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Abstract

The purpose of this study was to determine the mechanism by which 1α, 25-dihydroxyvitamin D

(1,25(OH)2D) alters hypoxia inducible factor-1α (HIF-1α) protein in untransformed and Harvey-

ras (H-ras) oncogene transfected MCF10A breast epithelial cells. Treatment with1,25(OH)2D (10

nM) increased both mRNA (2.55±0.6 fold vs. vehicle, p=0.03) and protein levels (2.37±0.3 fold

vs. vehicle, p<0.0001) of HIF-1α in MCF10A cells in 12 hours, which remained elevated at 24

hours. However, in H-ras transfected MCF10A cells, 1,25(OH)2D treatment increased HIF-1α
protein level (2.08±0.38 fold vs. vehicle, p= 0.05) at 12 hrs, with no change in mRNA level and

HIF-1α protein level returned to baseline after 24 hours. A transcription inhibitor prevented the

1,25(OH)2D induction of HIF-1α protein and mRNA levels in MCF10A cells, but failed to alter

the induction of HIF-1α protein level in H-ras transfected MCF10A cells. On the other hand,

inhibition of proteasomal degradation prevented the 1,25(OH)2D-induced HIF-1α protein level in

H-ras transfected MCF10A but not in MCF10A cells. These results support that 1,25(OH)2D

regulates HIF-1α protein level via transcriptional regulation in MCF10A cells in contrast to

through proteosomal degradation with the presence of H-ras oncogene in MCF10A cells.
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Introduction

Breast cancer is the second leading number of diagnosed cancers among U.S. women [1].

According to the American Cancer Society, 192,370 new cases of invasive breast cancer

were estimated to occur among women in the US and 40,610 patients would die of breast

cancer during 2009. Epidemiological studies have linked vitamin D to reduced risk for

breast cancer [2; 3]. Higher incidence or mortality rates for breast cancer occur in those
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areas with higher latitude and lower sunlight, which is associated with a low vitamin D

synthesis in the skin upon UV exposure [4]. Further, in a review by Garland and colleagues

of studies from 1966–2006, a higher level of serum 25 hydroxyvitamin D was associated

with lower risk of breast cancer [5].

Vitamin D, obtained from sun exposure, food, and supplements, is metabolized in multiple

tissues. Its circulating form, 25 hydroxyvitamin D (25(OH)D), is generated in the liver by

the enzyme 25-hydroxylase. The 25(OH)D metabolite is further hydroxylated by the 1α-

hydroxylase enzyme to the active form of vitamin D, 1α, 25-dihydroxyvitamin D

(1,25(OH)2D), which acts as a ligand to the vitamin D receptor (VDR) to control serum

calcium homeostasis. Research supports that vitamin D also has anti-neoplastic effects in

colon, prostate, ovarian and breast cancer [6]. One mechanism by which vitamin D may play

a role in breast cancer prevention is through regulation of angiogenesis. Angiogenesis is a

normal physiologic process in embryo development and wound healing [7] and hypoxia is a

key signal for the induction of angiogenesis. However, hypoxia leading to an angiogenic

response occurs in different types of solid tumors, including breast cancer [8]. The cellular

response to hypoxia is mediated through, at least in part, the family of transcriptional factors

hypoxia inducible factor (HIFs). In human breast tumors, the expression of hypoxia

inducible factor 1 (HIF-1) is correlated with tumor grade and vascularization [9]. HIF-1 has

been shown to induce the gene expression of vascular endothelial growth factor (VEGF)

[10], glycolytic enzymes [11], inducible nitric oxide synthase (NOS) [12] and erythropoietin

[13], as well as a variety of other proteins involved in physiological processes including

energy metabolism. In mammary tissue or cells, the target genes of HIF-1 are involved in

several crucial biological processes such as tumor cell survive and proliferation, migration

and metastasis, including regulation of angiogenic factors [14].

HIF-1 is composed of a heterodimer of α and β subunits [15]. HIF-1β is constitutively

expressed in all cell types. The biological activity of HIF is primarily determined by the

abundance of HIF-1α protein, which is altered by oncogenes such as ErbB2 (human

epidermal growth factor receptor-2) [16]. In breast cancer, HIF-1α over-expression is seen

at a high frequency especially in hereditary breast carcinogenesis [17]. Under normoxic

conditions, oxygen-dependent prolyl hydroxylases (PHD) modify HIF-1α to promote

recognition by the von Hippel-Lindau tumor suppressor (VHL) to form an E3 ubiquitin

ligase complex that mediates the HIF-1α proteasome dependent degradation [18]. Under

hypoxic conditions, prolyl hydroxylation is inhibited, leading to stabilization of the HIF-1α
protein. Further, factors such as TNFα can increase HIF-1α protein expression through

enhancing the induction of mRNA expression of HIF-1α [19]. Due to the multiple roles that

HIF-1 plays in breast cancer, understanding the regulation of HIF-1α will provide

information that may guide the development of targeted strategies for breast cancer

prevention. 1,25(OH)2D has been shown to inhibit angiogenesis in breast tumors in vivo

[20] and decrease HIF-1α protein levels in several breast cancer cells [7]. In order to

establish strategies for cancer prevention that do not lead to adverse effects, it is critical to

identify the mechanisms of vitamin D action that allow normal growth and development as

well as to determine if it inhibits production of angiogenic factors in cells containing

specific oncogenes such as the activated ras gene.
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The effects of 1,25(OH)2D on HIF-1α have not been studied in models of carcinogenesis

including untransformed breast epithelial cells and cells of the same parentage that contain

the H-ras oncogene. In the current study, a breast epithelial cell line with or without the H-

ras oncogene was employed as a model for carcinogenesis to examine the function of

1,25(OH)2D in regulation of HIF-1α expression. The hypothesis of the study is that

1,25(OH)2D up-regulates HIF-1α protein level via transcriptional regulation in

untransformed breast epithelial cells, but does not alter HIF-1α protein expression in cells

transfected with the H-ras oncogene. These results will help to understand how 1,25(OH)2D

acts on the breast tissue during cancer development.

Materials and Methods

Chemicals and Reagents

1,25(OH)2D and 25(OH) D were purchased from Biomol (Plymouth Meeting, PA).

Dulbecco’s modified Eagle medium (DMEM/F-12), horse serum, trypsin and penicillin/

streptomycin were from Life Technologies, Gibco-BRL (Rockville, MD). Cholera toxin was

from Calbiochem (Darmstadt, Germany). Protein assay reagents were obtained from Pierce

(Rockford, IL). Protease inhibitor cocktail, transcription inhibitor, actinomycin D,

proteasome inhibitor, MG132, trypan blue, insulin, epidermal growth factor, and

hydrocortisone were from Sigma (St. Lois, MO). Tris-HCl Bio-Rad Ready Gels were

purchased from Bio-Rad Laboratories (Hercules, CA, USA).

Cell culture

MCF10A human epithelial breast cells and MCF10A cells stably transfected with the

Harvey ras oncogene (MCF10A-ras cells) were a gift from Dr. Michael Kinch, Purdue

University [21]. MCF10A and MCF10A-ras were cultured in DMEM/F12 (1:1, v:v)

containing 5% house serum and supplemented with 10 mg/L insulin, 20 μg/L epidermal

growth factor, 50 μg/L cholera toxin, 50 mg/L hydrocortisone, 100 units/ml penicillin, and

0.1 mg/mL streptomycin in a humidified environment at 37°C with 5% CO2. Cells were

maintained in linear growth. 1,25(OH)2D was delivered to cells in 100% ethanol at a final

ethanol concentration < 1%.

RNA isolation and analysis

MCF10A or MCF10A-ras cells were treated with either vehicle or 10 nM 1,25(OH)2D for

time indicated prior to harvest and RNA was isolated using TriReagent (Molecular Research

Center, Inc., Cincinnati, OH) following the manufacturer’s instructions. Total RNA (1 μg)

was reverse transcribed using MMLV reverse transcriptase (Promega Corp., Madison, WI).

Realtime PCR was performed using the Brilliant SYBR Green QPCR Master Mix

(Stratagene, La Jolla, CA). HIF-1α mRNA abundance was determined from the threshold

cycle (Ct) value. HIF-1α mRNA expression was normalized to 18S mRNA expression and

results were expressed as arbitrary units. Primers used for HIF-1α are: HIF-1α forward, 5′-

TGCTGAAGACACAGAAGCAAA-3′ and reverse, 5′-

AAAGCGCAAGTCCTCAAAGC-3′; 18S forward, 5′-TTAGAGTGTTCAAAGCAG

GCCCGA-3′ and reverse, 5′-TCTTGGCAA ATGCTTTCGCTCTGG-3′.
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Western blot analysis

Cells were washed with calcium/magnesium free phosphate buffered saline (CMF-PBS,

pH=7.4) and harvested on ice into a buffer containing 25 mmol/L HEPES, 150 mmol/L

NaCl, 5 mmol/L EDTA, 0.1% Triton, and 1% protease inhibitor cocktail and phosphatase

inhibitor cocktail (Sigma, St. Lois, MO). Cells were briefly sonicated and cell debris was

removed by centrifugation at 12,000 RPM for 15 min at 4°C. Protein concentration was

determined using the bicinchoninic acid protein assay (Pierce, Rockford, IL, USA). Proteins

(20–30 μg) were resolved by SDS-PAGE on 10% Tris-HCl gels (Bio-Rad Laboratories,

Hercules, CA), transferred onto nitrocellulose membrane (Bio-Rad Laboratories, Hercules,

CA) and probed with specific antibody against HIF-1α (Abcam Inc., Cambridge, MA),

VDR (Affinity Bioreagent, Neshanic Station, NJ), 1α-hydroxylase and actin antibody (Santa

Cruz Biotechnology Inc., Santa Cruz, CA). Antigen-antibody complexes were detected

using the Lumiglo Reagent (Cell Signaling Technology, Inc., Danvers, MA). Density of

immunoreactive bands was assessed by Scion Image (Frederick, MD). Densities of the

bands were in the linear range of delectability. Results are expressed as fold change of

HIF-1α/actin compared to vehicle control.

Inhibitors

To assess the impact of inhibition of transcription, MCF10A or MCF10A-ras cells were

pretreated with the transcriptional inhibitor actinomycin D (2 μg/mL) or vehicle (0.1%

ethanol) for 2 h, follow by treatment with either vehicle (0.08% ethanol) or 1,25(OH)2D (10

nM) for 12 h before harvesting. To determine the effect of proteasome inhibition, MCF10A

or MCF10A-ras cells were treated with vehicle (0.09% ethanol) or 1,25(OH)2D (10 nM)

alone or in combination with proteasome inhibitor MG132 (1 μM) for 12 h prior to harvest.

Statistical Analysis

Values presented are means±SEM. Results were compared with student T Tests (LSD) or by

analysis of variance (ANOVA) with P<0.05 considered statistically significant.

Results

To determine if 1,25(OH)2D alters HIF-1α expression in MCF10A and MCF10A-ras cells,

cells were treated with 1,25(OH)2D (10 nM) and mRNA abundance and relative protein

level were determined. Following 1,25(OH)2D treatment of MCF10A and MCF10A-ras

cells, the protein level of HIF-1α was increased over vehicle within 12 h (Figure 1A and B).

In MCF10A cells, the HIF-1α protein level remained elevated while in MCF10A-ras cells,

the HIF-1α protein level returned to baseline level after 24 h (Figure 1A and B). In addition,

1,25(OH)2D induction of HIF-1α protein after 12 h in both cells lines was observed in

MCF10A and MCF10A-ras cells under hypoxic condition (data not shown). HIF-1α mRNA

abundance was increased in MCF10A cells compared to vehicle within 12 h (Figure 1B). In

contrast, HIF-1α mRNA was not changed in MCF10A-ras cells at 12 h (Figure 1B). Both

1,25(OH)2D and 25(OH) D treatment increased HIF-1α protein dose-dependently in

MCF10A and MCF10A-ras cells (Figure 2). In both cell lines, the concentration at which

25(OH) D induced HIF-1α protein expression is only 10 fold higher than the level of

1,25(OH)2D that induced HIF-1α protein expression, suggesting that the 1α-hydroxylase to
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convert 25(OH) D to 1,25(OH)2D is active in the cells. These results indicate that

1,25(OH)2D stimulated both gene and protein levels of HIF-1α in MCF10A cells. In

contrast, 1,25(OH)2D treatment induced a transient increase in HIF-1α protein level without

a concurrent increase in mRNA abundance in MCF10A-ras cells.

In order to determine if the level of VDR protein is a mechanism underlying the differential

responses of HIF-1α mRNA abundance to 1,25(OH)2D treatment between the two cell

types, the level of VDR protein was assessed. Although 1,25(OH)2D treatment induced

HIF-1α protein accumulation in both cell types, the basal HIF-1α protein levels were

similar between the two cell types (Figure 3A and B). Further, neither the basal nor

1,25(OH)2D stimulated VDR protein level were different in the MCF10A or MCF10A-ras

cells (Figure 3A and B). In addition, the protein levels of 1α-hydroxylase were investigated

in both cells. MCF10A-ras cells expressed significantly higher level of 1α-hydroxylase

compared to MCF10A cells. However, 1,25(OH)2D did not significantly induce 1α-

hydroxylase protein compared to vehicle in either cell line (Figure 3A and B).

The potential mechanisms through which 1,25(OH)2D induces HIF-1α in MCF10A cells

and MCF10A-ras cells were explored. In MCF10A cells, the 1,25(OH)2D induction of

HIF-1α protein level was suppressed in the presence of a transcriptional inhibitor, with no

effect in the MCF10A-ras cells (Figure 4A and 4B). The 1,25(OH)2D induced mRNA level

of HIF-1α was also prevented by transcriptional inhibitor in MCF10A cells (Figure 4C).

Furthermore, a proteasomal inhibitor prevented the 1,25(OH)2D induction of HIF-1α
protein level in MCF10A-ras cells, but not in untransformed MCF10A cells (Figure 5).

Discussion

In the current study, the effect of 1,25(OH)2D treatment on HIF-1α protein level was

explored in untransformed and H-ras oncogene-transfected MCF10A cells, a human breast

epithelial cell line and a model for breast cancer progression. The results show that

1,25(OH)2D increased HIF-1α protein level in untransformed MCF10A cells dose

dependently within 12 hours, which was maintained at 24 hours, through regulation of gene

transcription. On the other hand, results suggest that 1,25(OH)2D induced HIF-1α protein

level at 12 h in a dose dependent manner, through regulation of protein degradation and

independent of regulation of gene transcription, with subsequent down regulation at 24 h in

H-ras transfected MCF10A cells. These results suggest that 1,25(OH)2D regulates the

protein expression of HIF-1α by different mechanisms in untransformed and H-ras

transfected MCF10A cells.

The activity of HIF-1 is primarily regulated by changes in the HIF-1α isoform protein

expression. HIF-1α protein expression is regulated by multiple mechanisms including gene

transcription, mRNA stability and protein stability level [12]. In addition, Ben-Shoshan and

colleagues found that 1,25(OH)2D reduced the levels of HIF-1α protein in a dose-dependent

manner in prostate cancer cell lines and colon cancer cells [7]. In the current studies,

1,25(OH)2D increased HIF-1α mRNA and protein expression compared to vehicle control

at 12 h in MCF10A cells. Further, the transcriptional inhibitor eliminated 1,25(OH)2D-

induced HIF-1α protein and inhibition of protein degradation did not prevent 1,25(OH)2D-
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induced HIF-1α protein and mRNA. These results indicate that transcriptional regulation of

HIF-1α protein by 1,25(OH)2D in MCF10A cells is likely mediated through the VDR,

potentially via vitamin D response elements (VDRE). Our results are consistent with the

results of Wang et al., who identified a putative VDRE in the HIF-1α promoter (−2910) and

demonstrated VDR association with this site using chromatin immunoprecipitation, although

the functionality of the site has not been confirmed [22].

On the other hand, previous results suggest that the H-ras oncogene reduces 1,25(OH)2D-

induced transactivation of the VDR in keratinocytes and fibroblast cells [23; 24]. Results

from our laboratory show that the oncogenic Ras protein interferes with 1,25(OH)2D

mediated VDR transcriptional regulation through the PI3K signaling pathway to reduce

DNA association of VDR/RXR complex [25]. Other evidence supports that phosphorylation

of the RXR by the constitutively activated ERK1/2 pathway [26]. Consistent with this, in the

current study, 1,25(OH)2D induced HIF-1α protein level within 12 h without a concurrent

increase in mRNA levels and the increase was not altered by inhibition of transcription in

the H-ras oncogene transfected MCF10A cells in contrast to the cells without the H-ras

oncogene. Our results support an alternative mechanism of a transient 1,25(OH)2D induction

of HIF-1α protein through protein degradation in H-ras containing cells. These results

suggest the mechanism of 1,25(OH)2D regulation of HIF-1α accumulation in H-ras

transfected MCF10A cells is likely through regulation of HIF-1α protein stability, which is

similar to the effects of growth factors on activation of HIF-1α at a posttransciptional level

in cancer cells [27; 28].

The signaling pathways that oncogenic ras activates seem to be cell type dependent,

including phosphatidylinositol 3-kinase/Akt pathway and the Raf/MEK/ERK pathways [29;

30]. Activation of ras/ERK signaling has been shown to increase HIF-1α transactivation in

cancer cells without altering mRNA level of HIF-1α [31]. In the current study, there was no

significant difference between HIF-1α protein levels in MCF10A cells compared to

MCF10A-ras cells. However, the transcriptional inhibitor alone increased HIF-1α protein in

MCF10A-ras cells while it did not alter HIF-1α protein in MCF10A cells, which indicates

that activated ras protein may potentially reduce the cellular level of HIF-1α gene

transcription in MCF10A cells. To our knowledge, this is the first evidence that supports

that oncogenic Ras protein may down-regulate the gene transcription of HIF-1α during

cancer progression. Further research is necessary to explore this observation.

The enzyme, 1α-hydroxylase, is expressed in other breast cells [32], however, to our

knowledge, our results are the first to demonstrate the expression and potential activity of

the 1α-hydroxylase in MCF10A cells. Our data supports not only 1α-hydroxylase is present

in breast epithelial cells, but it may be functional in converting 25(OH) D to 1,25(OH)2D in

breast tissue. In addition, the 1α-hydroxylase protein level was higher in MCF10A-ras cells,

suggesting that with the presence of H-ras oncogene, 25(OH)D may be effectively activated.

The VDR protein expression varies during cancer progression. McCarthy et al. demonstrated

that breast tumors from humans have higher VDR expression [33]. Studies with the VDR

knockout mouse model show deletion of VDR gene alters the balance between proliferation

and apoptosis in the mammary gland, which ultimately enhances its susceptibility to
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carcinogenesis [34; 35]. In the current study, there was no difference in VDR protein

expression between MCF10A cells and H-ras transfected MCF10A cells. This discrepancy

with the results from other cell lines or animal models may be due to the stage of cancer

progression, or cell type specificity. Our results support that 1,25(OH)2D up-regulates

HIF-1α through VDR transcriptional regulation in untransformed mammary epithelial cells

but 1,25(OH)2D only induces HIF-1α protein transiently, independent of transcription in

premalignant cells, although VDR protein levels are similar between the two cells types.

These results suggest that during cancer progression, alternative mechanisms may occur to

regulate proteins. Further, the 1,25(OH)2D induction of HIF-1α is only transient in the ras-

transfected cells, supporting that an improved vitamin D status would not induce HIF-1α
expression during cancer progression.

Conclusions

Overall, the results of the current study support that 1,25(OH)2D upregulated the HIF-1α
protein level in untransformed cells through transcriptional regulation. In contrast, the

results suggest that 1,25(OH)2D only transiently induced HIF-1α protein expression in H-

ras-transfected cells through increased protein stability. These results indicate that

increasing local 1,25(OH)2D with higher vitamin D status, and thus higher serum 25(OH) D

level, may enhance HIF-1α expression, which would aid in normal development. In

addition, the results show that 1,25(OH)2D induces a transient increase in HIF-1α protein

level through an alternative pathway involving protein stability in the ras-transfected cells

compared to untransformed cells. These results also support that better vitamin D status may

enhance HIF-1α protein level in untransformed tissue, but not in cells during cancer

progression.
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Figure 1. 1,25(OH)2D regulation of HIF-1α protein and mRNA levels
MCF10A and MCF10A-ras cells were treated with either vehicle (open bars) for 12hrs or with 1,25(OH)2D (10 nM) (black

bars) for indicated times. Following harvest, lysates were used for either Western blot analysis or mRNA isolation as described.

A representative immunoblot of HIF-1α and actin protein level is shown in panel A. The quantification of the immunoblots is

shown in panel B (top left) for MCF10A cells and MCF10A-ras cells (panel B, top right). Values are expressed as HIF-1α
protein/actin protein for each sample relative to vehicle. The mRNA abundance of HIF-1α, determined by RT-PCR is shown in

panel B (bottom right) for MCF10A cells and MCF10A-ras cells (panel B, bottom left). Values are expressed as HIF-1α
mRNA/18S mRNA. Results are expressed as mean ± SEM. (n ≥ 5). Bars with common letter superscripts are not significantly

different (p< 0.05). Data are representative of three independent experiments.
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Figure 2. Does dependent induction of HIF-1α protein by 1,25(OH)2D and 25(OH) D
MCF10A and MCF10A-ras cells were treated with either vehicle (open bars) or different doses of 1,25(OH)2D (black bars) or

25(OH) D (gray bars) for 12 h. Following harvest, lysates were used for Western blot analysis. A representative immunoblot of

HIF-1α and actin protein level is shown in panel A. The quantification of the immunoblots is shown in panel B for MCF10A

cells (left) and MCF10A-ras cells (right). Values are expressed as HIF-1α protein/actin protein for each sample relative to

vehicle. Bars with common letter superscripts are not significantly different (p< 0.05). Data are representative of three

independent experiments.

Jiang et al. Page 11

Cancer Lett. Author manuscript; available in PMC 2014 May 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. HIF-1α, VDR and 1α-hydroxylase protein level in MCF10A and MCF10A-ras cells
MCF10A and MCF10A-ras cells were treated for 12 h with vehicle or 1,25(OH)2D (10 nM). A representative immunoblot of

HIF-1α, VDR, 1α-hydroxylase (1OHase) and actin protein levels are shown in panel A. The quantification of the immunoblots

is shown in panel B. Open bars represent MCF10A cells and black bars represent MCF10A-ras cells. Values are expressed as

protein/actin protein for each sample relative to vehicle. Results are expressed as mean ± SEM. (n ≥ 5). Bars with common letter

superscripts are not significantly different (p< 0.05). Data are representative of three independent experiments.
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Figure 4. Effects of inhibition of transcription on 1,25(OH)2D-induced HIF-1α protein and mRNA levels in MCF10A and MCF10A-
ras cells

MCF10A and MCF10A-ras cells were pre-treated for 2 h with actinomycin D (2 mg/mL) followed by a 12 h treatment with

either vehicle or 1,25(OH)2D (10 nM). Following harvest, lysates were used for Western blot analysis or mRNA isolation. A

representative immunoblot of HIF-1α and actin protein level is shown in panel A. The quantification of the immunoblots is

shown in panel B and mRNA level of HIF-1α is shown in panel C, indicated with vehicle (open bars) and 1,25(OH)2D

treatment (black bars). Values are expressed as HIF-1α protein/actin protein or HIF-1α mRNA relative to 18S mRNA for each

sample relative to vehicle control. Results are expressed as mean ± SEM. (n ≥ 5). Bars with common letter superscripts are not

significantly different (p< 0.05). Data are representative of three independent experiments.
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Figure 5. Effects of inhibition of protein degradation on 1,25(OH)2D-induced HIF-1α protein level in MCF10A and MCF10A-ras cells
MCF10A and MCF10A-ras cells were treated with either vehicle or 1,25(OH)2D (10 nM) with or without MG132 (1 mM) for

12 h. A representative immunoblot of HIF-1α and actin protein level is shown in panel A. The quantification of the

immunoblots is shown in panel B indicated with vehicle (open bars) and 1,25(OH)2D treatment (black bars). Values are

expressed as HIF-1α protein/actin protein for each sample relative to vehicle control. Results are expressed as mean ± SEM. (n

≥ 5). Asterisk indicates significant differences between vehicle and 1,25(OH)2D treatments. (p< 0.05). Data are representative of

three independent experiments.
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