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Abstract

The active form of vitamin D3, 1,25 dihydroxyvitamin D3 [1,25(0OH),D3], modulates proliferation
and induces differentiation of many cancer cells. A new class of analogs of vitamin D3 has been
synthesized, having 2 side-chains attached to carbon-20 (Gemini) and deuterium substituted on one
side-chain. We have examined six of these analogs for their ability to inhibit growth of myeloid
leukemia (HL-60), prostate (LNCaP, PC-3, DU145), lung (H520), colon (HT-29), and breast
(MCF-7) cancer cell lines. Dose-response clonogenic studies showed that all 6 analogs had greater
antiproliferative activities against cancer cells than 1,25(0OH),D3. Although they had similar potency,
the most active of these analogs was BXL-01-0120. BXL-01-0120 was 529-fold more potent than
1,25(0OH),D3 in causing 50% clonal growth inhibition (EDsgg) of HL-60 cells. Pulse-exposure studies
demonstrated that exposure to BXL-01-120 (102 M, 48 hours) resulted in 85% clonal inhibition of
HL-60 growth. BXL-01-0120 (10711 M, 4 days) induced the differentiation marker, CD11b. Also,
morphologically differentiation was more prominent compared to 1,25(0OH),D3. Annexin V assay
showed that BXL-01-0120 (10710 M, 4 days) induced significantly (p<0.05) more apoptosis than
1,25(0OH),D3. In summary, these analogs have a unique structure resulting in extremely potent
inhibition of clonal proliferation of various types of cancer cells, especially HL-60 cells. (201 words)
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Introduction

Most cancer chemotherapy is usually toxic to normal cells; in contrast, vitamin D3 compounds
cause few side-effects. The physiologically active form of vitamin D3, 1,25 dihydroxyvitamin
D3, is a member of the seco-steroid hormone family, and controls calcium homeostasis and
bone metabolism. 1,25(0OH),D3 can induce differentiation and inhibit the growth of a number
of malignant cell types, including myeloid leukemia, as well as breast, prostate, colon, skin,
and brain cancers. Several studies suggested that 1,25(0OH),D3 induces a significant Go/G1
arrest both by modulating the cyclin dependent kinase inhibitors (CDKIs) p21Wafl and
p27KiPL and decreasing the levels of cyclin/cyclin-dependent kinases, c-myc and other growth-
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related proteins [1-4]. In an early clinical study, oral administration of 1,25(OH),D3 to
preleukemic patients was only partially effective [5]; therapeutic application of 1,25
(OH);,D3 has been impeded by development of hypercalcemia [5,6]. Therefore, vitamin D3
analogs have been synthesized that have enhanced potency to both inhibit clonal proliferation
and induce differentiation of cancer cells, with reduced induction of hypercalcemia as
compared to 1,25(0OH),D3.

In this study, a class of newly synthesized vitamin D3 analogs, deuterated Gemini, was
examined. These compounds have a C-20 methyl group, a deuterium substituted side-chain,
and a second side-chain that has a double or triple bond and a fluorine [7,8]. Recently, several
of these new deuterated Gemini were shown to have anticancer activity [9]. We have studied
6 novel deuterated analogs and found that each was markedly more potent than 1,25
(OH),Dj3 in inhibiting the clonal proliferation of a wide range of cancer cell types, even after
a short pulse exposure. The analogs also caused differentiation, morphologic changes and
apoptosis of HL-60 myeloid leukemia cells.

Materials and methods

2.1. Cell culture

Cancer cell lines used in this study included myeloid leukemia cell line (HL-60), prostate
(PC-3, DU145 and LNCaP), lung (H520), colon (HT-29), and breast (MCF-7) cancer lines.
Each was obtained from American Type Culture Collection (Rockville, MD), and they were
maintained according to their recommendations. DU145 and MCF-7 cells were grown in
Dulbecco’s modified Eagle’s Medium (DMEM) (Life Technologies Inc.) supplemented with
10% fetal calf serum (FCS) (Gemini Bio-Products, Calabasas, CA) and 10 units/ml penicillin-
streptomycin (Life Technologies). HL-60, LNCaP, PC-3, H520 and HT-29 cells were cultured
in RPMI-1640 with 10% FCS and antibiotics.

2.2. Vitamin D3 compounds

The vitamin D3 compounds were dissolved in absolute ethanol at 103 M, stored at —20°C,
and protected from light. All analogs used in this study were synthesized by BioXell, Inc. The
simplified code names and structures of the 1,25(0OH),D3 analogs are shown in Fig. 1. The
starting concentrations of the analogs were determined via UV absorbance using their molar
extinction coefficient at 264 nmol/I. For in vitro use, dilutions were made in the same tissue
culture medium as those for cell culture. The maximal concentration of ethanol (diluent control)
used in this study had no effect on cell growth.

2.3. Clonogenic growth

Single-cell suspensions of cells were enumerated and plated into 24-well flat-bottomed plates
using a two-layer soft agar system with a total of 3 x 103 cells/well in a volume of 400 pl /
well, as described previously [10]. After 10-14 days of culture, colonies were counted. Results
were expressed as a mean percent of control plates containing no vitamin D3 compound. All
experiments were done at least three times using triplicate wells per experimental point.

For pulse-exposure studies, HL-60 cells were incubated in liquid culture with either 1,25
(OH),D3 or BXL-01-0120, at 10~ M for 24 and 48 hours. After incubation, these cells were
carefully washed twice, counted, and plated in soft-agar in the absence of vitamin D
compounds; and colonies were counted as described above. All experiments were done at least
three times using triplicate wells per experimental point.
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2.4. Differentiation

For measurement of cell surface marker, HL-60 cells were treated with vitamin D3 compounds
for 96 hours and then examined for CD11b expression by FACScan (Becton Dickinson) using
a FITC-labeled anti-CD11b antibody (DAKO, Carpinteria, CA).

2.5. Morphologic analysis

For Wright-Giemsa staining, HL-60 cells were treated with either diluent control or vitamin
D3 analogs for 6 days. Cytospins of HL-60 cells were prepared and stained with Diff-Quick
(Dade Behring, Dudingen, Switzerland).

2.6. Apoptosis analysis

Results

For measurement of apoptosis, annexin V assay (Annexin V-FITC Apoptosis Detection Kit;
Pharmingen, San Diego, CA) was performed according to the manufacturer’s instructions.
Briefly, HL-60 cells were harvested after exposure to vitamin D3 compounds for 96 hours,
washed twice with PBS, incubated with FITC-conjugated annexin V and PI for 15 minutes,
and analyzed by FACScan (Becton Dickinson).

3.1. Clonal inhibition of growth by vitamin D3 compounds

Deuterium-substituted Gemini compounds were examined for their ability to inhibit the
clonogenic growth of human cancer cell lines established from prostate, lung, colon and breast
cancers, as well as myeloid leukemia. Cells were grown in increasing concentrations of the
vitamin D3 compounds. The mean + SD number of colonies was graphed (Fig. 2). Remarkably,
even concentration as low as 10713 M had some inhibitory activity. The effective dose that
inhibited 50% colony formation (EDs5g) was determined (Table 1). All of the analogs were
nearly equal in potency, but BXL-01-0120 was slightly more potent. BXL-01-0120 was 529-,
18-, 1951-, 284-, 6-, and 78-fold more potent than 1,25(0OH),D3 in mediating 50% inhibition
of clonal growth of HL-60, LNCaP, PC-3, H520, HT-29, and MCF-7 cells, respectively. All
additional experiments focused on this compound.

To examine whether the inhibition of clonogenic growth of cancer cells by vitamin D3 analogs
was irreversible, HL-60 cells were cultured in liquid medium with 1079 M of either 1,25
(OH),D3 or BXL-01-0120 for 24 and 48 hours, washed, counted and clonogenic assays
performed in the absence of vitamin D3 compound (Fig. 3). Treatment with BXL-01-0120
caused 85% inhibition of colony formation after a 48 hours exposure; in contrast under the
same conditions, treatment with 1,25(0OH),D3 caused < 5% decreased clonal growth.

3.2. Differentiation of HL-60 cells by vitamin D3z compounds

1,25(0OH),D3 and related compounds have been shown to induce monocytic differentiation of
HL-60 cells. The expression of the cell surface protein CD11b is associated with the induction
of differentiation. Therefore, this property was used to evaluate the potency of the new Gemini
D3 analog using flow cytometry (Fig. 4). Exposure of HL-60 cells to either 1,25(OH),D3 or
BXL-01-0120 for 96 hours induced expression of CD11b in a dose-dependent manner.
BXL-01-0120 (10711 M) strongly stimulated expression of CD11b on 86% of HL-60 cells; in
contrast, the same concentration of 1,25(0OH),D3 stimulated 35% of the cells to express CD11b.

3.3. Morphologic differentiation of HL-60 cells induced by vitamin D3 compounds

1,25(0H),D3 (1077, 1078 M) and related compounds induce monocytic differentiation of
HL-60 cells [3]. HL-60 cells treated with very low concentrations of BXL-01-0120 (1071 to
10712 M, 6 days) in liquid culture developed irregular and abundant vacuolated cytoplasm and
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irregular cell membrane. At 10710 M of BXL-01-0120, visible cell death was prominent (Fig.
5). These changes were either not so visible (10719 M) or much less pronounced (10~1M) in
the cultures containing 1,25(0OH),Ds. In contrast, HL-60 cultured in 1,25(0H),D3 (10712 M)
looked similar to diluent control.

3.4. Induction of apoptosis

1,25(0OH),D3 and related compounds have been shown to cause modest apoptosis of several
cancer cell types. HL-60 cells treated with BXL-01-0120 for 96 hours induced apoptosis
(10710 M, 19%; 102 M, 27%); in contrast, HL-60 cells cultured with 1,25(0H),D5 had a
similar percent of apoptotic cells as the diluent-treated control cells (10710 M, 5%; 1079 M,
8%) (Fig. 6).

Discussion

Recently, several studies showed that vitamin D3 compounds with 2 side-chains on C-20
(Gemini) had greater antiproliferative activity than 1,25(0OH),D3 against a variety of cancer
cell lines [9-14]. One of us (Milain Uskokovic) has synthesized a series of novel Gemini
compounds, which have a deuterium substituted basic side-chain. We evaluated their biologic
effects on cancer cell lines in this study. These analogs demonstrated remarkable abilities to
inhibit the clonal proliferation of myeloid leukemia, prostate, lung, colon and breast cancer
cells. Each had similar potency; for example, 10713 to 10712 M of each of the compounds
inhibited 50 % clonal growth of HL-60 cells. For each analog, a cis- and a trans- form of the
side-arms were studied (98/114; 101/117; 108/120) (Fig.1); and generally, they had similar
activity. BXL-01-0120 was slightly more potent than the other analogs. In particular, it was
529-fold more potent than 1,25(0OH),D3 against the HL-60 cells.

The most resistant line was DU145 prostate cancer cells which are androgen-independent, and
contain mutations of p16 and p53 [15,16]. The 1,25(0OH),D3 was unable to inhibit 50% clonal
growth of these cells even at 10~ M; in contrast, five of 6 of the analogs achieved an EDsg
ranging from 2.9 x 1079 M to 4.6 x 108 M. Nevertheless, the dose-response curves showed a
blunted response as compared to the antiproliferative activities of the analogs against other
cancer cell lines. Interestingly, the other androgen-independent prostate cancer cell line (PC-3)
was very sensitive to clonogenic growth inhibition by each of the vitamin D3 analogs (EDsgg
ranged between 1.1 x 10719 M to <1.0 x 10713 M). In fact, PC-3 was as sensitive to growth
inhibition by the analogs as the androgen-sensitive LNCaP prostate cancer cells.

Induction of HL-60 differentiation is a commonly used marker to assess the potency of vitamin
D compounds. Exposure of HL-60 myeloid leukemia cells to either 1,25(0OH),D3 or
BXL-01-0120 induced the expression of the cell surface differentiation marker, CD11b (Fig.
4). BXL-01-0120 (1011 M) stimulated expression of CD11b on about 86% of cells, whereas
the same concentration of 1,25(0OH),D3 induced expression on only 35% of cells. The analog
also induced partial monocyte-like morphologic differentiation at very low concentrations
(10712, 10711 M); in contrast, 1,25(0H),Dj5 at these levels had little effect on morphology of
the cells (Fig.5).

BXL-01-0120 (1010 M; 96 hours) caused modest apoptosis of HL-60 cells (19%); in contrast,
1,25(0OH),D3 (10710 M) stimulated only 5% apoptosis of these cells (Fig. 6). Other studies
have also shown that vitamin Dz compounds can moderately promote apoptosis of a variety
of tumor cell lines [17,18]; but the mechanism of apoptosis is largely unknown. Previous
studies showed that 1,25(OH),D3 could downregulate the expression of not only the
antiapoptotic protein Bcl-2, but it also could decrease several other antiapoptotic proteins in
the Bcl-2 family, as well as the IAP-family of proteins [4]. Another study showed that vitamin
D3 compounds induced apoptosis via a novel caspase-and p53-independent pathway, and
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apoptosis was inhibited by forced expression of Bcl-2 [19]. These findings suggested that
vitamin D3 compounds might use several pathways to induce the modest apoptosis.

How these analogs achieve their remarkable antiproliferative activity is not totally clear.
Gemini compounds bind to the VDR with similar avidity as 1,25(0OH),D3 [20]. Several of the
structural changes probably slow metabolism of the active compound. For example, the double
or triple bond at C-23, -24 prevents hydroxylation at these sites slowing inactivation [21].
Moreover, the fluorine or deuterium on the side-chain also may decrease metabolism of 1,25
(OH),D3[22,23]. Also, the presence of a second side-chain probably interfere with the orderly
metabolic process [20].

We found that pulse-exposure to BXL-01-0120 (102 M) for 48 hours in liquid culture followed
by removal of the analog still resulted in 85% inhibiton of clonal growth of HL-60 cells (Fig.
3). Of interest, a recent trial of pulse calcitriol in patients with refractory malignancies showed
that weekly dosing of oral calcitriol permitted substantial dose-escalation with minimal toxicity
[24]. High-dose intermittent calcitriol appears to be safe, feasible, and may have antitumor
activity without significant hypercalcemia [25]. These data raise the possibility that pulsing of
high doses of BXL-01-0120 may achieve serum levels sufficient for a biologic anticancer effect
without significant hypercalcemia.

These deuterated Gemini compounds are some of the most potent vitamin D compounds tested
to date. Another potent compound is 1,25(0OH),-20-epi-22-0xa-24,26,27-trishomo-D3
(KH1060) with an EDsgq of 10-12 M as measured by the inhibition of clonogenic growth of
HL-60 cells [26]. However, KH1060 also induced hypercalcemiaat low concentrations (0.0125
pg/mouse every other day interperitoneally) [26]. Another deuterated Gemini analog
(BXL-01-0072) induced effectively inhibited growth of a murine colon cancer cell line both
in vitro and in vivo [9]. Deuterated Gemini analog administered to mice (4.8 pmol every other
day for 2 weeks) did not cause hypercalcemia. In contrast, 1,25(OH),D3 given in a similar
schedule at a dose of 48 pmol, did cause hypercalcemia. More complete testing will be required
to determine the relative calcemic affects of these analogs compared to 1,25(0OH),Ds.

In summary, deuterated Gemini compounds strongly inhibited clonal proliferation of various
types of cancer cells, especially HL-60 acute myeloid leukemia cells. Short pulse-exposure (48
hours) was adequate for the analog BXL-01-0120 to inhibit clonal growth of HL-60. Clinical
trials of these analogs as maintenance therapy for acute myeloid leukemia and/or adjuvant
therapy for prostate, colon, lung and breast cancer are warranted.
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BXL-01-0098
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The simplified code names and chemical structures of 1,25(0OH),D3 and deuterium modified
vitamin D3 Gemini analogs. These analogs have a C-20 methyl group, a deuterium substituted
on one side-chain, and a second side-chain that has a double or triple bond and a fluorine. Mw;

Molecular weights.
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Figure 2.

Dose-response effects of vitamin D3 compounds on clonal proliferation of several cancer cell
lines. Clonal proliferation of HL-60 (leukemia), LNCaP, DU145, PC-3 (prostate), H520 (lung),
HT-29 (colon) and MCF-7 (breast) cancer cell lines. Legend: (a) 1,25(0OH) 2D3; (*)
BXL-01-0098; (¢) BXL -01-0101; () BXL -01-0108;(A) BXL-01-0114; (o) BXL -01-0117;
(™) BXL -01-0120. Results are expressed as a mean percent = S.D. of control plates containing
no vitamin D3 compounds. Results are the mean of three independent experiments with
triplicate dishes.
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Figure 3.

Effect of pulse-exposure of vitamin D3 compounds on clonal proliferation of HL-60 cells.
HL-60 cells were incubated in liquid culture for either 24 or 48 hours with diluent control or
1079 M of either 1,25(0H),D3 or BXL-01-0120. After pulse-exposure to the compounds, cells
were extensively washed, counted and clonogenic assay was performed. Results represent the
number of colonies expressed as a percent of diluent control (Result: mean + S.D. of triplicate
plates). **; p<0.01
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Figure 4.

Dose-response effects of vitamin D3 compounds on differentiation of HL-60 cells. HL-60 cells
were cultured with either 1,25(0OH),D3 or BXL-01-0120 at different concentrations for 96
hours and CD11b expression was analyzed by FACS analysis. *; p<0.05
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Figure 5.

Morphologic analysis of HL-60 cells. Cells were cultured with diluent control or vitamin D3
compounds for 6 days, fixed and stained with Wright-Giemsa. A. diluent control (Control);
B. 10710 to0 10712 M of 1,25(0H),D3; C. 10719 to 10712 M of BXL-01-0120. (Scale bar = 10

pm.)
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Figure 6.

Ability of Vitamin D3 compounds to induce apoptosis. HL-60 cells were treated for 96 hours
with either 1,25(0H),D3 or BXL-01-0120 (101! to 1079 M), followed by FACS analysis for
apoptosis. Annexin V-FITC(+) and PI(z) represent cells in various stage of apoptosis. *;
p<0.05, **; p<0.01
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