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Abstract

Background: Clinical trials have been conducted to clarify the beneficial effects of VD3 (1a,25-dihydroxy vitamin
D3, also known as calcitriol) treatment in prostate cancer. However, the molecular mechanisms underlying these
effects are not fully understood. Recent studies on IGFBP-3 have indicated its intracellular functions in cell growth
and apoptosis. The aim of this study was to confirm the benefits of low-dose VD3 treatment and clarify the
molecular mechanisms underlying these beneficial effects in prostate cancer cells.

Methods: The molecular effects of simultaneous treatment of LNCaP cells and their genetically modified cell lines
with low concentration of docetaxel and VD3 were biologically and biochemically analyzed. To further determine
the effects of VD3 treatment on IGFBP-3 induction system, cells were temporarily treated with VD3 in combination
with a transcriptional inhibitor or protein synthesis inhibitor. Bcl-2 protein and its MRNA behavior were also observed in
Igfbp-3 expression-modified LNCaP cells to determine the involvement of IGFBP-3 in the suppression of Bcl-2 by VD3
treatment.

Results: Changes in IGFBP-3 expression levels in LNCaP cells indicated that it mediated the inhibition of cell growth
induced by VD3 treatment. IGFBP-3 was also found to be a mediator of the enhanced cytotoxicity of prostate cancer
cells to VD3 in combination with the anti-cancer drug. We further identified the distinct property of the IGFBP-3
induction system, wherein temporal VD3 stimulation-induced prolonged IGFBP-3 expression and VD3 treatment-
induced increase in IGFBP-3 expression were optimized based on the protein concentration rather than the mRNA
concentration. Meanwhile, Bcl-2 expression was down-regulated by VD3 treatment in an IGFBP-3-independent manner.

Conclusion: These findings indicate the molecular mechanisms of IGFBP-3 induction stimulated by VD3 and IGFBP-3
independent Bcl-2 suppression by VD3 treatment in prostate cancer cells. The results could prompt a re-evaluation of
VD3 usage in therapy for patients with prostate cancer.
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Background

Vitamin D has a central role in calcium and skeletal
homeostasis [1, 2]. Its pleiotropic role both in physio-
logical and pathological phenomena such as cell growth,
immune function, and tumorigenesis has also been ex-
amined [3-6], which revealed that exposure of cancer
cells to vitamin D significantly reduces the cell growth
rate in multiple cancer types [6—8]. Indeed, recent epi-
demiological investigations have reported that higher
vitamin D concentration could prevent multiple types of
tumorigenesis [9]. Consistent with such finding, for ex-
ample, an increase in colon cancer incidence with lower
vitamin D dietary habits has been reported [10, 11].
However, suppressive effect on prostate cancer is still
under discussion [12, 13].

Currently, prostate cancer is one of the most common
cancers in men worldwide [14]. Clinical use of the
prostate-specific antigen (PSA) test dramatically im-
proved the screening sensitivity of prostate cancer com-
pared to that of traditional methods; in turn, the
number of patients with early-stage prostate cancer has
rapidly increased since the mid-1990s [15, 16]. Unlike
other cancer types, most cases of prostate cancer have
slow progression or have non-progressive indolent
symptom and are localized in the prostate; thus, they are
unlikely to cause poor physical condition or death [16].
Therefore, patients with prostate cancer need a less bur-
densome treatment in order to avoid potential harm
from excessive treatment.

Although the impact of vitamin D as a single agent on
prostate cancer has been investigated, its significance re-
mains under discussion [12, 13]. Meanwhile, the syner-
gistic or additive effects of vitamin D and its derivatives,
with anticancer drugs, on prostate cancer have been
clinically studied, and encouraging results have been re-
ported [17, 18]. However, the results of larger trials that
evaluated the synergistic effect of vitamin D in combin-
ation with docetaxel, one of the first-line anticancer
drugs in prostate cancer chemotherapy, showed limited
or nonsignificant benefit of vitamin D efficacy in castra-
tion- or androgen deprivation therapy-resistant prostate
cancer [19, 20]. Furthermore, overconsumption of la,
25-dihydroxy vitamin D3 (VD3), also known as calcitriol,
the biologically active form of vitamin D3, from food or
prolonged treatment with VD3 derivatives could trigger
hypercalcemia, resulting in physiological side effects
[21]. Therefore, to date, VD3 has not been proactively
used in the treatment of patients with prostate cancer.
The biological function of vitamin D is mainly mediated
by vitamin D receptor (VDR), which acts as a transcrip-
tional factor [22]. Vitamin D receptor elements (VDRE)
on the promoter region of target genes are recognized
and transcriptionally activated by vitamin D-coupled
VDR. Consistent with the diverse physiological function
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of VD3, VDRE was identified not only in the gene re-
lated to calcium and skeletal homeostasis but also in the
gene related to fundamental cellular functions including
cell growth [22]. IGFBP-3 is one of the families of six
high affinity IGFBPs and was originally found in plasma
as a stabilizer and transporter of IGFs in the blood-
stream [23]. Interestingly, VDRE was found on the pro-
moter of the Igfbp-3 gene, and recent studies have
revealed that IGFBP-3 functions inside the cell as well,
regulating cell growth and apoptosis [24, 25].

Methods

This study aimed to investigate IGFBP-3 induction by
vitamin D treatment and determine its role in prostate
cancer treatment with vitamin D in combination with
anticancer drugs in order to provide molecular biological
evidence of benefit of vitamin D and to suggest effective
vitamin D usage in prostate cancer treatment.

Chemicals and reagents

Dihydrotestosterone (DHT) and Calcitriol (VD3), pur-
chased from Tokyo Chemical Industry (Tokyo, Japan),
were resolved in ethanol as a stock solution. PEI MAX
(molecular weight, 40,000) was purchased from Poly-
sciences (PA, USA). The other chemicals and reagents
were purchased from Wako Pure Chemical (Osaka,
Japan) and Sigma-Aldrich (St Louis, MO, USA).

Charcoal stripping of fetal bovine serum (FBS)

FBS was purchased from Gibco (Waltham, MA, USA).
To deplete hormones, including testosterone, in FBS,
dextran-coated charcoal powder was added to the
serum, and the mixture was incubated with rotation at 4
degree overnight. Thereafter, the mixture was centrifuged
to pellet charcoal, and the supernatant was filtered through
a 0.22-um polyvinylidene difluoride membrane. The
charcoal-stripped serum was used for all experiments.

The concentrations of total testosterone and total
vitamin D in the serum were determined using a total
testosterone test kit (Abbott Japan, Chiba, Japan) and a
total vitamin D test kit (Roche, Basel, Switzerland) ac-
cording to manufacturers’ instructions. The concentra-
tions of total testosterone in the pre- and post-treatment
serum were 0.24 nM and less than 0.01 nM (limit of de-
tection), respectively. The concentrations of total vita-
min D in the pre- and post-treatment serum were 82.9
and 80.6 nM, respectively. Thus, the basal concentrations
in the culture medium supplemented with 10% FBS were
less than 0.001 nM total testosterone and approximately
8 nM total vitamin D.

Cell culture
The LNCaP cell line was obtained from American Type
Culture Collection and cultured in Dulbecco’s modified
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Eagle medium (DMEM; Sigma-Aldrich) supplemented
with 10%charcoal-stripping FBS. The 293FT cell line
was purchased from Invitrogen (Waltham, MA, USA)
and cultured in DMEM supplemented with 10% FBS, 2
mM of L-glutamine, sodium pyruvate, and nonessential
amino acids. The cells were cultured at a temperature of
37°C in 5% CO,-—humidified condition. The myco-
plasma contamination was routinely checked and con-
firmed as negative.

Cell growth assay

DMEM supplemented with charcoal-stripping FBS (10%)
was used for the cell growth assay. The cells were seeded
at 1x10° cells per well in a 6-well plate. The next day,
the medium was replaced with 2 mL of fresh medium,
and 1 nM DHT and/or 10 nM VD3 were added. The cell
culture was continued throughout the indicated period.
The cultured cells were trypsinized, and the number of
cells was assessed using an automated cell counter
(Countess IITM FL; Invitrogen). Each assay was repeated
at least three times, and similar results were obtained.

Western blotting

The antibodies used for western blotting were mouse
anti-IGFBP-3 (1:500; Santa Cruz Biotechnology), mouse
anti-B-actin (1:1000; Santa Cruz Biotechnology), mouse
anti-Bcl-2 (1:500; SantaCruz Biotechnology), and horse-
radish peroxidase—conjugated secondary antibodies (1:
2500; Jackson ImmunoResearch Laboratories, West
Grove, PA, USA). The collected cells were resuspended
in RIPA buffer supplemented with protease and phos-
phatase inhibitors (Roche, Basel, Switzerland) and lysed
using BIORUPTORTM II sonicator (Cosmo Bio, Tokyo,
Japan). Cell lysates were resolved by 4-12% NuPAGE
gels (Invitrogen) and transferred onto polyvinylidene
fluoride membrane (Millipore, Burlington, MA, USA).
The signals were developed using enhanced chemilu-
minescence reagent (PerkinElmer, Waltham, MA, USA),
and LuminoGraph I (ATTO, Tokyo, Japan) was used for
image capture. Quantification of band signal was
analyzed using CS Analyzer 4 software (ATTO). At least
two biological replicates of each experiment were per-
formed, with similar results.

Real-time reverse transcription—polymerase chain reaction
The total RNA from the cultured cells was extracted
using TRIzol reagent (Invitrogen) according to the man-
ufacturer’s instruction. The RNA was reverse transcribed
by the PrimeScript RT reagent Kit (TaKaRa Bio, Shiga,
Japan) using oligo-dT. Quantitative reverse transcrip-
tion—polymerase chain reaction RT-PCR reaction was
performed using TB Green Premix Ex Taq II (TaKaRa)
and gene-specific primers (Supplementary Table 1) by
CFX96 Touch Real-time PCR system (Bio-Rad
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Laboratories, Hercules, CA, USA). Gene expression data
were normalized against glyceraldehyde 3-phosphate de-
hydrogenase or HPRT-1 as internal control. At least
three biological replicates of each experiment were per-
formed, and similar results were obtained.

Flow cytometric analysis of cell cycle and apoptosis

For cell cycle analysis and apoptotic cell detection, flow
cytometric analysis was performed using the Guava
EasyCyte Plus flow cytometry system (Millipore) and
Guava cell cycle reagent and Annexin V FITC apoptosis
kit (Millipore) according to manufacturer’s instruction,
as previously described [26]. At least three biological
replicates of each experiment were performed, and simi-
lar results were obtained.

Lentiviral construction and transduction

Backbone vectors, pLKO.1 puro plasmid (#8453), and
pLenti CMV Puro DEST (w118-1) plasmid (#17452)
were provided by Drs Bob Weinberg, Eric Campeau, and
Paul Kaufman, respectively, via Addgene (Ref [27]).
pENTRIA plasmid and lentiviral packaging mix (pLP1,
pLP2, and pLP/VSVG) were purchased from Invitrogen.
Full-length Igfbp-3 was cloned from LNCaP cell comple-
mentary DNA (cDNA) using KOD FX neo (TOYOBO,
Osaka, Japan) with a specific primer set (Supplementary
Table 1) and inserted into the pENTR1A vector; then,
the sequence was confirmed. The Igfbp-3 cDNA was in-
troduced into the pLenti CMV Puro DEST vector by re-
combinase reaction using LR Clonase II enzyme
(Invitrogen) to generate the lentiviral expression vector.
Specific short hairpin RNAs (shRNAs) were designed
using Invitrogen or Biosettia websites. The selected
target sequence oligos (Supplementary Table 1) were
annealed and inserted into the pLKO.1 puro vector ac-
cording to Addgene’s instruction. The lentiviral expression
vector or shRNA vector was co-transfected with the lenti-
viral packaging mix into the 293FT cells using PEI MAX
instead of Lipofectamine 2000 according to Invitrogen’s
instruction. Twenty-four hours post-transfection, the
medium was replaced with the culture medium for
LNCaP cells. One day later, the lentivirus-containing su-
pernatants were collected and filtrated through a 0.45-mm
polyvinylidene fluoride filter (Millipore).

Lentivirus infection

One day before infection, 1x10° LNCaP cells were
plated into a 10-cm dish; then, the culture medium was
replaced with the lentivirus-containing supernatant, and
culture was continued. Twenty-four hours post infec-
tion, the medium was replaced with fresh culture
medium. Two days later, the medium was replaced with
fresh culture medium that contained 1 ug/mL of puro-
mycin, and culture was continued until the non-infected
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control cells were completely killed. The puromycin-
selected cells were then subjected to each assay.

Statistical analysis

Results are presented as mean + standard deviation, un-
less otherwise specified. Pairs of groups were compared
using a two-tailed unpaired Student’s t-test. One-way
analysis of variance was used for multiple-group com-
parisons rather than specifying three. A p-value <0.05
was considered statistically significant. All statistical ana-
lyses were performed using Excel software (Microsoft,
Redmond, WA, USA) and Statcel3 add-in for Excel
(OMS Publishing, Tokyo, Japan).

Results

VD3 reduces cell growth rate

Consistent with a previous report [28] that treatment
with VD3 inhibits growth of prostate cancer cells, our
results showed that VD3 treatment reduced the cell
growth rate in a dose-dependent manner (0, 1, 10 and
100 nM) (Fig. 1a, left). As shown below, IGFBP-3 induc-
tion activity of VD3 was reached to plateau at 5 nM con-
centration (Fig. 4a). On the other hand, testosterone has
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been reported to stimulate the growth of prostate can-
cer, and the results of this study confirmed that DHT
treatment, from very low concentration (0.1 nM), stimu-
lated cell growth rate and its activity was reached to
plateau at less than 1 nM concentration (Fig. 1a, center).
The purpose of our study was to investigate the role of
VD3-IGFBP-3 induction system in cell growth inhibition
and to propose the potency of low-dose VD3 usage
which could evade side-effect of VD3 treatment such as
hypercalcemia in therapy for patients with prostate can-
cer, thus 1 nM of DHT and 10 nM of VD3 concentra-
tions were chosen as minimum but stably working
concentration for following experiment. Previously, it
has been demonstrated that simultaneous treatment
with VD3 and DHT enhanced the reduction of cell
growth rate compared to treatment with VD3 alone, and
a similar result was reproduced with low-dose DHT (1
nM) and VD3 (10 nM) in this study (Fig. 1a, right). To
further characterize growth inhibitory effect with low-
dose of DHT (1nM) and VD3 (10 nM), cell cycle and
apoptotic analyses were performed with flow cytometry.
The cell cycle analysis revealed that there was no signifi-
cant change in the cell cycle phase distribution among
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Fig. 1 Cellular response of LNCaP cells treated with VD3 and DHT. a Effect of combined treatment of VD3 and DHT on cell growth in LNCaP
cells: (left) VD3 treatment reduced cell growth in a dose-dependent manner; (center) DHT treatment increased cell growth at lower
concentrations; (right) simultaneous treatment of VD3 and DHT enhanced the reduction of cell growth compared to treatment with VD3 alone.
b Change in cell cycle phase by VD3 or DHT treatment. Neither VD3 nor DHT treatment significantly changed the cell cycle phase. ¢
apoptosis by VD3 or DHT treatment. Neither low-dose VD3 nor DHT treatment influenced apoptosis at short-term. d Induction of IGFBP-3
expression by VD3 or DHT treatment. VD3 treatment-induced IGFBP-3 expression and co-treatment with DHT enhanced the expression level of
IGFBP-3.The ratio indicates the density of IGFBP-3 band normalized by corresponding BActin band. The all experiments were performed in serum-
containing medium condition. The uncropped full-length blot images are presented in Supplementary Fig. 5A
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control (no treatment), DHT (1 nM), VD3 (10 nM), and
DHT/VD3 treatment conditions (Fig. 1b), suggesting
that low-dose of VD3 or DHT/VD3 treatment did not
arrest the cell cycle at a specific phase. Previous reports
have shown that long-term VD3 treatment has apoptosis
inducible activity [29], and DHT has apoptosis inhibiting
activity in a dose-dependent manner [30] in LNCaP
cells. However, it was unclear or controversial whether
lower-concentration of VD3 and DHT at short-term
could influence apoptosis, respectively, in LNCaP cells.
Thus, the apoptosis assay was performed with 1 nM of
DHT and 10 nM of VD3 for short-term, and found that
neither lower-dose DHT, VD3 nor DHT/VD3 treatment
for short-term influenced apoptosis (Fig. 1c). These re-
sults suggested that the decrease in the cell number in-
duced by low-dose VD3 or DHT/VD3 treatment was
mainly due to a decrease in the cell growth rate. To fur-
ther address what was occurring at the molecular level
during low-dose DHT and/or VD3 treatment, the genes
known to regulate the cell cycle and inducible by DHT
and/or VD3 treatment were chosen, and messenger
RNA (mRNA) induction was quantitatively measured
(Fig. 1d upper, Supplementary Fig. 1A). The quantitative
RT-PCR results showed that Igfbp-3 mRNA induction
was positively correlated to cell growth suppression in
response to low-dose VD3 or DHT/VD3 treatment, and
the expression strength was dramatically sensitive to
VD3 or DHT/VD3 treatment. Consistent with that,
IGFBP-3 protein was markedly induced by VD3 treat-
ment and it was enhanced by simultaneous treatment of
VD3 with DHT. A similar response was observed in the
expression of AR, the receptor of DHT, which was
known to a one of target of VDR (Supplementary
Fig. 1B).

Multiple recent studies have revealed that IGFBP-3
functions in cellular response, including cell growth and
apoptosis, in an insulin-like growth factor (IGF)-inde-
pendent manner. Considering these findings, we believe
that IGFBP-3 can be a key molecule for VD3 treatment
in prostate cancer cells.

IGFBP-3 was a dominant factor in cell growth suppression
To confirm if IGFBP-3 dominantly suppresses cell
growth in LNCaP cells, we applied the gain-of-function
and loss-of-function approach using a lentivirus system.
First, we generated IGFBP-3—overexpressing LNCaP
cells and found that the expression of IGFBP-3 mRNA
was about 50% higher compared to that by low-dose
DHT/VD3 treatment (Fig. 2a). As an infection control,
EGFP-overexpressing LNCaP cells were also generated,
and it was confirmed that lentivirus infection per se did
not induce IGFBP-3 expression. Using these cell lines,
the effect of IGFBP-3 on cell growth was observed (Fig.
2b). Results showed that the cell number of EGFP-

Page 5 of 13

overexpressed cells treated with 1 nM of DHT and 10
nM of VD3 for 3 days was decreased to 70% compared
with that of untreated cells, and the IGFBP-3—overex-
pressing cells showed comparable cell growth decrease
without DHT/VD3 treatment. Next, we generated
shRNA for Igtbp-3 (shlgfbp-3)—expressing LNCaP cells.
The knockdown of IGFBP-3 mRNA and protein induced
by low-dose DHT/VD3 treatment was confirmed in
shlgtbp-3—expressing LNCaP cells (Fig. 2c). Using this
cell line, the effect of low-dose DHT and VD3 treatment
on cell growth was observed. As we expected, the sup-
pressive efficacy of low-dose VD3 on cell growth was
weakening, and simultaneous treatment with 1nM of
DHT and 10 nM of VD3 increased cell growth (Fig. 2d).
Taken together, these data indicated IGFBP-3—dominant
factor of cell growth suppression induced by low-dose
VD3 treatment in LNCaP cells.

Acceleration of anticancer drug effect by VD3

As previously reported and we demonstrated above,
VD3 alone is not cytotoxic at physiological and pharma-
cological concentrations. Meanwhile, simultaneous treat-
ment with VD3 has been reported to improve the
efficacy of anticancer drugs including docetaxel, however
its molecular mechanisms were remained not fully un-
covered. Here, we supposed that IGFBP-3 might be a
mediator of VD3-induced sensitization to anticancer
drugs in prostate cancer cells. To confirm this hypoth-
esis, LNCaP cells were treated with low-dose of DHT/
VD3 in combination with several concentrations of do-
cetaxel. To determine the appropriate concentration of
docetaxel for evaluating the VD3 effect, we first screened
the concentration of docetaxel based on cytotoxic activ-
ity and found that a docetaxel concentration>10nM
killed bulk of the cells treated (Fig. 3a). Here, IC50 of
docetaxel was 0.82 nM in our assay, and it was consist-
ent with previous reports (0.44—1.6 nM). Thus, a doce-
taxel concentration < 0.1 nM was chosen to observe the
effect of combinatorial low-dose DHT/VD3 treatment
for the following assay. To evaluate the synergistic effect
of DHT/VD3 on cytotoxicity by docetaxel, LNCaP cells
were treated with 0, 0.1, 0.5, or 1 nM of docetaxel with
or without DHT/VD3, and results showed that low-dose
DHT/VD3 with docetaxel reduced the living cell number
at the concentration range of 0.1-0.5 nM, but the effect
was masked when 1 nM docetaxel was applied (Fig. 3b).
Similarly, low-dose DHT/VD3 with Cisplatin reduced
the living cell number at the concentration range of 1—
10 nM (Supplementary Fig. 2). To see if these enhanced
cytotoxicity effects were dependent on IGFBP-3, IGFBP-
3—overexpressed or shlgfbp-3—expressed LNCaP cells
were analyzed in the same manner. Indeed, in IGFBP-3—
overexpressed cells, the living cell number was reduced
by docetaxel without DHT/VD3 addition (Fig. 3c).
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Fig. 2 IGFBP-3 mediates the effect of VD3 on cell growth in LNCaP cells. a Overexpression of IGFBP-3 in LNCaP cells. LNCaP cells were infected
with lentivirus containing the IGFBP-3 gene, and its overexpression was confirmed by quantitative reverse transcription—-polymerase chain
reaction. b Suppression of cell growth by IGFBP-3. IGFBP-3-overexpressed cells were cultured as they were and control cells were cultured with
DHT/VD3 for 3 days, and then the cell number was measured. ¢ Knockdown of IGFBP-3 in LNCaP cells. LNCaP cells were infected with lentivirus
containing shRNA for Igfbp-3, and IGFBP-3 knockdown was confirmed by quantitative reverse transcription—polymerase chain reaction and
western blotting. The ratio indicates the density of IGFBP-3 band normalized by corresponding BActin band. d The IGFBP-3 knockdown cells were
treated with DHT and/or VD3 for 3 days, and then the cell number was measured. The all experiments were performed in serum-containing
medium condition. The uncropped full-length blot images are presented in Supplementary Fig. 5B

Correspondingly, in the shigfbp-3-expressed cells, reduc-
tion of living cell number by DHT/VD3 addition was
canceled; rather, the cell living number was increased
(Fig. 3d). The increase of living cell number despite
DHT/VD3 addition in docetaxel treated shlgfbp-3-
expressed cells was assumed by cancelation of VD3 ef-
fect and emerging of DHT effect on cell growth. Based
these findings, low-dose DHT/VD3-induced enhanced
cytotoxicity by docetaxel on LNCaP cells was dependent
on IGFBP-3 expression.

Characterization of the IGFBP-3 induction mechanism
As demonstrated above, IGFBP-3 had a pivotal role in
low-dose DHT/VD3-induced enhanced cytotoxicity by

antitumor drugs. To further dissect the IGFBP-3 induc-
tion mechanism and to provide the molecular evidence
of VD3 treatment for clinical research, mechanisms of
IGFBP-3 induction by DHT and VD3 were analyzed. As
previously reported in prostate cancer cells, VD3 treat-
ment induces CYP24A1 as well, an enzyme that cata-
lyzes VD3 to its inactive form. As a negative feedback
factor, the induced CYP24A1 limits the efficacy of VD3.
Meanwhile, activated AR induced by DHT treatment
suppresses CYP24A1 transcription, thus cancelling the
negative-feedback loop to inactivate VD3. Consistent
with that, CYP24A1 induction by VD3 treatment and its
suppression by simultaneous treatment with DHT were
confirmed even when we applied low-dose DHT and
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VD3, which were enough to induce and suppress
CYP24A1 expression (Supplementary Fig. 3), meaning
that h low-dose DHT/VD3 treatment could cancel the
CYP24A1-driven negative-feedback loop. To further dis-
sect the mechanism of IGFBP-3 expression in LNCaP
cells, the cells were treated with VD3 alone or DHT
(fixed in 1 nM) and VD3 in a dose-dependent manner
(0, 5, 20, 100, and 500 nM). When treated with VD3
alone, the induced IGFBP-3 reached a plateau at 5 to 20
nM. In contrast, when treated with VD3 together with
DHT, the amount of induced IGFBP-3 was increased ac-
cording to the increment of VD3 concentration (Fig. 4a).
These results indicated that low-dose DHT could im-
prove IGFBP-3 induction activity of VD3 through
CYP24A1 suppression.

Clinically, high-dose VD3 or its derivatives for treat-
ment can cause hypercalcemia; thus, its continual usage
should be carefully monitored to avoid side-effect of
VD3. Here, we wondered if continual VD3 treatment

would be required for maintaining IGFBP-3 induction in
prostate cancer cells. To address this, LNCaP cells were
treated with VD3 alone or low-dose DHT/VD3 for 1, 2,
or 3 days, followed by washout, which was done by re-
placing the culture medium and continuing the culture
for 3days in total (Fig. 4b, top). Here, intracellular
IGFBP-3 protein was observed by western blotting.
Interestingly, 1-day treatment of VD3 or DHT/VD3 in-
duced stable IGFBP-3 expression (Fig. 4b, bottom), al-
though treatment of VD3 alone showed mild IGFBP-3
induction compared to that by DHT/VD3. Note that,
IGFBP-3 showed similar strength of expression between
1 and 3 days of VD3 or DHT/VD3 treatment. This result
clearly indicated that temporal VD3 treatment could
induce prolonged stable IGFBP-3 expression.

This nonlinear response suggested the presence of a
unique molecular property underlying the IGFBP-3 ex-
pression mechanism. Generally, nonlinear cellular re-
sponse such as sustained protein expression by temporal
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stimulation was triggered by positive-feedback loop
mechanism, in which protein synthesis and transcrip-
tional regulation was included as hysterical response
driver. Thus, to further dissect if protein synthesis or
transcriptional regulation, or both are involved in non-
linear VD3-IGFBP-3 induction, actinomycin D and cy-
cloheximide, which are transcriptional inhibitor and
protein synthesis inhibitor, respectively, were added with
VD3 or DHT/VD3, and behavior of IGFBP-3 protein
and its mRNA was observed. Experimentally, actinomy-
cin D or cycloheximide was added 1 day after treatment
with VD3 alone or DHT/VD3, and the culture was con-
tinued for another day. When interfered with 5pM of
actinomycin D, there was no change in IGFBP-3 mRNA
or protein expression (Fig. 4c). By contrast, when inter-
fered with 10 uM of cycloheximide, the IGFBP-3 protein
was immediately reduced, however, the mRNA was

unexpectedly increased several times higher than those
without cycloheximide interference (Fig. 4c). The unex-
pected mRNA increase became stronger when DHT/
VD3 washout was performed ahead of the cycloheximide
interference. These cellular responses on IGFBP-3 in-
duction interfered by Actinomycin D and cycloheximide
suggested that the cells had a protein abundance—based
positive-feedback loop to maintain the total amount of
IGFBP-3 via transcriptional control.

IGFBP-3-independent Bcl-2 suppression by VD3

As shown above, although low-dose DHT and/or VD3
treatment did not induce apoptosis (Fig. 1d), VD3 treat-
ment rendered LNCaP cells sensitive to the antitumor
drugs (Fig. 3b and Supplementary Fig. 2), suggesting that
any apoptosis-related factor might be influenced. To ad-
dress this idea, we investigated the behavior of
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apoptosis-related molecules in response to low-dose
VD3/DHT treatment. Consistent with previous report
[29], although the concentration of VD3 was higher than
that we used here, Bcl-2 protein, an anti-apoptotic mol-
ecule, was down-regulated by low-dose VD3 treatment
(Fig. 5a). Compared to that by VD3 alone, it seemed that
Bcl-2 down-regulation by DHT/VD3 was not seemed to
be enhanced unlike to IGFBP-3 expression, suggesting
that Bcl-2 down-regulation by VD3 was IGFBP-3 induc-
tion independent manner. To see whether Bcl-2 down-
regulation was IGFBP-3-dependent or not, the behavior
of the expression of Bcl-2 protein and mRNA was ob-
served in shIGFBP-3expressedcells. Interestingly, despite
the IGFBP-3 disappearance, Bcl-2 down-regulation was
observed according to VD3 or DHT/VD3 treatment
(Fig. 5b, bottom), and it was not significantly different at
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protein and mRNA expression level compared to that in
shCtrl-expressing cells. Moreover, in order to confirm
that in IGFBP-3 expression-enhanced condition,
shCYP24A1 expression cells were established in which
VD3 effect on IGFBP-3 induction was expected to
strengthen. The knockdown of Cyp24al under the VD3
treatment condition was confirmed by qRT-PCR (Sup-
plementary Fig. 4). Indeed, the amount of IGFBP-3 pro-
tein was increased in shCYP24Al-expressing cells
compared to that in shCtrl cells (Fig. 5¢, bottom). Des-
pite enhancement of IGFBP-3 expression, down-
regulation Bcl-2 protein by low-dose VD3 or DHT/VD3
treatment was not observed compared to that in shCtrl
cells (Fig. 5¢c, bottom). Also, the expression of Bcl-2
mRNA was not significantly changed (Fig. 5c, top).
These results suggested that the down-regulation of Bcl-
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reduction by VD3 treatment. The cells were infected with lentivirus encoding of shRNA for Igfbp-3, and then treated with VD3 and DHT: (top)
quantification graph of Bcl-2 mRNA expression and (bottom) western blotting image of Bcl-2 and IGFBP-3 induced by VD3 and DHT treatment.
The ratio indicates the density of Bcl-2 band normalized by corresponding BActin band. c Effect of IGFBP-3 overexpression on Bcl-2 reduction by
VD3 treatment. The cells were infected with lentivirus encoding of the Cyp24al gene; then, the cells were treated with VD3 and DHT: (top)
quantification graph of Bcl-2 mRNA expression and (bottom) western blotting image of Bcl-2 and IGFBP-3 induced by VD3 and DHT treatment.
The ratio indicates the density of Bcl-2 band normalized by corresponding BActin band. The all experiments were performed in serum-containing
medium condition. The uncropped full-length blot images are presented in Supplementary Fig. 5D, E




Igarashi et al. BMC Cancer (2020) 20:802

2 protein by low-dose VD3 treatment was independent
of IGFBP-3 induction. Besides, the mRNA of Bcl-2 was
not significantly changed according to VD3 or DHT/
VD3 treatment even when IGFBP-3 expression was
modified (Fig. 5b, top and c, top), suggesting that this
event was unlikely to depend on transcriptional regula-
tion but rely on protein synthesis and/or degradation
mechanism. Taken together, it was thought that low-
dose VD3 treatment suppressed Bcl-2 expression at pro-
tein level in an IGFBP-3 induction independent manner.

Model of VD3 function in prostate cancer treatment
Considering these findings, it was expected that low-
dose VD3 treatment could provide an advantage in the
treatment of prostate cancer cells through IGFBP-3—
dependent and IGFBP-3-independent manner. In
addition, we uncovered the unique property of IGFBP-3
induction by which temporal VD3 treatment could in-
duce sustained prolonged IGFBP-3 expression, allowing
reduction of the amount of VD3 usage, by that could
prevent side-effect of VD3 treatment. These findings are
summarized in Fig. 6.

Discussion

In this study, we demonstrated in LNCaP cells that sim-
ultaneous treatment of low-dose VD3 could enhance the
cytotoxicity of anticancer drugs at a lower concentration
and that the effect of VD3 was via IGFBP-3 induction.
Furthermore, the induction system for IGFBP-3 by VD3
had a unique property, in which temporal VD3 treat-
ment could induce prolonged IGFBP-3 induction and it
appeared to be able to sustain IGFBP-3 expression with
positive feedback via transcriptional control. Besides,
VD3 treatment can suppress Bcl-2 expression in an
IGFBP-3-independent manner. Overall, our results
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provided the evidence of the molecular mechanisms of
VD3 efficacy in the treatment of prostate cancer.

Several opponent studies regarding IGFBP-3 on growth
inhibition in prostate cancer cells have been reported. Boyle
et al. demonstrated growth inhibitory effect of IGFBP-3 via
secretion to culture media (34). On the other hand, Stewart
and Weigel have shown that IGFBP-3 induced by VD3 was
not required for cell growth inhibition (35), and they men-
tioned culture condition with or without serum in which
IGFs could cause different results. Here, our data stand for
the conclusion of Boyle et al. even in serum-containing cul-
ture condition and inconsistent with the conclusion of
Stewart and Weigel. In this study, we focused on efficacy of
low-dose VD3 that would not induce apoptosis and low
concentration of docetaxel that slightly could kill LNCaP
cells, based on MIGFBP-3 expression as functional medi-
ator on cell growth inhibition. In addition, the different
VD3 concentration could cause different induction pattern
of IGFBPs including IGFBP2 and - 3 under different cul-
ture conditions. Previously, it has been reported that higher
concentration of synthetic androgen analogue (R1881) or
DHT treatment also induced IGFBP-3 expression in pros-
tate cancer cells [31, 32]. Also, enhanced cell growth by ex-
ogenous IGFBP-3 treatment has demonstrated [31],
although it was opponent role of IGFBP-3 on cell growth in
other reports [33, 34]. After all, regarding IGFBP-3 function
on cell growth, growth inhibitory, growth stimulatory and
non-effective role have been suggested. Among them, our
results stand for the first one. Further study that dissects re-
lationship among VD3 or DHT concentration, induction
pattern of IGFBPs and their efficacy on the cell growth in-
hibition would be required in depth understanding of the
VD3 and DHT treatment in combination with anticancer
drugs and its molecular mechanisms on cell growth inhib-
ition in prostate cancer cells. The key is how IGFBP-3 func-
tions in patient’s tumor. Molecular dissect of IGFBP-3
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Fig. 6 Schematic diagram of the molecular basis of VD3 treatment. VD3 treatment sensitizes the treatment of anticancer drugs in an IGFBP-3—
dependent manner. DHT treatment enhances IGFBP-3 expression through the suppression of CYP24A1 induction. VD3 treatment also reduces Bcl-
2 protein expression in an IGFBP-3-independent manner
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function on cell growth in prostate cancer cells in vitro and
monitoring of IGFBP-3 in response to VD3 treatment, cas-
tration or androgen-deprivation therapy in patient’s pros-
tate tumor would be future challenge.

Although epidemiological studies have indicated the
benefit of using VD3 in the preventing tumorigenesis in
multiple cancer types, it benefit in prostate cancer pre-
vention is unclear [9, 12—14]. Meanwhile, the efficacy of
VD3 in prostate cancer chemotherapy has been ex-
pected, but its efficacy as a single agent has not been de-
termined and its use as a concomitant drug with
anticancer drugs remains under discussion [20]. In most
cases, the concentration of anticancer drugs used in the
trial was high enough to produce a significant effect even
when used as a single agent; thus, whether the dose of
the anticancer drugs used in the trial might be too high
to evaluate the efficacy of VD3 is a concern. The essence
of VD3 usage in combination with anticancer drugs is
perhaps to reduce the concentration of anticancer drugs,
thereby decreasing their adverse effects.

Previous clinical trials of VD3 on prostate cancer
treatment had suggested limited VD3 efficacy in
androgen-deprivation therapy— or castration-resistant
prostate cancer treatment [19, 20]. Based on our results,
the resistance could be explained in part by the limited
IGFBP-3 induction by VD3 because of the failure to sup-
press CYP24A1 by DHT via AR. The trial study of
CYP24A1 inhibitor in prostate cancer treatment has
been examined to improve VD3 efficacy [35]. Measuring
IGFBP-3 induction by VD3 would be a good index to
evaluate the efficacy of the CYP24A1 inhibitor.

In this study, we uncovered the unique property of the
IGFBP-3 induction mechanism, the nonlinear response of
IGFBP-3 induction by DHT/VD3, and the feedback loop to
sustain IGFBP-3 expression in LNCaP cells. Successive
treatment with VD3 or its derivatives is known to cause hy-
percalcemia. By contrast, our data indicated that temporal
VD3 treatment was enough to sustain prolonged IGFBP-3
expression, suggesting that a temporal higher concentra-
tion, rather than a constant concentration, of VD3 may be
important in maximizing its efficacy in prostate cancer
treatment. Here, we observed intracellular IGFBP-3 expres-
sion and its mRNA to dissect what mechanisms were con-
tributed in sustained IGFBP-3 expression. Originally,
IGFBP-3 was found as binding partner of IGFs in blood
stream. Further analysis if the amount of secreted IGFBP-3
was in parallel with that of intracellular IGFBP-3 to dissect
the spatio-temporal function of IGFBP-3 would be import-
ant for in depth understanding how IGFBP-3 contributes in
cell growth inhibition in patients with prostate cancer. Our
data can serve as basis to reduce the total amount of VD3
in the prostate cancer treatment. Although the physio-
logical mechanisms are unclear, these characteristics would
be beneficial in VD3 usage in prostate cancer treatment.
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Generally, up-regulation of Bcl-2 expression is found in
solid tumors including prostate cancer, and it is known to
be one of the causes of resistance against radiation therapy
[36]. Previously, Bcl-2 down-regulation by VD3 treatment
at higher concentration has been reported [29]. Consistent
with that, our results showed that even low-dose VD3
treatment decreased Bcl-2 protein expression in LNCaP
cells. In addition, we found that it was an IGFBP-3—inde-
pendent manner and transcriptional change of Bcl-2
mRNA did not occur, suggesting that Bcl-2 down-
regulation by VD3 treatment was protein synthesis- or
degradation-related issue. The suppressive effect of VD3
treatment on Bcl-2 protein may be standing on the non-
canonical pathway of VD3-VDR axis. From another per-
spective, VD3 treatment can provide benefit on radiation
therapy in androgen deprivation therapy— or castration—
resistant prostate cancer identical to typical ones. Indeed,
pathologically, Bcl-2 overexpression is typically observed
in tumor-wide and it is well known to be a cause of
treatment-resistant, meanwhile, Bcl-2 suppression by VD3
has been reported in multiple tumor types including pros-
tate cancer [32, 37-39], suggesting that the relationship
between VD3 and Bcl-2 could be common in tumor-wide.
Although accumulated evidence suggests the existence of
a molecular link between VD3 and Bcl-2 in multiple
tumor types, proapoptotic effects of VD3 remain to be
elucidated at the cell biological level and in animal studies
for each tumor type, including prostate cancer. Further
biological and preclinical studies aimed at promoting the
proapoptotic activity of VD3 may help establish the
significance of VD3 in cancer treatment.

In this study, we demonstrated all the experiments
through one of the typical prostate cancer cell lines,
LNCaP cells, thus additional study with cell line-wide
and, if possible, patient-derived primary culture would
be needed to perceive how universal our finding is in
prostate cancer. Further study in-depth analysis would
be a next challenge.

Conclusion

Our data provided molecular insight on the use VD3 in
the treatment in prostate cancer cells, encouraging further
clinical study to evaluate VD3 efficacy in patients with
various types of prostate cancer including radiation-, cas-
tration-, and androgen deprivation therapy—resistant ones.
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Additional file 2: Supplementary Fig. 1. Expression profiling of the
genes induced by VD3 and/or DHT treatment. (a) Expression profiling of
the genes related to cellular response that have VDR responsible element
on their promoter in LNCaP cells. IGFBP-3 mRNA dramatically responded
to VD3 treatment compared to the other genes tested. (b) Expression
profiling of the genes related to the VD3 signaling cascade. Androgen re-
ceptor (AR), the receptor of DHT, was induced by VD3 treatment.

Additional file 3: Supplementary Fig. 2. Cisplatin dose-dependent
cytotoxicity in LNCaP cells. LNCaP cells were treated with low-dose cis-
platin at the indicated concentration with DHT/VD3. The cells were cul-
tured for 3 days; then, the cell number was measured. At a concentration
range of 1-10 nM, DHT/VD3 enhanced the cytotoxicity of cisplatin.

Additional file 4: Supplementary Fig. 3. Establishment of shCYP24A1
expressing LNCaP cells. LNCaP cells were infected with lentivirus that
carried shCYP24A1, selected with puromycin, then subjected to VD3
treatment. mRNA of Cyp24al was quantitatively observed by gRT-PCR.

Additional file 5: Supplementary Fig. 4. Induction of the CYP24A1
MRNA expression in LNCaP cells in response to low-dose DHT and VD3
treatment. The expression of CYP24AT mRNA was induced by low-dose
VD3 (10 nM) and was suppressed by simultaneous treatment with DHT
(1 nM).

Additional file 6: Supplementary Fig. 5. Original uncropped images
of western blot.
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