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Abstract

The p75NTR acts as a tumor suppressor in the prostate, but its
expression is lost as prostate cancer progresses and is minimal
in established prostate cancer cell lines such as PC-3, DU-145,
and LNCaP. Previously, we showed that treatment with
R-flurbiprofen or ibuprofen induced p75NTR expression in
PC-3 and DU-145 cells leading to p75NTR-mediated decreased
survival. Here, we investigate the mechanism by which these
drugs induce p75NTR expression. We show that the observed
increase in p75NTR protein due to R-flurbiprofen and
ibuprofen treatment was accompanied by an increase in
p75NTR mRNA, and this increase in mRNA was the result of
increased mRNA stability and not by an up-regulation of
transcription. In addition, we show that treatment with
R-flurbiprofen or ibuprofen led to sustained activation of
the p38 mitogen-activated protein kinase (MAPK) pathway.
Furthermore, inhibition of the p38 MAPK pathway with the
p38 MAPK–specific inhibitor SB202190 or by small interfering
RNA (siRNA) knockdown of p38 MAPK protein prevented
induction of p75NTR by R-flurbiprofen and ibuprofen. We also
observed that siRNA knockdown of MAPK-activated protein
kinase (MK)-2 and MK3, the kinases downstream of p38 MAPK
that are responsible for the mRNA stabilizing effects of the
p38 MAPK pathway, also prevented an induction of p75NTR

by R-flurbiprofen and ibuprofen. Finally, we identify the
RNA stabilizing protein HuR and the posttranscriptional
regulator eukaryotic translation initiation factor 4E as two
possible mechanisms by which the p38 MAPK pathway may
increase p75NTR expression. Collectively, the data suggest that
R-flurbiprofen and ibuprofen induce p75NTR expression by
increased mRNA stability that is mediated through the p38
MAPK pathway. [Cancer Res 2007;67(23):11402–10]

Introduction

The p75NTR (neurotrophin receptor) is a member of the tumor
necrosis factor (TNF) receptor superfamily that share a conserved
intracellular death domain capable of inducing apoptosis and
suppressing growth (1, 2). It binds neurotrophin ligands with
similar affinity; however, unlike other members of the TNF receptor
superfamily, it is able to induce apoptosis and suppress growth in
the unbound state (3–8). p75NTR has been shown to act as a tumor
suppressor in the prostate (5, 7, 9). However, whereas normal

prostate epithelial cells express high levels of p75NTR, expression is
lost as prostate cancer progresses (10). In addition, although the
gene remains intact, expression is very low in metastatic prostate
cancer cell lines PC-3, DU-145, and LNCaP (10). Exogenous
reexpression of p75NTR in PC-3 cells led to increased apoptosis,
reduced proliferation, and a decreased ability of these cells to form
tumors in mice, thus indicating potential for treatments that result
in the reexpression of p75NTR in prostate tumor cells (5, 7–9, 11).

Nonsteroidal anti-inflammatory drugs are typically used to
relieve inflammation by inhibiting cyclooxygenase (COX) activity;
however, many of these drugs seem to possess anticancer activity
that is independent of their COX inhibitory activity (12).
Flurbiprofen and ibuprofen are members of the aryl propionic
acid class of nonsteroidal anti-inflammatory drugs, also referred to
as profens, and have shown anticancer activity in the prostate.
For example, treatment with the enantiomer R-flurbiprofen, which
lacks COX inhibitory activity, was able to slow progression of
prostate cancer in the transgenic adenocarcinoma of the mouse
prostate mouse (13). In addition, long-term ibuprofen use has been
associated with decreased prostate cancer risk, and treatment of
prostate cancer cells with ibuprofen resulted in decreased survival
(14–16). Recently, we showed that treatment of PC-3 and DU-145
prostate cancer cells with R-flurbiprofen or ibuprofen resulted in a
strong induction of p75NTR, which led to p75NTR-mediated
apoptosis and decreased survival (17). The results of this study
were significant because they showed that p75NTR expression is
inducible, and that drugs which induce p75NTR in prostate cancer
cells have therapeutic potential.

The p38 mitogen-activated protein kinase (MAPK) pathway is
activated in response to cell stresses and external stimuli such as
heat, UV light, osmotic shock, and inflammatory cytokines (18).
It mediates various cellular processes including apoptosis,
senescence, inflammation, and tumorigenesis through decreased
p38 MAPK activity, which has been associated with tumor
progression (18–20). In addition, p38 MAPK has been strongly
implicated as a regulator of mRNA stability (18, 21, 22). p38 MAPK
is activated through phosphorylation by upstream kinases MAPK
kinase kinase (MKK)-3 and MKK6 and, on activation, phosphor-
ylates a number of downstream targets (18). Among these targets
are the kinases MAPK-activated protein kinase (MK)-2 and MK3,
which have been shown to be responsible for mediating the effects
of the p38 MAPK pathway on mRNA stability (21, 23).

In this study, we investigated the mechanism by which the
profens, R-flurbiprofen and ibuprofen, induce p75NTR expression in
PC-3, DU-145, and LNCaP prostate cancer cells. We showed that
induction of p75NTR protein expression corresponded to increased
p75NTR mRNA levels that were due to increased mRNA stability and
not to an up-regulation of transcription. In addition, we showed
that R-flurbiprofen and ibuprofen treatment led to sustained
activation of the p38 MAPK pathway and that this pathway was
necessary for induction of p75NTR expression.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).

Requests for reprints: Daniel Djakiew, Department of Biochemistry and
Molecular & Cellular Biology, Georgetown University Medical Center, 3900 Reservoir
Road Northwest, Washington, DC 20057-1436. Phone: 202-687-1203; Fax: 202-687-1823;
E-mail: djakiewd@georgetown.edu.

I2007 American Association for Cancer Research.
doi:10.1158/0008-5472.CAN-07-1792

Cancer Res 2007; 67: (23). December 1, 2007 11402 www.aacrjournals.org

Research Article

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/23/11402/2577087/11402.pdf by guest on 19 M

ay 2023



Materials and Methods

Cell lines, culture conditions, and reagents. PC-3 and DU-145 cells,

the only two prostate tumor cell lines included in the NIH Developmental

Therapeutics Program anticancer drug discovery program, and the

androgen receptor–responsive LNCaP human prostate cancer cells were

purchased from the tissue culture core facility of the Georgetown University

Lombardi Comprehensive Cancer Center and maintained as previously

described (17).

Ibuprofen (Sigma Chemical Co.) and R-flurbiprofen (Myriad Pharma-

ceuticals, Inc.) were dissolved in DMSO and used at final concentrations of

0, 0.25, 0.5, 1.0, or 2.0 mmol/L. Actinomycin D (Tocris Bioscience) and

SB202190 (Calbiochem) were dissolved in DMSO and used at final

concentrations of 5 Ag/mL and 20 Amol/L, respectively.

Reverse transcription-PCR. RNA was isolated using TRIzol reagent

(Invitrogen) according to the manufacturer’s protocol. Reverse transcrip-

tion-PCR (RT-PCR) was done with the SuperScript III One-Step RT-PCR
System with Platinum Taq DNA Polymerase (Invitrogen) using equal

amounts of RNA according to the following program: 47jC for 30 min; 94jC

for 2 min; 30 cycles of 94jC for 1 min, 60jC for 1 min, and 72jC for 1 min;

and 72jC for 5 min. Primers for p75NTR and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were described previously (17).

Immunoblot analysis. Lysates were prepared as described previously

(11). Cytoplasmic and nuclear fractions were prepared with a nuclear

extract kit (Active Motif). SDS-PAGE and immunoblot analysis were done as

described previously (17). The following primary antibodies were used:

mouse monoclonal anti-p75NTR (Millipore; 1:2,000); rabbit polyclonal

antibodies to phosphorylated p38 MAPK, p38 MAPK, p38a, phosphorylated

MK2, MK2, phosphorylated eukaryotic translation initiation factor 4E

(eIF4E), and eIF4E (Cell Signaling Technology; 1:1,000); rabbit polyclonal

anti-HuR (Millipore; 1:1,000); mouse monoclonal anti-p38h (Zymed

Laboratories) and anti-MK3 (Affinity BioReagents; 2 Ag/mL); mouse

monoclonal anti-Hu protein (Abcam, Inc.; 1:1,000); mouse monoclonal

anti–a-tubulin and rabbit polyclonal anti–lamin B1 (Abcam; 1:3,000); and

mouse monoclonal anti–h-actin (Sigma; 1:5,000). Goat anti-mouse and goat

anti-rabbit horseradish peroxidase–conjugated secondary antibodies (Bio-

Rad Laboratories) were used at 1:3,000. Membranes used for detection of

phosphorylated p38 MAPK, MK2, or eIF4E were subsequently stripped and

reprobed for total p38 MAPK, MK2, or eIF4E, respectively.

Small interfering RNA transfection. Cells were transfected for 72 h with

nontargeting small interfering RNA (siRNA) or siRNA specific for p38a
(J-003512-20), p38h (J-003972-11), MK2 (J-003516-11), MK3 (J-005014-07), or

HuR (J-003773-08; Dharmacon RNA Technologies) at final concentrations of

100 nmol/L according to the manufacturer’s protocol. Transfection reagent

DharmaFECT 1 was used for DU-145 cells and DharmaFECT 2 was used for

PC-3 and LNCaP cells (Dharmacon).
Luciferase assay. PC-3, DU-145, and A875 cells were cotransfected with

either the pGL3-2.1 kb p75NTR promoter-luciferase construct (gift from Emil

Bogenmann, Children’s Hospital, Los Angeles, CA) or empty vector and the

Renilla luciferase reporter vector phRL-TK (Promega) using GeneJammer

transfection reagent (Stratagene) for 48 h. Following transfection, PC-3

and DU-145 cells were treated with 2 mmol/L R-flurbiprofen, 2 mmol/L

ibuprofen, or DMSO vehicle control for 24 h, whereas A875 cells were

treated with isotonic medium (320 mosm/L) or hypoosmotic medium

(160 mosm/L) prepared by a 1:1 dilution of complete medium with water.

Luciferase activity was measured using the Dual-Luciferase Reporter Assay

(Promega) and normalized to the empty vector and Renilla luciferase

activity.

Immunoprecipitation RT-PCR. Equal numbers of treated cells were

collected, washed in cold PBS, and incubated on ice for 30 min in 1 mL of

lysis buffer (1% Igepal Ca-630, 0.5% sodium deoxycholate, 0.1% SDS in PBS)

containing 10 Ag/mL Protease Inhibitor Cocktail (Sigma) and 100 units of

RNaseOUT (Invitrogen) per sample. Samples were then centrifuged at

10,000 � g for 15 min at 4jC. Ten micrograms of HuR antibody (Millipore)

were added to the supernatant of each sample, with the exception of the

negative controls, and samples were rocked at 4jC for 30 min. Fifty

microliters of protein A/G Plus-agarose beads (Santa Cruz Biotechnologies)

were added to each sample, and samples were rocked at 4jC for 30 min.

Samples were centrifuged at 2,000 � g for 2 min at 4jC, the supernatant

was discarded, and the beads were washed eight times with 1 mL of lysis

buffer. RNA was isolated from the beads using TRIzol reagent (Invitrogen)

according to the manufacture’s protocol. RT-PCR was done as described

above for determination of p75NTR mRNA level using equal volumes of RNA

and 32 cycles of PCR.

Results

R-Flurbiprofen and ibuprofen increase p75NTR mRNA level.
To determine the mechanism by which the profens, R-flurbiprofen
and ibuprofen, induce p75NTR expression in PC-3 and DU-145
human prostate cancer cell lines, we first compared the levels
of p75NTR protein and mRNA following treatment with various
concentrations of each profen (Fig. 1A). There was a strong
correlation between p75NTR protein and mRNA, indicating that
increased mRNA levels are responsible for the induction of p75NTR

protein by R-flurbiprofen and ibuprofen. A strong increase in
p75NTR protein and mRNA levels was observed in PC-3 cells fol-
lowing treatment with 0.5 mmol/L R-flurbiprofen and 1.0 mmol/L
ibuprofen, and in DU-145 cells with 1.0 mmol/L R-flurbiprofen
and 2.0 mmol/L ibuprofen. Therefore, in subsequent experiments,
we used 2.0 mmol/L R-flurbiprofen and ibuprofen because at
this concentration, each of these profens induced high levels of
p75NTR in both cell types. The level of p75NTR mRNA was also
determined at various time points following profen treatment,
and an induction was first observed within 2 to 4 h of treatment
(Fig. 1B). We also compared levels of p75NTR protein and mRNA
in the androgen-responsive LNCaP cell line following treatment
with several concentrations of ibuprofen, and again observed a
strong correlation between p75NTR protein and mRNA (Supple-
mentary Fig. S1A). In addition, we observed a similar time course
for induction of p75NTR mRNA in LNCaP cells treated with
ibuprofen (Supplementary Fig. S1B).
R-Flurbiprofen and ibuprofen increase p75NTR mRNA

stability. Because the amount of transcript in a cell is a function
of the rate of transcription and the rate of degradation, the
observed increase in p75NTR mRNA in PC-3 and DU-145 cells
following R-flurbiprofen and ibuprofen treatment must be due to
either an up-regulation of transcriptional activity or a decrease in
the rate of degradation of the p75NTR transcript, or both. Thus, we
examined transcriptional activity and mRNA stability following
treatment with profens. PC-3 and DU-145 cells were transfected
with a p75NTR promoter-luciferase construct followed by treatment
with R-flurbiprofen or ibuprofen, and promoter activity was
compared with DMSO control–treated cells (Fig. 2A). Treatment
with profens did not result in a significant change in p75NTR

promoter activity, suggesting that the increase in mRNA was not
due to transcriptional up-regulation of the p75NTR gene. Previously,
p75NTR promoter activity was shown to be up-regulated in the
A875 melanoma cell line on exposure to hypoosmotic medium (24).
Therefore, to show that the p75NTR promoter-luciferase construct
was functional, we transfected A875 cells with the construct and
compared luciferase activity in cells exposed to isotonic versus
hypoosmotic medium. Consistent with previously published data,
treatment with hypoosmotic medium resulted in 17-fold increased
p75NTR promoter activity (Fig. 2A ; ref. 24). Therefore, increased
levels of p75NTR mRNA and protein in PC-3 and DU-145 cells
treated with R-flurbiprofen or ibuprofen were not a consequence of
changed transcriptional activity.

Profens Induce p38 MAPK–Mediated p75NTR mRNA Stability
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The stability of the p75NTR transcript was determined with the
transcriptional inhibitor actinomycin D. PC-3 and DU-145 cells
were treated with R-flurbiprofen, ibuprofen, or DMSO for 8 h
followed by the addition of actinomycin D. p75NTR mRNA level was
determined by RT-PCR at several time points following actinomy-
cin D addition (Fig. 2B and C). The majority of p75NTR mRNA from
DMSO control–treated PC-3 and DU-145 cells was degraded within
2 and 4 h, respectively. In contrast, p75NTR mRNA was still present
at high levels in profen-treated cells 12 h following the addition of
actinomycin D. Therefore, profen treatment strongly enhanced
p75NTR mRNA stability but did not influence transcription,
suggesting that increased mRNA stability is responsible for the
induction of p75NTR expression by R-flurbiprofen and ibuprofen
(Fig. 2). We also observed an increase in p75NTR mRNA stability
in LNCaP cells treated with ibuprofen relative to DMSO control–
treated cells (Supplementary Fig. S1C and D).
R-Flurbiprofen and ibuprofen activate the p38 MAPK

pathway. The p38 MAPK pathway has been strongly implicated
in the stabilization of several mRNAs through the downstream
kinases MK2 and MK3, which are activated upon phosphorylation
by p38 MAPK (21, 23). p38 MAPK is also activated by phosphory-
lation. Therefore, we determined the phosphorylation status of p38
MAPK and MK2 at several time points in PC-3 and DU-145 cells
following treatment with R-flurbiprofen or ibuprofen and in LNCaP
cells following treatment with ibuprofen (Fig. 3A and Supplemen-
tary Fig. S2A). In all cases, profen treatment led to sustained activa-

tion of the p38 MAPK pathway, which could be observed even 8 h
after treatment of each cell line.
The p38 MAPK pathway is involved in the induction of

p75NTR by R-flurbiprofen and ibuprofen. Increased p75NTR

mRNA stability seems to be the mechanism by which R-
flurbiprofen and ibuprofen induce p75NTR expression, and these
drugs activate the p38 MAPK pathway, which is known to be
involved in mRNA stabilization. Pretreatment of PC-3 and DU-145
cells with the p38 MAPK inhibitor SB202190 followed by treatment
with R-flurbiprofen or ibuprofen prevented an induction of p75NTR,
indicating that p38 MAPK is involved in profen-mediated induction
of p75NTR (Fig. 3B). To further confirm the role of the p38 MAPK
pathway in profen-mediated induction of p75NTR, we also used p38
MAPK siRNA to specifically knock down p38 MAPK protein. There
are two ubiquitously expressed isoforms of p38 MAPK, p38a and
p38h, which are capable of phosphorylating MK2 and MK3
(18, 23, 25). PC-3 and DU-145 cells were transfected with
nontargeting siRNA, p38a siRNA, p38h siRNA, or siRNAs for
p38a and p38h together. The efficacy and specificity of the siRNAs
were determined by Western blot (Fig. 4A). Transfection of cells
with p38a siRNA or p38a and p38h siRNAs together before profen
treatment prevented an induction of p75NTR relative to untrans-
fected cells or cells transfected with nontargeting siRNA (Fig. 4B).
Transfection with p38h siRNA alone was less effective in
preventing induction of p75NTR than transfection with p38a siRNA.
Because the p38h isoform seems to be expressed at much lower

Figure 1. A, p75NTR mRNA and protein levels following R-flurbiprofen and ibuprofen treatment. PC-3 and DU-145 cells were treated with 0 to 2 mmol/L R-flurbiprofen
or ibuprofen for 24 h. Cell lysates were collected and equal amounts of protein were subjected to SDS-PAGE and immunoblot analysis with an antibody to p75NTR

or h-actin (b-act) for the loading control. Alternatively, RNA was isolated from PC-3 and DU-145 cells after 24 h of R-flurbiprofen or ibuprofen treatment, and p75NTR and
GAPDH mRNA levels were determined by RT-PCR. B, time course induction of p75NTR mRNA levels. PC-3 and DU-145 cells were treated with 2 mmol/L R-flurbiprofen
or ibuprofen for 0, 2, 4, 8, or 24 h. RNA was isolated at each time point and levels of p75NTR and GAPDH were determined by RT-PCR.
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levels than p38a, it is not surprising that knockdown of p38h alone
only modestly affected induction of p75NTR because p38a was still
present. Expression of p38a was also much greater than that of
p38h in LNCaP cells (not shown), and consistently, induction of
p75NTR by ibuprofen was prevented in LNCaP cells transfected with
p38a siRNA (Supplementary Fig. S2C).

Because the MK2 and MK3 kinases are downstream of p38
MAPK and have both been shown to mediate mRNA stabilization,
we used siRNA for MK2 and MK3 to determine if they are involved
in the induction of p75NTR by R-flurbiprofen or ibuprofen. PC-3 and
DU-145 cells were transfected with nontargeting siRNA, MK2
siRNA, MK3 siRNA, or siRNAs for MK2 and MK3 in combination.
The efficacy and specificity of these siRNAs were tested in PC-3 and
DU-145 cells by Western blot (Fig. 5A). Transfection with MK2
siRNA or MK3 siRNA separately before profen treatment resulted
in decreased induction of p75NTR (Fig. 5B). However, transfection
with MK2 siRNA and MK3 siRNA together, resulting in the
simultaneous knockdown of both proteins, was more effective in
preventing induction of p75NTR by R-flurbiprofen or ibuprofen than

knockdown of MK2 or MK3 separately (Fig. 5B). This is consistent
with previous observations that MK2 and MK3 are activated in
parallel by p38 MAPK, have similar substrates, and are both
strongly expressed in PC-3 and DU-145 cells (Fig. 5A ; refs. 23, 25).
Likewise, in LNCaP cells, simultaneous siRNA knockdown of
MK2 and MK3 was successful in preventing induction of p75NTR

expression by ibuprofen (Supplementary Fig. S2C).
p75NTR mRNA is a target of the RNA stabilizing protein HuR.

The HuR is an RNA binding protein that enhances the stability of
target mRNAs (26, 27). It has been shown that activation of the p38
MAPK pathway results in the translocation of HuR from the nucleus
to the cytoplasm where it binds to the 3¶-untranslated regions (UTR)
of various mRNAs containing a core AUUUA sequence (20, 28–31).
The p75NTR transcript contains two AUUUA sites in the 3¶-UTR,
suggesting HuR binding as a possible mechanism by which R-
flurbiprofen and ibuprofen may stabilize p75NTR mRNA. R-
Flurbiprofen– and ibuprofen-treated cells exhibited modestly
increased levels of cytoplasmic HuR (Fig. 6A). In addition, siRNA
knockdown of HuR protein before profen treatment of PC-3 and

Figure 2. A, p75NTR promoter activity
following R-flurbiprofen and ibuprofen
treatment. PC-3 and DU-145 cells were
transfected for 48 h with a p75NTR

promoter-luciferase construct and then
treated with 2 mmol/L R-flurbiprofen (FLU ),
2 mmol/L ibuprofen (IBU ), or DMSO
vehicle control (C ) for 24 h. Relative
luciferase activity was determined after
normalization to Renilla and graphed as
fold induction relative to DMSO control–
treated cells. As a positive control,
A875 cells were transfected for 48 h with
the p75NTR promoter-luciferase construct
and then exposed to isotonic (Iso ) or
hypoosmotic (Hypo ) medium for 24 h.
Fold induction of luciferase activity was
determined for hypoosmotic treated cells
relative to cells in isotonic medium.
Bars, SE. ***, P < 0.0001 (ANOVA). B and
C, increase in p75NTR mRNA stability
following R-flurbiprofen or ibuprofen
treatment. PC-3 and DU-145 cells were
treated with 2 mmol/L R-flurbiprofen,
2 mmol/L ibuprofen, or DMSO vehicle
control for 8 h followed by the addition of
5 Ag/mL actinomycin D (ActD ). RNA was
isolated at 0, 2, 4, 8, and 12 h following the
addition of actinomycin D, and p75NTR

mRNA levels were determined by RT-PCR.
The intensity of the bands for p75NTR

was analyzed by densitometry and graphed
as a percentage of the 0-h time point.
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DU-145 cells partially prevented induction of p75NTR relative to
untransfected or nontargeting siRNA–transfected cells, suggesting
that HuR is involved in the induction of p75NTR by R-flurbiprofen
and ibuprofen (Fig. 6B). Similarly, transfection of LNCaP cells with
HuR siRNA before ibuprofen treatment was effective in preventing
increased p75NTR expression (Supplementary Fig. S2C). HuR
belongs to the embryonic lethal abnormal vision family of proteins,
which also includes HuB, HuC, and HuD, all RNA stabilizing
proteins that are typically expressed in neurons (32). Whereas HuR
expression was detected in PC-3 and DU-145 cells (Fig. 6A),
expression of the other family members could not be detected
(not shown), indicating that they most likely do not participate in
profen-mediated induction of p75NTR. A direct interaction between
the HuR protein and the p75NTR transcript was shown by an
immunoprecipitation RT-PCR assay. Lysates of profen-treated PC-3
and DU-145 cells were immunoprecipitated with, or without, an
HuR antibody and RNA was isolated from the immunoprecipitated
beads, followed by RT-PCR for p75NTR mRNA. PC-3 and DU-145 cells
treated with R-flurbiprofen or ibuprofen showed a direct interaction
between HuR and p75NTR mRNA, whereas DMSO control–treated
cells did not (Fig. 6C). In addition, p75NTR mRNA was not detected
in samples from cells treated with ibuprofen but not incubated with
the HuR antibody, indicating that the p75NTR mRNA detected in the
treated samples was not nonspecific (Fig. 6C).
R-Flurbiprofen and ibuprofen increase phosphorylation of

eIF4E. Although HuR seems to bind to the p75NTR transcript upon
profen treatment, the inhibition of p75NTR induction in the

presence of a substantial HuR knockdown was modest. This result
suggests that there are additional mechanisms involved in the
induction of p75NTR by the p38 MAPK pathway. eIF4E is a down-
stream, indirect target of p38 MAPK and is involved in several
mechanisms of posttranscriptional regulation including translation
initiation through 5¶-cap binding, mRNA nuclear export, and mRNA
stability (33, 34). We examined eIF4E phosphorylation following
profen treatment in untransfected, nontargeting siRNA–trans-
fected, and p38a siRNA–transfected PC-3 and DU-145 cells. R-
Flurbiprofen and ibuprofen treatment resulted in increased
phosphorylated eIF4E levels in both cell types, and the increase
was inhibited to varying degrees in the p38a siRNA–transfected
cells (Fig. 6D). These results identify eIF4E phosphorylation as
another mechanism through which the p38 MAPK pathway may
regulate p75NTR expression.

Discussion

The p75NTR exhibits tumor suppressor activity in prostate cancer
cells, which is mediated through an intracellular death domain
capable of inducing apoptosis and suppressing growth (2, 5, 7, 9).
However, p75NTR expression is progressively lost in organ confined
prostate cancer and is minimal in established metastatic prostate
cancer cell lines (10). Significantly, our recent observations that the
profens, R-flurbiprofen and ibuprofen, induced reexpression of
p75NTR protein levels causal of p75NTR-dependent decreased
survival of prostate cancer cells has stimulated an investigation

Figure 3. A, activation of the p38 MAPK
pathway by R-flurbiprofen and ibuprofen.
PC-3 and DU-145 cells were treated with
2 mmol/L R-flurbiprofen or 2 mmol/L
ibuprofen for 0, 5 min, 1 h, 4 h, or 8 h. Cell
lysates were collected and equal amounts
of protein were subjected to SDS-PAGE
and immunoblot analysis with antibodies
to phosphorylated p38 MAPK (p-p38 ) or
phosphorylated MK2 (p-MK2 ). Blots
for phosphorylated p38 MAPK and
phosphorylated MK2 were stripped and
reprobed for total p38 MAPK and total
MK2, respectively. h-actin was used as the
loading control. B, the p38 MAPK inhibitor
SB202190 prevents induction of p75NTR

by R-flurbiprofen and ibuprofen. PC-3 and
DU-145 cells were pretreated with or
without 20 Amol/L SB202190 (SB) for
1 h and then treated with 2 mmol/L
R-flurbiprofen, 2 mmol/L ibuprofen, or
DMSO vehicle control (CON ) for 24 h.
Cell lysates were collected and equal
amounts of protein were subjected to
SDS-PAGE and immunoblot analysis with
an antibody to p75NTR or h-actin for the
loading control.
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of the associated signal transduction cascade that mediates profen
effects on prostate cancer cells (17). Increased p75NTR protein levels
in R-flurbiprofen– or ibuprofen-treated cells were accompanied by
increased mRNA levels. This indicated that profen treatment

influenced either the rate of mRNA degradation or the rate at
which the gene was transcribed. Profen-treated cells showed no
significant change in luciferase activity of the p75NTR promoter
construct relative to untreated cells. However, the transcriptional

Figure 5. A, validation assay for siRNA
knockdown of MK2 and MK3. PC-3 and
DU-145 cells were transfected for 72 h with
nontargeting siRNA, siRNA for MK2, siRNA
for MK3, or siRNAs for MK2 and MK3
together. Cell lysates were collected
and efficacy of siRNA knockdown was
determined by SDS-PAGE and immunoblot
analysis with antibodies to MK2 and MK3.
h-actin was used as the loading control.
B, knockdown of MK2 and MK3 prevents
induction of p75NTR by R-flurbiprofen and
ibuprofen. PC-3 and DU-145 cells were
transfected with nontargeting siRNA,
siRNA for MK2, siRNA for MK3, or siRNAs
for MK2 and MK3 together for 72 h.
Following transfection, cells were treated
with 2 mmol/L R-flurbiprofen, 2 mmol/L
ibuprofen, or DMSO vehicle control for
24 h. Cell lysates were collected and
expression of p75NTR was determined by
SDS-PAGE and immunoblot analysis.
h-actin was used as the loading control.

Figure 4. A, validation assay for siRNA
knockdown of p38 MAPK. PC-3 and
DU-145 cells were transfected for 72 h with
nontargeting siRNA or siRNA targeting
p38a, p38h, or siRNAs for p38a and p38h
together. Cell lysates were collected
and efficacy of siRNA knockdown was
determined by SDS-PAGE and immunoblot
analysis with antibodies to p38a and p38h.
h-actin was used as the loading control.
B, knockdown of p38 MAPK prevents
induction of p75NTR by R-flurbiprofen and
ibuprofen. PC-3 and DU-145 cells were
transfected with nontargeting siRNA,
siRNA for p38a, siRNA for p38h, or siRNAs
for p38a and p38h together for 72 h.
Following transfection, cells were treated
with 2 mmol/L R-flurbiprofen, 2 mmol/L
ibuprofen, or DMSO vehicle control for
24 h. Cell lysates were collected and
expression of p75NTR was determined by
SDS-PAGE and immunoblot analysis.
h-actin was used as the loading control.
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inhibitor actinomycin D revealed a strong increase in p75NTR

mRNA stability in cells treated with R-flurbiprofen or ibuprofen.
Previously, our investigation of the mechanism by which several
prostate cancer cell lines lose expression of p75NTR showed that
although p75NTR is actively transcribed at levels comparable to the
high-expressing A875 melanoma cell line, the prostate cancer cells
contain <1% of the p75NTR mRNA found in A875 cells (10).

Furthermore, transfection of prostate cancer cells with full-length
p75NTR cDNA led to very modest p75NTR protein expression,
whereas transfection with p75NTR cDNA lacking most of the 3¶-UTR
resulted in high protein expression. This suggested that although
p75NTR is transcribed at a high level, prostate cancer cells have very
little mRNA or protein due to increased mRNA instability that is
mediated through the 3¶-UTR. Interestingly, the p75NTR 3¶-UTR is

Figure 6. A, translocation of HuR from the nucleus to the cytoplasm following treatment with R-flurbiprofen or ibuprofen. PC-3 and DU-145 cells were treated for
2 h with 2 mmol/L R-flurbiprofen, 2 mmol/L ibuprofen, or DMSO vehicle control. Nuclear (N ) and cytoplasmic (C ) fractions were subjected to SDS-PAGE and
immunoblot analysis with antibodies to HuR, lamin B1, and a-tubulin. B, knockdown of HuR prevents induction of p75NTR by R-flurbiprofen and ibuprofen. PC-3 and
DU-145 cells were transfected for 72 h with nontargeting siRNA or siRNA targeting HuR. For the test for siRNA knockdown, cell lysates were collected and efficacy of
siRNA knockdown was determined by SDS-PAGE and immunoblot analysis with an antibody to HuR or h-actin for the loading control. For examination of p75NTR

expression, cells were treated with 2 mmol/L R-flurbiprofen, 2 mmol/L ibuprofen, or DMSO vehicle control for 24 h following siRNA transfection. Cell lysates were
collected and expression of p75NTR was determined by SDS-PAGE and immunoblot analysis. h-actin was used as the loading control. C, HuR binds to the p75NTR

transcript following treatment with R-flurbiprofen or ibuprofen. PC-3 and DU-145 cells were treated for 12 h with 2 mmol/L R-flurbiprofen, 2 mmol/L ibuprofen, or
DMSO vehicle control. Cell lysates from equal numbers of cells were incubated with an antibody to HuR, with the exception of the negative controls, and then incubated
with protein A/G Plus-agarose beads. Beads were washed, RNA was isolated from the beads, and p75NTR mRNA levels were determined by RT-PCR. D, R-flurbiprofen
and ibuprofen increase phosphorylation of eIF4E through the p38 MAPK pathway. PC-3 and DU-145 cells were transfected for 72 h with nontargeting siRNA or
p38a siRNA. Following transfection, cells were treated for 30 min with DMSO, 2 mmol/L R-flurbiprofen, or 2 mmol/L ibuprofen. Cell lysates were collected and
phosphorylated eIF4E was detected by SDS-PAGE and immunoblot analysis. Blots for phosphorylated eIF4E were stripped and reprobed for total eIF4E. h-actin was
used as the loading control.
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f2 kb long, which is about four times the length of the average
human 3¶-UTR (35). It has been suggested that increased 3¶-UTR
length provides increased potential for posttranscriptional regula-
tion through the 3¶-UTR (35). Therefore, it seems likely that
R-flurbiprofen and ibuprofen are able to induce p75NTR expression
by modulating the stability of the transcript and that mRNA
stability is an important determinant in regulating the expression
level of p75NTR protein.

Because induction of p75NTR by R-flurbiprofen and ibuprofen
treatment seemed to be largely due to increased mRNA stability, we
examined activity of the p38 MAPK pathway, which is considered
an important regulator of mRNA stability (18, 21, 22). p38 MAPK
is activated by phosphorylation, and R-flurbiprofen and ibuprofen
caused increased p38 MAPK phosphorylation within 5 min of
treatment. Increased activation was still noticeable 8 h following
treatment. Because pretreatment with the p38 MAPK selective
inhibitor SB202190 or siRNA knockdown of p38 MAPK before
profen treatment prevented an induction of p75NTR, it seems that
the p38 MAPK pathway was involved in regulating profen-
mediated induction of p75NTR. The data suggest that activation
of the p38 MAPK pathway is the primary mechanism responsible
for increased p75NTR expression. However, inhibition of p38 MAPK
did not always result in complete inhibition of p75NTR induction,
and this may be due to participation of additional pathways.
R-Flurbiprofen and ibuprofen induced activation of the kinase
MK2, which is directly downstream of p38 MAPK. MK2 and the
closely related MK3 are known to be responsible for mediating the
mRNA stabilizing effects of the p38 MAPK pathway (22, 23). They
are activated with similar kinetics, are able to compensate for one
another, have similar substrates, and lead to stabilization of the
same group of transcripts in response to lipopolysaccharide (LPS;
refs. 23, 25). Not surprisingly, siRNA knockdown of MK2 and MK3
together was more effective in preventing induction of p75NTR by
R-flurbiprofen or ibuprofen than knockdown of either MK2 or MK3
separately, indicating that p38 MAPK is able to induce p75NTR by
acting through both MK2 and MK3.

Activation of the p38 MAPK pathway seems to be responsible for
R-flurbiprofen– and ibuprofen-mediated induction of p75NTR in
prostate cancer cells. Significantly, there is an accumulating body of
evidence linking p38 MAPK to tumor suppression. For example,
inactivation of p38 MAPK, inactivation of the p38 MAPK activating
kinases MKK3 and MKK6, and overexpression of the p38 MAPK
phosphatase Wip1 are associated with increased tumorigenesis
(36, 37). In addition, Wip1 was found to be amplified in primary
breast tumors (36, 37). The tumor suppressor p53 is a direct
substrate of p38 MAPK and is therefore one way in which p38
MAPK exerts its tumor-suppressing effects (18, 21, 36). However,
p53 is inactivated by mutation in roughly half of all cancers (38).
This is also the case for PC-3 cells, which are p53-null, and for
DU-145 cells, which express mutated p53 (39). Here, we identify
induction of p75NTR expression as a novel mechanism by which p38
MAPK may achieve tumor suppressor activity. This may be
applicable to other cancer types in addition to prostate cancer.
For example, we previously showed that ibuprofen up-regulates
p75NTR in bladder cancer cells, which resulted in p75NTR-mediated
apoptosis (40). In addition, basic fibroblast growth factor treatment
resulted in the p38 MAPK–dependent death of Ewing’s sarcoma
family of tumor cells and was associated with induction of p75NTR

that was prevented in the presence of a p38 MAPK selective
inhibitor (41). Interestingly, p38 MAPK and p75NTR have many
overlapping roles in addition to induction of apoptosis and tumor

suppression. For example, both are involved in the regulation of
inflammation as well as response to brain injury (18, 24, 42–45).
Therefore, it is possible that p38 MAPK achieves these roles, in
part, by increasing expression of p75NTR. Consistent with this
hypothesis is the observation that LPS, which leads to the
stabilization of several transcripts through the p38 MAPK/MK2
pathway, also induces p75NTR expression (23, 46, 47).

One mechanism by which the p38 MAPK pathway has been
shown to stabilize target transcripts involves the RNA binding
protein HuR (22, 29–31). HuR is the only RNA binding protein
repeatedly shown to stabilize transcripts containing the AUUUA
sequence (22, 31). Its ability to stabilize target mRNAs is linked to
its subcellular localization, and activation of p38 MAPK and MK2
has been shown to cause translocation of HuR from the nucleus to
the cytoplasm, resulting in increased mRNA stability of a number
p38 MAPK regulated genes (22, 29–31). The human p75NTR

transcript contains AUUUA sites located in the 3¶-UTR at positions
2,946 and 3,124, and these are conserved in rat and mouse,
suggesting that they may be involved in the regulation of p75NTR

expression. We showed that treatment with R-flurbiprofen or
ibuprofen resulted in the binding of HuR to the p75NTR transcript,
and a modest increase in the cytoplasmic level of HuR was
observed following profen treatment. However, siRNA knockdown
of HuR before profen treatment only partially prevented an
induction of p75NTR. These data suggest that binding of HuR to
the p75NTR transcript is not the sole mechanism responsible for
increased p75NTR expression. This is not surprising given the
elaborate picture of mRNA regulation that is emerging. Recent data
suggest that posttrascriptional regulation of gene expression occurs
through a plethora of RNA binding proteins that control the
splicing, nuclear export, stability, localization, translation, and
degradation of transcripts, often through specific sequential or
structural elements located in the untranslated regions (48, 49).
Therefore, given the exceptionally long 3¶-UTR of the p75NTR

transcript, it is probable that other RNA binding proteins regulate
expression as well, and this area requires further investigation. To
provide insight into additional mechanisms through which the p38
MAPK pathway may influence p75NTR mRNA stability, we examined
phosphorylation of eIF4E. eIF4E is phosphorylated by kinases
downstream of p38 MAPK (33). It is most well known as a 5¶-cap
binding protein involved in translation initiation. However, recent
data suggest that it regulates gene expression at several levels (34).
Interestingly, an increase in eIF4E activity is not associated with
an increase in global translation, but rather translation of only a
subset of transcripts (34). In addition, eIF4E has been shown to
control the nuclear export of a different subset of transcripts (34).
Finally, eIF4E is linked to control of mRNA stability in that removal
of the 5¶-cap is a key step in mRNA degradation, and competition
between eIF4E and decapping enzymes has been shown (50). We
show that profen treatment increases the level of phosphorylated
eIF4E, and this seems to occur, at least partially, through the p38
MAPK pathway because the increase in phosphorylation is
substantially inhibited in the presence of p38 MAPK siRNA.
Therefore, these data identify modulation of eIF4E activity as
another mechanism by which the p38 MAPK pathway may control
posttranscriptional events in response to profen treatment.

In this study, we show for the first time that R-flurbiprofen and
ibuprofen activate the p38 MAPK pathway in prostate cancer cells
and that this pathway is necessary for induction of the p75NTR

tumor suppressor by these drugs. This mechanism of induction
occurs in both androgen-independent PC-3 and DU-145 cells as
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well as androgen-responsive LNCaP cells. Retrospective epidemi-
ologic studies have shown that certain nonsteroidal anti-inflam-
matory drugs, including ibuprofen, reduce the incidence of prostate
cancer (15, 16). Numerous recent studies have provided compelling
evidence that inhibition of cancer cell growth by nonsteroidal anti-
inflammatory drugs can occur through COX-independent mecha-
nisms that have yet to be fully elucidated (12, 13, 17, 40). The
enantiomer R-flurbiprofen lacks COX inhibitory activity, indicating
that the activation of p38 MAPK and subsequent induction of
p75NTR is a COX-independent mechanism by which these profens
can achieve anticancer activity in the prostate (13). Because p38
MAPK is activated within 5 min of profen treatment, it is likely that
R-flurbiprofen and ibuprofen are interacting with signaling

components proximal to p38 MAPK. Further delineation of this
mechanism may identify novel therapeutic targets and facilitate
the discovery of more effective compounds that are able to induce
p75NTR expression at lower concentrations.

Acknowledgments

Received 5/15/2007; revised 9/7/2007; accepted 10/4/2007.
Grant support: NIH grant R01DK52626 and the Department of Defense Prostate

Cancer Research Program grant PC060409.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank Dr. Emil Bogenmann for providing the p75NTR promoter-luciferase
construct and Dr. Albert J. Fornace for critical reading of the manuscript.

Cancer Research

Cancer Res 2007; 67: (23). December 1, 2007 11410 www.aacrjournals.org

References

1. Chao MV. The p75 neurotrophin receptor. J Neurobiol
1994;25:1373–85.

2. Chapman BS. A region of the 75 kDa neurotrophin
receptor homologous to the death domains of TNFR-I
and Fas. FEBS Lett 1995;374:216–20.

3. Friedman WJ, Greene LA. Neurotrophin signaling via
Trks and p75. Exp Cell Res 1999;253:131–42.

4. Wang X, Bauer JH, Li Y, et al. Characterization of a
p75(NTR) apoptotic signaling pathway using a novel
cellular model. J Biol Chem 2001;276:33812–20.

5. Krygier S, Djakiew D. The neurotrophin receptor
p75NTR is a tumor suppressor in human prostate
cancer. Anticancer Res 2001;21:3749–55.

6. Pflug B, Djakiew D. Expression of p75NTR in a human
prostate epithelial tumor cell line reduces nerve growth
factor-induced cell growth by activation of programmed
cell death. Mol Carcinog 1998;23:106–14.

7. Krygier S, Djakiew D. Neurotrophin receptor p75(NTR)
suppresses growth and nerve growth factor-mediated
metastasis of human prostate cancer cells. Int J Cancer
2002;98:1–7.

8. Khwaja F, Tabassum A, Allen J, Djakiew D. The
p75(NTR) tumor suppressor induces cell cycle arrest
facilitating caspase mediated apoptosis in prostate
tumor cells. Biochem Biophys Res Commun 2006;341:
1184–92.

9. Allen J, Khwaja F, Djakiew D. Gene therapy of prostate
xenograft tumors with a p75NTR lipoplex. Anticancer
Res 2004;24:2997–3003.

10. Krygier S, Djakiew D. Molecular characterization of
the loss of p75(NTR) expression in human prostate
tumor cells. Mol Carcinog 2001;31:46–55.

11. Allen J, Khwaja F, Byers S, Djakiew D. The p75NTR
mediates a bifurcated signal transduction cascade
through the NFnB and JNK pathways to inhibit cell
survival. Exp Cell Res 2005;304:69–80.

12. Tegeder I, Pfeilschifter J, Geisslinger G. Cyclooxyge-
nase-independent actions of cyclooxygenase inhibitors.
FASEB J 2001;15:2057–72.

13. Wechter WJ, Leipold DD, Murray ED, Jr., et al. E-7869
(R-flurbiprofen) inhibits progression of prostate cancer
in the TRAMP mouse. Cancer Res 2000;60:2203–8.

14. Andrews J, Djakiew D, Krygier S, Andrews P. Superior
effectiveness of ibuprofen compared with other NSAIDs
for reducing the survival of human prostate cancer cells.
Cancer Chemother Pharmacol 2002;50:277–84.

15. Nelson JE, Harris RE. Inverse association of prostate
cancer and non-steroidal anti-inflammatory drugs
(NSAIDs): results of a case-control study. Oncol Rep
2000;7:169–70.

16. Harris RE, Beebe-Donk J, Doss H, Burr Doss D.
Aspirin, ibuprofen, and other non-steroidal anti-inflam-
matory drugs in cancer prevention: a critical review of
non-selective COX-2 blockade (review). Oncol Rep 2005;
13:559–83.

17. Quann EJ, Khwaja F, Zavitz KH, Djakiew D. The aryl
propionic acid R-flurbiprofen selectively induces

p75NTR-dependent decreased survival of prostate
tumor cells. Cancer Res 2007;67:3254–62.

18. Zarubin T, Han J. Activation and signaling of the p38
MAP kinase pathway. Cell Res 2005;15:11–8.

19. Olson JM, Hallahan AR. p38 MAP kinase: a conver-
gence point in cancer therapy. Trends Mol Med 2004;10:
125–9.

20. Kennedy NJ, Cellurale C, Davis RJ. A radical role for
p38 MAPK in tumor initiation. Cancer Cell 2007;11:101–3.

21. Gaestel M. MAPKAP kinases—MKs—two’s company,
three’s a crowd. Nat Rev Mol Cell Biol 2006;7:120–30.

22. Tran H, Maurer F, Nagamine Y. Stabilization of
urokinase and urokinase receptor mRNAs by HuR is
linked to its cytoplasmic accumulation induced by
activated mitogen-activated protein kinase-activated
protein kinase 2. Mol Cell Biol 2003;23:7177–88.

23. Ronkina N, Kotlyarov A, ttrich-Breiholz O, et al. The
mitogen-activated protein kinase (MAPK)-activated
protein kinases MK2 and MK3 cooperate in stimulation
of tumor necrosis factor biosynthesis and stabilization
of p38 MAPK. Mol Cell Biol 2007;27:170–81.

24. Peterson S, Bogenmann E. Osmotic swelling induces
p75 neurotrophin receptor (p75NTR) expression via
nitric oxide. J Biol Chem 2003;278:33943–50.

25. Clifton AD, Young PR, Cohen P. A comparison of the
substrate specificity of MAPKAP kinase-2 and MAPKAP
kinase-3 and their activation by cytokines and cellular
stress. FEBS Lett 1996;392:209–14.

26. Brennan CM, Steitz JA. HuR and mRNA stability.
Cell Mol Life Sci 2001;58:266–77.

27. Chen CY, Xu N, Shyu AB. Highly selective actions of
HuR in antagonizing AU-rich element-mediated mRNA
destabilization. Mol Cell Biol 2002;22:7268–78.

28. Subbaramaiah K, Marmo TP, Dixon DA, Dannenberg
AJ. Regulation of cyclooxgenase-2 mRNA stability by
taxanes: evidence for involvement of p38, MAPKAPK-2,
and HuR. J Biol Chem 2003;278:37637–47.

29. Lin FY, Chen YH, Lin YW, et al. The role of human
antigen R, an RNA-binding protein, in mediating the
stabilization of toll-like receptor 4 mRNA induced by
endotoxin: a novel mechanism involved in vascular
inflammation. Arterioscler Thromb Vasc Biol 2006;26:
2622–9.

30. Jin SH, Kim TI, Yang KM, Kim WH. Thalidomide
destabilizes cyclooxygenase-2 mRNA by inhibiting p38
mitogen-activated protein kinase and cytoplasmic
shuttling of HuR. Eur J Pharmacol 2007;558:14–20.

31. Song IS, Tatebe S, Dai W, Kuo MT. Delayed
mechanism for induction of g-glutamylcysteine synthe-
tase heavy subunit mRNA stability by oxidative stress
involving p38 mitogen-activated protein kinase signal-
ing. J Biol Chem 2005;280:28230–40.

32. Pascale A, Amadio M, Scapagnini G, et al. Neuronal
ELAV proteins enhance mRNA stability by a PKCa-
dependent pathway. Proc Natl Acad Sci U S A 2005;102:
12065–70.

33. Scheper GC, Proud CG. Does phosphorylation of the
cap-binding protein eIF4E play a role in translation
initiation? Eur J Biochem 2002;269:5350–9.

34. Culjkovic B, Topisirovic I, Borden KL. Controlling
gene expression through RNA regulons: the role of the
eukaryotic translation initiation factor eIF4E. Cell Cycle
2007;6:65–9.

35. Mazumder B, Seshadri V, Fox PL. Translational
control by the 3¶-UTR: the ends specify the means.
Trends Biochem Sci 2003;28:91–8.

36. Bulavin DV, Demidov ON, Saito S, et al. Amplification
of PPM1D in human tumors abrogates p53 tumor-
suppressor activity. Nat Genet 2002;31:210–5.

37. Brancho D, Tanaka N, Jaeschke A, et al. Mechanism of
p38 MAP kinase activation in vivo . Genes Dev 2003;17:
1969–78.

38. Joerger AC, Fersht AR. Structure-function-rescue: the
diverse nature of common p53 cancer mutants.
Oncogene 2007;26:2226–42.

39. Mori A, Lehmann S, O’Kelly J, et al. Capsaicin, a
component of red peppers, inhibits the growth of
androgen-independent, p53 mutant prostate cancer
cells. Cancer Res 2006;66:3222–9.

40. Khwaja F, Allen J, Lynch J, Andrews P, Djakiew D.
Ibuprofen inhibits survival of bladder cancer cells by
induced expression of the p75NTR tumor suppressor
protein. Cancer Res 2004;64:6207–13.

41. Williamson AJ, Dibling BC, Boyne JR, Selby P, Burchill
SA. Basic fibroblast growth factor-induced cell death is
effected through sustained activation of p38MAPK and
up-regulation of the death receptor p75NTR. J Biol
Chem 2004;279:47912–28.

42. Wang X, Xu L, Wang H, Young PR, Gaestel M,
Feuerstein GZ. Mitogen-activated protein kinase-
activated protein (MAPKAP) kinase 2 deficiency protects
brain from ischemic injury in mice. J Biol Chem 2002;277:
43968–72.

43. Nassenstein C, Kerzel S, Braun A. Neurotrophins and
neurotrophin receptors in allergic asthma. Prog Brain
Res 2004;146:347–67.

44. Raychaudhuri SP, Raychaudhuri SK. Role of NGF
and neurogenic inflammation in the pathogenesis of
psoriasis. Prog Brain Res 2004;146:433–7.

45. Chien CC, Fu WM, Huang HI, et al. Expression of
neurotrophic factors in neonatal rats after peripheral
inflammation. J Pain 2007;8:161–7.

46. Hennigan A, Trotter C, Kelly AM. Lipopolysaccharide
impairs long-term potentiation and recognition mem-
ory and increases p75NTR expression in the rat dentate
gyrus. Brain Res 2007;1130:158–66.

47. Watt JA, Paden CM. Up-regulation of the p75 low-
affinity neurotrophin receptor by phagocytically active
perivascular active cells in the rat neural lobe. Cell
Tissue Res 2001;303:81–91.

48. Moore MJ. From birth to death: the complex lives of
eukaryotic mRNAs. Science 2005;309:1514–8.

49. Keene JD. RNA regulons: coordination of post-
transcriptional events. Nat Rev Genet 2007;8:533–43.

50. von der Haar T, Gross JD, Wagner G, McCarthy JE.
The mRNA cap-binding protein eIF4E in post-tran-
scriptional gene expression. Nat Struct Mol Biol 2004;
11:503–11.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/23/11402/2577087/11402.pdf by guest on 19 M

ay 2023


