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A B S T R A C T

Tumor hypoxia and high activity of hypoxia-inducible factor-1 (HIF-1) correlate with adverse disease outcomes,
malignancy, resistance to therapy and metastasis. Nonetheless, recent studies indicate that under certain cir-
cumstances, HIF-1 stabilization may exert protective effects and even decrease tumor cell aggressiveness.

This study aimed to characterize the potential anticancer effect of molidustat (BAY 85-3934), the prolyl
hydroxylase (PHD) inhibitor and HIF-1 stabilizator. We confirmed that molidustat stabilizes HIF-1α and induces
the expression of vascular endothelial growth factor (VEGF) in MDA-MB-231 breast cancer cells, to a similar or
even greater extent than hypoxia. Interestingly, decreased cell survival and colony formation capabilities, to-
gether with S/G2 cell cycle arrest, were observed after treatment with PHD inhibitor. Importantly, molidustat
enhanced the effectiveness of the chemotherapeutic drug, gemcitabine, on cancer cells. Finally, the xenograft
model revealed decreased tumor growth in vivo after molidustat treatment. Both in vitro and in vivo analysis
showed no differences in the angiogenic potential of endothelial cells treated with tumor-conditioned media or
vascularization of the MDA-MB-231 xenografts, respectively.

In summary, molidustat treatment exhibits an inhibitory effect on breast cancer cell survival, self-renewal
capacity and potentiates the efficacy of chemotherapeutic gemcitabine.

1. Introduction

Breast cancer is a global health concern and is currently the most
common tumor in the world. According to the WHO reports, ~ 2 mil-
lion women are diagnosed with breast cancer each year. Although
evaluation of BRCA1/2 mutations (as well as mutations in other on-
cogenes and suppressor genes) is used to better define the prognosis and
treatment of breast cancer-affected patients, as this type of tumor dis-
plays a large degree of inter- and intratumoral heterogeneity, there is a
huge difference in the survival rates worldwide [1–3]. Therefore, un-
derstanding the conditions affecting tumor growth and heterogeneity
may help discover new therapies and make the disease preventable.

One of the conditions highly related to tumorigenesis is hypoxia.
The activity of hypoxia-inducible factor-1 (HIF-1), the transcription
factor stabilized in response to low oxygen concentrations, is one of the
main regulators of genes involved in multiple pathways, including
metabolism, angiogenesis and cell cycle regulation [4]. All those pro-
cesses are also indispensably important for tumor growth and metas-
tasis. Moreover, the strong association of HIF-1 activation with cancer

development, including breast cancer [5], has been shown. From many
HIF-1 target genes, those encoding angiogenic proteins such as vascular
endothelial growth factor (VEGF) and nitric oxide synthase (NOS) are of
importance for tumor growth and metabolism [6–11].

HIF-1 appeared to be the ideal target for many different anti-
angiogenic and anticancer therapies, which boosted the development of
small-molecules, which can block the formation of the active HIF-1
complex [12]. However, after Jain’s hypothesis about the normalization
of tumor vasculature as a strategy for increasing the effectiveness of
anticancer drug delivery, it appeared that the opposite approach might
be useful in fighting with cancer [13].

HIF-1 activity is controlled by oxygen-dependent regulation of HIF-
1α subunit stabilization, through the action of α-ketoglutarate-depen-
dent prolyl hydroxylases (PHD1-3) also known as egg-laying defective
nine homolog (EGLN1-3). PHDs, the negative regulators of HIF-1 tran-
scription factor, mark the oxygen-labile α subunit of HIF for proteasomal
degradation [14]. Although the major factor regulating PHDs activity is
the bioavailability of oxygen, additional factors with a significant role
during tumorigenesis may also affect PHDs functioning. It is well

https://doi.org/10.1016/j.bcp.2020.113922
Received 22 December 2019; Accepted 19 March 2020

⁎ Corresponding author.
E-mail address: agnieszka.loboda@uj.edu.pl (A. Łoboda).

Biochemical Pharmacology 175 (2020) 113922

Available online 20 March 2020
0006-2952/ © 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/00062952
https://www.elsevier.com/locate/biochempharm
https://doi.org/10.1016/j.bcp.2020.113922
https://doi.org/10.1016/j.bcp.2020.113922
mailto:agnieszka.loboda@uj.edu.pl
https://doi.org/10.1016/j.bcp.2020.113922
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcp.2020.113922&domain=pdf


established that the interactions between HIF-1 and reactive oxygen
species (ROS), nitric oxide (NO) and reactive nitrogen species (RNS) may
be of great importance, however, they can be exerted in a condition-
dependent way. For example, in normoxic conditions, NO prevents,
whereas in oxygen deficiency it increases HIF-1 degradation [15,16].

Such interactions may be responsible for the discrepant role of PHDs
in tumors. Despite the role in suppressing HIF-1 stabilization, some re-
ports indicated that a decrease in the activity of PHD (especially PHD2)
can paradoxically improve the effectiveness of anticancer therapy due to
tumor vessel normalization and increased delivery of chemotherapeutics.
Mazzone et al. [17] have shown that haplodeficiency of PHD2 in tumor
tissue normalized endothelial lining and vessel maturation. This resulted
in improved tumor perfusion and oxygenation concomitantly with in-
hibited tumor cell invasion and metastasis [17]. Other studies pointed
out that PHD2 inhibition in breast cancer cells causes a reduction in
tumor growth rate [18] and metastasis potential [19]. Therefore, un-
derstanding what dictates these differential responses is of great im-
portance for providing more effective cancer therapies.

Both genetic and chemical approaches for PHDs inhibition are
available, however, from the clinical point of view, small-molecule
inhibitors with oral delivery can be the best option for patient treat-
ment. Of the chemical compounds, the most frequently used are α-ke-
toglutarate analogues with dimethylallyl glycine (DMOG), applied both
in vitro and in vivo, in mouse [20] and rat models [21]. The limitation of
DMOG is its solubility in organic solutions and lack of specificity (as it
decreases α-ketoglutarate necessary for other enzymes). Among more
specific PHDs inhibitors, molidustat (BAY 85–3934) is considered
clinically relevant, due to the good bioavailability when administered
as an oral therapy [22] especially for the treatment of anemia asso-
ciated with chronic diseases [23].

To the best of our knowledge, the effect of molidustat has not been
tested in cancer biology yet. Therefore, the aim of this study was to
assess the impact of PHDs inhibitor on MDA-MB-231 breast cancer cell
viability, clonogenic potential, and sensitization to chemotherapy. We
examined also its effectiveness in the xenograft breast cancer model in
vivo. We show that molidustat exerts anti-tumor properties, which may
suggest that targeting of PHDs is a rational approach in monotherapy as
well as in the combinational treatment of tumors.

2. Materials and methods

2.1. Cell culture

MDA-MB-231 human breast cancer cell line was obtained from
ATCC and cultured under standard conditions (37 °C, 5% CO2) in low
glucose (1.0 g/L) Dulbecco's Modified Eagle's medium - DMEM (Lonza,
Basel, Switzerland), supplemented with 10% fetal bovine serum (FBS,
Biowest), antibiotics: 100 U/mL penicillin and 100 μg/mL streptomycin
(Sigma-Aldrich, St. Louis, MO, USA), 100x non-essential amino acid
(NEAA, Gibco, Dublin, Ireland), 100x GlutaMAX (Gibco) and 100 mM
sodium pyruvate (Lonza, Basel, Switzerland). For Matrigel angiogenic
test, human aortic endothelial cells (HAoEC, passages 8–14, Gibco,
Dublin, Ireland) were used. Cells were cultured in Endothelial Cell
Growth Medium MV 2 (Lonza, Basel, Switzerland), supplemented with
10% FBS in standard conditions. Cells were routinely screened for
mycoplasma contamination using MycoAlertTM Mycoplasma Detection
Kit (Lonza, Basel, Switzerland).

2.2. Cells stimulation

Cells were stimulated with 10, 25 and 50 μM molidustat (Ark Pharm,
Inc. IL, USA) dissolved in DMSO) for 24, 48 or 72 h. For some experi-
ments, gemcitabine (dissolved in water, 1–10 nM) was used. The control
cells received the appropriate solvent. To compare the effect of moli-
dustat with the hypoxic conditions, MDA-MB-231 cells were cultured in
hypoxic (0.5% O2) or atmospheric oxygen conditions (21% O2).

2.3. MTT viability assay

To assess the viability of cells, MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (Sigma-Aldrich, St. Louis, MO, USA)
was used. 5,000 cells were seeded in triplicates in 96-well plates and
cells were stimulated with molidustat and/or gemcitabine for 48 and
72 h. Then, cells were incubated with 1 mg/mL MTT in a complete
medium for 2 h at 37 °C. Formed formazan crystals were dissolved in
100 µL/well of lysis buffer consisting of 0.6% (v/v) acetic acid and 10%
(w/v) SDS in DMSO (Chempur, Piekary Śląskie, Poland) and absor-
bance at 570 nm with the reference at 690 nm was measured using
Infinite M200 microplate reader (Tecan, Männedorf, Switzerland). Cells
not stained with MTT served as the blank.

2.4. Colony formation assay

1,000 cells were seeded on 6-well plates, stimulated with different
concentrations of molidustat and/or gemcitabine and grown for
13 days. Afterwards, cells were fixed with cold (-20 °C), 100% methanol
for 20 min on ice and stained with 0.05% (w/v) crystal violet (BioShop
Canada Inc, Burlington, ON, Canada) in 20% methanol for 20 min at
room temperature. After complete removal of crystal violet and
washing with tap water, pictures of the plates were taken using Fusion
FX5 XT camera (Vilber, Collégien, France).

2.5. Quantitative real-time PCR

RNA was isolated from cultured cells using Fenozol (A&A
Biotechnology, Gdynia, Polska) according to Chomczynski and Sacchi
method [24]. RNA concentration and purity were determined using Na-
noDrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA), and reverse
transcription was performed using SuperScript polymerase (Invitrogen,
Carlsbad, CA, USA) according to instructions supplied by the manu-
facturer. Obtained cDNA was used as a template for quantitative real-time
PCR with SybrGreen Mix (Sigma-Aldrich, St. Louis, MO, USA) and specific
primers recognizing vascular endothelial growth factor A (VEGF), TP53
and CDKN1 (Table 1). EEF2 (encoding eukaryotic translation elongation
factor 2, EF-2) was used for gene expression normalization. The reaction
was performed using StepOnePlus real-time PCR systems (Applied Bio-
systems, Foster City, CA, USA). Relative transcript abundance was ex-
pressed as 2 CT , where CT is defined as a difference between CT values
obtained for the gene of interest and housekeeping EEF2 gene.

2.6. Western blot

Cultured cells were lysed with RIPA buffer and 25–50 µg of protein
lysates were loaded on 12% SDS-PAGE gel followed by electrophoresis
and wet transfer of proteins to nitrocellulose membrane (30 V/over-
night). Membranes were blocked with 5% non-fat milk in TBS (Tris-
buffered saline, BioShop Canada Inc, Burlington, ON, Canada) + 0.1%
(v/v) Tween-20 (BioShop Canada Inc, Burlington, ON, Canada) for 1.5 h
at room temperature. Primary antibodies: rabbit anti-HIF-1α (14179S,
Cell Signaling Technology, Danvers, MA, USA), mouse anti-p53 (39553,

Table 1
Primers used for qRT-PCR.

Gene Primer Sequence

EEF2 forward 5′ – TCAGCACACTGGCATAGAGGC – 3′
reverse 5′ – GACATCACCAAGGGTGTGCAG – 3′

TP53 forward 5′ – AGTCTAGAGCCACCGTCCAG – 3′
reverse 5′ – AGTCTGGCTGCCAATCCAGG – 3′

CDKN1 forward 5′ – GCAGACCAGCATGACAGATTT – 3′
reverse 5′ – GGATTAAGGGCTTCCTCTTGGA – 3′

VEGF forward 5′ – AAGGAGGAGGGCAGAATCATCACG – 3′
reverse 5′ – CTCAGTGGGCACACACTCCAG – 3′
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Active Motif, Carlsbad, CA, USA), rabbit anti-phospho-p53 (9284S, Cell
Signaling Technology, Danvers, MA, USA), rabbit anti-p21 Waf1/Cip1
(2947S, Cell Signaling Technology, Danvers, MA, USA) and mouse anti-
α-tubulin (CP06, Calbiochem) diluted 1:1,000 in blocking solution were
used for overnight incubation at 4 °C. The next day, membranes were
washed and incubated with secondary antibodies conjugated with HRP:
goat anti-mouse (BD Pharmingen, San Diego, CA, USA) and goat anti-
rabbit (Cell Signaling Technology, Danvers, MA, USA) at dilution of
1:10,000 for 1 h at room temperature. After series of washings, a lumi-
nescent substrate for HRP activity (Immobilon Chemiluminescent HRP
Substrate, Merck Millipore, Billerica, MA, USA) was added for 10 min
and membranes were manually developed on X-ray film.

2.7. Enzyme-linked immunosorbent assay (ELISA)

VEGF released into the cell culture medium from the control and
molidustat-treated cells was quantified using Human VEGF ELISA Kit
(DY293B, R&D Systems, Minneapolis, MN, Canada) according to the
manufacturer’s instruction.

2.8. In vitro angiogenesis assay

To assess the influence of molidustat on the angiogenic properties of
endothelial cells, conditioned media from MDA-MB-231 cells (collected
24 h and 48 h after stimulation) were used in tube formation assay on
Matrigel. 50 μL of the Growth Factor-Reduced Matrigel (BD
Biosciences, San Jose, CA, USA) was plated in a 96-well plate and in-
cubated at 37 °C for 30 min. During this time HAoEC cell suspensions
were prepared in conditioned media collected from control and moli-
dustat-treated MDA-MB-231 cells. 100 μL of HAoEC cell suspension
(10,000 cells) was seeded on the Matrigel for 6 h at 37 °C and en-
dothelial tube formation was analysed using Nikon Eclipse Ti micro-
scope. The calculation of the number of junctions and the total length of
capillaries was performed using ImageJ program.

2.9. Cell cycle analysis

Cells were seeded in a 6-well plate at a density of 1.5 × 105 and after
72 h incubation with different concentrations of molidustat cells were
detached and fixed in 4% paraformaldehyde for 10 min at room tem-
perature. For assessment of the effect of hypoxia on MDA-MB-231 cells
were cultured in either normoxic or hypoxic conditions for 72 h and
thereafter proceeded as above. Then, cells were permeabilized in 0.1%
Triton-X100 for 15 min, washed with PBS with 4% FBS and stained with
DAPI for 30 min in dark. After subsequent washing with PBS, cells were
analyzed using BD LSRFortessa (BD Biosciences, San Jose, CA, USA) flow
cytometer with Diva software. Doublets were excluded through gating on
DAPI-A versus DAPI-W parameter. Additionally, the DNA histograms
were analyzed with ModFit LT software (Verity Software House).

2.10. Flow cytometry analysis of apoptosis

The induction of apoptosis by molidustat was assessed with Hoechst
33342/7-amino-actinomycin D (7-AAD) (BD Biosciences, San Jose, CA,
USA) dual staining of the cells and subsequent flow cytometry analysis
according to previously published protocols [25]. Apoptotic cells in-
crease uptake of the vital dye Hoechst 33,342 due to the changes in
membrane permeability, whereas the nonvital dye 7-AAD distinguishes
late apoptotic or necrotic cells that have lost membrane integrity.

2.11. Tumor xenografts

Experiments were carried out in the animal facility of the Jagiellonian
University accordingly to the protocols approved by the 2nd Local
Institutional Animal Care and Use Committee (IACUC) in Krakow (approval
number: 162/2017). NOD/SCID mice (sgNOD.CB-17-Prkdc scid/Rj) were

purchased from Janvier Labs (Le Genest-Saint-Isle, France). To test the effect
of molidustat on MDA-MB-231 tumor growth, mice were inoculated sub-
cutaneously with 5 × 106 cells in PBS with Matrigel (BD Biosciences, San
Jose, CA, USA) (ratio 1:1). After the xenografts reached 100 mm3, the an-
imals were randomized to receive molidustat (dissolved in methanol:Solutol
HS 15:water; 10:20:70, Sigma-Aldrich, St. Louis, MO, USA) or vehicle via
oral administration (n = 9/group). Molidustat was administered daily for
12 consecutive days at a concentration of 5 mg/kg body weight. The vehicle
formulation, the dose, route, and frequency of administration of the in-
hibitor were based on previously published data [22,26]. Tumor growth
and mice weight were measured every 2–3 days. At the end of the experi-
ment tumors and blood were collected for further analysis.

2.12. Total blood cells analysis

Fresh EDTA-anticoagulated blood samples from the control and
molidustat-treated mice were analyzed on the Scil Vet ABC hematology
analyzer (Gurnee, IL, USA).

2.13. Immunofluorescent detection of blood vessels

For the determination of CD31 and alpha-smooth muscle actin (α-
SMA) positive blood vessels, 8 µm thick tumor frozen sections were fixed
in cold (-20 °C) acetone (2 min) and 80% methanol (stored at 4 °C) for
5 min according to the protocol described elsewhere [27]. Shortly, after
blocking in 10% goat serum + 1% BSA and 0.1% Triton X100 in PBS for
2 h at room temperature, the sections were incubated overnight (at 4 °C)
with rat anti-CD31 (BD Pharmingen, San Diego, CA, USA) and rabbit anti-
α-SMA (Abcam, Cambridge, UK) primary antibodies diluted 1:200 in
blocking solution. Next day, after washing in PBS, the sections were in-
cubated with secondary antibodies: goat anti-rat AlexaFluor 568 (Thermo
Fisher Scientific, Waltham, MA, USA) for detection of CD31 (in red) and
goat anti-rabbit AlexaFluor 488 (Invitrogen, Carlsbad, CA, USA) for the
detection of α-SMA (in green) for 2 h at room temperature in the dark-
ness, washed, counterstained with 10 µg/ml Hoechst 33,342 (Sigma-Al-
drich, St. Louis, MO, USA), covered with fluorescence mounting medium
(Dako, Carpinteria, CA, USA) and visualized using meta laser scanning
confocal microscope (LSM-880; Carl Zeiss, Oberkochen, Germany).

2.14. Statistical analysis

All in vitro experiments were performed at least in duplicates and
were repeated two or three times. Results are presented as mean ± SD
(standard deviation) unless stated otherwise. Statistical analysis was
performed in GraphPad Prism Software using t-Student’s test or non-
parametric Kruskal-Wallis test with Dunn’s multiple comparisons post-
test. Results were considered statistically significant at p < 0.05.

3. Results

3.1. Molidustat stabilizes HIF-1 and increases expression of HIF-1-
dependent VEGF, but does not affect the angiogenic potential of endothelial
cells

Molidustat is a known PHD inhibitor and HIF-1 regulator [22].
Nonetheless, according to our knowledge, its activity on the MDA-MB-
231breast cancer cell line was not tested up to date. Using this cell
model we observed stabilization of HIF-1α in the case of the highest
(50 μM) concentration of the compound (Fig. 1A), however, the ex-
pression of VEGF, a known HIF-1-dependent gene, was increased al-
ready by 10 µM molidustat after 24 h treatment. Both VEGF mRNA
expression and protein release to the media were increased after 24 h
and 48 h (Fig. 1 B, C). In our hands, this compound enhanced VEGF
expression to a similar or even higher level as hypoxia (Fig. 1 B, C).

As VEGF is a well-described pro-angiogenic factor, we tested whe-
ther the conditioned medium collected from the tumor cells treated
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with the inhibitor could affect the angiogenic properties of endothelial
cells. The capillary formation test on Matrigel of primary human aortal
endothelial cells (HAoEC) showed no significant differences when
comparing post-treatment media with the inhibitor to the control ones.
The observed effects were similar in the media collected after both
(24 h and 48 h) timepoints (Fig. 1 D, E).

3.2. Molidustat decreases viability and clonogenic potential of MDA-MB-
231 cells

To check the effect of molidustat on the survival of MDA-MB-231
cells, MTT reduction assay and flow cytometry analysis were performed
after treatment of the cells with three concentrations of the inhibitor.
There was a dose-dependent decrease in cell viability, which was visible
already 48 h after treatment with the lowest concentration of the ex-
amined compound (10 μM). The effect was additionally potentiated by
the increased time of incubation. At the highest dose (50 μM), a nearly
two-fold decrease in cell survival was observed after 72 h as compared
to 48 h (Fig. 2A). Additionally, the clonogenic potential of MDA-MB-
231 cells in response to molidustat was tested. The ability of cells to
form colonies was slightly impaired after 10 μM molidustat (Fig. 2B).
However, the number of colonies was greatly diminished in the wells
with 25 μM inhibitor added. At the highest concentration, cell survival
was dramatically affected to the level, where no colonies could be ob-
served. To check whether molidustat induces cell apoptosis, flow cy-
tometry analysis using double staining with Hoechst/7-AAD was per-
formed. There was an increase in the apoptotic fraction after 72 h of the
treatment only at the highest inhibitor concentration in comparison to
untreated cells (Fig. 2C). However, the percentage of apoptotic cells
was rather small (up to 8%) pointing at other pathways implemented in
the decreased breast cancer cell viability.

3.3. Molidustat sensitizes MDA-MB-231 cells for chemotherapeutic
treatment

Although molidustat used as monotherapy, at higher concentrations,
affected cell viability and slightly increased apoptosis, we supposed that

combined treatment with both HIF-1 inducer and chemotherapeutic drug
may enhance the effect on cancer cell viability and self-renewal potential
of MDA-MB-231 cells. Indeed, in the breast cancer model, combined
treatment with gemcitabine and molidustat exerted a more pronounced
effect on cell viability compared to the treatment with PHD inhibitor or
chemotherapeutic drug alone (Fig. 3A). This effect was even stronger
when colony formation potential was assessed. Treatment with molidu-
stat and gemcitabine was very effective, as already 10 µM PHD inhibitor
and 2.5 nM gemcitabine led to the almost complete loss of cells self-
renewal (Fig. 3B). This effect was potentiated at the higher molidustat
concentration (25 µM, Fig. 3C).Moreover, an increased percentage of the
apoptotic fraction of cells treated with both compounds in comparison to
gemcitabine-treated cells was evident when flow cytometry analysis was
performed (Fig. 3D).

3.4. Molidustat induces S/G2 cell cycle arrest through activation of p53

As it is well known that cell death in cancer cells can be mediated by
p53 activation [28], we checked whether molidustat acts through this
signaling pathway in MDA-MB-231 cells. PHD inhibitor treatment did
not affect p53 mRNA level, but we found an increase in p53-dependent,
cyclin-dependent kinase (CDK) inhibitor p21 (CDKN1A, Fig. 4A). At the
protein level a slight dose-dependent increase in p53 at 72 h timepoint
and phosphorylated form of p53 especially at 48 h treatment could be
seen (Fig. 4B), whereas, there was downregulation of p21 protein level,
which is known to be implicated in cell growth arrest. Keeping in mind
that p53 activation contributes to growth arrest not only through p21,
we checked the molidustat effect on MDA-MB-231 cell cycle progres-
sion. The results showed an increased S-G2/M cell cycle arrest in MDA-
MB-231 cells treated with 50 μM molidustat (Fig. 4C, D). A comparable
effect was noted when breast cancer cells were subjected to conditions
of low oxygen concentration (Fig. 4D).

3.5. Molidustat reduces the growth of MDA-MB-231 in vivo

To expand our in vitro observations, we performed an in vivo study to
evaluate the effectiveness of molidustat on tumor growth. For this

Fig. 1. Molidustat stabilizes HIF-1 and increases the expression of the HIF-1-dependent gene but does not affect the angiogenic potential of endothelial cells. (A)
Representative western blots showing HIF-1α protein elevation after 24 h and 48 h molidustat treatment at the highest concentration. The expression of VEGF (B)
mRNA assessed by qRT-PCR and (C) protein analyzed by ELISA is potently upregulated after 10–50 µM molidustat stimulation for 24 h and 48 h. A comparable effect
was observed after cell culturing in 0.5% O2. (D) Angiogenic test in vitro on Matrigel and its quantification (E) indicating no difference in angiogenic properties of
HAoEC cells cultured in conditioned media from control and molidustat-treated MDA-MB-231 cells. Data are presented as mean ± SD. *p < 0.05; **p < 0.01;
***p < 0.005 (vs. control).
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purpose, mice were subcutaneously inoculated with MDA-MB-231 cells
and xenograft-bearing animals with tumor volumes exceeding 100 mm3

received 5 mg/kg body weight molidustat daily for the consecutive
12 days. Accordingly to the in vitro experiments, molidustat decreased
breast tumor growth compared to the control group receiving vehicle
(Fig. 5A). To check if the decreased tumor growth is connected with
changes in vascularization, CD31/α-SMA staining was performed on
frozen tumor sections. We did not observe differences in CD31/ α-SMA
positive blood abundance (Fig. 5B), similarly to in vitro angiogenic
assay on Matrigel (Fig. 1D, E). Molidustat treatment did not cause any
changes in the body weight of the tested animals (Fig. 5C) but pro-
nounced changes in blood cell count were found. There was an increase
in the hematocrit (HCT), hemoglobin (HGB), red blood cells (RBC)
count, whereas a decrease in platelets (PLT) number could be observed
(Fig. 5D). Molidustat treatment in mice caused a decrease in the per-
centage of the monocytes and granulocytes at the expense of lympho-
cytes (Fig. 5D). Summarizing, our results show that molidustat treat-
ment causes a reduction of breast cancer tumors in xenograft-bearing
mice, without influencing tumor vascularization.

4. Discussion

Hypoxia is a common feature of malignant tumors and it may inter-
play with tumor chemoresistance, radioresistance, invasiveness, and an-
giogenesis. Although the role of HIF-1 in the development of solid tumors
is well established, some studies demonstrated also that this factor can
exhibit either tumor-promoting or tumor-suppressing properties in a
context-dependent manner. Moreover, as HIF-1 activity is dependent on
PHDs enzymes, it was suggested that therapeutic targeting of the PHDs
family could be a rational approach in the anti-tumor treatment.

Cobalt chloride, DMOG, and deferoxamine are, among others, the
possible HIF-1 inducers tested already in various in vitro and in vivo

settings. Nonetheless, another compound, namely molidustat, is char-
acterized by greater specificity and well-tolerated oral delivery, fea-
tures that are extremely beneficial in the context of therapeutic appli-
cations [22,23]. Therefore, we investigated the possible protective
effect of HIF-1 stabilization in the MDA-MB-231 breast cancer cell line.
We found that molidustat, reported to stimulate erythropoiesis and
used for anemia treatment [22,23], may decrease tumor cell viability
and self-renewal capacity of breast cancer cells together with enhanced
effectiveness of the chemotherapeutic drug, gemcitabine. We confirmed
our in vitro results in a xenograft model, by showing decreased tumor
volume after oral administration of PHDs inhibitor. Intriguingly, the
mechanism of molidustat action is not related to angiogenesis, but it
may rely on p53 activation and subsequent cell cycle arrest. We believe
that with this data, we add a further piece to the understanding of the
HIF1-regulation based anticancer therapies.

Our results indicate a dose-dependent increase in MDA-MB-231 cell
mortality, as well as a slight increase in the apoptotic cell fraction after the
highest concentration of molidustat. Additionally, we have shown a si-
milar effect of low oxygen concentration on MDA-MB-231 cell cycle arrest,
suggesting that HIF stabilization by molidustat and culturing of the cells
under hypoxic conditions trigger the same mechanism. Importantly, the
results were reproduced also in vivo through the observation of hampered
tumor growth in the xenograft model. It was previously shown that HIF-1α
is involved in hypoxia-induced apoptosis via the stabilization of the p53
tumor suppressor gene [29]. In the current study molidustat treatment of
MDA-MB-231 cells in vitro caused a slight increase, as well as phosphor-
ylation of p53 protein, especially after a longer incubation time. Con-
comitantly, the p53 stabilization in this breast cancer cell line was asso-
ciated with the increase of CDKN1A, one of the validated p53 target genes
[30]. This was accompanied by S/G2 cell cycle arrest, downregulation of
p21 protein levels and a slight increase in apoptosis. Such an effect of
molidustat is comparable to naphthalene diimide derivates, which

Fig. 2. HIF-1 stabilizator decreases viability as well as the clonogenic potential of MDA-MB-231 cells. (A)Molidustat decreases MDA-MB-231 cell viability. Cells were
incubated with increasing doses of molidustat for 48 h − 72 h. Thereafter, cell viability was assessed using MTT assay. (B) HIF-1 activation with molidustat impairs
the clonogenic potential of MDA-MB-231 cells. Cells were grown in the presence or absence of molidustat (10–50 μM) for 13 days. Exemplary photographs of plates/
colonies are shown. (C)Molidustat caused a slight increase in apoptosis in the MDA-MB-231 cell line only at 50 μM, as assessed through flow cytometry analysis. Data
are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001 (vs. control).
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anticancer properties were shown to be dependent on downregulation of
p21 and S phase cell cycle arrest [31]. Even though p21 is considered as
the main mediator of cell cycle arrest, p53 activation can result in G2/M
arrest through repression of CDC25C promotor or induction of miR-34a
[28]. It was shown that MDA-MB-231 cells carry a single TP53 allele with
a mutation at codon 280 (exon 8, AGA [Arg] > AAA [Lys]; R280K) with
known gain-of-function implemented in invasion, migration, and forma-
tion of metastasis [32]. Great variability in p53 binding site sequence,
affinity, conformation and relative location to the proximal promoter is
evident, as some tumor-derived p53 mutants fail to bind and/or activate
pro-apoptotic genes, but still retain the ability to activate the p21 pro-
moter, thereby revealing different constraints for p53 binding and trans-
activation [33]. Therefore, current findings on the molidustat effect on the
cell cycle arrest in this p53-mutated cell line, together with strongly de-
creased clonogenic potential and cell survival could have an important
translation for therapeutic strategies in p53-mutated cancers.

Induction of angiogenesis through local sprouting and neovascu-
larization is essential for the rapid growth of solid tumors. HIF-1 acti-
vation leads to accelerated angiogenesis through e.g. VEGF-dependent
mechanisms, however, other factors may greatly contribute to this
process. It could be expected that reduced PHDs level together with
HIF-1 stabilization would stimulate neovascularization. Nevertheless,
the CD31/α-SMA staining from the current in vivo study revealed that
tumor vessel abundance and structure were comparable between con-
trol and molidustat-treated animals. In our hands, the level of VEGF
increased potently after molidustat treatment, however, tumor angio-
genesis in vitro and in vivo was not much affected suggesting that other
(anti-angiogenic) factors may be involved in the observed mechanisms.

Several PHDs-regulated molecules have been identified, including IL-8,
as the factors contributing to the tumor‐inducing effects in stably
transfected PHD2 knockdown tumor model [34]. Quite importantly,
when heterozygous deficiency of PHD2 was created by Mazzone et al.,
no alterations in tumor vessel density or lumen size have been observed
[17]. However, the differences in endothelial cells shape and pheno-
type, resulting in the normalization of endothelial lining was evident.
This was accompanied by improved tumor perfusion and oxygenation
what may be important when chemotherapy treatment is considered.
Importantly, our in vitro studies revealed that molidustat increases the
sensitivity of MDA-MB-231 to gemcitabine treatment. However, the
exact mechanism responsible for this phenomenon has to be studied in
more detail.

Our xenograft experiment revealed the tumor inhibitory effect of
molidustat in vivo. This response is consistent with the observations
reported by Wottawa et al., [18], who found that genetic inhibition of
PHD2 with specific shRNAs decreased tumor‐forming potential of
MDA‐MB‐231 cells in a SCID mouse model. In our hands, the limited
cloning potential of MDA-MB-231 cells after molidustat treatment was
evident. All above, together with cell cycle alterations, suggests that
increased cellular mortality and severe proliferative arrest are the major
mechanisms of molidustat-mediated toxicity.

In conclusion, although it is generally accepted that tumor hypoxia
and HIF-1 activation correlates with unfavorable disease outcome,
malignancy and resistance to therapy, here we have shown that moli-
dustat, PHDs inhibitor and HIF-1 stabilizator, may exert anticancer
effects toward breast cancer cells in vitro and in vivo, but does not affect
angiogenesis.

Fig. 3. Molidustat sensitizes MDA-MB-231 cells for chemotherapeutic treatment. Viability assessed by MTT (A) and clonogenic potential (B, C) of MDA-MB-231 cells
after co-treatment with various concentrations of molidustat and gemcitabine. Representative photographs of colony formation assay after 13 days of treatment with
10 μM (B) and 25 μM (C) molidustat and different concentrations of gemcitabine. (D) Flow cytometry analysis of apoptotic cells. Data are presented as mean ± SD.
*p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001 (vs. control); $p < 0.05; $$p < 0.01; $$$p < 0.005; $$$$p < 0.001 (vs. gemcitabine alone-treated cells);
#p < 0.05; ##p < 0.01 (vs. molidustat alone-treated cells).
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Fig. 4. HIF-1 stabilizator induces S/G2 cell cycle arrest through activation of p53. (A) TP53 and CDKN1A expression assessed by qRT-PCR; (B) protein level of total
and phosphorylated p53 together with p21 checked by Western blotting together with densitometric analysis; (C) Representative histograms and (D) quantification
of cell cycle analysis of MDA-MB-231 after 72 h of molidustat treatment. Additionally, cell cycle analysis was performed on cells cultured in normoxic (21% O2) and
hypoxic (0.5% O2) conditions. The statistical significance is calculated to the respective control. Data are presented as mean ± SD. *p < 0.05; **p < 0.01 (vs.
control).

Fig. 5. Molidustat hampers the growth of MDA-MB-231 in vivo. (A) Xenograft growth kinetics in mice inoculated with MDA-MB-231 cells and treated with molidustat
or vehicle. Data are presented as min to max values; (B) Representative immunofluorescent staining of CD31/α-SMA positive vessels in tumors from control and
molidustat-treated animals. (C) Total body weight was measured during the experiment. Data are presented as min to max values and statistical analysis was
performed with multiple t-tests; (D) The changes in blood cell count after molidustat treatment after the measurement on the hematology analyzer. n = 9 mice/
group; *p < 0.05; **p < 0.01; ***p < 0.005 (vs. control).
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