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Abstract
BACKGROUND—Cruciferous vegetable constituent phenethyl isothiocyanate (PEITC) causes
apoptosis in prostate cancer cells through mechanisms not fully understood. The present study was
designed to determine the role of inhibitor of apoptosis (IAP) family proteins in PEITC-induced
apoptosis induction.

METHODS—Effect of PEITC treatment on protein and mRNA expression of IAP in cells was
determined by western blotting and reverse transcription PCR, respectively.
Immunohistochemistry was performed to determine the in vivo effect of PEITC administration on
X-linked inhibitor of apoptosis (XIAP) and Survivin protein expression. Overexpression of
desired protein was achieved by transient transfection. Cell viability was determined by trypan
blue dye exclusion assay, whereas apoptosis was quantified by measurement of histone-associated
DNA fragment release into the cytosol. Transwell chamber assay was used to determine cell
migration.

RESULTS—Exposure of PC-3 and LNCaP human prostate cancer cells to PEITC resulted in
downregulation of XIAP and Survivin proteins and Survivin mRNA. PEITC administration to
Transgenic Adenocarcinoma of Mouse Prostate mice caused modest but significant
downregulation of XIAP and Survivin proteins in the dorsolateral prostate. Proapoptotic response
to PEITC was significantly attenuated by ectopic expression of XIAP and Survivin proteins.
Survivin overexpression also conferred modest but significant protection against PEITC-mediated
inhibition of PC-3 cell migration.

CONCLUSIONS—The present study demonstrates that cellular responses to PEITC, including
apoptosis induction and inhibition of cell migration, in prostate cancer cells are mediated by
downregulation of XIAP and/or Survivin, which may serve as valid biomarkers of PEITC
response in future clinical investigations.
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INTRODUCTION
Bioactive food components continue to gain traction for chemoprevention of prostate cancer
[1–3], which is a leading cause of cancer-related death among American men [4]. Phenethyl

*Correspondence to: Shivendra V. Singh, 2.32A Hillman Cancer Center Research Pavilion, University of Pittsburgh Cancer Institute,
5117 Centre Avenue, Pittsburgh, PA 15213. Phone: 412-623-3263; Fax: 412-623-7828; singhs@upmc.edu.

Disclosure Statement: None.

NIH Public Access
Author Manuscript
Prostate. Author manuscript; available in PMC 2013 July 01.

Published in final edited form as:
Prostate. 2012 July 1; 72(10): 1104–1116. doi:10.1002/pros.22457.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



isothiocyanate (PEITC) is one such compound that is under active investigation for
chemoprevention of prostate cancer as well as other types of malignancies, including colon,
lung, and breast [5,6]. PEITC occurs naturally as a thioglucoside conjugate (gluconasturtiin)
in a variety of edible cruciferous vegetables, and watercress is a particularly rich source of
gluconasturtiin [7]. PEITC is generated upon cutting or chewing of cruciferous vegetables
due to myrosinase-catalyzed breakdown of the gluconasturtiin [7]. Initial evidence
supporting cancer protective effect of cruciferous vegetables against prostate cancer
emerged from population-based case control studies [8,9]. For example, a multi-ethnic case-
control study suggested an inverse association of cruciferous vegetable intake with the risk
of prostate cancer [8]. In vivo chemopreventive efficacy of PEITC against prostate cancer
has now been demonstrated in a transgenic mouse model (Transgenic Adenocarcinoma of
Mouse Prostate mice; hereafter abbreviated as TRAMP mice) [10,11]. Incidence of prostate
cancer in TRAMP mice was reduced significantly by dietary administration of 0.05%
PEITC in association with decreased cell proliferation and increased apoptotic index [10].
We have also shown recently that PEITC administration through diet significantly decreases
the incidence as well as burden (affected area) of poorly-differentiated cancer in the
dorsolateral prostate of TRAMP mice [11]. Moreover, PEITC administration has been
shown to inhibit growth of subcutaneous PC-3 and TRAMP-C1 prostate cancer xenografts
as well as augment proapoptotic response to docetaxel against transplanted PC-3 cells in
vivo in athymic mice without any adverse side effects [12–14]. Suppression of prostate
cancer xenograft growth in athymic mice by N-acetylcysteine conjugate of PEITC has also
been reported [15].

Research thus far indicates that PEITC is capable of suppressing multiple oncogenic
signaling pathways that are hyperactive in human prostate cancer [16], including nuclear
factor-κB [17], epidermal growth factor receptor [18], Akt [19], and signal transducer and
activator of transcription 3 [20]. Because etiology of prostate cancer is complex often
involving abnormalities in multiple checkpoints and activation of various oncogenes [16],
ability to target multiple signaling pathways is desirable for potential chemopreventive
agents.

Apoptosis induction seems critical for post-initiation cancer prevention by PEITC [6,10].
PEITC has been under intense scrutiny for elucidation of the mechanisms underlying its
proapoptotic response. More recent studies from our laboratory have demonstrated
convincingly that the PEITC-induced apoptosis in human prostate cancer cells is associated
with production of reactive oxygen species, resulting from inhibition of the complex III of
the mitochondrial respiratory chain, leading to activation of multidomain proapoptotic
protein Bax [21]. Despite these advances, however, molecular regulators of PEITC-induced
apoptosis downstream of reactive oxygen species-mediated Bax activation remain elusive.

Inhibitor of apoptosis (IAP) family proteins play critical role in apoptosis regulation by
inhibiting caspases [22–24]. Elevated expression of IAP proteins, including X-linked
inhibitor of apoptosis (XIAP) and Survivin has been reported in human prostate cancers
[25–27]. Moreover, XIAP expression was shown to be a strong predictor of human prostate
cancer recurrence [27]. The present study was designed to determine the role of IAP family
proteins in PEITC-induced apoptosis using PC-3 and LNCaP human prostate cancer cells,
and the dorsolateral prostates from control and PEITC-treated TRAMP mice.

MATERIALS AND METHODS
Reagents

PEITC (purity ≥98%) was purchased from LKT Laboratories (St. Paul, MN). Stock solution
of PEITC was prepared in dimethyl sulfoxide (DMSO), and diluted with complete media
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immediately before use. An equal volume of DMSO (final concentration <0.1%) was added
to the controls. Cell culture reagents, including F-12K medium, fetal bovine serum, and
penicillin/streptomycin antibiotic mixture were purchased from Invitrogen-Life
Technologies (Carlsbad, CA). RPMI1640 medium was from Mediatech (Manassas, VA).
Stromal cell growth medium and prostate epithelial cell growth medium were purchased
from Lonza (Walkersville, MD). Antibodies against cIAP2 and cleaved caspase-3 were
purchased from Cell Signaling Technology (Danvers, MA); antibody against XIAP used for
western blotting was purchased from BD Biosciences ( San Jose, CA); antibody against
XIAP used for immunohistochemistry was purchased from Abcam (Cambridge, MA); anti-
Survivin antibody (for immunoblotting and immunohistochemistry) was purchased from
Novus Biologicals (Littleton, CO); antibody against poly-(ADP-ribose)-polymerase (PARP)
was from Santa Cruz Biotechnology (Santa Cruz, CA); and anti-actin antibody, MG132,
Hematoxylin solution, and Eosin Y solution were from Sigma-Aldrich (St. Louis, MO).
Fugene6 transfection reagent and a kit for quantitation of histone-associated apoptotic DNA
fragment release into the cytosol were purchased from Roche Diagnostics (Indianapolis, IN).
Transwell Permeable Support (8 μm polycarbonate membrane) chambers used for cell
migration assay were purchased from Corning (Corning, NY).

Cell Lines, Cell Viability Assay, and Determination of Apoptosis
PC-3 and LNCaP human prostate cancer cells were obtained from the American Type
Culture Collection(Manassas, VA). Cell line authentication was done by Research Animal
Diagnostic Laboratory (University of Missouri, Columbia, MO) to test for interspecies
contamination and alleles for short tandem repeats identifiable in the American Type
Culture Collection database. The cells were last tested in February 2011. Each cell line was
found to be of human origin. The genetic profiles for PC-3 and LNCaP cells were consistent
with the genetic profiles in the American Type Culture Collection database. The LNCaP
cells were maintained in RPMI 1640 medium supplemented with 1 mM sodium pyruvate, 10
mM HEPES, 0.24% glucose, 10% (v/v) fetal bovine serum, and 1%penicillin/streptomyci n
antibiotic mixtures. PC-3 cells were cultured in F-12K Nutrient Mixture supplemented with
10% (v/v) fetal bovine serum and 1% penicillin/streptomycin antibiotic mixture. A normal
human prostate stromal cell line (PrSC) and a normal human prostate epithelial cell line
(PrEC) were purchased from Lonza and cultured according to manufacturer’s
recommendations. Each cell line was maintained in an atmosphere of 95% air and 5% CO2
at 37°C. Viability of PC-3 and LNCaP cells after 6-, 12-, or 24-hour treatment with DMSO
(control) or PEITC (2.5 or 5 μM) was determined by trypan blue dye exclusion assay
essentially as described by us previously [28]. Histone-associated apoptotic DNA fragment
release into the cytosol in PC-3, LNCaP, PrSC, and PrEC cells after 6-, 12-, or 24-hour
treatment with DMSO (control) or PEITC (2.5 or 5 μM) was determined using a kit and by
following the supplier’s instructions.

Western Blotting
After treatment, cells were collected and lysed as described by us previously [11]. Proteins
were resolved by sodium dodecyl sulfate -polyacrylamide gel electrophoresis and
transferred onto polyvinylidene fluoride membrane (Perkin Elmer, Boston, MA).
Immunoblotting was done as described by us previously [11–13].

Reverse Transcription-PCR
Total RNA from DMSO-treated control or PEITC-treated cells was isolated using RNeasy
kit (Qiagen, Valencia, CA). The cDNA was synthesized with the use of SuperScript III
reverse transcriptase with oligo(dT)20 primer. PCR was done using specific primers:
Survivin forward: 5′-AGAACTGGCCCTTCTTGGAGG-3′ and Survivin reverse:
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5′-CTTTTTATGTTCCTCTATGGGGTC-3′; XIAP forward:

5′-AAGAGAAGATGACTTTTAACAG-3′ and XIAP reverse:

5′-TGCTGAGTCTCCATATTGCC-3′ with the following amplification conditions:
Survivin 94°C for 2 minutes, 28 cycles at 94°C for 15 seconds, 60°C for 20 seconds, 72°C
for 15 seconds, and XIAP 94°Cfor 3 minutes, 30 cycles at 94°C for 45 seconds, 48°C for 45
seconds, 72°C for 45 seconds. Human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a control as in our previous study [29]. All primers were purchased
from Invitrogen-Life Technologies.

Immunohistochemical Analysis for XIAP and Survivin Protein Expression
Immunohistochemistry for XIAP and Survivin was performed essentially as described by us
previously for other proteins [11]. Briefly, dorsolateral prostate sections (3–4 μm) from
control and PEITC-treated TRAMP mice were quenched with 3% hydrogen peroxide and
blocked with normal serum. The sections were then probed with the desired primary
antibody (anti-XIAP or anti-Survivin), washed with Tris-buffered saline (25 mM Tris
containing 150 mM NaCl and 2 mM KCl, pH 7.4), and incubated with an appropriate
secondary antibody. Characteristic brown color was developed by incubation with 3,3′-
diaminobenzidine. The sections were counterstained with Mayer’s Hematoxylin, and
examined under a Leica microscope (Leica Microsystems, Bannockburn, IL). The images
were captured with Image ProPlus 5.0 software (Media Cybernetics, Bethesda, MD) as
previously described [11]. Atleast seven non-overlapping and non-necrotic images were
captured from each section and analyzed with the use of Red-Yellow-Blue color histogram
tool from Positive Pixel Count V9 algorithm of Aperio Image Scope software (Aperio
Technologies, Vista, CA). This software automatically counts blue-negative and Red-
Orange-Yellow-positive pixels and categorizes them according to intensity scale of weak
positive, positive, and strong positive. Results are automatically computed as percent
positive pixel intensity and area.

Transient Transfection
PC-3 and LNCaP cells (1.5–2×105cells/6 -well plate) were transiently transfected at about
50–60% confluency with empty pcDNA3.1 vector or pcDNA3.1 vector encoding for XIAP
or empty pCMV6-AC-GFP vector or pCMV6-AC-GFP vector encoding for Survivin using
Fugene6 transfection reagent. Twenty-four (PC-3) to thirty-six hours (LNCaP) after
transfection, cells were treated with DMSO (control) or PEITC for 24 hours. Cells were then
collected and processed for immunoblotting, cell viability assay, cell migration assay, and
determination of histone-associated DNA fragment release into the cytosol.

Cell Migration Assay
Empty vector -transfected control and Survivin overexpressing PC-3 cells (2×105) were
suspended in serum-free medium and placed in the upper compartment of Transwell
chamber containing 8 μm polycarbonate membrane. After 24 hours of incubation with the
indicated concentrations of PEITC, non-motile cells from the upper surface of the filter were
removed using a cotton swab. The motile cells from the bottom face of the filter were fixed
with methanol and stained with hematoxylin and eosin.

RESULTS
Kinetics of PEITC-Mediated Inhibition of Cell Viability and Apoptosis Induction

Initially we determined the dose-response and time course-kinetic effect of PEITC treatment
on cell viability and apoptosis induction using a pair of well-characterized human prostate
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cancer cells (PC-3 and LNCaP) differing in their hormone responsiveness and the p53
status. The PC-3 cells are androgen-independent and lack functional p53, whereas the
LNCaP cell line is androgen -responsive and expresses wild-type p53. PEITC treatment
reduced viability of PC-3 and LNCaP cells in a dose-dependent manner, and this effect was
evident as early as 6 hours after treatment at both 2.5 and 5 μM concentrations (Fig. 1A).
The LNCaP cell line was relatively more sensitive to PEITC-mediated reduction in cell
viability compared with PC-3 cells (Fig. 1A). PEITC-mediated reduction in cell viability
was accompanied by dose-dependent apoptosis in both cell lines (Fig. 1B). In addition, the
PEITC-induced apoptosis was also evident as early as 6 hours after treatment in both cells
(Fig. 1B). In agreement with cell viability data, the LNCaP cell line was relatively more
sensitive to PEITC-induced apoptosis compared with PC-3 cells. These results indicated that
inhibition of cell viability by PEITC treatment was associated with apoptosis induction.

PEITC Treatment Downregulated Expression of XIAP and Survivin proteins in Cultured
PC-3 and LNCaP Cells

The IAP family proteins including XIAP, Survivin, and cIAP2 have emerged as critical
regulators of apoptotic cell death by different stimuli [22–24]. We sought to test the possible
role of these proteins in regulation of PEITC-induced apoptosis. As can be seen in Fig. 1C,
treatment of PC-3 and LNCaP cells with PEITC resulted in a dose-dependent
downregulation of XIAP protein expression that was evident as early as 6 hours after
treatment and persisted for the duration of the study (24 hours). Effect of PEITC treatment
on Survivin protein expression was relatively less pronounced compared with XIAP.
Nonetheless, PEITC-mediated downregulation of Survivin was clearly discernible after
treatment of PC-3 and LNCaP cells with 5 μM especially at the 24-hour time point (Fig.
1C). Expression of cIAP2 protein was either marginally reduced or not affected at all by
PEITC treatment (Fig. 1C). Even though the kinetics of PEITC-mediated reduction in cell
viability and apoptosis induction mirrored suppression of XIAP protein expression, the
PEITC treatment does not universally decrease protein expression. For example, we have
shown previously that the expression Bax or p38 protein is not affected in either PC-3 or
LNCaP cells treated for 4-, 16-, or 24-hourswith even 10 μM PEITC [30,31]. We therefore
conclude that the downregulation of XIAP and Survivin proteins by PEITC exposure is not a
consequence of protein degradation occurring during the cell death process.

Reverse transcription-PCR was performed to test whether PEITC-mediated downregulation
of XIAP and/or Survivin proteins was due to their transcriptional repression. PEITC
treatment only marginally decreased the levels of XIAP mRNA in PC-3 as well as LNCaP
cells (Fig. 1D). To the contrary, levels of Survivin mRNA were markedly suppressed by
PEITC treatment in both PC-3 and LNCaP cells (Fig. 1D). These results indicated that the
PEITC-mediated downregulation of Survivin, but not XIAP, protein expression was due to
suppression of its mRNA level.

We raised the question of whether PEITC-mediated downregulation of XIAP protein was
due to its proteasomal degradation. We explored this possibility using a proteasomal
inhibitor (MG132). For these experiments, PC-3 and LNCaP cells were first treated with
MG132 (1 μM for PC-3 and 5 μM for LNCaP) for 2 hours and then exposed to DMSO
(control) or PEITC (2.5 and 5 μM)in the absence or presence of MG132 for an additional 6
hours. MG132 partially prevented XIAP degradation in both PC-3 and LNCaP cells( Fig.
2A). Based on these results, it is reasonable to conclude that PEITC treatment promotes
proteasomal degradation of XIAP in PC -3 and LNCaP cells.
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Effect of PEITC Treatment on Apoptosis Induction, and XIAP and Survivin Protein
Expression in PrSC and PrEC Cells

We proceeded to test whether PEITC-mediated alterations in IAP family protein expression
were selective for cancer cells. As shown in Fig. 2B, unlike PC-3 and LNCaP cells, PEITC
treatment caused a marked increase in levels of XIAP protein in PrSC, which was sustained
for the duration of the experiment. On the other hand, 5 μM PEITC treatment caused about
40% decrease in XIAP protein level in PrEC relative to DMSO-treated control at the 12- and
24-hour time points (Fig. 2B). Interestingly, PEITC-mediated decline in Survivin protein
level was observed only at 6-hour time point in both PrSC and PrEC, and this effect was not
sustainable at 12-or 24 -hour time point (Fig. 2B). The PrSC cell line was somewhat
resistant to PEITC-induced apoptosis as evidenced by <50% increase in histone-associated
DNA fragment release into the cytosol over DMSO-treated control (Fig. 2C). On the other
hand, statistically significant increase in apoptotic DNA fragmentation in PrEC cells was
clearly evident after 24-hour treatment with 5 μM PEITC. However, the PEITC-induced
apoptosis in PrEC was not observed at 6-or 12 -hour time points at both concentrations (Fig.
2C). Collectively, these results indicated that PrSC and PrEC cells were significantly more
resistant to PEITC-induced apoptosis (Fig. 2C) compared with prostate cancer cells (Fig.
1B).

PEITC Administration Suppressed Expression of XIAP and Survivin Proteins in the
Dorsolateral Prostate of TRAMP Mice

We have shown previously that dietary administration of PEITC (3 μmol PEITC/g diet)
significantly inhibits prostate cancer development in TRAMP mice [11]. We used archived
dorsolateral prostate sections from control and PEITC-treated TRAMP mice (n=4–5 mice in
each group)to determine the in vivo relevance of the cellular findings shown in Fig. 1C.
Representative immunohistochemical images for XIAP protein expression in the
dorsolateral prostate sections from 3 mice of each group are shown in Fig. 3A. XIAP protein
expression was quite high in epithelial cells of the dorsolateral prostates from control mice,
although some positivity was discernible in the stroma. XIAP protein expression intensity
and positive area in epithelial cells of the dorsolateral prostate was modestly but statistically
significantly lower in the PEITC treatment group compared with control (Fig. 3B).

Fig. 3C depicts representative immunohistochemical images for Survivin protein expression
in the dorsolateral prostate sections of control and PEITC treatment groups. Similar to
XIAP, PEITC treatment resulted in a modest but significant decrease in the protein levels of
Survivin compared with control (Fig. 3D).

Ectopic Expression of XIAP and Survivin Proteins Conferred Significant Protection
Against PEITC-Induced Apoptosis in PC -3 and LNCaP Cells

Next, we designed experiments to determine the functional significance of PEITC-mediated
downregulation of XIAP protein in apoptosis regulation. Transient transfection of PC-3 and
LNCaP cells with XIAP plasmid resulted in 2.6-and 1.6-fold increase in its protein level,
respectively, compared with corresponding empty vector -transfected control cells (Fig. 4A).
PEITC treatment caused downregulation of overexpressed XIAP protein in both PC-3 and
LNCaP cells especially at the 5 μM concentration (Fig. 4A). In LNCaP cells, XIAP
overexpression conferred partial but statistically significant protection against PEITC-
mediated reduction in cell viability (Fig. 4B). Partial protection against reduction in cell
viability is expected because PEITC treatment also causes autophagic cell death in PC-3 and
LNCaP cells [32], and this response may not be sensitive to XIAP overexpression. A trend
of a partial protection against PEITC-mediated reduction in cell viability by ectopic
expression of XIAP was also observed in PC-3 cells, although the difference did not reach
statistical significance (Fig. 4B). On the other hand, histone-associated apoptotic DNA
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fragment release into the cytosol resulting from PEITC exposure was significantly blocked
by overexpression of XIAP in both PC-3 and LNCaP cells(Fig. 4C). Consistent with these
results, PEITC -mediated decrease in levels of full-length PARP protein and cleavage of
caspase-3 was markedly higher in empty vector-transfected PC-3 and LNCaP cells than in
XIAP overexpressing cells (Fig. 4A).

Similar experiments were carried out using empty vector -transfected PC-3 and LNCaP cells
and those transfected with Survivin plasmid. Expression of Survivin protein was 6- and 3.8-
fold higher in PC-3 and LNCaP cells transiently transfected with Survivin plasmid,
respectively, compared with corresponding empty vector-transfected control cells (Fig. 5A).
Similar to XIAP, overexpression of Survivin partially attenuated PEITC-mediated reduction
in PC-3 and LNCaP cell viability (Fig. 5B). Moreover, Survivin overexpressing PC-3 and
LNCaP cells were significantly more resistant to PEITC-induced apoptosis compared with
empty vector-transfected control cells especially at the 5 μM concentration (Fig. 5C).
Collectively, these results indicated that downregulation of XIAP and Survivin proteins
contributed to PEITC-induced apoptosis in both PC -3 and LNCaP cells.

Effect of Survivin Overexpression on Inhibition of PC-3 Cell Migration by PEITC
Knockdown of Survivin protein expression has been shown to attenuate motility of prostate
cancer cells[ 33]. We designed experiments to determine if PEITC inhibited migration of
PC-3 cells and whether this effect was affected by Survivin overexpression. Because LNCaP
cells are not invasive, this experiment was restricted to the PC-3 cell line. Transwell
chamber assay revealed increased PC-3 cell migration by overexpression of Survivin
consistent with literature data [33] (Fig. 6A). Moreover, Survivin overexpression conferred
modest but significant protection against PEITC-mediated inhibition of PC-3 cell migration
(Fig. 6B).

DISCUSSION
PEITC is a promising cancer chemopreventive constituent of edible cruciferous vegetables
with inhibitory effect in various chemically-induced rodent cancer models and transgenic
mice prone to spontaneous cancer development [5,10,11,34–36]. Even though apoptosis
induction is now regarded as an important mechanism for PEITC-mediated inhibition of
post-initiation cancer development, molecular regulators of its proapoptotic response are not
fully known. The primary objective of the present study was to determine if proapoptotic
response to PEITC in prostate cancer cells is associated with alterations in expression of IAP
family proteins. The IAP proteins are critical regulators of apoptosis by different stimuli,
including death receptor activation, growth factor withdrawal, radiation exposure, and
genotoxic insults [22–24]. In addition, IAP proteins are functionally implicated in adaptive
response to cellular stress, differentiation, motility, and immune response [37]. This family
of proteins is structurally characterized by baculovirus IAP repeat (BIR) domains [37,38].
Of the eight IAP protein members identified to date, XIAP is the best characterized and
most potent inhibitor of caspase-3 and −7 [39]. Anti-caspase activity of XIAP is attributed to
its BIR domains; BIR3 domain inhibits caspase-9 whereas the BIR2 linker region is
implicated in inhibition of caspase-3 and −7 [39]. XIAP overexpression correlates with poor
prognosis in childhood acute myelogenous leukemia and bladder cancer[39–41]. The present
study reveals that PEITC exposure decreases protein expression of XIAP and Survivin in
prostate cancer cells. In addition, PEITC-mediated inhibition of prostate cancer development
in TRAMP mice in vivo [11] is associated with modest but significant suppression of both
these proteins in the dorsolateral prostate. Overexpression of XIAP and Survivin confers
statistically significant protection against PEITC-mediated DNA fragmentation in PC-3 and
LNCaP cells. These observations lead us to conclude that PEITC-induced apoptosis in
prostate cancer cells is mediated by suppression of XIAP and Survivin.
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The present study reveals that the mechanisms underlying PEITC -mediated downregulation
of XIAP and Survivin are different. PEITC treatment suppresses mRNA levels of Survivin
but not the XIAP. Even though Survivin and XIAP proteins have functional resemblance of
caspase inhibitory activity, their structures are strikingly different. The XIAP protein is
structurally characterized by 3 BIR domains (BIR1, BIR2, and BIR3) and a RING-finger
domain. The RING-finger domain functions as an E3 ubiquitin ligase [37,39]. On the other
hand, Survivin contains a single BIR domain (BIR1) and an extended C-terminal helical
coiled-coil domain, but lacks the RING-finger domain [37,39]. Consequently, XIAP is
susceptible to auto-ubiquitination and proteasomal degradation [42,43]. Accordingly,
PEITC-mediated suppression of XIAP protein is partially reversible in the presence of a
proteasomal inhibitor (MG132). Previous studies have also shown that MDM2 physically
interacts with the internal ribosome entry segment of the 5′-untranslated region of XIAP,
and positively regulates XIAP internal ribosome entry segment activity [44]. It is possible
that PEITC treatment affects translational of XIAP, but further studies are needed to
experimentally validate this possibility.

Recent studies have pointed towards important roles of Survivin in both cell cycle regulation
and apoptosis control [45]. Survivin expression is absent or very low in most terminally
differentiated normal tissues, but this protein is overexpressed in different tumor types
[45,46]. Survivin overexpression in tumors correlates with aggressive disease and treatment
resistance [45,47]. We found that Survivin expression is also very high in the dorsolateral
prostate of TRAMP mice and PEITC treatment significantly downregulates its protein level
in TRAMP mice. Moreover, the PEITC-induced apoptosis is significantly attenuated by
Survivin overexpression in prostate cancer cells. Survivin has been shown to regulate cell
migration [33]. Our data are consistent with these findings because overexpression of
Survivin results in modest but significant increase in PC-3 cell migration. In addition,
Survivin overexpressing PC-3 cells are modestly but significantly more resistant to
inhibition of cell migration by PEITC compared with empty vector -transfected cells.

A misperception about naturally-occurring chemopreventive isothiocyanatesis that they have
common mechanism of action. While this reasoning is correct to some extent because most
isothiocyanates, including PEITC and its close structural analog benzyl isothiocyanate
(BITC) are inducers of phase 2 drug metabolizing enzymes [5,6]. However, evidence
continues to accumulate to suggest that isothiocyanates with even subtle structural change
may exhibit striking mechanistic differences. For example, we have shown previously that,
unlike the results of the present study, BITC treatment causes induction of Survivin, albeit in
human breast cancer cells [48]. Differences in efficacy between PEITC and BITC against
chemically-induced cancers in rodents have also been documented [5]. Accordingly,
extrapolation of mechanistic data between isothiocyanates is not advisable.

In conclusion, we provide experimental evidence to indicate that the PEITC-induced
apoptosis in prostate cancer cells is associated with suppression of XIAP and Survivin
proteins and this response is independent of p53 status and androgen responsiveness.
PEITC-mediated suppression of XIAP and Survivin is also discernible in the dorsolateral
prostate of TRAMP mice. Based on these observations, we suggest that XIAP as well as
Survivin protein expression may be viable biomarkers of PEITC response.
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Abbreviations

PEITC phenethyl isothiocyanate

TRAMP transgenic adenocarcinoma of mouse prostate

IAP inhibitor of apoptosis

XIAP X-linked inhibitor of apoptosis

DMSO dimethyl sulfoxide

PARP poly-(ADP-ribose)-polymerase

BIR baculovirus IAP repeat
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Fig. 1.
PEITC treatment inhibits cell growth and induces apoptosis through down -regulation of
XIAP and Survivin proteins in cultured human prostate cancer cells. A: Effect of PEITC
treatment on viability of PC -3 and LNCaP. The cells were treated for specified time periods
with DMSO (control)or the indicated concentrations of PEITC and then number of viable
cells w as determined by trypan blue dye exclusion assay. Results shown are mean ±SD
( n=3). Significantly different (P< 0.05) compared with acorresponding DMSO-treated
control by one-way ANOVA followed by Dunnett’s test. B: Effect of PEITC treatment on
histone-associated apoptotic DNA fragment release into the cytosol in PC-3 and LNCaP
cells. The cells were treated for specified time points with DMSO (control) or the indicated
concentrations of PEITC. Apoptosis enrichment relative to corresponding DMSO-treated
control is shown. Results shown are mean ±SD ( n=3). Significantly different (P <0.05)
compared with acorresponding DMSO-treated control by one-way ANOVA followed by
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Dunnett’s test. C: Western blotting for XIAP, Survivin, and cIAP2 proteins using lysates
from PC-3 and LNCaP cells treated with DMSO (control) or the indicated concentrations of
PEITC for specified time periods. Blots were stripped and reprobed with anti-actin antibody
to correct for differences in protein loading. Numbers on top of bands are fold changes in
expression relative to corresponding DMSO-treated control. D: RT -PCR for XIAP and
Survivin mRNA expression in PC-3 and LNCaP cells treated with DMSO (control) or the
indicated concentrations of PEITC for specified time periods. Numbers above bands
represent change in mRNA levels relative to corresponding DMSO-treated control. Each
experiment was repeated at least twice.
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Fig. 2.
Normal prostate stromal and epithelial cells are relatively resistant to PEITC-induced
apoptosis. A: Immunoblot for XIAP protein using lysates from PC-3 or LNCaP treated for 6
hours with DMSO (control) or the indicated concentrations of PEITC in the absence or
presence of MG132 (1 μM for PC-3 and 5 μM for LNCaP). Cells were treated with MG132
for 2 hours and then exposed to DMSO or PEITC for an additional 6 hours with or without
MG132. Blots were stripped and reprobed with anti-actin antibody to correct for differences
in protein loading. Numbers on top of band represent change in XIAP protein level reletaive
to DMSO-treated cells in the absence of MG132. B: Immunoblot for XIAP and Survivin
proteins using lysates from PrSC and PrEC treated for specified time periods with DMSO
(control) or the indicated concentrations of PEITC. Blots were stripped and reprobed with
anti-actin antibody to correct for differences in protein loading. Numbers on top of bands are
fold changes in expression level relative to the corresponding control. C: Quantitation of
histone-associated DNA fragment release into the cytosol in PrSC and PrEC treated for
specified time points with DMSO or the indicated concentrations of PEITC. Results shown
are enrichment relative to corresponding DMSO-treated control. Results are mean ±SD
(n=3). Significantly different (P< 0.05) compared with acorresponding DMSO-treated
control by one-way ANOVA followed by Dunnett’s test. Similar results were observed in
replicate experiments.
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Fig. 3.
PEITC administration decreases expression of XIAP and Survivin proteins in the
dorsolateral prostate of TRAMP mice. A: Representative immunohistochemical images
depicting XIAP protein expression in the dorsolateral prostates of control and PEITC-treated
TRAMP mice (magnification, ×200). Scale bar=100 μm. B: Quantitative analysis of XIAP
protein expression in the dorsolateral prostates of control and PEITC-treated TRAMP mice.
At least seven randomly selected fields from each section were analyzed. Results shown are
mean ± SD (n=4 for both control and PEITC treatment groups). Statistical significance was
determined by two-sided Student’s t-test. C: Representative immunohistochemical images
depicting Survivin protein expression in the dorsolateral prostates of control and PEITC-
treated TRAMP mice (magnification, ×200). Scale bar=100 μm. D: Quantitative analysis of
Survivin protein expression in the dorsolateral prostates of control and PEITC-treated
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TRAMP mice. At least 7 randomly selected fields from each section were analyzed. Results
shown are mean ±SD (n=5 for both control and PEITC treatment groups). Statistical
significance was determined by two-sided Student’s t-test.
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Fig. 4.
XIAP overexpression confers protection against PEITC-induced apoptosis in human prostate
cancer cells. A: Immunoblotting for XIAP, full-length PARP, and cleaved caspase-3 using
lysates from PC-3 and LNCaP cells transiently transfected with empty vector (abbreviated
as PC-3/EV and LNCaP/EV) or vector encoding for XIAP (abbreviated as PC-3/XIAP and
LNCaP/XIAP) and treated for 24 hours with DMSO (control) or the indicated
concentrations of PEITC. Numbers above bands represent change in protein levels relative
to empty vector-transfected cells treated with DMSO(except for cleaved caspase-3 in PC-3
cells). Effect of PEITC treatments on (B)cell viability and (C) histone-associated DNA

Sakao et al. Page 17

Prostate. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fragment release into the cytosol in PC-3 and LNCaP cells transiently transfected with
empty vector or vector encoding for XIAP and treated for 24 hours with DMSO or the
indicated concentrations of PEITC. Results shown are mean ± SD (n=3) normalized to
corresponding DMSO-treated control. Significantly different (P< 0.05) compared
with acorresponding DMSO-treated control and bbetween empty vector -transfected cells
and XIAP overexpressing cells at each dose (0, 2.5 and 5 μM PEITC) by one-way ANOVA
followed by Bonferroni’s multiple comparison test. Each experiment was repeated at least
twice, and representative data from one such experiment are shown.
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Fig. 5.
Survivin overexpression confers protection against PEITC-induced apoptosis in human
prostate cancer cells. A: Immunoblotting for Survivin and full-length PARP using lysates
from PC-3 and LNCaP cells transiently transfected with empty vector (abbreviated as PC-3/
EV and LNCaP/EV) or vector encoding for Survivin (abbreviated as PC-3/Survivin and
LNCaP/Survivin) and treated for 24 hours with DMSO (control) or the indicated
concentrations of PEITC. Numbers above bands represent change in protein levels relative
to empty vector-transfected cells treated with DMSO. Effect of PEITC treatments on (B)cell
viability and (C)histone -associated DNA fragment release into the cytosol in PC-3 and
LNCaP cells transiently transfected with empty vector or vector encoding for Survivin and
treated for 24 hours with DMSO or the indicated concentrations of PEITC. Results shown
are mean ±SD (n=3)and normalized to corresponding DMSO-treated control. Significantly
different (P< 0.05) compared with acorresponding DMSO-treated control and bbetween
empty vector-transfected cells and Survivin overexpressing cells at each dose (0, 2.5, and 5
μM PEITC) by one-way ANOVA followed by Bonferroni’s multiple comparison test. Each
experiment was repeated at least twice, and representative data from one such experiment
are shown.

Sakao et al. Page 19

Prostate. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Survivin overexpression confers modest protection against PEITC-mediated inhibition of
PC-3 cell migration. A: Representative images from Transwell chamber assay depicting
migration by PC-3 cells transiently transfected with empty vector (abbreviated as PC -3/EV)
or vector encoding for Survivin (abbreviated as PC-3/Survivin) and treated for 24 hours with
DMSO (control) or the indicated concentrations of PEITC. B: Quantitation of migrated PC-3
cells from experiment shown in panel A. Experiment was repeated twice in duplicate and
combined results are shown as mean ±SD ( n=4). Significantly different (P< 0.05) compared
with acorresponding DMSO-treated control and bbetween empty vector -transfected cells
and Survivin overexpressing cells at each dose (0, 2.5, and 5 μM PEITC) by one-way
ANOVA followed by Bonferroni’s multiple comparison test.
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