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a b s t r a c t

Nitric oxide (NO) donors have been shown to activate or inhibit constitutively-activated survival/anti-
apoptotic pathways, such as NF-jB, in cancer cells. We report here that treatment of drug-resistant
human prostate carcinoma cell lines with high levels (500–1000 lM) of the NO-donor DETANONOate
sensitized the resistant tumor cells to apoptosis by CDDP and the combination was synergistic. We
hypothesized that DETANONOate inhibits previously identified NF-jB-regulated resistant factors such
as Yin Yang 1 (YY1) and Bcl-2/BclXL. Lysates from tumor cells treated with DETANONOate showed inhi-
bition of YY1 and BclXL expressions. Transfection with either YY1 or BclXL siRNA resulted in the inhibition
of both YY1 and BclXL expressions and sensitized the cells to CDDP apoptosis. Mice bearing PC-3 tumor
xenografts and treated with the combination of DETANONOate and CDDP resulted in significant inhibi-
tion of tumor growth; treatment with single agent alone did not have any effect on tumor growth. Anal-
ysis of patients TMA tissues with prostatic cancer revealed higher expression of both YY1 and BclXL as a
function of tumor grades and their levels were directly correlated. Thus, both YY1 and BclXL are potential
prognostic biomarkers. Overall, the above findings suggest that one mechanism of DETANONOate-
induced sensitization of resistant tumor cells to CDDP correlated with the inhibition of NF-jB and its tar-
gets YY1 and BclXL. The examination of the combination of NO donors and cytotoxic therapy in the treat-
ment of resistant prostate cancer may be warranted.

Published by Elsevier Inc.

Introduction

Currently, treatment of various cancers relies on conventional
chemotherapy, radiation, hormonal therapy, and immunotherapy
[1]. While such treatments result in objective clinical responses,
however, several patients experience relapse and metastasis [2].
The failure to respond to such therapies is due, in large part, to ac-
quired tumor resistance to apoptotic signals via genetic and epige-
netic alterations [3,4].

We and others have reported novel approaches to overcome
resistance via the application of various chemo and immuno-sensi-
tizing agents [5,6]. For instance, we have reported that treatment
of resistant tumor cells in vitro with an NO-donor, such as DETAN-
ONOate, resulted in the sensitization to TRAIL-mediated apoptosis
via inhibition of the constitutively activated NF-jB survival/anti-
apoptotic pathway [7,8]. In addition, we have reported that treat-
ment with DETANONOate also resulted in the inhibition, down-
stream of NF-jB, of the transcription repressor Yin Yang 1 (YY1)
that regulates resistance to TRAIL apoptosis [8].

Based on these findings, we investigated whether treatment
with DETANONOate also results in the chemosensitization of
drug-resistant tumor cells and examined underlying mechanisms
of sensitization. A previous report by the Wink’s group demon-
strated that, under appropriate conditions, NO can sensitize tumor
cells to various chemotherapeutic agents although the mechanism
was not investigated [9]. The present study analyzed the
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chemosensitizing activity of the NO-donor DETANONOate, used at
high concentrations, on drug-resistant human prostate carcinoma
cell lines, and its clinical significance. The followings were investi-
gated: (1) the chemosensitizing activity of DETANONOate to CDDP-
induced apoptosis in resistant DU-145 and PC-3 human prostate
carcinoma cell lines (2) the DETANONOate-mediated effect on
the NF-jB targeted resistant factors YY1 and BclXL (3) the direct
role each of YY1 and BclXL in sensitization (4) the antitumor activ-
ity of DETANONOate in vivo in mice bearing PC-3 tumor xenografts
following treatment with DETANONOate, CDDP and combination
and (5) the expression levels of both YY1 and BclXL in human pros-
tate cancer tissue microarrays (TMA) as a function of tumor grade.

Materials and methods

Cells and culture conditions

The human androgen-independent PC-3 and DU145 cell lines
were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were maintained as previously described
[8].

Reagents

The anti–actin and the anti-tubulin monoclonal antibodies were
purchased from Biosource International (Camarrillo, CA, USA) and
from Calbiochem (San Francisco, CA, USA), respectively. Anti-YY1
and anti-BclXL antibodies were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, USA). Phycoerytrin (PE)-conjugated
anti-active caspase 3 and PE-conjugated IgG were purchased from
PharMingen (San Diego, CA, USA). DETANONOate was purchased
from Alexis (San Diego, CA, USA). The SureSilencingTM siRNA kits
were purchased from SuperArray Bioscience Corporation (Freder-
ick, MD, USA). CDDP was purchased from Sigma-Aldrich, St. Louis,
MO.

Cell treatments

Log-phase prostate carcinoma cell lines cells were seeded into
six-well plates at approximately 6 � 105 cells/ml and grown in
2 ml of medium containing 5% FBS for 24 h to approximately 70%
confluence. The PC-3 cells were synchronized by treatment with
1% FBS for 18 h prior to each experiment.

Western blot analysis

PC-3 cells were cultured at a low FBS concentration (1%) for
18 h prior to each treatment. After incubation, the cells were main-
tained in FBS-free medium (control) or treated with DETANONOate
(500 or 1000 lM). Lysates were prepared and analyzed by western
as previously described [10].

Semiquantitative reverse transcription–polymerase chain reaction
(RT–PCR)

Total RNA of PC-3 cells was extracted and purified from
�1 � 106 cells by a single-step monophasic solution of phenol
and guanidine isothiocyanate-chloroform using Trizol� reagent
(Life Technologies, Inc.) as previously described [8].

siRNA transfections

PC-3 cells were cultured in 1 ml of RPMI medium supplemented
with 5% FBS. Transfection of PC-3 cells with siRNAs was performed
as previously described [11].

Determination of apoptosis

Apoptosis was determined by flow cytometry for the activation
of caspase 3 as previously described [7,8]. The cells were treated
with DETANONOate (500–1500 lM) for 18 h and then followed
by treatment with CDDP (1,5, 10, or 15 lg/ml) for an additional
24 h.

Assessment of in vivo tumor growth

All animal experiments were done in accordance with institu-
tional guidelines for animal welfare. The animals were maintained
under clean room conditions in sterile rodent microisolator cages.
Animals received sterile rodent chow and water ad libitum. For tu-
mor growth experiments, 8-week-old athymic nude mice were
used. Human PC-3 prostate carcinoma cells were injected s.c. with
an 27-gauge needle into the right hind limb (1 � 106 cells in 100 ll
of PBS) under sevofluorane anesthesia. When the animals devel-
oped palpable tumors (50–100 lM3), the mice were randomly as-
signed to different groups of 6 mice each: the first experimental
animal group was treated with 2.0 mg/kg of CDDP via i.p. twice a
week for two weeks (weeks four and five); the second experimen-
tal group was treated with 0.4 mg/kg of DETANONOate injected di-
rectly into the tumor under sevofluorane anesthesia (in 50 ll)
every 2 d for 2 weeks (weeks four and five); and the third experi-
mental group was treated with DETANONOate similar to the sec-
ond experimental group and followed by treatment with CDDP
like the first experimental group. The dosages used were as previ-
ously described [12,13].

Tumor volume was measured with a caliper once a week and
calculated according to the following formula: A (length) � B
(width) � C (height) � 0.5236. The efficacy of each treatment was
evaluated by the change of tumor volume during the treatment
period. After treatments, the mice were euthanized and tumors
were harvested for histological studies.

Immunohistochemistry

Four-micrometer slices of the PC-3 tumor cell line were placed
on slides and either stained with Mayer’s hematoxylin and eosin
(H&E) for the histopathological examination or used for immuno-
histochemistry. The expression levels of YY-1 and BclXL were deter-
mined using the antibodies directed against YY-1 and BclXL.
Analysis and quantification were done as previously described [8].

Patients with prostate cancer

The study cohort consisted of 60 randomly selected hormone-
naïve patients who underwent radical retropubic prostasectomy
between 2002 and 2006 from the Department of Pathology of Hos-
pital de Especialidades del CMN ‘‘La Raza’’ IMSS (Mexico City, Mex-
ico). The cohort consisted of 20 PCa low grade (PCaLG), 20 PCa
medium grade (PCaMG) and 20 PCa high grade (PINHG) samples
[14].

Prostate tissue microarray

At least three core tissue paraffin embedded biopsies (each
0.6 lM in diameter) were taken from morphologically representa-
tive regions of each prostate tumor and precisely arrayed as previ-
ously described [15]. Tumor samples were accompanied by
matching benign (morphologically normal or hypertrophic) and
PIN lesions, when available. Case material was arrayed into five
TMA blocks. For staining, sections (4 l) were transferred to glass
slides using an adhesive slide system (PSA-CS 4, Instrumedics
Inc.) to support cohesion of the array elements.
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