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Abstract

Purpose Previously, we reported in vitro observations
suggesting that ibuprofen is an effective non-prescription
non-steroidal anti-inflammatory drug (NSAID) to reduce
the survival of human prostate cancer cells (Andrews et al.
in Cancer Chemother Pharmacol 502:77-284, 2002), and
that this observed effectiveness is mediated by an up-regu-
lation of the p75N™® tumor suppressor (Khwaja et al. in
Cancer Res 646:207-6213, 2004). However, other NSAIDs
and their derivatives have received significant attention
with regard to their anti-cancer effectiveness and have been
selected for clinical trials to treat a variety of human can-
cers. In this investigation, we compared celecoxib, sulindac
sulfone, nitric oxide linked NSAIDs, and R-flurbiprofen
with ibuprofen in their ability to inhibit the growth of a
variety of human cancer cells lines including cells lines
with multi-drug resistance. We also evaluated whether, like
ibuprofen, an up-regulation of p75™'R is a molecular mech-
anism that mediates the anti-growth effectiveness of these
drugs.

Materials and methods Selected dosages for each drug
were evaluated for their ability to reduce the growth (MTT
analysis) and induce apoptosis (Hoechst staining) of a vari-
ety of different cancer cell lines, including an ovarian
cell line expressing multidrug resistance-1 glycoprotein
(MDR-1). The drugs were then analyzed using immunoblot,
RT-PCR and siRNA to study the role of p75N'R in their
anti-growth effectiveness.
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Results Our study revealed consistency in the drug dos-
ages that inhibit the survival of different human cancer cell
lines. While NO-linked aspirin and celecoxib were most
effective in decreasing cell growth and inducing apoptosis
at the lowest dosages, R-flurbiprofen and ibuprofen were
most effective at clinically relevant dosages. A multidrug
resistant ovarian cell line is more resistant to growth inhibi-
tion by the drugs tested than its non-drug resistant parental
counterpart. There was no correlation between the expres-
sion of cyclooxygenase-2 (COX-2) and the ability of the
drugs to reduce cancer cell survival. All the drugs tested
induced an up-regulation in p75N™® tumor suppressor gene
expression in concert with their observed growth inhibiting
ability. Inhibition of p75N'™® expression with siRNA
reduced the cell growth inhibiting effects of all the drugs
tested.

Conclusions The method of chemotherapy (i.e., intravas-
cular, intrathecal, oral) might dictate the choice of NSAID/
NSAID derivative used to treat/prevent a given type of can-
cer. Also, the p75N™ tumor suppressor appears to be a
common molecular mechanism that mediates the growth
inhibiting effectiveness of these drugs.

Keywords Cancer - COX-2 - Drug resistance -
Nitric oxide - NSAIDs - p75N™R

Introduction

In vitro, in vivo and epidemiological studies have all dem-
onstrated that non-steroidal anti-inflammatory drugs (NSA-
IDs) appear to be effective in the chemoprevention and
possible treatment of many cancers including colorectal,
breast, prostate, pancreatic, squamous cell carcinoma of the
head and neck, ovarian, lung, and bladder cancers [57, 62,
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70]. Recently, we studied the comparative effectiveness of
common non-prescription NSAIDs and reported that ibu-
profen appears to be better than other non-prescription
NSAIDs (i.e., aspirin, neproxen, etc.) in its ability to reduce
the survival of prostate cancer cells [3]. However, other
NSAIDs and NSAID derivatives have also been purported
to have superior anti-tumorigenic effects both in vitro and
in vivo and have been selected for clinical trials (i.e., exsu-
lindac, R-flurbiprofen, celecoxib and nitric oxide linked
NSAIDs). Unlike ibuprofen, these compounds either have
little cyclooxygenase-1 inhibiting activity (i.e., R-flurbipro-
fen, celecoxib, exsulindac) or compensate for this activity
(i.e., nitric oxide linked NSAIDs) in order to reduce the
gastrointestinal toxicity otherwise associated with ibupro-
fen and other common NSAIDs [1]. Celecoxib, a selective
cyclooxygenases-2 (COX-2) inhibitor, has been shown to
be effective in animal models of colon cancer [47], breast
cancer [2, 5, 20], bladder cancer [18], prostate cancer [21],
lung cancer [13], head and neck cancer [72], and skin can-
cers [65] and has been in clinical trials for prostate, breast,
ovarian, non-small cell lung and even skin cancer. Sulindac
sulfone (Exisulind) is a metabolite of the NSAID sulindac
sulfoxide that does not inhibit cyclooxygenases activity
[42, 43]. Sulindac sulfone has been reported to reduce
tumor growth in murine models of colon [34, 42, 48], blad-
der [44], breast [60], prostate [17], and lung cancers [35]
and has also been selected for clinical trials in patients with
advanced solid tumors [66]. R-flurbiprofen, the R-enantio-
mer of the NSAID flurbiprofen, has been reported to be
effective in murine models of prostate [64] and colon can-
cers [33, 63] and was selected for clinical trials to deter-
mine if it can prevent the progression of prostate cancer
[30, 45]. Nitric oxide linked NSAIDs (i.e., NO-NSAIDs)
represent traditional NSAIDs to which a nitrogen oxide-
releasing fragment has been linked in order to reduce the
gastrointestinal toxicity otherwise associated with the
cyclooxygenases inhibiting activity of NSAID treatment
[10]. In studies of a variety of cancer cell lines, the NO-
linked NSAIDs have been reported to be significantly more
effective than the original NSAID [23, 25, 68]. In the pres-
ent study, we have evaluated the effectiveness of the fore-
going drugs together with ibuprofen in reducing the growth
of human cancer cell lines including colon cancer, prostate
cancer, bladder cancer, squamous cell carcinoma, ovarian
cancer, neuroglioma and neuroblastomas. Some of the can-
cer cell lines tested are COX-2 deficient while others
express COX-2. Since multi-drug resistance is a major fac-
tor in cancer chemotherapy, we evaluated the effectiveness
of these NSAIDs/derivatives in drug-resistant cell lines as
compared with their non-drug resistant counterparts. A
range of dosages were evaluated in order to address the fact
that clinically acceptable dosages associated with oral
administration of some NSAIDs result in blood serum
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concentrations that are significantly different than other
NSAIDs.

The molecular basis for the tumorigenic effectiveness of
NSAIDs was initially attributed to inhibition of cyclooxy-
genases [67]. Although cyclooxygenase inhibition of pros-
taglandin synthesis can explain part of the anti-tumor
activity of certain NSAIDs, there is overwhelming evidence
indicating that the ability of NSAIDs to inhibit the survival
of cancer cells is due to cyclooxygenase independent mech-
anisms. Recently, we have shown that the glycoprotein sur-
face receptor and tumor suppressor p75~ 'R is significantly
upregulated in cancer cells following treatment with ibu-
profen [26]. We further demonstrated that there is a causal
relationship between p75~N™® up-regulation and the ability
of ibuprofen to reduce cancer cell survival [26]. P75NTR is a
75 kD cell surface receptor glycoprotein that shares both
structural and sequence homology with the tumor necrosis
factor receptor super-family of proteins [8, 9]. The expres-
sion pattern of p75N™® is widespread extending outside of
the nervous system to numerous peripheral organs and tis-
sues, where it negatively regulates cell survival, prolifera-
tion and growth [22]. In the present investigation, we have
accessed whether an up-regulation of the p75N™® tumor
suppressor gene represents a molecular mechanism com-
mon to the diverse NSAIDs and their derivatives that are
included in this study.

Materials and methods
Cell cultures

The DU145, HCT 116, H4, PC-3, SH-SY5Y, SK-N-SH
and T24 cell lines were purchased from the American Type
Culture Collection (Rockville, MD). The CaOv3 and
CaOv3™R cell lines were obtained from Dr. Christopher
Taylor (Georgetown University Medical Center, Washing-
ton, DC). The PCI 13 and SCC25/CP cell lines were
obtained from Dr Kevin Cullen (Lombardi Cancer Center,
Washington, DC). All cells were grown in 10% fetal calf
serum-supplemented Delbecco’s Modified Eagle’s Medium
(DMEM from Mediatech, Herndon, VA) in a humidified
atmosphere of 10% CO, in air at a temperature of 37°C

NSAIDs/derivatives/chemicals

Ibuprofen and sulindac sulfone were obtained from Sigma
Chemical Co. (St Louis, Mo). R-flurbiprofen was a generous
gift from Myriad Pharmaceuticals, Inc (Salt Lake City,
Utah). Celecoxib was a generous gift from the Pharmacia
Corporation (St Louis, Missouri). Nitric oxide linked aspirin
(NCX-4050), flurbiprofen (NCX-2131), ibuprofen (NCX-
2111) and sulindac (NCX-1102) were generous gifts from
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NicOx S.A. (Sophia Antipolis, France). All compounds
were made up in stock solutions of dimethyl sulfoxide
(DMSO, Sigma Chemical Co., St Louis, Mo) that were
diluted prior to use. Controls were treated with vehicle alone
(i.e., not greater than 1% DMSO). For each compound, we
tested a range of dosages that included high and low ends of
the clinically relevant spectrum. The MDR-1 inhibitor
verapamil was obtained from Calbiochem (La Jolla, CA).

Cell growth assay

Cellular survival was determined using the 3-[4,5-dim-
ethylthiazol-2-yl]-2,55-diphenyltetrazolium bromide (MTT)
colorimetric assay according to the published procedure [37]
as provided by the manufacturer (Roche Diagnostics Corpo-
ration, Indianapolis, IN). The principle of the assay is that
when MTT, a nontoxic pale yellow substrate, is taken up by
living cells it is converted into a dark blue formazan product
that requires active mitochondria; thus, dead cells will not
form formazan. The formed formazan is read spectrophoto-
metrically (570 nm absorbance) and is directly proportional
to the number of viable cells. Since no media or cells are
removed from the culture wells during the MTT analysis,
there is no loss of cells (i.e., dead or floating) as a result of
these procedures. For this assay, cells (2 x 10° per 100 pl)
were seeded in 96-well plates and incubated for 24 h in a
humidified atmosphere of 5% CO? at 37°C. Media contain-
ing selected concentrations of the different NSAIDs/deriva-
tives were added to the wells and the cells incubated for an
additional 48 h. Following incubation in NSAIDs/Deriva-
tives, 10 ul of labeling reagent (MTT) was added to each
well, and the cells further incubated for an additional 4 h at
37°C. The cells were then be solubilized by incubation over-
night at 37°C in 100 ul of a solubilization solution (10%
sodium dodecyl sulfate in 0.01 M HCI). The absorbance at
570 nm was determined in a microtiter plate reader (Bio-
Rad Laboratories, Richmond, CA). The results of the
NSAID/Derivatives treated cultures were expressed as the
percentage of viable cells compared with non-treated con-
trols. When there is a significant reduction in survival (MTT
analysis), we determined to what extent this is due to apop-
tosis using Hoechst stain (see “Apoptosis assay”).

Apoptosis assay

The cells were preserved for microscopic analysis by the
addition of 10% neutral formalin to each of six-well plates
(2 ml per well). The fixed cells were harvested (by scrap-
ping) and stained using Hoechst 33258 stain (Molecular
Probes, Eugene, Oregon). Apoptotic cells were distin-
guished by their intensely stained fragmented nuclei and
counted and photographed using an BH-2 Olympus fluores-
cent microscope equipped with a Canon PowerShot G5

digital camera. Two independent observers undertook cell
counts blindly. Statistical analysis performed as described
below (see “Data analysis”).

Immunoblot analysis

Cells grown on six-well plates were harvested by treatment
with 200 pl of cold (4°C) lysis buffer (1% Igepal Ca-630,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate in
PBS) containing 2 mg/ml aprotinin. After scraping cells
from the plate, lysates were centrifuged for 10 min at
12,000x g at 4°C. Cells intended for immunoblotting were
placed in less stringent NP40 lysis buffer (10 mM Tris—Cl
pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.5% NP40) contain-
ing 2 mg/ml aprotinin. After incubation on a gentle rocker
for 20 min, the lysates were centrifuged for 20s at
12,000x g at 4°C. Supernatants were collected for estima-
tion of protein concentration according to the manufac-
turer’s protocol (BioRad Laboratories, Hercules, CA).
Lysates were evaluated for specific protein expression by
immunoblotting with 50 ng protein loaded on 12% SDS-
PAGE gels, followed by transfer to nitrocellulose mem-
branes, blocking for 1 h in 5% milk in PBS, rinsed in PBS
followed by the addition of specific primary antibody in
PBS overnight at 4°C. Membranes were then washed three
times in PBS followed by addition of appropriate secondary
antibody in PBS for 1 h at room temperature. After rinsing
three times in PBS, immunoreactivity was assessed using
SuperSignal West Femto Maximum Sensitivity substrate
(Pierce, Rockford, IL) and an Fujifilm LAS-1000 imaging
system. The results were quantified using ImagelJ software
(downloaded from internet). A monoclonal antibody for
p75N™® was obtained from Upstate/Chemicon (Temecula,
CA) and used at a dilution of 1:1,000. A polyclonal anti-
body for COX-2 was obtained from Santa Cruz Biotechnol-
ogies (Santa Cruz, CA) and used at a dilution of 1:500.
Appropriate positive controls and molecular weight ladder
(i.e., Biotinylated Protein ladder from Cell Signaling Tech-
nology, Danvers, MA) were used to confirm antibody spec-
ificity. Polyclonal HRP-conjugated goat anti-rabbit and
polyclonal HRP conjugated goat anti-mouse secondary
antibodies (BioRad, Hercules, CA) were used at a dilution
of 1:2,000.

RNA extraction and real-time quantitative RT-PCR

RNA was extracted using TRIzol reagent (Invitrogen, Gai-
thersburg, MD) according to the manufacturer’s protocol.
TRIzol extraction was repeated a second time on the result-
ing RNA pellet to increase the RNA purity. Final RNA was
quantified spectrophotometrically at a 260-nm wavelength.
cDNA synthesis and real-time RT-PCR were performed as
described in Latil etal. [29], with some modifications.
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Briefly, RNA was reverse transcribed with Superscript III
RNase H-reverse transcriptase (Invitrogen, Gaithersburg,
MD), according to the manufacturer’s manual, with ten
units of RNasin RNase inhibitor (Promega, Madison, WI),
50 units of Superscript III, 150 ng of random hexamer
(Amersham Biosciences, Pittsburgh, PA), and 1.5 ug of
total RNA. PCR was performed using a SYBR Green PCR
Core Reagents kit (Applied Biosystems, Foster City, CA)
and quantitated by an ABI Prism 7900 Sequence Detection
System (Applied Biosystems, Foster City, CA) according
to the manufacturer’s manual. Relative mRNA expression
level was calculated using the AACt method, where the cal-
ibrator is the RPLPO gene. RPLPO encodes human acidic
ribosomal phosphoprotein PO and was used as the endoge-
nous RNA control to correct for the amount of total RNA
used in each PCR reaction. The primer sequences used
were as follows: RPLPO: F- 5'-GGCGACCTGGAAGTC
CAACT-3’, R- 5-CCATCAGCACCACAGCCTTC-3'
product size 149 bp, p75NTR: F- 5'-CTGTGGTTGTGG
GTCTTGTG-3', R- 5'-TCGCTGTGGAGTTTTTCTCC-3'
product size 130 bp.

siRNA experiments

siRNA for human for p75N™® (Sense sequence: 5'-
CUACCAGCCCGAGCACAUAUU-3’, and antisense: 5'-
UAUGUGCUCGGGCUGGUAGUU-3") and the siControl
(non-targeting siRNA) were synthesized at Dharmacon
(Chicago, IL). The siRNAs for human for p75N™® and
siControl (non-targeting) siRNAs were diluted in Opti-
MEM I and mixed with Lipofectamine™ 2000 as per the
manufacturer’s instructions (Invitrogen, Gaithersburg, MD).
Human bladder cancer T24 cells diluted in antibiotic free
media were plated onto 96 well plates and six well plates
and grown overnight to 40-50% confluency. The T24 cells
were then transfected for 4 h with the targeting (p75™'}) or
non-targeting (control) siRNAs, after which time the trans-
fection media was replaced with fresh media. Twenty-four
hours following transfection, the cells were treated with
5 uM of NO-Aspirin; 25 UM celecoxib; 500 uM ibuprofen,
500 uM R-flurbiprofen or 100 uM sulindac sulfone. Follow-
ing 48 h of treatment with the NSAIDs/Derivatives, the cell
protein was harvested from the six well plates for immuno-
blot analysis of p75NIR expression (see “Immunoblot analy-
sis” above). The cells grown and treated in the 96 well plates
underwent MTT analysis to determine the effects of the
siRNA transfection on cell growth inhibition induced by the
NSAIDs/Derivatives (see “Cell growth assay” above).

Data analysis

Data analysis was performed with a minimum of three rep-
licates per experiment. The statistical differences between
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data sets and/or means was analyzed by ANOVA using the
Prizm program (GraphPad Software) and the data
expressed as the mean £ SEM. A P value < 0.05 was con-
sidered statistically significant.

Results

Comparing NSAIDs/NSAID derivatives in inhibiting
survival of cancer cells in vitro

In this series of experiments, we compared ibuprofen, R-flur-
biprofen, sulindac sulfone, celecoxib and nitric oxide linked-
aspirin (i.e., NO-aspirin) in their abilities to reduce the
survival of selected cancer cell lines in vitro. NO-linked aspirin
was selected over other NO-linked NSAIDs because of our
preliminary studies (data not shown) as well as past studies by
others [23, 25, 68] revealing it to be more effective than other
NO-linked NSAIDs in reducing the survival of cancer cells.

Although different lines of cancer cells varied in the
extent to which their survival was inhibited by the NSAIDs/
NSAID derivatives tested, there was consistency in the
minimal effective dosage at which each drug induced statis-
tically significant cell death following 48 h of treatment
(see Table 1). Table 1 lists the cell lines in order of increas-
ing resistance to the drugs tested together with the minimal
dosage which induced a statistically significant decrease in
cell growth over 48 h of incubation (i.e., minimal effective
dosage determined by MTT analysis). As indicated in
Table 1, for ibuprofen and R-flurbiprofen the minimal
effective dose was 500 uM, for sulindac sulfone it was
100 uM, for celecoxib it was 50 or 25 uM, and for NO-
aspirin it was 25 or 5 um, depending on cell line. Therefore,
when equivalent dosages are considered, NO-aspirin and
celecoxib appear to be the most potent inhibitors of cell sur-
vival. Hoechst staining confirmed our previous observa-
tions indicating that the reduced survival is due in a large
part to apoptotic cell death (Fig. 1) [3]. As indicated by the
representative photo, there was a correlation between the
amount of apoptosis observed and the cell survival as deter-
mined by the MTT assay (Table 1). When analyzed for the
expression of cyclooxygenase-2 (i.e., COX-2), immunoblot
analysis revealed that while some cell lines strongly
express COX-2, others exhibited little or no COX-2 expres-
sion (see Table l; Fig.2). There was no correlation
between the expression of COX-2 and the sensitivity of the
cells to the drugs being tested.

Comparative effectiveness of NSAIDs/NSAID derivatives
in reducing the growth of a drug-resistant cancer cell line

In this series of experiments, we compared the abilities of
ibuprofen, R-flurbiprofen, sulindac sulfone, celecoxib and
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Table 1 Minimal effective dosages (uM) of the drugs tested

Cell line* Cancer type Ibuprofen R-flurbiprofen Sulindac sulfone Celecoxib NO-Aspirin COX-2 expression”
PCI-13 Squamous Cell 500 500 100 25 5 Strong

CaOv3 Ovarian 500 500 100 25 5 None

SCC25/CP Squamous Cell 500 500 100 25 5 Strong

HCT116 Colon 500 500 100 25 5 None

T24 Bladder 500 500 100 25 5 Weak

DU145 Prostate 500 500 100 25 5 None

SK-N-SH Neuroblastoma 500 500 100 50 5 None

H4 Glioblastoma 500 500 100 50 25 Strong

PC-3 Prostate 500 500 100 50 25 None

Minimal dose that induced a statistically significant (i.e., P < 0.05) decrease in cell survival following 48 h treatment (MTT analysis)

# Listed in order of decreasing sensitivity to drugs when compared with controls (i.e., Following treatment with the drugs, PCT-13 exhibited the
greatest inhibition of growth and PC-3 the least inhibition of growth)

® As determined using Immunoblot analysis (see Fig. 2)

Fig. 1 Representative light
microscopic images of CaOV3
cells (a, b) and H4 cells(c, d)
that have been stained with
Hoechst stain (following fixation)
before (a, ¢) and following (b, d)
exposure to 50 uM celecoxib for
48 h. Note the characteristic nu-
clear condensation and fragmen-
tation indicative of apoptosis in
the celecoxib treated cells (ar-
rows in b, d). Also, while all
CaOV3 cells exhibited apoptosis
(b), H4 cells (d) appeared to be
more resistant to the drugs tested
(see Table 1)

3TaXR

NO-aspirin to reduce the growth of a drug-resistant cancer ~ verapamil) resensitized CaOV cells to paclitaxel [16].
cell line compared with the parental cell line. The  However, when we treated CaOV3 TR cells with the same
CaOV3™R i5 a drug resistant cell line derived from the  and higher concentrations of verapamil (i.e., 1, 2 and 4 pM
CaOV3 cell line that has been used as an in vitro model for verapamil), we found no resensitization of these cells to the
drug-resistant cells [16]. Unlike the parental cell line  drugs being tested (data not shown). It would appear, there-
(CaOV3), CaOV3T#R g resistant to paclitaxel and cisplatin fore, that MDR-1 is not be involved in the reduced sensitiv-
and over-expresses multidrug resistance-1 (MDR-1)/P- ity to the drugs being tested in this study.

glycoprotein [16]. An evaluation of COX-2 expression reveals We should also note that of the two head and neck squa-
that CaOV3TR cells exhibits significant COX-2 expres- mous cell carcinoma cell lines shown in Table I, the
sion, while the parental cell line exhibits none (Fig. 3). Our ~ SCC25/CP cell line has been reported to be cisplatin resis-
study indicates that the CaOV3TR cell line is significantly ~ tance (SCC25/CP), while the PCI-13 cell line is cisplatin
more resistant to treatment with the drugs tested than the  sensitive [11]. Again, the cisplatin resistant cell line
parental cell line (Fig. 4). Previously, the Taylor laboratory ~ (SCC25/CP) was found to be significantly more resistant to
[16] found that pharmacological blocking MDR-1 with an  the NSAIDs/NSAID derivatives being tested and than its
inhibitor of the ATP-dependent drug efflux pumps (i.e., non-drug resistant counterpart (i.e., PCI-13) (see Table 1).
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Fig. 2 Immunoblot of COX-2
protein expression in the nine
cell lines tested. The cell lines
are represented on the immuno-
blot in the increasing order of

sensitivity to the NSAIDS/deriv- 70-72KDa
atives. It appears that there is no

correlation between COX-2 B-actin
expression and sensitivity to the 42KDa

drugs studied (see Table 1)

Density
Level

Comparison of COX2 in CaOV3-TaxR and CaOV3 lines

CaOV; ™R CaOV;
Cox2
70-72KDa L J
B-actin
42KDa ——mm T —— S ——

Fig. 3 Immunoblot showing expression of COX-2 protein expression
in CaOV3TR cells while CaOV3 cells exhibit no detectable COX-2
protein

An evaluation of p75N™® expression by NSAIDs/NSAID
derivatives

In this study, we evaluated whether the NSAIDs/NSAID
derivatives induced an upregulation in the expression of
p75N™ in concert with the observed inhibition of cell
growth. Using immunoblot, we analyzed p75~™® expres-
sion in T24, DU-145, CaOV3 and CaOV3™R cell lines fol-
lowing 48 h treatment with dosages of the NSAIDs/NSAID
derivatives that induced significant inhibition of in cell
growth (i.e., MTT analysis). Although all the cell lines
showed an increased expression of p75N'R in response to
all the drugs tested, the expression levels varied in different
cell lines. Figure 5 is a representative immunoblot illustrat-
ing the significant increase in expression of p75N™® in T24
cells in response to minimal drug dosages that result in a
significant decrease in cell growth over the same time
period (i.e., see Table 1). Figure 6 shows immunoblot
results comparing the expression of p75N'® expression in
the CaOV3™R versus the CaOV3 parental cell line. The
greater up-regulation of p75N'R expression in CaOV3 cells

@ Springer

COX2 Expression in Different Cancer Cell Lines
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versus the CaOV3TR cell line (Fig. 6) correlates with the
observed increase inhibition of cell growth in CaOV3 ver-
sus the CaOV3T™R cell line (Fig.4). The correlation
between the expression of p75N R (Fig. 6) and the percent-
age of growth inhibition induced by a particular drug
(Fig. 4), was not always evident perhaps due to apoptotic
degradation of the p75™'® protein. RT-PCR of the DU-145
cell line supported the immunoblot studies showing an
upregulation of p75~NTR gene expression following treat-
ment with the NSAIDs/Derivatives (Fig. 7).

In order to demonstrate a causal relationship between
p75NTR gene expression and drug inhibition of cell growth,
we inhibited p75NR expression in T24 cells with siRNA
directed to p75N™® prior to treatment with the NSAIDs/
Derivatives. The T24 cell line was chosen because of pre-
liminary studies showing the ease of transfecting this par-
ticular cell line (data not shown). Immunoblots of these
treated cells indicated a significant reduction in p75N'R
expression in cells transfected with p75™ X targeted siRNA
compared with the non-targeted siRNA controls (Fig. 8).
This reduction in p75N® expression resulted in less growth
inhibition of the T24 cells treated with p75N'™R targeted
siRNA following exposure to the NSAIDs/derivatives
when compared with the non-targeted siRNA treated con-
trols (P < 0.05) (Fig. 9).

Discussion

In this investigation we compared the ability of selected
NSAIDs and NSAID derivatives to reduce the survival of
different cancer cell lines, including drug resistant cancer
cells. The NSAIDs and NSAID derivatives where chosen
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Fig. 4 This graph depicts the

growth inhibition of CaOV3 100
cells (black) versus CaOV3T*R WCa0V3 *
cells (gray) following 48 h incu- 01 5 caovaTaxR T
bation in 12.5 pM of NO-aspi- 80
rin, 25 uM celecoxib, 500 uM
R-flurbiprofen, 500 uM ibupro- _ 70
fen or 500 pM sulindac sulfone. [}
Error bars = standard error. 2 * *
. . - 60 *
Asterisk signifies that the Ii '|'
NSAIDS/Derivatives were " 50 .|-
significantly more effective 3?
in reducing the survival 40
of CaOV3 cells than CaOV3™®
cells treated with the same 30
dosage of the drug indicated
(i.e., P <0.05) 20
. i -
L e
NO-Asp Celecoxib R-Flurbiprofen Ibuprofen Sulindac
NSAIDs/Derivatives

P75-NTR Expression in T24 Cells in Response to NSAIDs/Derivatives
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4 G 4‘9 % %‘%
et %N R R v om
h e B %
P75-NTR
s - D - —
Bacin | e
42KDa
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40+
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No- - " R- Sulindac =
Aspirin Coleconti ﬂurhipmrmm su:faru DMSO *= means P<0.M

Fig. 5 Immunoblot (fop) and quantification of the immunoblot (be-
low) showing upregulation of p75~™® protein expression in T24 cells
following treatment with 5 pM of NO-Aspirin; 25 pM celecoxib;
500 uM ibuprofen, 500 uM R-flurbiprofen or 100 pM sulindac sul-
fone. Asterisk indicates significant differences between the treated cells
and the DMSO control (i.e., P < 0.01)

based on studies indicating that they showed promise as
anti-cancer agents. Other than ibuprofen, the compounds
tested had in common reduced gastrointestinal cytotoxicity
that is otherwise associated with NSAID treatment [1].
Since these NSAID and NSAID derivatives appear to target
cancer cells and are significantly less toxic than traditional
chemotherapeutic agents, they represent promising future
alternatives for both the treatment and prevention of a vari-
ety of cancers.

While all the drugs tested successfully reduced the sur-
vival of the cell lines studied, the effective dosages differed
significantly. NO-linked aspirin and celecoxib induced apop-
tosis at the lowest dosages. Therefore, if used for intravesicu-
lar (i.e., for superficial bladder cancer [46]) or intrathecal
(i.e., for solid tumors [56]) treatment modalities, these
NSAIDs might represent the most potent inducers of apop-
tosis. However, pharmacokinetic data indicates that less
than 1 pM of a similar NO-linked aspirin derivative (i.e.,
NCX 4016 [6]) and less than 5 uM of celecoxib [12] are
found in the blood of humans following oral administration
of acceptable dosages of these drugs. Therefore, despite
their effectiveness, when clinically relevant oral administra-
tion is taken into consideration, they may not be as effective
as some of the other compounds tested. Specifically, R-flur-
biprofen [38] and the over-the-counter NSAID ibuprofen
[32] appear to be more effective at close to clinically rele-
vant concentrations. R-flurbiprofen is attractive because it
has minimal cyclooxygenase inhibiting activity and has
been proven safe in ongoing clinical trials [30, 38, 45]. It
should be added that we also found that significantly
reduced dosages of these two drugs (i.e., 100 uM) can be
effective over longer periods of treatment (i.e., 2 weeks,
data not published). Therefore, these compounds might also
represent a potential approach to cancer prevention. Indeed,
epidemiological data supports the fact that individuals on
NSAIDs have significantly reduced incidences of a variety
of cancers [4, 49, 51].

To date, NSAIDs and NSAID derivatives used in this
study have not been evaluated for their ability to reduce the
survival of drug-resistant cancer cell lines. The present
study indicates that the NSAIDs/NSAID derivatives that we
evaluated appear to be less effective in reducing the survival
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P75-NTR Expression of Drug Resistant versus Parental Ovarian Cancer
Cells in Response to Different NSAIDs/Derivatives

R- Sulindac
DMSO NO-aspirin Celecoxib flurbiprofen Ibuprofen sulfone

P75-NTR . . .‘-
69KDa - - -. - . -
B-actin

e e, R L T T I L L
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DMSO  NO-Aspirin Celecoxib R- Ibuprof
flurbiprofen sulfone

m CaOV3 o CaOV3-TaxR

Fig. 6 Immunoblot (fop) and quantification of the immunoblot
(below) showing p75~NTR protein expression in CaOV3 cells (black)
versus CaOV3TR cells (gray) following treatment with 12.5 uM of
NO-Aspirin; 25 uM celecoxib; 500 uM ibuprofen, 500 uM R-flurbiprofen
and 500 pM sulindac sulfone. All the drugs tested induced a signifi-
cantly greater expression of p75™ ™R in CaOV3 cells than in CaOV3T#R
cells (i.e., small boxes indicate P < 0.01)

of drug-resistant cell lines than the parential cell lines.
Also, pharmacological inhibition of MDR-1 with verapa-
mil, failed to restore sensitivity of the drug-resistant ovar-
ian cell line to the drugs. Therefore, other strategies that
might increase the susceptibility of drug resistant cells to
chemotherapy may be applicable to the NSAIDs/NSAID
derivatives evaluated in the present investigation.

Another purpose of the present investigation was to
determine if the p75~N™® tumor suppressor [28] might rep-
resent an anti-growth molecular pathway common to the
variety of drugs tested. The molecular basis for the
chemoprotective effects of NSAIDs was initially attrib-
uted to inhibition of cyclooxygenases [14, 50, 67] since
the product of cyclooxygenase activity are thought to

Fig. 7 Real-time Quantitative

PCR for p75N™® in DU 145 cells 4
following treatment with vehicle

(control); 5 pM of NO-Aspirin; 3%
25 UM celecoxib; 500 pM

ibuprofen, 500 uM R-flurbipro- 0

fen and 100 pM sulindac
sulfone. Error bars represent
standard errors. Asterisks
signify P < 0.01 when
compared with control

Average Fold Change

Cantral
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contribute to tumor growth by inhibiting apoptosis [53]
and by inducing the formation of new blood vessels
needed to sustain tumor growth [36, 61]. Although this
view was supported by the observations that expression of
COX-2 is elevated in tumors [15, 52] and by genetic data
indicating that the COX-2 gene in mice is associated with
tumorigenesis [40], there is overwhelming evidence to
indicate that the ability of NSAIDs to induce apoptosis
and inhibit the progression of the cell cycle of cancer cells
are due to cyclooxygenase independent mechanisms.
Studies of cyclooxygenase-null cells have shown that the
antiproliferative and antineoplastic effects of NSAIDs are
independent of the inhibition of either COX-1 or COX-2
[71]. Indeed, although two of the NSAID derivatives eval-
uated in the present study (i.e. R-flurbiprofen, sulindac
sulfone) have little cyclooxygenase activity, they have
been shown to inhibit tumor growth both in vivo and
in vitro as much as the NSAIDs from which they were
derived [18, 43-45, 31, 32, 34-36, 49, 62, 66]. Also,
although a number of the cell lines studied in our and
other studies [41, 54] lack cyclooxygenase-2 activity;
they were still responsive to the drugs tested. Further-
more, the NSAIDs studied in this and other investigations
inhibit COX and thus prostaglandin synthesis at concen-
trations that are 10—100-fold less than the concentrations
that are associated with anti-tumor activity [59]. Finally,
others have shown that in cells producing COX, the COX
produced prostaglandins cannot rescue cells from
NSAID-associated growth arrest in vivo or in vitro [7, 19,
39]. Taken together, the foregoing strongly suggested that
COX-independent mechanisms are involved in the anti-
cancer effects of NSAIDs and NSAID derivatives.
Recently, we proposed that the p75 neurotrophin recep-
tor (p75N™®) appears to play a significant role in the anti-
growth effectiveness of ibuprofen [26]. Significantly, the
p75NTR is an upstream surface receptor whose signaling

QPCR of P75"™

- *

Subindac Ceeconib R-flu~bprofen

NSAID/NSAID Derivative

1euprafen HO-AspiTin
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Fig. 8 Immunoblot (top) and
quantification of the immunoblot
(below) showing a reduction in
p75NTR protein expression in
T24 cells which were transfected
with p75NTR targeted siRNA
(black) versus non-targeted
siRNA transfected controls
(gray) and then incubated for
48 h in the presence of 5 pM

of NO-aspirin, 25 pM celecoxib,
500 uM R-flurbiprofen, 500 pM
ibuprofen, or 100 pM sulindac
sulfone. Asterisk signifies

P <0.01 in p75~N™® targeted
siRNA (black) cells versus
non-targeted siRNA controls
(gray)

P75-NTR

42KDa

Density Level

Fig. 9 This graph depicts
growth inhibition of T24 cells
which had been transfected with
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cascade has been shown to include changes in many of the
signaling molecules so far associated with NSAID treat-
ment including down-regulation of NF-kappaB [69], Akt
[24], COX-2 production (via its effects on NF-kappa B
[27]), an increase in the mitochondrial pro-apoptotic effector
proteins Bax and Bik, [58] a decrease in the mitochondrial
pro-survival effector proteins phospho-Bad, Bcl-2 and Bcl-
xL [58], and an increase in ceramide production [55]. As
expected of an upstream signaling molecule, we recently
found that p75~N™® is expressed very early following treat-

Celecoxib R-Flurbiprofen Sulindac

NSIADs/Derivatives

Ibuprofen

ment with ibuprofen (within a few hours, unpublished
observation). In the present investigation, we found that all
the NSAIDs and NSAID derivatives that were selected for
study also induce an up-regulation of the p75~T® tumor sup-
pressor in concert with their anti-tumorigenic activity.
Also, the drugs induced a significantly greater expression of
p75N™in CaOV3 cells then in the drug resistant derivative
of this cell line (i.e., CaOV3TR cells). Furthermore, selec-
tive inhibition of p75™™® with siRNA resulted in a decrease
in the ability of the NSAIDs/derivatives to reduce survival
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of cancer cells in vitro. Therefore, p7

5NTR s a molecular

pathway that is responsible at least in part for the anti-can-
cer effectiveness of NSAIDs and their derivatives tested in
the present investigation. In view of these findings, the
p75NTR tumor suppressor pathway probably deserves atten-
tion in the structuring of newer and more effective chemo-
therapeutic treatments for cancer treatment.
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