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Abstract

Numerous synthetic vitamin D analogs have been studied for their effects on the prevention and
treatment of breast cancer. However, the inhibitory effects of naturally occurring 1a,25-
dihydroxyvitamin D3 or its synthetic analogs on ErbB2 overexpressing mammary tumorigenesis
have not been reported. Gemini vitamin D analogs are novel synthetic vitamin D derivatives with
a unique structure of two six-carbon chains at C-20. We have previously shown that Gemini
vitamin D analogs significantly inhibited carcinogen-induced estrogen receptor (ER)-positive
mammary tumorigenesis and reduced ER-negative MCF10DCIS.com xenograft tumor growth
without hypercalcemic toxicity. In the present study, we have determined the inhibitory effect of a
potent Gemini vitamin D analog BXL0124 (1a,25-dihydroxy-20R-21(3-hydroxy-3-
deuteromethyl-4,4,4-trideuterobutyl)-23-yne-26,27-hexafluoro-cholecalciferol) on the ErbB2/
Her-2/neu overexpressing mammary tumorigenesis. The Gemini BXL0124 inhibits ErbB2-
positive mammary tumor growth and down-regulates the phosphorylation of ErbB2, ERK and
AKT in tumors of MMTV-ErbB2/neu transgenic mice. These effects of Gemini BXL0124 in vivo
were confirmed by using the ErbB2 overexpressing tumor cells derived from the mammary tumors
of MMTYV-ErbB2/neu mice. In conclusion, the Gemini vitamin D analog BXL0124 inhibits the
growth of ErbB2 overexpressing mammary tumors through regulating the ErbB2/AKT/ERK
signaling pathways, suggesting that Gemini vitamin D analog may be considered for translational
studies.
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1. INTRODUCTION

The hormonally active ligand for vitamin D receptor (VDR), 1a,25-dihydroxyvitamin D3
(10,,25(0OH),D3), formed from vitamin D3 predominantly through hydroxylation by a 25-
hydroxylase in the liver and a 1a-hydroxylase in the kidney, is known to play a major role in
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maintaining calcium/phosphate homeostasis [1,2]. 1a-Hydroxylase in non-renal tissues, such
as breast, colon and prostate, also produces the active form 1a,25(OH),D3, which is
important for the inhibition of cell proliferation by cell cycle arrest in the GO/G1 phase,
induction of apoptosis and increased cell differentiation in cancer cells [3-6]. Despite the
anti-cancer activities of 1a,25(0OH),D3, the use of 1a,25(0OH),D4 for the prevention and
treatment of cancer is limited due to its hypercalcemic toxicity. Therefore, numerous
synthetic vitamin D analogs have been developed for better efficacy with decreased
calcemic toxicity [2].

Gemini vitamin D analogs are novel synthetic vitamin D analogs that have a unique
structure of two six-carbon chains at C-20 (see Fig. 1). In colon cancer models where
MC-26 mouse colorectal cancer cells are implanted in BALB/c mice, certain Gemini
vitamin D analogs were reported to exert greater activity than 10,25(0OH)»Ds in inhibiting
tumor growth and in reducing the invasive spread of tumor cells into surrounding muscle
without inducing hypercalcemic toxicity [7,8]. We have previously reported that certain
Gemini vitamin D analogs exert better growth inhibitory effect than 1a,25(0OH),D3 in
MCF10 breast cancer cells [9]. In addition, we have demonstrated that Gemini vitamin D
analogs inhibit tumor growth in ER-positive N-methyl-N-nitrosourea (NMU)-induced
mammary tumorigenesis and in ER-negative MCF10DCIS.com xenograft breast cancer,
where cyclin-dependent kinase inhibitor, p21, and insulin-like growth factor binding protein
3 (IGFBP3) were shown as common molecular targets of certain Gemini vitamin D analogs
[10,11]. These findings have led us to study Gemini vitamin D analogs on another major
subtype, ErbB2 overexpressing breast cancer.

ErbB2, also known as Her-2/neu, is an important molecular target in breast cancer
prevention and therapy because ErbB2 is known to be amplified and overexpressed in 20—
30% of human breast primary tumors [12]. To evaluate the efficacy of drugs and investigate
the mechanism of action, the MMTV-ErbB2 transgenic mouse model overexpressing wild-
type neu protooncogene has been widely used for the last two decades [12,13]. Thus far, the
potential activities of 1a,25(0OH),D3 and classic synthetic vitamin D analogs on ErbB2-
overexpressing models have not been reported. In the present study, we have tested Gemini
vitamin D analog BXL0124 (Fig. 1) in the MMTV-ErbB2 transgenic mouse model to
determine whether the Gemini vitamin D analog BXL0124 exhibits potential suppressive
effects on ErbB2 overexpressing mammary tumor growth. The detailed mechanisms of
action whereby the Gemini vitamin D analog BXL0124 regulates the ErbB2-related
downstream signaling pathway are investigated in vitro and in vivo.

2. MATERIALS AND METHODS

2.1. Reagents and cell culture

1a,25(0OH),D3 and Gemini vitamin D analog (BXL0124, >95% purity) (Fig. 1) were
provided by BioXell, Inc. (Nutley, NJ) and dissolved in DMSO. For in vivo animal
experiments, BXL0124 was diluted in cremophore/PBS (1:8, v/v). The ErbB2/Her-2/neu
overexpressing cells (E18-9A-42) were derived from MMTV-ErbB2 mammary tumors
[14,15] and kindly provided by Dr. Powel Brown at Baylor College of Medicine, Houston,
Texas. The cells were maintained in 10% fetal bovine serum(FBS)/DMEM medium
supplemented with 1% penicillin/streptomycin at 37°C, 5% CO,.

2.2. Transgenic mice and treatment

MMTYV-ErbB2/neu transgenic mice (6—7 weeks old) were purchased from the Jackson
Laboratory (Bar Harbor, ME). Mice were housed and given AIN-93M diet (Research Diet
Laboratory, New Brunswick, NJ). Starting at 4 months of age, mice received the treatment
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with either vehicle or the Gemini vitamin D analog BXL0124 in vehicle intraperitoneally
three times a week. The mice weight and tumor size of each animal were measured weekly.
Fifty-four weeks after BXL0124 treatment, the mice were sacrificed and tumors were
weighed at autopsy. Tumors and the mammary gland were saved for further analysis and
serum was collected after centrifugation of clotted blood samples. All animal studies were
performed in accordance with an institutionally approved protocol.

2.3. Determination of serum calcium level

The detailed procedure for the determination of calcium concentration in serum samples
(POINTE Scientific, INC. Canton, MI) was reported previously [10].

2.4. Western blot analysis

The procedure was described previously [16] and the primary antibodies, phospho-ErbB2,
phospho-ERK, phospho-AKT, ERK, AKT, and PARP were from Cell Signaling (Beverly,
MA), ErbB2 from NeoMarkers (Fremont, CA), Cyclin D1 from Santa Cruz Biotechnology
(Santa Cruz, CA), VDR from Affinity BioReagents (Golden, CO), actin from Sigma (St.
Louis, MO), and secondary antibodies were from Santa Cruz Biotechnology.

2.5. Histopathological analyses and immunohistochemistry

Mammary tumors from each group were harvested at autopsy and fixed in 10% formalin for
24 hr. They were paraffin embedded, and cut into 4 um thick tissue sections. Individual
tumors were evaluated histopathologically in hematoxylin and eosin (H&E)-stained tumor
sections. For immunohistochemistry, the procedure was described previously [16], and the
antibody against phospho-ErbB2, ErbB2, phospho-ERK, and phospho-AKT were from Cell
Signaling (Beverly, MA).

2.6. Measurement of cell proliferation by [3H]thymidine incorporation

E18-9A-42 cells derived from MMTV-ErbB2/neu mammary tumors were treated with
compounds in 10% FBS/DMEM medium for 3 days. [3H]thymidine incorporation was
determined as described previously [16].

2.7. Fluorescence microscopy

E18-9A-42 cells were incubated in a collagen coated glass-bottom dish (MatTek, Ashland,
MA), and treated with BXL0124 for 24 hr. Then, cells were fixed in 4% paraformaldehyde
(pH 7.4) for 20 min, and blocked for 1 h with 10% BSA/0.5% Triton-X/1x PBS solution.
The primary antibody, phospho-AKT (Cell Signaling Technology) and fluorophore-
conjugated secondary antibody (Invitrogen, Carlsbad, CA) were probed in 10% BSA/PBS
solution. The cells were irradiated with a green laser (488 nm), and UV light (364 nm) was
used for DAPI staining.

2.8. Statistical analysis
Statistical significance was evaluated using the Student’s t-test.

3. RESULTS
3.1. The Gemini vitamin D analog BXL0124 inhibits the growth of mammary tumors of
MMTV-ErbB2/neu transgenic mice

We investigated the effect of Gemini vitamin D analog BXL0124 on MMTV-ErbB2/neu
transgenic mice. Because of the close association between overexpression of ErbB2 and
human breast cancer, the MMTV-ErbB2 transgenic mouse model is one of the most widely
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used hormone-independent animal models in breast carcinogenesis [17]. The treatment with
BXL0124 at the dose of 0.3 ug/kg BW had no effect on body weight (Fig. 2A). As shown in
Fig. 2B, the tumor volume (cm3) in the BXL0124 treatment group was 0.54 + 0.23,
compared to 1.27 £ 0.35 in the control group, which corresponds to 57% inhibition of
mammary tumor growth. The average tumor burden and tumor multiplicity at autopsy were
also significantly reduced by BXL0124 treatment. The tumor weight in the BXL0124
treatment group was 0.36 £ 0.14 gram, compared to 0.79 + 0.20 gram in the control group,
which corresponds to 54% inhibition (Fig. 2C). The average tumor multiplicity was lower in
BXL0124 treated group (1.3 + 0.19), compared to the control group (0.60 £ 0.18), which
was 54% reduction (Fig. 2D). The treatment with BXL0124 at the tested dose did not induce
hypercalcemic toxicity (Fig. 2E).

3.2. The Gemini vitamin D analog BXL0124 down-regulates the phosphorylation of ErbB2,
ERK, and AKT in mammary tissues from MMTV-ErbB2/neu transgenic mice

Based on histological evaluation using H&E staining in mammary tumors, we found that
mammary tumors in the control and BXL0124-treated groups were adenocarcinomas and the
tumor grades between groups were not different (Fig. 3A). Because the ErbB2 signaling is
the main pathway driving the mammary tumorigenesis in this animal model, we determined
the effect of BXL0124 on ErbB2-downstream signaling molecules. Using
immunohistochemistry and Western blot analysis, we found that BXL0124 down-regulated
the phosphorylation of ErbB2 without affecting the expression level of total ErbB2 protein
in mammary tumors (Figs. 3A and 3B). The phosphorylation of ERK and AKT levels was
also inhibited by BXL0124 treatment in mammary tumors (Fig. 3C). As shown in Fig. 3D,
the expression of ErbB2 and its phospho-form were not detectable in mammary glands,
while the phosphorylation of ERK and AKT were significantly down-regulated by
BXL0124. In mammary tumors, BXL0124 decreased the levels of phospho-ErbB2,
phospho-ERK and phospho-AKT without affecting the expression of the total proteins (Fig.
3D). Inducible cyclooxygenase (COX-2) was not detectable in mammary glands but
significantly increased in mammary tumors, which was not changed by the treatment with
BXL0124. BXL0124 reduced the expression of the cell proliferation marker, cyclin D1, in
both mammary glands and mammary tumors (Fig. 3D), but the levels of cyclin-dependent
kinases, p21 and p27, were not changed (data not shown).

3.3. The Gemini vitamin D analog BXL0124 regulates the ErbB2-related signaling
molecules and inhibits cell proliferation in mammary tumor cells derived from MMTV-
ErbB2 transgenic mice

Several mammary tumor cells from MMTV-ErbB2 transgenic mice were isolated and
cultured in 10% FBS/DMEM medium. One of the mammary tumor cell lines, E18-9A-42,
was used for detailed analysis in cell culture. Using the E18-9A-42 cells, we determined
whether BXL0124 regulates the ErbB2/AKT/ERK molecular signaling pathway in vitro.
The treatment with BXL0124 decreased the levels of phospho-ErbB2, phospho-ERK, and
phospho-AKT without affecting the expression level of total proteins in E18-9A-42 cells,
and further down-regulated cyclin D1 expression at 24 h, although there was no change of
these markers at 1 h (Fig. 4A). Using confocal microscopy, we demonstrated that the level
of phospho-AKT localized in the plasma membrane was reduced by BXL0124 treatment
(Fig. 4B), indicating the inhibition of AKT signaling by BXL0124 in these cells. BXL0124
suppressed the proliferation of E18-9A-42 cells in a dose-dependent manner with ICsq of
0.04 nM, compared to the naturally occurring 1a,25(0OH),D3 with 1C5q of 1.5 nM (Fig. 4C).
Taken together, these results suggest that BXL0124 is more active than 1a,25(0H),D3 to
inhibit cell proliferation of E18-9A-42 ErbB2 positive mammary tumor cells, which is via
the regulation of the ErbB2/AKT/ERK signaling pathway.
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4. DISCUSSION

In human breast and colon cancer, Sjoblom et al describes 189 genes mutation at significant
frequency [18], and breast cancer is considered to be a highly heterogeneous disease
resulting from genetic changes, histopathological variation, and clinical outcomes [17].
These genetic and histological complexities of breast cancer indicate that multifunctional
drugs need to be developed and used for the prevention and treatment of cancer [19].
Among different animal models, the MMTV-ErbB2 transgenic mouse model has been used
to demonstrate the efficacy of cancer preventive agents in ER-negative/Her-2-positive
subtype of breast cancer [20]. However, the efficacy of the ligands for VDR has not been
reported in this model, which may indicate that the natural 10,25(0OH),D3 and classic
synthetic ligands have limited activity in ErbB2-positive breast cancer.

Our previous study demonstrated that Gemini vitamin D analogs prevented carcinogen-
induced ER-positive mammary tumorigenesis and inhibited ER-negative MCF10DCIS.com
xenograft tumor growth [10]. Here, we found that the Gemini vitamin D analog BXL0124
significantly inhibited mammary tumorigenesis in the MMTV-ErbB2 transgenic mouse
model (Fig. 2). These studies support that Gemini vitamin D analogs have multi-functional
activities in inhibiting different types of breast carcinogenesis without hypercalcemic
toxicity. In the mechanistic study, BXL0124 reduced ErbB2-regulated downstream
signaling, determined by down-regulation of the phosphorylation of ErbB2, AKT and ERK,
without affecting the expression of total ErbB2 protein, and inhibited expression of cyclin
D1 as a downstream molecular target of cell proliferation (Figs. 3 and 4). These results
indicate that BXL0124 inhibits cell proliferation and tumor growth through regulating the
ErbB2/AKT/ERK signaling pathway in ErbB2 overexpressing mammary tumors.

ErbB2 is a member of ErbB receptor tyrosine kinase family including epidermal growth
factor receptor (EGFR, also known Herl), ErbB2 (Her2), ErbB3 (Her3) and ErbB4 (Her4)
[20]. The ligand binding to the receptors induces homo- or hetero-dimerization, activates the
kinase domain, and activates down-stream signaling such as the Ras/MAPK and PI3K/AKT
signaling pathways [20]. Interestingly, in ErbB2 overexpressed mammary tumors, ErbB2
needs to hetero-dimerize with ErbB3 containing six docking sites for the p85 subunit of
PI3K [21], and the ErbB2-ErbB3 heterodimer is the most effective ErbB dimer, which plays
crucial roles in ErbB2-driven breast carcinogenesis [22]. In addition, Sergina et al reported
that the limited activity of tyrosine kinase inhibitors in ErbB2-amplified breast cancer was
due to the compensatory equilibrium of ErbB3 by AKT-mediated negative feedback
regulation [23]. In our study, Gemini vitamin D analog BXL0124 down-regulated AKT
phosphorylation as well as ErbB2/ERK activation in both ErbB2-amplified mammary
tumors in vitro and in vivo (Figs. 3 and 4). This finding suggests that BXL0124 may be
involved in regulating the heterodimerization of ErbB2 and ErbB3, which eventually results
in the inhibition of both downstream signaling mediators, ERK and AKT.

In conclusion, the Gemini vitamin D analog BXL0124 inhibits ER-negative/ErbB2 positive
mammary tumorigenesis without hypercalcemic toxicity via regulating ErbB2/ErbB3-driven
downstream signaling, ERK, AKT and cell cycle regulator, cyclin D1. Taken together with
our previous study [10], Gemini vitamin D analogs, especially BXL0124, may be potent
agents in the prevention of different types of human breast cancer without toxicity, and
should be considered for translational studies.
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Figure 1.

Structures of 1a,25-dihydroxyvitamin D3 (1a,25(OH),D3) and a Gemini vitamin D analog
BXL0124 [1a,25-dihydroxy-20R-21(3-hydroxy-3-deuteromethyl-4,4,4-trideuterobutyl)-23-
yne-26,27-hexafluoro-cholecalciferol].
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Figure 2. Effects of the Gemini vitamin D analog BXL0124 on mammary tumorigenesis in
MMTV-ErbB2/neu transgenic mice

The MMTV-ErbB2/neu transgenic mice were treated with vehicle or BXL0124 (0.3 pg/kg
body weight) intraperitoneally three times a week starting at the 4 months of age until the
age of 54 weeks. The number of mice in the control and BXL0124-treated groups were 16
and 8, respectively. The tumor volume was measured weekly up to 54 weeks. A. The
average body weight. B. The average tumor volume (cm3). C. The average tumor weight
(gram). D. The average tumor multiplicity. E. Serum calcium level (Statistical significance,
*p<0.05).
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Figure 3. Effect of the Gemini vitamin D analog BXL0124 on protein levels in mammary glands
and mammary tumors from MMTV-ErbB2 transgenic mice

Mammary tumor tissues were H&E stained or immunostained, and the proteins for Western
blot analysis were extracted from mammary glands and mammary tumors. A. H&E staining
or immunostaining with ErbB2 and phospho-ErbB2 (p-ErbB2) of mammary tumors, a
representative out of tumors from three different mice. B. Western blot analysis against
phospho-ErbB2 and total ErbB2 protein in mammary tumors. C. Immunostaining of ErbB2
downstream signaling molecules, phospho-ERK and phospho-AKT, in mammary tumors. D.
ErbB2 related markers (ErbB2, phospho-ErbB2, ERK, phospho-ERK, AKT, phospho-
AKT), cell cycle marker (cyclin D1), apoptosis marker (PARP) and COX-2 in mammary
glands and mammary tumors were determined by Western blot analyses. Six different tissue
samples in the control group and three different samples in BXL0124 treated group were
pooled for analysis of the mammary glands or mammary tumors.
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Figure 4. Effect of the Gemini vitamin D analog BXL0124 on ErbB2-related signaling and cell
proliferation in E18-9A-42 mammary tumor cells derived from MMTV-ErbB2/neu transgenic
mice

A. E18-9A-42 cells were treated with BXL0124 (10 nM) for 1 h and 24 h. The level of
ErbB2 related markers (ErbB2, phospho-ErbB2, ERK, phospho-ERK, AKT, phospho-
AKT), cell cycle marker (cyclin D1), and VDR were determined using Western blot
analysis. B. E18-9A-42 cells were treated with BXL0124 (10 nM) for 24 h, and the
localization and expression level of phospho-AKT was shown by confocal microscopy. C.
E18-9A-42 cells were treated with 1a,25(0OH),D3 or BXL0124 for 3 days, and the activity
in inhibiting cell proliferation was determined by [3H]-thymidine uptake assay. The 1Cs
values of 1a,25(0OH),D3 and BXL0124 were 1.5 nM and 0.04 nM, respectively. Statistical
significance, *p<0.05, **p<0.01, ***p<0.001.
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