 (b–d). 
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Figure 8. Percentage of KI67 positive cells in (a) 13781 and (b) 14433 cells after treatment with 100 nmol/L of an1,25Ds for 5 days. RM-ANOVA with Dunnett post-test vs. ethanol control, N = 6. 
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Table 1. Increase in CYP24A1 expression in the 13781 cells relative to the expression increase in the 14433 cells.
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	13781/14433
	1 nmol/L for 4 h 1
	100 nmol/L for 4 h 1
	100 nmol/L for 5 Days 1





	calcitriol
	1.54
	7.48
	24.25



	PRI-1906
	2.02
	8.50
	12.58



	PRI-1907
	0.93
	2.50
	13.34



	PRI-5201
	1.79
	7.97
	12.43



	PRI-5202
	5.80
	8.49
	12.71







1 Values are presented as CYP24A1 expression increase from the basal level (% ethanol control) in 13781 cells as a fraction of the increase in 14433 cells.
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