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Abstract—EB1089 is a novel vitamin D analogue which has been tested for its effects on breast cancer
cell growth in vitro, using the established human breast cancer cell line MCF-7, and in vivo on the
growth of established rat mammary tumours. Both EB1089 and 1,25-dihydroxyvitamin D, (1,25-
(OH),D;) inhibited MCF-7 cell proliferation with the synthetic analogue being at least an order of
magnitude more potent than the native hormone. In vivo anti-tumour effects were investigated using
the N-methyl-nitrosourea-induced rat mammary tumour model. Oral treatment with EB1089 was tested
at three doses. With the lower dose, significant inhibition of tumour growth was seen in the absence
of a rise in serum calcium. The same dose of 1,25-(OH),D; had no effect on tumour growth but caused
hypercalcaemia. With the higher dose of EB1089, striking tumour regression was seen although serum
calcium rose. This report demonstrates that EB1089 possesses enhanced anti-tumour activity coupled
with reduced calcaemic effects relative to 1,25-(OH),D; and thus may have therapeutic potential as an
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anti-tumour agent.

In recent years an increasing body of evidence has
suggested that the active form of vitamin D, 1,25-
dihydroxyvitamin Dj; (calcitriol, 1,25-(OH),Dj),
exerts effects on a variety of tissues apparently
unrelated to calcium homeostasis [1]. This steroid
hormone has been shown to promote cellular
differentiation and inhibit proliferation of hae-
matopoietic cells [2—4], cancer cells [5~7] and the
epidermis [8]. In addition, effects on cellular
oncogene transcription and growth factor receptor
expression have been demonstrated in vitro [9, 10].
Previous studies have shown that this stimulation of
differentiated cell function and inhibition of cellular
proliferation is mediated via the intracellular receptor
for 1,25-(OH),D; [11, 12}.

Studies in vivo have shown that animal xenografts
of lung and colon tumours and melanomas regress
when animals are treated with large doses of 1,25-
(OH),D; [13] although animals were maintained on
a low calcium diet to reduce toxicity due to
hypercalcaemia. Calcitriol (1,25-(OH),D;) and its
synthetic  analogue  la-hydroxyvitamin D,
[1a{OH)Dj;, which is converted to 1,25-(OH),D; in
vivo] prolonged the survival time of mice inoculated
with murine leukaemia cells [14] and 1a{OH)D; also
inhibited the progression of carcinogen-induced rat
mammary tumours [15].

Such studies have suggested the possible clinical
use of 1,25-(OH),D; in the treatment of hyper-
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| Abbreviations: 1,25(0OH),D;, 1a,25-dihydroxychole-
calciferol; NMU, N-methyl-nitrosourea; VDR, vitamin D
receptor.

proliferative disorders such as leukaemia and
psoriasis. However, a major drawback to considering
conventional vitamin D metabolites as therapeutic
agents is that they produce hypercalcaemia at doses
of more than a few micrograms per day. Recently,
a number of laboratories have developed synthetic
vitamin D analogues which are active in promoting
cellular differentiation and inhibiting cell growth but
with reduced calcaemic activity [16-18]. One
compound, calcipotriol, has been shown to be
effective in topical treatment of psoriasis [19] and
we have shown that 25% of patients with locally
advanced or cutaneous metastatic breast cancer
treated topically with calcipotriol showed a response
of the treated lesion [20]. Using a rat mammary
tumour model, we have shown that intraperitoneal
treatment of tumour-bearing animals with calcipotriol
produced only modest inhibition of tumour growth
{21]. However, the metabolic half-life of calcipotriol
in the rat is in the order of minutes [22]. We have
therefore studied in vivo anti-tumour effects of new
vitamin D analogues which are not degraded as
rapidly. We report here studies with a new vitamin
D analogue EB1089 which, like calcipotriol, is
characterized by a modification in the C17 side chain
of the vitamin D molecule.

MATERIALS AND METHODS

Compounds. Crystalline 1,25-(OH),D; was a
generous gift from Dr W. Meier, Hoffmann-La
Roche and Co. (Basel, Switzerland). EB1089 was
synthesized in the Department of Chemical Research
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at Leo Pharmaceutical Products as described
previously [23]. For the in vitro studies compounds
were dissolved in absolute ethanol. For the in vivo
studies compounds were dissolved in propylene
glycol. 1,25-Dihydroxy-[26,27-methyl-*H]cholecal-
ciferol (180 Ci/mmol), 25-hydroxy—g23,24-N-3H]-
cholecalciferol (180 Ci/mmol) and [*H]thymidine
(5 Ci/mmol) were obtained from Amersham Inter-
national (Amersham, U.K.). Other radioinert
chemicals were purchased from the Sigma Chemical
Co. (Poole, U.K.). Tissue culture medium and
reagents were obtained from Gibco (Paisley, U.K.).
Tamoxifen was obtained from ICI (Macclesfield,
U.K.).

Cellular effects in vitro. MCF-7 human breast
cancer cells were grown in Dulbecco’s modification
of Eagles minimal essential medium (DMEM)
supplemented with 2mM glutamine, penicillin
(100 U/mL), streptomycin (100 ug/mL) and 10%
foetal calf serum.

To examine the binding of the vitamin D
derivatives to the intracellular receptor for 1,25-
(OH),D; (VDR), cells from confluent monolayers
were sonicated in hypertonic buffer; 300 mM KCl,
10mM Tris=HCl, 1mM EDTA, 10mM sodium
molybdate, 4 mM dithiothreitol, pH 7.4 (KTEDM)
plus 500 Trypsin Inhibitor Units (TIU)/mL Trasylol
solution. Aliquots (200 uL) of KTEDM extracts

were incubated with approximately 10,000 dpm .

[*H]1,25-(0OH),D; and increasing concentrations
of radioinert 1,25-(OH),D; or EBI1089. After
incubating at 4° for 18 hr the bound and free sterols
were separated by the hydroxylapatite method as
described previously [24]. Binding of vitamin D
derivatives to serum binding proteins was assessed
as described previously [21].

For studies on cell proliferation, suspensions of
MCF-7 cells were adjusted to 1 x 10%cells/mL in
RPMI 1640 medium containing 2.5% charcoal
stripped foetal calf serum, 2 mM glutamine, penicillin
(100 U/mL), streptomycin (100 ug/mL) and also
1x10™°M triiodothyronine, 10ng/mL hydro-
cortisone, 5 ug/mL transferrin and 6 ug/mL bovine
insulin. The cells were plated in 24-well plates
(Falcon) and incubated for 24 hr at 37°in a humidified
5% CO, atmosphere. Medium was removed and
fresh medium containing 1,25-(OH),D; or EB1089
(107® to 107Y"M) was added. Control cultures
containing ethanol vehicle (0.1%) were incubated
in parallel. Cells were cultured for up to 10 days and
medium was changed on alternate days. Cell cultures
were assayed for [*H]thymidine incorporation at
various times after addition of vitamin D derivatives
by addition of 0.5 uCi/mL [*H]thymidine to the
incubation medium for the last 4 hr of culture. After
labelling, the medium was aspirated and cell layers
were washed three times with ice-cold phosphate-
buffered saline containing 1 mM radioinert thymi-
dine. The amount of radioactivity incorporated
into trichloroacetic acid precipitable material was
determined as described previously [25] with six
replicate cultures for each concentration tested.

Treatment of tumour bearing rats. Aninbred strain
of virgin female Ludwig/Wister/Olac rats bearing
mammary tumours induced by nitrosomethylurea
(NMU; Harlan OLAC Ltd, Oxon, U.K.) were kept
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Fig. 1. Structural formulae of 1,25(OH),D; and its new
synthetic analogue EB1089.

as described previously [26]. Rats bearing at least
one assessable tumour (>10 mm in diameter) were
randomly assigned to treated or control groups.
Vitamin D derivatives were given in propylene glycol
and control rats received vehicle alone. Rats were
treated daily by gavage for 28 days and tumour
volume was assessed weekly. Tumour volume was
determined by measuring the two largest diameters
at right angles, using vernier calipers. From these
values total tumour volume was calculated using the
formula 1/6x{(D, x D,)*?} (where D, and D, are
the two diameters). The percentage change in total
tumour volume compared with tumour volume at
start of treatment was calculated for each rat.
Animals whose tumours showed signs of ulceration
or in which tumour burden became excessive (>10%
body weight) were culled. At the end of each
experiment, animals were exsanguinated under
halothane anaesthesia. Tumours were excised,
immediately frozen in liquid nitrogen and stored at
—70°. Serum was stored at —20° until analysed.

Other methods. Serum calcium and albumin were
measured on a Technicon RA-1000 analyser.

Statistical methods. Percentage change in total
tumour volume at each week of each study was
compared between groups using the non-parametric
Mann-Whitney U test. Comparisons of the bio-
chemical parameters and in vitro studies used the
unpaired Student’s r-test.

RESULTS

EB1089

EB1089 is 1(5),3(R)-dihydroxy-20(R)-(5-ethyl-
5'-hydroxy - hepta-1'(E),3'(E) - dien-1' - y1)-9,10-
secopregna-5(Z),7(E),10(19)-triene. Its structure,
and that of 1,25-dihydroxyvitamin D, are shown in
Fig. 1.

Binding of EB1089 to the vitamin D receptor

The ability of EB1089 to bind to VDR was
determined by the displacement of [3H]1,25-
(OH),D; from KTEDM extracts of MCF-7 cells.
Figure 2 shows that half-maximal displacement of
[*H]1,25-(OH),D; was obtained with EB1089 at a
concentration of 6 X 107" M and with 1,25-(OH),D,
at a concentration of 1.5 x 107" M. Thus, EB1089
interacts with VDR in a manner similar to 1,25-
(OH),D;, although the affinity of the receptor for
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Fig. 2. Vitamin D receptor binding of 1,25(0OH),D, and
EB1089. KTEDM extracts of MCF-7 cells were incubated
with 10,000dpm [*H]1,25(OH),D; in the presence or
absence of increasing amounts of radioinert 1,25(OH),D,
(O) and EB1089 (@). Results are expressed as % (+SEM)
of radioactivity bound in the absence of added compounds
and are representative of three separate experiments.

the synthetic analogue appears to be somewhat
reduced relative to the native hormone.

To compare the abilities of EB 1089 and 1,25-
(OH),D; to bind to transport proteins in rat serum,
competition studies were carried out. Figure 3 shows
that little displacement of [*H]25(OH)D; from serum
binding proteins was obtained with EB1089 over the
concentration range tested while 1,25-(OH),D; was
a less potent competitor for [*H]25(OH)Dj; binding
than 25(OH)D, itself.

Effects of EB1089 on breast cancer cell proliferation
in vitro

In order to compare effects of EB1089 and 1,25-
{OH),D; on MCF-7 breast cancer cell growth, cells
were grown for 4-10 days in the presence or absence
of the vitamin D derivatives and assessed for [*H)]-
thymidine incorporation (Fig. 4). Significant dose-
dependent inhibition of cell growth was seen with
both compounds. EB1089 at a final concentration of
5% 10~°M produced greater than 50% inhibition
of [*H]thymidine incorporation after 4, 7 and 10
days in culture (Fig. 4A—C) and significant inhibition
of growth was seen at 5 X 10~!'M at all three time
points. In contrast, 1,25-(OH),D; produced a 50%
inhibition of [*H]thymidine incorporation only at
5 x 10~? M and significant inhibition of cell growth
could only be shown with 5 x 10'°M at all three
time points. Effects on cell proliferation were aiso
examined by assessing numbers of viable cells in
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Fig. 3. Binding of vitamin D derivatives to serum binding
proteins. The displacement of [*H]25(OH)D; from rat
serum by increasing concentrations of radioinert 25(OH)D;
(@), 1,25(0OH),D; (W) and EB1089 (O) is expressed as %
of radioactivity bound in the absence of added compounds.

treated and control cultures by trypan blue dye
exclusion (Fig. 4D). The findings confirm that
EB1089 is a more potent inhibitor of breast cancer
cell proliferation than the native hormone by at least
an order of magnitude.

Effects of EB1089 on rat mammary tumour
progression

The NMU-induced rat mammary tumour model
was used to study effects of EB1089 and 1,25-
(OH);D; on tumour growth in vivo. Rats were
treated orally with EB1089 at three doses (0.5, 1.0
or 2.5 ug/kg body weight) or with 1,25-(OH),D;
(0.5 ug/kg body weight). Because of difficulties in
treating large numbers of animals concurrently,
these dose regimens were tested in three separate
trials and results compared to respective control
groups. As shown in Table 1, EB1089 caused a dose-
dependent inhibition of tumour progression. Results
with the lower dose of EB1089 are shown in Fig. 5.
Significant inhibition of tumour progression was
observed after 28 days of treatment (P = 0.006,
Mann-Whitney U test) in the absence of any
significant rise in serum calcium concentration (Table
1). At 28 days of treatment, mean tumour volume
in the group receiving the lower dose of EB1089 was
approximately half that in the control group (data
not shown). With the same dose of 1,25-(OH),D;
no significant effect on tumour growth was observed
(Table 1). At 28 days of treatment, the percentage
change in tumour volume from that recorded at the
start of treatment was not significantly different from
that seen in the control group (P = 0.142, Mann—
Whitney U test). However, this treatment produced
marked hypercalcaemia with a mean serum calcium
concentration of 3.0 = 0.05 mmol/L (Table 1). With
the higher dose of EB1089 (2.5 ug/kg), dramatic
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Fig. 4. Antiproliferative effects of 1,25(OH),D; and EB1089 on MCF-7 breast cancer cells. Proliferation
was assessed by [*H]thymidine incorporation after 4 (A), 7 (B), and 10 (C) days in culture, in the
presence or absence of increasing amounts of 1,25-(OH),D; or EB1089 as described in Materials and
Methods. (M) Control, () 5 X 107" M, () 5 x 107'°M, (&) 5 x 10~ M. Results are the mean = SD
of 6 replicates and are representative of three separate experiments. *P < 0.05, **P < 0.01, ***P < 0.005.
Proliferation was also assessed by trypan blue dye exclusion as described in Materials and Methods
(D). Control (O), 5 X 107""M 1,25-(OH),D, (O), 5 x 10-*M EB1089 (@), 5 x 107'"M EB1089 (A),
5 x 107'"M EB1089 (W). Results are means of four replicate estimations.

tumour regression was seen (Fig. 6); 80% of the
treated rats had tumours which regressed by more
than half at the end of the treatment period, although
mean serum calcium concentration was significantly
increased in treated animals (Table 1). The effects
of tamoxifen on tumour growth are also shown in
Table 1. Treatment of tumour-bearing rats with the
anti-oestrogen at a dose of 1.0 mg/kg body weight/
day produced significant tumour regression as
expected and response was similar to the 1 ug/kg
dose of EB1089 tested. Animals treated with the
two higher doses of EB1089 displayed weight loss
(mean 14% and 19%, respectively). Tumour
regression was not related to weight loss as animals
treated with 1,25-(OH),D; also lost weight in the
absence of significant inhibition of tumour regression.
No marked weight loss was observed with the lower
dose of EB1089 although this treatment regimen
caused significant inhibition of tumour growth.

DISCUSSION

The novel synthetic vitamin D analogue EB1089
is a potent inhibitor of the proliferation of breast
cancer cells in vitro and in vivo with a reduced
calcaemic activity relative to 1,25-(OH),D;, the
native hormone. This compound produced a marked
inhibition of proliferation in MCF-7 breast cancer
cells in culture. Effects were dose dependent and
the degree of inhibition was greater than that seen
with 1,25-(OH),D; by at least an order of magnitude.

More importantly, EB1089 strikingly inhibited the
growth of NMU-induced rat mammary tumours in
vivo in a dose-dependent manner. At a dose of
0.5 ug/kg body weight, EB1089 inhibited tumour
growth in the absence of a rise in serum calcium,
whereas this dose of 1,25-(OH),D; did not inhibit
the growth of these tumours and produced marked
hypercalcaemia. These results demonstrate that
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Table 1. Effect of oral administration of vitamin D analogues on NMU-induced tumours
Mean %
change in Serum Serum
tumour volume % Change calcium albumin % Change
No. of from day 0* from day 0 (mmol/L) (g/L) in body weight
Treatment rats (£ SEM) comparison (mean + SEM) (mean + SEM) from day 0
EB1089
(0.5 ug/kg) 15 —-7(=16)+ P = 0.006 268+ 0.1 38.3 + 1.5§ —3+2.1
EB1089
(1.0 ug/kg) 12 -26(26) P = 0.004 3.06 = 0.07) 39.4 = 1.0| 14227
EB1089
(2.5 ug/kg) 14 —74(£10) P = 0.0001 3.51 £ 0.07) 329+0.6| ~19+2.2|
Tamoxifen
(1 mg/kg) 11 —33(£38) P =0.007 2.46 £ 0.09 38.9 = 0/8) -8+1.2
1,25(OH),D,
(0.5 ug/kg) 15 +80(£67)t P=10.142 3.0+ 0.05| 38.9 + 0.9) ~10+2.0|

Tumour bearing rats were treated with EB1089, tamoxifen or propylene glycol vehicle daily p.o. at the doses shown

for 28 days.

* Mean % change in tumour volume in control groups ranged from +80 to +201.
t Negative values indicate tumour regression.
} Positive value indicates tumour progression.
§ P <0.01, || P < 0.005: significance of differences from respective control groups.
{ Negative values indicate weight loss.
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Fig. 5. Figure 5 shows the effect of daily treatment with EB1089 (@) at a dose of 0.5 ug/kg body weight
and control (O) on the growth of NMU-induced rat mammary tumours. Results are expressed as the
percentage change in tumour volume from day 0 and are shown as means + SE. Statistical comparisons
were made using the non-parametric Mann-Whitney U test, *P = 0.006. Serum calcium and albumin
concentrations at 28 days are given in Table 1.

EB1089 possesses more potent anti-tumour effects
and decreased calcium mobilizing effects relative to
1,25-(OH),Ds. A higher dose of EB1089 had more
profound inhibitory effects on tumour growth—

more than 80% of treated rats had tumours which
regressed by more than 50%, a response rate similar
to that seen with tamoxifen in the present study and
reported elsewhere [26]. However, serum calcium
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Fig. 6. Figure 6 shows the effect of treatment with EB1089 at the higher dose of 2.5 ug/kg body weight

(®) and control (O) on the growth of NMU-induced rat mammary tumours. Results are again expressed

as the percentage change in tumour volume from day 0 and are shown as means + SE. Statistical

comparisons were made using the non-parametric Mann-Whitney U test, ***P < 0.005. Serum calcium
and albumin concentrations at 28 days are given in Table 1.

was significantly increased in animals treated with
2.5 ug/kg EB1089.

The present study shows that a synthetic vitamin
D analogue may have enhanced anti-tumour activity
and reduced calcaemic activity in vivo in an animal
model of breast cancer. Other studies of vitamin D
analogues have evaluated anti-proliferative versus
calcaemic activity with in vitro methods. The human
leukaemia cell line HL-60 has been extensively
utilized to assess effects of conventional vitamin D
metabolites and synthetic analogues on cell growth
and differentiation [27], while actions of these
compounds on calcium homeostasis in vivo have
generally been studied in chickens [28] or rodents
[18,29]. Studies have focused on the profile
of activities of synthetic compounds which are
characterized by a modification of the vitamin D
molecule at the C17 side chain. Introduction of
fluoro groups has been reported to enhance modestly
the ability of vitamin D analogues to induce
differentiation [30]. The compound 1,25-(OH),-22-
oxa vitamin Dj, in which an oxygen atom is
substituted for the methylene group at C22, has been
reported to be approximately equipotent with 1,25-
(OH),D; in promoting cell differentiation coupled
with reduced effects on calcium mobilizing ability
[17]. Recently it has been reported that this analogue
retards the growth of breast cancer xenografts
developed in athymic mice [31], although tumour
regression was not seen and no direct comparison
with effects of 1,25-(OH),D; was made as in the

present study. A series of 26- and 24-homologated
1,25-dihydroxyvitamin Dj; compounds and their
delta-22-derivatives have been synthesized and
appear to have enhanced activity in HL60 cells [32].
Norman et al. [33] reported a comparison of effects
of eight synthetic analogues on HL60 cells. One
analogue, 1,25-(OH),-16-ene 23-yne vitamin D; and
its hexadeutero form was reported to be several fold
more potent than the parent compound.

Few data are available regarding effects of
synthetic analogues on the growth and differentiation
of epithelial cells. Calcipotriol (MC903) contains a
cyclopropyl substitution in the side chain and appears
to be equipotent with 1,25-(OH),D; in promoting
the differentiation of U937 leukaemia cells [18] and
normal keratinocytes [34] and also in inhibiting the
growth of MCF-7 breast cancer cells [21]. In clinical
trials this compound has been shown to be effective
in the treatment of psoriasis vulgaris [19], a disorder
involving abnormal proliferation and differentiation
of epidermal cells. It has been reported that 80-90%
of primary breast tumour biopsy specimens contain
VDR [35-37] and thus a substantial proportion of
breast cancer patients are likely to be potentially
responsive to the anti-tumour effects of vitamin D
analogues. In a small series of patients with advanced
breast cancer, topical calcipotriol treatment of
cutaneous metastases produced a response in 25%
of cases and response correlated with tumour VDR
status [20]. Recently published data [38] have shown
that 20-epi-vitamin D; analogues such as KH1060
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are also potent inhibitors of human breast cancer
cells in vitro. The strong immunosuppressive activity
that characterizes these analogues with altered
stereochemistry at C20 may, however, limit their
usefulness as anti-tumour agents in vivo. These
analogues are currently under evaluation in our
laboratory in the NMU-induced rat mammary
tumour model.

Previous studies on cell proliferation in vitro do
not take account of possible differences in
pharmacokinetics and delivery of these compounds
to target tissues in vivo. Thus, it is now known that
the metabolic half-life of calcipotriol is in the order
of minutes which may largely account for its reduced
calcaemic activity in vivo [22]. Preliminary data
indicate that, in the rat, EB1089 has a half-life
approximately equal to 1,25-(OH),D; [39], although
it binds poorly to transport proteins in rat serum
(Fig. 3). Intestinal absorption of both EB1089 and
1,25(0OH),D;is in the order of 50% since a given dose
of each compound administered intraperitoneally
causes approximately twice the increase in urinary
calcium excretion that is seen after oral adminis-
tration.* It appears that EB1089 binds less well to
VDR in MCF-7 cells than does 1,25-(OH),D; while
being at least an order of magnitude more potent in
inhibiting cell proliferation. In contrast, in vivo
EB1089 is less potent than 1,25-(OH),Dj in raising
serum calcium concentration but has profound anti-
tumour effects whereas an equivalent dose of 1,25-
(OH),D; is ineffective in retarding tumour growth,

How this structural modification of the vitamin D
molecule leads to an altered profile of activities
remains to be established. There is little evidence to
suggest the existence of multiple forms of the vitamin
D receptor. Current data indicate that there is a
single gene for VDR [40] and a single translated
receptor molecule, although differences in the
phosphorylation state of the receptor have been
detected by western analysis [41,42] and some
tissues appear to show mRNA size heterogeneity
[43]. The possibility exists that interaction of
synthetic vitamin D analogues with VDR results in
alternative conformational changes in the receptor—
ligand complex leading to altered transcription in a
different spectrum of target genes.

In the present study we have shown that a synthetic
analogue of 1,25-(OH),D;, EBI1089, possesses
striking anti-tumour activity in vive and in vitro.
This compound is a potent inhibitor of breast cancer
cell growth in vitro and produces significant inhibition
of rat mammary tumour progression irn vivo at
a dose which does not raise serum calcium
concentration. Higher doses of the vitamin D
analogue produced striking regression of the
experimental tumours which was comparable to
effects seen with tamoxifen. EB1089 thus displays
enhanced anti-tumour activity coupled with reduced
calcaemic effects relative to conventional vitamin D
derivatives. This compound opens the way for new
therapeutic approaches to the treatment of breast
cancer and other hyperproliferative disorders.

* 1. S. Mathiasen, K. W. Colston and L. Binderup,
manuscript submitted for publication.
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