
Abstract. In the prostate, cellular growth and differentiation
are finely regulated by a complex interaction between stromal
and epithelial cells under the control of both autocrine and
paracrine regulatory factors such as the nerve growth factor
(NGF). However, the role of NGF and its receptors including
the high-affinity p-140 TrkA and the low-affinity p75 NTR
receptors remains controversial. Moreover prostate tissues
stored other neutrophins such as NT3, NT4 and brain derived
neutrophic factor (BDNF) as well as the corresponding
receptors (NTRs). Different members of NTRs are expressed
during prostate cancer (PCa) progression, suggesting their
involvement in cell proliferation, anoikis protection and
malignancy. Therefore, we analyzed the expression of NTRs
including NTRK1 (TrkA), NTRK2 (TrkB), NTRK3 (TrkC) and
p75 NGFR in a panel of 7 well-characterized PCa cell lines
and 12 cell derivatives from PC3 (4), DU145 (2), CWR22R (4)
and LnCap (2) cell lines possessing different proliferative/
invasive capabilities. We evaluated also the role of NGF, BDNF
and NT3 in the modulation of cell migration and invasion
and, finally, the effects of a pan Trk inhibitor, CEP-701 which
has been included in some clinical trials for the treatment of
PCa. We observed the following: i) TrkA and TrkB expression
was significantly higher in AR-negative compared to AR-
positive cells; ii) TrkA and TrkB expression was related to
the invasive capacity/malignancy of PCa cells; iii) p75 NGFR
could be considered a tumor suppressor gene which is present
at high levels only in AR-positive cells; and iv) that NGF and
BDNF (targeting TrkA/p75 NTR and TrKB, respectively)
induced cell migration and this was inhibited by the CEP-701

treatment. In conclusion, the malignancy of PCa seems to be
accompanied by increased TrkA and TrkB signaling (with a
reduction of p75 NGFR expression) and CEP-701 could be
used to reduce the metastasis formation in advanced PCa.
CEP-701 is a trademark of Cephalon Inc., West Chester, PA,
USA.

Introduction

The neutrotrophin (NT) family of growth factors, NGF, BDNF,
NT-3, NT-4/5, and their tyrosine kinase neutrophin receptors
(Trks A, B, C and the low-affinity NGF receptor, p75NGFR)
have been implicated in the paracrine growth regulation of a
number of neuronal and non-neuronal tumor types including
prostate epithelium (1-3). Each NT binds to a specific Trk
receptor: TrkA (NTRK1) binds specifically to NGF, TrkB
binds to both BDNF and NT-4/5, and TrkC binds primarily
to NT-3. However, NT-3 can bind and activate TrkA and
TrkB as well. All NTs bind with various affinities to p75NGFR,
a receptor implicated in the regulation of neuronal cell
survival, and in the modulation of NT affinity to the various
trk receptor subtypes (reviewed in ref. 4). Although NTs
aid in the development and maintenance of the adult nervous
system, NTs have also been shown to increase tumor invasive-
ness, enhance clonal growth, and cause changes in cell
morphology in a variety of non-neuronal cell types including
Wilms' tumor, melanoma, lung, pancreatic, prostatic, medullary
thyroid carcinoma and breast cancer (5-13). Normal prostatic
tissue contains substantial levels of nerve growth factor (NGF),
which is produced in a paracrine manner by stromal cells
whereas epithelial cells express primarily trkA and p75 NTR.
While the NGF/trkA/p75 NTR axis is present in the normal
prostate, normal prostatic epithelial cells do not depend on
this axis for their survival (11). In prostatic carcinoma (PCa)
an autocrine loop involving NGF and TrkA is responsible for
tumor progression (12-15), and tumor growth can be blocked
by NTRK1 kinase inhibitors (14). Specifically, a) both primary
and metastatic PCa as well as established PCa cell lines
express trkA (12,16); b) Djakiew et al (17) have demonstrated
that an NGF-like protein, secreted from a human stromal cell
line, stimulates the growth of a human prostate cancer cell
line (TSU-Pr1), now referred to as T24 bladder carcinoma
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cell derivative (18); an effect which an anti-NGF antibody
completely blocked; and c) NGF and NGF-like proteins
appear to increase the motility and invasiveness of prostate
cancer cell lines (15-17). Following NGF binding, NTRK1
undergoes dimerization and autophosphorylation of five
tyrosine residues which culminates in the induction of genes
mediating NGF effects on proliferation, differentiation and
apoptosis. TrkB is a receptor tyrosine kinase that has brain-
derived neurotrophic factor as one of its primary ligands. It
plays an essential role in the development and function of the
neuronal system, including promotion of neuronal survival
(19). It has been shown that TrkB protects cells against anoikis,
in different epithelial cell lines. The prevalence of TrkB
elevation in human cancer has prompted interest in this
receptor as a therapeutic target. However, whereas we have
provided evidence that TrkB overexpression is sufficient to
drive tumorigenesis, invasion, and metastasis in experimental
models, an important question remains as to whether TrkB
activity is essential to maintain these malignant properties in
human tumors. Also TrkC has been related to malignacy of
some tumors due to its capabilities to activate the secretion
and activation of proteases such as heparanase (20). p75
NGFR has been associated to prostate normal epithelium
whereas its expression is decreased in malignant PCa (4,12-15).
It has been shown that a pan-Trk inhibitor CEP-751 and its
O-desmethyl metabolite, CEP-701 treatment of different
models of human and rodent PCa inhibited the in vivo growth
in all of the prostatic cancer sublines tested, independent of
their state of differentiation, androgen sensitivity, metastatic
ability, or growth rate (13,14,21). Thus, considering the role
of NT and NTR in prostate progression we addressed their
expression and interactions in human PCa cell lines and
evaluated the role of the inhibition of the Trk-mediated
signaling transduction pathways by CEP-701 for the control
of invasion capabilities of PCa cells. 

Materials and methods

Reagents. All the materials for tissue cultures were purchased
from Hyclone (Cramlington, NE). Plasticware was obtained
from Nunc (Roskilde, Denmark). Reagents, when not otherwise
specified, were purchased from Sigma Chemicals (St. Louis,
MO, USA). Antibodies against AR, Ki67, TrkA, TrkB, TrkC
and p75 NTR as well as against their phosphorylated forms and
HRP-, FITC- and HRP-conjugated antibodies were purchased
from Santa Cruz (Santa Cruz, CA, USA). CEP-701 was kindly
provided by Cephalon Inc., West Chester, PA, USA.

Cell lines. We used a panel of 7 cell lines and 12 cell derivates:
ND1 (22), LnCaP (23), 22rv1 (24) and CWR22R strains
derived in our laboratory from three xenografted CWR22
Relapsed tumors (2152, 2274 and 2524, for which in vitro
characterization was in preparation) were AR positive whereas
PC3 (25), DU145 (26) and ALVA31 (27) cells were AR
negative. DU145 and PC3 cells were transfected with the wild-
type human androgen receptor or with a control neomycin-
resistant plasmid DNA [DU-AR, (28), PC3-AR (29)]. LnCaP,
PC3 and DU145 cell lines were originally obtained from
American Tissue Culture Collection (ATCC, Rockville, MD).
ND1 cells were kindly provided by Dr R. Dahiya and ALVA31

were kindly provided by Dr B.A. Roos. Cells were cultured
in DMEM supplemented with 10% FCS. Stably transfected
cells were maintained in the presence of geneticin, repeatedly
grown at low density (using different cell dilutions) and then
screened. PC3 and LnCaP cells were compared to the cell
derivatives, PCM-pro5, PC3M-Ln4, LnCaP-pro4 and LnCaP-
Ln4, obtained from Dr Pattaway [M.D. Anderson Cancer
Center, Houston, TX, USA (30)] and and with some cell
derivative originates in our laboratory (PC3-Ly, a lymphnodal
metastases of PC3 obtained after intraventricular injection (31)
and PC3-TKIR, a Gefitinib-resistant PC3 cell line (unpublished
data). 

Immunocytochemical analysis of Trk expression. Cells were
cultured in 5% FCS DMEM. Quantification of positive cells
was performed by flow cytometric analysis (FACScan; Becton
Dickinson, Mountain View, CA, USA). Cells were trypsinised,
centrifuged and left at 37˚C for 1 h in DMEM/10% FCS in
polypropylene tubes in order to reconstitute cellular external
membrane. Cells were washed in saline buffer and 1x106 cells
were fixed in a 3.7% paraformaldehyde buffered solution,
washed twice and then treated with ~10 μg/ml of primary
antibodies. After 1 h at 4˚C cells were washed twice in PBS
and FITC-anti-rabbit and anti-mouse secondary antibodies
(~1 μg/ml) were added to the fixed cells. After 30 min of
incubation at 4˚C, cells were washed twice and resuspended
in PBS at 1x106 cells/ml before analysis.

Migration and invasion assay. Cell migration was quantified
by the number of cells that migrated directionally through a
gelatin-coated 8-μm-pore polyvinyl pyrrolidone-free poly-
carbonate filter (Poretics, Livermore, CA, USA) in Boyden
Chambers. Filters were plated into contact with the lower
chamber containing 200 μl of serum-free medium or 10%
FCS containing medium (control). Briefly, cells (1x106 cells/
ml) were resuspended in serum-free DMEM and were either
untreated or pretreated at room temperature with inhibitors
(15 min) or antibodies (45 min). Recombinant human EGF
(Becton Dickinson) was diluted to the indicated concentrations
and added to the lower wells. Cells were then added to the
top of each chamber and allowed to migrate through coated
filters for 6 h. Non-migrated cells on the upper membrane
surface were removed with a cotton swab, and the migratory
cells attached on the lower membrane surfaces were stained
with Diff-Quik (Baxer Scientific, McGaw Park, IL, USA).
Cells were counted at a magnification x400 in standard
microscopy and the mean number of cells per field in 5 random
fields was recorded. Triplicate filters were used and the
experiments were repeated 3 times. Invasion assay was
performed as above except for the presence of filters coated
with 25 μg/ml of matrigel.

Statistical analyses. Data are expressed as the mean ± SEM
of at least three independent experiments. Statistical analysis
was performed using an unpaired Student's t-test. 

Results

Neutrophin receptor expression. We tried a possible correlation
with Trk expression and androgen dependence/sensitivity
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considering AR expression as marker. Thus we compared by
FACS analysis the expression of the neutrophin receptors, in
a battery of 7 well-characterized PCa cell lines and 12 cell
line derivatives from PC3 (5), DU145 (2), CWR22R (3) and
LnCap (2) cell lines, with the AR expression (Table I). We
found the following: a) TrkA was expressed at intermediate/
high levels in approximately all PCa cell lines. In addition
the TrkA expression was statistically higher in AR-negative
when compared to AR-positive cells (p=0.046). In addition
DU145 cells transfected with the human AR gene presented
significantly lower levels of TrkA compared to parental
cells or with cells transfected with the empty vector. b) TrkB
was expressed at low/intermediate levels in 16/19 PCa
cells (84.2%), whereas 3/19 cells (15.8%) were considered
as negative. TrkB expression was statistically higher in AR-
negative when compared to AR-positive cells (p=0.014) and
DU-AR and PC3-AR presented lower levels of TrkB when
compared with those presented by parental cells or by cells
transfected with the empty vector. c) TrkC expression was
expressed at intermediate/high (MFI>4.0) levels in 3/19
(15.8%) PCa cells, at low levels (1.0<MFI<4.0) in 10/19
(52.6%) whereas 6/19 (31.6%) were considered as negative.
TrkC expression was not statistically different in AR-negative

when compared to AR-positive cells; d) p75 NTR expression
was expressed at low/very low levels, and 12/19 (63.2) cell
lines were considered as negative (MFI<1.0). In addition the
p75 NTR expression was statistically lower in AR-negative
when compared to AR-positive cells (p=0.013).

Expression of neutrophin receptors and PCa malignancy
in vivo and in vitro. We tried to find a possible relationship
between Trk expression and malignancy of cells. For this
purpose we made the following comparisons: i) PC3 cell line
with its more malignant variants, PC3M-pro5; PC3M-Ln4,
PC3-Ly and PC3-TKIR, obtained after repeated in vivo ortho-
topic injections (PC3M-pro5 and PC3M-Ln4) by Pettaway
and coworkers and intracardiac injections (PC3-Ly) or after
in vitro selction using an anti-EGFR-TK inhibitor, Gefitinib
(PC3-TKIR); ii) LnCaP cell line with its more malignant
variants, LnCaP-pro4 and LnCaP-Ln4 obtained after repeated
in vivo orthotopic injections by Pattaway and coworkers; and
iii) among CWR22R variants obtained in our laboratory from
xenograft strains CWR22R possessing different in vivo growth
capacity. The results are summarized in Table II. 

We found the following: a) the expression of TrkA was
higher in more malignant PC3 derivatives especially in
Gefitinib-resistant PC3 cells suggesting that the progression at
more advanced tumors can be also associated to the resistance
to different chemotherapeutic agents such as EGFR-TKI
(unpublised data). No differences were observed for TrkB
and p75 NTR whereas TrkC was increased in all derivates. b)
LnCaP variants expressed significantly higher levels of TrkA
reforcing the data suggested in point 1. No differences were
observed for TrkB, TrkC and p75 NTR. c) The more prolifer-
ating 2152 and 2524 variants possessed higher levels of TrkA
and TrkB. No differences were observed for TrkC and p75
NTR.

Expression of neutrophins in PCa cell lines. We analyzed by
immunocytochemistry the production of NGF, NT3, NT4/5
and BDNF in cells grown on chamber slides without any
proliferative supplement. All PCa cell lines were tested; their
derivatives produced neutrophins, except for the LnCaP cell
line and its cell derivatives (Table III). 
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Table I. Correlation between neutrophin receptor expression
and androgen receptor in PCa cell lines by FACS analysis.a

–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line AR TrkA TrkB TrkC P75 NTR
––––––––––––––––––––––––––––––––––––––––––––––––– 
PC3 - 5.0 3.7 2.2 0.5

PC3 neo - 5.0 3.4 3.0 0.5

ALVA31 - 7.0 5.0 4.5 1.0

DU145 - 9.5 6.9 1.0 0.5

DU145 - 9.4 7.1 1.0 0.5
pcDNA

Mean 7.2±2.2 5.2±1.7 2.3±1.5 0.6±0.7

DU-AR + 6.1 5.1 1.0 2.0

PC-AR + 3.0 3.0 1.5 1.5

CWR22R + 4.0 2.9 2.0 1.0
2152

CWR22R + 3.0 3.1 2.0 0.5
2272

CWR22R + 5.0 3.1 2.5 1.5
2274

CWR22R + 7.0 2.9 2.0 3.0
2524

22rv1 + 6.5 2.9 3.0 1.5

ND1 + 4.0 2.5 1.5 2.0

LnCaP + 3.2 1.0 0.5 0.5

Mean ± SD 4.8±1.5 2.9±1.1 1.7±0.8 1.6±0.2
––––––––––––––––––––––––––––––––––––––––––––––––– 
aThe MFI values <1.0 are to be considered as negative.
––––––––––––––––––––––––––––––––––––––––––––––––– 

Table II. Neutrophin expression in derivatives from PC3 and
LnCaP cell lines by FACS analysis. 
––––––––––––––––––––––––––––––––––––––––––––––––– 
Cell line AR TrkA TrkB TrkC P75 NTR
–––––––––––––––––––––––––––––––––––––––––––––––––
PC3 - 5.0 3.7 2.2 0.5

PC3-pro5 - 4.5 2.8 2.5 0.5

PC3-Ln4 - 6.0 5.0 3.2 0.5

PC3-Ly - 6.0 4.8 2.8 0.5

PC3-TKi-R - 7.5 2.0 3.0 0.5

LnCaP + 3.2 1.0 0.5 0.5

PC3-pro4 + 2.0 1.0 1.5 0.5

LnCaP-ln4 + 5.2 5.0 0.5 0.5
–––––––––––––––––––––––––––––––––––––––––––––––––
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Neutrophins are able to modulate the migratory and invasive
capabilities of PCa cells. Next, we evaluated the modulation
of migratory and invasive capabilities of PCa cells in boyden
chamber assay with NGF, BDNF and NT3 used as chemo-
attracting agents.

Effects of NGF. In Fig. 1 we show the migratory and
invasive dose-response effects of NGF (targeting TrkA/p75
NTR) in 22rv1 and DU145 cells. NGF was able to induce a
chemotactic response and matrigel invasion with a maximal
effect between 5-50 ng/ml. NGF (10 ng/ml) has been used to
compare its effect in all PCa cell lines. We observed that
NGF induced chemotaxis and matrigel invasion to a different
extent in both AR-negative and AR-positive cells (Table IV).
We found the following: i) as expected AR-positive cells
presented a lower migratory capability than AR-negative cells
(p=0.024); ii) NGF-induced cell migration was statistically
higher in AR-negative than in AR-positive cells (p=0.038),
with a similar fold increase (2.5); iii) as expected AR-positive
presented a lower invasive capability than AR-negative cells
(p=0.001) with statistically lower invasion indices (p=0.005);
iv) NGF-induced matrigel invasion was higher in AR-negative
than in AR-positive cells (p=0.008) but with the same increase
of ~4-fold; v) the invasion indices were statistically higher in
AR-negative than in AR-positive cells (p=020) but with the
same increase of ~1.5-fold; however the increment of NGF-
induced invasion index was statistically significant only in
AR-negative cells (p<0.001); and vi) the NGF-induced cell
invasion (analyzing the invasion indices) was highly related
with TrkA expression, with a correlation coefficient of 0.806
(p=007), but not with p75 NTR expression.

Effects of BDNF. In Fig. 2 we show the migratory and
invasive dose-response effects of BDNF (targeting TrkB) in
22rv1 and DU145 cells. BDNF is able to induce chemotactic
response and matrigel invasion with a maximal effect between
5 and 10 ng/ml. The effect of BDNF (10 ng/ml) has been
compared in all PCa cell lines (Table IV). We found the
following: i) BDNF-induced cell migration was higher but
not statistically higher in AR-negative than in AR-positive
cells with a similar increase of ~1.5 fold; ii) BDNF-induced
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Table III. Neutrophin expression in PCa cell lines by immuno-
cytochemical analysis. 
––––––––––––––––––––––––––––––––––––––––––––––––– 
Cell line NGF NT4 NT3 BDNF
–––––––––––––––––––––––––––––––––––––––––––––––––
PC3 ++ + + +

ALVA31 ++ + + ++

PC3 neo ++ + + +

DU145 + ++ - +

DU145 pcDNA + ++ - +

DU-AR + ++ - +

PC-AR ++ + ± ±

CWR22R 2152 ++ + + +

CWR22R 2272 + + + +

CWR22R 2274 ++ + + ++

CWR22R 2524 ++ + ++ +

22rv1 ++ + ++ +

ND1 + + - -

LnCaP - + - -
–––––––––––––––––––––––––––––––––––––––––––––––––
-, negative expression; +, low expression; ++, high expression; and
±, very low expression.
–––––––––––––––––––––––––––––––––––––––––––––––––

Figure 1. Chemotaxis and chemoinvasion of 22rv1 and DU145 using NGF as
a chemoattracting agent. This is a representative dose-dependent experiment.
Each value is the mean of triplicate counts ± SE. P<0.001 after 2.5 ng/ml
NGF.

Figure 2. Chemotaxis and chemoinvasion of 22rv1 and DU145 using BDNF as
a chemoattracting agent. This is a representative dose-dependent experiment.
Each value is the mean of triplicate counts ± SE. P<0.001 after 2.5 ng/ml
BDNF.
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matrigel invasion was higher but not statistically higher in
AR-negative than in AR-positive cells (p=0.056) and with a
similar increase of ~2-fold; iii) the invasion indices were
statistically higher in AR-negative than in AR-positive cells
(p=0.08) but with a similar fold increase. In addition, the
increment of BDNF-induced invasion index was statistically
significant in both AR-negative (p<0.001) and AR-positive
(p<0.05) cells; and iv) the BDNF-induced cell invasion
(considering the invasion indices) was related with TrkB
expression with a correlation coefficient of 0.781 (p=0.045).

Effects of NT3. In Fig. 3 we show migratory and invasive
dose-response effects of NT3 (targeting TrkC) in 22rv1 and
PC3 cells. NT3 is able to induce chemotactic responses
and matrigel invasion with a maximal effect between 5 and
10 ng/ml. The effect of NT3 (5 ng/ml) has been compared in
all PCa cell lines (Table V). We found the following: i) NT3-

induced cell migration was statistically higher in AR-negative
than in AR-positive cells (p=0.28) but with a similar increment
of ~10% with respect to basal; ii) NT3-induced matrigel
invasion was statistically higher in AR-negative than in AR-
positive cells (p=0.010) but with a similar fold increase of
~1.5; iii) the invasion indices were statistically higher in AR-
negative than in AR-positive cells (p=0.017) but with a similar
fold increase of ~1.3. In addition the increment of NT3-induced
invasion index was not statistically significant in AR-negative
and AR-positive cells;  and iv) the NT3-induced cell invasion
(analyzing the invasion indices) was not statistically related
with TrkC expression with a correlation coefficient of 0.638
(NS).
Effects of CEP-701. Therefore we tried to verify whether
CEP-701, a quinazoline derivative which inhibits Trk activity,
was able to reduce both Trk phosphorylation and the invasive
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Table IV. Effects of NGF and BDNF on chemotaxis and matrigel invasion; comparison with basal migratory and invasive
capabilities.a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Cell line Chemotaxis Matrigel I.I. NGF-induced NGF-induced I.I. BDNF-induced BDNF-induced I.I.

invasion chemotaxis matrigel chemotaxis matrigel
invasion invasion

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
PC3 40±4 25±7 0.62 81±7 69±7 0.73 49±7 35±47 0.71

(2.0) (2.4) (1.2) (1.2) (1.4) (1.1)

ALVA31 55±4 32±5 0.58 88±10 74±6 0.84 68±10 47±6 0.69 
(1.6) (2.3) (1.4) (1.2) (1.5) (1.2)

DU145 35±2 20±4 0.57 115±4 98±4 0.85 65±4 50±4 DU145
(3.3) (4.9) (1.5) (1.9) (2.5)

DU14 5 32±4 18±2 0.56 108±7 88±2 0.81 64±7 43±2 0.72
pcDNA (3.4) (4.9) (1.4) (2.0) (2.4) (1.4)

PC3 neo 43±4 22±7 0.51 77±7 62±7 0.81 49±10 38±47 0.77 
(1.8) (2.8) (1.6) (1.1) (1.7) (1.5)

Mean ± SD 41±9 23±5 0.57 93±17 78±15 0.81 59±9 43±6 0.73 
[0.04] [0.05] [0.04]

PC3-AR 19±4 10±3 0.53 61±6 45±8 0.74 69±7 50±11 0.67 
(3.2) (4.5) (1.4) (1.4) (2.0) (1.2)

DU-AR 25±2 6±4 0.40 75±4 38±4 0.51 45±4 26±4 0.58 
(3.0) (6.3) (1.3) (1.8) (4.3) (1.45)

22rv1 32±4 13±2 0.40 89±4 68±2 0.76 55±4 20±2 0.57 
(2.8) (5.2) (1.9) (1.7) (2.3) (1.4)

ND1 35±4 10±2 0.28 61±7 28±2 0.45 41±7 25±2 0.61 
(1.7) (2.8) (1.6) (1.2) (2.5) (2.2)

LnCaP 10±3 3±2 0.30 30±4 11±2 0.33 10±4 4±2 0.40 
(3.0) (3.7) (1.1) (1.0) (1.3) (1.3)

Mean ± SD 24±16 8±4 0.38 63±22 38±21 0.56 44±22 25±17 0.57 
[0.10] [0.20] [0.10]

TrkA/p75 NTR TrkB 
ligand ligand

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aI.I, invasion index. Numbers in parenthesis, fold increase; numbers in brackets, SD.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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capability of cells. In Fig. 4 we show that NGF-mediated
TrkA phosphorylation is inhibited by CEP-701 in a dose-
dependent manner in DU145 and 22rv1 cells. Similar results
(data not shown) were obtained with other cell lines. BDNF-
mediated TrkB and NT3-mediated-TrkC phosphorylation
were also inhibited by CEP-701 indicating its wide activity
on several Trk family members (data not shown). Moreover
NGF- and, to a minor extent, BDNF-induced migration and
invasiveness were inhibited by Trk receptor tyrosine kinase
inhibitor, CEP-701 (data not shown and Fig. 5). 

Discussion

NGF and its receptors, trkA and p75NGFR, are present in
the prostate of several species, localized both in epithelial and
in stromal cells (32). In the prostate, p75NGFR is progressively
lost during tumorigenesis (33-35), and it has been proposed

that disappearance of this NGF receptor could represent a
marker of malignancy of prostate cancer (34). An imbalance
between trkA- and p75NGFR-mediated signals could, thus, be
involved or cooperate in the progression of PCa cells (36).
In this context, we demonstrated that a low expression of
p75 NTR was observed in more invasive PCa cell lines. We
have observed that Trk A expression is higher compared to
normal and hyperplastic prostate in ~40% of prostate cancers
(unpublished data) and this is in agreement with a series of
previous immunohistochemical evaluations mentioned above
(12,37). In addition we demonstrated that NTs and primarily
NGF are able to induce cell migration and invasion of PCa
cell lines and that the increment in cell movement and
invasiveness is related to the malignant potential of the cells.
In addition cells such as the LNCaP cell line and its cell
derivatives which are inable to secrete detectable levels of NT
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Figure 3. Chemotaxis and chemoinvasion of 22rv1 and DU145 using NT3 as
a chemoattracting agent. This is a representative dose-dependent experiment.
Each value is the mean of triplicate counts ± SE. P<0.005 after 2.5 ng/ml
NT3.

Table V. Effects of NT3 on chemotaxis and matrigel invasion;
comparison with basal migratory and invasive capabilities.a

–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line NT3-induced NT3-induced I.I.

chemotaxis matrigel invasion
––––––––––––––––––––––––––––––––––––––––––––––––– 
PC3 47±5 27±3 0.57 

(1.2) (1.1) (0.9)

ALVA31 60±2 42±4 0.70 
(1.1) (1.3) (1.2)

DU145 40±4 25±4 0.62 
(1.1) (1.25) (1.1)

DU145 35±2 22±4 0.63 
pcDNA (1.1) (1.2) (1.1)

PC3 neo 41±4 32±5 0.78 
(1.0) (1.5) (1.5)

Mean ± SD 45±9 30±8 0.66
[0.08]

PC3-AR 23±4 12±2 0.52 
(1.2) (1.2) (0.9)

DU-AR 28±4 10±2 0.36 
(1.1) (1.7) (0.9)

22rv1 40±3 25±4 0.62 
(1.25) (1.9) (1.55)

ND1 32±3 15±4 0.47 
(0.9) (1.5) (1.7)

LnCaP 8±3 4±4 0.50 
(0.8) (1.3) (1.7)

Mean ± SD 26±12 43±8 0.49
[0.09]

TrkC ligand
–––––––––––––––––––––––––––––––––––––––––––––––––
aI.I., invasion index. Numbers in parenthesis, fold increase;
numbers in brackets, SD.
––––––––––––––––––––––––––––––––––––––––––––––––– 

Figure 4. Western blots of DU145 and 22rv1 cell extracts in cells treated
with 5-10 ng/ml NGF for 30 min and with CEP-701 0-5 μM for 15 min
followed by NGF 10 ng/ml treatment for 30 min. Cell extracts (40 μg) were
loaded for each lane. Nitrocellulose filters were blotted for an antibody
recognized phospho-TrkA.
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are able to respond to exogenous NT suggesting that the
presence of NT receptors is sufficient to start the migratory/
invasive processes in a paracrine fashion. Indeed experimental
studies in tissue culture show that carcinoma-associated
stromal cells can promote prostatic carcinogenesis and that
normal stromal cells may be able to inhibit prostatic carcino-
genesis by inducing differentiation and decreasing the prolifer-
ation of the epithelium. Although the complex molecular
mechanisms through which stroma modulates the epithelial
cell phenotype remain to be elucidated, there are several well-

characterized signaling pathways, such as those for growth
factors and steroid hormones, that are likely to contribute to
the modulation of transformed epithelial cells. Although our
results demonstrated that low doses of NT including NGF,
comparable to levels present in prostate stroma, can modulate
tumor migration and invasion to a higher extent in androgen-
insensitive when compared to androgen-sensitive cells, it is
possible that the interference of TrkA/p75-NGFR balance
can be a therapeutic tool to induce cell differentiation and to
reduce cell growth through an NGF-mediated re-expression
of functionally active ARs. Mechanisms by which prostate
cancer cells escape androgen ablation and become independent
of the need for androgens are not yet well understood.
Therefore, CEP-701, a pan Trk inhibitor, which is able to
inhibit the tyrosine kinase activity of all three subtypes of trk
receptors via competition at the ATP-binding site, blocks the
chemotaxis and the chemoinvasion of all PCa cell lines tested
in our experiments suggesting that TrkA triggering may
modulate cell movement and cell invasion in prostate cancer.
In addition a phase I clinical trial with CEP-701 was well
tolerated by patients with advanced malignancy and established
the recommended dose level for planned phase II trials (38).
In conclusion our data may contribute to the understanding
of biological process modifications during the metastatic
progression of PCa and in particular the perineural invasion
(whose contribution in the positive margins incidence will be
addressed in a future manuscript in preparation) observed in
early invasive events of the loco-regional disease, which may
be driven by the enhanced neutrophin sensitivity of the tumors,
which is instead lost in the advanced stages characterized by
distant metastases. Moreover, the results shown in this study
have identified a possible therapeutic role for CEP-701, in
particular for androgen-resistant, highly invasive human PCa
cells. 
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Table VI. IC50 values calculated for CEP-701 in some PCa
cell lines.
–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line NGF-induced BDNF-induced NT3-induced 

matrigel matrigel matrigel 
invasion invasion invasion

––––––––––––––––––––––––––––––––––––––––––––––––– 
PC3 0.50±0.17 0.60±0.11 0.80±0.22

ALVA31 0.35±0.21 0.35±0.14 0.65±0.12

DU145 0.25±0.02 0.38±0.04 0.88±0.03

PC3-AR 0.32±0.02 0.52±0.008 0.87±0.05

DU-AR 0.22±0.02 0.42±0.008 0.82±0.08

22rv1 0.30±0.05 0.53±0.08 0.63±0.02

ND1 0.32±0.06 0.72±0.05 >1.0

LNCaP 0.64±0.02 >1.0 >1.0

TrkA/p75 NTR TrkB TrkC
ligand ligand ligand

––––––––––––––––––––––––––––––––––––––––––––––––– 

Figure 5. Chemotaxis and chemoinvasion of DU145 (A and B) and 22rv1 (C and D) using 10 ng/ml NGF as a chemoattracting agent. This is a representative
dose-dependent experiment. Each value is the mean of triplicate counts ± SE. P<0.001 after 2.5 ng/ml BDNF.
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