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Abstract. Numerous in vitro and in vivo studies have demon-
strated that calcitriol [1,25(OH)2D3] and different vitamin D 
analogs possess antineoplastic activity, regulating prolifera-
tion, differentiation and apoptosis, as well as angiogenesis. 
Vitamin D compounds have been shown to exert synergistic 
effects when used in combination with different agents used 
in anticancer therapies in different cancer models. The aim of 
this study was to evaluate the mechanisms of the cooperation 
of the vitamin D compounds [1,24(OH)2D3 (PRI-2191) and 
1,25(OH)2D3] with tyrosine kinase inhibitors (imatinib and 
sunitinib) together with cytostatics (cisplatin and docetaxel) 
in an A549 non-small cell lung cancer model. The cytotoxic 
effects of the test compounds used in different combinations 
were evaluated on A549 lung cancer cells, as well as on 
human lung microvascular endothelial cells (HLMECs). The 
effects of such combinations on the cell cycle and cell death 
were also determined. In addition, changes in the expression 
of proteins involved in cell cycle regulation, angiogenesis 
and the action of vitamin D were analyzed. Moreover, the 
effects of 1,24(OH)2D3 on the anticancer activity of sunitinib 
and sunitinib in combination with docetaxel were examined 
in an A549 lung cancer model in vivo. Experiments aiming 
at evaluating the cytotoxicity of the combinations of the test 
agents revealed that imatinib and sunitinib together with 
cisplatin or docetaxel exerted potent anti-proliferative effects 
in vitro on A549 lung cancer cells and in HLMECs; however, 
1,24(OH)2D3 and 1,25(OH)2D3 enhanced the cytotoxic effects 

only in the endothelial cells. Among the test agents, sunitinib 
and cisplatin decreased the secretion of vascular endothelial 
growth factor (VEGF)-A from the A549 lung cancer cells. 
The decrease in the VEGF-A level following incubation with 
cisplatin correlated with a higher p53 protein expression, 
while no such correlation was observed following treatment 
of the A549 cells with sunitinib. Sunitinib together with doce-
taxel and 1,24(OH)2D3 exhibited a more potent anticancer 
activity in the A549 lung cancer model compared to double 
combinations and to treatment with the compounds alone. The 
observed anticancer activity may be the result of the influence 
of the test agents on the process of tumor angiogenesis, for 
example, through the downregulation of VEGF-A expression 
in tumor and also on the induction of cell death inside the 
tumor.

Introduction

Over 100 years ago, lung cancer was a very rare disease. 
In 1912, Isaac Adler's first monograph ʻPrimary malignant 
growths of the lungs and bronchi: a pathological and clinical 
study’ was published, and it focused on lung cancer in which 
the author analyzed 374 cases of lung cancer (1). Since that 
time, a significant increase in lung cancer incidence has been 
observed (2,3). Currently, epidemiological data indicate that 
lung cancer is the leading cause of cancer-related mortality 
worldwide, with an estimation of over 1.8 million new 
diagnosed cases and 1.6 million deaths from lung cancer annu-
ally (4). An improvement in the diagnosis and treatment of 
lung cancer has been achieved over the past decades; however, 
the 5-year survival rate for this type of cancer is only 18%, 
which is poor compared with that for other types of cancer (5). 
Such a poor outcome in lung cancer treatment is a result of 
the advanced stage of the disease at the time of diagnosis. 
While early-stage cancer is managed primarily with surgical 
resection, followed by adjuvant chemotherapy, advanced-stage 
lung cancer usually remains incurable, with patients being 
supported only with palliative care. Therefore, a number of 
treatment concepts and schedules are investigated and being 
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developed globally, beginning from basic research aiming at 
understanding the molecular events driving lung cancer to 
novel therapeutic approaches and strategies (6).

Over the past decades, much research has focused on 
the anticancer activity of vitamin D, as it was discovered 
that calcitriol [1,25(OH)2D3], a hormonally active form of 
vitamin D3, regulates a number of signaling pathways that 
drive breast cancer, colon cancer, prostate cancer, melanoma 
and other types of cancer (7,8). 1,25(OH)2D3 and different 
vitamin D analogs have also been shown to possess anti-
proliferative activity against lung cancer cells that express 
vitamin D receptor (VDR) (9,10). Moreover, studies using 
animal models have indicated that 1,25(OH)2D3 decreases 
the metastatic potential of Lewis lung cancer (LLC) cells 
and augment the immune response against cancer (11,12). 
Other studies have revealed that vitamin D supplementation 
decreases the frequency of lung cancer induced by using 
various carcinogens in laboratory animals (13,14). In addition, 
1,25(OH)2D3 is able to inhibit the metastasis of B16 melanoma 
cells into the lungs (15).

By regulating proliferation, differentiation and apoptosis, 
as well as angiogenesis, 1,25(OH)2D3 exhibits anti-neoplastic 
activity (7). 1,25(OH)2D3 influences angiogenesis by exerting 
direct anti-proliferative effects on tumor-derived endothelial 
cells or via the downregulation of the expression of vascular 
endothelial growth factor (VEGF) or interleukin (IL)-8 
in several malignant cells (16-18). These data suggest that 
1,25(OH)2D3 or its analogs may be very important agents in 
the anti-angiogenic therapy of cancers.

In a number of types of cancer, including non-small cell 
lung cancer (NSCLC), targeting tumor angiogenesis is widely 
developed since neovascularization is essential for tumor 
growth, progression and metastasis (19). One of the main 
pro-angiogenic pathways described is VEGF signaling (20). 
There are, in general, two main approaches used in interfering 
with tumor angiogenesis and these are as follows: i) the use of 
high molecular weight monoclonal antibodies binding circu-
lating VEGF or its receptors (VEGFRs) present in the cell 
membranes of endothelial cells; and ii) small-molecule tyro-
sine kinase inhibitors (TkIs) that bind and block the activity 
of VEGF receptors (19). Bevacizumab (Avastin, Hoffmann-La 
Roche Ltd., Basel, Switzerland) is one of the most well-known 
anti-VEGF monoclonal antibodies. In an Eastern Cooperative 
Oncology Group (ECOG) clinical trial involving 878 patients 
with recurrent or advanced NSCLC, bevacizumab in combina-
tion with platinum-based chemotherapy was shown to improve 
survival compared to chemotherapy alone (21,22). In the case 
of TkIs, there is a growing number of newly synthesized 
and studied inhibitors that not only target VEGFRs, but also 
simultaneously target other kinases [e.g., c-kit, platelet-derived 
growth factor receptor (PDGFR), fibroblast growth factor 
receptor (FGFR) and RET]. Among these inhibitors, nint-
edanib was the first agent to demonstrate improved survival 
in the second-line treatment of patients with adenocarcinoma 
NSCLC (19,23).

Treatment with sunitinib (inhibitor of VEGFR1-3, 
PDGFRα and β RET) and other multi-target drugs, is accom-
panied by certain adverse effects (19). Therefore, combining 
sunitinib at lower doses with other chemotherapeutic agents 
may be used to avoid undesirable side-effects, while revealing 

synergistic activity (24). Second, tumors develop resistance to 
anti-angiogenic treatment, activating alternative pathways that 
promote angiogenesis; therefore, studies on drug combinations 
targeting several signaling pathways may provide means of 
better controlling tumor angiogenesis (25). Third, despite the 
introduction of anti-angiogenic drugs to clinical practice, there 
has still been a high failure rate of trials with anti-angiogenic 
agents. Due to the heterogeneous nature of lung cancer in 
NSCLC, some patients are more likely to respond to anti-
angiogenic drugs than others, which may explain the failure of 
some clinical trials (19 and refs therein).

Vitamin D compounds have been previously tested in 
our laboratory for their anti-proliferative and anticancer 
activities in different cancer models both in vitro and in vivo, 
mainly in breast cancer, colorectal cancer and leukemia, 
where vitamin D analogs exhibited anticancer activity alone 
or potentiated the activity of standard cytostatics (26-32). 
In the present study, we wished to examine the activity of 
the vitamin D compounds, 1,24(OH)2D3 (PRI-2191) and 
1,25(OH)2D3, in combination with two TkIs (imatinib and 
sunitinib) and two cytostatic drugs (cisplatin and docetaxel) 
in A549 lung cancer cells and human lung microvascular 
endothelial cells (HLMECs).

Materials and methods

Cell culture. The lung cancer cell line, A549, was obtained from 
the American Type Culture Collection (ATCC, Bethesda MD, 
USA). HLMECs (which had been already immortalized by 
transfection with pSV3-neoplasmid containing large T-antigen 
gene) were a kind gift from Professor Claudine kieda (Center 
for Molecular Biophysics, Orleans, France) (33). The cell 
lines were maintained at the Cell Culture Collection Division 
of Hirszfeld Institute of Immunology and Experimental 
Therapy, Polish Academy of Sciences in Wroclaw, Poland. 
The A549 cells were cultured in OptiMEM + RPMI-1640 (1:1) 
medium [PChO; Institute of Immunology and Experimental 
Therapy (IIET), Polish Academy of Sciences (PAS), Wroclaw, 
Poland], containing 5% fetal bovine serum (FBS) and 2 mM 
L-glutamine (Sigma-Aldrich, Steinheim, Germany). The 
HLMECs were cultured in RPMI-1640 (PChO, IIET, PAS, 
Wroclaw, Poland) with the addition of 10% FBS and 2 mM 
L-glutamine (Sigma-Aldrich). Both culture media were 
supplemented with the following antibiotics: streptomycin and 
penicillin (Polfa Tarchomin, Warsaw, Poland). The cells were 
cultured in an auto flow water jacket CO2 incubator (NuAire, 
Plymouth, MN, USA) at 37˚C and in a humidified atmosphere 
saturated with 5% CO2.

Compounds. Vitamin D3 metabolites, such as calcitriol 
[1,25-dihydroxy vitamin D3, 1,25(OH)2D3] and PRI-2191 
(24R)-1,24-dihydroxy vitamin D3 [1,24(OH)2D3, tacalcitol] 
(31) were certified synthetic materials provided by the 
Pharmaceutical Research Institute (Warsaw, Poland). Imatinib 
mesylate (also termed Gleevec or GV) was obtained from 
the Pharmaceutical Research Institute. Sunitinib malate (also 
termed SU) and docetaxel (also termed DTX) were obtained 
from AK Scientific Inc. (Union City, CA, USA). Cisplatin (also 
termed CIS) was obtained from Accord Healthcare Poland 
(Warsaw, Poland).
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Prior to in vitro usage, the vitamin D compounds were 
dissolved in 99.8% ethanol (Avantor, Gliwice, Poland). Imatinib 
mesylate was dissolved in aqua pro injection (Polpharma, 
Starogard Gdanski, Poland). Sunitinib malate and docetaxel 
were dissolved in dimethyl sulfoxide (DMSO) (Avantor).

Prior to in vivo usage, the vitamin D analog 1,24(OH)2D3 
was dissolved in 99.8% ethanol (Avantor), then diluted in 
80% polyethylene glycol (Sigma-Aldrich) to reach the required 
concentrations, and then administered to mice at a volume of 
5 µl/g/body weight. SU was diluted in 0.1 M citrate buffer 
(pH 3.5) (PChO, IIET PAS) to reach the required concentra-
tions and was administered to mice at a volume of 10 µl/g/body 
weight. DTX was dissolved in a mixture of cremophor + 
ethanol (0.36 ml + 0.64 ml) and then in saline (1:9) (cremo-
phor from Sigma-Aldrich; ethanol 96% from Avantor; saline 
from PChO, IIET PAS) and was administered to the mice at a 
volume of 10 µl/g/body weight.

Determination of anti-proliferative activity. Using sulforho-
damine B (SRB) assay, the cytotoxic activity of the test 
compounds and their combinations against the A549 cells 
and HLMECs was evaluated. First, the cells were exposed 
to each agent alone in the range of serial dilutions for 72 h. 
Simultaneously, the cells were exposed to solvents used, such 
as EtOH and DMSO (Avantor) in the same serial dilutions as 
with the test agents. Following incubation, cells were fixed with 
50% trichloroacetic acid (TCA) (Avantor) for 1 h followed by 
washing with tap water. The cells were then stained for 30 min 
with 0.1% SRB (Sigma-Aldrich) in 1% acetic acid (Avantor); 
the excess of SRB was washed out with 1% acetic acid. The 
dye bound to the cells was extracted with 10 mM TRIS-base 
[Tris(hydroxymethyl)aminomethane] (Sigma-Aldrich), and 
the absorbance of each solution was measured at 540 nm 
wavelength in Synergy H4 Hybrid Multi-Mode microplate 
reader (BioTek Instruments, Inc., Winooski, VT, USA). 
Using Cheburator 0.4, Dmitry Nevozhay software, the 50% 
inhibitory concentration (IC50) was calculated, as previously 
described (34). Based on the calculated IC50 value, the concen-
trations of a given TkI and cytostatic were set following the 
rule of ‘fixed constant ratio’ (35,36). Vitamin D compounds 
were used at the concentration of 100 nM. The cells were then 
exposed to various combinations of each vitamin D compound 
with each TkI and/or cytostatic tested for 72 h; using SRB 
assay, the anti-proliferative activity was measured again, and 
the proliferation inhibition was calculated as follows: % prolif-
eration inhibition = -[(Abscontrol - Absmed)/(Abstest - Absmed) 
x100-100], where Abs control is the absorbance of the control 
cells, Abs med is the absorbance of the culture medium and Abs 
test is the absorbance for the test agent or combination treat-
ment.

The experiments were repeated at least thrice in separate 
courses. Based on the calculated percentage of proliferation 
inhibition, the effects of the combination of the test compounds 
(synergism, additive effect and antagonism) were assessed 
using the combination index (CI) calculated as previously 
described by Chou and Talalay (37,38) with CalcuSyn 
Version 2.1 software (Biosoft, Cambridge, Uk). If the CI >1.2, 
the effect observed was antagonistic, and the CI from the range 
of 0.8-1.2 depicted an additive effect and a CI <0.8 depicted 
synergism.

Cell cycle and cell death analysis. The A549 cells and 
HLMECs were seeded in 24-well plates (Corning Inc., 
Corning NY, USA) in culture medium. After 24 h, the 
compounds in different combinations were added and the cells 
were exposed to these compounds for 72 h. The cells were then 
collected, washed in phosphate-buffered saline (PBS) (PChO, 
IIET PAS), and preserved in 70% ethanol (Avantor) at ‑20˚C 
for at least 24 h. The cells were then washed in PBS and then 
incubated at +37˚C for 1 h with 8 µg/ml RNase (Thermo Fisher 
Scientific, Waltham MA, USA). Subsequently, the cells were 
incubated for 30 min with 50 µl of 0.1 mg/ml propidium iodide 
(Sigma-Aldrich) and analyzed using a flow cytometer BD 
LSR Fortessa with FACS Diva Software (Becton-Dickinson, 
San Jose, CA, USA). The experiment was repeated at least 
thrice.

Caspase-3 activity assay. Caspase-3 activity was analyzed 
based on its enzymatic activity of the hydrolysis of synthetic 
substrate Ac-DEVD-ACC leading to the release of 7-amino-
coumarin f luorochrome, with the measurement of the 
fluorescence intensity in time (39). Therefore, the A549 
cells and HLMECs were seeded in 24-well plates, and after 
24 h, the test compounds were added to the cells alone or 
in different combinations for 72 h. The culture medium was 
then discarded and the cells were lysed for 30 min at +4˚C 
in 50 mM HEPES buffer (pH 7.5) containing 10% saccha-
rose, 150 mM NaCl, 5 mM EDTA, 10 mM DL-dithiothreitol 
(DTT), 0.1% Triton X-100 (DTT was added ex tempore) 
(Sigma-Aldrich). The 20 mM HEPES reaction buffer (pH 7.5) 
containing 10% saccharose, 100 mM NaCl, 1 mM EDTA 
and 10 mM DTT (DTT was added ex tempore) and 10 µM 
Ac-DEVD-ACC synthetic substrate (added ex tempore) 
(Wroclaw University of Technology, Wroclaw, Poland) were 
prepared and warmed up to +37˚C in dark prior to use. 
Subsequently, 40 µl of each cell lysate were transferred to 
96-well white plates (Corning, Amsterdam, The Netherlands), 
followed by the addition of 160 µl Ac-DEVD-ACC containing 
reaction buffer. The increase in fluorescence intensity was 
measured at λ=355 and λ=460 nm within 2 h every 10 min at 
+37˚C in Synergy H4 Hybrid Multi‑Mode microplate reader 
with Gen5 1.11.5 software (BioTek Instruments, Inc.). The 
kinetic of the reaction was calculated as relative fluorescence 
units (RFU)/min. In order to normalize the obtained results 
of caspase-3 activity to the number of cells, SRB assay was 
performed in parallel 24-well plates of cultured cells exposed 
to analogous combinations of the test compounds for 72 h. 
Experiments were repeated at least thrice in separate courses.

Western blot analysis. The A549 cells and HLMECs 
exposed for 72 h to different combinations of GV, SU, CIS, 
DTX and vitamin D compounds were lysed in RIPA buffer 
(Sigma-Aldrich) supplemented with protease and phosphatase 
inhibitor cocktails (Sigma-Aldrich) followed by centrifuga-
tion for 10 min at +4˚C and 11,000 x g. Tumors harvested 
from the mice (see below) following storage at ‑80˚C were 
homogenized (Tissue and Cell Homogenizer FastPrep-24, 
MP Biomedicals, Warsaw, Poland) in RIPA buffer containing 
protease inhibitor cocktail (Sigma-Aldrich). The homogenates 
were then centrifuged twice for 10 min at +4˚C and 11,000 x g 
and the supernatants were then transferred to new tubes. 
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The total protein concentration in the cell and tissue lysates 
was measured using the modified Lowry method (Bio‑Rad, 
Warsaw, Poland).

Approximately 30 µg (in vitro) or 100 µg (in vivo) of protein 
were denatured in Laemmli buffer (Bio-Rad, Warsaw, Poland) 
supplemented with β-mercaptoethanol (Sigma-Aldrich) for 
5 min at +95˚C and were then loaded onto SDS‑PAGE gels. 
Following electrophoresis, proteins were transferred from 
gels onto PVDF membranes (GE Healthcare Uk Ltd., Little 
Chalfont, Uk). After blocking in 5% non-fat dry milk in PBS, 
the membranes were probed for 1 h at room temperature with 
the following primary antibodies (antibodies dilution 1:200 
in PBS-Tween-20): anti-Bax (sc-493), anti-Bcl-2 (sc-783), 
anti-VDR (sc-1008), for actin (1:500), anti-CYP24 (sc-66851), 
anti-CYP27B1 (sc-67261), anti-p21 (sc-397), anti-p53 
(sc-6243), anti-phosphatase and tensin homolog (PTEN) 
(sc-9145), anti-nuclear factor (NF)-κB (sc-114), anti-IκB 
(sc-371), and anti-actin (sc-1616-R) (Santa Cruz Biotechnology, 
Santa Cruz CA, USA). Following incubation with the primary 
antibodies, the PVDF membranes were washed thrice for 
10 min in PBS-Tween-20 (PBS from PChO, IIET, PAS; 
Tween-20 from Sigma-Aldrich) and were then incubated for 
1 h at room temperature with alkaline phosphatase-conjugated 
secondary antibody (RPN5783) (antibody dilution 1:10,000 
in PBS-Tween-20) (GE Healthcare Uk Ltd.). Following 
incubation with the secondary antibody and washing in 
PBS-Tween-20 (3x10 min), protein bands were visualized with 
an enhanced chemifluorescence kit (GE Healthcare UK Ltd.). 
Images were acquired with a Carestream Image Station 
4000MM PRO (Carestream Molecular Imaging, Woodbridge, 
CT, USA). Western blot analysis was repeated 2-4 times. 
Densitometric analysis of the western blots was performed 
using ImageJ 1.48v software (National Institutes of Health, 
Bethesda, MA, USA). The results were normalized to actin.

Immunofluorescence staining. The A549 cells were cultured 
on sterile cover glass (12-mm in diameter) (Menzel-Gläser, 
Thermo Fisher Scientific, Waltham, MA, USA), placed into 
24-well plates, and exposed for 72 h to different combinations 
of GV, SU, CIS, DTX and vitamin D compounds. The cells were 
then washed in PBS and fixed in cold acetone:methanol (1:1) 
(Avantor) at ‑20˚C, permeabilized in 0.5% PBS‑Triton X‑100 
(Sigma-Aldrich), washed in 0.1% PBS-Triton X-100 and 
blocked in 2% FBS in PBS (Sigma-Aldrich). Subsequently, 
the cells were incubated with anti-p53 antibody at room 
temperature (sc-6243, Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), washed in 0.1% PBS-Triton X-100, and incubated 
with FITC-conjugated secondary antibody (sc-2365, Santa 
Cruz Biotechnology). After the next wash, the cell nucleus was 
stained with 4',6-diamidino-2-phenylindole dihydrochloride 
(DAPI) (Life Technologies, Carlsbad, CA, USA) and the cells 
were embedded in anti-fade mounting medium (Santa Cruz 
Biotechnology). The slides were examined under a fluores-
cence microscope with CellSens software (Olympus, Warsaw, 
Poland).

Real-time PCR analysis. The A549 cells exposed to the 
test compounds and their combinations were collected in 
TRI Reagent (Sigma‑Aldrich) and kept at ‑80˚C for further 
analysis. After thawing, chloroform (Avantor) was added 

to each test tube, following by shaking and centrifugation 
(12,000 x g, +4˚C, 15 min), and the obtained water phase was 
transferred to clean test tubes and total RNA was precipi-
tated with isopropanol (POCH, Gliwice, Poland). Following 
centrifugation, the pellet of RNA was washed in 75% ethanol 
(Avantor); the RNA was allowed to dry, and the pellet of 
RNA was dissolved in DEPC (Sigma-Aldrich). The RNA 
concentration was measured using a NanoDrop 2000 UV-Vis 
spectrophotometer (Thermo Fisher Scientific, Wilmington, 
DE, USA). Approximately, 1 µg RNA of each sample was incu-
bated with DNase (Invitrogen, Carlsbad CA, USA) and RNase 
inhibitor (EURx, Gdansk, Poland) at +37˚C in Veritii 9902 
thermocycler (Life Technologies) for 15 min and cDNA was 
synthesized using iScript kit (Bio-Rad, Hercules, CA, USA) 
according to the following steps: 5 min +25˚C, 30 min +42˚C, 
5 min +85˚C, and cooling down to +4˚C. Samples were 
stored for further analysis at ‑20˚C. Using real‑time PCR, the 
expression of MYC (Hs00153408_m1, Life Technologies), 
VEGFA (Hs00900055_m1, Life Technologies), and TP53 
(Hs00153349_m1, Life Technologies) was analyzed with the 
use of TaqMan probes and Master Mix (Life Technologies) 
in Viia 7 Real-Time PCR System with Viia 7 Software v1.1 
(Life Technologies) as follows: 2 min +50˚C, 10 min +95˚C; 
40 cycles, 15 sec +95˚C, 1 min +60˚C. The ΔΔCT method 
was used to calculate the relative changes in gene expression. 
Results were analyzed in Expression Suite Software v1.0.3 
(Life Technologies) and the level of expression was normal-
ized to RPLP0 (Hs99999902_m1, Life Technologies).

PDGF-BB and VEGF-A ELISA. The levels of PDGF-BB 
and VEGF-A in tumor lysates, prepared as described for 
western blot analysis, were then assessed using commercially 
available ELISA kits (eBiosciences, Vienna, Austria and 
Invitrogen, Camarillo CA, USA, respectively), following 
the manufacturer's instructions. The absorbance of probes 
obtained at the end of the procedure was measured at 450 nm 
using Synergy H4 Hybrid Multi-Mode Microplate Reader 
with software Gen5 (BioTek Instruments, Inc.). The calculated 
cytokine level was then normalized in each sample to the total 
protein concentration. In addition, the VEGF-A level was 
measured in conditioned medium obtained from the A549 
cells. For this purpose, the A549 cells were exposed in vitro 
to the test combinations of GV, SU, CIS, DTX and vitamin D 
compounds [1,25(OH)2D3 and 1,24(OH)2D3] for 72 h and 
then washed with PBS and incubated with RPMI-1640 
medium without FBS and phenol red for 48 h (PChO, IIET 
PAS). Subsequently, conditioned medium was collected, 
and to include the number of cells in each well, SRB assay 
was performed to assess the proliferation inhibition of the 
test compounds and their combination. The experiment was 
repeated thrice.

Establishment of mouse xenograft A549 tumor model. The 
study involving the use of laboratory animals was performed 
following the approval of The First Local Ethical Committee 
for Experiments with the Use of Laboratory Animals, Wroclaw, 
Poland (LkE approval no.: 41/2011, 28/2013 and 29/2013). 
A total of 104 NOD/SCID female mice (Animal Facility of 
Department of Clinical Immunology and Transplantology, 
Jagiellonian University Medical College, krakow, Poland), 
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which were 4‑6‑weeks old, were maintained under specific 
pathogen-free (SPF) conditions. Viable A549 cells in the 
number of 5x106 per mouse in 0.2-ml Hank's medium (PChO 
IIET PAS) were injected subcutaneously (s.c.) into the right 
flank of the abdomen of all mice (day 0), and after the tumor 
volume reached 80 mm3 of the mean volume, the mice were 
randomly divided into 8 groups (6 mice were not included in 
further analysis as the tumors were too small for evaluation): 
control (12 mice), DTX (12 mice), SU (12 mice), 1,24(OH)2D3 
(12 mice), SU + 1,24(OH)2D3 (12 mice), DTX + 1,24(OH)2D3 
(12 mice), SU + DTX (13 mice) and SU + DTX + 1,24(OH)2D3 
(13 mice), receiving different combinations of the treatment 
agents so that the mean tumor volume in each group was 
comparable (day 17, D17). The compounds were administered 
from the following day as follows: i) DTX, once a week for 
3 weeks intraperitoneally (i.p.) at a dose of 5 mg/kg/body 
weight [days (D)18, D24 and D31]; ii) SU, every day for 
19 days by oral gavage at a dose of 40 mg/kg/body weight 
(from D19 to D36); iii) vitamin D analog 1,24(OH)2D3 thrice 
a week for 5 weeks s.c. at a dose of 1 µg/kg/body weight (D19, 
D21, D23, D26, D28, D30, D33, D35, D37, D40, D42, D44, 
D47 and D49).

The control mice received all three solvents used for the 
test compounds in the respected schedule, while the mice that 
received one or two compounds were also administered the 
solvent of the remaining compounds (e.g., mice receiving DTX 
also received citrate buffer (solvent of SU) and 80% polyeth-
ylene glycol [solvent of 1,24(OH)2D3)].

The growing tumors were measured thrice a week using 
digital caliper (Mitutoyo Corp., kawasaki, Japan) during the 
experiment, and the body mass of animals was controlled on a 
precise scale (Mettler Toledo, Warsaw, Poland). Tumor volume 
was calculated using the formula (a2xb)/2, where a = shorter 
tumor diameter (mm) and b = longer tumor diameter (mm). 
On the final day of the experiment (D51), when tumor volume 
exceeded 2,000 mm3, mice were anesthetized with 3-5% (v/v) 
mixture of isoflurane (Aerrane isofluranum; Baxter, Canada) 
in synthetic air (200 ml/min) and blood was harvested from 
retro-orbital sinus separately from all mice in two tubes with 
or without anticoagulant EDTA (kabe Labortechnik GmbH; 
Nümbrecht, Germany). The mice were then sacrificed by 
cervical dislocation and the tumors and selected organs (liver, 
spleen, kidneys, and heart) were harvested and weighed on 
a scale. The tumors were then frozen in liquid nitrogen and 
stored at ‑80˚C for subsequent analysis. Multiple tumors were 
not observed in our study.

Hematological and biochemical analysis of blood harvested 
from mice. Blood collected on EDTA anticoagulant was 
analyzed on a fully automated hematological analyzer 
Mythic C18 (Orphée S.A., Plan-les-Ouates, Switzerland) 
using Hematos v.1.1 software (zelnet, Ostrow Wlkp., Poland) 
assessing 18 hematological and blood morphology parameters 
listed in Results. Blood was centrifuged for 15 min at 2,500 x g 
after the analysis, and the obtained plasma was transferred to 
new and clean tubes. Blood collected in tubes without anti-
coagulant was stored at room temperature for approximately 
30 min to coagulate. The probes were then centrifuged at 
1,500 x g for 10 min, and serum obtained was transferred to 
new and clean tubes. Plasma and serum were then analyzed 

on a biochemical analyzer Cobas c111 (Roche Diagnostics 
International Ltd., Rotkreuz, Switzerland) to assess the levels 
of the following biochemical parameters: alanine amino-
transferase (ALT), aspartate transaminase (AST), alkaline 
phosphatase (ALP), lactate dehydrogenase (LDH), bilirubin, 
calcium, cholesterol, creatinine, glucose, phosphates, urea and 
uric acid.

Statistical analysis. Statistical analysis was performed using 
STATISTICA version 7.1 software (StatSoft, Inc., Tulsa, 
Ok, USA). First, using Levene's test, homogeneity of vari-
ance was tested and then parametric (one-way ANOVA) or 
non-parametric tests were used. Second, the kruskal-Wallis 
ANOVA multiple comparison p-values (two-tailed) test and 
the Mann-Whitney U test were used for tumor growth inhi-
bition analysis. P-values <0.05 were considered to indicate 
statistically significant differences.

Results

Anti-proliferative activity of GV, SU, CIS, DTX and 
1,24(OH)2D3 or 1,25(OH)2D3, and their combinations. After 
the IC50 value of each agent alone was assessed (as described 
in the Materials and methods), we performed the analysis of 
the anti-proliferative activity of different combinations of 
a given TkI with a cytostatic drug (also termed CYT) and 
vitamin D compound to examine whether using two or three 
compounds at low concentrations is more effective in the 
inhibition of A549 lung cancer cell proliferation and if using 
vitamin D compounds additionally strengthens the cytotox-
icity of the test agents against the A549 cells and HLMECs. 
GV or SU in combination with CIS exerted a more potent 
anti-proliferative effect against the A549 lung cancer cells 
compared to each agent alone. When a third compound, such 
as 1,24(OH)2D3 or 1,25(OH)2D3 was added, no additional 
effects were observed. GV or SU did not augment the anti-
proliferative activity of DTX alone. When 1,24(OH)2D3 or 
1,25(OH)2D3 were also added, no additional activity was 
observed (Fig. 1).

The analysis of the nature of the interaction between the 
test compounds revealed synergism for the combination of SU 
or CIS with vitamin D compounds at the highest concentra-
tions used, and for GV or SU combined with CIS and/or with 
vitamin D compounds (CI <0.8). When DTX was used with 
GV or SU, additive effects or antagonism were observed, 
depending on the concentration used (Table I).

As DTX revealed a high anti-proliferative activity in all 
three test concentrations, the proliferation inhibition observed 
in combinations with GV or SU may have probably resulted 
mostly from DTX activity. Therefore, in the following experi-
ment, we tested DTX at a 10-fold lower concentration. The 
results revealed that the combination of DTX with GV or SU 
resulted in a greater inhibition of proliferation than GV, SU, or 
DTX alone (Fig. 2). CI analysis revealed that the interactions 
between the test compounds were still additive or antagonistic 
(Table II).

The analysis of the anti-proliferative activity of the test 
agents using the HLMECs revealed that 1,24(OH)2D3 and 
1,25(OH)2D3 augmented the cytotoxic activity of GV, SU, CIS, 
DTX and their combinations (Fig. 3).
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Figure 1. Antiproliferative activity of GV, SU, CIS, DTX, PRI-2191 and/or calcitriol against A549 lung cancer cells. A549 cells were exposed to combinations 
of the test compounds at different concentrations for 72 h: N, TkI and CYT were used at their respective IC50 concentrations; 0.5 N, half of IC50; 0.25 N, a 
quarter of IC50; PRI-2191 and calcitriol were used at constant concentration of 100 nM. Bars represent the means ± SD; *p<0.05, compared with TkI, TkI + vit, 
CYT, CYT + vit; **p<0.05, compared with TkI and TkI + vit; +p<0.05, compared with TkI; #p<0.05, compared with TkI and CYT and CYT + vit; $p<0.05, 
compared with CYT and CYT + vit (one-way ANOVA, Fisher's test). GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, docetaxel; vit, vitamin D compound 
[PRI-2191, 1,24(OH)2D3; Calcitriol, 1,25(OH)2D3]; TkI, tyrosine kinase inhibitor.

Figure 2. Anti-proliferative activity of GV and SU with DTX and/or with PRI-2191 against A549 lung cancer cells. DTX was used at concentration a 10-fold 
lower concentration than the calculated IC50 value. Bars represent the means ± SD; *p<0.05, compared with TkI, TkI + vit, CYT, CYT + vit; **p<0.05, 
compared with TkI and TkI + vit (GV + DTX only compared to GV); +p<0.05, compared with TkI (one-way ANOVA, Fisher's test). GV, imatinib; SU, 
sunitinib; DTX, docetaxel; vit, vitamin D compound [PRI-2191, 1,24(OH)2D3]; TkI, tyrosine kinase inhibitor.

Figure 3. Anti-proliferative activity of GV, SU, CIS, DTX, PRI-2191 and/or calcitriol against human lung microvascular endothelial cells (HLMECs). HLMECs 
were exposed to combinations of the test compounds at different concentrations for 72 h: N, TkI and CYT were used at their respective IC50 values; 0.5 N, 
half of IC50; 0.25 N, a quarter of IC50; PRI-2191 and calcitriol were used at a constant concentration of 100 nM. Bars represent the means ± SD; *p<0.05, 
compared with TkI, TkI + vit, CYT, CYT + vit; +p<0.05, compared with TkI; #p<0.05, compared with TkI, CYT and CYT + vit; δp<0.05, compared with 
TkI, TkI + vit and CYT; $p<0.05, compared with CYT and CYT + vit; %p<0.05, compared with TkI, CYT, CYT + vit and TkI + CYT (one-way ANOVA, 
Fisher's test). GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, docetaxel; vit, vitamin D compound [PRI-2191, 1,24(OH)2D3; Calcitriol, 1,25(OH)2D3]; TkI, 
tyrosine kinase inhibitor.
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Synergism was observed between the TkIs or the cyto-
static drugs and 1,24(OH)2D3 or 1,25(OH)2D3. The interaction 
between GV or SU and cytostatic drugs was also synergistic 
in most cases, and the addition of 1,24(OH)2D3 or 1,25(OH)2D3 
even augmented such an effect (CI <0.8). For those combi-
nations for which an additive effect was observed, that is, 
SU + CIS and SU + DTX, when vitamin D compounds were 
added, the mechanism of interaction shifted toward synergism 
(Table III).

Cell cycle and cell death analysis. In order to determine 
whether using the test drug combinations has an effect on 
specific phases of the cell cycle, that is, whether drug combi-
nations arrest cells at the same or other phases as given agent 
alone, we performed cell cycle analysis. GV alone arrested the 

A549 cells at the G0/G1 phase, decreasing the percentage of 
cells in the S phase compared to the control cells. SU, at the 
concentration used, did not affect the distribution of cells in 
cell the cycle phases, but when 1,24(OH)2D3 or 1,25(OH)2D3 
was added with SU, the percentage of cells in the G0/G1 phase 
increased compared to the control cells. CIS decreased the 
percentage of cells in the G0/G1 phase and increased that of 
cells in the G2/M phase compared to the control cells. The 
addition of vitamin D compounds to CIS resulted in a decrease 
in the percentage of cells in the S phase with a simulta-
neous increase in the percentage of cells in the G2/M phase 
compared to CIS alone. DTX also decreased the percentage 
of cells in the G0/G1 phase, but increased that of cells in the 
S phase compared to the control cells. When 1,24(OH)2D3 or 
1,25(OH)2D3 was added to DTX, no additional effects were 
observed. In the case of treatment of the A549 cells with GV or 
SU together with CIS, the percentage of cells in the G0/G1 and 
S phase decreased, while that of the cells in the G2/M phase 
increased compared to the controls, and to treatment with CIS, 
GV and SU alone. 1,24(OH)2D3 or 1,25(OH)2D3 added to these 
combinations augmented the observed effects. GV with DTX 
increased the percentage of cells in the G0/G1 phase compared 
to DTX, and the percentage of cells in S phase compared to 
GV alone, while it decreased the percentage of cells in the 
G2/M phase compared with the control and the agents used 
alone. Treatment of the A549 cells with SU together with 
DTX resulted in a decrease in the percentage of cells in the 
G0/G1 phase, and in an increase in the percentage of cells in 
the G2/M phase compared to the controls and the compounds 
used alone, and also resulted in a decrease in the percentage 
of S phase cells compared to DTX alone. By introducing 
1,24(OH)2D3 or 1,25(OH)2D3 to these combinations (p<0.05, 
one-way ANOVA, Fisher's test) (Fig. 4), no additional effects 
were observed.

1,24(OH)2D3 or 1,25(OH)2D3 or SU treatment of the 
HLMECs resulted in a slight increase in the percentage of 
cells in the G0/G1 phase. When SU was used together with one 
of the vitamin D analogs, the increase in the cell percentage 

Table I. Combination index (CI) for combinations of GV, SU, CIS, DTX with PRI-2191 or calcitriol for A549 lung cancer cells.

 Nb 0.5 N 0.25 N
 ------------------------------------------------------------- ---------------------------------------------------------- --------------------------------------------------------------
TkI/CYTa 0c PRI-2191 Calc 0 PRI-2191 Calc 0 PRI-2191 Calc

GV  -d 1.106 1.076 - 1.139 1.588 - 1.231 1.686
SU - 0.663 0.766 - 0.446 0.470 - 0.319 0.395
CIS - 0.712 0.776 - 0.867 1.018 - 1.074 0.799
DTX - 1.034 1.078 - 1.376 1.281 - 1.153 1.679
GV + CIS 0.570 0.564 0.559 1.229 1.247 1.165 1.771 1.134 1.308
SU + CIS 0.607 0.510 0.455 0.919 0.849 0.825 1.360 0.990 0.973
GV + DTX 0.870 1.072 0.987 1.500 2.089 2.042 1.490 1.686 1.638
SU + DTX 1.633 2.010 1.782 1.143 1.122 1.152 1.117 2.016 1.386

CI was calculated using CalcuSyn Version 2.1 software based on proliferation inhibition, CI <0.8 synergism (bold font), CI 0.8-1.2 additive 
effect (normal font), CI >1.2 antagonism (italics); aTkI, tyrosine kinase inhibitor and CYT, cytostatic drugs; bN stands for IC50 of a given 
compound; cwithout vitamin compound; dCI is calculated for at least two compounds. GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, 
docetaxel; Calc, calcitriol.

Table II. Combination index (CI) for GV and SU with DTX 
and/or with PRI-2191 for A549 lung cancer cells.

 0.5 Nb 0.25 N
 ------------------------------- -------------------------------
TkI/CYTa 0c PRI-2191 0 PRI-2191

GV -d 0.898 - 0.711
SU - 0.966 - 0.726
DTX - 1.102 - 0.925
GV + DTX 1.527 1.311 1.632 1.149
SU + DTX 1.329 1.296 1.132 0.920

CI was calculated using CalcuSyn Version 2.1 software based on 
proliferation inhibition, CI <0.8 synergism (bold font), CI 0.8-1.2 
additive effect (normal font), CI >1.2 antagonism (italics); aTkI 
tyrosine kinase inhibitor and CYT, cytostatic drugs; bN stands for 
IC50 of a given compound; cwithout vitamin D compound; dCI is 
calculated for at least two compounds; DTX was used at concentra-
tion 10 times lower than calculated IC50. GV, imatinib; SU, sunitinib; 
DTX, docetaxel.
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in the G0/G1 phase was statistically significant compared to the 
controls or to treatment with SU and vitamin D compounds 
alone. GV had no effect on the cell cycle of the HLMECs. 
CIS treatment increased the percentage of cells in the S phase 
and decreased that of cells in the G0/G1 phase compared with 
the controls. The increase in the percentage of cells in the 
G2/M phase was observed when CIS was applied together with 
1,24(OH)2D3 or 1,25(OH)2D3 (Fig. 5).

Treatment of the HLMECs with the combination of SU and 
CIS resulted in a lower percentage of cells in the G0/G1 phase 

and in an increase in the percentage of cells in the G2/M phase 
compared to the controls, or to treatment with SU and CIS 
alone. The percentage of cells in G2/M phase was even higher 
when 1,24(OH)2D3 or 1,25(OH)2D3 was added. In the case of 
GV treatment together with CIS, the percentage of cells in 
the G0/G1 phase decreased and the percentage of cells in the 
S phase increased compared to the controls and to treatment 
with GV alone. An increase in the percentage of cells in the 
G2/M phase was observed when the HLMECs were exposed to 
GV, CIS and 1,24(OH)2D3 (Fig. 5).

Table III. Combination index (CI) for combinations of GV, SU, CIS, DTX with PRI-2191 or calcitriol for human lung microvas-
cular endothelial cells (HLMECs).

 Nb 0.5 N 0.25 N
 ------------------------------------------------------------- ---------------------------------------------------------- --------------------------------------------------------------
TkI/CYTa 0c PRI-2191 Calc 0 PRI-2191 Calc 0 PRI-2191 Calc

GV -d 0.102 0.152 - 0.378 0.187 - 0.377 0.300
SU - 0.367 0.324 - 0.637 0.634 - 0.494 0.545
CIS - 0.758 0.755 - 0.755 0.814 - 0.618 0.637
DTX - 0.926 0.782 - 0.677 0.686 - 0.465 0.669

GV + CIS 0.735 0.600 0.624 0.693 0.430 0.431 0.603 0.312 0.391
SU + CIS 0.858 0.584 0.569 1.315 0.871 0.903 1.062 0.675 0.772
GV + DTX 0.792 0.734 0.638 0.546 0.494 0.459 1.711 0.372 0.418
SU + DTX 0.945 0.803 0.795 1.040 0.927 0.933 0.755 0.609 0.615

CI was calculated using CalcuSyn Version 2.1 software based on proliferation inhibition, CI <0.8 synergism (bold font), CI 0.8-1.2 additive 
effect (normal font), CI >1.2 antagonism (italics); aTkI tyrosine kinase inhibitor and CYT, cytostatic drugs; bN stands for IC50 of a given 
compound; cwithout vitamin D compound; dCI is calculated for at least two compounds. GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, 
docetaxel; Calc, calcitriol.

Figure 4. Cell cycle analysis of A549 lung cancer cells after 72 h of incubation with GV, SU, CIS, DTX and/or PRI-2191 or calcitriol. Bars represent the 
means ± SD. *p<0.05 compared with control; #p<0.05, compared with control and CIS or DTX and GV or SU; δp<0.05, compared with GV and DTX; $p<0.05, 
compared with GV; &p<0.05, compared with DTX (one-way ANOVA, Fisher's test). GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, docetaxel; PRI-2191, 
1,24(OH)2D3; Calcitriol, 1,25(OH)2D3.
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GV in combination with DTX resulted in a decrease in the 
percentage of cells in the G0/G1 and G2/M phases, and in an 
increase in the percentage of cells in the S phase compared 
to the controls, or to treatment with GV and DTX alone. The 
percentage of cells in the G2/M phase increased compared with 
the combination of GV and DTX when the HLMECs were 
exposed to GV and DTX in combination with 1,24(OH)2D3 
or 1,25(OH)2D3. SU with DTX decreased the percentage of 
cells in the G0/G1 phase and increased that of cells in the 
S phase compared to the controls, or to treatment with SU 
and DTX alone, while the addition of 1,24(OH)2D3 to SU and 
DTX resulted in a small decrease in the percentage of cells in 
the S phase compared to SU in combination with DTX, and 
in an increase in the percentage of cells in the G2/M phase 
compared to the controls, SU alone, DTX alone, and SU with 
DTX (p<0.05, one-way ANOVA, Fisher's test) (Fig. 5).

Cell death analysis using propidium iodide staining and 
flow cytometric analysis revealed that treatment of the A549 
cells and HLMECs with a combination of TkIs (GV or SU) 
with cytostatic drugs (CIS or DTX) resulted in an increase in 
the percentage of cells in the subG1 population compared to the 
controls, or to TkIs and CYT used alone. The test vitamin D 
compounds, such as 1,24(OH)2D3 and 1,25(OH)2D3 did not 
further augment the effects of TkIs and CYT in the case of 
A549 cells, but did increase the percentage of HLMECs in 
the subG1 population. The highest induction of cell death was 
observed upon treatment with SU in combination with CIS 
or DTX and 1,24(OH)2D3 or 1,25(OH)2D3 (p<0.05, one-way 
ANOVA, Fisher's test) (Table IV).

Caspase‑3 activity in A549 lung cancer cells and HLMECs. 
We measured caspase-3 activity to determine whether the 
observed increase in the percentage of dead cells was a result 
of apoptosis. Compared to the untreated cells, treatment of 

the A549 cells with GV resulted in a significant increase in 
caspase-3 activity. The addition of the vitamin D compounds 
to GV decreased caspase-3 activity induced by GV alone. SU 
slightly decreased the activity of protease compared to its basal 
level observed in the untreated cells, and in the cells treated 
with combinations of SU with 1,24(OH)2D3 or 1,25(OH)2D3, 
the activity of caspase-3 was even lower. GV in combina-
tion with CIS caused a significantly higher enzyme activity 
compared with the untreated cells and cells incubated with GV 
or CIS alone. However, when 1,24(OH)2D3 or 1,25(OH)2D3 was 
added to the combination of GV with CIS, a decreased activity 
of caspase-3 was observed. The increase in caspase-3 activity 
was also observed for SU in combination with CIS, but only 
when compared to SU alone (Fig. 6).

Upon treatment with DTX, a significant increase in 
caspase-3 activity was also observed. A further increase in 
enzyme activity was observed when DTX was used together 
with GV. However, the addition of 1,24(OH)2D3 or 1,25(OH)2D3 
to GV with DTX resulted in a decrease in protease activity 
compared with a previously achieved increase using the 
double combination of GV and DTX. A significant decrease in 
caspase-3 activity was observed using SU in combination with 
DTX compared to DTX alone (p<0.05, one-way ANOVA, 
Fisher's test) (Fig. 6).

Caspase-3 activity in the HLMECs was not affected by GV 
and SU alone. A significant increase in enzyme activity was 
noted upon treatment of the HLMECs with CIS or DTX together 
with 1,24(OH)2D3 or 1,25(OH)2D3. No additional changes in 
caspase-3 activity were observed when GV was added to CIS 
or DTX in combination with 1,24(OH)2D3 or 1,25(OH)2D3. 
The highest increase in caspase-3 activity in the HLMECs 
was observed following incubation with SU in combination 
with CIS or DTX and 1,24(OH)2D3 or 1,25(OH)2D3, which 
was statistically significant compared with the untreated and 

Figure 5. Cell cycle analysis of human lung microvascular endothelial cells (HLMECs) after 72 h of incubation with GV, SU, CIS, DTX and/or PRI-2191 or 
calcitriol. Bars represent the means ± SD. *p<0.05, compared with control; #p<0.05, compared with control and CIS or DTX and GV or SU; δp<0.05, compared 
with control and GV or SU; $p<0.05, compared with GV or SU (one-way ANOVA, Fisher's test). GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, docetaxel; 
PRI-2191, 1,24(OH)2D3; Calcitriol, 1,25(OH)2D3.
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SU- or CIS- or DTX-treated cells (p<0.05, one-way ANOVA, 
Fisher's test) (Fig. 7).

Sunitinib and cisplatin decrease VEGF-A secretion by 
A549 lung cancer cells. Using ELISA, the effects of the 
test compounds on VEGF-A secretion by A549 lung cancer 
cells were analyzed in conditioned medium. The A549 cells 

exposed to SU alone or in combination with 1,24(OH)2D3 
or 1,25(OH)2D3 secreted significantly less VEGF-A into 
the conditioned medium compared to the untreated cells. 
In addition, treatment of the A549 cells with CIS alone or 
in combination with vitamin D compounds resulted in a 
decrease in VEGF-A levels compared with the untreated 
cells. The addition of GV to CIS did not augment the effect 

Table IV. The percentage of A549 and human lung microvascular endothelial cells (HLMECs) in the subG1 population (cell 
death) after 72 h of incubation with TkI, CYT and vitamin D compounds.

 A549 HLMEC
 ---------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------
Group - PRI-2191 Calcitriol - PRI-2191 Calcitriol

Control   5.7±2.9    6.3±5.6 6.5±2.8 6.7±2.4 15.2±5.3a 14.9±4.2a

GV 13.4±4.5a 12.3±4.3 13.9±2.8 8.9±2.8 16.2±7.7a 18.1±7.6a

SU   9.5±6.5 11.0±8.2 7.1±3.1 8.6±3.5 28.0±6.0a 19.9 ±11.1a

DTX 17.9±3.5a 19.7±5.3a 18.3±3.7a  9.0±3.1 18.3±3.2b 15.2±2.9a

GV + DTX 31.7±5.7b 35.1±4.1b 38.5±7.3b 24.8±6.0b  36.5±6.2d 34.6±4.0d

SU + DTX 27.9±5.0b 28.4±7.9b 29.4±4.7b 29.7±5.6b 55.4±7.3d 50.9±7.5d

CIS 25.0±6.2a 27.8±4.6a 20.4±9.1a 15.8±9.8 24.4±13.6a 26.3±12.2a

GV + CIS 36.3±3.6c 39.9±5.0b 42.4±16.1b 20.0±15.0 30.3±16.7c 31.0±25.4c

SU + CIS 32.0±7.3c 21.0±2.9a 38.2±22.8c 32.9±18.0b 64.7±8.1d 52.3±14.8d

aCompared with control; bcompared with control, TkI, and CYT; ccompared with control and TkI; dcompared with control, TkI, CYT, and 
TkI + CYT (p<0.05, one-way ANOVA, Fisher's test). GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, docetaxel; TkI, tyrosine kinase 
inhibitor; CYT, cytostatic drug.

Figure 6. Caspase-3 activity in A549 cells after 72 h of incubation with the tested combinations of TkIs, CYT and vitamin D compounds. Bars represent 
the means ± SD. *p<0.05, compared with control; **p<0.05, compared with control, TkI, and CYT; #p<0.05, compared with control and CYT + vit; δp<0.05, 
compared with control and TkI + vit; $p<0.05, compared with TkI; &p<0.05, compared with TkI and CYT (one-way ANOVA, Fisher's test). GV, imatinib; SU, 
sunitinib; CIS, cisplatin; DTX, docetaxel; TkI, tyrosine kinase inhibitor; CYT, cytostatic drug; vit, vitamin D compound [PRI-2191, 1,24(OH)2D3; Calcitriol, 
1,25(OH)2D3].
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achieved by CIS alone. However, the most prominent inhi-
bition of VEGF-A was observed when the A549 cells were 
exposed to SU and CIS, which was statistically significant 
compared with the untreated and SU- or CIS-treated cells. 

1,24(OH)2D3 or 1,25(OH)2D3 did not further augment such 
an effect. DTX in combination with GV or SU had no effect 
on VEGF-A production (p<0.05, one-way ANOVA, Fisher's 
test) (Fig. 8).

Figure 7. Caspase-3 activity in human lung microvascular endothelial cells (HLMECs) after 72 h of incubation with the tested combinations of TkIs, CYT 
and vitamin D compounds. Bars represent the means ± SD. *p<0.05, compared with control and TkI; **p<0.05, compared with control, TkI and CYT 
(one-way ANOVA, Fisher's test). GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, docetaxel; TkI, tyrosine kinase inhibitor; CYT, cytostatic drug; PRI-2191, 
1,24(OH)2D3; Calcitriol, 1,25(OH)2D3.

Figure 8. VEGF-A secretion by A549 lung cancer cells in vitro following treatment with GV, SU, CIS, DTX, PRI-2191 and/or calcitriol. Bars represent the 
means ± SD. VEGF-A level was normalized to the number of cells assessed indirectly using sulforhodamine B (SRB) assay. *p<0.05, compared with control; 
**p<0.05, compared with control and TkI; &p<0.05, compared with TkI; #p<0.05, compared with control and CYT; δp<0.05, compared with control, TkI, 
and CYT (one-way ANOVA, Fisher's test). GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, docetaxel; TkI, tyrosine kinase inhibitor; CYT, cytostatic drug; 
PRI-2191, 1,24(OH)2D3; Calcitriol, 1,25(OH)2D3.
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The results of the inhibition of the proliferation of the 
A549 cells resulting from 72 h of incubation with GV, SU, 
CIS, DTX, 1,24(OH)2D3 and/or 1,25(OH)2D3 and their combi-
nations, followed by 48 h of culture in medium without FBS 
are presented in Fig. 9. After the conditioned media were 
collected for ELISA, SRB assay was performed on the A549 
cells present in 96-well plates.

Effects of GV, SU, CIS, DTX, 1,24(OH)2D3 and 1,25(OH)2D3 
on p53 and p21 expression in A549 cells. One of the func-
tions of the p53 pathway is the regulation of the process of 
angiogenesis, for example, the downregulation of the expres-
sion of the pro-angiogenic factor, VEGF-A (25). In this study, 
we examined the effects of the test compound combinations 
on the protein expression of p53 and its target protein, p21, 
in A549 cells, in order to determine whether the changes in 
VEGF-A levels upon treatment with the test agents are the 
result of the upregulation of the p53 pathway. Densitometric 
analysis revealed that 72 h of incubation of the A549 cells 
with GV, SU, or vitamin D compounds did not affect p53 
and p21 expression, while CIS and DTX induced p53 and 
p21 protein expression. The addition of GV or SU to CIS did 
not augment the level of p53 compared to treatment with CIS 
alone (Fig. 10). It was observed that the level of p53 protein 
expression was higher than that observed for DTX alone or 
DTX with 1,24(OH)2D3 or 1,25(OH)2D3 following treatment 
of the A549 with DTX in combination with GV or with SU 
and/or with 1,24(OH)2D3 or 1,25(OH)2D3 (Fig. 10A). Together 
with the induction of p53 expression by the test compounds, 
the upregulation of p21 expression was observed (Fig. 10B) 
(p<0.05, one-way ANOVA, Fisher's test).

In order to visualize the localization of p53 in the A549 
cells (nucleus vs. cytoplasm), p53 expression was additionally 

analyzed using indirect immunofluorescence. As assessed 
by using A549 staining with anti-p53 antibody followed by 
anti‑IgG‑FITC conjugated antibody, green fluorescence with 
nuclear localization was observed in the A549 cells treated 
with CIS, DTX alone or in combination with GV, SU, and/or 
vitamin D compound (Fig. 11). Thus, p53 was localized in the 
nucleus where it revealed the activity as a transcription factor; 
for example, it induced p21 expression as assessed by western 
blot analysis.

Analysis of expression of proteins involved in the activity and 
metabolism of vitamin D in A549 lung cancer cells. Vitamin D 
reveals its activity through binding with VDR, while the avail-
ability of vitamin D is regulated by 24-hydroxylase (CYP24), 
the enzyme that inactivates it (7). In this study, the expres-
sion level of VDR, as well as that of CYP24, was examined 
by western blot analysis to determine the possible cause of 
the weak activity of vitamin D compounds in A549 cells. 
Densitometric analysis revealed that 1,24(OH)2D3 (p<0.05) 
and 1,25(OH)2D3 increased the expression of VDR in A549 
cells. DTX when used alone, in turn, resulted in the down-
regulation of VDR compared to the untreated cells, but when 
1,24(OH)2D3 or 1,25(OH)2D3 was used in combination with 
DTX, the level of VDR increased compared to treatment with 
DTX alone. A lower level of VDR expression was observed 
following incubation of the A549 cells with SU, DTX and 
vitamin D compounds compared to treatment with SU alone. 
No significant changes in VDR expression were observed in 
the cells treated with CIS used alone or in different combina-
tions (Fig. 12A).

Treatment of the A549 cells with 1,24(OH)2D3 or 
1,25(OH)2D3 resulted in the upregulation of CYP24 expression 
[statistically significant for 1,25(OH)2D3]. The upregulation of 

Figure 9. Inhibition of the proliferation of A549 cells after 72 h of incubation with GV, SU, CIS, DTX, PRI-2191 and/or calcitriol, followed by 48 h of culture in 
medium without FBS. Bars represent the means ± SD. *p<0.05, compared with EtOH/DMSO and vitamin D compounds; **p<0.05, compared with EtOH/DMSO, 
vitamin D compounds, and TkI; #p<0.05, compared with EtOH/DMSO, vitamin D compounds, TkI, and CYT (one-way ANOVA, Fisher's test). GV, imatinib; 
SU, sunitinib; CIS, cisplatin; DTX, docetaxel; TkI, tyrosine kinase inhibitor; CYT, cytostatic drug; PRI-2191, 1,24(OH)2D3; Calcitriol, 1,25(OH)2D3
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CYP24 in the A549 cells was also observed following incubation 
with GV in combination with 1,24(OH)2D3 or 1,25(OH)2D3, and 
with GV together with CIS or DTX and vitamin D compounds. 
1,24(OH)2D3 and 1,25(OH)2D3 in combination with CIS did not 
increase the level of CYP24. When used in combination with 
SU and DTX, vitamin D compounds caused a small, but not 
significant increase in the CYP24 expression level. The highest 
induction of CYP24 protein expression was observed when 
the A549 cells were incubated with GV in combination with 
CIS or DTX and with 1,24(OH)2D3 or 1,25(OH)2D3. Vitamin D 
compounds in combination with SU together with CIS signifi-
cantly increased the CYP24 protein level compared to the cells 
treated with SU in combination with CIS (Fig. 12B).

1,24(OH)2D3 and 1,25(OH)2D3 also increased the expression 
of VDR in the HLMECs. A statistically significant increase in 
the VDR protein expression level was observed following incu-
bation of the HLMECs with the test vitamin D compounds in 
combination with SU or CIS or DTX or SU + CIS, SU + DTX 

or GV + CIS or GV + DTX (GV + DTX + 1,25(OH)2D3 was 
not significant) (Fig. 13A). Treatment of the HLMECs with 
1,24(OH)2D3 or 1,25(OH)2D3 also resulted in an increase in 
the CYP24 expression level compared to the untreated cells. 
However, the expression level of CYP24 was lower when the 
endothelial cells were treated with the vitamin D compounds 
in combination with GV or GV + CIS compared to the cells 
treated with the vitamin D compounds alone. An increase in 
CYP24 expression was observed in the HLMECs following 
incubation with 1,24(OH)2D3 or 1,25(OH)2D3 in combination 
with SU, CIS, DTX or their combinations compared to the 
untreated cells and SU alone or CIS or DTX alone (Fig. 13B).

Analysis of the expression levels of TP53, VEGFA and MYC. 
The mRNA expression levels of TP53, VEGFA and MYC 
in the A549 cells following incubation with GV, SU, CIS, 
DTX, 1,24(OH)2D3 and 1,25(OH)2D3 and their combinations 
were analyzed by real-time PCR with the ΔΔCt method. The 

Figure 10. Effect of GV, SU, CIS, DTX, PRI-2191 and calcitriol on (A) p53 and (B) p21 expression in A549 cells. Densitometric analysis was performed using 
ImageJ 1.46v software; the results were normalized to actin; bars represent the means ± SD, n=2-3 repeats. *p<0.05, compared with control cells and TkI; 
**p<0.05, compared with control cells, TkI, and CYT (one-way ANOVA, Fisher's test). Beneath the bar charts, representative immunoblots are presented. Note 
that not all the data samples were run continuously in adjacent lanes in the same gel, as portrayed in the figure. GV, imatinib; SU, sunitinib; CIS, cisplatin; 
DTX, docetaxel; PRI-2191, 1,24(OH)2D3; Calcitriol, 1,25(OH)2D3.
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Figure 11. Effect of SU, CIS, DTX and PRI-2191 and their combinations on p53 expression and localization in A549 cells. A549 cells cultured on a coverglass 
were incubated with the tested combinations for 72 h, then fixed, permeabilized and stained for p53 (FITC) and nuclear staining (DAPI). Representative images 
of the combinations of SU with CIS and DTX and PRI-2191 are shown. SU, sunitinib; CIS, cisplatin; DTX, docetaxel; PRI-2191, 1,24(OH)2D3.

Figure 12. Effect of GV, SU, CIS, DTX, PRI-2191 and calcitriol on (A) VDR and (B) CYP24 expression in A549 cells. Densitometric analysis was performed 
using ImageJ 1.46v software; the results were normalized to actin; bars represent the means ± SD, n=3 repeats. *p<0.05, compared with control; **p<0.05, 
compared with control and TkI; #p<0.05, compared with CYT; δp<0.05, compared with TkI; &p<0.05, compared with TkI + CYT; $p<0.05, compared with, 
TkI, CYT, and TkI + CYT (one-way ANOVA, Fisher's test). (C) Beneath the bar charts, representative immunoblots are presented. Note that not all the data 
samples were run continuously in adjacent lanes in the same gel, as portrayed in the figure. PRI‑2191, 1,24(OH)2D3; Calcitriol, 1,25(OH)2D3.
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expression level of each studied mRNA was normalized to 
the expression level of RPLP0 (selected as the most stable 
endogenous control gene, based on the screening analysis of 
16 endogenous control candidates with the TaqMan Array 
Human Endogenous Control Panel array). GV, CIS and DTX 
did not affect the expression of TP53, VEGFA and MYC in the 
A549 cells, while SU significantly upregulated the expression 
of all the tested genes. The downregulation of TP53 in the 
A549 cells was observed following combined treatment with 
GV, CIS and 1,24(OH)2D3 compared with the untreated and 
CIS-treated cells. When SU was used in combination with CIS 
and the vitamin D compounds or with DTX and 1,25(OH)2D3, 
the level of TP53 was lower compared with that in the cells 
treated with SU used alone (Fig. 14A). Similarly, CIS combined 
with SU prevented the increase in the VEGFA or MYC mRNA 
level caused by SU (p<0.05, one-way ANOVA, Fisher's test) 
(Fig. 14B and C).

Sunitinib alone or in combination with docetaxel and 
1,24(OH)2D3 inhibits A549 tumor growth in vivo. Mice treated 
with SU and DTX with or without 1,24(OH)2D3 from D23 of the 
experiment had significantly smaller tumors than those in the 
control group mice and mice treated with 1,24(OH)2D3 alone. 
From D26, the mean tumor volume in the SU + 1,24(OH)2D3-

treated mice was significantly lower than that of the mice in 
the control group and mice treated with 1,24(OH)2D3 alone. 
Mice treated with SU alone had significantly smaller tumors 
than those of the control group mice on D23 and between D28 
and D47, and compared with 1,24(OH)2D3 from D26 to the 
end of experiment. In addition, the mice treated with the triple 
combination of SU, DTX and 1,24(OH)2D3 were found to have 
significantly smaller tumors that the mice treated with DTX 
and DTX + 1,24(OH)2D3 from D23 of the experiment till the 
end. The mean tumor volume in the SU + DTX-treated group 
was significantly lower than that of the DTX‑treated mice 
between D26 and D44 of the experiment (except for D42) and 
compared with DTX + 1,24(OH)2D3 from D23 to the final day 
of the experiment. In the case of the SU + 1,24(OH)2D3-treated 
mice, the mean tumor volume was found to be significantly 
lower than that of the DTX-treated mice (D26 and D30) 
and the DTX + 1,24(OH)2D3-treated mice (D26-D30 and 
D35-D49 of the experiment), whereas the mean tumor volume 
of the SU‑treated mice was significantly lower than that of the 
DTX + 1,24(OH)2D3-treated mice between D23 and D49 of 
the experiment (except for D33) (p<0.05, kruskal-Wallis test) 
(Fig. 15A).

We also performed a comparative statistical analysis of 
the 4 groups of mice treated with SU (alone or with different 

Figure 13. Effect of GV, SU, CIS, DTX, PRI-2191 and calcitriol on (A) VDR and (B) CYP24 expression in human lung microvascular endothelial cells 
(HLMECs). Densitometric analysis was performed using ImageJ 1.46v software; the results were normalized to actin; bars represent the means ± SD, n=3 
repeats. *p<0.05, compared with control; **p<0.05, compared with control and TkI; ***p<0.05, compared with vitamin D compounds; #p<0.05, compared 
with CYT; $p<0.05, compared with, TkI, CYT and TkI + CYT (one-way ANOVA, Fisher's test). (C) Beneath the bar charts, representative immunoblots 
are presented. Note that not all the data samples were run continuously in adjacent lanes in the same gel, as portrayed in the figure. PRI‑2191, 1,24(OH)2D3; 
Calcitriol, 1,25(OH)2D3.
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combinations). According to the results, the mean tumor 
volume in the SU + DTX + 1,24(OH)2D3-treated mice was 
significantly lower than that of the mice receiving SU alone 
on D33, D37‑D42, D49 and D51; and it was significantly lower 
than that of the SU + 1,24(OH)2D3-treated mice on D28 and 
D33-D40 of the experiment (p<0.05, kruskal-Wallis test) 
(Fig. 15B).

On D51 of the experiment, tumors were harvested and 
weighted on a scale. Mice receiving SU + DTX + 1,24(OH)2D3 

had the smallest tumors with a mean tumor mass of 
0.271±0.065 g, which was significantly lower than that 
of the mice in the control group, and the 1,24(OH)2D3, 
DTX + 1,24(OH)2D3 (p<0.01) and DTX-treated mice (p<0.05). 
The mean tumor mass in mice treated with SU + DTX and 
SU + 1,24(OH)2D3 was 0.510±0.225 and 0.412±0.152 g, respec-
tively, and was significantly lower than that of the mice in the 
control group (p<0.05) and 1,24(OH)2D3 (p<0.01). The mean 
tumor mass in the mice treated with SU alone (0.565±0.326 g) 

Figure 14. Real-time PCR analysis of (A) TP53, (B) VEGFA and (C) MYC levels in A549 cells after 72 h of incubation with GV, SU, CIS, DTX, PRI-2191 and 
calcitriol and their combinations. Bars represent relative quantification (RQ) calculated in Expression Suite v1.0.3 software with the ΔΔCt method. (A) *p<0.05, 
compared with control; **p<0.05, compared with TkI; #p<0.05, compared with control and CYT; δp<0.05, compared with CYT; (B) #p<0.05, compared with 
control; *p<0.05, compared with SU and SU + calcitriol; **p<0.05, compared with SU + calcitriol; (C) *p<0.05, compared with control; **p<0.05, compared with 
SU and SU + vit; #p<0.05, compared with SU + calcitriol (one-way ANOVA, Fisher's test). GV, imatinib; SU, sunitinib; CIS, cisplatin; DTX, docetaxel; TkI, 
tyrosine kinase inhibitor; CYT, cytostatic drug; vit, vitamin D compound (PRI-2191, 1,24(OH)2D3; Calcitriol, 1,25(OH)2D3).
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was significantly lower than that of the 1,24(OH)2D3-treated 
mice (p<0.01) (kruskal-Wallis test) (Fig. 15D).

Analysis of body weight loss during the experiment. To 
evaluate the possible toxic effects of the studied compounds, 
we measured the body mass of all mice during the experiment 
and performed hematological and biochemical analysis of 
the blood collected at the end of the experiment. The loss of 
body weight was observed during the experiment, but it did not 
exceed 10%. In the mice treated with SU or 1,24(OH)2D3 alone, 
loss of body weight ranged from 3 to 6% (D24-D28). For the 
mice treated with SU + 1,24(OH)2D3, loss of body weight was 
between 3-7% from D21 and D44. Treatment with SU + DTX 
was well-tolerated; maximal body weight loss was found to 
be 5% on D37, whereas for the mice treated with SU + DTX 
+ 1,24(OH)2D3, it was between 3-10% from D28 and D40. From 

D37, the administration of SU and DTX was terminated, and 
the mice began to recover with a gain in body weight (Fig. 15C).

Analysis of internal organs. We did not observe any spleno-
megaly and hepatomegaly during the dissection of the animals 
at the end of the experiment or any macroscopic changes in 
the internal organs. However, there were some differences in 
liver mass between the following treatment groups: SU vs. 
control, 1,24(OH)2D3, and DTX + 1,24(OH)2D3 and SU + DTX 
vs. DTX + 1,24(OH)2D3. The mean kidneys mass in the 
SU + DTX-treated mice was lower than that of the control 
group mice (p<0.05, multiple comparison kruskal-Wallis test) 
(Table V).

Hematological analysis of blood harvested from mice 
treated with SU, DTX and 1,24(OH)2D3. We performed 

Figure 15. Antitumor activity of SU, DTX and vitamin D analog PRI-2191 in an A549 lung cancer model in vivo. SU was administered at the dose of 40 mg/kg/
body weight daily, DTX at 5 mg/kg/body weight once a week, and PRI-2191 at 1 µg/kg/body weight 3 times a week. (A) kinetics of A549 tumor growth in all 
experimental groups; (B) comparison of groups receiving SU alone or in combination with DTX and/or PRI-2191; (C) body weight loss of mice bearing A549 
tumors treated with SU, DTX, and/or vitamin D analog PRI‑219; (D) comparison of tumor mass on the final day of the experiment [day (D)51]; *p<0.05, com-
pared to PRI-2191; #p<0.05, compared to control and PRI-2191 group; **p<0.05, compared to control, PRI-2191, DTX + PRI-2191, and DTX (kruskal-Wallis 
test); (E) comparison of calcium concentration in serum collected from mice bearing A549 tumors on the final day of the experiment (D51) treated with SU, 
DTX, and/or vitamin D analog PRI-2191 alone or in combinations, *p<0.05, compared to control group and DTX; **p<0.05, compared to control group, DTX, 
SU and SU + DTX, #p<0.05, compared to SU (Tukey's test). SU, sunitinib; DTX, docetaxel; PRI-2191, 1,24(OH)2D3.
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hematological analysis of blood collected from all mice. 
No significant changes in red blood cell (RBC) count were 
observed between the treatment groups. The mean hemo-
globin (Hgb) concentration and hematocrit (Ht) were found 
to be the highest in the DTX-treated mice and differed 
significantly from those of the 1,24(OH)2D3-treated mice: 
Hgb, 13.25±0.57 g/dl; and Ht, 36.34±1.92% for DTX-treated 
mice; and Hgb, 11.05±1.58 g/dl; and Ht, 30.57±4.76% for 
1,24(OH)2D3-treated mice. Furthermore, statistical analysis 
revealed that the mean corpuscular volume (MCV) and 
mean corpuscular hemoglobin (MHC) in the 1,24(OH)2D3-
treated mice were significantly lower than those of the SU‑, 
SU + 1,24(OH)2D3- and SU + DTX-treated mice. In addition, 
the MCV in the SU- and SU + DTX-treated mice was signi-
ficantly higher than that of the DTX + 1,24(OH)2D3-treated 
mice. In case of MCH, statistically significant difference was 
found between SU and DTX + 1,24(OH)2D3-treated mice. 
Moreover, hematological analysis indicated that the red blood 

cell distribution width (RDW) in the SU-, SU + DTX- and 
SU + DTX + 1,24(OH)2D3-treated mice was higher than that of 
the mice in the control group, and the DTX- and 1,24(OH)2D3-
treated mice (p<0.05, kruskal-Wallis test). No significant 
differences were found in the case of the mean corpuscular 
hemoglobin concentration (MCHC) between the experimental 
groups (Table VI).

In the case of the white blood cell (WBC) count, we found 
that treatment with 1,24(OH)2D3 resulted in a higher count 
than that of the control group and SU-treated mice, and also 
resulted in a higher number of lymphocytes (Lymph) compared 
with the control group. Moreover, treatment with 1,24(OH)2D3 
resulted in a significantly higher number of granulocytes 
(Gran) and monocytes (Mono) in peripheral blood compared 
with the SU and SU + 1,24(OH)2D3-treated mice. Treatment 
with 1,24(OH)2D3 also resulted in a significantly higher number 
of granulocytes compared to the control group and DTX 
group (p<0.05, Kruskal‑Wallis test). A significantly higher 

Table V. Analysis of the mass of different internal organs (g) harvested from mice treated with SU, DTX and vitamin D analog 
PRI-2191 at the end of the experiment [day (D)51].

Group/tissue Liver (g) Spleen (g) kidneys (g) Heart (g) Body mass on D51a (g)

Control 1.22±0.10 0.100±0.061 0.222±0.022 0.274±0.033 0.127±0.025
DTX 1.16±0.09 0.089±0.042 0.193±0.029 0.263±0.019 0.121±0.021
SU 1.05±0.07b 0.083±0.030 0.175±0.015d 0.245±0.025 0.111±0.013
PRI-2191 1.23±0.14 0.160±0.071 0.184±0.034 0.255±0.042 0.116±0.035
SU + PRI-2191 1.15±0.14 0.104±0.069 0.189±0.031 0.238±0.035 0.105±0.016
DTX + PRI-2191 1.27±0.16 0.129±0.041 0.198±0.045 0.257±0.025 0.107±0.028
SU + DTX 1.02±0.17c 0.105±0.026 0.174±0.032d 0.220±0.031d 0.100±0.019
SU + DTX + PRI-2191 1.05±0.10 0.098±0.028 0.194±0.019 0.240±0.031 0.102±0.009

aD51, final day of experiment; bcompared to control, PRI-2191, and DTX + PRI-2191; ccompared to DTX + PRI-2191; dcompared to control 
(p<0.05, multiple comparison kruskal-Wallis test). SU, sunitinib; DTX, docetaxel; PRI-2191, 1,24(OH)2D3.

Table VI. Analysis of red blood cell parameters in blood collected from mice treated with SU, DTX and/or vitamin D analog 
PRI-2191.

Group/parameter RBC Hgb Ht MCV MCH MCHC RDW
 (x106/µl) (g/dl) (%) (fl) (pg) (g/dl) (%)

Control 7.0±1.3 12.6±1.4 34.9±6.1 50.2±3.4 18.6±4.2 37.2±8.7 16.9±1.6
DTX 7.4±0.4 13.3±0.6 36.3±1.9 49.1±1.0 17.9±0.7 36.5±0.8 17.0±0.6
SU 6.6±1.7 12.1±1.7 34.3±3.7 51.7±1.7b 18.2±0.9d 35.1±1.9 19.3±1.0e

PRI-2191 6.6±1.0 11.0±1.6a 30.6±4.8a 46.5±2.0c 16.8±0.6c 36.3±1.2 16.8±1.1
SU + PRI-2191 6.5±0.7 11.9±1.4 33.3±3.7 51.1±2.1 18.3±0.9 35.8±0.6 18.8±0.7
DTX + PRI-2191 7.5±1.3 12.8±2.1 35.9±5.7 47.9±1.5 17.1±0.4 35.7±1.2 17.7±1.0
SU + DTX 6.6±0.7 12.0±1.3 33.7±3.6 50.8±1.2b 18.1±0.3 35.6±0.4 19.8±1.5e

SU + DTX + PRI-2191 6.7±0.7 12.1±1.0 33.5±2.7 49.8±1.8 17.9±0.7 36.1±0.4 19.1±0.7e

RBC, red blood cell; Hgb, hemoglobin; Ht, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, 
mean corpuscular hemoglobin concentration; RDW, red blood cell distribution width. aCompared to DTX; bcompared to DTX + PRI-2191; 
ccompared to SU, SU + PRI-2191 and SU + DTX; dcompared to PRI-2191 and DTX+PRI-2191; ecompared to control, DTX and PRI-2191 
(p<0.05; Kruskal‑Wallis test). Bold font indicates statistical significance.
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percentage of lymphocytes and lower percentage of granulo-
cytes was observed in blood collected from mice treated with 
a combination of SU and 1,24(OH)2D3 with or without DTX 
compared with the mice in the control group and mice treated 
with 1,24(OH)2D3 alone [Gran only in the case of triple combi-
nation of SU + DTX + 1,24(OH)2D3]. The percentage of Gran 
in the 1,24(OH)2D3‑treated mice was significantly higher than 
that of the SU‑treated mice. No significant differences were 
observed in the percentage of monocytes between the treat-
ment groups (p<0.05, kruskal-Wallis test) (Table VII).

The analysis of platelet parameters revealed no significant 
changes in the number of platelets (PLT) and plateletcrit 
(PCT) between the experimental groups. However, we found 
that the mean platelet volume (MPV) in the SU + DTX-, 
1,24(OH)2D3- and DTX + 1,24(OH)2D3-treated mice was 
significantly higher than that of the control group mice and 
DTX-treated mice (DTX only in case of DTX + 1,24(OH)2D3). 
In addition, the 1,24(OH)2D3- and DTX + 1,24(OH)2D3-treated 
mice were characterized by a higher platelet distribution width 

(PDW), the parameter reflecting how uniform the platelets 
are in size, than that of the control group mice, and SU- and 
SU + 1,24(OH)2D3-treated mice (only for DTX + 1,24(OH)2D3) 
(p<0.05, kruskal-Wallis test) (Table VIII).

Biochemical analysis of blood harvested from mice treated 
with SU, DTX and 1,24(OH)2D3. The lowest serum calcium 
level was found to be in the control group and DTX-treated 
mice, 9.25±1.00 and 9.25±0.82 mg/dl, respectively, whereas 
the highest concentration (12.09±0.76 mg/dl) was found to 
be in the DTX + 1,24(OH)2D3‑treated mice and was signifi-
cantly higher than the control group mice and DTX-, SU-, or 
SU + DTX-treated mice. The mean serum calcium concen-
tration was found to be in mice treated with 1,24(OH)2D3, 
SU + 1,24(OH)2D3, SU + DTX, and SU + DTX + 1,24(OH)2D3, 
which was significantly higher than the control group and 
DTX-treated mice. In addition, mice treated with the triple 
combination of SU, DTX and 1,24(OH)2D3 had a significantly 
higher level of serum calcium than that of the SU-treated 

Table VII. Analysis of white blood cell parameters in blood collected from mice treated with SU, DTX and/or vitamin D analog 
PRI-2191.

Group/parameter WBC Lymph Mono Gran Lymph Mono Gran
 (x103/µl) (x103/µl) (x103/µl) (x103/µl) (%) (%) (%)

Control 6.5±3.7 2.4±1.2 1.0±0.4 3.2±2.4 37.4±8.1 16.8±4.1 45.8±8.9
DTX 7.7±4.6 3.5±1.8 1.1±0.8 3.1±2.5 47.9±15.9 15.0±4.0 37.1±12.9
SU 5.6±2.3 2.7±1.2 0.8±0.4 2.1±1.0 48.9±9.1 14.7±3.8 36.5±6.8
PRI-2191 13.6±5.7a 4.9±1.8a 2.1±1.1b 6.7±3.1b 36.9±6.0 14.9±2.6 48.2±6.2d

SU + PRI-2191 6.8±2.6 3.7±1.7 0.9±0.4 2.2±1.2 53.9±10.8c 13.9±4.5 32.2±9.2
DTX + PRI-2191 9.4±2.2 3.7±1.0 1.3±0.5 4.3±1.7 40.2±9.1 14.3±3.4 45.6±10.5
SU + DTX 7.1±1.5 3.0±0.5 1.2±0.3 2.9±0.8 42.5±4.4 16.8±1.5 40.7±3.9
SU + DTX + PRI-2191 7.9±2.3 3.9±1.0 1.3±0.5 2.7±0.9 50.6±5.5c 16.1±2.2 33.2±3.4c

WBC, white blood cell; Lymph, lymphocytes; Mono, monocytes; Gran, granulocytes. aCompared to control and SU; bcompared to SU and 
SU + PRI-2191; ccompared to control and PRI-2191; dcompared to SU (p<0.05, Kruskal‑Wallis test). Bold font indicates statistical significance.

Table VIII. Analysis of platelets parameters in blood collected from mice treated with SU, DTX and/or vitamin D analog 
PRI-2191.

Group/parameter PLT (x103/µl) MPV (fl) PDW (fl) PCT (%)

Control 1270.9±233.4 5.1±0.4 14.8±1.6 0.65±0.12
DTX 1202.2±186.6 5.1±0.3 15.2±1.8 0.61±0.11
SU 1142.5±184.0 5.2±0.2 14.4±1.7 0.59±0.09
PRI-2191 1345.9±183.9 5.5±0.2a 18.3±2.5c 0.74±0.10
SU + PRI-2191 1181.3±176.8 5.2±0.3 14.6±1.9 0.62±0.11
DTX + PRI-2191 1010.1±292.2 5.5±0.2b 19.5±4.1d 0.55±0.15
SU + DTX 1260.5±212.5 5.5±0.2a 16.2±1.7 0.69±0.12
SU + DTX + PRI-2191 1301.1±224.8 5.4±0.2 16.0±2.0 0.70±0.12

PLT, platelets; MPV, mean platelet volume; PDW, platelet distribution width; PCT, plateletcrit. aCompared to control; bcompared to control and 
DTX; ccompared to control and SU; dcompared to control, SU and SU + PRI-2191 (p<0.05, kruskal-Wallis test). Bold font indicates statistical 
significance.
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mice (11.62±1.00 and 10.38±0.40 mg/dl, respectively) 
(p<0.05, Tukey's test) (Fig. 15E). No significant changes 
were observed in the phosphate levels between the treatment 
groups (Table IX). In addition, no significant changes were 
observed for alanine (ALT) and aspartate (AST) amino-
transferase activity, as well as the total bilirubin content. 
The highest alkaline phosphatase (ALP) activity was noted 
in the mice treated with SU and SU + DTX + 1,24(OH)2D3 
(57.8±15.7 and 59.0±15.9 U/l, respectively), which differed 
significantly compared to that of the 1,24(OH)2D3-treated 
mice (34.5±10.0 U/l) (p<0.05, kruskal-Wallis test). The 
mice treated with SU + DTX had a significantly higher 
plasma urea concentration (8.15±1.33 mmol/l) than that of 
the DTX-treated mice (p<0.05, kruskal-Wallis test). In the 
case of uric acid, the statistically significant higher level of 
plasma uric acid was observed in the 1,24(OH)2D3-treated 
mice compared with the control group mice (196.6±28.3 
and 274.1±48.6 µmol/l, respectively) (p<0.05, Tukey's test) 
(Table IX). No significant changes were observed in the case 
of the creatinine concentration.

The lowest total cholesterol concentration was found 
to be in the 1,24(OH)2D3-treated mice (1.96±0.39 mmol/l), 
which was significantly lower than that of the mice treated 
with the triple combination of SU, DTX, and 1,24(OH)2D3 
(2.52±0.21 mmol/l) (p<0.05, Kruskal‑Wallis test). No signifi-
cant changes were observed in the case of the plasma glucose 
concentration and lactate dehydrogenase (LDH) activity 
between the experimental groups (Table IX).

SU and 1,24(OH)2D3 downregulate VEGF‑A expression in 
A549 tumors. The analysis of VEGF-A expression in A549 
tumor lysates using ELISA revealed that treatment with 
1,24(OH)2D3 alone or in combination with SU, as well as SU and 
DTX resulted in the downregulation of VEGF-A expression. 
The mean VEGF-A level in these A549 tumor homogenates 
was significantly lower than that of the DTX‑treated mice 
and control group mice [only SU + 1,24(OH)2D3] (one-way 
ANOVA followed by Fisher's test). In addition, the mice 
treated with SU alone and SU + DTX + 1,24(OH)2D3 had a 
lower mean VEGF-A level in their tumors compared with the 
control group and DTX-treated mice, although the difference 
was not statistically significant (Fig. 16A).

We performed ELISA to detect the levels of PDGF-BB in 
the tumor homogenates. The lowest level of PDGF-BB was 
found to be in tumors harvested from the mice treated with 
SU + DTX + 1,24(OH)2D3 (34.4±22.7 pg/mg total protein); 
however, this was not statistically significant when compared 
to the other experimental groups (one-way ANOVA followed 
by Fisher's test) (Fig. 16B).

Western blot analysis of tumor lysates. We performed 
western blot analysis to detect the expression of VDR and 
enzymes involved in the metabolism of vitamin D, such 
as 1α-hydroxylase CYP27B1 and 24-hydroxylase CYP24. 
Densitometric analysis revealed no significant differences 
in VDR levels in the A549 tumor homogenates between the 
experimental groups (Fig. 17A). In the case of proteins involved 
in the metabolism of vitamin D, we observed that the levels 
of CYP27B1 were significantly upregulated in tumor lysates 
obtained from the DTX + 1,24(OH)2D3-treated mice when 
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compared to those from mice treated with SU, 1,24(OH)2D3 
and SU + DTX + 1,24(OH)2D3 (Fig. 17B). However, the expres-
sion of CYP24 was downregulated in the tumors harvested 
from the mice treated with SU + DTX + 1,24(OH)2D3, which 
was statistically significant when compared to the mice treated 
with DTX, SU + 1,24(OH)2D3, DTX + 1,24(OH)2D3 and 
SU + DTX (Fig. 17C) (p<0.05, one-way ANOVA followed by 
Fisher's test).

We also analyzed the expression of NF-κB and IκB in 
A549 tumor lysates. Densitometric analysis revealed that 
NF-κB was downregulated in the 1,24(OH)2D3-treated mice 
when compared to the control group mice, although this 
difference was not statistically significant. However, the 
upregulation of NF-κB was observed in the SU-, SU + DTX 
[compared to 1,24(OH)2D3]- and SU + DTX + 1,24(OH)2D3-
treated mice [compared to the control, DTX, 1,24(OH)2D3 and 
DTX + 1,24(OH)2D3-treated mice] (p<0.05, one-way ANOVA 
followed by Fisher's test) (Fig. 17D). In addition, treatment with 
SU + DTX + 1,24(OH)2D3 resulted in the downregulation of 
IκB when compared with the control, SU-, SU + 1,24(OH)2D3-, 
and DTX + 1,24(OH)2D3-treated mice (p<0.05, one-way 
ANOVA followed by Fisher's test) (Fig. 17E).

Treatment with 1,24(OH)2D3 alone or in combination with 
DTX resulted in the upregulation of PTEN expression in 
the A549 tumor lysates. The administration of 1,24(OH)2D3 
alone resulted in a significant increase in PTEN expres-
sion compared to all the experimental groups except for the 
DTX + 1,24(OH)2D3-treated mice, whereas the administration 
of 1,24(OH)2D3 in combination with DTX caused a significant 
upregulation in PTEN expression when compared to the 
4 groups treated with SU (p<0.05, one-way ANOVA followed 
by Fisher's test) (Fig. 17F).

Western blot analysis of Bcl-2 expression in the A549 
tumor lysates revealed no significant differences between the 
experimental groups (Fig. 17G). However, it was observed 
that treatment with SU + DTX with or without 1,24(OH)2D3 
upregulated Bax expression (bands running at approximately 
40 kDa probably corresponding to a Bax dimer) compared to 
control, DTX, SU, 1,24(OH)2D3, and DTX + 1,24(OH)2D3-
treated mice and when compared to SU + 1,24(OH)2D3 for 

SU + DTX + 1,24(OH)2D3 (p<0.05, one-way ANOVA followed 
by Fisher's test) (Fig. 17H).

Discussion

Studies regarding the use of vitamin D in the prevention and 
treatment of malignant diseases began when it was discovered 
that 1,25(OH)2D3 exhibits anti-proliferative activity against 
cancer cells, and that patients suffering from cancer often 
have a decreased level of serum 25-hydroxyvitamin D3 (an 
indicator of nutritional status of vitamin D). In vitro studies 
have demonstrated that 1,25(OH)2D3 inhibits the proliferation 
of different types of cancer cells, including lung cancer cells, 
and in vivo studies have indicated that 1,25(OH)2D3 inhibits 
tumor growth and metastasis. Vitamin D also potentiates the 
anticancer activity of several known cytostatic drugs. These 
data indicate vitamin D may be a promising agent for use in 
anticancer therapies (13,40).

In this in vitro study, we observed that the addition of 
1,24(OH)2D3 to the combination of imatinib with cisplatin 
to the A549 cell culture resulted in the transformation of an 
additive effect into synergism, while for combinations with 
docetaxel, only additive or antagonistic effects were observed. 
In a previous study using HL-60 promyelocytic leukemia cells, 
1,24(OH)2D3 was shown to enhance the activity of imatinib 
alone and imatinib in combination with cisplatin or docetaxel, 
and 1,24(OH)2D3 also transformed the additive effect of 
imatinib and cytostatic interaction to synergism (41). In the 
case of sunitinib in combination with cisplatin and vitamin D 
compounds, synergistic interaction was observed, but with 
docetaxel, similar to the case of imatinib, the interaction 
was additive or antagonistic. Pan et al demonstrated that the 
interaction of sunitinib with docetaxel on A549 cells depends 
on the order in which the drugs are applied to the cells. They 
also assessed that synergism can be achieved when docetaxel 
is applied 24 h prior to the addition of sunitinib (42).

The potentiation of the anticancer activity of different 
drugs by vitamin D compounds has also studied in other 
cancer models; for example, 1,25(OH)2D3 was shown to 
increase the anti-metastatic activity of vaccine consisting 

Figure 16. (A) VEGF-A and (B) PDGF-BB expression in A549 tumor lysates harvested from mice treated with SU, DTX, and PRI-2191 at the end of the experi-
ment (D51). VEGF-A and PDGF-BB levels were normalized to the total protein concentration; bars represent the means ± SD; *p<0.05, compared to DTX; #p<0.05, 
compared to control group (one-way ANOVA followed by Fisher's test) (n=4 lysates in each group). SU, sunitinib; DTX, docetaxel; PRI-2191, 1,24(OH)2D3.
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Figure 17. (A) Vitamin D receptor (VDR), (B) 1α-hydroxylase (CYP27B1), (C) 24-hydroxylase of vitamin D (CYP24), (D) NF-κB, (E) IκB, (F) PTEN, (G) Bcl-2 
and (H) Bax expression in A549 tumor lysates harvested from mice treated with SU, DTX and vitamin D analog PRI-2191 at the end of experiment (D51). 
Densitometric analysis was performed in ImageJ 1.46v software; blots were normalized to actin; means ± SD, n=3-4 lysates in each group; (B) *p<0.05, 
compared to SU, PRI-2191, and SU + DTX + PRI-2191; (C) *p<0.05, compared to DTX, SU + PRI-2191, DTX + PRI-2191 and SU + DTX; (D) #p<0.05, com-
pared to PRI-2191; *p<0.05, compared to control and PRI-2191; **p<0.05, compared to control, DTX, PRI-2191 and DTX + PRI-2191; (E) *p<0.05, compared 
to control, SU, SU + PRI-2191 and DTX + PRI-2191; (F) *p<0.05, compared to control, DTX, SU, SU + PRI-2191, SU + DTX and SU + DTX + PRI-2191; 
**p<0.05, compared to all groups receiving SU (alone or in combinations with DTX and PRI-2191); (H) *p<0.05, compared to control, DTX, SU and PRI-2191, 
DTX + PRI-2191 and SU + PRI-2191 (only for SU + DTX + PRI-2191) (one-way ANOVA followed by Fisher's test). Beneath the bar charts representative 
immunoblots are presented. SU, sunitinib; DTX, docetaxel; PRI-2191, 1,24(OH)2D3.
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of murine beta-defensin-2 (mBD-2) and 3LL cell lysate in 
a murine model of LLC. Vitamin D analogs also potenti-
ated the anticancer activity of cisplatin in an LLC model or 
5‑fluorouracil (5‑FU) in a murine and human colon cancer 
model (26,29,30,43). However, the combination of vitamin D 
analogs with cisplatin in a murine model of LLC was shown 
to result in toxicity that manifested in body weight loss, 
leucopenia and hypercalcemia (26). Therefore, in this in vivo 
study using a A549 lung cancer model, we decided to explore 
docetaxel as a third agent in triple-combination therapy.

In lung cancer, the signaling pathways of VEGF and PDGF 
are often dysregulated, which is associated with a worse 
prognosis. In a preclinical study, it was demonstrated that 
the simultaneous inhibition of receptors for both VEGF and 
PDGF by sunitinib was beneficial in anticancer treatment (44). 
In this study, we demonstrated that sunitinib significantly 
inhibited A549 tumor growth, and the effect of sunitinib 
was potentiated by 1,24(OH)2D3, which is concurrent to the 
results of our previous study on imatinib using a A549 lung 
cancer model (31). Chemotherapy with sunitinib, similar to 
other drugs aimed at multiple targets, is often accompanied by 
certain adverse effects (19). In turn, combining sunitinib at low 
doses with other chemotherapeutic agents can prevent undesir-
able side-effects and can simultaneously achieve synergism in 
the drug-drug interaction (24). In this study, to the best of our 
knowledge, we demonstrate for the first time the use of a triple 
treatment scheme in a NSCLC A549 model, in which sunitinib, 
docetaxel and 1,24(OH)2D3 were employed together. Cytotoxic 
drugs, such as docetaxel, that have been used typically in 
anticancer therapy at the maximum tolerated dose (MTD), are 
also toxic to normal healthy cells. However, when the drug is 
administered more frequently and at lower doses, the so-called 
metronomic doses, it causes an ‘anti-angiogenic side effect’. 
Moreover, such a therapy scheme appears to be more effective 
than the MTD schedule (45-47). Therefore, in this study, we 
decided to use docetaxel at 3-fold lower doses in our experi-
ments. In addition, the type of interaction between sunitinib 
and docetaxel depends on the sequence in which agents are 
added to culture cells, and that synergism can be observed 
when docetaxel is applied 24 h prior to sunitinib (42). Therefore, 
in this study, we administered docetaxel first, followed by 
sunitinib and then 1,24(OH)2D3. Triple combination therapy, 
consisting of sunitinib, docetaxel and 1,24(OH)2D3 revealed a 
more potent A549 tumor growth inhibitory effect than that of 
single- or double-drug scheme.

In order to achieve the therapeutic effect of sunitinib or 
other small molecule kinase inhibitors, chemotherapeutic 
agents must be administered daily for an extended period of 
time as terminating TkI administration may result in a rapid 
relapse. However, the continuous usage of TkIs may result in 
adverse effects, such as fatigue, body weight loss, neutropenia, 
hepatotoxicity, neurotoxicity, cardiotoxicity and others (48,49). 
The toxicity of the triple combination of sunitinib, docetaxel 
and 1,24(OH)2D3, as assessed by body weight loss, was not 
found to be higher than that of sunitinib in combination with 
1,24(OH)2D3 or with docetaxel. In addition, the toxicity of the 
triple combination did not differ from the toxicity of sunitinib 
used alone, particularly at the beginning of the experiment. 
The application of triple‑compound therapy did not influence 
the serum calcium level in comparison to 1,24(OH)2D3 used 

alone, as well as no significant changes in main biochemical or 
morphological parameters of blood, which also suggests that 
some toxicity of tested treatment scheme was observed. The 
toxicity of 1,24(OH)2D3 in comparison to that of 1,25(OH)2D3 
in terms of calcium deposits was analyzed previously (50). 
Histological analysis then revealed that the injection of 
1,24(OH)2D3 or 1,25(OH)2D3 at a dose of 10 µg/kg/day s.c. 
resulted in moderate calcification of the kidneys and heart (50), 
while in the present study, 1,24(OH)2D3 was administered at a 
lower dose of 1 µg/kg/day.

1,25(OH)2D3 and vitamin D derivatives may induce 
apoptosis through interaction with pro-apoptotic and anti-
apoptotic pathways; for example, 1,25(OH)2D3 has been 
shown to increase the level of the pro-apoptotic protein, Bak, 
which belongs to the Bcl-2 family, or to decrease the activity 
of anti-apoptotic β-catenin (51,52). In this study, no changes 
in the Bcl-2 protein level in A549 tumor lysates between 
the treatment groups were observed, although a significant 
increase in Bax expression was observed in tumor lysates 
harvested from mice treated with sunitinib in combination 
with docetaxel or with docetaxel and 1,24(OH)2D3. Sunitinib 
has been shown to induce the expression of pro-apoptotic 
proteins (Bax, Bak and PUMA) and to inhibit the expres-
sion of anti-apoptotic proteins (Bcl-2) in HL-60 and kG-1 
leukemia cells (53). Nishikawa et al demonstrated that PC3 
prostate cancer cells, with a decreased expression of Akt1, 
were more sensitive to sunitinib and expressed higher levels of 
Bax (54). Uzu et al demonstrated that sunitinib activated Bax in 
H28-T mesothelioma cells transfected with the Cx43 conexin 
gene (transmembrane protein involved in rapid intercellular 
communication), which resulted in the induction of apoptosis 
in those cells (55). Therefore, the influence of sunitinib on the 
expression of proteins engaged in apoptosis differs depending 
on the cell type and other additional factors.

Differential mechanisms involved in the effects of vitamin D 
analogs in combination with TKIs and cytostatic drugs 
on cell death. According to the results of this study, a more 
potent anti-proliferative activity of TkIs combined with 
cytostatics against A549 cells correlated mostly with an 
increased percentage of cells in the G2/M phase of the cell 
cycle and with an increased percentage of cells in the sub-G1 
phase. Cells arrested at a specific phase of the cell cycle could 
then be directed towards cell death. Apoptosis, one of the 
most frequently studied types of cell death, is regulated by 
many factors and can proceed primarily through intrinsic or 
extrinsic pathways. The common elements of these pathways 
are initiator caspases (caspase-2, caspase-8, caspase-9, or 
caspase-10) and executioner caspases (caspase-3, caspase-6, 
and caspase-7). Caspase-3 is the most important executioner 
caspase, activated by any of the initiator caspases (56,57). 
In this study, incubation of the A549 lung cancer cells with 
imatinib and docetaxel alone or in combination resulted 
in an increase in caspase-3 activity. The tested vitamin D 
compounds decreased the activity of the protease that was 
induced by imatinib or imatinib in combination with cisplatin 
or docetaxel. koren et al demonstrated that 1,25(OH)2D3 
decreased caspase-3 activity in HT-29 colon cancer cells 
treated with H2O2, whereas it increased caspase-independent 
cytotoxicity (58). In turn, 1,25(OH)2D3 has been shown to 
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protect keratinocytes against osmotic shock-, oxidative stress-, 
or TNFα-induced apoptosis (59). In this study, despite the 
decreased activity of caspase-3 in A549 cells by vitamin D 
compounds used in combination with imatinib, we did not 
find a decrease in the percentage of dead cells (as assessed 
by the analysis of the sub-G1 population). This indicates that 
vitamin D did not reduce the cytotoxicity of imatinib; there-
fore, following incubation with imatinib in combination with 
1,24(OH)2D3 or 1,25(OH)2D3 there was caspase-independent 
cell death, which was not due to apoptosis.

In this study, sunitinib and cisplatin did not influence 
caspase-3 activity. Furthermore, we found that caspase-3 activity 
was lower when sunitinib was combined with docetaxel than 
when the cells were exposed to docetaxel alone. In this case, 
cell death was found to be caspase-independent. Lavallard et al 
demonstrated that imatinib induced the apoptosis of Bcr-Abl-
positive leukemia cells by increasing caspase-3 activity. They 
also demonstrated that despite the inhibition of caspase with 
specific caspase inhibitor using imatinib, there was excessive 
cell death, which suggests that it was caspase-independent cell 
death (60). Costa et al demonstrated using neuroblastoma cells 
that the silencing of miR-21 expression sensitized the cells to 
the cytotoxicity of sunitinib. After the expression of miR-21 
was silenced, treatment with sunitinib resulted in an increase in 
caspase-3 activity compared to the cells treated with sunitinib 
without miR-21 silencing. In addition, as a result of miR-21 
silencing, the upregulation of p21 expression, and therefore 
p53 activation were observed (61). Moreover, miR-21 is often 
overexpressed in cancer, including NSCLC, for example, in 
the A549 cell line (62,63). Therefore, the inability of sunitinib 
to induce caspase-3 activity in A549 cells may result from the 
overexpression of miR-21. In addition, when sunitinib was used 
in combination with cisplatin, an increase in caspase-3 activity 
was observed. Treatment of the A549 cells with cisplatin has 
been shown to result in the downregulation of miR-21 expres-
sion (64). In this regard, an increase in caspase-3 activity after 
combined use with sunitinib with cisplatin may be associated 
with a decreased level of miR-21.

Following inappropriate mitosis of the cell (incorrect 
chromosomal segregation, invalid centrosome duplication) in 
response to DNA damage, mitotic cell death or the so-called 
mitotic catastrophe can occur. The examples of mitotic catas-
trophe inducers are agents that cause hyperpolarization, for 
example, taxanes (docetaxel), or the depolarization of microtu-
bules, for example, vinca alkaloids (vincristine) and colchicine. 
Cells that are formed are larger in size than normally dividing 
cells and are multinucleated (56,65). In this study, the death of 
the A549 lung cancer cells treated with docetaxel alone or with 
docetaxel in different combinations with TkIs and vitamin D 
compounds was a result of mitotic catastrophe. DAPI staining 
of the A549 cells revealed the appearance of multi-nucleated 
cells. Opinions differ about the prerequisite of caspases for 
the occurrence of mitotic catastrophe. In cells proceeding 
through mitotic catastrophe, the final stage of death may occur 
through apoptosis or necrosis (65). Therefore, cells treated 
with docetaxel in combination with sunitinib, in which we did 
not observe caspase-3 activity, may die through necrosis.

Factors determining the sensitivity of A549 lung cancer cells 
to vitamin D analogs. A549 lung cancer cells were resistant to 

the test vitamin D compounds in vitro: incubation of the A549 
lung cancer cells with 1,24(OH)2D3 or 1,25(OH)2D3 for 72 h 
did not result in the inhibition of proliferation. 1,25(OH)2D3 
reveals its activity through VDR; therefore, the expression of 
VDR was analyzed in different types of normal and cancer 
cells to determine whether they are sensitive to the anti-prolif-
erative activity of 1,25(OH)2D3. It was shown that a lower level 
of VDR correlated with cancer progression, whereas a higher 
level of VDR and a higher serum 25-hydroxyvitamin D3 
concentration positively correlated with the survival of patients 
suffering from lung adenocarcinoma (66). In this study, the 
A549 lung cancer cells expressed VDR; however, the level of 
its expression was not significantly altered even after treatment 
with different combinations of the test compounds, apart from 
treatment with docetaxel which resulted in the downregulation 
of VDR. Even if VDR is expressed in some cells, the activity 
of the receptor depends on its appropriate structure, which in 
turn, is determined by the gene sequence. Few polymorphisms 
of VDR are known, and some of these can correlate with a 
greater response for 1,25(OH)2D3; for example, osteoblasts 
stimulated with 1,25(OH)2D3 have been shown to secrete 
different amounts of osteocalcin depending on the inherited 
VDR allele (67,68). The correlation between VDR polymor-
phism and the risk of lung cancer has also been the subject 
of many studies (69-72); however, to date, the literature in this 
field indicates that the TaqI allele may be the risk factor in lung 
cancer development, whereas in other studies, it was assumed 
that this allele may be a protective factor. These conflicting 
data may be due the different numbers of studied popula-
tions, the criteria of analysis, different genetic backgrounds, 
and others (69,70). There are also alternative to the VDR 
nuclear receptors, that have been shown to bind derivatives of 
vitamin D, such as the retinoid acid-related orphan receptors 
(RORs) α and γ. RORs have been shown to regulate a number 
of physiological processes, such as embryonic development, 
differentiation, immune response and metabolism (73-75). The 
expression levels of RORs are downregulated and/or hypoac-
tivated in breast cancer or melanoma compared to normal 
tissue and RORs have also been identified as tumor suppres-
sors (74,76). Vitamin D derivatives have been shown to act as 
antagonists or inverse agonists of RORs, but 1,25(OH)2D3 to 
some degree only. There are other potent ligands of RORs, that 
are novel non-calcemic vitamin D derivatives produced by 
CYP11A1 hydroxylase, such as 20(OH)D3 and 20,23(OH)2D3, 
which in turn act as partial agonists of VDR (77-80). However, 
to date, at least to the best of our knowledge, there are no 
available studies regarding the role of RORs in the anticancer 
activity of vitamin D derivatives in lung cancer.

The lack of the response of A549 cells to the anti-prolifer-
ative activity of 1,24(OH)2D3 and 1,25(OH)2D3 may be due to 
the inactivation of vitamin D compounds by 24-hydroxylase 
CYP24. zhang et al demonstrated the correlation between 
mutation present in lung cancer cells (KRAS and EGFR) and 
the level of VDR and CYP24 expression. Cells with KRAS 
mutation (e.g., A549) expressed low levels of VDR and high 
levels of CYP24, whereas cells with EGFR mutation (e.g., 
HCC827) expressed high levels of VDR and low levels of 
CYP24. Therefore, the authors of that study concluded that 
patients with lung cancer with EGFR mutations can be treated 
with vitamin D (81). In this study, western blot analysis revealed 
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that A549 cells following incubation with 1,24(OH)2D3 or 
1,25(OH)2D3 expressed higher levels of CYP24, whereas the 
highest level of CYP24 expression was observed in cells treated 
with imatinib in combination with vitamin D compounds and/
or with cisplatin or docetaxel. CYP24 is sometimes recognized 
as an oncogene as it is often overexpressed in tumors and a high 
level of CYP24 enzyme inactivates 1,25(OH)2D3, which in turn 
limits its availability, and as a result its anti-proliferative, pro-
differentiation and pro-apoptotic activity. Therefore, the use of 
other compounds, which can inhibit CYP24 activity, together 
with 1,25(OH)2D3 has also been investigated (82-84). For 
example CTA091, an inhibitor of CYP24, has been shown to 
enhance the anti-proliferative activity of 1,25(OH)2D3 against 
H292, A549, and HCC827 lung cancer cells (85). In the present 
study, we demonstrated that the use of vitamin D compounds 
with sunitinib and/or with docetaxel did not increase the 
expression of CYP24 in vitro. Furthermore, in in vivo A549 
mouse model, it was observed that the level of CYP24 expres-
sion in tumors harvested from mice treated with sunitinib in 
combination with 1,24(OH)2D3 and docetaxel was the lowest 
compared to other groups, which could be the reason for the 
best antitumor effect achieved.

Anti‑angiogenic mechanisms of action of vitamin D analogs 
in combination with TKIs and cytostatic drugs. The improved 
activity of sunitinib in combination with 1,24(OH)2D3 in the 
A549 lung cancer model may have resulted due to the influ-
ence of vitamin D analog on endothelial cells. A previous 
study using tumor-derived endothelial cells (TDECs) demon-
strated that 1,25(OH)2D3 arrested cells in the G0/G1 phase of 
the cell cycle and induced apoptosis. Following treatment with 
1,25(OH)2D3, the expression of VDR in these cells increased, 
and the VDR signaling pathway was activated (86). In in vivo 
studies, VDR knockout (kO) mice have been shown to have 
tumors with differing vessel structure from VDR wild-type 
mice. The vessels of kO-VDR mice were enlarged, surrounded 
with less pericytes, and tumors harvested from kO-VDR mice 
contained higher levels of pro-angiogenic factors, such as 
HIF-1α, VEGF, angiopoietin 1 (Ang1) and PDGF-BB (17). In 
this study 1,25(OH)2D3 and 1,24(OH)2D3 inhibited the prolif-
eration of HLMECs and arrested the cells in the G0/G1 phase 
of the cell cycle. The tested vitamin D compounds enhanced 
the cytotoxic activity of imatinib, sunitinib, cisplatin and 
docetaxel, shifting the interaction of the test agents towards 
synergism.

1,24(OH)2D3 and 1,25(OH)2D3 also improved the induction 
of caspase-3 activity by cisplatin or docetaxel in HLMECs. 
TkIs (sunitinib or imatinib) used alone did not activate 
caspase-3 and did not improve the activity of the tested cyto-
statics in the induction of the protease, but when vitamin D 
compounds were added to the combination of a given TkI with 
cytostatic drugs, the observed caspase-3 activity was higher 
than that of cytostatic compounds (cisplatin or docetaxel) used 
in combination only with vitamin D compounds. The increased 
activity of caspase-3 following incubation of the HLMECs with 
sunitinib, cytostatic and 1,24(OH)2D3, or 1,25(OH)2D3 corre-
lated with an increased percentage of cells in the sub-G1 phase, 
suggesting that the cell death was a result of apoptosis. The 
role of VEGF in endothelial cells is to protect them from apop-
tosis (87). Therefore, in this study, suppressing VEGFR activity 

by sunitinib additionally increased the response of HLMECs 
to the cytotoxic effects of cisplatin or docetaxel in combination 
with vitamin D compounds.

Role of p53 protein in the regulation of tumor angiogenesis. 
Cancer cells, including lung cancer cells, produce a number 
of growth factors engaged in tumor angiogenesis, for example, 
VEGF (88). Uncontrolled angiogenesis is in turn associated 
with cancer progression. One of the mechanisms involved in 
the regulation of angiogenesis is p53, for example, through the 
regulation of growth factor expression; the downregulation of 
pro-angiogenic factors, for example, VEGF; and the upregula-
tion of anti-angiogenic factor expression. Tumors with mutant 
p53 are more vascularized than those of wild-type p53 (25). 
kieser et al demonstratd that murine fibroblasts NIH3T3, 
expressing mutant p53 constantly, produced high level of 
VEGF (89), whereas Mukhophadhyay et al demonstrated that 
wild-type p53 decreases the activity of VEGF promoter (90). 
Studies have also shown that there is a correlation between 
mutant p53 and the level of VEGF in NSCLC (91-93). A 
number of studies have aimed at inducing p53 pathway to 
activate the processes regulated by p53 protein (cell cycle 
arrest, apoptosis, DNA damage repair, autophagy, gene tran-
scription regulation etc.) (94). In this study, we assessed the 
effects of TkIs, cytostatics and vitamin D compounds and 
their combinations on VEGF-A production by A549 cells 
in vitro and correlated with the changes in p53 expression. 
The results demonstrated that sunitinib and cisplatin down-
regulated VEGF-A protein expression, and the combination 
of both even multiplied the effect. At the mRNA level, treat-
ment with sunitinib upregulated VEGFA mRNA expression 
compared to untreated cells. In addition, the decrease in the 
protein level may not have been undergone at the transcription 
level but may be by the processes of protein translation, post-
translational modification, or excessive protein degradation. 
There was also no correlation between the downregulation of 
VEGF-A and p53 expression as after treatment of A549 cells 
with sunitinib, we did not observe p53 expression. Calero 
et al demonstrated that sunitinib downregulated the secretion 
of VEGF by Sk-N-BE(2) neuroblastoma cells. The authors 
stated that the decrease in VEGF expression correlated with 
PI3k/Akt signaling pathway inhibition by sunitinib followed 
by increased MYC protein degradation (24). MYC has also 
been shown to regulate the expression of VEGF and other 
angiogenic factors. However, according to cell type the regula-
tion may differ at the level of transcription or post-translational 
modifications and also may be determined by different physio-
logical and pathological factors (95). In this study, we observed 
that after sunitinib treatment, the level of MYC mRNA in 
A549 cells increased (the expression of MYC at the protein 
level was not analyzed yet). Mahalingam et al did not observe 
any changes in c-MYC protein level in Caki-1 or 786-O kidney 
cancer cells following treatment with sunitinib. However, after 
c-MYC expression was silenced by siRNA or PIM-1 kinase 
inhibitor (the function of PIM-1 is to stabilize c-MYC protein 
through phosphorylation), the cells became more sensitive to 
sunitinib (96). In this study, we observed the downregulation 
of MYC mRNA expression following treatment of the A549 
cells with cisplatin. In the study by Xie et al, treatment with 
cisplatin resulted in a decrease in MYC protein expression in 
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the A549 cells compared to the control cells (97). Therefore, 
the use of cisplatin in combination with sunitinib may sensitize 
A549 lung cancer cells to sunitinib.

The function of p53 protein is regulated at the level of 
transcription, translation, stabilization and post-translational 
modifications. The other important issue for p53 activity is its 
localization inside the cell, that is, when a stress factor affects 
the cell, p53 protein should be transferred to the nucleus to 
induce the transcription of given target genes. However, in 
some types of cancer with wild-type p53, its activity is inhibited 
by arresting it in the cytoplasm or excessive export from the 
nucleus, and thus, it renders cancer cells resistant to radio- or 
chemotherapy (98). In this study, as shown in Fig. 11, following 
incubation of the A549 lung cancer cells with cisplatin or 
docetaxel alone or with the tested TkIs and/or vitamin D 
compounds, p53 protein was localized in the nucleus, where 
it plays the role of transcription factor (p21 expression level 
increased as assessed by western blot analysis).

The activity of p53 protein is regulated by MDM2 protein 
(the human protein is often termed HDM2), which inhibits the 
transcriptional activity of p53 through binding with N-terminal 
domain, or induces p53 export from nucleus, or due to E3 
ubiquitin ligase activity, HDM2 directs p53 to proteasomal 
degradation. Moreover, HDM2 and p53 are linked through an 
autoregulatory negative feedback loop. One of the concepts 
in recovering p53 activity is the inhibition of the p53-HDM2 
interaction (99,100). In a kidney cancer model, sunitinib 
revealed only transient anticancer activity and temporarily 
increased the expression of p53 and p21waf1, and additionally, 
increased the expression of HDM2, while tumors developed 
resistance to sunitinib. Only after using MI-319, a HDM2 
antagonist, a better effectiveness of sunitinib was observed 
(101). In this study, in A549 lung cancer cells incubated with 
sunitinib, the expressoin of TP53 mRNA increased; however, 
we did not observe an increased level of p53 protein. Probably, 
despite of the induction of TP53 expression, newly formed 
protein can be rapidly ubiquitinated by HDM2 and degraded. 
Only when sunitinib was applied together with cisplatin or 
docetaxel, we observed an increase in the p53 protein level: the 
cytostatics activated DNA damage response mechanisms that 
in turn induced the upregulation of p53 protein expression; p53 
was then translocated to the nucleus and induced p21 protein 
expression. Gan et al demonstrated that docetaxel stabilized 
p53 protein in LNCaP prostate cancer cells. Treatment of 
LNCaP cells with docetaxel resulted in the upregulation of 
p53 and p21 and the downregulation of HDM2. The increase 
in p53 level did not result from elevated TP53 transcription as 
there was no increase in mRNA observed. When the authors 
measured the half-life of p53, they demonstrated that as a result 
of docetaxel treatment the half-life increased from 2 h to more 
than 8 h (102). In this study, treatment of the A549 cells with 
docetaxel also did not increase TP53 mRNA, whereas the level 
of p53 protein increased significantly. In A549 cells, docetaxel 
may stabilize p53 protein by affecting HDM2 activity.

The analysis of the VEGF-A level in A549 tumor lysates 
harvested from mice treated with different combinations of 
sunitinib, docetaxel and 1,24(OH)2D3 indicated that sunitinib 
and 1,24(OH)2D3 used alone or in combination decreased 
the VEGF-A level in A549 tumors, whereas in tumors 
harvested from mice treated with sunitinib in combination 

with docetaxel, the expression was found to be slightly low 
compared to that of the control mice. We also analyzed the 
expression of the tumor suppressor PTEN, and we observed its 
increase in tumor lysates from mice treated with 1,24(OH)2D3 
or 1,24(OH)2D3 in combination with docetaxel. 1,25(OH)2D3 
and 19-nor-1,25(OH)2D2 (paricalcitol) have been shown to 
induce PTEN expression in leukemia cell lines (103). PTEN 
through the PI3k/Akt pathway influences the process of 
angiogenesis. Ma et al demonstrated that silencing PTEN 
in pancreatic cancer cells resulted in the upregulation of 
VEGF (104). Therefore, a low level of VEGF-A in tumors 
harvested from mice treated with 1,24(OH)2D3 may result 
from the upregulation of PTEN expression.

Mechanisms of acquired resistance to anticancer therapy. One 
of the important obstacles in anticancer therapy is the acquired 
resistance of the tumor to the applied treatment. In case of 
anti-VEGF therapy, the resistance involves the activation of 
alternative signaling pathways engaged in angiogenesis that are 
independent of the VEGF pathway. Therefore, combining drugs 
with different mechanisms of action and aiming at multiple 
signaling pathways may provide a more effective control of 
tumor angiogenesis (25,105,106). For example, the use of 
sunitinib in the treatment of kidney cancer leads to acquired 
resistance after a few months since the therapy is introduced. The 
suggested mechanisms of resistance to sunitinib are as follows: 
the activation of angiogenic signaling pathways, resistance of 
cells of tumor microenvironment, increased invasiveness of 
cancer cells and acquisition the ability to metastasis, activation 
of alternative signaling pathways, incomplete inhibition of drug 
targets, or the changes in expression of some microRNAs (107). 
Huang et al explored serum harvested from mice xenografted 
with kidney cancer sensitive or resistant to sunitinib and ascer-
tained significantly elevated IL‑8 level in serum from mice with 
sunitinib resistant kidney cancer. After the application of IL-8 
neutralizing antibody, they observed sensitization of the tumor 
to sunitinib (108). IL-8 expression is regulated, among other 
things, by NF-κB (109,110). In this study using a A549 lung 
cancer model, we observed an upregulation in NF-κB expres-
sion in tumors harvested from mice treated with sunitinib, 
with the highest level of NF-κB and simultaneously the lowest 
level of IκB in those receiving triple combination of sunitinib, 
docetaxel and 1,24(OH)2D3. Thus, an elevated NF-κB level 
may be associated with the activation of alternative signaling 
pathways after treatment with sunitinib. NF-κB is an important 
mediator of lung carcinogenesis. Efforts are being made to 
inhibit the activity of NF-κB or for application in cancer chemo-
prevention that can also affect the NF-κB pathway. However, 
there are some doubts regarding the validity of this concept due 
to undesired side-effects resulting from the violation of immune 
system function. In addition, it turned out that NF-κB may 
reveal distinct activity depending on the cell or tissue type (111). 
For example, the increased survival of neuronal cells has been 
shown to correlate with the upregulation of NF-κB expression 
following treatment with sunitinib (112). Other studies disclosed 
the double role of NF-κB in the regulation of apoptosis. 
Depending on the cell type and external stimulus influencing 
on the cell, NF-κB may induce or inhibit apoptosis (113). Aoki 
et al showed that increased activity of NF-κB may be connected 
with hypoxia-induced endothelial cells apoptosis. In these cells 
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authors observed increase in the ratio of Bax to Bcl-2 and higher 
level of p53 (114). NF-κB may play a role in the regulation of 
p53 expression in response to different stress factors, as it was 
discovered that the NF-κB binding region in TP53 promoter 
overlaps genotoxic stress response region (115). NF-κB stimu-
lates the expression of genes inducing apoptosis for example, 
Fas and Fas-ligand. In response to UV-C or daunorubicine, 
NF-κB downregulates the expression of anti-apoptotic Bcl-xL, 
and thus under some circumstances the activation of NF-κB 
sensitizes cells to programmed cell death (116). Therefore, 
in this study, the increased NF-κB expression level in A549 
tumors obtained from mice treated with the triple combination 
of sunitinib, docetaxel and 1,24(OH)2D3 may have contributed 
to the induction of apoptosis in tumors, particularly since the 
simultaneously increased expression of pro-apoptotic Bax was 
observed.

In this study, 1,24(OH)2D3 used alone slightly decreased 
NF-κB level in A549 tumors compared to the controls, but 
it did not lower the level of NF-κB that was upregulated 
by sunitinib. 1,25(OH)2D3 has been found to modulate the 
immune response, for example, through the influence on 
activity of NF-κB in lymphocytes, fibroblasts and monocytes. 
1,25(OH)2D3 induces the expression of IκBα in macrophages 
and peripheral blood mononuclear cells and also inhibits the 
expression of pro‑inflammatory cytokines, for example IL‑8 in 
prostate cancer cells through interaction with NF-κB signaling. 
The inhibition of NF-κB activity by 1,25(OH)2D3 may be 
achieved through the blocking of p65 subunit translocation 
to nucleus, and in this manner, the binding with target DNA 
sequences, for example, IL-8 promoter, is inhibited. Another 
possible mechanism of NF-κB inhibition by 1,25(OH)2D3 is 
the induction of the expression of proteins that interfere with 
NF-κB, for example, insulin-like growth factor binding protein 
IGFBP-3 (117). The analysis of the IL-8 level in A549 tumors 
may clarify if the level of the IL-8 was downregulated or not 
despite the upregulation of NF-κB.

In conclusion, the results of this study provide new knowl-
edge of the combination of drugs with different mechanisms of 
action in an A549 lung cancer model in vitro and in vivo. The 
tested TkIs exhibited differential mechanisms of induction of 
cell death: imatinib induced caspase-dependent, whereas suni-
tinib induced caspase-independent cell death. 1,24(OH)2D3 and 
1,25(OH)2D3 augmented caspase activity only in HLMECs. 
Sunitinib and cisplatin decreased the secretion of VEGF-A 
from A549 cells via a p53-independent and p53-dependent 
pathway, respectively. Moreover, to the best of our knowledge, 
we demonstrated for the first time the use and the efficacy of 
the triple combination of sunitinib, docetaxel and 1,24(OH)2D3 
in an A549 lung cancer model, which showed that 1,24(OH)2D3 
enhanced the anticancer activity of TkI sunitinib and sunitinib 
in combination with docetaxel in a NSCLC A549 model in vivo. 
The observed anticancer activity may be the result of the influ-
ence of tested agents on the process of tumor angiogenesis, for 
example, through the downregulation of VEGF-A expression 
in tumor or through direct influence on the proliferation of 
endothelial cells, and also on the induction of cell death inside 
the tumor. The use of sunitinib and docetaxel in combination 
with 1,24(OH)2D3 downregulates CYP24 expression, which 
may result in the decreased inactivation of vitamin D analog 
inside the tumor and its greater availability as a consequence.
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