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Abstract Purpose: Insulin-like growth factor binding protein-3 (IGFBP-3) is a well-known antiproliferative
and proapoptotic molecule in prostate cancer, suggesting that targeting IGFBP-3 might
produce clinical benefits. In prostate cancer cells, RRR-a-vitamin E succinate (VES) inhibits cell
proliferation and induces apoptosis, yet the mechanisms remain to be elucidated.We hypothesize
that the protective effects of VES in prostate cancer are mediated by IGFBP-3 up-regulation.
Using prostate cancer models, the involvement of IGFBP-3 in the anticancer effect of VES was
investigated.
Experimental Design: IGFBP-3 mRNA and protein were determined by real-time PCR and
Western blotting in prostate cancer cells, xenografted tumors of nude mice, and prostate tumors
of transgenic adenocarcinoma mouse prostate (TRAMP) mice.The serum levels of IGFBP-3 were
assessedby ELISA.The importance of IGFBP-3 inVES-mediatedantitumor effects was confirmed
by small interfering RNA knockdown strategy.
Results:We found thatVES induced IGFBP-3 mRNA and protein levels inhuman prostate cancer
cell lines. Knockdown of IGFBP-3 by small interfering RNA attenuated VES-induced IGFBP-3
expression and VES-mediated antiproliferative and proapoptotic functions. Furthermore,
administration of VES resulted in a significant therapeutic effect on LNCaP and PC3 xenografts
and a preventive effect on tumorigenic progression in theTRAMP model without overt toxicity.
Notably, the therapeutic and preventive efficacy of VES correlated with increased accumulation
of IGFBP-3 in mouse serum as well as in the xenograft tumors and TRAMP prostate samples.
Consequently, reduced proliferation and induced apoptosis were witnessed.
Conclusions: VES mediates its therapeutic and preventive effects against prostate cancer at
least partially through up-regulating IGFBP-3, which inhibits cell proliferation and promotes cell
apoptosis.

Prostate cancer is the third leading cause of male cancer death
in the United States with an estimated 27,350 deaths in 2006
(1). Epidemiologic and preclinical observations suggest that
a-vitamin E derivatives provide protective effects for various
malignant diseases (2). Accumulating evidences indicate that
RRR-a-vitamin E succinate (VES), one of the most effective
vitamin E analogues in terms of anticancer properties, inhibits
growth of a wide variety of cancer cells and exhibits low toxicity
in nonmalignant cells (3–5). Recent reports show that the
antiprostate tumor effect of VES is via modulating the androgen
receptor level (5), cell cycle machinery (6, 7), suppressing DNA

synthesis (8), inducing apoptosis (3), aswell as inhibiting prostate
cancer cell invasion (9). In addition, the absorption and function
of VES in prostate cancer cells could be enhanced by the vitamin E
bindingproteins (10, 11).Despite a growingbodyof evidence that
indicates VES as a promising agent against prostate cancer in vitro,
the in vivo therapeutic or preventive efficacy and underlying
mechanisms have not been fully elucidated.
In human, the serum level of insulin-like growth factor (IGF)

binding protein-3 (IGFBP-3) has an inverse relationship with the
risk of prostate cancer (12–16). Low-plasma IGFBP-3 levels have a
predictive value in identifying individuals with advanced-stage
prostate cancer (13). In animal models, IGFBP-3 is retentively low
in the serum of the transgenic adenocarcinoma mouse prostate
(TRAMP)model at its metastasis stage (17), indicating that IGFBP-
3might serve as a surrogate prognosismarker of aggressive prostate
cancer (14). The classic mechanism of IGFBP-3, like other IGFBP
family members, is to modulate the function of the IGF pathway
(18). Recently, accumulating data suggest that IGFBP-3 has its own
biological function via regulating the cell cycle, inducing apoptosis,
and cross-talk with major signal transduction pathways (19).
Results from transgenic mouse models indicate that inhibitory
effects of IGFBP-3 on prostate cancer could be IGF dependent
during the initiation of tumorigenesis and IGF independent as the
cancer advances (20).
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Accumulating evidences also suggest that VES provides protec-
tive effects against prostate cancer in vitro via regulating cell cycle
effectors and inducing apoptosis (3, 5, 6, 9). However, little is
known aboutwhether VEShas therapeutic or preventive effects for
prostate cancer in vivo and whether VES might function through
modulation of IGFBP-3.Wehypothesize that the cancer protective
effects of VES in prostate cancer are mediated by IGFBP-3
up-regulation. In the present study, we provide in vitro and
in vivo evidences, which indicate that IGFBP-3 is involved in
VES-mediated therapeutic and preventive effects on prostate
cancer progression.

Materials andMethods

Cell culture. The prostate cancer cell lines, LNCaP and PC3, were
propagated at 37jC with 5% CO2 in complete RPMI 1640 supple-
mented with 10% fetal bovine serum.

Chemicals and reagents. RRR-a-VES and cycloheximide were
purchased from Sigma (St. Louis, MO). Antibodies for proliferating
cell nuclear antigen (PCNA), SV40 T antigen (T-ag), and h-actin were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). IGFBP-3
antibody was obtained from Diagnostic Systems Laboratories (Webster,
TX). For the in vitro experiments, VES was dissolved in ethanol. For the
in vivo experiments, we used DMSO as solvent to prevent irritation. The
relative solvents were used as control in the individual experiment.
Animal experiments. Each flank of 6-week-old male athymic mice

(Charles River, Wilmington, MA) was inoculated s.c. with 1 � 106

LNCaP cells in 0.1 mL of 100% Matrigel or 7.5 � 105 PC3 cells in
0.1 mL serum-free medium (SFM) containing 50% Matrigel (BD
Biosciences, Bedford, MA). Once tumors became palpable (>50 mm3),
mice were randomly divided into groups with seven mice per group
and injected i.p. with vehicle or VES (100 mg/kg) twice weekly for 5 to
6 weeks. Body weights and xenograft sizes were measured as described
previously (10).

Male heterozygous TRAMP mice in a pure C57BL/6 background were
purchased from JAX Mice and Services (Bar Harbor, ME) and bred at
the University of Rochester Medical Center in accordance with the

Fig. 1. VES dose dependently induces gene expression
of IGFBP-3, but not IGFBP-4 and IGFBP-5, in human
prostate cancer cells. A, IGFBP-3 mRNA expressions
are induced byVES. Serum-starved LNCaP and PC3
cells were treated with either vehicle orVES at indicated
doses in SFM for 24 h. RNAwas reverse transcribed and
quantitated by real-time PCR. B, secretory and cellular
IGFBP-3 protein levels are increased byVES treatment.
Prostate cancer cells were serum starved for 24 h and
then treated with vehicle orVES (10 and 20 Amol/L) for
24 and 48 h. Cell lysates (C) and concentrated culture
media (M) were prepared for IGFBP-3 Western blotting
analysis. C, IGFBP-4 and IGFBP-5 mRNA expression
levels are not affected byVES treatment in prostate
cancer cells.The RNA samples harvested in (A) were
analyzed by real-time PCR for the expression of
IGFBP-4 and IGFBP-5. Columns, mean of triplicate
experiments; bars, SD.
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guidelines established by the University’s Animal Research Committee.
Transgene incorporation screening assays were done as described
previously (21). Male TRAMP mice and nontransgenic littermates
(5-6 weeks old) were randomly distributed into three groups (n = 12)
for prevention experiments and two groups (n = 10) for VES toxicity
experiments. Mice were injected i.p. with VES (50 or 100 mg/kg) or
vehicle twice weekly until 32 weeks old. Male TRAMP mice (5-6 weeks
old) were also injected i.p. twice weekly with VES (100 mg/kg) and
vehicle for 8 weeks; the prostates were collected for SV40 large T-ag
detection.

At necropsy, serum was collected and stored at �80jC. For nude
mice, tumor weights were measured. The xenograft tissues and several
mouse organs (brain, heart, lungs, liver, kidneys, spleen, spinal cord,
gastrointestinal, and genitourinary tract) were collected for H&E
staining or stored in liquid nitrogen for further analysis. For TRAMP
mice, the genitourinary apparatus consisting of bladder, urethra,
seminal vesicles, ampullary gland, and the prostate was excised and
weighed. The dorsolateral prostate was excised for histology analysis.
Metastases examination. The Indian ink staining was used to

examine cancer metastasis to lungs as described previously (22). The
metastasis to lymph nodes was observed under the microscope. The
nodules in the kidney and liver were also recorded.
Reverse transcription and quantitative real-time PCR. Total RNA was

extracted by Trizol (Life Technologies, Gaithersburg, MD) according to
the manufacturer’s instruction. One microgram RNA was subjected to
reverse transcription using SuperScript III (Invitrogen, Carlsbad, CA).
Real-time PCR was done with SYBR Green PCR Master Mix (Bio-Rad,
Hercules, CA) at 95jC for 3 min and 40 cycles at 95jC for 30 s, 58jC
for 30 s, and 72jC for 30 s on an iCycler iQ Multicolor Real-time PCR
system (Bio-Rad). All samples were run in triplicate and data were
analyzed using an iCycler iQ software (Bio-Rad). Primers used in real-
time PCR were as follows: IGFBP-3, 5¶-CGCCAGCTCCAGGAAATG-3¶
(forward) and 5¶-GCATGCCCTTTCTTGATGATG-3¶ (reverse); IGFBP-4,
5¶-CCTCTACTTCATCCCCATCC-3¶ (forward) and 5¶-TCCACACACCAG-
CACTTG-3¶ (reverse); IGFBP-5, 5¶-TTGTCCACGCACCAGCAG-3 (for-
ward) and 5¶-AAAGCCAGCCCACGCATG-3¶ (reverse); and h-actin, 5¶-
TGTGCCCATCTACGAGGGGTATGC-3¶ (forward) and 5¶-GGTACATGG-
TGGTGCCGCCAGACA-3¶ (reverse).

Transfections and luciferase assay. Cells were plated in 12-well

plates. At 70% confluency, they were transfected for 24 h with 1 Ag
DNA/well of vector or IGFBP-3 promoter-reporter construct

(Dr. Youngman Oh, Virginia Commonwealth University Health

System, Richmond VA) and 2 ng of the pRL-TK internal control using

the Superfect reagent (Qiagen, Chatsworth, CA) followed by treatment

with or without VES (20 Amol/L) in SFM for 18 h. Luciferase activities

were measured as described previously and normalized with pRL-TK

internal control (5).
Colony formation assay. Cells (1 � 105-2 � 105) were seeded

into six-well plates and transfected with either pcDNA3.1–IGFBP-3
(Dr. David R. Clemmons, University of North Carolina, Chapel Hill,
NC) or pcDNA3.1 empty vector with Superfect reagent. Approximately
24 h later, medium was replaced with fresh medium containing G418
(400 Ag/mL). Two weeks later, the cells were fixed with 2% for-
maldehyde in 1� PBS for 15 min and stained with 0.1% crystal violet
in 1� PBS for 15 min to assess colony formation. Colonies containing
>40 cells were counted. The experiments were repeated thrice in
triplicate.
Histology and immunohistochemistry analysis. Tissues were pro-

cessed as described previously (23). Histologic evaluations of TRAMP
dorsolateral prostate were conducted by assessing changes that are
characteristics for TRAMP prostate histology (24).
Preparation of tissue extracts, cell lysates, and conditioned medium for

Western blotting analysis. After 12 h of serum starvation, cells were

treated with vehicle or VES (20 Amol/L) for 24 or 48 h in SFM. Proteins

from conditioned medium were concentrated 20-fold using Amicon

Ultra15 centrifugal filter devices (Millipore, Bedford,MA). Cell lysateswere

prepared as described previously (10). Frozen xenografts or dorsolateral

prostate tissues were pooled and homogenized in radioimmunoprecipi-

tation assay buffer at 4jC to prepare tissue lysates. Cell and tissue lysates

were clarified by centrifugation (12,000 rpm for 15min at 4jC) and equal
amounts of denatured proteins were electrophoresed on a 10% SDS-

polyacrylamide gel and transferred to Immobilon membrane (Millipore).

Membranes were incubated with primary antibodies followed by a

horseradish peroxidase–conjugated secondary antibody. Immunoreactive

bands were detected using the enhanced chemiluminescence system

(Amersham Biosciences, Piscataway, NJ).

Fig. 2. VES directly enhances IGFBP-3
expression at transcriptional level.
A,VES-induced IGFBP-3 expression is not
dependent on de novo protein synthesis.
Serum-starved LNCaP and PC3 cells were
treated with either vehicle orVES in SFM for
3, 6,12, and 24 h in the absence or presence
of cycloheximide (CHX ; 10 Ag/L). IGFBP-3
mRNA expression levels were analyzed by
real-time PCR. B,VES enhances IGFBP-3
promoter luciferase activity. Cells were
plated in12-well plates for 36 h. At 70%
confluency, cells were transfected with1 Ag
DNA/well of empty vector (pGL2) or
IGFBP-3promoter-reporter(pGL2-IGFBP-3)
and 2 ng pRL-TK control followed by the
treatment with or without 20 Amol/LVES in
SFM for18 h. Luciferase activities in cell
lysates were measured.The data point from
pGL2-transfected cells with vehicle
treatment is set as1. C, overexpression of
IGFBP-3 inhibits the colony formation
capacity of LNCaPand PC3 cells. Cells were
transfected with either pcDNA3.1vector or
pcDNA3.1^ IGFBP-3 plasmid and selected
with G418 for 2 wks. Colonies with >40
cells were counted. Each experiment was
done in triplicate and the experiment was
repeated thrice independently. Columns,
mean; bars, SD. *, P < 0.05, compared with
vehicle-treated control, Student’s t test.
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Assessment of serum IGFBP-3 and IGF-I levels. In athymic mouse
serum, human IGFBP-3 secreted by LNCaP or PC3 cancer cells was
determined by Quantikine human IGFBP-3 kit (R&D Systems,
Minneapolis, MN). TRAMP mouse serum IGFBP-3 and IGF-I levels
were determined by ELISA kits from Diagnostic Systems Laboratories.
Apoptosis by ELISA assay. Apoptosis was assessed as described

previously (25) by Cell Death Detection ELISA Plus kit (Roche
Molecular Biochemicals, Mannheim, Germany).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.

Cells (1 � 105-2 � 105) were seeded in 12-well plates in 1 mL
culture medium containing serum for 36 h. Cells were then washed
with SFM and treated with 10 or 20 Amol/L VES for 72 h. Cell growth
was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assays as described previously (6).
Proliferation assay by bromodeoxyuridine labeling. Cells (2 � 103-

5 � 103) were seeded in 100 AL medium containing 10% serum per
well in a 96-well plate for 36 h. Cells were then washed with SFM and
treated with 10 or 20 Amol/L VES for 48 h. The measurement was done
following the manufacturer’s protocol for the bromodeoxyuridine
Labeling and Detection kit III (Roche, Mannheim, Germany).
Caspase-3 activity measurement. Caspase-3 activity was measured

using the colorimetric caspase-3 substrate I (Calbiochem, La Jolla, CA).
The absorbance values were measured at a wavelength of 405 nm on a
plate reader (Molecular Devices, Inc., Sunnyvale, CA) at 15-min intervals
for 2 h.
Statistical analysis. Genitourinary weights in TRAMP mice were

compared among the groups using one-way ANOVA coupled with

Student-Newman-Keuls test. Other statistical analyses were done using
the Student’s t test. P values <0.05 were considered to be statistically
significant.

Results

VES induces the expression of IGFBP-3 in human prostate
cancer cells. Serum-starved LNCaP and PC3 cells were treated
with a series of increasing concentrations of VES in SFM. Real-
time PCR results showed that VES induced IGFBP-3 mRNA
in both cell lines in a dose-dependent manner (Fig. 1A). Consis-
tently, the levels of IGFBP-3 protein in cell lysates and condi-
tioned medium were stimulated by VES treatment in dose- and
time-dependent manners in both prostate cancer cells (Fig. 1B).
Intracellular and secreted IGFBP-3 protein levels were negligible
or very low in untreated LNCaP and PC3 cells. Treatment with
VES (10 and 20 Amol/L) for 24 and 48 h markedly induced
IGFBP-3 expression. To test if VES selectively regulates the
IGFBP-3 expression, we determine whether VES treatment can
affect the expression of other members of IGFBP family. Indeed,
our data showed that treatment with 20 Amol/L VES for 24 h was
unable to change mRNA expression of other high affinity IGFBP
family members, including IGFBP-4 and IGFBP-5 in LNCaP
and PC3 cells (Fig. 1C).

Fig. 3. Suppression of IGFBP-3 reduces theVES-mediated antiproliferative and proapoptotic effects. A, IGFBP-3 siRNA knocks downVES-induced IGFBP-3 protein
expression. Cells were stably transfected with scramble or IGFBP-3 siRNA, cultured in SFM for 24 h, and then treated with either vehicle or 20 Amol/LVES for additional
48 h. IGFBP-3 levels in concentrated conditioned medium and cytosol were examined byWestern blotting analysis. B, suppression of IGFBP-3 reverses theVES-mediated
growth inhibition. Cells were treated with either vehicle orVES in SFM. After 72 h, cell growth was monitored by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assays.The results are reported as the relative absorption at 595 nmol/L, considering control cells as100%. C, knockdown of IGFBP-3 reversesVES-induced
proliferation inhibition. Cells were treated withVES for 48 h and fixed, and DNA synthesis was assessed by bromodeoxyuridine (BrdU) colorimetric assay.The results are
reported as the absorption at 450 nmol/L, considering control cells as100%. D, suppression of IGFBP-3 expression level diminishes theVES-mediated proapoptotic effect.
Serum-starved cells were treated with 20 Amol/LVES for 48 h. Caspase-3 activity was detected by colorimetric caspase-3 substrate I assay.The results are reported as
the relative absorption at 405 nmol/L, considering ethanol-treated control cells as1.The experiments were repeated thrice with similar results. Columns, mean (n = 3);
bars, SD. *, P < 0.05, compared with scramble control.
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To determine whether the VES-induced IGFBP-3 levels is a
primary response or secondary response requiring de novo
protein synthesis, LNCaP and PC3 cells were treated with 10
Ag/mL cycloheximide for 30 min followed by cycloheximide
plus 20 Amol/L VES for 3, 6, 12, and 24 h. Real-time PCR
results showed that the expression profiles of IGFBP-3
following VES treatment were not disturbed by cycloheximide
treatment, indicating that new protein synthesis was not
required for VES to exert its effect on IGFBP-3 mRNA
expression (Fig. 2A). In addition, an IGFBP-3 promoter
luciferase assay was used to confirm this primary response. In
LNCaP and PC3 cells, VES (20 Amol/L) treatment increased the
IGFBP-3 promoter activity by 2.9- and 2.6-fold, respectively
(Fig. 2B).
To further explore the biological function of IGFBP-3 in

prostate cancer cells, LNCaP and PC3 cells were transfected
with IGFBP-3 expression plasmid (pcDNA3.1–IGFBP-3) or
vector control following G418 selection for 2 weeks. As shown
in Fig. 2C, overexpression of IGFBP-3 in LNCaP cells resulted
in fewer colony numbers compared with the vector control

(113 versus 360). Similar results can be obtained from PC3
cells (23 versus 75). Together, our results indicate that VES
directly enhances IGFBP-3 expression and higher expression of
IGFBP-3 inhibits prostate cancer cell growth.
IGFBP-3 is critical for VES to inhibit cell proliferation and

induce apoptosis in prostate cancer cells. To determine whether
the VES-induced anticancer effects are dependent on IGFBP-3,
we knocked down the IGFBP-3 expression using small
interfering RNA (siRNA) strategy. Stable transfection of the
IGFBP-3 siRNA was done as described previously (26). Results
from real-time PCR indicated that IGFBP-3 mRNA expression
was suppressed by f70%-80% in IGFBP-3 siRNA-transfected
LNCaP and PC3 cells compared with scramble control
(Fig. 3A), yet there was no effect on IGFBP-4 and IGFBP-5
mRNA levels (data not shown). The IGFBP-3 siRNA also
inhibited VES-dependent induction of IGFBP-3 protein secret-
ed into the conditioned medium or remained in the cytosol of
LNCaP and PC3 cells (Fig. 3A).
To test whether the reduced IGFBP-3 expression could

reverse the VES-mediated growth inhibition, IGFBP-3 siRNA

Fig. 4. Effects ofVES on LNCaPand PC3 tumor xenografts in athymic male mice.A, tumor xenograft sizes are reducedbyVES treatment.Tumor volume (mm3) was measured
weekly throughout the study. Points, mean of12 to14 tumors in each group. B, xenograft tumor weights are reduced byVES treatment.Wet weights of the tumors were
determined at autopsy. Columns, mean of12 to14 tumors from each group. C, body weight gain profiles ofVES-treated and control nude mice. Body weight is represented as
mean of seven mice in each group. D, histologic analyses of xenograft tumors in the presence or absence ofVES treatment. LNCaP and PC3 control xenografts had
poorly differentiated carcinoma cells without necrosis. Original magnification, �400. Xenografts from mice that receivedVES showed an increased proportion of noncellular
stromal components and scattered necrotic lesions. *, P < 0.05, compared with vehicle-treated control, Student’s t test.
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and scramble siRNA stably transfected cells were grown in
either the presence or the absence of 10 or 20 Amol/L VES for
72 h in SFM and their growth rates were evaluated (Fig. 3B).
As expected, VES treatment resulted in a marked inhibition in
cell proliferation in the scramble siRNA-transfected LNCaP
and PC3 cells. In contrast, the response to VES, although not
completely extinguished, was obviously reduced in IGFBP-3
siRNA-transfected LNCaP and PC3 cells. Similar results were
also observed by the measurement of bromodeoxyuridine
incorporation (Fig. 3C). These data indicate that VES-
mediated growth inhibition is at least partly via IGFBP-3.
Because change of caspase-3 level was associated with both

VES- and IGFBP-3–induced cell apoptosis pathways (27, 28),
we further determined whether IGFBP-3 was involved in the
VES-induced apoptosis by measuring caspase-3 activity. In
scramble control LNCaP cells, although serum starvation alone
resulted in basal levels of apoptosis, treatment of cells with VES
resulted in a dramatic increase in caspase-3 activity, with a
25-fold increase over the basal level (Fig. 3D). In contrast, there
is only 4-fold induction of caspase-3 activity in LNCaP–IGFBP-3
siRNA cells treated with 20 Amol/L VES. Similar results were
obtained in PC3 cells. Taken together, our siRNA knockdown
data indicate that IGFBP-3 indeed mediates the VES-inhibited
cell proliferation and VES-induced proapoptotic effect.
I.p. administration of VES retards the growth of LNCaP and

PC3 xenografts in vivo. To initiate the treatment on palpable
size of tumor, LNCaP and PC3 xenograft were inoculated s.c.
in nude mice. VES was then injected 25 days later for LNCaP
and 7 days later for PC3 xenografts. VES administration
significantly inhibited the growth of tumor xenografts
compared with vehicle-treated controls. At sacrifice, the mean
tumor volumes in animals treated with VES were 556 F 89
and 325 F 35 mm3 compared with 963 F 127 and 728 F 42
mm3 for control, in LNCaP and PC3 xenografts, respectively
(Fig. 4A). The mean tumor weights in animals treated with
VES were 0.464 F 0.093 and 0.231 F 0.022 g compared with
0.764 F 0.095 and 0.425 F 0.021 g for control, in LNCaP
and PC3 xenografts, respectively (Fig. 4B). Notably, there was
no overt gross toxicity in either group witnessed by measuring
body weights (Fig. 4C) and histologic analyses of major
organs, including brain, heart, lungs, liver, kidneys, spleen,
spinal cord, gastrointestinal, and genitourinary tract (data not
shown). Increased proportions of noncellular stroma compo-
nents and scattered necrotic lesions were observed in the
tumor from VES-treated mice (Fig. 4D).
VES treatment suppresses cell proliferation and induces

apoptosis in xenograft tumors of nude mice. To determine
whether VES-mediated tumor inhibition was due to low
proliferation rates and/or apoptosis induction, we examined
the proliferation of xenograft tumors by assessing PCNA
expression and apoptosis by assessing the amount of cleared
DNA/histone complexes. VES treatment resulted in a significant
reduction in PCNA protein expression and marked induction of
apoptosis in LNCaP and PC3 xenograft tumors compared with
the vehicle control (Fig. 5A and B).
VES treatment increases IGFBP-3 levels in nude mice. The

effects of VES treatment on serum levels of human IGFBP-3
produced by human prostate cancer LNCaP and PC3 xenografts
were determined by ELISA (Fig. 5C). Our results yielded
16.29 F 1.28 and 19.75 F 1.92 ng/mL human IGFBP-3 in
serum of VES-treated mice compared with 7.71 F 0.65 and

Fig. 5. Changes on molecular marker inVES-treated prostate tumor xenografts.
A,VES treatment reduces the expression of PCNA. Sections of tumors were
homogenized and protein extracts were immunoblotted with antibodies for PCNA
and h-actin.B,VES treatment promotes apoptosis. Detection of apoptosis was done
as per manufacturer’s protocol. Data are expressed as relative enrichment factors,
and result of vehicle-treated tumor is set as1.0. C,VES treatment of nude mice
induces the serum IGFBP-3 level produced by xenografted human prostate cancer
tumors. Human IGFBP-3 concentrations in nude mice sera were assayed using
ELISA kit (n = 7). D,VES treatment enhances the mRNA and protein levels of
IGFBP-3 in xenograft tumors. Data represent prostate lysate mixture from five
mice in each group. *, P < 0.05, compared with vehicle-treatedTRAMP mice,
Student’s t test.

Cancer Therapy: Preclinical

www.aacrjournals.orgClin Cancer Res 2007;13(7) April 1, 2007 2276



8.18 F 0.79 ng/mL for control mice, in LNCaP and PC3
xenografts, respectively. VES treatment resulted in smaller
prostate tumor mass with increased human IGFBP-3 in nude
mouse serum. Consistent with the changes in serum level,
increases of the IGFBP-3 mRNA and protein expression levels
were also observed in VES-treated LNCaP and PC3 xenografts
compared with the vehicle control (Fig. 5D).
VES treatment prevents prostate cancer progression in TRAMP

mice. We further showed the preventive efficacy of VES in
TRAMP mouse model, which is an excellent preclinical model
for study of the chemopreventive effect of compounds on
prostate cancer (17, 22). By 28 to 32 weeks, the typical prostate
phenotype of C57BL/6 genetic background TRAMP mouse
exhibits prostate tumor with infiltrated seminal vesicles (29).
The wet weights of the genitourinary tract have been used to
evaluate the prevention efficacy of various compounds (29). At
the age of 32 weeks, VES treatments decreased the size and
weight of genitourinary tract with tumors in a dose-dependent
manner compared with age-matched vehicle-treated TRAMP
mice (Fig. 6A). The average genitourinary tract weights of
vehicle-treated and VES-treated (50 and 100 mg/kg) TRAMP
mice were 2.71 F 0.28, 1.42 F 0.15, and 0.80 F 0.05 g,
respectively. That of age-matched nontransgene littermates was
0.47 F 0.06 g (Fig. 6A).
To examine whether VES treatment affects the expression

level of SV40 large T-ag, Western blot analysis was applied on
prostate tissue extracts from TRAMP mice treated with or
without 100 mg/kg VES for 8 weeks. There was no significant
change of the T-ag expression level in prostate tumor tissue
obtained from TRAMP mice treated with or without VES
(Fig. 6A). Additionally, the effect of VES on T-ag was
determined in the prostates of 32-week-old TRAMP mice by
immunohistochemistry staining and was found to be detect-
able in both VES and DMSO groups (data not shown).
Therefore, VES preventive effect was not due to a change in the
expression of the T-ag.
There was no significant change of body weight among

different treatments, although vehicle-treated TRAMP mice had
a slightly larger body weight compared with the VES treatment
group (Fig. 6A). This might be due to the enlarged genitouri-
nary tract with larger tumor mass. We also evaluated the
toxicity of VES in the nontransgene littermates. The mean body
weights and histologic analyses of several organs from VES-
treated mice did not show any appreciable changes (data
not shown).
The antitumor ability of VES was further investigated by

histologic analysis. We found that the dorsolateral prostate of
the age-matched nontransgene male littermates had delicate
epithelial ducts with sparse intervening stroma at 32 weeks of
age. In contrast, histologic examination of a typical vehicle-
treated TRAMP prostate sample at 32 weeks of age revealed well
to poorly differentiated prostate cancer with sheets of malignant
cells and with little or no gland-like structure. Conversely, the
experimental group of 50 and 100 mg/kg VES-treated mice
exhibited well-differentiated and PIN-type lesions (Fig. 6B).
There was no poorly differentiated stage found in the mice
treated with VES at either of the VES doses.
The cumulative data at the termination of the experiment

(32 weeks of age) from 12 animals in the vehicle-treated group
showed 100% invasive tumors, which metastasized to lymph
node (12 of 12), lung (4 of 12), liver (4 of 12), and kidney (3

of 12). In contrast, with two doses of VES treatment, none of
the 24 mice exhibited metastases to liver and kidney, only 3 of
24 developed lymph metastases, and 1 of 24 developed lung
metastases (Fig. 6B).
Inhibition of TRAMP mouse prostate cancer progression by VES

treatment is associated with the increase in apoptosis and decrease
in proliferation. TRAMP mouse dorsolateral prostate lysates
from each of the treatments were examined for PCNA protein
levels by Western blotting analysis. As shown in Fig. 6C (top),
VES treatment reduced the PCNA protein expression in TRAMP
prostate lysates.
Furthermore, results from ELISA assay indicated that i.p.

administration of VES resulted in marked dose-dependent
induction of apoptosis in dorsolateral prostate tissues of
TRAMP mice (Fig. 6C, bottom).
VES treatment increases the IGFBP-3 level without altering the

IGF-I level in the TRAMP mouse prostate cancer model. We
further determined the levels of IGFBP-3 in the serum and
prostate tissues of VES-treated and control TRAMP mice.
Consistent with previous findings, vehicle-treated TRAMP mice
maintained lower serum IGFBP-3 at the age of 32 weeks
compared with the nontransgenic littermates. However, 50 and
100 mg/kg VES treatments increased the serum IGFBP-3 levels
(Fig. 6D). The serum IGFBP-3 levels in the vehicle-treated
TRAMP, the 50 and 100 mg/kg VES-treated TRAMP mice, and
the age-matched nontransgene male littermates were 7.38 F
0.05, 8.61 F 0.28, 11.19 F 0.59, and 14.85 F 0.15 ng/mL,
respectively (Fig. 6D). Because IGFBP-3 levels might be
regulated by growth factor IGF-I and most studies indicate
that prostate epithelial cells, such as LNCaP, DU145 (30), and
PC3 (31), are not able to produce IGF-I or only a small amount
that is insufficient to stimulate growth, we detected the serum
level of IGF-I in TRAMP mice. Notably, VES treatment had no
significant effect on serum level of IGF-I (Fig. 5D). Consistent-
ly, mRNA and protein levels of IGFBP-3 in the dorsolateral
prostate had a similar changing pattern as serum IGFBP-3
(Fig. 6D).
Collectively, our data indicate that antiproliferation and

proapoptosis were involved in the preventive and therapeutic
effects of VES, which were associated with induction of
IGFBP-3 in both tissue and serum levels.

Discussion

VES has drawn significant attention due to its potent
anticancer activities. Although there is a growing body of
evidence supporting the existence of multiple mechanisms for
its biological activities (3, 5, 6, 8, 9), details about these
mechanisms and the molecular targets of VES remain largely
unknown. In this study, we show that VES up-regulates the
expression of IGFBP-3 in prostate cancer cells and preclinical
prostate cancer animal models. This VES-enhanced IGFBP-3,
consequently inhibiting the proliferation and inducing apo-
ptosis of cancer cells, could be one of the possible mechanisms
that accounts for the therapeutic and preventive efficacy of VES
in prostate cancer.
The IGFBP-3 protein has emerged as one of the critical

regulators in modulating cell proliferation and apoptosis (19).
A higher IGFBP-3 serum level is associated with a lower
incidence of cancer (14). The functional mechanisms of IGFBP-
3 include IGF-dependent and IGF-independent action (32).
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IGFBP-3 is a critical requirement for apoptosis induced by
multiple stimuli in human cancer cells (32). Furthermore,
IGFBP-3 alone or in combination with chemotherapeutic
agents exhibits potent antitumor activity in vitro and in vivo

(33). Moreover, anticancer effects of several dietary factors,
including silibinin (34), green tea (35), grape seed extract (36),
and apigenin (37), are associated with elevated IGFBP-3 levels.
In addition, some of the most potent antiproliferative factors,

Fig. 6. VES inhibits prostate cancer progression inTRAMP mice. A,VES treatment reduces the mass of prostate cancer tissues invading to genitourinary area without overt
toxicity inTRAMP mice.The lower genitourinary tracts were dissected and weighed from age-matchedTRAMP mice (1, vehicle; 2 , 50 mg/kgVES; 3, 100 mg/kgVES) and
nontransgene littermates (4, vehicle).The weight gain profiles ofTRAMP (vehicle, 50 mg/kgVES, and100 mg/kgVES) from 6 to 32 wks. SV40 T-ag protein has no
significant change in the presence or absence ofVES treatment for 8 wks. Columns, wet weight of genitourinary (GU) tract (10-12 mice); points, body weight (10-12 mice);
bars, SE. B, effect ofVES on histologic features of prostate and metastasis inTRAMP mice. C,VES inhibits the PCNA protein level and induces apoptosis inTRAMP prostate
tumor. Protein extracts from pooled dorsolateral prostates were immunoblotted with PCNA antibody. Apoptosis assay was done following the manufacturer’s protocol, and
data are expressed as enrichment factor. D,VES treatment increases the IGFBP-3 levels without alteration of IGF-I levels inTRAMP mice. Blood was withdrawn at autopsy
and serum IGFBP-3 and IGF-I levels were analyzed by ELISA. IGFBP-3 mRNA and protein levels were examined from the pooled dorsolateral prostates of 32-week-oldTRAMP
mice and age-matched nontransgene littermates and evaluated by real-time PCR andWestern blotting analyses. Data represent prostate lysate mixture from five animals in
each group. *, P < 0.05, compared with vehicle-treatedTRAMP mice.
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such as tumor necrosis factor-a (38), transforming growth
factor-h (39), retinoic acid (40), p53 (41), and vitamin D3

(35), function at least partially via induction of IGFBP-3
expression. All these studies indicate that IGFBP-3 is possibly
one important molecular target for antitumor therapy.
We showed that VES induced both mRNA and protein

expressions of IGFBP-3 in prostate cancer cells in time- and
dose-dependent manners. The mechanism is at least partially
through enhanced IGFBP-3 promoter activity. To further assess
the role of elevated IGFBP-3 in the VES-mediated antiprolifeative
and proapoptotic effects, we used the specific IGFBP-3 siRNA to
knock down the expression of IGFBP-3 and examined whether
the forced reduction of IGFBP-3 could block the VES-mediated
antiproliferative and proapoptotic effects. Indeed, the specific
knockdown of IGFBP-3 dramatically diminished the VES-
mediated antiproliferative effect. Our results suggest that the
promoter of IGFBP-3 could have a potential VES response
element. Although VES can regulate several molecular pathways
to achieve its anticancer effects, there is still no demonstrated
promoter response element specifically responding to VES
treatment. Further studies are required to clarify the mechanisms
by which VES enhances the expression of IGFBP-3.
Accumulating evidences indicate that a-vitamin E not only

suppresses proliferation of cancer cells in culture but also offers
protection against carcinogen-induced cancer in animal mod-
els. Studies have indicated that VES has inhibitory effects on
the proliferation of cultured prostate cancer cells that could be
due to cell cycle interruption as well as apoptosis induction
(3, 6). Although oral intake of VES, selenium, and lycopene
mixtures showed preventive effects on prostate cancer devel-
opment in the LADY model (42), it is argued that this
preventive effect is not contributed by VES alone, and it is also
argued whether VES retains its intact structure after oral intake.
The present study provides clear experimental evidence to
indicate that VES is capable of exerting therapeutic and
preventive effects on prostate cancer development without
notable toxicity in TRAMP mice after i.p. administration of
VES. VES is an ester derivative of the naturally occurring RRR
form of a-vitamin E. Its basic structure has the potential to
compromise its potency via oral administration [i.e., the ester
linkage can be hydrolyzed by cellular esterases, yielding a-
vitamin E (RRR-a-tocopherol) and succinic acid, neither of

which exhibits effective anticancer properties; ref. 5]. The
ineffectiveness of oral VES delivery was expected based on
in vitro analyses showing that antitumor activities required
the intact compound and the potential for deesterification by
intestinal esterases (43, 44). Although VES has been proven to
be a potent anticancer agent both in vitro and in vivo , its basic
structure limits its wide application. Therefore, synthesis of
more stable VES analogues is needed in the near future.
Prevention is a relatively new and promising strategy that uses

natural or synthetic agents to delay, halt, or even reverse the
process of carcinogenesis (45). Prostate cancer is a good chemo-
preventive candidate because of its high incidence and long
latency between the initiation of the premalignant latent phase
and progression to invasive prostate cancer (46). Prevention of
prostate cancer should be a primary research goal, but human
studies of nutrition and dietary agents are limited by the long
latency periods and challenging epidemiologic considerations.
The TRAMPmodel, which affects several molecular pathways for
developing multistage prostate tumorigenesis, is a well-studied
autochthonous transgenic animal model of prostate cancer
(21). In addition, male TRAMP mice could develop progressive
prostate cancer that mimics human disease with metastatic
spread to distance sites. This model has been used to evaluate
the prevention efficiency of several agents against prostate
cancer (17, 22, 47–49). The ideal preventive agent will either
inhibit or slow tumor growth with a low level of toxicity or side
effects. VES-treated mice maintained their body weight and
physical activity, suggesting that the effective dose of VES, which
suppresses tumor progression, is well tolerated and nontoxic.
Taken together, we have shown that VES stimulated the

expression of IGFBP-3 in vitro and in vivo , which contributed to
prostate cancer therapeutic and preventive effects mediated by
VES. Knockdown of IGFBP-3 by siRNA strategy effectively
diminished VES-mediated antiproliferative and proapoptotic
function. We provide solid evidences that IGFBP-3 is critical for
VES-mediated antitumor functions.
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