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Abstract

1,25-Dihydroxyvitamin D3 and several of its analogs, such as EB1089, induce growth arrest and
apoptosis of breast cancer cells in culture. EB1089 has also been shown to limit growth of xenografts
in nude mice and carcinogen-induced mammary tumors in rats. Coupled with the fact that the vitamin
D receptor is highly expressed in a large proportion of breast tumors, these data suggest that it may
be a broad spectrum therapeutic target. We utilized a transgenic model of hormone-induced
mammary cancer, the LH-overexpressing mouse, to assess, for the first time, the efficacy of EB1089
in a spontaneous tumor model. Similar to human breast cancers, the pre-neoplastic mammary glands
and mammary tumors in these mice express high levels of vitamin D receptor. Treatment with
EB1089 decreased proliferation of mammary epithelial cells in pre-neoplastic glands by 35%.
Moreover, half of hormone-induced mammary tumors treated with EB1089 demonstrated a
decreased rate of growth, with a subset of these tumors even regressing, suggesting that 1,25-
dihydroxyvitamin D3 analogs may be effective chemopreventive and chemotherapeutic agents for
breast cancer.
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1. Introduction

Breast cancer is the most common cancer in women in the United States, who exhibita 1 in 7
chance of being diagnosed with this disease over their lifetime [1]. Although currently available
treatment paradigms, which include hormone modulators such as tamoxifen, are often
effective, many cancers are refractory to therapy and others recur following initial
responsiveness. The identification of novel therapeutic targets and subsequent development of
effective modulators of these targets will assist in reducing the incidence and mortality of this
disease.

* Corresponding author. Tel.: + 1 216 368 3495; fax: + 1 216 368 3395. E-mail address: rakS@po.cwru.edu (R.A. Keri).



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Milliken et al.

Page 2

The vitamin D endocrine system represents one emerging target of therapeutic interest in breast
tissue. Vitamin D3 is acquired through the diet or produced in the skin upon exposure to
ultraviolet light. 1,25-dihydroxyvitamin D3 [1,25-(OH),D3], the bioactive metabolite of
vitamin D3, binds to the vitamin D receptor (VDR), a member of the nuclear receptor
superfamily, and regulates transcription of select target genes (reviewed in [2]). Several lines
of epidemiological evidence suggest that activation of VDR may impart protection against
breast cancer progression. Risk of fatal breast cancer is inversely proportional to the intensity
of local sunlight [3] and post-treatment disease prognosis is improved if chemotherapy is
administered during seasons of high levels of vitamin D3 exposure [4]. Furthermore, high
dietary intake of vitamin D has been correlated with decreased breast cancer risk in women
[5,6]. Immunohistochemical analysis has revealed that the vitamin D receptor is elevated in
human breast cancers compared to normal breast tissue [7]. VDR is present in more than 75%
of breast tumors and is associated with a diverse set of molecular phenotypes, evoking the
possibility that VDR may be a broad spectrum therapeutic target [8].

Studies of the endogenous role of vitamin D receptor in the mammary gland have been
performed using genetically engineered mice. Mice deficient in VDR have revealed that it is
able to limit hormone-driven mammary gland development. Compared to age-matched wild
type littermates, peripubertal female VDR~ mice exhibit enhanced ductual elongation and
increased secondary branching [9], events ascribed to estrogen and progesterone activity,
respectively [10]. Furthermore, mammary glands from mice lacking VDR display enhanced
responsiveness to exogenous estrogen, progesterone, and lactogenic hormones both in vivo
and ex vivo [9]. The importance of VDR in resistance to tumorigenesis has been verified by a
recent report that loss of a single copy of VDR is sufficient to shorten tumor latency and increase
tumor incidence in the MMTV-neu mouse model of mammary cancer [11].

In addition to mouse models, numerous studies have demonstrated the ability of 1,25-
(OH),Dg3 to inhibit growth of human breast cancer cells in culture [12-15]. This
antiproliferative effect is due to G4 arrest and is correlated with a decrease in cyclin D1,
increases in the cell cycle inhibitors p21 and p27 [15], and a decrease in Cdk2 activity [16]. In
MCEF-7 cells, 1,25-(OH),D3 treatment is also associated with downregulation of estrogen
receptor (ER) [17,18]; however, VDR agonists also deter growth of several estrogen receptor
negative breast cancer cell lines, demonstrating the existence of estrogen receptor-independent
mechanisms of action [12,19,20]. In addition to growth inhibition, cells exposed to 1,25-
(OH),D3 also display trademarks of apoptosis, such as cell shrinkage, chromatin condensation
and DNA fragmentation [21].

Initially, the hypercalcemic effects of 1,25-(OH),D3 limited in vivo scrutiny of the therapeutic
potential of VDR activation, but the development and characterization of several 1,25-
(OH),D3 analogs that maintain the ability to inhibit mammary epithelial cell growth while
exerting a diminished effect on calcium homeostasis has facilitated investigation in
experimental animal models [22,23]. One such compound, EB1089, inhibits growth of MCF-7
cells with a potency at least one order of magnitude greater than that exhibited by the native
hormone. Most importantly, this agent is significantly less hypercalcemic than 1,25-
(OH),D3 in mice [24]. Systemic administration of EB1089 prevented expansion of established
MCEF-7 xenografts in nude mice, even inducing regression of a subset of tumors [25]. Treatment
with EB1089 also inhibited growth of established nitrosomethyl urea (NMU)-induced
mammary tumors in rats [26]; however, to date, prevention and treatment efficacies of 1,25-
(OH),D3 analogs have not been assessed in a spontaneous model of mammary cancer.

In this regard, transgenic mice that overexpress luteinizing hormone (LH) provide a unique
model of hormone-induced mammary cancer [27,28]. Elevated LH causes ovarian
hyperstimulation and leads to increased levels of several mammogenic hormones, including
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estradiol, progesterone and prolactin. Exposure to this altered hormonal milieu results in
mammary gland hyperplasia and the formation of spontaneous mammary tumors [28], making
the LH-overexpressing mouse one of the few experimental models that reflects the critical
contribution of reproductive hormones to human breast cancer. This contribution has been long
acknowledged and is evidenced by numerous epidemiological studies that correlate the timing
and occurrence of several hormonally regulated events, such as menarche, pregnancy and
menopause, with risk of breast cancer diagnosis [29-33]. Furthermore, women treated with
tamoxifen, a selective estrogen receptor modulator that antagonizes ER in the breast, display
a significantly decreased risk of developing invasive breast cancer [34]. Hence, identifying
approaches to combat the pathological effects of hormones on the mammary gland, both
preventatively and therapeutically, should contribute to reductions in disease incidence and
mortality and models such as the LH-overexpressing mouse should facilitate this process.

The studies presented herein provide evidence that treatment with a vitamin D3 analog,
EB1089, has the ability to limit hormone-induced proliferation of endogenous mammary
epithelial cells and reduce the growth rate of a subset of spontaneous mammary tumors in vivo.

2. Materials and methods

2.1. Animals

Mice were housed in microisolator plus units with a 12 h light/dark cycle and given food and
water ad libitum. During treatment with EB1089 or vehicle, all mice were maintained on a
0.1% low-calcium diet (BioServe, Frenchtown, NJ) to avoid the potential development of
hypercalcemia. All mouse studies were approved by the Institutional Animal Care and Use
Committee at Case Western Reserve University.

2.2. Gene expression profiling

Affymetrix U74Av2 gene chips were probed with biotinylated cRNA generated from
mammary glands of wild type and transgenic mice at the specified ages. Double stranded cDNA
was reverse transcribed from 10 ug of total RNA using the Superscript Double Stranded cDNA
Synthesis kit (Invitrogen, Carlsbad, CA; cat# 11917-010) and an oligo-dT primer coupled to
the T7 RNA polymerase promoter. Subsequently, biotinylated cRNA was synthesized using
the Enzo BioArray High Yield RNA Transcript Labeling Kit (Affymetrix, Santa Clara, CA;
cat# 900182). Data was analyzed using Affmetrix MicroArray Suite 5.0 (MAS 5.0). VDR was
identified as part of a list of genes that were at least two-fold changed in at least one transgenic
sample relative to the appropriate wild type sample.

2.3. Immunohistochemistry

Thoracic mammary glands were removed and fixed in 4% paraformaldehyde. Five micron
sections were deparaffinized in xylene, rehydrated with graded concentrations of ethanol and
rinsed in phosphate buffered saline (PBS). Unless otherwise noted, all incubations were
performed at room temperature and washes done in PBS. The primary antibodies utilized were
the 9A7 rat anti-chicken VDR antibody (Affinity Bioreagents, Golden, CO; cat# MA1-710)
and mouse anti-BrdU (Becton Dickinson Immunocytometry Systems, San Jose, CA, cat#
347580). Vector ABC kits containing biotinylated anti-rat and anti-mouse secondary
antibodies were used (Vector Laboratories, Burlingame, CA; cat# PK-4004, PK-4002) and
diamino-benzidine (DAB) was employed for detection. Nuclei were counterstained with
hematoxylin QS (Vector Laboratories; cat# H-3404).

For VDR, antigen retrieval was performed in 2N HCI for 30 min at 37 °C. Non-specific binding
was blocked by pre-incubation in 1.5% normal rabbit serum in PBS for 30 min. The antibody
for VDR was used at a concentration of 5 pg/ml with 1.5% normal goat serum in PBS and
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incubated overnight at 4 °C. After washing, biotinylated anti-rat secondary antibody (1:200)
was incubated for 1 h at 37 °C. The percentage of VDR positive cells was quantitated from 10
to 20 individual sections per animal (n=5 WT, 6 LH) and data analyzed with a Student’s t-test.

Sections to be assayed for BrdU incorporation were first boiled for 10 min in 10 mM citric
acid, pH 6.0 to expose antigenic sites. After 1 h incubation with the primary antibody (1:150)
and subsequent washes, sections were exposed to secondary antibody (1:300) for 1 h. The
percentage of BrdU positive nuclei was determined in 10-20 sections (1100-1200 total cells)
from each animal and data was analyzed by a one-tailed Student’s t-test (n=4 WT, 4 LH).
Epithelial cells comprising both ducts and terminal end buds were included in the analysis.

2.4. EB1089 treatment of mice during development

EB1089 was obtained from Leo Pharmaceutical Products (Ballerup, Denmark). LH-
overexpressing female mice heterozygous for the VDR null allele were generated in a mixed
genetic background of CF1, FVB and C57BL/6J. Female mice were injected subcutaneously
with 50 ul of sesame oil or with 50 pl of freshly prepared EB1089 (0.027 ug per animal) diluted
in sesame oil once per day from 3 to 5 weeks of age. Mice were weighed daily to monitor for
any global toxicity. Weight gains of mice in vehicle and EB1089 treated groups were
indistinguishable. Twenty four hours following the last injection, the mice were injected
intraperitoneally with 0.1 mg of 5-bromo-2-deoxyuridine (BrdU; Sigma, cat# B5002) per gram
body weight. Two hours later, the mice were asphyxiated with carbon dioxide and their
mammary glands processed for immunohistochemistry.

2.5. EB1089 treatment of tumor bearing mice

Transgenic mice were palpated weekly. Magnetic resonance imaging (MRI) was performed
upon detection of a mammary tumor and again 2 weeks later in order to determine a basal
growth rate for each tumor. Treatment was then initiated. Mice were given intraperitoneal
injections of vehicle or 0.05 pg EB1089 in PBS every 48 h. After 14 days of treatment, tumors
were reevaluated using MRI. Percent change in growth rate (GR) was calculated as follows:
% change GR=((GRpost~GRp)/GRp)*100. GRy, (basal growth rate)=change in tumor volume
over 14 days prior to treatment initiation. GRpst (post-treatment growth rate)=change in tumor
volume from Days 0 to 14 of treatment. Hence, a percent change in growth rate between — 100
and 0 reflects a decreased tumor growth rate, while a percent change in growth rate below —
100 indicates tumor regression.

2.6. Magnetic resonance imaging

Mice were anesthetized under 2.0% isoflurane gas in oxygen for 5 min and transferred to a
clinical 1.5T MRI scanner (Siemens Sonata). A nosecone was used to deliver 1-2% isoflurane
in oxygen to the animals during the MRI scans. The sedated animals were placed into a
cylindrical, phased-array mouse coil (ID=33 mm) developed in-house to maximize the signal-
to-noise ratio for the high resolution murine images. To visualize potentially small mammary
tumors, the mice were scanned with a high resolution (270 pmx270 um), T1-weighted spin
echo acquisition (TR/TE=700/13 ms, slice thickness=1 mm, number of averages=6). The slices
were acquired with zero gap in between to ensure an accurate tumor volume measurement.
The T1-weighted acquisition was selected to provide good contrast between the normally
bright, lipid-rich mammary glands and the darker tumors. The area of the tumors was measured
in each image (slice) by manually tracing along the edge of the tumor. The total tumor volume
was calculated by multiplying the slice-by-slice tumor areas by the slice thickness (1 mm) and
summing the individual slice volumes.
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3.1. Mammary glands of LH-overexpressing mice demonstrate elevated expression of
vitamin D receptor

In order to identify the molecular profile associated with the development of hormone-induced
mammary gland hyperplasia and tumorigenesis, Affymetrix gene expression profiling was
performed on the mammary glands of LH-overexpressing mice and wild type littermates at 5,
8, 12, and 19 weeks of age, as well as on spontaneous mammary tumors and age-matched
controls. Included among the genes that are differentially expressed between wild type and
transgenic mammary glands is the vitamin D receptor (Fig. 1A). While the signal associated
with the VDR transcript is below the limit of detection in most of the wild type samples,
mammary glands from 8, 12, and 19-week-old LH-overexpressing mice display robust
expression, with relative signal intensities between 6- and 17-fold higher than those of age-
matched controls. Increased expression of VDR is maintained in tumors, with tumors having
2-fold more VDR mRNA compared to age-matched wild type mice.

To determine whether the observed expression change also occurs at the protein level, we
assessed VDR expression immunohistochemically. As expected, nuclear VDR staining is
present in a relatively small subset of mammary epithelial cells in adult virgin wild type mice
[9] (Fig. 1B); however, the hyperplastic mammary glands of adult LH-over-expressing mice
display a 2.3-fold higher proportion of VDR-positive epithelial cells (Fig. 1C and E; P<0.01).
Furthermore, VDR is detected in nearly every cell of the hormone-induced mammary tumors
(Fig. 1D).

3.2. EB1089 decreases mammary epithelial cell proliferation in LH-overexpressing mice

The presence of high levels of vitamin D receptor in the mammary glands of LH-overexpressing
mice led us to speculate that the growth inhibitory potential of this receptor could be exploited
to limit the pathological effects of the altered hormonal milieu. In order to determine whether
activation of VDR has the ability to inhibit the proliferative effects of the elevated mammogenic
hormones in these mice, we implemented a 2-week-treatment of peripubertal transgenic mice
with EB1089, a 1,25-(OH),D3 analog with less in vivo hypercalcemic activity than the native
hormone. BrdU incorporation was used to assess epithelial cell proliferation. Exposure to
EB1089 reduced the number of proliferating mammary epithelial cells by 35% compared to
vehicle treated controls (Fig. 2; P<0.05).

3.3. EB1089 displays anti-tumorigenic activity in a subset of hormone-induced mammary

tumors

Evidence for EB1089 efficacy in the hyperproliferative endogenous mammary gland prompted
us to investigate the influence of this compound on established hormone-induced mammary
tumors of LH-overexpressing mice. Mice were palpated weekly for the presence of tumors.
Upon tumor detection, mice were subjected to magnetic resonance imaging (MRI); the
resulting images were used to determine tumor volume (see Section 2). As inter-mouse
variability in tumor growth rate is observed in this model, each tumor was used as its own
control. The change in tumor volume over the 2 weeks preceding initiation of treatment
established the basal growth rate of each tumor. Subsequent to the second measurement of the
tumor, treatment with vehicle or EB1089 was begun. After 2 weeks of treatment, a third MR
image was generated and changes in tumor volume were calculated. The tumor growth rate
actually increased in all but one of the vehicle treated animals (Fig. 3A). On the other hand,
half of the mice that were treated with EB1089 displayed a decreased rate of tumor growth.
Although variability in tumor response precluded statistical significance, it is remarkable that
EB1089 actually caused regression of two tumors to less than half of their pre-treatment
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volume. Representative MR images of a mammary tumor that regressed in response to EB1089
are shown in Fig. 3B (pre-treatment) and C (post-treatment).

4. Discussion

Extensive epidemiological and in vitro evidence supports a role for vitamin D signaling in
limiting growth of mammary epithelial cells. Although estrogen receptor is not required for
VDR-mediated growth inhibition of breast cancer cell lines [12,19,20], mammary glands from
mice deficient in VDR demonstrate an enhanced proliferative response to estrogen combined
with other mammogenic hormones [9]. These data suggest that at least one facet of vitamin D
anti-proliferative action involves opposition to proliferative hormonal stimuli. With this in
mind, we attempted to harness the growth inhibitory qualities of VDR activation in order to
hinder hormone-induced mammary gland pathology within a transgenic mouse model.

Importantly, vitamin D receptor is strongly expressed in the mammary glands and tumors of
LH-overexpressing mice. Although expression of this protein is well documented in human
breast cancers [35,36,7], to date, interrogation of mouse models of this disease has been limited
to the MMTV-neu mouse [11]. The LH-overexpressing mouse represents a unique model of
mammary tumorigenesis with a molecular profile and morphology distinct from that of
MMTV-neu (data not shown), hence providing a valuable outlet for probing the potential of
VDR activation in tumors not associated with amplification of HER2/neu.

The VDR promoter is activated in response to estradiol [37] and VDR mRNA levels increase
in human breast cancer cell lines that have been exposed to progestins [38], suggesting that the
altered hormonal milieu of the LH-overexpressing mice may contribute to the observed
changes in vitamin D receptor expression. However, while pre-neoplastic mammary epithelial
cells in these mice express steroid hormone receptors and exhibit ovarian dependency, tumors
largely lack expression of both progesterone and estrogen receptors ([28] and Milliken and
Keri, unpublished observations), revealing that VDR overexpression is not dependent on ER
or PR. The p38 and JINK MAPK pathways have also been shown to activate VDR [39],
indicating that a broad array of signaling pathways may impinge on the regulation of this
protein.

The study reported herein shows, for the first time, that treatment with a VDR agonist can have
a significant impact on the proliferative index of the intact mammary gland in the presence of
elevated mammogenic hormones. The anti-proliferative effect of vitamin D and several related
analogs has been extensively observed in the controlled environment of cultured human breast
cancer cells [12-15] and has also been documented in xenograft models [25]; however,
verification of in vivo efficacy in targeting an endogenous tissue should stimulate enthusiasm
for the potential of VDR agonists to act as chemopreventive agents. The value of
chemoprevention is illustrated by the Breast Cancer Prevention Trial, in which tamoxifen
significantly decreased the incidence of both invasive and non-invasive breast cancers in high
risk patients [40]. While promising, it is important to note that tamoxifen did not alter the
incidence of estrogen receptor negative breast cancers. The identification of chemopreventive
agents that impact a broad spectrum of cancer phenotypes is, as yet, an unresolved challenge.
In this regard, the vitamin D receptor provides a promising target and 1,25-(OH),D3 analogs
such as EB1089 may facilitate this effort.

Data regarding the chemotherapeutic potential of 1,25-(OH),D3 analogs in breast cancer is
limited. A Phase | clinical trial reports low toxicity, but no tumor response to EB1089 in patients
with advanced disease [41]; however, studies done with earlier stage patients have not yet been
published. In animal models, a report that EB1089 can reduce the volume of carcinogen-
induced mammary tumors in rats is significant and intriguing [26], but it is important to
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determine the effectiveness of such compounds in a diverse assemblage of models, including
those that approximate a more natural disease progression. The LH-overexpressing model of
hormone-induced mammary cancer reflects the important role that hormones play in breast
cancer, thus providing an informative outlet for discovery of chemopreventive and
chemotherapeutic agents. In the current study, half of tumors exposed to EB1089 decreased
their growth rate, suggesting that activation of VDR signaling can counteract the intrinsic
proliferative drive of at least a subset of tumors. The reason for variability in tumor response
is unknown, although it is not a function of tumor size or basal growth rate (data not shown).
Furthermore, VDR expression is not a distinguishing factor, as the protein was detected by
immunohistochemistry in both responding and non-responding tumors (data not shown).
Morphological and molecular variability among mammary tumors of the LH-overexpressing
mouse has been observed and may be partially due to the presence of genomic instability early
in tumorigenic progression (Milliken et al., in preparation). The occurrence of both EB1089
responsive and non-responsive tumors in LH-overexpressing mice may make it a useful model
for identification of indicators that predict the outcome of treatment with VDR agonists.

One possibility is that these mammary tumors possess differing capacities for transcriptional
modulation of vitamin D receptor target genes in response to agonist. Hampered response may
be due to limiting levels of cooperative signaling components or the presence of an inhibitory
factor. In either case, basal expression of VDR target genes may gauge pathway functionality.
In this regard, variability in mRNA levels of the VDR target genes osteopontin and 25-
hydroxyvitamin D-24 hydroxylase has been observed in mammary tumors of LH-
overexpressing mice despite equivalent levels of VDR (data not shown). To determine whether
relatively low levels of these genes predict refractoriness to EB1089, correlation of pre-
treatment mMRNA expression, obtained via biopsy, with treatment response should be
performed in future trials.

The efficacy of EB1089 in this study, in combination with previously published evidence,
suggests that vitamin D receptor agonists warrant attention as chemopreventive and
chemotherapeutic agents. While VDR activation has demonstrated a beneficial effect on its
own, it is likely that the observed anti-tumorigenic consequences would be magnified if it were
coupled with additional approaches. This scheme has been validated in mice harboring MCF-7
xenografts; EB1089 treatment in combination with tamoxifen [42], paclitaxel [43], or ionizing
radiation [44] was more effective than the individual components at inhibiting growth or
inducing tumor regression. It should be of value to extend this combinatorial paradigm to
transgenic mouse models as well as other in vivo models of cancer to assist determination of
optimal treatment paradigms utilizing vitamin D3 analogs prior to introduction into clinical
therapeutic programs.
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Fig. 1.

Mammary glands of LH-overexpressing mice demonstrate elevated expression of vitamin D
receptor. (A) Affymetrix gene expression analysis reveals increased VDR mRNA in mammary
glands of LH-overexpressing compared to age-matched wild type mice at 8, 12, and 19 weeks
of age as well as in tumors. Data was analyzed using Affymetrix MAS 5.0 (gene detection:
hatched bars=absent, solid bars=present; signal intensities normalized to 5-wk wild type;
asterisk indicates sample significantly increased compared to age-matched wild type control).
Immunohistochemistry for VDR was performed on mammary glands of adult wild type (B),
and LH-overexpressing mice (C), as well as mammary tumors (marked by asterisk) from LH-
overexpressing mice (D). (E) The percentage of epithelial cells expressing VDR is increased
2.3-fold in the mammary glands of adult LH-overexpressing mice relative to age-matched wild
type mice (*P<0.01). Examples of positively staining nuclei are denoted by arrows in (B).
Images are magnified 200x.
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Fig. 2.

EB1089 decreases mammary epithelial cell proliferation in LH-overexpressing mice. EB1089
or vehicle was injected subcutaneously into LH-expressing female mice for 2 weeks after
weaning. At 5 weeks of age, the mammary glands from vehicle (A) and EB1089 (B) treated
animals were assessed for proliferation using BrdU labeling analysis (400x magnification).
(C) EB1089 treated animals exhibited 35% fewer BrdU positive mammary epithelial cells than
vehicle treated controls (*P<0.05).
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Fig. 3.

EB1089 displays anti-tumorigenic activity in a subset of hormone-induced mammary tumors.
Tumor bearing animals were treated with vehicle or EB1089 and tumor mass was evaluated
using magnetic resonance imaging (MRI). (A) Percent change in growth rate of tumors upon
treatment with vehicle or EB1089 (see Section 2). Treatment with EB1089 for 14 days resulted
in decreased rate of tumor growth in half of the mice; two of these tumors regressed more than
50% (indicated by asterisks). MR images of a tumor-bearing mouse on Day 0 (B) and Day 14
(C) of EB1089 treatment (tumor is outlined by a dotted line; Ros (rostral) and Cau (caudal)
indicate the orientation of the mouse, L=liver).
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