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Abstract

The antiproliferative effects of 10,,25-dihydroxyvitamin D5 [1,25(OH),D3] and its epimer, 20-epi-10,25-dihydroxyvitamin D5 [20-epi-
1,25(0OH),D3], in six human neuroblastoma (NB) cell lines (SH-SY5Y, NB69, SK-N-AS, IMRS5, CHP134, and NGP) were investigated.
We determined the ability of 1,25(OH),D; and 20-epi-1,25(OH),D; to influence cell viability by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, cell proliferation by bromodeoxyuridine (BrdU) incorporation, and their antineoplastic effect
on colony formation in a soft agar assay. A concentration-dependent decrease in cell viability, inhibition of DNA synthesis, and
suppression of clonal proliferation was observed with both compounds. 20-epi-1,25(OH),D; was more potent in suppressing the
proliferation of all six NB cell lines. To understand the mechanisms of action, we examined the effect of 20-epi-1,25(OH),D; on the Myc—
1d2 cell proliferative network and also on key regulators of the cell cycle. For the first time, we show that 20-epi-1,25(OH),D; down-
regulated Myc and Id2 expression by western blot analysis. Semi-quantitative reverse transcription—polymerase chain reaction (RT-PCR)
analysis revealed that 20-epi-1,25(OH),D; induced the expression of retinoic acid receptor-f and p21Cip1, and down-regulated the
expression of cyclin D1 resulting in decreased phosphorylation of retinoblastoma protein (pRB). In sum, we show that 20-epi-
1,25(0OH),Dj; exerts strong antiproliferative effects by regulating key growth control networks (Myc—Id2—pRB) in NB cells.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction of cancer-related deaths in children [1,2]. About 40% of
children with NB respond to radiation and single agent
chemotherapy. These patients are considered the ‘low-risk’
group characterized by lack of N-myc amplification.
Patients with metastatic NB are considered the ‘high-risk’
group. Their tumors contain amplification of the N-myc
proto-oncogene, contain poorly differentiated cells, and

respond poorly to conventional chemo- and radiotherapies

NB is the most common extracranial solid tumor of the
peripheral nervous system accounting for more than 15%
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[3,4]. At the time of diagnosis, approximately 50% of
infants and 70% older NB patients have disseminated
disease beyond the primary site to lymph nodes, bone
marrow, and liver [5,6]. In spite of intensive multiagent
therapy and bone marrow transplantation, most patients
with high-risk NB die due to metastatic disease. Therefore,
the need exists to develop novel agents to improve treatment
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outcomes in this high-risk group. Retinoic acid derivatives
(retinoids) function as chemopreventive agents and are
used currently in the therapy of AML, APL, and NB
[6-8]. Exposure of human NB cell lines to retinoids results
in a marked decrease in N-myc mRNA expression, a
decrease in Id2, cell cycle arrest in the Gy/G; phase,
and terminal differentiation [9-11]. Therefore, agents that
modulate the above pathways potentiate the therapeutic
efficacy of retinoids in NB. Since chronic administration of
retinoids often results in cytotoxicity and the development
of drug resistance, it is essential to develop alternative
agents that exhibit low clinical toxicities, which might
increase the efficacy of retinoids [3,6].

A combination of vitamin D3 analogs and retinoids has
been shown to exhibit synergistic effects in inhibiting the
growth of leukemia, breast, and prostate cancer cells [12-
15]. Retinoids and vitamin D5 analogs regulate the forma-
tion of RAR and RXR homodimers, and RAR/RXR/VDR
heterodimers, which bind to sequence-specific DNA ele-
ments (VDRE or RARE) and modulate the expression of
several growth-related genes [16—18]. Despite the antitu-
mor effects of 1,25(OH),D;, its calcemic effects preclude
its development as a therapeutic agent in cancer [19,20].
For this reason, efforts have been directed towards the
development of synthetic vitamin D analogs that modulate
tumor growth with minimal calcemic activity [20,21].
Several studies have indicated that 20-epi analogs of
vitamin Dj cause potent growth inhibition at several fold
less concentration than 1,25(0OH),D5 and also exert anti-
proliferative activity several orders of magnitude higher
than 1,25(0OH),D5 [22-24]. NB cells treated with 9-cis RA
and EB 1089 showed a marked inhibition in proliferation,
which was accompanied by a decline in the levels of c-myc
encoded protein [25,26]. The molecular basis of the ther-
apeutic effects of vitamin D5 analogs in NB is poorly
understood. A greater understanding of the mechanism of
apoptosis induction by combinational therapy is likely to
aid in our understanding of cell proliferation and in the
development of more effective and well-tolerated therapies
for NB.

To evaluate the therapeutic potential of 1,25(OH),D5 and
20-epi-1,25(0OH),D3, we investigated the in vitro biological
effects and mechanisms of action in a panel of six NB cell
lines. Our data indicate that 20-epi-1,25(OH),D; exerts
antiproliferative effects in human NB cells by regulating
the Myc—Id2-pRB signaling pathways.

2. Materials and methods
2.1. Cell culture and compounds

Six human NB cell lines (SH-SYS5Y, NB69, SK-N-AS,
IMRS5, CHP134, and NGP) were cultured in RPMI-1640
supplemented with 10% fetal bovine serum, 1% oxaloa-
cetate—pyruvate—insulin, 100 units/mL of penicillin, and
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Fig. 1. (A) Structure of vitamin D3 and its analogs used in the present
study. The structures of 1a,25-dihydroxyvitamin D3 and 20-epi-10,25-
dihydroxyvitamin D are indicated. (B) Expression of VDR in NB cell
lines. To determine the expression of VDR in NB cell lines, 100 pg of
protein was subjected to electrophoresis in SDS—polyacrylamide gels, and
the western blots were probed with VDR monoclonal antibodies.

100 pg/mL of streptomycin. The SH-SY5Y, NB69, and
SK-N-AS cell lines represent N-myc single copy, whereas
IMRS5, CHP134, and NGP cells represent amplification of
the N-myc locus [27,28]. 1,25(OH),D; was provided to us
by Dr. Uskokovic, and its 20-epimer was synthesized by
Leo Pharmaceuticals; the structures are shown in Fig. 1A.
The parental compound 1,25(OH),D; and the 20-epi ana-
log were dissolved in absolute ethanol at 10> M as a stock
solution, and stored, protected from light, at —20°. The
concentration of the analogs was determined by UV
absorbance measurements using their molar extinction
coefficient at 264 nm. Dilutions were made in the culture
medium for various treatments.

2.2. Western blot analysis

Cells growing in mid-log phase were lysed in lysis buffer
(HEPES, pH 7.6, 25 mM; Triton X-100, 0.1%; NaCl,
300 mM; B-glycerophosphate, 20 mM; MgCl,, 1.5 mM;
EDTA, 0.2 mM,; dithiothreitol, 2 mM; sodium orthovana-
date, 0.2 uM; sodium fluoride, 10 pM; benzamidine, 1 uM;
leupeptin, 2 pg/mL; aprotinin, 4 pg/mL; and phenylmethyl-
sulfonyl fluoride, 500 uM) and centrifuged at 10,000 g for
30 min at 4°. The protein concentration in the supernatant
was determined by the bicinchoninic acid method (Pierce).
Total protein (100 pg) from the whole cell lysate was
electrophoresed in 10% SDS-PAGE gels and transferred
to nitrocellulose membranes. The blots were blocked with
5% nonfat dry milk in Tris-buffered saline and probed with
respective antibodies. Specific antibody binding was
detected by horseradish peroxidase-conjugated goat anti-
mouse or goat anti-rabbit antibodies and visualized with
ECL reagent (Amersham Pharmacia Biotech). VDR and 1d2
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antibodies were purchased from Santa Cruz Biotech, pRB
antibodies from Pharmingen, and neurofilament-H antibo-
dies from Zymed.

2.3. Cell viability analysis

The effect of vitamin D5 analogs on the growth rate of NB
cells was determined using the MTT method [29] according
to the instructions of the manufacturer (Promega). Briefly,
1 x 103 cells were seeded in 96-well plates, incubated at 37°
for 24 hr, and treated with either vehicle (ethanol 0.1%) or
the indicated concentrations of the compounds for 7 days.
The medium was replaced with fresh medium containing
the vitamin D3 compounds after 3 days. MTT reagent
(10 uL per well) was added and incubated at 37° for
4 hr. The absorbance of the samples against a background
control as blank was measured at 490 nm. Each experiment
was repeated three times in triplicate samples. Results are
expressed as percent viable cells over control.

2.4. Cell proliferation assay

The ability of 1,25(OH),D5 and 20-epi-1,25(0OH),Dj3 to
inhibit DNA synthesis was determined by estimating the
amount of BrdU incorporation into DNA by a colorimetric
immunoassay (Roche Molecular). Briefly, cells were cul-
tured in 48-well plates (1 x 10*) in the presence of a 1 uM
concentration of the respective analogs for 3 days. BrdU
(10 uM final concentration) was added, and the cells were
re-incubated for an additional 24 hr. The cells were fixed and
incubated with anti-BrdU-POD (100 pL per well) for 2 hr at
room temperature. The color was developed by the addition
of trimethyl bezidine substrate and measured at 490 nm. The
color intensity and the absorbance values directly correlate
to the amount of BrdU incorporated into DNA. The results
are expressed as percent inhibition of BrdU incorporation by
the vitamin D3 compounds over the control.

2.5. Soft agar colony formation assay

To determine the effect of the two compounds on clonal
proliferation, soft agar clonogenic assays were performed.
After assessing viability, 1 x 10 cells were seeded in the
presence of respective drugs in 35 mm? plates in 0.7% agar.
After 14 days, the plates were stained with 50 pg/mL of
MTT for 4 hr at 37°, and colonies were scored. All experi-
ments were performed using triplicate plates, and the results
are the averages of two independent experiments.

2.6. Semi-quantitative RT-PCR

To analyze the mRNA expression of cyclin D1, p21<7,
p27%P! RAR-B, and VDR, semi-quantitative RT-PCR was
performed. Using TRIzol reagent (Invitrogen), total RNA
was isolated from the control cells and cells exposed to
1 uM vitamin D compounds for 3 days. Total RNA (1 pg)

was reverse transcribed using the SuperScript first-strand
synthesis system (Invitrogen). Briefly, 1 pg of total RNA
was preincubated at 65° for 5 min with an oligo dT, 10 uM
dNTP mix. Samples were reverse transcribed for 50 min at
42° with 50 U of SuperScript RT in a total volume of
20 pL. To this mixture, 1 U of Taqg DNA polymerase, 1 tM
sense primer, 1 uM antisense primer, and 10x PCR reac-
tion buffer were added in a total volume of 50 pL.. Ampli-
fication was performed using a thermal cycler 480 (28-35
cycles). Each PCR cycle consisted of a denaturing step for
1 min at 94°, an annealing step for 60 s at 50° (p21<*’,
cyclin DI) or 60° (RAR-f3), with an extension step for 2 min
at 72°. The following PCR primers were used (RAR-f3: 5'-
primer ACCAGCTCTGAGGAACTCGTCCCA, 3'-primer
AGGCGGCCTTCAGCAGGGTAATTT; p21: 5'-pri-
mer GAGCGATGGAACTTCGACTTT, 3’-primer GGGC-
TTCCTCTTGGAGAAGAT; p275": 5'-primer CAGCTT-
GCCCGAGTTATA, 3'-primer TGGGGAACCGTCTGA-
AAC; cyclin DI: 5'-primer TCCTCTCCAAAATGCCA-
GAG, 3'-primer TGAGGCGGTAGTAGGACAGG; VDR:
5'-primer CGCTCCAATGAGTCCTTCACC, 3'-primer G-
CTTCATGCTGCACTCAGGC; GAPDH: 5'-primer ACC-
ACAGTCCATGCCATCAC, 3'-primer TCCACCACCCT-
GTTGCTGTA.

2.7. Statistical evaluation

Data are expressed as means = SEM for all experiments.
One-way ANOVA was used to assess statistical significance
between means. P < 0.05 was considered significant.

3. Results

3.1. Expression of vitamin D receptor in human
NB cells

To examine the expression levels of VDR in NB, we
performed western blot analysis. As shown in Fig. 1B, we
observed differential VDR expression between the six NB
cell lines. SH-SYSY and IMRS cells expressed low levels
of VDR when compared with CHP134, NGP, SK-N-AS,
and NB69 cells. There was no correlation between the
expression of VDR and N-myc copy number.

3.2. Effect of 1,25(0OH),D; and 20-epi-1,25(0OH),D;
on NB cell viability

To examine the effects of 1,25(OH),D; and 20-epi-
1,25(0OH),D5, NB cell lines (SH-SY5Y, NB69, SK-N-AS,
IMRS5, CHPI134, and NGP) were exposed to different
concentrations (0.3, 1.0, and 3.0 uM) of these compounds
for 7 days, and cell viability was determined by MTT
assay (Fig. 2A). We consistently observed higher growth
inhibition with 20-epi-1,25(0OH),D3 at all concentrations
of the compounds used in the study. We calculated the
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Fig. 2. (A) Effect of 20-epi-1,25(0OH),D; on the proliferation of NB cells. NB cells (1000 per well) were seeded in a 96-well plate and treated with 0.3, 1.0,
and 3 pM concentrations of 1,25(OH),D3 and 20-epi-1,25(OH),D; for 7 days. Cell viability was determined by MTT assay. The percent of viable cells was
calculated in comparison to untreated cells. Data (means == SEM of triplicate samples) are expressed as percent cell growth. (B) Effect of vitamin D
compounds on VDR expression by semi-quantitative RT-PCR. NB cells were treated with 1 uM 1,25(OH),D3 or 20-epi-1,25(OH),D; for 3 days, and the
total RNA was isolated and subjected to semi-quantitative RT-PCR using primers that amplify a 420 bp VDR cDNA.

concentration of vitamin D analogs required to cause 50% To examine whether the observed effects are due to the
inhibition (icsg) of cell proliferation (Table 1). From the induction of VDR by vitamin D3 compounds, we deter-
ICso values, it is clear that 20-epi-1,25(OH),D5 is about mined the expression of VDR by the semi-quantitative

2-fold more potent than 1,25(OH),Ds. RT-PCR method. Results shown in Fig. 2B suggest that
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Table 1
Effect of 1,25(OH),D5 and 20-epi-1,25(OH),D; on the viability of human
NB cells

NB cell lines 1Cso (LM)

1,25(0H),D5

20-epi-1,25(0H),D;

SH-SY5Y 1.45 0.61
NB69 1.02 0.62
SK-N-AS 1.45 0.62
IMRS5 1.20 0.50
CHP134 1.02 0.72
NGP 0.72 0.51

Cells were exposed to different concentrations of 1,25(OH),D5 and 20-
epi-1,25(0H),D5 for 7 days, and the relative number of viable cells was
determined by MTT assay. The concentration of compounds required to
clause 50% inhibition of cell proliferation (icsy) was determined from the
Sigma plots.

VDR was not induced by either 1,25(0OH),D; or 20-epi-
1,25(0OH),D3; when exposed to these compounds, suggest-
ing that the VDR promoter in NB cells may not be
responsive to vitamin D.

3.3. Inhibition of NB proliferation by
20-epi-1,25(0OH),Dj3

To understand whether the decrease in the number of
viable cells was due to decreased proliferation, the incor-
poration of BrdU into DNA was determined in the presence
(1 pM) and absence of vitamin D5 analogs. As shown in
Fig. 3, the analysis of BrdU incorporation revealed that
treatment with vitamin D5 analogs resulted in a decrease
in the synthesis of DNA, leading to a decrease in the
number of proliferating cells. These findings suggest that
20-epi-1,25(0H), D5 was more effective than 1,25(OH),D3

in inhibiting BrdU incorporation into DNA (80-90% vs.
20-50% inhibition, respectively) in the six cell lines
examined. SK-N-AS and IMRS cells were relatively resis-
tant as 1,25(OH),D; inhibited BrdU incorporation by about
30 and 20%, respectively.

3.4. Effect of 20-epi-1,25(OH),D3 on clonal
proliferation of NB cells

To determine the in vitro antineoplastic effect, the ability
of vitamin D analogs to suppress the anchorage-indepen-
dent growth in soft agar was examined. The assays were
performed with a 1 M concentration of 1,25(OH),D3 and
20-epi-1,25(0OH),Dj5 in order to achieve significant inhibi-
tion with 1,25(0OH),D3. The number of colonies in the
control and various treatment groups were counted and are
summarized in Fig. 4. From these results it is evident that
the 20-epimer caused more than 90% inhibition of colony
formation in all the cell lines. In contrast, 1,25(OH),D3
inhibited colony formation by about 50% in only SH-
SYS5Y, NB69, SK-N-AS, and NGP cells, in spite of using
a high concentration of the compound. The IMRS and
CHP134 cells were the least sensitive to 1,25(OH),D5 (36
and 25% suppression, respectively). To summarize, our
results indicate that 20-epi-1,25(OH),D5 exhibited a more
potent antineoplastic effect than 1,25(OH),Ds.

3.5. Effect of 20-epi-1,25(OH),D3 on the expression
of neurofilament-H

The results of the in vitro biological assays revealed that
20-epi-1,25(0OH),D3; was more potent in suppressing the
proliferation of the six NB cell lines. To understand the
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Fig. 3. Inhibition of the synthesis of DNA in NB cells by 20-epi-1,25(0OH),D3. The antiproliferative effects were determined after treating the NB cells for 3
days with a 1 pM concentration of vitamin D analogs and labeling with BrdU (10 pM) for 24 hr. Results are expressed as percentage inhibition of BrdU
incorporation relative to control cells. Values are the means (:=SEM) of three experiments with triplicate determinations. Key: **P < 0.0001 for 20-¢pi-D, and

*P < 0.005 for 1,25-D.



1948

K. Gumireddy et al./Biochemical Pharmacology 65 (2003) 1943-1955

120
5, O control
= B 20-epi-D|
2 100 4 T L 01,25-D
£ | =
@ = A *
g_g 80 . .
o
% g T T
C 5 ,
E o= * *
an 40_
< .
&
2

20

0 T T T T T
SH-SY5Y NB69 SK-N-AS IMRS5 CHP134 NGP

Fig. 4. Suppression of the anchorage-independent growth of NB cells by 20-epi-1,25(OH),Ds. Soft agar colony formation assays were performed in 6-well
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The colonies were stained with MTT reagent and counted manually. Data are shown as means =+ range of two experiments. Key: **P < 0.0008 for 20-epi-D,

and “P < 0.005 for 1,25-D.

mechanism of cell growth inhibition, we analyzed the
critical cellular targets regulated by 20-epi-1,25(0OH),D5
further. It is known that NB cells, when exposed to differ-
entiating agents, induce the expression of many neuronal
markers including neurofilament-L, -M, and -H. We did not
observe any evidence of morphological differentiation when
NB cells were exposed to 1,25(OH),D; and 20-epi-
1,25(OH),D; for longer periods of time (10 days). To
understand whether vitamin D5 analogs initiate the differ-
entiation of NB cells, the expression of the neuronal marker
neurofilament-H was analyzed by western blotting. As
shown in Fig. 5, SH-SY5Y and NGP cell lines, when
exposed to 1 uM 20-epi-1,25(0OH),D; for 3 days readily
induced the expression of neurofilament-H. We observed a
moderate increase in neurofilament-H expression in the
CHP134 and SK-N-AS cell lines, whereas there was no
change in its expression in NB69 and IMRS cells. Under
identical conditions, 1,25(OH),Dj; did not cause any altera-
tions in the expression of neurofilament-H in the six NB cells
(data not shown).

3.6. Down-regulation of Myc in NB cells by
20-epi-1,25(0H),D3

Myc is a key positive regulator of cell proliferation in
many cell types [30], and down-regulation of the expres-
sion of myc mRNA and protein has been observed in
retinoic acid-induced differentiation of NB cells [31]. To
test whether the inhibition of cell proliferation was due to a
decrease in Myc expression, NB cells were exposed to
1 uM 20-epi-1,25(0OH),D; for 3 days, and the expression
of c-Myc and N-Myc was examined by western blot
analysis. Results presented in Fig. 6A show that control
SH-SYS5Y, NB69, and SK-N-AS cells expressed high
levels of c-Myc. Treatment with 20-epi-1,25(0OH),D5 led
to a dramatic decrease in c-Myc expression. Similarly,

exposure of IMRS and NGP cells to the 20-epimer resulted
in decreased expression of N-Myc. We observed little
difference in the expression of N-Myc in CHP134 cells
under identical conditions. SH-SYSY cells expressed low
levels of N-Myc, whereas NB69 and SK-N-AS did not
express N-Myc. c-Myc expression could not be detected in
the IMRS, CHP134, and NGP cell lines (data not shown). It
will be interesting to identify why there was no decrease in
N-Myc in CHP134 cells, and also to investigate whether
the mechanisms of N-myc gene regulation are different in
this cell line.
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(. 1 1
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o | ] E
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1 1 [
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Fig. 5. Induction of neurofilament-H expression in 20-epi-1,25(0OH),Ds-
treated NB cells. The expression of neurofilament (NF-H) was determined
by western blot analysis. NB cells were exposed to 1pM 20-epi-
1,25(0OH),D; for 3 days. One hundred micrograms of protein was subjected
to SDS-PAGE, and the blot was probed with neurofilament-H antibodies.
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Fig. 6. Modulation of the Myc—Id2 pathway in 20-epi-1,25(OH),D;-treated NB cells. Cells were exposed to a 1 uM concentration of 20-epi-1,25(OH),D; for
3 days, and protein lysates (50 pg) were subjected to western blot analysis. (A) The blots were probed with mouse monoclonal antibodies to N-Myc (NCM-II/
00) and c-Myc (9E10). (B) Rabbit polyclonal antibodies were used to detect Id2 in the western blots.

3.7. Inhibitory effect of 20-epi-1,25(0H),D; on 1d2
expression

Overexpression of N-myc is a hallmark of a majority of
NBs [32]. Recently, it was found that Id2 is overexpressed in
NB primary tumor tissue and in cell lines that contain N-myc
amplification [33,34]. In most of the cell lines containing N-
myc amplification, Id2 levels were elevated. To examine
whether the decreased expression of Myc resulted in
decreased levels of 1d2, we performed western blot analysis
of NB cells treated with 1 pM 20-epi-1,25(OH),D5 for 3
days. A moderate decrease in Id2 protein expression
(Fig. 6B) was observed, which correlated with a decrease
in Myc expression. These results suggest that a decrease in
Myc leads to the down-regulation of Id2 expression in NB
cells. However, 1d2 levels appeared to be unaffected by 20-
epi-1,25(OH),D; in SK-N-AS cells. Interestingly, in the
CHP134 cell line Id2 protein expression was down-regu-
lated in 20-epi-1,25(0OH),D;-treated cells in spite of unal-
tered levels of N-Myc expression.

3.8. Induction of RAR- in 20-epi-1,25(OH),D;s-treated
NB cells

Abnormal function or reduced expression of specific
retinoid receptors has been shown to regulate retinoid
receptor-mediated gene expression in many cancer cells
[35,36]. Reduced RAR-B expression plays an important role
in breast, esophageal, and lung cancers [36-38]. It is known
that RAR-P is undetectable in NB tumors and cell lines, and
its expression is induced when cells are exposed to retinoids
[39,40]. To investigate whether RAR-B is induced by

vitamin D3 analogs, NB cells were exposed to a 1 uM
concentration of 20-epi-1,25(OH),D; for 3 days and total
RNA was isolated. Semi-quantitative RT-PCR analysis was
performed using RAR-B-specific primers that amplify a
606 bp cDNA. As shown in Fig. 7A, induction of RAR-}
was observed in NB69, IMRS5, CHP134, and NGP cell lines.
Under the experimental conditions used, we could detect
very little RAR-f in SH-SYS5Y cells, and it was not induced
in SK-N-AS cells. The results of the western blot analysis
(Fig. 7B) correspond to the alterations observed in RT-PCR,
suggesting that 20-epi-1,25(0OH),D; regulates RAR-J
expression in NB69, IMRS, CHP134, and NGP cells.

3.9. Modulation of cell cycle regulators by 20-epi-
1,25(OH);Ds: effect on the cyclin DI and
CDK inhibitors p21"and p275"’

To investigate the effect of 20-epi-1,25(0OH),D5 on cell
cycle regulators, we performed semi-quantitative RT-PCR
analysis of cyclin D1. As shown in Fig. 8 A, we observed a
decrease in the expression of cyclin D1 in SK-N-AS,
IMRS5, and NGP cells. However, there was no decrease
in the expression of cyclin D1 in SH-SY5Y, NB69, and
CHP134 cells (Fig. 8A). Western blot analysis of cyclin D1
shown in the lower portion of this panel indicates that
cyclin D1 protein levels decreased in all the cell lines.
Consistent with these results, we did not observe any
induction of p21<®' in SH-SY5Y, NB69, and CHP134
cells (Fig. 8B), whereas it was readily induced in SK-N-
AS, IMRS5 and NGP cells. These results suggest that a
decrease in cyclin D1 due to 20-epi-1,25(OH),D; treat-
ment in combination with an increase in p21<"?! play an
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Fig. 7. Effect of 20-epi-1,25(0OH),D; on RAR-B. (A) Semi-quantitative RT-PCR analysis was performed with RNA isolated from NB cell lines treated with
20-epi-1,25(0H),D; (1 pM) for 3 days. One microgram of total RNA was reverse-transcribed in a total volume of 20 pL, and 1 pL of the cDNA was used for
RT-PCR. Amplification of the 606 bp PCR product represents RAR-f mRNA. (B) Western blot analysis was performed using 100 pg of protein from NB cell

lines treated with 20-epi-1,25(0OH),D; and probed with RAR-f antibodies (Santa Cruz).
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Fig. 8. Effect of 20-epi-1,25(0OH),D5 on cell cycle regulators in human NB cells. (A) Effect on cyclin D1. (B) Effect on p21Cipl and p27Kip'. Semi-
quantitative RT-PCR analysis was performed with RNA isolated from NB cell lines treated with 20-epi-1,25(0OH),D5 (1 pM) for 3 days. One microgram of
total RNA was reverse-transcribed in a total volume of 20 uL, and 1 pL of the cDNA was used for RT-PCR. The blots in the lower portion of each panel
indicate the results of western blot analysis for cyclin D1 and p21°""'. Appropriate GAPDH controls were included in the PCR and western blots.
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important role in causing NB cell growth arrest. We also and NGP cells (Fig. 8B), but no change in p27P! expres-

demonstrated that these changes in the p21<'P! RNA levels sion was observed in SH-SY5Y and SK-N-AS cells. These
are reflected at the protein level. 20-epi-1,25(OH),Ds also results suggest that each NB cell line appears to respond
induced the expression of p27'?! in NB69, IMR5, CHP134, differently when exposed to 20-epi-1,25(OH),D;. However,
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Fig. 9. Alterations in pRB phosphorylation of NB cells exposed to 20-epi-
1,25(0OH),D;. Expression and phosphorylation of pRB in NB cell lines
treated with 20-epi-1,25(0OH),D; (1 uM for 3 days) were determined by
western blot analysis using 100 pg of protein and probed with pRB
monoclonal antibodies.

we did not observe similar alterations in p27 protein by
western blot analysis (data not shown), suggesting that
post-translational regulatory mechanisms may play a role
in modulating p27 in NB cells.

3.10. Modulation of pRB phosphorylation by
20-epi-1,25(0H),D3

It is known that treatment of NB cells with retinoids
induces cell cycle arrest in the Gy/G; phase [41]. pRB
phosphorylation plays an important role in determining the
extent of Gy arrest [42]. To test whether vitamin D3 analogs
modulate pRB function, we examined the status of pRB
phosphorylation in cells exposed to 20-epi-1,25(0OH),D3 by
western blot analysis. Exposure of NB cells to 20-epi-
1,25(OH),D; resulted in hypophosphorylation of pRB
(Fig. 9). We did not observe any significant difference in
the phosphorylation of pRB in NB69 cells; these cells may
be relatively resistant to the actions of 20-epi-1,25(OH),Ds.
It is possible that hypophosphorylated pRB in 20-epi-
1,25(0OH),D5-treated cells results in sequestering E2F as
a pRB-E2F complex, making it unavailable to activate
genes that promote the cell cycle at the G;-S phase.

4. Discussion

Results of cell viability, proliferation, and soft agar colony
formation assay indicate that 20-epi-1,25(OH),Dj3 is more
potent than 1,25(OH),D5. Consistent with the results of the
MTT assay, 20-epi-1,25(OH),D; strongly inhibited the
incorporation of BrdU (80-90%) in all of the cell lines.
In contrast, 1,25(0OH),D5; was the least effective (20-50%
inhibition) in inhibiting BrdU incorporation into DNA. The

potent anticancer activity of 20-epi-1,25(OH),D; was also
evident in the soft agar colony formation assay. To obtain
significant inhibition with 1,25(OH),D;, we used a high
concentration (1 pM) of the vitamin D3 compounds in these
assays. Our overall objective was to evaluate the effect of
vitamin D3 analogs in several NB cell lines to identify the
possible target genes. In this paper, we used 20-epi-
1,25(0OH),D; as a model compound to investigate the
possible signaling pathways regulated by vitamin D analogs.
By employing 20-epi-1,25(0OH),D; as a model compound,
our studies identified the critical cell pathways modulated in
NB cells.

Demonstrating for the first time that these important cell
pathways are targets of vitamin D analogs will enable us to
evaluate the effect of low calcemic analogs in modulating
NB cell growth by altering the function of critical targets
(Myc—pRB). Such high concentrations of 1,25(OH),D; have
been used by earlier investigators to examine the growth
inhibitory effects in leukemia and lung cancer cells [23,43].
We observed about 90% inhibition of colony formation with
20-epi-1,25(0OH),D5, whereas 1,25(0OH),D; inhibited col-
ony formation by only 40%. These results indicate that
20-epi-1,25 (OH),D; was more potent in inhibiting cell
proliferation and also in suppressing colony formation in
soft agar. The potent antiproliferative effects of the 20-epi
class of vitamin D3 analogs have been attributed to the
stereochemistry at carbon 20 [44]. Crystal structure analysis
of VDR liganded to 20-epi-1,25(OH),D; suggests that
ligand—VDR complexes exhibit higher stability and longer
half-life contributing to prolonged biological activity [45].
A member of the 20-epi-family, KH1060, also exhibits
potent growth inhibition at a several fold less concentration
than 1,25(0OH),D5 [15,20]. This could be due to conforma-
tional changes induced by 20-¢epi-1,25(OH),D3; compounds
in the ligand binding domain of VDR. This renders
the receptor more resistant to protease digestion thereby
increasing the bioavailability of the compounds, leading to
potent antiproliferative effects [22,23,45].

The genetic hallmark of NB is amplification of the N-myc
proto-oncogene [32]. Two recent studies attribute critical
function to the N-Myc—Id2 pathway in NB tumors and cell
lines [33,34]. Expression of 1d2 is essential to regulate the
proliferation and differentiation of the neural crest. In
humans, neoplastic transformation of neural crest precur-
sors during embryogenesis causes NB. Human NB tumors
with N-myc amplification are associated with overexpres-
sion of 1d2. Most of the N-myc amplified cell lines express
20- to 30-fold more Id2 than cell lines without N-myc
amplification. N-Myc proteins directly bind to and activate
the Id2 promoter, and its expression correlates with the N-
Myec during development and in NB [34]. High levels of 1d2
bind to the hypophosphorylated form of pRB and release
E2F, which activates genes associated with cell prolifera-
tion. Id2, a protein required to maintain the timing of
differentiation during development, is transformed into a
potent oncogene in NB. Therefore, disrupting the function
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Fig. 10. Schematic representation of vitamin D5 signaling in neuroblastoma. Based on our results and earlier studies, we postulated a model to explain the
cell growth arrest induced by vitamin D3 analogs. Suppression of the Myc-Id2 network, induction of RAR-f3, and modulation of other G; signaling proteins
are depicted. Apart from its effect on p21°P! expression, other mechanisms of action of RAR-p and the effect of vitamin D5 on cyclin E, p16™* and E2F in
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of Id2 may lead to new and useful therapeutic strategies in
NB therapy. Our results suggest that 20-epi-1,25(OH),D;
down-regulated c-Myc and N-Myc expression. Decreased
levels of Myc result in reduced transcriptional activation of
the 1d2 promoter. Decreased levels of Id2 result in decreased
binding of Id2 to hypophosphorylated pRB (Fig. 10). Avail-
ability of more hypophosphorylated pRB sequesters E2F
transcription factors. Thus, the cellular levels of unbound
E2F are reduced, resulting in the altered activation of genes
that participate in DNA synthesis and cell proliferation. In
addition, treatment of NB cells with 20-epi-1,25(0OH),D3
also leads to decreased phosphorylation of pRB due to a
decrease in cyclin D1 levels, which might decrease cyclin
D1-CDK activities.

Retinoic acid-induced differentiation of NB cells is
accompanied by induction of RAR-B expression [40].
Our results indicate that the 20-epimer induces RAR-
in some of the NB cell lines examined (Fig. 7). These
results are in agreement with earlier observations indicat-
ing that RAR-B is readily induced in NB cells undergoing
differentiation [39,40]. Increased RAR-B binds to the
p21P! promoter and increases its transcription in myeloid
and NB cell lines [35,39,46]. Increased p21<"' by asso-
ciating with cyclin D-CDK complexes might inhibit the

kinase activity leading to decreased phosphorylation of
pRB. Accumulation of hypophosphorylated pRB seques-
ters E2F transcription factors and causes cell cycle arrest in
the G; phase. It is possible that 20-epi-1,25(OH),D3, apart
from indirectly increasing p21<™' expression by inducing
RAR-B, can also have a direct effect on p21Cipl expression
due to the presence of a functional VDRE in the p27<%’
promoter. In addition, 20-epi-1,25(OH),D; also down-
regulated the expression of cyclin D1 in the SK-N-AS,
IMRS, and NGP cell lines, suggesting that the decrease in
phosphorylated pRB could also arise because of a decrease
in the expression of cyclin D1 in these cell lines [47].
Further studies are necessary to understand how 20-epi-
1,25(0OH),D; regulates cyclin D1 expression and also the
mechanisms regulating p275'P! expression in NB cells
[48]. Thus, the changes in the expression and activity of
key regulators of the cell cycle could potentially lead to G
arrest. In this study, we have shown that treatment of NB
cells with 20-epi-1,25(OH),D5 induces RAR- tumor sup-
pressor, down-regulates the Myc—Id2 network, induces
p21<"!and modulates the activities of key G, signaling
proteins. Fig. 10 shows the possible signaling pathways
activated by vitamin D; analogs in NB cells. Further
studies are necessary to delineate the role of other proteins
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involved in controlling G; arrest in NB cell lines by
vitamin D3 analogs. In summary, our results indicate that
20-epi-1,25(0H), D5 exerts strong antiproliferative effects
by interfering with critical cell pathways in NB cells.
Identification of novel low-calcemic vitamin D3 analogs
that act in combination with retinoids, hence increasing
their efficacy, is likely to improve the survival rate in NB.
Future investigations in this direction are necessary to
examine the mechanisms of action and therapeutic poten-
tial of novel vitamin D analogs.
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