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Abstract: In breast cancer the use of small molecule inhibitors of tyrosine kinase activity of the ERBB family mem-
bers improves survival thus represents a valuable therapeutic strategy. The addition of calcitriol, the most active 
metabolite of vitamin D, or some of its analogs, to conventional anticancer drugs, including tyrosine kinase inhibi-
tors (TKIs), has shown an increased effect on the inhibition of cancer cell growth. In this work, we have evaluated the 
effects and the mechanism of action of the combination of calcitriol or its analog EB1089 with lapatinib or neratinib 
on EGFR and/or HER2 positive breast cancer cell lines. Lapatinib, neratinib, calcitriol and EB1089 inhibited breast 
cancer cell proliferation in a concentration-dependent manner. Addition of calcitriol or EB1089 to TKIs treatment 
induced more effective inhibiting effect on cell growth and AKT and MAPK phosphorylation than all compounds 
alone. The combined treatments incremented also the expression of active caspase 3 and induced cell death in two 
and three-dimensional cell culture and significantly inhibited anchorage-independent colony formation. Our results 
suggest that the addition of calcitriol or its analog EB1089 to conventional targeted therapies, including lapatinib or 
neratinib might be of benefit to patients with breast cancer, particularly those with an EGFR and/or HER2 positive 
phenotype.
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Introduction

Breast cancer, a life-threatening disease, is 
one of the most common and the second lead-
ing cause of death in women, and its worldwi- 
de incidence continues to increase [1]. The 
mammary carcinomas are mainly classified 
into three molecular subtypes; luminal A/B, 
human epidermal growth factor receptor 2 
(HER2) positive and triple-negative [2]. The lat-
ter two subtypes are aggressive, highly prolif-
erative and metastatic. Both comprise approxi-
mately 20-30% and 15-20%, respectively, of all 
breast tumours [3, 4]. In breast cancer, the 
overexpression and deregulation of some of 
the epidermal growth factor receptor (ERBB) 

family members (EGFR/HER1, HER2, HER3, 
and HER4) have been found to importantly con-
tribute to the genesis and development of the 
tumorigenic process. In addition, coexpression 
of EGFR and HER2 have been associated with 
poorly differentiated tumours, metastases and 
worse prognosis than those tumours only 
expressing a single receptor [5, 6]. In fact, a 
subset of triple negative breast cancer tum- 
ours contains elevated EGFR expression [7]. 
Activation and autophosphorylation of ERBB 
members, in specific tyrosine kinase residues, 
triggers the activation of tumour-promoting 
effects such as those mediated by the PI3K/
AKT and Ras/Raf/MEK/MAPK signaling path-
ways that promotes proliferation, tumour cell 
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growth and migration in breast cancer [8]. 
Hence, ERBB receptor family members have 
been intensely studied as therapeutic targets 
and several ERBB inhibitors are now been 
developed and of use in the clinic. In fact, HER2 
positive breast cancers are treated with anti-
HER2 therapies such as monoclonal antibodies 
and TKIs. On the other hand, triple negative 
breast cancer does not have conventional tar-
geted therapies due to the lack of the receptors 
commonly found on other breast tumours, such 
as HER2, progesterone or estrogen receptors 
(PR, ER). Therefore; the treatment options for 
these tumours are chemotherapy and radiation 
therapy.

Lapatinib, a small molecule, inhibits HER2 and 
EGFR activation and subsequent down regula-
tion of PI3K/AKT and MAPK pathways. Curr- 
ently, this TKI is used for metastatic HER2 posi-
tive breast cancer treatment [9, 10]. Inter- 
estingly, lapatinib showed an anti-proliferative 
effect in triple negative breast cancer cells 
through inhibition of the signaling pathway can-
cerous inhibitor of protein phosphatase 2A 
(CIP2A)/protein phosphatase 2A (PP2A)/AKT 
and induction of apoptosis [11, 12]. 

Neratinib is another TKI of several ERBB family 
members (EGFR, HER2 and HER4) that blocks 
their downstream signaling pathways [13, 14]. 
Currently, this inhibitor is being evaluated in a 
phase I/II clinical trials in patients with HER2 
positive [13, 15, 16] and may also serve to 
treat metastatic breast cancer that overex-
presses HER2 [16, 17].

Several factors contribute to the progression 
and high incidence of HER2 positive and triple 
negative breast cancer, including vitamin D 
deficiency. This deficiency is typically defined as 
serum levels less than 80 nmol/L of calcidiol, a 
vitamin D metabolite that delimitates nutrition-
al vitamin D status [18]. In fact, a low serum 
calcidiol concentration is associated with 
increased breast cancer risk, incidence and 
metastasis [19]. Calcitriol, the hormonally 
active form of vitamin D, exerts pleiotropic 
effects as growth arrest, cell differentiation, 
migration, invasion and apoptosis, through its 
binding with the vitamin D receptor (VDR) [20]. 
In fact, VDR knockout mice showed to be more 
prone to develop ER and PR negative breast 
tumours compared with their wild type counter-
parts after treatment with a carcinogen [21]. 
These findings suggest that vitamin D deficien-

cy may play a critical role in the origin and 
development of breast cancer. 

Calcitriol and several of its analogs increase 
tumour-cell sensitivity to diverse chemothera-
peutic agents, antihormonal compounds and 
ionizing radiation [22]. In addition, recent evi-
dences from our laboratory have shown that 
calcitriol or its analog EB1089, which has lower 
calcemic effects, enhance the antiproliferative 
activity of others antineoplastic agents, in 
EGFR and/or HER2 positive breast cancer cells 
[23, 24]. Considering this, herein we study in 
breast cancer cell lines, overexpressing EGFR 
or HER2, if calcitriol or EB1089 affect the anti-
proliferative and pro-apoptotic activity of lapa-
tinib and neratinib.

Material and methods

Reagents

Cell culture media were obtained from Life 
Technologies (Grand Island, NY, USA). Fetal 
bovine serum (FBS) was purchased from 
Hyclone Laboratories Inc (Logan, UT, USA). 
Lapatinib and neratinib were acquired from 
Sequoia Research Products (United Kingdom). 
Calcitriol (1α, 25-dihydroxyvitamin D3) and 
propidium iodide were purchased from Sigma 
(St. Louis, MO, USA). EB1089 (seocalcitol) was 
obtained from Tocris Bioscience (Bristol, United 
Kingdom). RNase A solution was acquired from 
Promega (Madison, WI, USA). Matrigel was 
obtained from Corning (NY, USA), F(ab) solution 
(1 mg/mL) was purchased from Jackson 
Immuno Research (PA, USA), Prolong solution 
was obtained from Molecular Probes (Thermo 
Fisher Scientific, MA, USA).

Cell culture

SUM-229PE cell line was acquired from As- 
terand (San Francisco, CA), SK-BR-3, HCC1937 
and MDA-MB-231 cell lines were obtained  
from ATCC (Manassas, VA. USA). The cells were 
seeded in their specific medium following indi-
cations from the supplier. The media were sup-
plemented with 5% heat-inactivated-FBS, 100 
units/mL penicillin plus 100 µg/mL streptomy-
cin and maintained at 37°C with a 5% atmo-
sphere of CO2 and 95% humidity. 

Proliferation and drug combination treatment

The cells were seeded in 96-well culture pla- 
tes at a density of 1000-2000 cells per well 
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depending on each line, then, the cells were 
incubated in the presence of increasing con-
centrations of calcitriol, EB1089, lapatinib and 
neratinib or vehicle alone (0.1% v/v ethanol or 
dimethyl sulfoxide) for 7 days. Subsequently, 

the DNA concentration was quantified by the 
CyQuant proliferation kit (Invitrogen) according 
to manufacturer’s instructions. The values of 
the inhibitory concentrations (IC) were calculat-
ed by non-linear regression sigmoidal fitting 
with a dose-response curve by means of a 
scientific graphing software (OriginLab Corpo- 
ration, Northampton, MA, version 5.0). Experi- 
ments were performed in sextuplicate on at 
least 3 different occasions. Combinations of 
TKIs with calcitriol or its synthetic analog were 
performed using the IC20 and IC50 values. 
Pharmacological effect of combination studies 
was calculated with the combination index (CI) 
multi-drug equation of Chou Talalay [25]. For 
this analysis, the parameters are as follows: IC 
< 1 synergistic effect, IC > 1 antagonistic effect 
and CI = 1 additive effect.

Cell cycle distribution

Cells were incubated with the IC50 values of 
lapatinib or neratinib alone or in combination 
for 96 hours. After treatment, the cells were 
collected and washed with phosphate buffer 
(PBS) pH 7.2, fixed in 70% v/v ethanol and 
stored at -20°C. For cell cycle analysis, the 
samples were washed and incubated in RNAse 
(10 μg/ml), 0.1% v/v triton X-100 and propidium 
iodide (1 μg/ml) solution in the dark at room 
temperature for 20 min. The DNA content was 
determined using a FACSCanto II flow cytome-
ter (Becton Dickinson, San Jose, CA, USA). For 
cell cycle analysis and detection of SubG0 peak 
a total of 35,000 events from PI-area vs. 
PI-wide gate were acquired. The results were 
analyzed using FlowJo Software (LLC, Ashland, 
OR, USA).

Detection of active form of caspase 3

In order to evaluate the effect of combinations 
on caspase 3 activation, monolayer and 3D cul-
tures of breast cancer cells were used.

For monolayer cell culture, the cells were incu-
bated with the antineoplastics independently 
or in combination for 72 h. Positive cells for the 
active form of caspase 3 were detected with a 
commercial apoptosis kit (BD PharMingen, CA, 
USA). Cells were collected, washed and resus-
pended in BD Cytofix/Cytoperm buffer and 
incubated for 20 minutes at 4°C. The cell sus-
pension was centrifuged and washed twice 
with the BD Perm/Wash buffer. Subsequently, 
the cells were incubated with the fluorescein 

Table 1. Cellular characterization of human 
breast cancer lines
Cell line VDR EGFR HER2
SUM-229PE + + -
SK-BR-3 + + +
HCC1937 + + -
MDA-MB-231 + + -
Vitamin D receptor (VDR), human epidermal growth fac-
tor receptor type I (EGFR), and type II (HER2).

Figure 1. Antiproliferative effect of lapatinib and ne-
ratinib on breast cancer cells. The cell lines were in-
cubated in the presence of different concentrations 
of lapatinib (A) or neratinib (B) during 7 days. Cell 
proliferation was evaluated by quantification of DNA. 
Results are shown as the mean ± S.D. of sextuplicate 
determinations of three independent experiments. 
Data from vehicle-treated cells (V) were normalized 
to 100%.



Calcitriol synergizes TKIs effects on breast cancer cells

1489 Am J Cancer Res 2017;7(7):1486-1500

isothiocyanate (FITC) anti-active caspase 3 
antibody for 30 min. Samples were washed, 
and resuspended with BD Perm/Wash buffer 
and analyzed by flow cytometry. A total of 
20,000 events were acquired. Then, percent-
age of active caspase 3 positive cells was 
obtained from FSC-A vs. FITC active caspase 3 
contour-plot.

3D culture assays were performed for the eval-
uation of the active form of caspase 3, as previ-
ously described [26]. SUM-229PE cells were 
seeded in 8 wells plates previously covered 
with Matrigel. After 7 days of culture, cells were 
exposed to different treatments alone or in 
combination for 48 h. Subsequently, the cells 
were fixed with 4% formalin, washed with PBS 
pH 7.2/glycine, and exposed to a primary block 
buffer and 10% goat serum for 1 h at room tem-
perature. After this period, the blocking solu-
tion was aspirated and the cells were incubated 
with a second blocking buffer (immunofluores-
cence buffer, 10% goat serum, F (ab) 1 mg/mL) 
and the primary antibody (active form of cas-
pase 3, Cell Signaling, dilution 1:100) overnight 
at 4°C. After this period, the samples were 
washed 3 times for 20 min with immunofluo-
rescence buffer at room temperature. Sub- 
sequently, the cells were incubated for 1 h at 
room temperature with a solution containing 
the first blocking buffer with the secondary 
antibody. Finally, the samples were washed 3 
times with the first blocking buffer and incubat-
ed with 4’,6-diamidino-2-phenylindole (DAPI) for 
20 min at room temperature. After this period, 
the samples were washed with the first block-
ing buffer, aspirated and the Prolong solution 
was added. Finally, the slides were dried at 
room temperature and stored at -20°C until fur-
ther analysis by confocal microscopy.

Western blot

After 72 h of treatment, the cells were washed 
with PBS pH 7.3 and lysed in a buffer contain-
ing HEPES 50 mM pH 7.4, NaCl 250 mM, EDTA 
5 mM, Nonidet P-40 0.1%, NaF 10 mM, β-gly- 
cerophosphate 50 mM, Na3VO4 1 mM and com-
plete EDTA-free protease inhibitor cocktail 
(Sigma, St. Louis, MO, USA). Subsequently, 20 
micrograms of protein were separated on SDS-
PAGE and transferred to a polyvinylidene fluo-
ride membrane, which was blocked with 5% 
milk for 30 min. Membranes were incubated 
overnight at 4°C with different antibodies, anti-
EGFR (1:1000 Cell Signaling, Boston, Massach- 
usetts), anti-VDR (1:1000, Santa Cruz Biote- 
chnology Inc., CA, USA), anti-HER2 (1:1000 Cell 
Signaling), anti-phospho-p44/42 MAPK ERK- 
1/2 (1:1000 Cell Signaling) or anti-AKT (serine 
453, 1:1000 Cell Signaling). After incubation 
with the primary antibody, the membranes 
were washed and incubated with their respec-
tive peroxidase coupled secondary antibody 
(1:1000) for 1 h at room temperature. For load-
ing control, the membranes were incubated 
with an anti-GAPDH antibody (1:1000 Santa 
Cruz Biotechnology Inc.). Proteins were detect-
ed with ECLPlus western blotting detection sys-
tem (GE Healthcare, UK) and visualized using a 
Kodak developer. Densitometry was performed 
using Image J software (NIH, USA). The normal-
ization of the values of each treatment was per-
formed with respect to the total protein of ERK 
or AKT.

Soft-agar assays

The determination of the ability of the cells to 
form colonies after being exposed to the treat-
ments was performed by the soft agar tech-
nique. Cells were seeded at a concentration of 
5000 cells per well in 6 well plates with an aga-
rose mixture consisting of 0.65% top agar and 
0.35% bottom agar and their respective spe- 
cific medium. The cells were treated with the 
antineoplastics alone or in combinations and 
allowed to grow for 30 days. The cells were 
incubated in a humidified chamber at 37°C 
with 5% CO2 and the medium was replaced 
every 7 days. After 30 days, the colonies were 
fixed and stained with a solution of methanol 
and violet crystal. Representative images were 
taken with the EVOS® FL Cell Imaging System 
(Life Technologies, San Francisco, USA) in clear 
field.

Table 2. Inhibitory concentration (IC)20 and 50 val-
ues of lapatinib and neratinib on breast cancer 
cells proliferation

Compound IC SUM-229PE
(mol/L)

SK-BR-3
(mol/L)

HCC1937
(mol/L)

Lapatinib 20 1.3 × 10-7 1.6 × 10-8 4.5 × 10-8

50 3.5 × 10-7 8.9 × 10-8 6.0 × 10-6

Neratinib 20 6.7 × 10-9 8.1 × 10-10 8.5 × 10-8

50 1.4 × 10-8 2.1 × 10-9 7.5 × 10-7

Calcitriol (23) 20 4.6 × 10-9 4.6 × 10-10 -
50 1.4 × 10-8 2.4 × 10-9 -

EB1089 (23) 20 2.0 × 10-10 4.3 × 10-10 -
50 2.7 × 10-9 7.5 × 10-10 -
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Statistical analyses

Data are expressed as the mean ± standard 
deviation (S.D.). Statistical analyses were deter-
mined by one-way ANOVA followed by the Holm-
Sidak method, using a specialized software 
package (SigmaStat 3.5 version, Jandel Sci- 
entific).

Results 

Effect of the antineoplastic agents on breast 
cancer cells proliferation 

Protein expression of VDR, EGFR and HER2 
was confirmed in established human breast 

inhibition, as previously described (Table 2) 
[23]; however, HCC1937 responded significant-
ly less and no response was observed in the 
case of MDA-MB-231 cells (data not shown).

Effects of calcitriol or its analog on lapatinib or 
neratinib activities on cell growth

We next analyzed the combination of calcitriol 
or EB1089 with TKIs on breast cancer cells pro-
liferation using IC20 and IC50 values (Table 2). 
For the particular cases where IC values were 
not obtained, only significant results upon cell 
proliferation are used. The results obtained 
from co-incubations are shown in Table 3. As 
depicted, the treatment of calcitriol or its ana-

Table 3. Growth inhibitory effects (I%) exerted by lapatinib, neratinib, 
calcitriol or EB1089 alone or in combination in breast cancer cells

SUM-229PE
L N

IC20 IC50 IC20
IC50

Lg IC I% 23.0±12.9 48.0±10.0 12.6±11.7 35.6±11.6
Combinations

C 20 15.4±8.7 26.3±14.2 59.2±12.5 48.7±8.4* 58.0±11.7*
50 45.7±7.8 56.9±14.2 72.5±7.4* 64.7±10.3* 73.8±8.5*

E 20 10.8±6.0 40.0±10.0* 55.7±11.5 37.3±12.6* 47.9±8.8
50 41.6±8.3 65.2±7.1* 76.5±7.6* 65.5±9.5* 73.2±8.2*

SK-BR-3
L N

IC20 IC50 IC20
IC50

Lg IC I% 24.4±10.2 60.4±10.8 52.3±9.9 77.7±4.6
Combinations

C 20 10.6±7.7 33.4±7.1 71.9±4.5* 78.0±5.4* 58.1±7.1
50 22.0±9.4 36.8±10.8 70.3±5.0* 78.5±4.5* 63.1±11.7

E 20 14.6±7.7 28.6±5.9 70.6±6.7* 79.5±3.7* 59.5±7.0
50 31.6±11.2 43.0±11.1 71.1±4.6* 78.4±4.8* 63.9±7.9*

HCC1937
L N

IC20
IC50 IC20 IC50

Lg IC mol/L I% 11.6±9.4 39.7±9.8 22.5±8.3 64.9±6.1
Combinations

C 1 × 10-8 7.3±1.5 67.1±3.1* 39.8±6.8 42.9±13.1* 63.3±8.4
E 1 × 10-8 8.9±6.9 53.3±6.9* 57.1±8.8* 33.9±5.6* 61.1±5.9

MDA-MB-231
L N

1 × 10-5 mol/L 1 × 10-6 M mol/L
Lg IC mol/L I% 18.5±2.2 24.2±3.5

Combinations
C 1 × 10-7 4.0±9.2 31.7±10.9* 21.2±3.8
E 1 × 10-7 1.7±9.7 42.5±8.7* 34.2±8.8*
Ligand (Lg), Inhibitory concentration (IC), lapatinib (L), neratinib (N), calcitriol (C), EB1089 
(E). Results are expressed as the mean ± S.D. percent growth inhibition of sextuplicate 
determinations and represent at least three different experiments. *P < 0.001 vs. each 
drug alone.

cancer cell lines SUM-
229PE, SK-BR-3, HCC1- 
937 and MDA-MB-231 
by Western blots. All cell 
lines were VDR and EGFR 
positive, but only SK-BR-
3 cells were HER2 posi-
tive (Table 1). 

The effects of lapatinib 
and neratinib on cell pro-
liferation were evaluated 
using a DNA quantifica-
tion assay. Both TKIs 
inhibited cell prolifera-
tion in a dose dependent 
manner; however, the 
compounds showed dif-
ferent potencies among 
the cell lines tested (Fi- 
gure 1). Based on the 
calculated IC50 values 
(Table 2), the SK-BR-3 
cell line, that overexpre- 
sses HER2, was the mo- 
st sensitive, while HCC- 
1937 and MDA-MB-231 
(data not shown) were 
those significantly less 
sensitive to the TKIs. 
These results indicated 
and confirmed that HER2 
overexpression is associ-
ated with an increased 
sensitivity to TKIs [27]. 
Both SUM-229PE and 
SK-BR-3 cells responded 
to calcitriol or its analog 
in terms of cell growth 
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log with TKIs resulted in a significant and more 
notable inhibition of cell growth than that 
obtained with either drug alone, in most of the 
combinations used (Table 3). Except all combi-
nations with neratinib using its IC50 values in 
SK-BR-3 and HCC1937 cell lines, although 
inhibitory, did not result in higher effect on cell 
growth. Interestingly, in cells that were insensi-
tive to the effects of antineoplastics, such as 
MDA-MB-231 cells, drug resistance was re- 
versed when cells were treated in combination 
with calcitriol or EB1089 (Table 3).

The nature of the interactions between calcitri-
ol or EB1089 and both of the TKIs studied was 
performed by the determination of the combi-
nation index (CI), as described under Material 
and Methods section. In general, combinations 
of lapatinib (Figure 2A) and neratinib (Figure 
2B) with any of the vitamin D compounds in 

SUM-22PE and SK-BR-3 cells resulted in a com-
bination index < 1, which denoted a synergistic 
interaction mechanism between calcitriol or 
EB1089 with TKIs. Of note, mostly synergic 
combinations were obtained with neratinib.

Figure 2. Combination index values obtained in 
breast cancer cells exposed to different drug com-
binations schemes. SUM-229PE and SK-BR-3 cells 
were incubated with drug combinations of vitamin 
D derivative: lapatinib (A) or neratinib (B); 20:20 (●); 
20:50 (○); 50:20 (▼); and 50:50 (Δ). The combina-
tion index was calculated with the equation of Chou 
and Talalay. The data points below combination in-
dex values of 1 denoted by a horizontal line on each 
plot are indicative of synergistic interactions.

Figure 3. Inhibition of ERK1/2 and AKT phosphoryla-
tion by the co-treatments in breast cancer cells. SUM-
229PE cells were incubated in the absence (V) or 
presence of its corresponding IC50 values of lapatinib 
(L), neratinib (N), calcitriol (C) or EB1089 (E) alone 
or in combination during 72 h. The phosphorylated 
form of the ERK or AKT proteins was determined by 
Western blots. Glyceraldehyde 3-phosphate dehy-
drogenase protein (GAPDH) was used as the loading 
control. Normalization of values was done against to-
tal ERK or AKT protein in SUM-229PE cells. The rep-
resentative image (A) and the densitometry of three 
(SUM-229PE) different experiments (B) are shown.
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Treatment of breast cancer cells with calcitriol 
or EB1089 in combination with TKIs inhibited 
MaPK and aKT signaling pathways

Since SUM-229PE cells were the most sensi-
tive to the growth inhibitory effects of drug 

Cells incubated only with calcitriol or EB1089 
did not increase the percentage of cells in the 
subG0 phase but in the case of the analog, 
cells increased significantly the G1 fraction and 
decreased S and G2/M phases. On the other 
hand, the addition of calcitriol or its analog to 

Figure 4. Effects of the addition of calcitriol or EB1089 to lapatinib or ne-
ratinib on the cell cycle of SUM-229PE cell line. Cells were incubated in the 
absence (V) or presence of their corresponding IC50 value of lapatinib (L), ne-
ratinib (N), calcitriol (C) or EB1089 (E) alone or in combination for 96 h. The 
DNA content was analyzed. Histograms show representative DNA profiles of 
cells treated with the agents. SubG0 peak is indicated with a marker. Images 
are representative from three independent experiments.

combinations, we decided to 
investigate the effects of the 
combined treatment on ERK 
and AKT phosporylation, two 
signaling pathways activated 
by ERBB family members. 
Combined treatments of TKIs 
with calcitriol or its analog 
inhibited ERK and AKT phos-
phorylation more notably th- 
an either drug alone (Figure 
3A and 3B). In addition, total 
ERK protein levels were also 
diminished in the presence of 
all combinations, however, 
total AKT levels were de- 
creased only when calcitriol 
or EB1089 were added to 
neratinib. 

Calcitriol or EB1089 com-
bined with TKIs induced 
apoptosis and inhibited cell 
cycle progression

To confirm the results obta- 
ined with the cell growth as- 
says and in order to elucidate 
the mechanisms of action of 
combination treatments, we 
then analyzed the cell cycle 
distribution by flow cytometry 
in SUM-229PE cells. Figure 4 
shows the histograms of the 
cell cycle profile of the cells 
treated with the IC50 values of 
only one drug or in combina-
tion during 96 hours. As 
depicted, incubations in the 
presence of lapatinib or nera-
tinib reduced the percentag-
es of cells in S and G2/M 
phases compared to those 
observed with the vehicle 
alone and induced cell death, 
as detected by the increase in 
the percentage of cells in 
subG0 phase (Table 4). 

Table 4. Percentage of SUM-229PE cells exposed to calcitriol, 
EB1089, lapatinib, neratinib alone or their combination in the cell 
cycle phases
Treatment SubG0 G1 S G2
V 10.7±6.1 34.0±2.6 39.7±1.9 15.0±1.6
C 9.7±4.4 42.7±5.5 35.1±2.9 13.2±3.0
E 14.6±7.2 59.5±10.8* 18.5±3.8* 7.9±1.2*
L 62.5±0.0* 29.4±2.3 10.6±0.3* 2.0±2.8*
C+L 86.2±3.3*,** 13.4±3.9*,** 0.2±0.0*,** 0.0±0.0*
E+L 98.5±0.2*,** 1.4±0.1*,** 0.0±0.0*,** 0.0±0.0*
N 31.8±9.8* 36.8±0.1 23.6±5.0* 7.1±4.7*
C+N 98.7±0.2*,** 11.3±3.8*,** 3.9±5.0*,** 0.3±0.0*,**
E+N 95.3±5.0*,** 0.6±0.5*,** 3.9±5.0*,** 0.0±0.0*,**
V, vehicle; C, calcitriol; E, EB1089; L, lapatinib; N, neratinib. Results are the mean ± 
S.D. from three independent assays. *P < 0.001 vs. V, **P < 0.001 vs. each drug 
alone. 
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TKIs increased even more the 
percentage of cells in the 
SubG0 region, while the per-
centage of cells in G1 phase 
was reduced and the percent-
ages of cells in the S and 
G2/M phase were totally abol-
ished as compared with each 
treatment alone or with the 
control (Figure 4 and Table 4). 
Thus our data suggest that 
the combination of calcitriol 
or EB1089 with lapatinib or 
neratinib induced cell cycle 
arrest and then cell death in 
higher proportions compared 
with the drugs alone.

To determine whether the hi- 
gh percentage of cells in the 
subG0 peak induced by com-
binations was due to the in- 
duction of apoptosis, the pre- 
sence of active form of cas-
pase 3 was evaluated. Figure 
5A shows the presence of 
caspase activated in the ga- 
te. The combined treatments 
of calcitriol or EB1089 with 
TKIs significantly increased 
the percentages of active cas-
pase 3-positive cells when 
compared to those incuba-
tions with all compounds 
alone (Figure 5B). 

Because three-dimensional 
(3D) epithelial cell culture 
models maintain the structur-
al organization and multicel-
lular complexity of the mam-
mary epithelium and are 
useful for evaluating experi-
mental therapies, it was 
decided to assess the pres-
ence of caspase-3-induced by 
compounds in a 3D culture. 
The combination of calcitriol 
or its analog with lapatinib or 
neratinib resulted in activa-
tion of caspase 3 activity, as 
judged by the increase in fluo-
rescence intensity, compared 
to the compounds alone, den- 
oting increased abundance of 
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this protein in its active form in SUM-229PE 
cells treated with the combined drugs (Figure 
5C). Taken together these findings indicate that 
the combination of compounds inhibits prolif-
eration and induces apoptotic pathways.

Combined treatment of calcitriol or EB1089 
with lapatinib and neratinib inhibited the 
anchorage-independent growth of breast 
cancer cells

To assess the ability of the SUM-229PE cells to 
divide and form anchorage-independent colo-
nies following treatment with the antineoplas-
tics, an in vitro soft agar assay was performed. 
Figure 6A shows the results in SUM-229PE 
cells incubated in the presence or absence of 
the compounds. The formation of colonies was 
not affected in the cells treated with the vehi-
cle; in contrast, the colony formation and size 
were considerably inhibited in cells treated with 
the individual compounds. Of note, the devel-
opment of colonies was completely abolished 
by the combined treatments (Figure 6B). Con- 
sidering that the soft agar assay of cells in vitro 
is a valuable pre-clinical technique to test the 
anti-tumour potential of new cancer therapies 
[28], these results highlight the effectiveness 
of calcitriol or EB1089 as adjuvant in the treat-
ment of breast cancer. 

Discussion

Patients with malignant breast tumours that 
overexpress EGFR and/or HER2 generally have 

these receptors [10, 13, 33, 34]. In addition, 
calcitriol is a potent cell growth inhibitor of 
breast cancer cells regardless of their molecu-
lar phenotype on in vitro and in vivo models. 
The antiproliferative effects of this compound 
have been evaluated in several treatments 
combined with multiple antineoplastic agents 
in preclinical and clinical phases, resulting in 
an increase in their antitumour activity [22, 35]. 
The main objective of this study was to evalu-
ate the effects derived from the addition of cal-
citriol or EB1089 to lapatinib or neratinib on 
cultured ERBB receptor positive breast cancer 
cells.

Both lapatinib and neratinib had important 
antiproliferative effects, particularly on those 
cells with an EGFR and HER2 positive pheno-
type. In this study, neratinib was more potent 
than lapatinib to inhibit cell proliferation. Inter- 
estingly, the SK-BR-3 cell line, that overex-
presses HER2, was the most sensitive to these 
TKIs, finding that was consistent with previous 
publications [27]. In addition, the IC50 values of 
lapatinib and neratinib obtained in the different 
cell lines evaluated are similar to those report-
ed in other studies [27].

Regarding the effects of calcitriol or its analog 
on cell proliferation, the breast cancer lines 
studied showed differences in sensitivity to 
both compounds. The most sensitive lines to 
calcitriol and EB1089 were SUM-229PE and 
SK-BR-3. It is also important to mention that 

Figure 5. The addition of calcitriol or EB1089 to TKIs treatment increased 
the caspase 3 active form in breast cancer cells. SUM-229PE cells were incu-
bated in the absence (V) or presence of lapatinib (L), neratinib (N), calcitriol 
(C) or EB1089 (E) alone or in combination during 72 h (A and B) and 48 h (C) 
with their corresponding IC50 value. (A) SUM-229PE cells were permeated, 
fixed and stained with an anti-caspase 3 active antibody. Subsequently, the 
cells were analyzed by flow cytometry and cells positive to caspase 3 are 
shown in the gate. (B) Quantification of percentage of cells positive to cas-
pase 3 obtained of three experiments independently. (C) SUM-229PE cells 
were grown in the presence of matrigel, after 7 days of culture the cells were 
treated with the compounds for 48 h. The cells were fixed, permeated and 
stained with DAPI and anti-caspase 3 antibody (Alexa 488 fluorophore). Sub-
sequently, images were acquired with a confocal microscope. Data images 
are representative of two to three experiments independently.

poor prognosis, aggressive 
clinical behavior and resis-
tance to conventional treat-
ments [5, 29]. Thus, inhibition 
of EGFR family members acti-
vation results in an important 
therapeutic strategy in breast 
cancer tumours [30, 31]. An 
example of this is the use of 
lapatinib which is currently 
approved as second-line ther-
apy and the phase I studies of 
neratinib in patients with 
HER2 positive breast cancer 
[16, 32]. In this regard, lapa-
tinib and neratinib have also 
been shown to reduce the 
proliferation of breast cancer 
cells expressing different lev-
els of EGFR or HER2, by inhib-
iting the kinase activity of 
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the IC50 values for calcitriol or EB1089 obtained 
in these cells were similar to those reported in 
previous studies using hormone receptor posi-
tive breast cancer cells [36], suggesting that 
the effect of the mentioned compounds is inde-
pendent of the presence of the hormonal 
receptors and the ERBB family members.

In this work, we demonstrated that addition of 
calcitriol or its analog to lapatinib or neratinib 
treatment resulted in significantly better antip-
roliferative effects compared to those with the 

astic agents, largely inhibit cancer cell prolifera-
tion [23, 42-44], indicating that combination 
therapy has better results than monotherapy. 
In this study, addition of calcitriol or its analog 
to lapatinib or neratinib, had greater efficacy in 
inhibiting breast cancer cell proliferation and 
caused a significant downregulation of phos-
phorylated and total form of ERK and AKT than 
that observed with either treatment alone. This 
fact suggests that these combination treat-
ments not only act by inhibiting the kinases 
activity, but also their protein expression, what 

Figure 6. The combination of calcitriol or EB1080 with lapatinib or neratinib 
inhibited the clonogenic capacity of breast cancer cells. SUM-229PE cells 
were seeded on soft agar, and then they were incubated in the presence of 
each compound at their corresponding IC50, alone or in combination with 
calcitriol for 30 days. Every 7 days, the medium was changed and treatments 
refreshed. The colonies were stained with violet crystal. A: Representative im-
ages of two experiments are shown. B: The growth area size was quantified 
using Image J. Each bar represents the mean ± SD of two experiments.

compounds alone in various 
breast cancer tumour pheno-
types; thus, supporting previ-
ous studies in which addition 
of calcitriol to diverse thera-
pies, including the TKI gefi-
tinib, potentiates the antineo-
plastic activity [22, 23].

Of note, the cell lines that 
resulted less sensitive to cal-
citriol and its analog were the 
cells with triple negative phe-
notype HCC1937 and MDA-
MB-231. This phenomenon 
might be attributed to the fact 
that these cell lines are poorly 
differentiated [37, 38]. High 
expression of the enzyme 
CYP24A1, involved in calcitri-
ol degradation, has been as- 
sociated with calcitriol resis-
tance and more malignant 
and metastatic tumours. In 
fact, CYP24A1 basal expres-
sion is highly expressed in 
MDA-MB-231 cells [39]. Our 
data agree with Peng, et al., 
who demonstrated that the 
MDA-MB-231 line is not sen-
sitive to the antiproliferative 
effects of calcitriol [40].

On the other hand, and as 
previously shown, administra-
tion of calcitriol or EB1089 or 
various of the TKIs alone 
affects proliferation and indu- 
ces apoptosis of breast can-
cer cells [10, 13, 41], howev-
er, when they are co-admini- 
stered with other antineopl- 
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eventually may result in inhibition of cell prolif-
eration, tumour cell growth and migration in 
breast cancer [45]. 

This finding suggests that other mechanisms, 
in addition to those concerning the inhibition of 
tyrosine kinase enzyme activity, are taking 
place when calcitriol is being added to cultured 
cells. As previously shown by this laboratory, 
calcitriol was able to inhibit cell growth through 
the downregulation of gene transcription of a 
unique ether á go-go 1 potassium channel 
(EAG1) in breast and cervical cancer primary 
and established human cell lines [39, 46]. In 
addition, using microarray assays, it was dem-
onstrated that RXR-VDR heterodimer, known as 
a transcription factor, was differentially modu-
lated in response to lapatinib in breast cancer 
cell lines [47], suggesting that the addition of 
calcitriol or EB1089 could favor the antineo-
plastic effects of TKIs. Interestingly enough 
was the finding, in MDA-MB-231 cells, that TKIs 
in the presence of calcitriol or EB1089 reversed 
the drug resistance phenotype of these cells, 
indicating the ability of this hormone to improve 
drug sensitivity, probably through a mecha-
nisms involving cell death or a cell differentia-
tion promoting effect, as previously shown in 
the case of estrogen receptor negative breast 
cancer cells [24].

Most of the combinations tested in this work 
showed a synergistic effect to inhibit cell prolif-
eration. Notably, the SUM-229PE cell line was 
the most sensitive to the combination of TKIs 
with calcitriol or EB1089, compared to the 
other cell lines used. Moreover, the mostly syn-
ergic combinations were obtained with nera-
tinib possibly for its pan-HER inhibitor activity, 
highlighting its potential use in the treatment of 
breast cancer. Of note, the concentrations of all 
tested compounds are therapeutically achiev-
able at serum levels in human blood, except in 
MDA-MB-231 cells, as mentioned in previous 
studies [17, 48-50]. Our results raise the pos-
sibility of using calcitriol or its analog in the 
therapy schemes of lapatinib or neratinib in 
order to reduce the side effects of these inhibi-
tors and increase their antineoplastic activity. 

TKIs activate apoptosis by increasing the sub- 
G0 cell population and decreasing the percent-
age of cells undergoing synthesis and mitosis 
[11, 13]. Accordingly, treatment with lapatinib 
resulted in activation of caspase 3, as previ-

ously reported [11]. Similar to lapatinib, nera-
tinib increased the active form of caspase 3. It 
is noteworthy to mention that, to our knowl-
edge, this study is the first to demonstrate the 
ability of neratinib to induce the active form of 
caspase 3 in breast cancer cells. The addition 
of calcitriol or its analog to lapatinib and nera-
tinib treatment, favored the accumulation of 
cells in G1 phase, markedly reducing the per-
centage of cells in S and G2/M phases, and 
leading to induction of apoptosis. It should be 
noted that in the case of EB1089, its addition 
to lapatinib increased even more the percent-
age of cell death. This effect could be attribut-
ed to the higher activity of the analog when 
compared to calcitriol [51]. This result supports 
the use of analogs of calcitriol as adjuvants in 
the treatment of breast cancer due to its anti-
neoplastic effects and low calcemic effects. 
Further in vivo studies should be performed 
with the purpose to ascertain these assump- 
tions.

The ability of a cell to form colonies has been 
associated with the potential of cancer cells to 
cause post-treatment relapse on in vivo models 
[52]. Herein under in vitro conditions, we dem-
onstrated that the presence of calcitriol or 
EB1089 in the co-incubations with TKIs de- 
creased the formation of colonies and anchor-
age-independence was completely inhibited in 
breast cancer cells. These findings, may sug-
gest that the antitumor effects of calcitriol 
added to conventional treatments with TKIs 
may involve the modulation of oncogenes and 
cell cycle genes.

Simultaneous treatment of lapatinib or nera-
tinib with vitamin D metabolite calcitriol and 
analog EB1089 resulted in a greater inhibition 
of cell proliferation, abolished anchorage-inde-
pendent growth and induced apoptosis in 
breast cancer cells. These effects were medi-
ated by the modulation of the PI3K/AKT and 
MAPK pathways, as well as the increase of 
subG0 phase, which resulted in induction of 
apoptosis.

These findings, may suggest that combination 
therapy of lapatinib or neratinib with calcitriol 
or its analog may have utility and could opti-
mize the clinical applications of these com-
pounds in the treatment of patients with breast 
cancer. Therefore, further research in in vivo 
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models and clinical investigations would be of 
great relevance to corroborate this effect. 

Conclusion

The overall results may provide, with scientific 
evidence, the bases for the potential use of cal-
citriol or its analogs as antiproliferative, antitu-
moral adjuvant agent for the treatment of 
patients affected with EGFR and HER2 positive 
breast cancer. We showed that the anticancer 
effects of calcitriol or EB1089 when added to 
lapatinib or neratinib are mediated via inhibi-
tion of the expression and activity of important 
intracellular signaling pathways involved in cell 
cycle regulation, cell survival, and cell death. 
Our results correlated well with those of similar 
studies supporting the role of calcitriol as adju-
vant for the treatment of cancer.
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