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Abstract

Background: Cyclooxygenase-2 (COX-2) is an inducible
enzyme involved in the conversion of arachadonic acid to
prostaglandins and other eicosaniods. Persistent COX-2
expression is associated with multiple forms of can-
cer. Therefore, there is much interest in COX-2 specific,
non-steroidal anti-inflammatory drug use for cancer
chemotherapy. The mechanism by which these drugs in-
hibit tumor growth and progression is unclear, and our
knowledge about their potential to prevent or treat
prostate cancer is inadequate.
Materials and Methods: The effects of NS-398, a selec-
tive COX-2 inhibitor, on human prostate carcinoma cell
line LNCaP and the LNCaP subline C4-2b were investi-
gated in this study. NS-398 effects on apoptosis were
examined by caspase-3 activity increase, as well as inter-
nucleosomal cleavage. ELISA and PCR were used to
determine inhibitor effects on macrophage migration in-
hibitory factor (MIF) and COX-2 production.
Results: At 10 �M, NS-398 treatment resulted in in-
creased production of COX-2 and the pro-inflammatory

Address correspondence and reprint requests to: Katherine
Meyer-Siegler, Bay Pines VAMC, P.O. Box 5005, Bay Pines, 
FL, 33744. Phone: (727) 398-6661, ext. 5236; fax: (727) 398-9467;
e-mail: ksiegler@hsc.usf.edu.

cytokine, MIF by the C4-2b LNCaP subline. NS-398
(10 �M) induces apoptosis in LNCaP cells, but not in the
more aggressive, androgen-unresponsive C4-2b cells. The
C4-2b cells were observed to continue to proliferate when
treated with NS-398 and continued to retain malignant
phenotype characteristics. NS-398 treatment resulted in
C4-2b cell differentiation into an unusual neuroendocrine-
like cell. These neuroendocrine-like cells produced both
epithelial (cytokeratin 18 and prostate specific antigen)
and neuronal (neuron-specific enolase and chromogranin
A) proteins. Furthermore, this C4-2b cellular response 
to NS-398 was mediated by NF-�� transcription factor
activation.
Conclusions: These data suggest that COX-2 inhibition
induces NF-�� transcription factor activation, which sub-
sequently induces pro-inflammatory protein expression
(COX-2 and MIF) and neuroendocrine differentiation in
the LNCaP C4-2b subline. These data provide further evi-
dence that pro-inflammatory protein expression may play
an important role in prostate cancer progression.

Introduction
In the United States, prostate cancer is the most com-
mon malignancy and second leading cancer-related
death cause in males. Current metastatic prostate
cancer treatment is based on androgen ablation,
which initially results in reduced tumor cell growth,
apoptosis and temporary symptom regression. This
treatment modality usually results in aggressive
androgen-unresponsive relapse that is resistant to
further hormonal manipulation or conventional
chemotherapy. Androgen non-responsive prostate
cancer is heterogeneous, resists apoptosis, prolifer-
ates and metastasizes despite hormone depletion.
Recent efforts to develop new therapeutic strategies
for prostate cancer treatment have involved the utility
of non-steroidal anti-inflammatory drugs (NSAIDs).
NSAIDs are commonly prescribed drugs for inflamma-
tion control. However, these drugs have demonstrated

anticancer activity. Recent studies indicated that
men who regularly took NSAIDs exhibited a re-
duced risk of prostate cancer development (1). The
mechanism by which these drugs inhibit tumor
growth and progression is unclear, and our knowl-
edge about their potential to treat prostate cancer is
inadequate.

It has been suggested for decades that chronic in-
flammatory reactions in tissue result in increased car-
cinoma development risk. Excessive cell death is often
associated with inflammation, whereas increased cell
survival under these conditions contributes to cancer
outgrowth (2). Studies have associated increased 
inflammatory protein expression with cancer devel-
opment (3–5) and inflammatory gene inhibition is
associated with cancer prevention (6–8). In particu-
lar, studies from this laboratory have identified in-
creased macrophage migration inhibitory factor
(MIF) expression, a pro-inflammatory cytokine, with
metastatic prostate cancer (5,9). Recent studies have
associated increased COX-2 expression, a pro-
inflammatory enzyme, with prostate, as well as other
cancers (3,4,8,10–12). The COX enzyme exists in two
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PSA antibody (AB568), and chromogranin A anti-
body (MAB319) were from Chemicon International
(Temecula, CA).

Cell Viability Assay

1 � 106 cells were plated in six well cluster plates
with 2 ml of medium for 24 h. At time point 0,
medium was removed, cells were carefully washed
with phosphate buffered saline (PBS) and serum free
(SF), phenol-red free medium containing 0.5 �g/ml
BSA was added. Incubations were continued for an
additional 72 h with or without increasing NS-398
concentrations (17). NS-398 stocks (5 mM) were dis-
solved in 0.1% dimethylsulfoxide (DMSO). Cells and
culture medium were harvested at 24 h time intervals.
Dead cells were removed by gentle washing with PBS
and cell number determined by direct counting using
trypan blue dye exclusion to identify viable cells.
DMSO (0.1%) was added to control cultures.

Clonogenicity

NS-398 effects on cell division were assessed by 
NS-398 inclusion in SF PrEBM containing 0.5 �g/ml
BSA. Cells at 80% confluence were treated for 48 h
with NS-398 (10 �M). Cells were then trypsinized
at 24 h intervals and seeded (20 cells/cm2) in 96 well
plates in growth medium. Two plates per treatment
and vehicle control (DMSO) were analyzed. Fresh
medium was added 5 days after seeding and cell
number assessed following 10 days growth by
MTS assay (Promega, Madison, WI). Relative cell
number per well in the 96 well plate was determined
as described previously (18).

Morphological Assessment

1 � 103 cells were plated in 8-well chamber slides
(Nunc, Inc, Naperville, IL) with 0.5 ml cell growth
medium with or without 10 �M NS-398. Control
cultures contained 0.1% DMSO. Cells were ob-
served microscopically at 24 h intervals. Changes in
morphology were documented using a microscope
mounted digital cameral (Cool Snap, RS Photomet-
rics, San Diego, CA) and the AlphaInnotech 2200
Imaging System (AlphaInnotech, San Leandro, CA).
Morphological changes were quantified by using
the manual counting feature to count cells with char-
acteristic neuron-like morphologies. At least 200
cells were examined in each of the eight chambers
for each time point. Morphological changes specific
to increasing MIF concentrations were determined
by MIF polyclonal neutralizing antibody (R&D sys-
tems, goat-polyclonal) inclusion at a 1:200 dilution.
Controls for these experiments included the addi-
tion of isotype specific goat IgG1 control antibody at
a 1:200 dilution. These experiments were performed
in triplicate.

Qualitative DNA Fragmentation

Subconfluent cells were treated with NS-398 (10 �M)
for 72 h. Adherent cells were harvested by trypsin and

isoforms, COX-1, which is constitutively produced
and COX-2, the inducible form. COX-2 is induced
by a variety of factors including various cytokines,
growth factors and tumor promoters (13). A recent
study has determined that MIF up-regulates COX ac-
tivity and specifically induces COX-2 gene expres-
sion in synoviocytes (14). COX-2 can be induced
under normal conditions in the prostate (13). How-
ever, COX-2 overexpression in prostate epithelial
cells was reported to inhibit apoptosis and increases
malignant cell invasiveness (15). Attempts to iden-
tify specific COX-2 transcriptional mediators that
regulate gene expression and the mechanism(s) by
which NSAIDs modulate tumorigenesis are the cur-
rent investigational focus of many laboratories.

Until recently very little attention has been
given to COX-2 and MIF function in the prostate
and its relationship to prostate cancer. In this study
the LNCaP metastatic prostate cancer cell model is
used to elucidate NS-398 effects on cells that span
human prostate cancer stage extremes in genetically
related cells (LNCaP parental and LNCaP C4-2b sub-
line) (16). This study’s aim is to determine if NS-398,
a COX-2 specific inhibitor, induces prostate cancer
cell apoptosis in the androgen-unresponsive, highly
aggressive C4-2b LNCaP subline; a second aim is
to investigate NS-398’s effect on MIF and COX-2
expression in these prostate cancer cells.

Materials and Methods
Cell Culture

LNCaP cell line was obtained from the American
Type Culture Collection (Manassas, VA). LNCaP C4-
2b cell line was obtained from UroCore (Oklahoma
City, OK). Cells were routinely cultured in growth
medium, which consisted of Prostate Epithelial Basal
Medium (PrEBM, Clonetics, San Diego, CA) with
5% heat inactivated charcoal-stripped fetal bovine
serum (FBS, GIBCO-BRL, Grand Island, NY) sup-
plemented with 5 �g/ml insulin, 13.7 pg/ml triiodo-
thyronine, 5 �g/ml apo-transferrin, 0.24 �g/ml biotin,
25 �g/ml adenine, 100 units penicillin and 100 �g/ml
streptomycin. All supplements were filter sterilized
and purchased from Sigma (St. Louis, MO). Cells
were routinely cultured at 37�C in an incubator
equilibrated with 5% CO2.

Chemicals

Cytokeratin 18 specific antibody (A-3563) and DMSO
were obtained from Sigma. NS-398, isotype specific
goat IgG1 control antibody and COX-2 specific anti-
bodies (160107) were obtained from Cayman Chem-
icals (Ann Arbor, MI). Anti-human MIF antibodies
and recombinant protein were obtained from R&D
Systems (Minneapolis, MN). NF-�� specific in-
hibitor SN-50 and SN-50M inactive control pep-
tide were obtained from Calbiochem (San Diego,
CA). I��–� antibody, NF-�� p65 antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA). 
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Data are expressed as the mean gene expression
ratio defined as gene-specific (MIF or COX-2) band
area-intensity divided by 18S rRNA band area-
intensity � standard error of three separate PCR as-
says from three separate experiments. RT reaction
was controlled by absence of mRNA from RT reac-
tion tube, while the PCR reaction was controlled by
absence of gene-specific (MIF or COX-2) primer.

DEVDase Activity

Caspase-3 activity was measured using a colori-
metric protease assay in which the chromophore 
p-nitroanilide (pNA) is conjugated to the synthetic
peptide Asp-Glu-Val-Asp (DEVD, BioSource Inter-
national, Camarillo, CA). DEVD is the upstream
caspase-3 amino acid sequence cleaved in poly-ADP
ribose polymerase (PARP). Cells were lysed in
buffer [10 mM Tris-HCl (pH 8), 1% Triton X-100,
0.32 M sucrose, 5 mM EDTA, plus protease in-
hibitors (Gibco/BRL)] for 1 h at 4�C. 3 �g total cell
lysate was used to determine caspase-3 activity. Free
pNA was quantified by absorbance at 405 nm using
an ELISA plate reader. Data are expressed as pNA
optical density units per mg total protein in
NS-398 treated cultures compared with vehicle
(DMSO) treated control. Total protein in cell lysates
was determined by the Bradford method (20).

Inhibition of NF-�� Nuclear Translocation

1 � 106 cells were plated in six well cluster plates
with 2 ml of medium for 24 h. At time point 0,
medium was removed, cells were carefully washed
with phosphate buffered saline (PBS) and serum
free (SF), phenol-red free medium containing
0.5 �g/ml BSA was added. Incubations were contin-
ued for an additional 3 days with or without 10 �M
NS-398. NF-�� nuclear translocation inhibitor 
peptide SN-50 (25 �g/ml) or the control peptide 
SN-50M (25 �g/ml) was added in addition to NS-
398. Incubations were continued for an additional 
3 days. Cells were harvested at 24 h time intervals
and analyzed for MIF and cox-2 mRNA amounts.
Two plates per treatment and vehicle control
were analyzed and the experiment performed in
duplicate.

Electrophoretic Mobility Assay (EMSA)

The presence of a NF-�� binding site within the
human MIF gene promoter was established by a
database search. MatInspector software (available
online at http://www.molbiol.ox.ac.uk/documenta-
tion/MatInspector.html) was used to search the
known human MIF promoter region for NF-��
binding sites. A putative site was found at �485 bp
based upon the published genomic sequence (Gen-
Bank L19686, chromosome 22:20881614–20882613).
Treated C4-2b cells (10 �M NS-398 and DMSO con-
trol, 72 h) were washed with ice cold PBS, harvested
by scraping and centrifugation (2,000 g for 15 min).
Cells were lysed in buffer (10 mM HEPES pH 7.6,

pooled with detached cells in the culture medium.
Following centrifugation (2,000 g for 5 min at 4�C)
cells were washed with cold PBS, lysed in lysis buffer
(100 mM NaCl, 100 mM Tris (pH 8.0), 25 mM EDTA,
0.5% SDS and 100 �g/ml proteinase K), and 20 �g
purified DNA separated on 1.5% agarose gels using
TAE buffer and analyzed as described (17).

ELISA and Western Blotting

MIF was quantified using a sandwich ELISA previ-
ously described (18). Prostate specific antigen (PSA)
in culture medium was assayed by indirect ELISA
by diluting conditioned medium 1:1 with 50 mM
carbonate buffer pH 9.0 followed by distribution of
50 �l aliquots into triplicate wells in 96 well plates
followed by incubation overnight at 4°C. Antigen
solution was then removed, non-specific protein
binding blocked by 1 h incubation with milk dilu-
ent buffer (1:20 dilution) (Kirkegaard & Perry Labo-
ratories, Gaithersburg, MD) and PSA detected using
rabbit anti-human PSA polyclonal antibody (1:1000).
Alkaline phosphatase conjugated anti-rabbit IgG
(1:10000, Sigma A2306) and BluePhos substrate
(Kirkegaard & Perry Laboratories) was used to
quantify antigen in samples. PSA (purified human
protein, AG650, Chemicon International) standard
curve was generated using serially diluted PSA at
concentrations starting from 125 ng/ml. ELISA for
COX-2, chromogranin A and neuron specific enolase
(NSE) were developed as per PSA ELISA using anti-
gen specific antibodies (1:1000 dilutions) and ap-
propriate secondary antibody conjugates. Western
blots were performed using the general protocols as
outlined previously (19). SDS-polyacrylamide gel
samples were prepared so that the final total protein
concentration equaled 30 �g/ml.

Relative Quantitative RT-PCR

cDNA was reverse transcribed from 1 �g total cellular
RNA using random decamers and Moloney-Murine
Leukemia Virus reverse Transcriptase (Ambion,
Austin, TX) as described (19). Gene specific primer
(50 pmole 3’ and 5’) was mixed with 3:7 18S
primer/Competimer mix (Ambion). The generated
488 bp 18S rRNA PCR fragment was used as an in-
ternal standard to quantify gene specific PCR pro-
ducts. COX-2 specific PCR primers were forward: 
5’ CCAGTATAAGTGCGATTGTACC 3’ and reverse:
5’ CCGTAGATGCTCAGGGACTTGA 3’, while the
MIF PCR primers were as described previously (19).
MIF amplification reactions resulted in the amplifi-
cation of a 254 bp fragment and were carried out in
25 sequential cycles of 94�C for 60 sec, 55�C for 
60 sec, and 72�C for 60 sec, followed by 72�C for 
10 min. COX-2 amplifications resulted in a 696 bp
fragment. COX-2 reactions were carried out in 30 se-
quential cycles of 94�C 30 sec, 53�C 30 sec, 72�C 
60 sec, followed by 72�C for 10 min. DNA bands
were resolved on 2% agarose TAE gels and quanti-
fied using the AlphaInnotech 2200 imaging system.
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10 mM KCl, 0.1 mM EDTA, 1.5 mM MgCl2, 0.2%
NP-40, 1 mM dithiolthreitol (DTT) and 0.5 mM
phenylmethylsufonylfluoride (PMSF). The nuclear
pellet was resuspended in buffer (20 mM HEPES pH
7.9, 20% (v/v) glycerol, 100 mM KCl, 0.2 mM
EDTA, 0.2 mM PMSF and 0.2 mM DTT). NF-��
binding activity was determined an assay that de-
tects protein binding to a double stranded oligonu-
cleotide that contains tandem repeats of the NF-��
consensus sequence: GGGGACTTTCC (Life Tech-
nologies, Rockville, MD). Controls included addi-
tion of a specific competitor oligonucleotide for the
NF-�� binding site, addition of MIF neutralizing an-
tibody (1:200 dilution) and isotype specific goat
IgGl control antibody (1:200 dilution). Samples
were subjected to electrophoresis on a non-denatur-
ing 6% polyacrylamide gel at 150 V at room temper-
ature for 1.5 h. Gels were dried under vacuum at
80�C for 1 h then exposed to X-OMAT film overnight
at �80�C with intensifying screens.

Data Analysis

Raw data were compiled and used to determine
means, standard deviations (SD), standard error
of the means (SEM) and ranges. Analysis of vari-
ance (ANOVA) was used for grouped variables,
while Student’s t-test was used for paired variables.
Regressions, ANOVA and Student’s t-tests were cal-
culated using SigmaStat (SPSS, Chicago, IL). Gel
band intensities were quantified by direct area-
intensity measurements using a digital imaging
system (AlphaImager 2200 AlphaInnotech, San
Leandro, CA) and SigmaScan Pro image analysis
software (SPSS). In all instances significance is
determined at an � � 0.05 and all data is reported as
the mean �SEM.

Results
Effects of NS398 on LNCaP and C4-2b 
Viability and Growth

Initial experiments compared NS-398 effects on
LNCaP and C4-2b viability. As shown in Fig. 1
LNCaP cell treatment with 10 �M NS-398 results in
a significant decrease (85% compared with control;
Student’s t-test, P � 0.008) in total viable cells
within 48 h, as measured by trypan blue dye exclu-
sion direct cell counting. In contrast, 10 �M NS-398
treatment of C4-2b cells resulted in no significant
change in total cell numbers when compared to ve-
hicle control cultures following 72 h NS-398 treat-
ment (P � 0.064, power � 0.499).

Cell proliferation following treatment with 
NS-398 was used to assess whether the reduction in
LNCaP viability was due to inhibitor cytotoxicity.
Relative cell numbers were estimated by MTS assay
as described previously (18). For both LNCaP and
C4-2b cells 24 h treatment with 10 �M NS-398 did
not result in any significant toxic effect on cell prolif-
eration following inhibitor removal (Student’s t-test, 

P � 0.059, LNCaP; P � 0.073, C4-2b). Treatment with
NS-398 (24 h) resulted in 90% LNCaP cell survival
following inhibitor removal and 48 h incubation in
growth medium (2.3 � 106 � 3.5 � 104 control cells
per well versus 2.1 � 106 � 3.5 � 104 treated cells per
well) when compared with vehicle treated cells. C4-
2b cells exhibited 98% survival following NS-398 re-
moval (3.1 � 106 � 4.0 � 103 control cells per well
versus 2.9 � 106 � 4.1 � 103 treated cells per well).
The vehicle (0.1% DMSO) was non-toxic to the
prostate tumor cells and had no effect on cell division
(both cell lines showed greater than 98% survival fol-
lowing DMSO treatment compared with untreated
cultures).

NS-398 Induced Apoptosis

To determine whether NS-398 induced apoptosis
was responsible for the decrease in LNCaP cell via-
bility, LNCaP and C4-2b cells were incubated with
increasing NS-398 concentrations (2.5–200 �M) for
72 h (data not shown). The minimal concentration
that induced reproducible apoptosis in LNCaP cells,
as assessed by DNA laddering, was used in subse-
quent apoptosis experiments (10 �M). Internucleo-
somal DNA cleavage, an apoptosis hallmark, was
assessed by genomic DNA agarose electrophoresis
following 72 h treatment with 10 �M NS-398. LNCaP
cells, but not C4-2b cells demonstrated typical DNA
laddering (Fig. 2A). Apoptosis inhibition by ele-
vated COX-2 was reported as concomitant with in-
hibition of caspase-3 activation (21). Thus, in the

Fig. 1. NS-398 effects on proliferation of prostate
epithelial cells in culture. LNCaP or LNCaP C4-2b cells 
(1 � 106) were plated in 6 well cluster plates for 24 h in
standard medium, then medium was replaced with serum-free
medium supplemented with 0.5 �g/ml BSA containing 10 �M
NS-398. Cells were cultured for an additional 72 h with
samples taken at 24 h intervals. Cell number was determined
by direct counting using trypan blue dye exclusion. Data
represents mean of three separate experiments performed in
duplicate. Closed triangle, C4-2b control; open triangle, C4-2b,
NS-398; closed circle, LNCaP control; open circle, LNCaP, 
NS-398. DMSO (0.1%) was added to control cultures. Error
bars � SE of means.
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both intracellular COX-2 protein (Fig. 3C; 2-fold,
Student’s t-test, P � 0.026) and COX-2 mRNA levels
(Fig. 3D; 2-fold, P � 0.01) in C4-2b cells. In addition,
NS-398 (10 �M) up-regulates secreted MIF protein
approximately 2-fold in both LNCaP and C4-2b cells
(Fig. 3A; Student’s t-test, P � 0.037 for LNCaP and 
P � 0.029 for C4-2b), while MIF mRNA levels in-
crease 2.5-fold in both LNCaP and C4-2b cells (Fig.
3B, P � 0.01). MIF mRNA levels were observed to
increase within 24 h of NS-398 treatment in both cell
types (1.5-fold increase in gene expression ratio, Stu-
dent’s t-test, P � 0.01) and in C4-2b cells the NS-398
induced up-regulation of MIF and COX-2 expres-
sion continued through out the 72 h assay period.

NS-398 Induces Neuroendocrine Phenotype in C4-2b Cells

Microscopic observation of C4-2b cells treated with
10 �M NS-398 indicated that treatment induces
gradual changes in cellular morphology that began
within 24 h exposure to NS-398 with greater than 
20 � 3.3% of the total cells exhibiting neuroen-
docrine morphology. By 72 h, 70.8 � 4.5% of C4-2b
treated cells became elongated with prominent den-
drite-like cytoplasmic processes extending from the
cytoplasm with some dendrite extensions forming

present study apoptosis induction or inhibition was
confirmed by caspase-3 activity assay. As seen in
Fig. 2B LNCaP cells treated with NS-398 for 48 h ex-
hibited caspase-3 activity (ANOVA, P � �0.001,
when compared with LNCaP control). Basal cas-
pase-3 activity, detected in zero hour LNCaP cultures
was attributed to generalized protease activity, since
this activity was abolished by addition of a pro-
tease inhibitor cocktail. There was no significant
caspase-3 activity detected in C4-2b cells with or
without NS-398 treatment (ANOVA, P � 0.63;
Power � 0.51). C4-2b cells showed no apoptotic
signs at NS-398 concentrations as high as 200 �M
(data not shown).

NS-398 Effects on COX-2 and MIF Expression

Under the described conditions, both LNCaP and C4-
2b constitutively express MIF and COX-2 as deter-
mined by Western and RT-PCR (Fig. 3). In C4-2b
cells both MIF and COX-2 basal levels are elevated
compared with LNCaP. These cells secrete approxi-
mately 2 fold more immunoreactive MIF protein and
contain 4 fold more immunoreactive COX-2 protein
than LNCaP cells (Fig. 3A and C, Student’s t-test, 
P � 0.022). NS-398 treatment (10 �M) up-regulates

Fig. 2. NS-398 effects on apoptosis in LNCaP cells. Cells were cultured as in Fig. 1. At designated intervals adherent cells were
harvested by gentle scraping and pooled with non-adherent cells floating in culture medium. Cells were collected by centrifugation
then washed with PBS. (A) DNA laddering: Cells were collected following 72 h treatment with NS-398, then genomic DNA (20 �g)
was separated on 1.5% agarose gels using TAE buffer. DNA was visualized in the SYBR-green stained gel and photographed. Gel is
representative of data from three separate experiments. Lanes 1–2, C4-2b; lanes 3–4, LNCaP; lanes 1–3, DMSO controls; lanes 2–4,
NS-398 treatment (10 �M) B). (B) Caspase-3 activity: Cells were collected following 48 h treatment with NS-398. 3 �g total cellular
protein from cell lysates was used to determine protease activity toward the synthetic peptide Asp-Glu-Val-Asp (DEVD). Free pNA
produced by DEVD cleavage was quantified by absorbance at 405 nm using an ELISA plate reader. Caspase-3 activity is expressed
pNA optical density units/mg total cell lysate protein. Open, LNCaP, DMSO control; closed, LNCaP, NS-398. Caspase-3 activity could
not be detected in C4-2b cells and extremely low basal levels detected in zero hour LNCaP cultures was attributed to basal cell lysate
protease activity, as this activity was lost upon 1 mM protease inhibitor cocktail (Gibco/BRL) inclusion in the assay. Data are mean of
three separate experiments performed in duplicate. Error bars � SE of means.
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Fig. 3. NS-398 effects on MIF and cox-2 expression in LNCaP parental and C4-2b cells. Cells were cultured as in Fig. 1. At 24 h
intervals culture medium was collected and cells harvested by gentle scraping. Half of the collected cells were used to isolate total pro-
tein, the remaining cells were used to isolate total RNA. (A) Secreted MIF levels: ELISA determined MIF in culture medium. Open,
LNCaP control; hatched left, LNCaP NS-398; hatched right, C4-2b control; cross-hatched, C4-2b NS-398. Data are means of three sepa-
rated experiments performed in triplicate. Error bars � SE of means. (B) MIF mRNA concentrations: MIF mRNA was determined by
relative Q-RT-PCR. MIF specific primers and 18S rRNA primers: competimers (3:7) were simultaneously added to PCR reaction tubes
and used to co-amplify MIF and 18S rRNA. PCR products were separated by agarose gel electrophoresis and areas as well as relative
intensity were determined using AlphaImager. The area intensity of the MIF PCR product band (254 bp) was divided by area intensity
of the 18S rRNA PCR product band (488 bp). Gel is representative of three independent experiments performed in triplicate. Lanes 1–2,
C4-2b; lanes 3–4, LNCaP; lanes 1–3, DMSO controls; lanes 2–4, NS-398 treatment (10 �M). Gel is representative of two independent
experiments performed in triplicate. (C) Intracellular COX-2 levels: ELISA determined cell lysate COX-2. Closed circle, LNCaP con-
trol; open circle, LNCaP NS-398; closed triangle, C4-2b control; open triangle, C4-2b NS-398. Data are means of three separate 
experiments performed in triplicate. Error bars � SE of means. (D) COX-2 mRNA levels: COX-2 mRNA was determined by relative
Q-RT-PCR. COX-2 specific primers and 18S rRNA primers:competimers (3:7) were simultaneously added to PCR reaction tubes and
used to co-amplify COX-2 and 18S rRNA. PCR products were separated by agarose gel electrophoresis and areas and relative intensity
determined using AlphaImager. The area intensity of the COX-2 PCR product band (696 bp) was divided by area intensity of the 18S
rRNA PCR product band (488 bp). Lanes 1–2, LNCaP; lanes 3–4, C4-2b; lanes 1–3, DMSO controls; lanes 2–4, NS-398 treatment 
(10 �M). Gel is representative of three independent experiments performed in triplicate.

connections among neighboring cells (Fig. 4A).
These morphological changes could be reversed by
either removal of NS-398 and subsequent 48 h in-
cubation in growth medium or by MIF neutraliz-
ing antibody (1:200 dilution) addition to growth
medium along with NS-398 (data not shown).

Addition of either isotype specific goat IgG1 control
antibody (1:200 dilution) or cox-2 neutralizing anti-
body (160107, Cayman Chemical, 1:200 dilution)
did not reverse these morphological changes indi-
cating that this observation was related to elevated
MIF concentrations seen in NS-398 treated C4-2b
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roendocrine morphology prompting an analysis of
prostate epithelial and neuron specific protein ex-
pression. NS-398 increases PSA and cytokeratin-18,
as well as, neuron specific proteins chromogranin A
and NSE as detected by ELISA and Western blots in
C4-2b cell lysates (Table 1. and Fig. 4B). Chromo-
granin A and NSE could be detected in cell lysates
from 72 h control cultures (222.8 � 20.9 and 139.3 �
22.8 pg/ml/ 105 cells, respectively). Following 72 h
NS-398 treatment, C4-2b cells exhibited a greater
than 5-fold increase in neuron specific enolase (P �
0.001) and 3-fold increase in chromogranin A (P �
0.001). In addition, following 72 h NS-398 treat-
ment, these cells exhibited 2-fold increases in cytok-
eratin 18 (K18) as determined by Western blot
intensity analysis (Fig. 4B; P � 0.035) and a 2-fold
increase in intracellular PSA (P � 0.005). Differenti-
ation in prostate cancer cells is usually associated
with cell growth inhibition and a decrease in
prostate specific antigen (PSA) levels. NE differenti-
ation was not seen in DMSO treated cultures sug-
gesting that this phenotypic change is induced by
NS-398. C4-2b cells reverted to epithelial like phe-
notype following removal of NS-398, replacement
with growth medium and incubation at 37�C for 
48 h (data not shown). C4-2b cells show neither
altered morphological changes nor increases in
neuron-specific markers when co-incubated with
NS-398 and MIF neutralizing antibody (NSE, Stu-
dent’s t-test, P � 0.072, Power � 0.51; Chromogranin
A, Student’s t-test, P � 0.059, Power � 0.53). The
neuron-like morphology was not reversed when cells
were co-incubated with NS-398 and isotype specific
goat IgG1 control antibody (1:200 dilution).

NS-398 Induces NF-�� and Down-regulates I��–�
Protein Expression in LNCaP C4-2b Cells

Experiments using NF-�� specific nuclear translo-
cation inhibitor SN-50 showed that when active
NF-�� is inhibited from entering the nucleus, MIF
and COX-2 mRNA levels decrease (65% and 70%,
respectively P � 0.02), which suggests that NF-��
mediates NS-398 effects. Western blot analysis was
used to elucidate whether NS-398 alters NF-��
protein concentrations within C4-2b cells. Based

cells. This result indicates that the NS-398 induced
change in C4-2b cellular morphology is in part
mediated by elevated MIF concentrations. The ob-
served morphological changes were similar to neu-

Fig. 4. NS-398 effects on morphology and neuron specific
and epithelial cell specific protein expression. C4-2b cells
were cultured with NS-398 (10 �M) for 72 h, samples were 
obtained every 24 h. Cells were photographed and total cellular
protein isolated. (A) Morphological changes in C4-2b: phase
contrast photomicrograph of 72 h C4-2b cultures (400X 
magnification), (left) 0.1% DMSO treated control C4-2b cells
and (right) 10 �M NS-398 treated cells. A low cell density area
was photographed in the NS-398 cultures to visualize 
dendrite-like cytoplasmic processes. (B) Cytokeratin 18 in 
C4-2b cell lysate protein: Cytokeratin 18 was detected by 
Western blot analysis. 300 ng of total protein was loaded per
well. Lane 1, 0.1% DMSO control; lane 2, 10 �M NS-398.
Cytokeratin-18 was quantified by image intensity analysis of
Western blots using a digital imaging system. Cytokeratin-18
levels are expressed as arbitrary area intensity units (255
equivalent to black, 0 equivalent to white). Band intensity
analysis determined a 2-fold increase in cytokeratin 18 
concentration in NS-398 treated cells (8516 � 1558, DMSO
control; 20680 � 1760, NS-398 treatment). Blot is representative
of data from two independent experiments.

Table 1. Expression of neuron-specific and prostate epithelial-specific proteins by C4-2b 
neuroendocrine-like cells

Treatment PSA Chromogranin A Neuron Specific Enolase

Control 13.6 � 2.4 222.8 � 20.9 139.3 � 22.8

NS-398 25.6 � 1.3 732.8 � 48.8 700.8 � 49.8

Cells were collected following 72 h treatment with 10 �M NS-398 as described in Materials and Methods. Total cellular lysate was
used to determine PSA, Chromogranin A and neuron-specific enolase by ELISA. ELISA data are expressed as mean ng/ml total cellular
lysate/105 cells � SE of means. Data represents three separate experiments performed in triplicate.
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upon Western blot band intensities, there is no
significant difference in basal concentrations of
both NF-�� and its specific inhibitor, I��–� , as de-
tected in LNCaP and C4-2b cell lysates (P � 0.06,
Power � 0.47). However, 72 h NS-398 treatment
increased NF-�� protein concentrations 3-fold
compared to DMSO treated controls in C4-2b cells
(Fig. 5A, P � 0.005). Elevated NF-�� protein alone
is not indicative of increased transcriptional activ-
ity. Increased NF-�� activity may actually result
from decreased I��–�. The net affect of increased
transcription factor along with a decrease in its
specific inhibitor would be an increase in nuclear,
active NF-��. Western blot analyses determined
that NS-398 treatment both increased NF-�� and
reduced active I��–� 3-fold in C4-2b cells (P �
0.001, Student’s t-test); indicating that in C4-2b
cells NS-398 treatment results in a net increase in
available, biologically active NF-�� (Fig. 5A).
Western blot NF-�� analysis determines total NF-
�� concentration, but this assay does not deter-
mine transcription factor activity. NF-�� activity in
NS-398 treated C4-2b cells was ascertained by
electrophoretic mobility shift assay (EMSA). Dou-
ble stranded oligonucleotides containing NF-��
consensus sequence (GGGGACTTTCC) tandem re-
peats were labeled with 32P. Nuclear extracts from
DMSO control and NS-398 (10 �M) treated C4-2b
cultures were mixed with labeled oligonucleotides
and the resulting DNA-protein complexes separated

by non-denaturing polyacrylamide gel electrophore-
sis. Results show that NS-398 treatment increased
active NF-�� (Fig. 5B, lane 1). Band intensity deter-
mined by densitometric analysis revealed that NS-
398 treatment results in a 2-fold increase in NF-��
binding activity in C4-2b cells (Student’s t-test, P �
0.002). Binding specificity was confirmed by unla-
beled NF-�� oligonucleotide addition, which re-
duced detected binding activity (Fig. 5C, lane 2).
Addition of MIF neutralizing antibody along with
NS-398 resulted a 3-fold decrease in NF-�� as deter-
mined by EMSA (Student’s t-test, P � 0.002, lane 1
compared with lane 3, Fig. 5B), which indicates that
NS-398 induced increases in MIF concentrations are
partially responsible for increased NF-�� activity.
Addition of isotype specific goat IgG1 control anti-
body (1:200 dilution) did not alter NF-�� EMSA
band intensities.

Discussion
Pro-inflammatory proteins, over-expressed in cells,
may result in persistent activation of normally
transiently activated genes, resulting in pheno-
typic changes that eventually lead to neoplasia de-
velopment. Among the various pro-inflammatory
proteins recently investigated, COX-2 up-regula-
tion is a frequent occurrence in a variety of tumors
including the prostate (4,22,23). A recent study
has determined that COX-2 expression is 4 fold

Fig. 5. NS-398 effect on NF-�� and I��–� Expression in C4-2b Cells. C4-2b cells were cultured with NS-398 (10 �M) for 72 h.
(A) Western blot analysis: total cellular protein isolated and separated by SDS-PAGE. Protein was transferred to PVDF and NF-��
and I��–� detected by Western blot analysis. I��–� was detected using an antibody specific for the activated form. Blots are represen-
tative of data from two independent experiments. Lane 1, C4-2b DMSO control; lane 2, C4-2b, 10 �M NS-398. Upper bands repre-
sents NF-�� p65, lower bands represents I��–�. (B) Electrophoretic mobility assay (EMSA): double stranded oligonucleotides con-
taining NF-�� consensus sequence (GGGGACTTTCC) tandem repeats were labeled with 32P. Nuclear extracts from DMSO control and 
NS-398 (10 �M) treated C4-2b cultures were mixed with labeled oligonucleotides and the resulting DNA-protein complexes separated
by non-denaturing 6% polyacrylamide gel electrophoresis. NS-398 added to C4-2b cells increases NF-�� binding to NF-�� DNA 
consensus sequence oligonucleotide as determined by EMSA; lane 1, NS-398 (10 �M); lane 2, DMSO control; lane 3, NS-398 (10 �M)
and MIF neutralizing antibody (1:200 dilution). Autoradiograph is representative data from two independent experiments. 
(C) Electrophoretic mobility assay (EMSA) NF-�� specificity: reactions were performed as in Fig. 5 B except that addition of excess
unlabeled competitor NF-�� DNA consensus sequence oligonucleotide (800 ng) was added to NS-398 (10 �M) treated nuclear
extracts. Lane (�) NS-398 (10 �M) treated nuclear extracts without addition of unlabeled competitor sequence; (	) NS-398 (10 �M)
treated nuclear extracts with addition of unlabeled competitor sequence. Autoradiograph is representative of data from two indepen-
dent experiments.
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higher in prostate cancer compared with BPH (4).
In addition, this same study determined that COX-
2, localized intracellularly to luminal glandular
cell membranes in well-differentiated tumors, be-
came primarily cytoplasmic in poorly differenti-
ated tumors (4). It is possible that sustained
prostaglandin generation, mediated by elevated
COX-2, is a critical step in the multi-step genetic
processes that eventually result in prostate tumori-
genesis. Thus, it is important to understand the
mechanisms regulating COX-2 in prostate cells
and its role in tumor growth.

Initially androgen ablation successfully shrinks
primary and metastatic prostate lesions by inducing
apoptosis in androgen-responsive prostate cancer
cells. However, androgen ablation may select for
cells already over-expressing pro-inflammatory pro-
teins, in part, for their ability to resist apoptosis.
Prostate cancer cells are extraordinarily heteroge-
neous, suggesting that perhaps various diverse sig-
naling pathways may be involved in apoptosis
resistance evolution. If COX-2 inhibitors are to be
useful in prostate cancer treatment they should in-
duce apoptosis without inducing additional pro-
inflammatory mediators. Increased COX-2 protein
levels in epithelial cells have been shown to inhibit
apoptosis and increase malignant cell invasiveness
(15). Thus, it has been suggested that COX-2 inhibi-
tion may be an effective cancer chemotherapeutic
modality. NSAID dosage required to achieve tu-
morigenesis inhibition is much higher than that
required to reduce COX-2 enzyme activity suggest-
ing that these inhibitors may have multiple modes
of action (1). Since short term NS-398 exposure 
(24 h, Fig. 1) did not affect LNCaP tumor cell viabil-
ity this drug’s effects on LNCaP cells cannot be at-
tributed cytotoxicity alone. Apoptosis was identified
previously as a mechanism responsible for the NS-
398 induced decline in viable LNCaP cells (17). The
data presented here continue to support COX-2 in-
hibitor use as chemotherapeutic agents for prostate
cancer prevention, as LNCaP cells are stimulated to
undergo apoptosis when exposed to NS-398 for peri-
ods of at least 48 h. However, use of COX-2 in-
hibitors for prostate cancer chemotherapy is indi-
cated with the caveat that it can be determined that
the patient does not currently have aggressive
prostate cancer. The results of the present study in-
dicate that COX-2 inhibitors may trigger a “survival
response” in certain aggressive prostate cancer cells,
as exemplified by the C4-2b LNCaP subline. This
survival response includes pro-inflammatory cy-
tokine MIF up-regulation, as well as an apparent
MIF specific neuroendocrine phenotype induction.
The present results demonstrate that NS-398 treat-
ment does not induce apoptosis and appears to stim-
ulate neuroendocrine differentiation, MIF up-regu-
lation and increased NF-�� activity in C4-2b cells.
Thus, in the prostate localized cellular response to
COX-2 inhibitors may be contrary to the current

paradigm if aggressive prostate cancer cells are pre-
sent. As suggested by a recent study by Subbarayan
and co-workers, COX-2 expression in the prostate
may depend upon the presence of cytokines and
other growth factors found in the tumor microenvi-
ronment (23). The present results demonstrate that
MIF may be a cytokine that regulates COX-2 ex-
pression and may be partially responsible for apop-
tosis resistance and malignant neuroendocrine
differentiation seen in the C4-2b cells. Previous 
experimental results from other laboratories deter-
mined that fibroblasts (Rat-1/mycER) and macro-
phages (RAW264.7) treated with MIF were able to
overcome p53—dependent apoptosis (24). Thus, a
role for MIF as a link between inflammation and
cancer has been established with chronic NF-�� ac-
tivation and bypass of p53 induced apoptosis as
mechanisms that could contribute to tumorigenesis.

This laboratory’s focus is MIF’s role in prostate
function. MIF is a critical immune system component
and acts in concert with glucocorticoids to regulate in-
flammation and immunity (25). Previous work from
this laboratory demonstrated that elevated MIF levels
are associated with metastatic prostate cancer (5). MIF
is an unusual pro-inflammatory cytokine since it is
induced by glucocorticoids and modulates cytokine
production in response to hormone levels (25).
Based upon its role in promoting inflammation un-
der anti-inflammatory conditions, it was hypothe-
sized that MIF levels would be elevated in response
to NS-398. NS-398 has been shown to stimulate
both COX-2 mRNA and protein synthesis (26). The
present study’s results link COX-2 inhibition with
elevated MIF secretion in prostate cells. MIF ex-
pression may be stimulated in response to COX-2
inhibition so that other pro-inflammatory and sur-
vival genes regulated by MIF are activated. MIF
synthesis and release, induced by glucocorticoids
has been documented in other cell systems (25). A
recent study has documented that MIF up-regulates
COX-2 activity (14). Thus, MIF appears to be a pro-
inflammatory cytokine whose activity is implicated
in a wide range of regulatory actions involved in
the inflammatory cascade, including COX-2 up-
regulation. The experimental results delineated in
the current paper suggest that induction of MIF re-
lease, at least in prostate cancer cells, may be a gen-
eralized response to an anti-inflammatory agent; as
evidenced by the initial MIF up-regulation seen in
LNCaP and C4-2b cells following NS-398 treatment.

Of the possible transcription factors that could
regulate COX-2 and MIF this study focused on NF-��
because the human COX-2 and MIF promoters
contain a regulatory DNA sequence to which NF-��
binds (27,28). It has been suggested that NSAID
ability to act as tumor growth suppressors may be in
part related to their ability to inactivate NF-��
(29–31). In addition, MIF was reported to inhibit hy-
drocortisone induced effects on the NF-�� signal
transduction pathway (32), therefore the potential
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relationship between COX-2 inhibition, NF-�� acti-
vation and MIF in the prostate was explored. Con-
stitutive NF-�� activation in prostate tumor cells may
increase anti-apoptotic gene expression, thereby con-
tributing to malignant phenotype development. In
the present study, we demonstrated that reduction in
available active NF-�� due to SN-50 treatment de-
creased MIF and COX-2 expression in C4-2b cells,
thus implicating NF-�� in these processes. I��–�
binding to NF-�� masks the transcription factor’s nu-
clear localization signals and inhibits NF-�� activity.
SN-50 is a bioactive peptide that binds active NF-��
nuclear translocation signal, acting in a manner sim-
ilar to I��–�. MIF antagonizes hydrocortisone’s effect
on NF-�� by inhibiting the hydrocortisone induced
increases in cytosolic I��–� (32). Thus, it is possible
that the elevated MIF levels induced by the anti-
inflammatory drug, NS-398, exerts a similar inhibitory
effect on cytosolic I��–� in prostate epithelial cells.
In addition, increased MIF secretion may be a gen-
eralized cellular response to anti-inflammatory
agents. The results presented here extend MIF’s pro-
inflammatory action as this cytokine is up-regulated
in response to a COX-2 specific inhibitor. Although
the detailed inhibitory mechanism is not yet deter-
mined, the results reported here, clearly indicate a
role for NF-�� in these processes.

Neuroendocrine (NE) differentiation within pro-
state tumors has been proposed as a contributing fac-
tor in prostate cancer disease progression (33). NE
differentiation, as reflected by increased expression
of NE secretory products is associated with poor
prognosis, tumor progression and androgen-unre-
sponsiveness (33). In most instances, prostate can-
cer cell NE differentiation results in a decrease in
both proliferation and PSA secretion. However,
dual expression of epithelial characteristics (PSA)
and NE markers has been demonstrated in prostate
cancer cells (34,35). Although these cells display
NE characteristics, the malignant NE differentiated
cells should be distinguished form the normal
prostate NE cell. Normal NE cells are thought to be
terminally differentiated and post-mitotic. Several
prostate cancer cell lines will manifest a mixture of
NE and epithelial features, but still proliferate (34).
In these instances certain NE substances were ex-
pressed, but not necessarily the complete normal
NE phenotypic repertoire. This phenotypic shift
generates a cancer cell that is more adaptable to
environmental changes, including androgen deple-
tion, because NE differentiation follows androgen-
unresponsive regulatory modes. If the NE phenotype
is only partially adopted and the cells retain their
proliferative capacity, then malignant progression
could be sustained. Increases in K18 and chromo-
granin A have been noted in LNCaP cells with sim-
ilar NE morphological changes (36). The C4-2b ex-
perimental results, reported in the current study,
support these recent study results, which suggest
that MIF is a unique neuroendocrine mediator (37).

The results of present study continue to support a
role for pro-inflammatory proteins in prostate cancer
progression. In summary, NS-398 treatment of LNCaP
prostate cells induced the typical, expected apoptosis
response with the exception of MIF up-regulation.
However, under all conditions studied NS-398 does
not induce C4-2b apoptosis. Rather, these data demon-
strate that the COX-2 inhibitor, NS-398, induces a
pro-inflammatory effect on C4-2b cells including up-
regulation of the pro-inflammatory cytokine, MIF,
increased NF-�� activity and a unique malignant NE
differentiation. Further studies should be performed
to elucidate the precise role of NF-�� and pro-inflam-
matory gene expression, in particular MIF, in prostate
cancer.
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