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ABSTRACT
The vitamin D endocrine system mediates anti-proliferative and pro-differentiating signaling in multiple epithelial tissues, including

mammary gland and breast tumors. The vitamin D metabolite 1a,25(OH)2D3 mediates growth inhibitory signaling via activation of the

vitamin D receptor (VDR), a ligand dependent transcription factor. 1a,25(OH)2D3 is synthesized from 25(OH)D3 (the major circulating form of

the vitamin) by the mitochondrial enzyme CYP27b1 in renal and other tissues. Human mammary epithelial (HME) cells express VDR and

CYP27b1 and undergo growth inhibition when exposed to physiological concentrations of 25(OH)D3, suggesting that autocrine or paracrine

vitamin D signaling contributes to maintenance of differentiation and quiescence in the mammary epithelium. In the current studies we tested

the hypothesis that cancer cells would exhibit reduced sensitivity to vitamin D mediated negative growth regulation. We used a series of

progressively transformed HME cell lines expressing known oncogenic manipulations to study the effects of transformation per se on the

vitamin D pathway. We report that mRNA and protein levels of VDR and CYP27b1 were reduced greater than 70% upon stable introduction of

known oncogenes (SV40 T antigens and H-rasV12) into HME cells. Oncogenic transformation was also associated with reduced 1a,25(OH)2D3

synthesis, and cellular sensitivity to growth inhibition by 1a,25(OH)2D3 and 25(OH)D3 was decreased approximately 100-fold in transformed

cells. These studies provide evidence that disruption of the vitamin D signaling pathway occurs early in the cancer development process.

J. Cell. Biochem. 105: 980–988, 2008. � 2008 Wiley-Liss, Inc.
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1aa,25(OH)2D3 (1,25D), the biologically active form of vitamin D

that acts as the ligand for the vitamin D receptor (VDR), is an

endogenous regulator of differentiation, proliferation, and apoptosis

in mammary cells [Kemmis et al., 2006; Pendas-Franco et al., 2007].

VDR expression is dynamically regulated in mammary gland

throughout the reproductive cycle and is necessary for proper

glandular development during puberty, pregnancy and involution

[Zinser et al., 2002; Zinser and Welsh, 2004]. VDR agonists,

including 1,25D, inhibit ductal proliferation and branching and

induce the negative growth regulator TGFb [Mehta et al., 1997].

CYP27b1, the enzyme that synthesizes 1,25D from 25(OH)D3 (25D),

is expressed in mammary tissue, as are megalin and cubilin,

endocytic proteins which facilitate cellular uptake of circulating

25D bound to its serum vitamin D binding protein (DBP) [Townsend

et al., 2005; Rowling et al., 2006]. Normal human mammary

epithelial (HME) cells express both CYP27b1 and VDR, synthesize
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1,25D and undergo growth inhibition when exposed to physiolo-

gical concentrations of 25D [Kemmis et al., 2006]. Collectively, these

data support the hypothesis that circulating 25D bound to DBP is

internalized by normal mammary cells and converted to 1,25D,

which interacts with VDR in an autocrine or paracrine manner to

maintain differentiation and quiescence in the mammary epithe-

lium. This hypothesis predicts that disruption of any of the multiple

steps in vitamin D transport, metabolism or function could

contribute to the development or progression of breast cancer.

Support for the hypothesis that the transformation process is

associated with alterations in the vitamin D signaling pathway has

been generated in several studies [Bareis et al., 2001; Cross et al.,

2001; Anderson et al., 2006]. In human colon, VDR expression is

abundant in well-differentiated tissue, decreased in cancerous

tissue, and almost non-existent in metastases [Cross et al., 2001].

Analysis of human breast cancer cell lines has suggested that VDR
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expression is lower in estrogen independent, less differentiated

lines compared to estrogen dependent, well differentiated lines

such as MCF-7 [Buras et al., 1994]. Furthermore, impaired VDR

function has been reported in cells expressing oncoproteins such as

the SV40 large T antigen or constitutively active ras [Solomon et al.,

1998; Agadir et al., 1999; Stedman et al., 2003; Rozenchan et al.,

2004].

There is also evidence that transformation alters the expression of

the cytochrome P450 (CYP) metabolizing enzymes that control the

steady state levels of the VDR ligand. Comparative analysis of

CYP27b1 in normal and malignant human tissues suggested altered

expression in a number of cancer types, including expression of

splice variants which would generate non-functional proteins

[Radermacher et al., 2006; Fischer et al., 2007; Wu et al., 2007].

Overexpression of CYP24, the enzyme that catabolizes both 1,25D

and 25D, has been observed in lung, colon, ovarian and esophageal

cancer [Albertson et al., 2000; Mimori et al., 2004; Anderson et al.,

2006]. Townsend et al. [2005] demonstrated that although both

CYP27b1 and CYP24 mRNA were increased in breast tumors

compared to normal tissue, CYP24 activity predominated resulting

in net 1,25D catabolism.

Although these studies have provided evidence for altered

vitamin D signaling in cancer, the data have primarily been derived

from clinical specimens or through comparison of heterogeneous,

independently derived cell lines. To study the effects of transforma-

tion per se on the vitamin D pathway in mammary cells, we utilized a

model of transformation developed by Dr. Robert Weinberg

[Elenbaas et al., 2001]. All cell lines in this model were derived

from primary cultures of human mammary epithelial (HME) cells

which were immortalized by introduction of the hTERT component

of human telomerase. The resulting HMEtert cells retain the

morphology and growth characteristics of normal mammary

epithelial cells, and we have demonstrated that these cells express

VDR and CYP27b1 and are growth inhibited by both 1,25D and 25D

[Kemmis et al., 2006]. For the model of transformation, HMEtert cells

were stably infected with a retrovirus containing the SV40 early

region (which encodes both the large T and small t antigens) to

generate the HMELT line, in which p53 function is abrogated.

Although transformed, HMELT cells are not fully tumorigenic and do

not form tumors when injected into immunocompromised mice.

However, stable introduction of the constitutively active H-rasV12

oncogene into HMELT cells resulted in generation of a fully

transformed cell line (HMELTþRas cells) capable of forming tumors in

immunocompromised mice [Elenbaas et al., 2001].

In these studies, we used the HMEtert, HMELT, and HMELTþRas cell

culture model to assess whether the transformation process per se

alters the integrity of the vitamin D signaling pathway. This model is

especially suited to these studies because all cultures were developed

and are continuously maintained in defined, serum-free media

devoid of vitamin D steroids (which can lead to vitamin D resistance)

and binding proteins (which can interfere with cellular uptake).

Through comparative analysis of expression and function of VDR

and vitamin D metabolizing enzymes in HMEtert, HMELT, and

HMELTþRas cell lines, we provide evidence here that disruption of the

vitamin D signaling pathway is an early event in the transformation

process.
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MATERIALS AND METHODS

CELLS AND CELL CULTURE

HMEtert, HMELT, and HMELTþRas cell lines (generously provided by

Dr. Robert Weinberg, MIT, Cambridge, MA) were maintained in

Medium 171 supplemented with Mammary Epithelial Growth

Supplement (MEGS) containing 0.4% bovine pituitary extract, 5

mg/L bovine insulin, 0.5 mg/L hydrocortisone, and 3 mg/L human

epidermal growth factor (Cascade Biologics, Portland, OR). All cell

lines were cultured at 378C and 5%CO2 in a humidified incubator

and passaged every 3–4 days. Morphology was assessed on sub-

confluent, formalin-fixed cells by phase contrast microscopy.

For CYP27b1 knockdown, HMEtert cells were cultured to 50%

confluence in 6-well culture dishes. Four SureSilencing shRNA

plasmids designed to target CYP27b1 and a scrambled negative

control vector (2 mg, SuperArray, Frederick, MD) were individually

transfected into the cells via FuGENE6 Transfection Reagent using a

3:2 (v/w) ratio of FuGENE to DNA. Cells expressing the SureSilencing

shRNA plasmids were selected for neomycin resistance with 0.2 mg/

mL geneticin. Media containing geneticin was replenished every 1–

2 days for 2 weeks. After selection was complete, cells were returned

to regular media and analyzed for knockdown of CYP27b1 mRNA.

Of the four sequences, the sequence 50-ggcagagcttgaattgcaaat-30

was found to be the most effective at CYP27b1 knockdown,

therefore cells transfected with this sequence, which were termed

HME-shCYP27b1, were used for comparison to HMEtert cells trans-

fected with scrambled sequence and/or untransfected HMEtert cells.

MEASUREMENT OF CELL DENSITY

Cells were seeded in multi-well plates, allowed to attach overnight

and then treated with ethanol vehicle or vitamin D metabolites (25D

or 1,25D) at the concentrations indicated in the figure legends for up

to 96 h. Under the conditions used, each cell line displayed linear

growth over this time period. Adherent cell density was measured

after fixing cultures with 1% glutaraldehyde and staining with 0.1%

crystal violet. After rinsing excess dye with water, wells were dried

overnight and then solubilized with 0.1% Triton X-100. Absorbance

at 590 nm was measured on a Wallac Victor 2 plate reader as an

indicator of cell density.

QUANTITATIVE RT-PCR

Cells were grown to subconfluence in six-well dishes and treated

with ethanol vehicle, 100 nM 1,25D or 100 nM 25D (Leo Pharma-

ceutical, Ballerup, Denmark) for 24 h. Total RNA was extracted with

RNeasy Mini Kit (Qiagen, Valencia, CA) and cDNA was synthesized

with TaqMan Reverse Transcription Reagents (Applied Biosystems,

Foster City, CA). Steady state mRNA expression for CYP27b1 and

CYP24 was analyzed with real time PCR using TaqMan PCR Core

Reagent Kit (Applied Biosystems). Primers and probes specific for

VDR (forward; reverse, probe: ACTACCGCAAAGAAGGCTACGG-

GCTG), CYP27b1 (forward: AGTTGCTATTGGCGGGAGTG; reverse:

GTGCCGGGAGAGCTCATACA, probe: ACTACCGCAAAGAAGGC-

TACGGGCTG) and CYP24 (forward: CAAACCGTGGAAGGCCTATC,

reverse: AGTCTTCCCCTTCCAGGATCA, probe: ACTACCGCAAA-

GAAGGCTACGGGCTG) were used. Gene expression was normalized

against 18S RNA (forward: AGTCCCTGCCCTTTGTACACA, reverse:
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GATCCGAGGGCCTCACTAAAC, probe: CGCCCGTCGCTACTACC-

GATTGG) expression.

IMMUNOBLOTTING

Cells were seeded (300,000 cells per 100 mm dish), allowed to attach

overnight and then treated with ethanol vehicle, 100 nM 1,25D or

100 nM 25D for 48 h. Monolayers were scraped into Laemmli buffer

containing protease and phosphatase inhibitors (10 mM benzami-

dine, 10 mM sodium fluoride, 100 mM sodium vanadate, 25 mg/ml

aprotinin, 25 mg/ml pepstatin, 25 mg/ml leupeptin and 1 mM

phenylmethylsulfonyl), sonicated and analyzed for total protein

concentration with the BCA protein assay (Pierce, Rockford, IL).

Routine Western blotting was performed as described (1) using

primary antibodies against VDR (clone 9A7, NeoMarkers, Fremont,

CA), CYP24 (Cytochroma, Markham, Ontario), CYP27b1 (The

Binding Site, San Diego, CA) and E-cadherin (BD Biosciences,

San Jose, CA). Specific binding was detected with horseradish

peroxidase conjugated anti-rat (Santa Cruz Biotechnology, Santa

Cruz, CA), anti-mouse (Amsersham Biosciences, Piskataway, NJ) or

anti-sheep (Jackson ImmunoResearch, West Grove, PA) antibodies

and chemiluminescence (Super Signal West Dura Extended Duration

Substrate, Pierce). Equal loading was confirmed by either ponceau

staining or immunoblotting with anti-GAPDH antibody (Biogenesis,

Poole, England).

MEASUREMENT OF CYP27b1 ACTIVITY

Cells were seeded in six-well culture dishes (500,000 cells/well) and

treated the following day with 100 nM 25D in a total of 1 mL media.

Media was collected for analysis of 1a-hydroxylated metabolites

with the 1,25D enzyme immunoassay (Immunodiagnostic Systems,

Inc., Fountain Hills, AZ). Assays were conducted according to

manufacturer directions for analysis of serum 1,25D. Controls

included media alone supplemented with 25D to exclude non-

cellular modification of 25D and to control for cross-reactivity with

25D in the EIA. Data was normalized by subtracting control values,

and 1,25D synthesis was expressed as pg produced/106 cells.

STATISTICS

Data are expressed as mean� standard error (SE). Student’s t-test or

one-way ANOVA was used to determine statistical significance

between treatment means (P< 0.5) using GraphPad Prism software

(GraphPad Software, SanDiego, CA). Dunnett’s or Tukey post-tests

were used where applicable.

RESULTS

IN VITRO TRANSFORMATION REDUCES MAMMARY CELL

SENSITIVITY TO 1,25D

To specifically address the effect of transformation on vitamin D

mediated growth inhibition, we used an in vitro model consisting of

three distinct cell lines generated from normal human mammary

epithelial cells [Elenbaas et al., 2001]. The HMEtert cell line, which

was created by immortalization of primary human mammary

epithelial cultures with telomerase, exhibits monolayer growth in a

cobblestone pattern characteristic of normal epithelial cells

(Fig. 1A, left panel). In contrast, HMELT cells (which express both
982 VITAMIN D AND MAMMARY CELL TRANSFORMATION
telomerase and SV40 large T antigen) are reduced in size and grow in

a less uniform cobblestone pattern, with some cells exhibiting

elongated, fibroblast-like morphology (Fig. 1A, middle panel). The

fully tumorigenic HMELTþRas cultures (which express telomerase,

SV40 large T antigen and constitutively active H-ras) exhibit

fibroblastic morphology and grow in a scattered, independent

fashion even when confluent (Fig. 1A, right panel).

To assess the integrity of the vitamin D signaling pathway in

relation to transformation, we first examined the effect of 1,25D on

adherent cell density (which reflects both proliferation and

apoptosis) of all three cell lines during the linear growth phase.

After attachment, cells in serum free media were treated with

increasing concentrations of 1,25D or ethanol vehicle, and cell

density was measured after 96 h. Data are expressed as percent

inhibition relative to ethanol vehicle control treated cultures for

each cell line. Density of non-transformed HMEtert cultures was

significantly reduced by concentrations of 1,25D as low as 1 nM,

with 45% inhibition observed in response to 100 nM 1,25D (Fig. 1B).

HMELT cultures were also inhibited by all concentrations of 1,25D

tested, but the maximal inhibition (at 100 nM) was less than 20%

(comparable to the effect of 1 nM 1,25D in HMEtert cultures).

HMELTþRas cultures were unaffected by low (1–10 nM) doses of

1,25D, and even the highest dose tested (100 nM) produced less than

15% growth inhibition. Time course studies suggested that the

inhibitory effect of 1,25D occurred within 24 h of treatment in

HMEtert cells, but was delayed in HMELT and HMELTþRas cultures (not

shown). The differences in sensitivity to 1,25D between the HME cell

variants did not appear to be secondary to altered doubling times, as

growth kinetics of the cell lines in basal media were similar for at

least 72 h after plating. Furthermore, no morphological evidence for

apoptosis was detected in any of the cell lines, even upon treatment

with the highest concentration (100 nM) of 1,25D (data not shown).

In epithelial cells, loss of E-cadherin is associated with cancer

progression, and 1,25D has been shown to induce E-cadherin in

colon cancer cells [Palmer et al., 2001]. We therefore assessed

whether basal or 1,25D-inducible E-cadherin expression is altered

during mammary cell transformation (Fig. 1C). On western blots

with 5 s exposure to film, E-cadherin was detected in HMEtert

cultures, but not in HMELT or HMELTþRas cells. By immunofluor-

escent microscopy, E-cadherin expression was localized at adherens

junctions in HMEtert cells but not in HMELT or HMELTþRas cultures

(data not shown). These data indicate that the loss of E-cadherin

characteristic of the epithelial-mesenchymal transition is mimicked

in this in vitro model of cancer progression. Consistent with findings

in colon cancer cells, treatment with 1,25D (100 nM, 48 h) slightly

but consistently increased E-cadherin expression in HMEtert cells.

With longer exposure of the same blot to film, E-cadherin could be

detected in HMELT cells, and its abundance was also increased in

response to 1,25D treatment. In contrast, E-cadherin was only

weakly detected HMELTþRas cells, even upon prolonged exposure of

film or after treatment with 1,25D.

EFFECT OF TRANSFORMATION ON BASAL AND 1,25D INDUCED

CYP24 EXPRESSION

To assess whether transformation altered genomic signaling through

VDR, we examined basal and 1,25D inducible expression of CYP24,
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Characteristics of HME cell variants and response to 1,25D. A: Phase contrast morphology of HMEtert, HMELT, and HMELTþRas cultures. hTERT, human telomerase; SV40,

simian virus 40; Ras, H-rasV12 oncogene. B: Growth inhibition in response to 1,25D. Adherent cell density was assessed via crystal violet assay in cultures treated with vehicle or

1,25D (1, 10, or 100 nM) for 96 h. Data are expressed as percent growth inhibition relative to vehicle treated cultures for each cell line. Bars represent mean� SEM, n¼ 3.
�P< 0.05, as determined using one-way ANOVA and Dunnett’s multiple comparison test. Data are representative of at least 3 trials. C: Cell lysates from HMEtert, HMELT, and

HMELTþRas cultures treated with vehicle or 100 nM 1,25D were separated on SDS–PAGE and immunoblotted with antibody directed against E-cadherin. Images of the same blot

exposed to film for 5 s (top blot) or 1 h (bottom blot) are presented.
a well characterized target gene whose promoter contains multiple

vitamin D response elements that are highly induced by the 1,25D-

VDR complex [Vaisanen et al., 2005]. In a luciferase reporter assay,

100 nM 1,25D induced greater than 20-fold induction of the human

CYP24 promoter in HMEtert cells whereas induction was only 5- to

10-fold in HMELT or HMELTþRas cultures (Fig. 2A). A similar profile

was observed for expression of the endogenous CYP24 gene as
JOURNAL OF CELLULAR BIOCHEMISTRY
measured by real time PCR (Fig. 2B) and the CYP24 protein as

measured on Western blots (Fig. 2C). These data indicate that trans-

formation reduces both the basal and 1,25D inducible expression of

a known VDR target gene. These data also suggest that reduced

sensitivity to 1,25D mediated growth inhibition in transformed cells

is not secondary to increased abundance of CYP24, an enzyme that

mediates catabolism of 1,25D [Masuda et al., 2003].
VITAMIN D AND MAMMARY CELL TRANSFORMATION 983



Fig. 2. Effect of 1,25D on CYP24 in HME cell variants. A: Cells were

transiently co-transfected with the human CYP24 promoter-driven luciferase

reporter gene and the pRL-TK normalization gene and treated with vehicle or

100 nM 1,25D. After 24 h treatment, activity was measured with the dual

luciferase assay kit. Data were corrected for transfection efficiency and

expressed as relative luciferase units (RLU). Bars represent mean� SEM,

n¼ 3; �P< 0.05, control versus 1,25D treated for each cell line. B: Cultures

were treated for 24 h with vehicle or 100 nM 1,25D. CYP24 mRNA expression

was measured by quantitative real time PCR and normalized to 18S. Bars

represent mean� SEM, n¼ 3. C: Total protein (20 mg) from HME, HMELT, and

HMELTþRas cultures treated with vehicle or 100 nM 1,25D FOR 48 h was

separated via SDS–PAGE and immunoblotted with anti-CYP24 antibody.

984 VITAMIN D AND MAMMARY CELL TRANSFORMATION
TRANSFORMATION REDUCES VDR EXPRESSION

The VDR mediates the genomic effects of 1,25D, and studies in cells

derived from VDR knockout mice indicate that the VDR is essential

for 1,25D mediated growth inhibition [Zinser et al., 2003]. We

therefore hypothesized that the reduced sensitivity of transformed

cells to 1,25D mediated growth regulation and gene expression

could be secondary to reduced VDR expression. This hypothesis was

tested by Western blotting and real time PCR to compare VDR

expression in the three cell lines. As shown in Figure 3A, Western

blotting of HMEtert cell lysates for VDR revealed a doublet at

approximately 50 kDa, which likely represents multiple phosphory-

lated forms of the receptor [Jurutka et al., 2002; Narvaez et al.,

2003]. In both HMELT and HMELTþRas cultures, VDR protein expres-

sion was dramatically reduced. Treatment with 1,25D (100 nM,

48 h), which binds VDR and stabilizes it against proteolytic

degradation, increased steady state VDR abundance in transformed

cells, but the expression remained lower than that detected in the

non-transformed HMEtert cells (Fig. 3B).
Fig. 3. VDR expression in HME cell variants. A: Total protein (20 mg) from

untreated HMEtert, HMELT, and HMELTþRas cultures was separated via SDS–

PAGE and immunoblotted with antibodies directed against VDR (top) or

GAPDH (bottom). B: Lysates from cells treated with vehicle or 100 nM

1,25D for 48 h were separated on SDS–PAGE and immunoblotted with

antibody directed against VDR. C: Relative VDR mRNA expression in untreated

cells was measured by quantitative real time PCR and normalized to 18S. Bars

represent mean� SEM, n¼ 3. a,b,c Bars with different letter superscripts are

significantly (�P< 0.05) different by one way ANOVA.
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Real time PCR was used to assess whether changes in VDR protein

expression during transformation were secondary to reduced gene

expression. As shown in Figure 3C, steady state levels of VDR mRNA

were reduced 80% in HMELT and 60% in HMELTþRas cells relative to

HMEtert cells, thus correlating with the reduction in VDR protein.
EFFECT OF TRANSFORMATION ON CYP27b1 EXPRESSION, 1,25D

SYNTHESIS AND 25D MEDIATED GROWTH INHIBITION

Previous studies [Kemmis et al., 2006] have demonstrated that both

primary and telomerase-immortalized HME cells express CYP27b1,

a vitamin D hydroxylase that can synthesize 1,25D from 25D. We

therefore tested whether transformation altered the expression or

activity of this enzyme. CYP27b1 mRNA, as detected by real time

PCR, was markedly reduced in HMELT cells and moderately reduced

in HMELTþRas cultures relative to in HMEtert cells (Fig. 4A). CYP27b1
Fig. 4. Expression and activity of CYP27b1 in HME cell variants. A: Basal

CYP27b1 mRNA expression was measured in sub-confluent cultures of HME

variant cell lines by quantitative real time PCR. Data was normalized to 18S.

Bars represent mean� SEM, n¼ 3. a,b,c Bars with different letter superscripts

are significantly (�P< 0.05) different by one way ANOVA. B: Total protein

(20 mg) from HMEtert, HMELT, and HMELTþRas cultures treated with vehicle

or 100 nM 1,25D was separated via SDS–PAGE and immunoblotted with

anti-CYP27b1 antibody. C: HME variant cell lines were incubated with 100 nM

25D for 1 or 24 h as described in Materials and Methods Section. 1,25D was

immunoextracted from cultures and quantified with a commercially available

1,25D enzyme-immunoassay. Data are expressed as pg 1,25D synthesized/

106 cells (mean� SEM, n¼ 3). a,b Means with different letter superscripts are

significantly (�P< 0.05) different by one way ANOVA.

JOURNAL OF CELLULAR BIOCHEMISTRY
protein levels mirrored the changes in mRNA abundance, and no

effects of 1,25D treatment on CYP27b1 protein expression were

detected in any of the cell lines (Fig. 4B). The CYP27b1 antibody

recognized several additional bands in the HMEtert cells that were

not present in the HMELT or HMELTþRas cells. These bands may

represent CYP27b1 splice variants [Cordes et al., 2007; Wu et al.,

2007], but further studies would be necessary to confirm their

identity and determine their functional significance.

To determine whether the reduction in CYP27b1 expression was

of sufficient magnitude to impact on its function, 1,25D synthesis

was measured. Preliminary studies indicated that 1,25D synthesis

from 25D increased linearly over a 24 h period in HMEtert cells (data

not shown). We therefore examined 1,25D synthesis in all three cell

lines after 1 or 24 h incubation with 100 nM 25D. As shown in

Figure 4C, 1,25D synthesis after 1 h was reduced 90% in HMELT and

HMELTþRas cultures, and synthesis remained much lower in both

transformed cell lines relative to HMEtert cells after 24 h incubation.

Interestingly, 1,25D synthesis was two fold higher in HMELTþRas

cells compared to HMELT cells, a finding consistent with the

differences in CYP27b1 expression in these cell lines detected by real

time PCR and Western blotting.

Since CYP27b1 catalyzes the conversion of 25D to 1,25D, the

expression of functional CYP27b1 in HMEtert cells confers sensi-

tivity to 25D mediated growth inhibition [Kemmis et al., 2006]. To

assess whether the reduced synthesis of 1,25D from 25D in HMELT

and HMELTþRas cultures would translate to reduced cellular

sensitivity to 25D, we measured adherent cell density of all three

cell lines 96 h after treatment with increasing concentrations of 25D

(Fig. 5A). Density of HMEtert cells was dose dependently reduced by

25D beginning at concentrations as low as 1 nM, and 40% inhibition

was observed at 100 nM 25D. In contrast, HMELT or HMELTþRas

cultures were resistant to the inhibitory effects of low (1 or 10 nM)

doses of 25D, and even at 100 nM, the reduction in cell density of

transformed cultures by 25D was significantly less than that

observed in HMEtert cells.

Because transformed cells exhibited reduced expression of both

VDR and CYP27b1, the data presented in Figure 5A do not

conclusively demonstrate that loss of CYP27b1 expression in

transformed cells contributes to their impaired sensitivity to 25D.

We therefore specifically knocked down CYP27b1 expression in

HMEtert cells to mimic the loss of this enzyme that occurs in

transformed cells. As shown in Figure 5B, CYP27b1 mRNA was

reduced 80% in cells stably expressing shRNA designed to target

CYP27b1 (designated HMEC-shRNA), a reduction comparable to

that observed in the HMELTþRas cultures. To test whether CYP27b1

knock down altered sensitivity to 25D, cells were treated with

increasing concentrations of 25D and cell density was analyzed after

96 h (Fig. 5B). In contrast to HMEtert cells, which were inhibited by

concentrations of 25D as low as 1 nM (Fig. 5A), density of HMEC-

shRNA cultures was inhibited only by 100 nM 25D (Fig. 5B), and the

magnitude of this effect was about half that observed in the parental

cell line. Knockdown of CYP27b1 did not alter VDR expression

(Fig. 5C) or sensitivity to 1,25D mediated growth inhibition (not

shown). These data confirm that CYP27b1 mediates the inhibitory

effects of 25D via generation of 1,25D, and imply that the 80%

reduction in CYP27b1 expression in transformed cells would be of
VITAMIN D AND MAMMARY CELL TRANSFORMATION 985



Fig. 5. Growth inhibition of HME cell variants in response to 25D. A: Adherent cell density was assessed via crystal violet assay in cultures treated with vehicle or 25D (1, 10, or

100 nM) for 96 h. Data are expressed as percent growth inhibition relative to vehicle treated cultures. Bars represent mean� SEM, n¼ 3. Data are representative of at least 3

trials. �P< 0.05, treated versus control for each cell line. B: Knockdown of CYP27b1 in HMEtert cultures stably expressing shRNA directed against CYP27b1 was confirmed by real

time PCR. Data are expressed as fold change relative to HME values, mean� SD, n¼ 2. C: Adherent cell density was assessed via crystal violet assay following treatment with

ethanol vehicle or 25D for 96 h. Data are expressed as percent growth inhibition relative to vehicle treated cultures, mean� SEM (n¼ 3). �P< 0.05, control versus treated.

D: Lysates from parental HMEtert cells and HMEtert cultures stably expressing scrambled (scr) shRNA or shRNA directed against CYP27b1 were immunoblotted with an antibodies

directed against VDR (top) or GAPDH (bottom).
sufficient magnitude to impact on cellular sensitivity to 25D

mediated growth inhibition regardless of VDR expression.

DISCUSSION

These studies demonstrate that transformation of human mammary

epithelial (HME) cells disrupts the integrity of the vitamin D

pathway, which normally transmits anti-proliferative and pro-

differentiating signals in these cells [Kemmis et al., 2006]. This

conclusion is based on relative changes in expression and function

of VDR and CYP27b1 upon introduction of SV40 and/or H-rasV12

into HME cells expressing telomerase, an in vitro model of

transformation [Elenbaas et al., 2001]. More specifically, we report

greater than 70% reduction in steady state mRNA levels of both VDR

and CYP27b1 in HME cells expressing SV40 or SV40þH-rasV12.

Comparable reductions in protein expression and activity of both

VDR and CYP27b1 were also observed in transformed cells. More

importantly, oncogenic transformation reduced cellular sensitivity

to growth inhibition by 1,25D (the VDR ligand) and 25D (which is

converted by 1,25D by CYP27b1) by approximately 100-fold. Thus,

these studies provide evidence that loss of function of the vitamin D
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pathway represents another strategy by which cancer cells evade

negative growth regulation, one of the accepted ‘‘hallmarks of

cancer’’ [Hanahan and Weinberg, 2000].

We have previously demonstrated that telomerase immortaliza-

tion of primary HME cultures (which is associated with epigenetic

silencing of p16INK4A expression) does not alter expression or

function of VDR or CYP27b1 [Kemmis et al., 2006]. Furthermore,

both primary HME cultures and HMEtert cells are growth inhibited by

low nanomolar concentrations of 1,25D and 25D [Kemmis et al.,

2006]. The current studies were designed to test whether partial or

complete transformation of HMEtert cells (mediated by stable

introduction of SV40 without or with H-rasV12, respectively)

affected vitamin D signaling. Our data indicate that expression of

SV40 alone, which abrogates cell cycle control and reduces E-

cadherin expression but does not induce anchorage independent

growth or tumorigenesis in nude mice [Elenbaas et al., 2001], was

sufficient to down-regulate the vitamin D pathway in mammary

cells. Thus, although introduction of oncogenic ras to SV40

expressing HMEtert cells induces a more aggressive, fully trans-

formed phenotype, it was not necessary for deregulation of VDR

signaling. These observations suggest that impairment in the

vitamin D pathway may occur early in the tumorigenesis process.
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Consistent with our findings, impaired VDR function and

resistance to 1,25D mediated growth inhibition has previously

been reported in SV40 immortalized HBL100 breast epithelial cells

[Agadir et al., 1999]. In HBL100 cells, however, comparative analysis

of VDR expression and function in the presence and absence of SV40

was not possible. The SV40 construct utilized in the HME model

encodes large T antigen, which simultaneously disables both p53

and Rb tumor suppressor proteins, and small t antigen, which

perturbs protein phosphatase 2A [Hahn et al., 2002]. Agadir et al.

[1999] showed that transient transfection of large T antigen

disrupted 1,25D mediated VDR transactivation in CV-1 cells,

suggesting that large T likely contributes to the reduced VDR

function observed in HMELT cells. We hypothesize that one

mechanism by which large T antigen down regulates VDR

expression is through abrogation of p53 function, since genomic

profiling has identified VDR as a gene highly induced by the p53

family [Kommagani et al., 2006, 2007; Maruyama et al., 2006]. This

hypothesis, however, does not exclude the possibility that SV40

mediated deregulation of RB and/or PP2A pathways may also

impact on vitamin D signaling, or that SV40-transcribed proteins

directly inhibit VDR gene expression.

Because introduction of SV40 alone severely impaired VDR

expression in HME cells, the potential contribution of oncogenic ras

to VDR deregulation could not be clearly established in our studies.

However, oncogenic ras has been shown to destabilize VDR mRNA

in mammary cells [Rozenchan et al., 2004] and inhibit VDR

transcriptional activity in fibroblasts [Stedman et al., 2003].

Furthermore, VDR was identified in a genomic screen for pathways

perturbed during ras-mediated transformation [Agudo-Ibanez et al.,

2007] and in this study, re-introduction of VDR abrogated ras-

induced transformation as judged by foci formation. Collectively,

these studies suggest reciprocal cross-talk between the VDR

pathway and ras-mediated oncogenic signaling and support the

hypothesis that down-regulation of VDR by SV40 in the HME model

may facilitate ras-mediated transformation.

Ours are the first studies to examine the effects of specific

oncogenic manipulations on the expression of CYP27b1 and CYP24,

the cytochrome P450 enzymes that control the cellular concentra-

tion of 1,25D, the VDR ligand. Like VDR, expression of CYP27b1

(which generates 1,25D from serum-derived 25D) was markedly

reduced in HMELT cells compared to HMEtert cells. This data is

consistent with previous reports showing down-regulation of

CYP27b1 mRNA in aggressive breast cancer cell lines relative to

non-tumorigenic MCF12 cells, but contrary to data from clinical

specimens [Townsend et al., 2005]. In our study, the down regulation

of CYP27b1 mRNA and protein in HMELT cells was of sufficient

magnitude to impair the cell’s ability to synthesize 1,25D by more

than 30-fold, and to render cells less responsive to the growth

inhibitory effects of 25D. Although VDR is also down regulated by

SV40, comparison of the effects of 1,25D and 25D on HMELT cell

growth suggests that loss of CYP27b1 further reduces cell sensitivity

to 25D beyond that caused by loss of VDR alone. This suggestion was

supported by our data demonstrating that a comparable reduction in

CYP27b1 achieved by shRNA-mediated knockdown in HMEtert cells

reduced their sensitivity to 25D mediated growth inhibition in the

absence of changes in VDR protein expression.
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Surprisingly, the reduced CYP27b1 expression and activity in

HMELT cells was partially restored by introduction of oncogenic ras.

However, 1,25D synthesis remained more than 10-fold lower, and

cellular sensitivity to 25D mediated growth inhibition was not

improved, in HMELTþRas cells compared to HMELT cells. Although

multiple factors are known to regulate the human CYP27b1

promoter, including PTH, 1,25D, IFNg, and various growth factors,

there is no evidence as yet for regulation by p53, Rb, protein

phosphatase 2A or ras. Thus, dissecting the mechanisms by which

SV40 and ras interact to regulate CYP27b1 expression in the HME

model system will require additional study.

Basal expression of CYP24, the major enzyme responsible for

turnover of 25D and 1,25D, was also reduced in HMELT cells

compared to HMEtert cells, and was further reduced in HMELTþRas

cells. Thus, increased CYP24-mediated catabolism of 1,25D and 25D,

a frequent cause of vitamin D resistance [Ly et al., 1999], likely does

not contribute to the reduced sensitivity of the HMELT and

HMELTþRas cells to these metabolites. This data is in contrast to

studies by Townsend et al. [2005] that demonstrated up-regulation

of CYP24 mRNA in aggressive breast cancer cell lines relative to

non-tumorigenic MCF12 cells. These discrepancies may be

attributed to the different model systems studied: the HME cell

variants share a common genetic background and have been

engineered in vitro with known oncogenic manipulations, whereas

the established breast cancer cell lines are heterogeneous in origin

and have acquired distinct, unknown oncogenic mutations during in

vivo tumorigenesis and in vitro propagation. As data from clinical

specimens has also been inconsistent (with increased, decreased or

no change in CYP24 expression reported in breast cancer compared

to normal tissue), additional studies in both the HME model and in

established breast cancer cell lines may be necessary to clarify the

spectrum of pathways that affect CYP24 expression during

tumorigenesis.

In summary, we have demonstrated that expression and

function of key components of the vitamin D signaling pathway

become deregulated in the course of mammary epithelial cell

transformation. These changes enable mammary cells to escape

the growth inhibitory signals that are normally triggered through

VDR signaling. Further studies are needed to clarify how the

balance between proliferation and apoptosis is altered in this

model of transformation, and which specific pathways become

insensitive to 1,25D. Because the insensitivity to vitamin D mediated

signaling occurs early in the course of tumorigenesis, our data

supports the concept that deregulation of vitamin D signaling

may contribute to or facilitate tumor progression. This concept

predicts that strategies to optimize vitamin D signaling would be

most effective in preventing cancer during the early, promotional

stages.
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