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Abstract Calcitriol (1,25-dihydroxyvitamin D3), the hor-
monally active metabolite of vitamin D, exerts many
anticancer effects in breast cancer (BCa) cells. We have
previously shown using cell culture models that calcitriol acts
as a selective aromatase modulator (SAM) and inhibits
estrogen synthesis and signaling in BCa cells. We have now
examined calcitriol effects in vivo on aromatase expression,
estrogen signaling, and tumor growth when used alone and in
combination with aromatase inhibitors (AIs). In immuno-
compromised mice bearing MCF-7 xenografts, increasing
doses of calcitriol exhibited significant tumor inhibitory
effects (~50% to 70% decrease in tumor volume). At the
suboptimal doses tested, anastrozole and letrozole also caused
significant tumor shrinkage when used individually. Although
the combinations of calcitriol and the AIs caused a

statistically significant increase in tumor inhibition in
comparison to the single agents, the cooperative interaction
between these agents appeared to be minimal at the doses
tested. Calcitriol decreased aromatase expression in the
xenograft tumors. Importantly, calcitriol also acted as a
SAM in the mouse, decreasing aromatase expression in the
mammary adipose tissue, while increasing it in bone marrow
cells and not altering it in the ovaries and uteri. As a result,
calcitriol significantly reduced estrogen levels in the xeno-
graft tumors and surrounding breast adipose tissue. In
addition, calcitriol inhibited estrogen signaling by decreasing
tumor ERα levels. Changes in tumor gene expression
revealed the suppressive effects of calcitriol on inflammatory
and growth signaling pathways and demonstrated cooperative
interactions between calcitriol and AIs to modulate gene
expression. We hypothesize that cumulatively these calcitriol
actions would contribute to a beneficial effect when calcitriol
is combined with an AI in the treatment of BCa.
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Introduction

Breast cancer (BCa) is the most common form of cancer in
women in the United States. Approximately 70% of BCa
are estrogen receptor positive (ER+) and are responsive to
endocrine therapy. The hormonal drugs used to treat ER+
BCa are designed to antagonize the mitogenic effects of
estrogens and include: selective estrogen receptor modu-
lators (SERMs) such as tamoxifen and raloxifene that bind
to the ER and act as antagonists in the breast; selective
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estrogen receptor down-regulators (SERDs) such as fulves-
trant that bind to and target ER for degradation; and
aromatase inhibitors (AIs) that inhibit the activity of aroma-
tase, the enzyme that catalyzes the synthesis of estrogens from
androgenic precursors [1–3]. Currently, AIs are the first line
therapy to prevent BCa progression in postmenopausal
women following primary therapy [2, 4]. However, AI
inhibition of aromatase is nonselective and occurs at all sites
including bone, where normal estrogen function is required
for the maintenance of bone mineralization. Thus prolonged
therapy with AIs has the potential to lead to the undesirable
side effect of osteoporosis [5, 6]. The development of agents
that act as selective aromatase modulators (SAMs) inhibiting
estrogen synthesis in the breast while allowing unimpaired
estrogen synthesis in desirable sites such as bone would be
clinically very useful [7].

Calcitriol (1,25-dihydroxyvitamin D3), the hormonally
active form of vitamin D exhibits antiproliferative and
differentiation-inducing activities as well as inhibits tumor
angiogenesis, invasion, and metastasis, suggesting its utility
as an anticancer agent [8–13]. We have recently demonstrat-
ed that calcitriol acts as a SAM in cultured cells, decreasing
aromatase expression in malignant breast epithelial cells and
adipocytes while increasing aromatase expression in osteo-
blastic cells [14]. In addition, we and others have shown that
calcitriol down-regulates the expression of ERα and thereby
inhibits estrogen signaling in malignant breast epithelial cells
[15–17]. Thus calcitriol is a potent inhibitor of both estrogen
synthesis and signaling [18] and therefore has the potential to
enhance the beneficial effects of both AIs and SERMs when
combined with these drugs. Our earlier study demonstrated
cooperative effects of calcitriol with three different AIs
resulting in enhanced inhibition of BCa cell growth [14]. In
the current study, we have examined the effects of calcitriol
in vivo in nude mice bearing human BCa xenografts
administered alone and in combination with AIs. Our goal
was to determine whether calcitriol also acted as a SAM in
vivo and reduced estrogen synthesis in the tumor microen-
vironment. Since calcitriol and the AIs act by different
mechanisms to limit aromatase-mediated estrogen synthesis,
we also investigated whether their combinations exhibited
enhanced anticancer effects in vivo. Our results suggest that
the use of calcitriol alone or in combination with AIs would
have therapeutic utility in the treatment of ER+BCa.

Materials and Methods

Materials

Calcitriol, letrozole, and anastrozole were kind gifts from
BioXell, Norvartis Pharma AG, and Astra Zeneca, respec-
tively. Tissue culture media, supplements, and fetal calf

serum (FCS) were obtained from Gibco BRL (Grand
Island, NY), Lonza (Walkersville, MD), and Mediatech
Inc. (Herndon, VA), respectively.

Methods

Cell Culture

MCF-7 human BCa cells were routinely cultured in
DMEM/F12 medium containing 10% FBS at 37°C and
5% CO2 in a humidified incubator. Before inoculation into
nude mice, cell cultures were subjected to a screen to ensure
the absence of murine viruses. Cultures grown to ~75%
confluence in T-150 flasks were washed and digested with
trypsin and cell pellets were obtained under sterile conditions.
Cell pellets were resuspended (~10×107 cells/ml) in sterile
culture media mixed with an equal volume of regular
Matrigel (Collaborative Biomedical, Bedford, MA) prior to
injections into mice.

Subcutaneous and Orthotopic Xenograft Establishment
in Nude Mice

All animal procedures were performed in compliance with the
guidelines approved by Stanford University Administrative
Panels on Laboratory Animal Care (APLAC). Four- to 6-
week-old female athymic, nude (Foxn/

nu/nu) intact, and
ovariectomized (OVX) mice purchased from Harlan Labo-
ratories (Indianapolis, IN) were housed in a designated
pathogen-free area in the Research Animal Facility, Stanford
University School of Medicine and fed irradiated mouse
chow and autoclaved reverse osmosis-treated water. Xeno-
grafts were established in ~6-week-old mice by injections of
MCF-7 cells (~10 million) suspended in a small volume
(~100 μl) of the culture medium–Matrigel mixture. For
subcutaneous xenografts, cells were injected subcutaneously
into two sites: one each in the right and left flanks of intact
mice (premenopausal model). Prior to establishing orthotopic
xenografts in OVX mice (postmenopausal model), 15 mg/
90 day time-release androstenedione pellets (Innovative
Research of America, Sarasota, FL) were implanted into
the intrascapular space in these mice. A midline abdominal
skin incision was then made to visualize the fourth mammary
fat pad (inguinal glands) and tumor cells were injected into
the fat pad on both the right and left sides. For gene
expression studies, the fat pads of the #4 inguinal mammary
glands (“tumor bearing” fat pad) were compared to the fat
pads of the thoracic (glands # 2 and 3) mammary glands,
which did not contain any tumors (“non-tumor bearing” fat
pad). For pellet implantation and tumor cell injection into the
mammary fat pads, mice were manipulated in surgical
aseptic conditions under isoflurane anesthesia and received
carprofen (5 mg/kg) for analgesia. Body weight and tumor
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size were measured once a week. Tumor volumes were
calculated from two tumor diameter measurements using
a vernier caliper and using the formula: tumor volume=
(length × width2)/2 [19]. When the tumors reached
~70 mm3 in size, the mice were assigned to different
treatment groups and the treatments were continued over
the following 4 weeks.

Treatments

Mice were assigned to the different treatment groups such
that there was no statistically significant difference in tumor
volumes between the experimental groups at the beginning
of treatment. Stock solutions of calcitriol and the AIs were
made in 100% ethanol and stored at −20°C. Appropriate
dilutions were made in sterile saline and the desired
concentrations of the drugs in a small volume (100 μl) of
the sterile saline vehicle were administered as intraperito-
neal (i.p.) injections. The mice in the control group received
i.p. injections of 0.1% ethanol in sterile saline (vehicle).
The dosage of calcitriol and the intermittent administration
regimen were based on published observations [20–22].
Calcitriol was administered at 0.025, 0.05, and 0.1 μg doses
three times a week (on Mondays, Wednesdays, and
Fridays). Anastrozole was administered at 5 μg and
letrozole at 2.5 μg 6 days a week (Monday through
Saturday). In the case of mice receiving combination
regimens, on the days they received both calcitriol and the
AI, the drugs were combined in the same volume of the
vehicle and administered as a single injection. Treatments
were continued for 4 weeks. Body weights and tumor sizes
were measured weekly throughout the treatment period. At
the end of the study, 14 h after the final calcitriol injections,
mice were euthanized according to APLAC guidelines
using CO2. Blood samples were collected by cardiac
puncture while under CO2 anesthesia causing exsanguina-
tions and serum samples were obtained. Tumors and other
tissues (ovaries, uteri, bone marrow, and tumor-bearing and
non-tumor-bearing mammary fat pads) were harvested,
cleaned, and snap frozen in liquid nitrogen for later
analysis. Bone marrow was removed by flushing the
marrow cavity of the femur with 5 ml of PBS using a
syringe and the bone marrow cells were collected by
centrifugation for analysis. Aliquots of the tumor tissue
were fixed in formalin and embedded in paraffin for
immunohistochemical analysis.

Analysis of mRNA Expression by Reverse Transcription
and Real-Time PCR

Total RNA was isolated from tumor and other tissue
samples following homogenization using the Trizol reagent
(Invitrogen, Carlsbad, CA) as described [23]. Five micro-

grams of RNAwere subjected to reverse transcription using
the SuperScript III first strand synthesis kit (Invitrogen) and
an oligo-d(T) primer as previously described [14]. Relative
changes in mRNA levels were assessed by the comparative
CT (DDCT) method as described [24]. The mRNA
expressions of the genes of interest were normalized to
either TATA box-binding protein (TBP) or glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mRNA levels as
described previously [23]. The primers used for the
measurement of total aromatase mRNA in the human
xenograft tumors and the various mouse tissues were as
previously described [25, 26].

Measurement of Estrone (E1) and Estradiol (E2) Levels

Protein extracts from mammary fat and tumor tissues
were prepared by homogenizing the tissues in a Tris–
EDTA buffer containing high salt as described previously
[27]. Aliquots of the tissue extracts were used to measure
E1 and E2 levels using enzyme immuno assay kits
(Cayman Chemical Company, Ann Arbor, MI) following
the manufacturer’s protocols. Protein concentration of the
extracts were determined by the method described by
Bradford [28].

Measurement of Serum Calcium Levels

Serum calcium levels were measured using the QuantiChrom
calcium assay kit (BioAssay Systems, Hayward, CA)
following the manufacturer’s protocol.

Immunohistochemical Analysis

Tumor tissue was fixed in 10% neutral-buffered formalin
and processed for immunohistochemical (IHC) studies as
described previously [29]. Sections of 5-μm thickness were
placed on positively charged glass slides and baked at 60°C
for approximately 1 h in a standard histology oven (Fisher
Scientific, Houston, TX). Antibodies to ERα (clone 1D5, 1:80,
Dako, Carpinteria, CA) and aromatase (1:100 mouse antihu-
man cytochrome P450 aromatase antibody; AbDSerotec,
Raleigh, NC) were applied per standard immunohistochemis-
try [29] practice using a Dako autostainer (Dako). In negative
controls, primary antibodies were omitted and IgG was used
instead. Slides were counterstained with hematoxylin and
coverslipped. Scoring was based on both percentage scale
and intensity. Staining intensity was scored on a scale of 0 to
3+ with 0 being negative; 1+, weakly positive; 2+,
moderately positive; and 3+, strongly positive. Staining
intensity was rated similarly based on average intensity over
the tumor cell population. Percentage of cells staining was
subjectively estimated from examination of many fields at
high magnification (200–400X).
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Statistical Analysis

Statistical analyses were performed using the GraphPad
Prism 5 software (GraphPad Software, San Diego, CA).
Data were evaluated by ANOVA with Scheffe’s F-test as
the post-hoc analysis.

Results

We established human BCa xenografts by subcutaneous
injections of a mixture of ER+MCF-7 cells and matrigel
into the flanks of intact nude mice (premenopausal model)
as well as into the mammary fat pads of OVX mice
(postmenopausal model). Since one of our goals was to
investigate the effect of calcitriol on estrogen synthesis, we
did not provide E2 supplementation to the mice, although
typically the growth of MCF-7 xenografts in mouse models
is supported by E2 supplementation. In OVX mice we
implanted pellets of the estrogenic precursor androstene-
dione to ensure local estrogen synthesis in the breast
environment by aromatase present in the tumor cells as
well as the surrounding mammary adipocytes. The effects
of calcitriol on tumor growth and estrogen synthesis and
signaling were investigated both when used alone and in
combination with the AIs anastrozole and letrozole in the
pre- and postmenopausal models, respectively.

Effects of Calcitriol on Tumor Growth, Body Weight,
and Serum Calcium in Intact Mice

In the intact mice, tumors in the flank grew to ~70 mm3 in
size by 6 weeks after tumor cell inoculation in the absence
of estrogen supplementation. The effects of calcitriol at
very low (VLC; 0.025 μg/mouse), low (LC; 0.05 μg/
mouse), and high (HC; 0. μg/mouse) concentrations on
tumor growth and body weight were examined over the
next 4 weeks (Fig. 1a). In the control group that received
vehicle injections, the tumors continued to grow over the
next 4 weeks, albeit at a slightly slower rate compared to
the initial growth rate, reaching a mean volume of ~90 mm3

by week 10. In calcitriol-treated mice, decreases in tumor
volumes were evident as early as 1 week after initiation of
treatment. Tumor volumes continued to decline in the
calcitriol-treated groups. At the end of 4 weeks of treatment
the mean tumor volumes were significantly lower (p<0.01)
in all the calcitiol-treated groups with the VLC, LC, and
HC doses causing ~50%, ~60%, and ~70% reductions in
mean tumor volumes compared to the control group.
Compared to the VLC group, significantly greater tumor
inhibition was achieved in the mice receiving HC (p<0.05
compared to VLC). There were no changes in the mean
body weights between the experimental groups (Table 1),

suggesting that the doses of calcitriol used in the study were
well tolerated by the mice. Measurement of serum calcium
levels 14 h after the final calcitriol injections revealed no
changes in the VLC group compared to control (Table 1).
However small statistically significant increases were seen
in mice receiving LC and HC (mean serum calcium levels
at 10.9±0.2 and 11±0.3 mg/dl, respectively) compared to
control (9.5±0.3 mg/dl).

Effects of Calcitriol − AI Combinations on Tumor Growth,
Body Weight, and Serum Calcium

The effects of the combinations of LC with the AI anastrozole
at a suboptimal concentration (5 μg/mouse) were tested in the
premenopausal model. Both LC and anastrozole were
inhibitory to tumor growth. Decreases in tumor volume
became obvious as early as 1 week after treatment with the
decrease in the combination group attaining statistical
significance (p<0.01) when compared to control (Fig. 1b).
Tumor volumes in all the treated groups revealed significant
decreases over time. At the end of 4 weeks of treatment the
mean tumor volumes were significantly lower (p<0.01) in
LC, anastrozole, and the combination groups compared to
the control group with the tumor volume being the lowest in
the combination group. Although the combination caused a
small but statistically significant further decrease in mean
tumor volume compared to LC alone or anastrozole alone
(p<0.05) at the end of 4 weeks, the cooperativity between
the two agents was minor. LC and anastrozole when
combined at these doses caused no significant change in
mean serum calcium levels or body weight (Table 1).

Similar data were obtained when the effect of a combination
of VLC and the AI letrozole (at 2.5 μg/mouse) was tested on
tumors growing in the mammary fat pads of OVX mice
supplemented with androstenedione (postmenopausal model,
Fig. 1c). At the end of 4 weeks of treatment the mean tumor
volumes were significantly lower (p<0.01) in VLC, letrozole,
and the combination groups compared to the control group.
The mice receiving VLC–letrozole combination exhibited a
further statistically significant decrease in mean tumor volume
compared to VLC alone (p<0.05) but not when compared to
letrozole alone. In the OVX mice the VLC dose did not
significantly alter serum calcium levels or body weight
(Table 1) when used alone or in combination with letrozole.

Tissue-Specific Regulation of Aromatase Expression
by Calcitriol

Administration of LC to intact mice significantly decreased
total aromatase mRNA in the xenografted human tumors
(Fig. 2a; ~65% decrease). In the case of the various mouse
tissues examined (Fig. 2a), LC caused a significant
decrease in mammary fat aromatase mRNA levels. No
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changes in aromatase mRNA were seen in the ovaries and
the uteri. In contrast, in bone marrow cells an approxi-
mately 4-fold increase in aromatase mRNAwas seen due to
LC administration.

As shown in Fig. 2b, in OVX mice, aromatase mRNA
level was elevated in the tumor-bearing mammary fat tissue
from the #4 inguinal glands when compared to fat tissue
from non tumor-bearing fat pads from the # 2 and 3

thoracic glands (~3-fold increase, p<0.05). VLC treatment
significantly decreased aromatase mRNA expression seen
in non tumor-bearing mammary fat tissue (~50% decrease,
p<0.05) as well as in the mammary fat tissue surrounding
the tumors, which exhibited elevated basal aromatase
expression (~80% decrease due to VLC).

Changes in Tumor Gene Expression due to Calcitriol, AI,
and Their Combinations

We next examined the effect of calcitriol when adminis-
tered alone and in combination with an AI on tumor gene
expression as a measure of its ability to inhibit estrogen
synthesis (aromatase) and signaling (ERα) as well as to
exert anti-inflammatory (COX-2) and antiproliferative (p21

Table 1 Serum calcium and body weight measurements

Groups Body weight (gm) Serum calcium (mg/dl)

Intact mice

Control 22.0±0.4 9.5±0.3

VLC (0.025 μg) 23.6±0.7 9.8±0.6

LC (0.05 μg) 23.8±0.8 10.9±0.2*

HC (0.1 μg) 23.9±0.6 11.0±0.3*

Anastrozole (5 μg) 23.4±0.3 9.2±0.5

LC+Anastrozole 23.6±0.7 9.2±0.7

OVX mice

Control 28.7±0.8 9.7±0.5

VLC (0.025 μg) 29.7±0.6 9.8±0.5

Letrozole (2.5 μg) 29.6±0.4 9.0±1.3

VLC+Letrozole 29.2±0.9 8.2±1.2

* p<0.001 when compared to control

Fig. 1 Effect of calcitriol, AIs, and their combinations on the growth
of MCF-7 tumors. MCF-7 xenografts were established in the flanks of
intact nude mice (premenopausal model). After 6 weeks of tumor
growth the mice were given i.p. injections of calcitriol at very low
(VLC, 0.025 μg/mouse), low (LC, 0.05 μg/mouse), and high
(HC, 0.1 μg/mouse) concentrations three times a week for the
following 4 weeks. Tumor volumes were measured weekly and
calculated as described in Materials and Methods (a). Some mice
received anastrozole (Ana, 5 μg/mouse, s.c. or i.p. injections 6 days a
week) as a single agent or in combination with LC (LC+Ana) and the
tumor volumes were measured over the next 4 weeks (b). In separate
experiments, MCF-7 xenografts were established in right and left
fourth mammary fat pads of OVX nude mice (postmenopausal model)
implanted with 60-day time-release androstenedione pellets and
allowed to grow for 6 weeks. The mice received very low dose
calcitriol (VLC, 0.025 μg/mouse, three times a week as i.p. injections),
letrozole (Let, 2.5 μg/mouse, s.c. or i.p. injections 6 days a week) or a
combination of both (VLC+Let) and the tumor volumes were measured
over the next 4 weeks (c). Values represent mean±SE. Number of mice in
the various experimental groups were as follows: In a and b, control=17,
VLC=6, LC=10, HC=8, Ana=17, and LC+Ana =18. In c, control=13,
VLC=6, Let=13, and VLC+Let=12. a=p<0.001 as compared to
control, b=p<0.05 as compared to VLC, c=p<0.05 as compared to
LC, and d=p<0.05 as compared to Ana

�
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and IGFBP-3) effects. As shown in Fig. 3a, LC adminis-
tration resulted in significant decreases in tumor levels of
ERα, aromatase and COX-2 mRNA levels as compared to
control. Interestingly, anastrozole also significantly reduced
aromatase and COX-2 mRNA, but not ERα mRNA levels.
The combination treatment elicited maximal suppression of
ERα, aromatase, and COX-2 mRNA expression in com-
parison to control. The suppressive effects of the combina-
tion on aromatase and COX-2 expression were significantly
greater than those of the individual drugs on the expression
of these genes (p<0.05 for the effect of the combination vs.
LC alone or anastrozole alone). In contrast, LC caused
significant increases in p21 and IGFBP-3 mRNA levels as
compared to control (Fig. 3b). The effects were again
maximal in mice treated with the combination. Anastrozole
alone did not significantly alter p21 and IGFBP-3 mRNA
(Fig. 3b). Tumor gene expression analysis in OVX mice
also produced similar results. The VLC-letrozole combina-
tion caused maximal decreases in ERα, aromatase and
COX-2 mRNA (Fig. 3c). VLC by itself produced modest
increases in tumor p21 and IGFBP-3 mRNA levels, while
VLC–letrozole combination elicited maximal increases in
the expression of these genes (Fig. 3d).

Figure 4 depicts changes in tumor ERα and aromatase
protein expression due to LC, anastrozole, and their
combination as determined by IHC analysis. The various
treatments did not change the basic morphology of the

tumors. The tumors were characterized as cohesive clusters
and groups of cells with enlarged and mildly pleomorphic
nuclei. Interspersed within the tumors were variable amounts
of lymphocytes and some fibrous tissue. Nuclear ERα
protein expression was maintained in all the treated tumors
(Fig. 4a–d). A trend toward decreased percentage of cell
staining was observed with calcitriol treatment and was most
obvious in the tumors treated with the combination of LC
and anastrozole (95% in the controls to 50% in the
combination). Similarly, the intensity of staining also
decreased from 3+ (strongly positive) to 2–3+ (moderately
positive). Figure 4e–h depicts staining for aromatase protein
expression. Ninety percent of the cells stained strongly for
the expression of aromatase, which could be detected in both
the cytoplasm and nuclei. Expression of aromatase decreased
in all the treated tumors with the combination showing lower
intensity (1+) than either calcitriol (2+) or anastrozole (2+)
used individually. Overall, combination of LC with anas-
trozole resulted in lower protein expression of both ERα and
aromatase in the tumors.

Effects of Calcitriol, Letrozole, and Their Combination
on E1 and E2 Levels in Tumors and Surrounding Mammary
Adipose Tissue

In the OVX mice receiving supplements of the estrogenic
precursor andostenedione, we determined the effect of the

Fig. 2 Tissue-specific regulation of aromatase expression by calci-
triol. (a) Total aromatase mRNA levels were measured by qRT-PCR as
described in Materials and Methods in tumors, ovaries, uteri,
mammary fat, and bone marrow cells from intact mice receiving low
dose calcitriol (LC) treatment as described in Fig. 1. Relative
aromatase mRNA levels in control mice was set at 1 for each tissue.
Values represent mean±SE from six to 11 determinations. *p<0.05
and **p<0.01 as compared to control. (b) Total aromatase mRNA
levels were measured in adipose tissue from non- tumor-bearing and

tumor-bearing mammary fat pads from OVX mice receiving very low
dose calcitriol (VLC) treatment as described in Fig. 1. Values represent
mean±SE from 6 to 11 determinations. +p<0.05 when the levels in
tumor bearing adipose tissue in control mice were compared to the
levels in non-tumor-bearing adipose tissue in control mice. **p<0.01
when the levels in the non-tumor-bearing and tumor bearing
mammary fat in mice receiving VLC were compared to the
corresponding control mice receiving vehicle
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treatments on estrogen synthesis by measuring the levels of
E1 and E2 both in the tumors and the surrounding mammary
adipose tissue. We saw statistically significant decreases in
E2 levels due to treatments in tumors and the surrounding
mammary adipose tissue compared to control (Fig. 5a). The
combination treatment decreased tumor E2 levels to an
extent similar to that caused by calcitriol or letrozole when
used individually. In tumor-surrounding mammary adipose
tissue, however the combination elicited significantly
greater reductions in E2 levels compared to calcitriol alone
(p<0.05) or letrozole alone (p<0.01). VLC and letrozole
individually and in combination produced significant
decreases in tumor E1 levels compared to control
(Fig. 5b). The combination treatment resulted in the lowest
level of E1 in the tumors, which was significantly lower than
treatment with calcitriol alone (p<0.05). Changes in E1

levels in the surrounding mammary adipose tissue reflected a
similar decreasing trend following treatments with calcitriol
or letrozole as single agents, which was not statistically
significant. However, the decrease due to the combination
treatment attained statistical significance (Fig. 5b).

In the tumors and the surrounding mammary fat we also
measured the mRNA expression of 17β-hydroxysteroid

dehydrogenase-1 (17β-HSD1), the reductive isoform of the
enzyme that converts E1 to E2. However, we found no
change in its expression following treatments (data not
shown).

Discussion

Calcitriol and its analogs have been shown to exhibit
antitumor effects in vivo in nude mice bearing xenografts of
human BCa cells [30–33]. Several studies have demonstrated
the requirement of sustained circulating levels of estrogens
for the growth of MCF-7 tumors in OVX mice, which is
provided by exogenous E2 administration [32, 34, 35]. Since
one of the main goals of this study was to investigate the
effect of calcitriol and its combinations with AIs on estrogen
synthesis in vivo, we did not provide E2 supplementation to
the mice. Tumor growth in the intact mice was dependent on
their endogenous circulating estrogen levels. In the OVX
mice, we implanted pellets releasing the estrogenic precursor
androstenedione, which could then be converted locally
(within the tumors and surrounding mammary adipose
tissue) to E1 by the aromatase present in these sites [36]

Fig. 3 Changes in tumor gene
expression due to calcitriol, AI,
and their combinations. Vehicle
(control, Con), calcitriol, AIs,
and their combinations were
administered to tumor bearing
intact (a and b) or OVX (c and
d) mice as described in Fig. 1.
Total RNA was isolated from
harvested tumors and the
mRNA levels of ERα,
aromatase COX-2, p21, and
IGFBP-3 were determined by
qRT-PCR as described in
Materials and Methods. Relative
mRNA expression for each gene
in tumors from control mice was
set at 1. Values represent
mean±SE from six to 11
determinations. *p<0.05,
**p<0.01, and ***p<0.001 as
compared to control. +p<0.05
and ++p<0.01 as compared to
LC or VLC. ^p<0.05 and
^^p<0.01 as compared to
Ana or Let
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and subsequently to E2 by the activity of the enzyme 17β-
HSD [37]. Therefore, in the absence of exogenously added
estrogens, the tumor sizes in our mice were significantly less
than reported tumor sizes in some studies where the mice
received E2 supplementation [30, 32, 33]. However, we did

see a time-dependent increase in tumor growth although the
growth rate showed a more pronounced increase in the first
6 weeks after tumor cell inoculation.

All three concentrations of calcitriol used in our study
exerted significant tumor inhibitory effects and maximal

Fig. 4 Effect of calcitriol, anastrozole, and their combinations on
ERα and aromatase protein expression in tumors. Vehicle (control,
Con), low dose calcitriol (LC), anastrozole (Ana), and their combina-
tion (LC+Ana) were administered to intact mice as described in
Fig. 1. Tumors were harvested and fixed for IHC analysis of
aromatase and ERα expression as described in Materials and

Methods. All tumors were immunostained with either anti-ERα
antibody (a–d) or an anti-aromatase antibody (e–h) and are shown at
400× magnification. i Immunostaining with IgG (negative control).
Numbers 0 to 3+ indicate the intensity of staining and numbers
followed by the % sign indicate percentage of cells showing positive
staining
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inhibition was seen with the highest dose used (0.1 μg/
mouse). We evaluated the toxicity of the treatments by
monitoring body weights and serum calcium levels. No
significant or irreversible weight loss occurred in any of the
treatment groups. However, not unexpectedly, small statis-
tically significant increases in serum calcium levels were
seen in mice receiving LC and HC doses. In mice receiving
combinations of suboptimal concentrations of calcitriol
(VLC and LC) and suboptimal doses of letrozole or
anastrozole (at 2.5 or 5 μg/mouse based on published
observations [38, 39]), no significant changes were seen in
serum calcium levels or body weights, demonstrating that
the combination treatments were well tolerated.

Our earlier study showed enhanced inhibition of the
growth of cultured MCF-7 cells when calcitriol was
combined with three different AIs [14]. In this study, we
sought to investigate whether calcitriol would enhance AI
activity in vivo to inhibit the growth of MCF-7 tumor
xenografts. It is clear that the selected suboptimal doses of
calcitriol and the AIs exerted potent tumor inhibitory effects
as single agents. Although the decreases in tumor volume
due to the calcitriol–AI combinations achieved statistical
significance when compared to the decreases caused by any
of the single agents, the combinations at the doses tested
did not exhibit noteworthy additive or synergistic effects in
retarding tumor growth. It is possible that a longer
treatment period or a finer dose response analysis might
reveal a greater cooperative effect of the combined agents.
Unlike the cell culture system, extensive dose response
evaluation in mice was impractical. However, in gene
expression studies, the combinations displayed additive and
synergistic effects to modulate tumor gene expression
appropriately.

Changes in aromatase expression in the various tissues
also demonstrated the tissue selectivity of aromatase
regulation by calcitriol in the mouse. It is now apparent
that the organization of the aromatase gene in the mouse is
more similar to the human aromatase gene than previously
thought and the presence of exon I.3, I.4, and PII-derived
transcripts seen in BCa cells have also been documented in
various mouse tissues [26, 40]. As expected calcitriol
administration reduced total aromatase mRNA levels in
the human xenograft tumors. Our data now demonstrate
differential regulation of aromatase by calcitriol in mouse
tissues as well. Following calcitriol administration, aroma-
tase mRNA expression levels remained unchanged in the
uteri and ovaries and were increased in the bone marrow
cells in intact mice. In contrast, the levels were decreased in
the mammary adipose tissue of both intact and OVX mice.

Since we could not isolate adequate RNA from the
highly mineralized adult bones, we examined the bone
marrow cells that could be flushed from the femur. The data
clearly show differential regulation of aromatase activity
with an increase in aromatase mRNA levels in the bone
marrow cells. In examining estrogen effects on bone,
several published studies have used isolated bone marrow
cells [41, 42], which contain many different cell popula-
tions including B and T lymphocytes, megakaryocytes, as
well as endosteal and trabecular lining cells and mesen-
chymal stem cells (hMSCs) capable of differentiation along
the osteogenic, chondrogenic, adipogenic, and marrow
stromal lineages. In OVX mice estrogen treatment induced
similar increases in ERE-luciferase reporter activity in both
cortical bone and bone marrow-derived cells [42]. Hema-
topoetic lineage-negative cells from bone marrow have a
population of osteoprogenitor cells that mineralize in vitro,

Fig. 5 Effects of calcitriol, letrozole, and their combination on E2 and
E1 levels in tumors and surrounding mammary adipose tissue. Vehicle
(control, Con), very low dose calcitriol (VLC), letrozole (Let), and
their combination (VLC+Let) were administered to OVX mice as
described in Fig. 1. Tumors and surrounding mammary adipose tissue

were harvested from the mice and E2 (a) and E1 (b) levels in the tissue
extracts were determined as described in Materials and Methods.
Values represent mean±SE from five to 10 determinations. **p<0.01
and ***p<0.001 as compared to control. +p<0.05 as compared to
VLC. ^^p<0.01 as compared to Let
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form bone in vivo and express bone-related genes [43, 44].
Further, calcitriol increases aromatase activity during
osteogenic differentiation of the multipotent bone marrow-
derived hMSCs [45]. Based on these observations, we used
bone marrow cells in our study and aromatase mRNA
level was up-regulated in these cells following calcitriol
treatment. Thus, the pattern of aromatase regulation by
calcitriol in mouse tissues is very similar to the pattern
we have previously shown using human cell culture
models [14] demonstrating that calcitriol exhibits SAM
activity in vivo.

Mammary adipose tissue plays a vital role in defining
the microenvironment for BCa and contributes significantly
to BCa growth [7, 46, 47]. In BCa patients, the highest
levels of aromatase transcripts have been found in the
adipose tissue from the breast quadrants bearing tumors
[48, 49]. Similar to these observations we detected an
elevated expression of aromatase in the tumor-adjacent
mammary adipose tissue compared to adipose tissue from
mammary fat pads not bearing tumors. This elevation in
aromatase expression is ascribed to a stimulation of
aromatase transcription [7, 50–52] by tumor-derived proin-
flammatory factors such as prostaglandins (PGs) and
cytokines [7, 53]. Calcitriol administration also significant-
ly reduced aromatase mRNA levels in mammary tissue
adjacent to BCa. This is likely due both to a direct
repression of aromatase transcription as well as its anti-
inflammatory action to reduce the production by the tumor
of proinflammatory factors such as PGs [14] and the
inhibition of the signaling pathways that they activate [9,
10]. This postulate is supported by the observation that
calcitriol reduced the mRNA expression of COX-2, the key
enzyme catalyzing PG synthesis, in the tumors from both
intact and OVX mice.

Real-time RT-PCR and IHC data showed significant
decreases in tumor aromatase and ERα expression at the
mRNA and protein levels, respectively, following calcitriol
treatment. These observations demonstrate that calcitriol
inhibits both estrogen synthesis and signaling thereby
reducing the major mitogenic signal provided by estrogens
to promote BCa progression. Surprisingly, treatment with
the enzyme inhibitors anastrozole or letrozole as single
agents also produced significant decreases in aromatase but
not ERα mRNA. Estrogens have been shown to exert a
positive feed back regulation of aromatase transcription
[54]. Therefore, the reduction in the levels of estrogens by
AIs and the resultant attenuation of the feed back
amplification of aromatase transcription might contribute
to the observed reduction in aromatase mRNA following AI
treatment. Our data in the postmenopausal model revealed
decreases in intratumoral and mammary adipose E1 and E2

levels demonstrating the inhibition of aromatase activity
and the blockade of estrogen synthesis following calcitriol

and letrozole treatments as single agents. The combination
of these agents, which act by different mechanisms,
produced the lowest E1 and E2 levels demonstrating
cooperativity between calcitriol, a transcriptional repressor
of aromatase and letrozole, an inhibitor of aromatase
enzymatic activity. 17β-HSD1, the reductive isoform of
the enzyme converts E1 to E2 in several tissues including
BCa cells [55, 56]. Since the treatments did not change
17β-HSD1 mRNA levels in tumors and surrounding
mammary fat, the observed decreases in E2 levels were
probably a consequence of reduced E1 levels following the
suppression of aromatase expression by the treatments.

Calcitriol regulation of tumor expression of genes that
play key roles in inflammation, growth control and
apoptosis were consistent with its tumor inhibitory activity.
Calcitriol significantly suppressed the expression of the
proinflammatory gene COX-2, demonstrating its anti-
inflammatory activity. COX-2-derived PGE2 is a major
stimulator of aromatase transcription in BCa [7] and in
tumor specimens from BCa patients aromatase expression
strongly correlates with COX-2 expression [57]. Thus,
suppression of COX-2 is an additional mechanism by
which calcitriol decreases aromatase expression [18].
Treatment with AIs as single agents also reduced COX-2
mRNA and their combinations with calcitriol produced the
greatest reduction in COX-2 expression. Calcitriol in-
creased the mRNA levels of the cyclin-dependent kinase
inhibitor p21/WAF1, whose expression is associated with
G0/G1 cell cycle arrest and IGFBP-3, which has been
shown to play an important role in calcitriol-mediated
growth inhibition of malignant cells [58]. Again, its
combination with an AI revealed a synergistic increase in
IGFBP-3 mRNA. In general, cotreatment with an AI
enhanced the regulatory effects of calcitriol on the
expression of its key target genes, many of which (ERα,
p21, IGFBP-3) were not altered by AI alone. Anastozole
and letrozole, the two AIs used in our study, are both azole
compounds, which are general inhibitors of cytochrome
p450 enzymes. Several azole compounds such as ketoco-
nazole and liarazole have been shown to inhibit 25-
hydroxyvitamin D3-24-hydroxylase (CYP24 A1), the en-
zyme that initiates the catabolism of calcitriol thereby
extending the half-life of calcitriol and enhancing its
biological activities [59–62]. It is possible that anastrozole
and letrozole in addition to inhibiting aromatase (CYP19)
also inhibit CYP24, a mechanism that could explain the
enhancement of calcitriol effect on gene expression when
combined with one of these AIs.

In conclusion, our data validate our cell culture
observations (14) and demonstrate that calcitriol acts as a
SAM in vivo. Calcitriol selectively decreased aromatase
expression in the xenograft tumors and the surrounding
mammary adipose tissue leading to a significant reduction
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in estrogen synthesis, while having no effect on some
tissues (ovary and uterus) and a stimulatory effect on other
tissues (bone marrow cells). The different mechanisms of
aromatase regulation due to calcitriol (suppression of
aromatase transcription) and the AIs (inhibition of aroma-
tase enzyme activity) were complementary, with the
combination causing maximal inhibition of estrogen syn-
thesis in the tumor microenvironment as reflected by the
estrogen levels measured in the tumors and surrounding
mammary fat. Calcitriol also inhibited estrogen signaling
by decreasing ERα levels in the tumors and suppressed
other inflammatory and growth signaling pathways [9, 10,
13]. At the selected doses, calcitriol and the AIs exhibited
potent tumor inhibitory effects as single agents causing
equivalent decreases in tumor volumes. Although we could
not demonstrate the additivity of the combinations at these
doses in terms of retardation of tumor growth, the combinations
did exhibit additive and synergistic effects to appropriately
regulate tumor gene expression reflecting cooperative antican-
cer activity. Cumulatively these actions would contribute to the
beneficial effect of combining calcitriol with an AI to treat
BCa. Furthermore, estrogen deprivation induced by AI
treatment in bone increases the risk of BCa patients developing
osteoporosis [5, 6]. Calcitriol, acting as a SAM to increase
estrogen synthesis in bone (14) while reducing it in the breast,
has the potential to ameliorate the AI-induced side effect of
osteoporosis. Thus, we hypothesize that combining calcitriol
with an AI would be a beneficial therapeutic approach in
women with BCa.
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