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Pro-nerve Growth Factor Induces Autocrine Stimulation of
Breast Cancer Cell Invasion through Tropomyosin-related
Kinase A (TrkA) and Sortilin Protein™
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The precursor of nerve growth factor (proNGF) has been
described as a biologically active polypeptide able to induce apo-
ptosis in neuronal cells, via the neurotrophin receptor p75~N '}
and the sortilin receptor. Herein, it is shown that proNGF is
produced and secreted by breast cancer cells, stimulating their
invasion. Using Western blotting and mass spectrometry,
proNGF was detected in a panel of breast cancer cells as well as
in their conditioned media. Immunohistochemical analysis
indicated an overproduction of proNGF in breast tumors, when
compared with benign and normal breast biopsies, and a rela-
tionship to lymph node invasion in ductal carcinomas. Interest-
ingly, siRNA against proNGF induced a decrease of breast can-
cer cell invasion that was restored by the addition of non-
cleavable proNGF. The activation of TrkA, Akt, and Src, but not
the MAP kinases, was observed. In addition, the proNGF inva-
sive effect was inhibited by the Trk pharmacological inhibitor
K252a, a kinase-dead TrkA, and siRNA against TrkA sortilin,
neurotensin, whereas siRNA against p75~'® and the MAP
kinase inhibitor PD98059 had no impact. These data reveal the
existence of an autocrine loop stimulated by proNGF and medi-
ated by TrkA and sortilin, with the activation of Akt and Src, for
the stimulation of breast cancer cell invasion.

Nerve growth factor (NGF),” the prototypical member of the
neurotrophin family of polypeptides, is essential for the survival
and differentiation of central and peripheral neurons, and its
role in the development and regeneration of the sympathetic
and sensory nervous systems has been extensively described
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(1). NGF binds to the tropomyosin-related kinase A (TrkA)
receptor, a tyrosine kinase receptor, and to the p75 neurotro-
phin receptor (p75~"®), a member of the tumor necrosis factor
receptor family, to induce its neurotrophic effects. NGF is syn-
thesized as a 25-kDa precursor protein, named proNGF, that
yields the mature NGF polypeptide of 13.5 kDa and an inactive
prosegment of 11.5 kDa, released from the N terminus intracel-
lularly by furin, or extracellularly by plasmin as well as by sev-
eral matrix metalloproteases (2). Importantly, proNGF can be
secreted without being processed to mature NGF and can have
its own biological effects (3). As more than just a source for
NGF, proNGF was shown to induce neuronal death by apopto-
sis where mature NGF induced survival and differentiation (4,
5). For inducing its proapoptotic effect on neurons, proNGF
forms a trimeric complex with two plasma membrane recep-
tors: p75™"® and sortilin (4). Sortilin, a 95-kDa type I receptor,
a member of the vacuolar protein sorting-associated protein
10-domain (Vps10p domain) receptors, was first identified for
its ability to bind neurotensin and was more recently shown to
bind the prosegment of proNGF (4, 6). Interestingly, although
p75™"® and sortilin are considered as the main receptors for
proNGF, activation of TrkA phosphorylation and downstream
signaling has been reported (7, 8). Thus, proNGF, in the
absence of processing, is also an active product of the NGF gene.

Aside from its neurotrophic properties, NGF has been impli-
cated in a few carcinomas and particularly in breast cancer,
where it stimulates both cell proliferation and survival through
the activation of TrkA and p75™"¥, respectively (9-12). NGF
cooperates with the tyrosine kinase receptor HER2 to activate
breast cancer cell growth (13), and the anti-estrogen drug
tamoxifen, which is widely used in breast cancer therapy, is able
to inhibit its mitogenic effect (14). In addition, repression of
SHP-1 phosphatase expression by p53 leads to TrkA tyrosine
phosphorylation (15). Given TrkA and p75™*® expression in
breast tumor cells (16—18), the demonstration that NGF is
overexpressed in the majority of human breast tumors and that
its inhibition can result in a diminished tumor growth in pre-
clinical models underscores the potential value of NGF as a
therapeutic target (19). However, despite these findings with
NGE, there has not been any study linking proNGF and breast
cancer.

In this study, it is shown for the first time that breast cancer
cells release proNGF, producing an autocrine stimulation loop
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mediated through TrkA plus sortilin and leading to the activa-
tion of cancer cell invasion. Thus, these data reveal a direct
involvement of proNGF in breast cancer development.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection with siRNA and cDNA
Constructs—Breast cancer cell lines were routinely grown as
described previously (10). For transfection with siRNA, cells
were nucleofected using the Amaxa Cell Line Nucleofector kit
V (Lonza) according the manufacturer’s recommendations,
with 1.5 ug of annealed siRNA. The siRNA sequences used
(Eurogentec) were against proNGF (siproNGF) GAAUGCUG-
AAGUUUAGUCCTT, p75N*® (siP75) AUGCCUCCUUGGC-
ACCUCCTT, and sortilin (siSORT) CUCUGCUGUUAACA-
CCACCTT and compared with control (siGFP) GAUGAACU-
UCAGGGUCAGCTT. For TrkA, a pool of three siRNA
sequences was used: GAACCUGACUGAGCUCUAC, UGGA-
GUCUCUCUCCUGGAA, and GCUGCAGUGUCAUGGG-
CAA. The decrease in targeted protein level was assessed by
immunoblotting with anti-proNGF (AB9040, Millipore), anti-
p75NT® (clone D8AS, Cell Signaling Technology), anti-TrkA
(Sc-118, Santa Cruz Biotechnology), and anti-sortilin (612101,
BD Biosciences or ANT-009 Alomone Labs, for detection of rat
sortilin in PC12 cells). Actin detection (A2066, Sigma-Aldrich)
was used for an equi-loading control.

The TrkA expression vector (pDisplay/TrkA) was prepared
by inserting TrkA cDNA from MDA-MB-231 cells (TrkA var-
iant 1: NM_001012331.1) into the pDisplay vector (Invitrogen).
The kinase-dead TrkA construct was obtained by mutating the
three tyrosines 670/674/675 of the tyrosine kinase domain. All
other constructs were generated by replacing a single tyrosine
residue with phenylalanine with the QuikChange® site-di-
rected mutagenesis kit (Stratagene). Cell transfections were
done using Amaxa (Lonza) according to the manufacturer’s
instructions. Cells were selected with 1 mg/ml G418 (Invitro-
gen), and the resistant cell populations were stored as frozen
stocks and used for all the experiments within 20 passages.
Expression of TrkA was not modified with passages as verified
by Western blot analysis.

Cell Extracts and Conditioned Medium Preparation—Sub-
confluent breast cancer cells were rinsed with PBS and lysed in
150 mm NaCl, 50 mm Tris, pH 7.5, 1% SDS, 1% Nonidet P-40,
100 um sodium orthovanadate and then boiled for 5 min at
100 °C. After centrifugation (12,000 X g, 5 min), the superna-
tant was frozen (—80 °C) until immunoblotting. For condi-
tioned medium recovery, subconfluent cells were rinsed twice
and starved for 24 h. The medium was centrifuged (200 X g, 10
min, 4 °C), and the supernatant was concentrated by Amicon
Ultra-15 with a 10-kDa cut-off according to the manufacturer’s
recommendations. The concentrated conditioned medium was
frozen at —20 °C until immunoblotting or nanoLC mass spec-
trometry analysis.

Western Blotting— After a 5-min boiling in Laemmli buffer,
proteins were submitted to SDS-PAGE and then transferred
onto a nitrocellulose membrane by electroblotting. The satura-
tion was done in TBS-Tween 0.1% containing 5% bovine serum
albumin, 3% skimmed milk (for anti-TrkA), or 0.2% casein (for
anti-sortilin) for 1 h at room temperature. Membranes were
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incubated with anti-proNGF (AB9040, Millipore), anti-NGF
(Sc-548, Santa Cruz Biotechnology) 1/1000, or anti-B-actin
antibody (A2066, Sigma-Aldrich) 1/5000 as control, in satura-
tion buffer (overnight, 4 °C). Antibodies against TrkA were
from Santa Cruz Biotechnology, and phospho-TrkA (Tyr-674/-
675), pan-Akt, phospho-Akt (Ser-473), Src, phospho-Src (Tyr-
416), Erk1/2, and phospho-Erk 1/2 (Thr-202/Tyr-204) were
from Cell Signaling. The membranes were rinsed and incu-
bated with peroxidase-conjugated anti-rabbit immunoglobulin
G antibody (711-035-152, Jackson ImmunoResearch Laborato-
ries) for 1 h at room temperature. After extensive washes, the
reaction was revealed using the SuperSignal West Pico chemi-
luminescent substrate with Amersham Biosciences Hyperfilm
ECL or with a Fuji LAS-4000 luminescent analyzer using expo-
sure times at subsaturation.

Mass Spectrometry—A nanoLC-nanoESI/SIM-MS system
was used for the detection of proNGF protein, as described
previously (19), with an ion trap mass spectrometer (LCQ Deca
XP*; Thermo Fisher) equipped with a nanoelectrospray ion
source coupled with a nano high pressure liquid chromatogra-
phy system (LC Packings, Dionex). The SIM/MS ionic signal of
proNGF was detected at a retention time of 29.43 min after
nanoLC separation. The deconvoluted mass spectrum was
depicted with the Bioworks 3.1 software (Thermo Fisher).

Immunocytochemistry—Cells were grown on rat tail collagen
I-coated Labtek dishes until 60% of confluency was reached.
After a 1 um ionomycin (or dimethyl sulfoxide (DMSO) for
control) treatment of 60 min, cells were successively rinsed with
PBS, pH 7.5, fixed for 20 min with paraformaldehyde 4%, per-
meabilized for 20 min at room temperature with PBS, pH 7.5;
0.05% saponin; 50 mM ammonium chloride and blocked for 30
min with PBS, pH 7.5; 0.05% saponin; 2% bovine serum albu-
min. Cells were then incubated for 2 h at room temperature in
the blocking solution containing 1/500 proNGF antibody
(AB9040, Millipore) or normal rabbit immunoglobulin G (AB-
105-C, R&D systems) for control, rinsed with PBS, pH 7.5, and
incubated for 1 h at 37 °C in the blocking solution containing
1/2000 Alexa Fluor 488 anti-rabbit immunoglobulin G. Slides
were mounted and observed at a 494-nm wavelength through a
fluorescence microscope (Nikon).

Immunohistochemistry—Analysis of normal and tumor
biopsies was performed using tissue arrays (Biomax and Bio-
Chain). After deparaffinization and hydration, antigens were
recovered in citrate buffer (10 mwm, pH 6) at 60 °C. Endogenous
peroxidases were quenched by submerging slides in TBS-
Tween 20, 0.1%, containing 3% H,O, (10 min, room tempera-
ture). After saturation in TBS-Tween 20 0.1% with 3% BSA (60
min, 37 °C), slides were probed with anti-proNGF antibody
(AB9040, Millipore) or with normal rabbit immunoglobulin G
(AB-105-C, R&D systems) as control at 1/200 in saturating
buffer (2 h, 37 °C). Slides were then washed and incubated with
peroxidase-conjugated anti-rabbit immunoglobulin G (711-
035-152, Jackson ImmunoResearch Laboratories) at 1/400 in
saturating buffer (2 h, 37 °C). Immunostaining was visualized
with diaminobenzidine chromogen, and slides were post-
stained with Harris hematoxylin. After mounting, photomicro-
graphs were taken.
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Cancer Cell Invasion Assay—Cells were rinsed twice and left
for 24 h in starvation medium with 0.1% fetal calf serum. Migra-
tion assays were done in 12-well Boyden microchambers (Tran-
swell®) with 8-um pore size membranes. The Transwell micro-
chambers were first coated with 100 ul of starvation medium
with 0.1% FCS plus 40 ug of rat tail collagen I for 1 hat 37 °Cin
5% CO.,. 100, 000 cells in 400 wl of starvation medium with 0.1%
FCS were loaded in the upper chamber, whereas 1.6 ml of star-
vation medium with 0.1% FCS was placed in the lower chamber.
After 20 h of incubation in the presence of proNGF (from Alo-
mone (Israel) and a generous gift from Dr. E. Schwarz, Martin-
Luther-University Halle-Wittenberg, Halle, Germany), non-
cleavable proNGF (Alomone Labs) including amino acid
substitutions or NGF (Scil Proteins GmbH), with or without
pharmacological inhibitors (K252a inhibitor of Trk kinase,
LY294002 inhibitor of PI3K, PD98059 inhibitor of MAPK,
SKI-1 inhibitor of Src, furin inhibitor I, all from Calbiochem) or
siRNA sequences, the Transwell microchambers were rinsed
with PBS, and the upper surface of the membrane was scraped
toremove cells. Neurotensin was from Sigma. The cells remain-
ing on the down side of the membrane were Hoechst-stained
and mounted on glass slides with Glycergel before counting (10
fields per membrane) through a fluorescence microscope at 352
nm. Each condition was done in triplicate. Statistics were per-
formed with one-way analysis of variance test and Bonferroni’s
post test by using GraphPad Prism 5.01 software.

RESULTS

ProNGF Is Produced and Secreted by Breast Cancer Cells—
The production of proNGF by breast cancer cells was analyzed
by immunoblotting with an anti-proNGF antibody, directed
against the prosegment, that does not recognize mature NGF.
Each tested cell line was shown to exhibit an immunoreactive
band at 25 kDa, which corresponds to the theoretical molecular
mass of proNGF (Fig. 1A4). This band decreased after cell trans-
fection with siRNA targeting proNGF, further demonstrating
that it does indeed correspond to proNGF (Fig. 1B). In addition,
proNGF was not detected in conditioned media when cells
were treated with siRNA targeting proNGF. Cellular proNGF
localization was assessed by immunocytochemistry (Fig. 1C).
ProNGF was visualized in the cytoplasm of tested cell lines,
whereas normal rabbit immunoglobulin G did not lead to any
staining. These data are in accord with our previously published
results, which showed that the same cancer cell lines express an
NGF transcript (10). Moreover, immunocytochemical observa-
tions suggested that proNGF was secreted as it was diminished
upon treatment with ionomycin, an inducer of secretion.
Importantly, Western blot analysis of conditioned medium
with anti-proNGF confirmed the presence of an immunoreac-
tive band from four cell lines (Fig. 1D). The detection of
proNGF in the conditioned media was further validated by anti-
NGF recognition of the 25-kDa band. Of note, NGF was also
detected at about 14 kDa. Finally, proNGF was detected as a
single peak after nano-liquid chromatography separation, as
shown in the corresponding mass spectrometric spectra (Fig.
1E); the deconvolution of the putative proNGF peak yielded the
precise molecular mass (24,928 Da) expected for this protein.
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Together, these data indicate that proNGF is synthesized and
secreted by breast cancer cells.

ProNGF Overexpression in Breast Tumors—The production
of proNGF by breast cancer cells was observed in tumor biop-
sies. Immunohistochemistry was performed on 521 human
breast biopsies representing 144 healthy donors, 11 patients
with benign tumors, and 366 patients with malignant tumors.
As illustrated in Fig. 24, proNGF immunoreactivity was found
in the epithelial compartment of various malignant tumors,
whereas it was poorly detected in benign tumors and normal
biopsies. ProNGF was not found in 94 of 144 healthy donors
(65%) nor in 64% of the benign tumor samples. In contrast,
proNGF was found in the majority of breast cancers (287 of 366,
78%). Thus, proNGF overproduction appears to be a general
phenomenon in a significant number of breast tumors. This is
consistent with the reported overexpression of NGF in breast
tumors (10, 19). There was no significant correlation between
the presence of proNGF and the histological grade, the tumor
value, the axillary lymph node status, the presence of metasta-
ses, the age, and the presence of estrogen or progesterone
receptors (data not shown). Nevertheless, when considering
only invasive ductal carcinomas, which represent the majority
of breast cancers, a statistically significant association (p =
0.0042) was obtained between the presence of proNGF and
lymph node invasion by breast cancer cells (Fig. 2B), suggesting
a potential link to metastasis.

ProNGF Stimulates Invasion of Breast Cancer Cells through
TrkA and Sortilin—The biological impact of proNGF on breast
cancer cell invasion was tested. As shown in Fig. 34, non-cleav-
able proNGF induced a stimulation of breast cancer cell inva-
sion. The data presented in Fig. 3 have been obtained with
proNGF from Alomone Labs. In addition, the proNGF 123 con-
struct (20) (generous gift from Dr. Kenneth Neet, Rosalind
Franklin University of Medicine and Science, Chicago, IL) was
also tested. As shown in supplemental Fig. S1, the results were
identical to what was obtained with Alomone Labs proNGF.
Non-cleavable proNGF was used here to ensure that no NGF
would be generated from proNGF, but it has been observed that
wild type proNGF also induced the same stimulation of breast
cancer cell invasion; moreover, for the same concentration,
NGF did not lead to any significant effect (data not shown).
siRNA against proNGF led to a dramatic disruption of cell inva-
sion, which was restored upon the addition of recombinant
non-cleavable proNGF, suggesting the existence of an auto-
crine loop of stimulation. p75™™ impairment by siRNA had
little effect, indicating that p75™"® was at best poorly impli-
cated in the proNGF stimulation of breast cancer cell invasion.
Interestingly, siRNA against TrkA or sortilin prevented cells
from migrating through the collagen-coated membrane of the
Transwell microchambers, in the same manner as siRNA
against proNGF did in the presence of non-cleavable proNGF.
The addition of proNGF was not able to induce cell invasion in
the absence of TrkA or sortilin, indicating that these receptors
were necessary to trigger the proNGF pro-invasive effect. In
contrast to proNGF, when epidermal growth factor was added
to sortilin- or TrkA-depleted cells, a stimulation of cell invasion
was observed (data not shown). Of note, siRNA against proNGF
induced a greater inhibition than that of TrkA, and this could be
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FIGURE 1. ProNGF production and secretion by breast cancer cells. A, Western blot analysis of proNGF production by breast cancer cell lines MCF-7, T-47D,
BT-20, and MDA-MB-231, with 50 ng of protein per lane and anti-proNGF. B, Western blot analysis of proNGF in MDA-MB-231 transfected with siRNA against
proNGF (siproNGF) or control non-targeting siRNA (siGFP), in both cell lysate and conditioned media. C, panels a-c,immunocytochemistry of proNGF in T-47D
(panel a), BT-20 (panel b), and MDA-MB-231 (panel c). Panels d and e, magnification of cellular localization in MCF-7 (panel d) and after cells were treated with 1
umionomycin (panel e). Panel f, in control, control MCF-7 cells with rabbit normal immunoglobulin G. D, Western blot analysis of conditioned medium of T-47D,
MCF-7, BT-20, and MDA-MB-231 cells, with anti-proNGF (left panel) and anti-NGF (right panel). E, mass spectrometric detection of proNGF in breast cancer cell
conditioned media. The MS spectrum of proNGF showed the three multiple charge ions (+23, +24, +25) selected for the SIM acquisition and specific
identification of proNGF. The deconvoluted mass spectrum shows the molecular mass of proNGF monomeric chain at 24,928 Da.

due to the inhibition of NGF production as NGF can also stim-
ulate breast cancer cell migration (as shown in Fig. 4). In con-
trols, Western blot analysis showed the efficiency of the siRNA
in decreasing the level of the different proteins. A Western blot
comparison of TrkA, p75NTR, and sortilin in breast cancer cells
versus PC12 cells is presented in supplemental Fig. S2.
Together, these results indicate that secreted proNGF is able to
stimulate breast cancer cell invasion through TrkA and sortilin
rather than p75™"®. Significantly, transfection of breast cancer
cells with a kinase-dead TrkA abolished the pro-invasive effect
of proNGF (Fig. 3A), and phosphorylation of TrkA and activa-
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tion of downstream signaling pathways were thus tested (Fig.
3B). ProNGF induced the activation of TrkA, with a maximum
level of TrkA phosphorylation observed after 60 min of stimu-
lation that was followed by Akt and Src activation, whereas
ERK1/2 were not stimulated. The efficacy and specificity of the
pharmacological inhibitors used are shown (Fig. 3C), and this is
consistent with the fact that pharmacological inhibitors of
TrkA, Akt, and Src abolished the proNGF-induced invasion of
breast cancer cells (Fig. 34). In contrast, the pharmacological
inhibitor of MAP kinases, PD98059, had no impact on proNGE-
induced cell invasion. The selective mutation of TrkA Tyr-490/
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FIGURE 2. Immunolocalization of proNGF in human breast biopsies. A, immunohistochemistry with anti-proNGF on normal breast biopsies (NB), benign
tumors (BT), and tubular (TC), invasive ductal (/DC) and lobular (/LC) carcinomas. As a control (CT), normal rabbitimmunoglobulin G was used on invasive ductal
carcinoma. Size bar = 200 wm. B, association of proNGF production and clinicopathological parameters in 174 invasive ductal carcinomas. ProNGF labeling
intensity was visually determined, from 0 (no staining) to 3 (intense staining), and association with various clinicopathological parameters was tested with the
X° test. For some patients, not all data could be retrieved; consequently, the total number can differ. Biopsies are clustered using histological grade (according
to Bloom and Richardson), tumor value, patient age, and axillary and lymph node status.

695/751/785 indicated that only Tyr-490 was required for the
proinvasive effect of proNGF (Fig. 3D). The addition of neuro-
tensin, which is a natural ligand of sortilin, inhibited the phos-
phorylation of TrkA and the activation of Akt induced by
proNGF as well as its proinvasive effect (Fig. 3E), suggesting
that a proNGEF/sortilin interaction is necessary for TrkA
activation.

Effect of ProNGF versus NGF on TrkA Signaling and Breast
Cancer Cell Invasion—The furin inhibitor I had no impact on
either the proinvasive effect of proNGF or the activation of
TrkA signaling (Fig. 44). These data indicate that the activation
of TrkA signaling by proNGF and the subsequent proinvasive
effect do not involve intracellular cleavage into mature NGF.
Comparison of proNGF and NGF shows that mature NGF can
also induce breast cancer cell invasion, but at much higher con-
centration (Fig. 4B). A maximum effect of proNGF was
obtained at 0.5 nM, whereas the maximum effect of NGF was
obtained with 16 nM. The proinvasive effect of NGF was inhib-
ited by siRNA against TrkA, but in contrast to what was
observed for proNGF, siRNA against sortilin or the addition of
neurotensin had no effect on NGF-mediated cell invasion (Fig.
4C). The signaling activated by NGF also involves TrkA, Akt,
and Src activation (Fig. 4D). A side-by-side comparison of the
signaling intensity, obtained on the same blot, for proNGF and
mature NGF, at concentrations stimulating breast cancer cell
invasion (i.e. 0.5 nM proNGF and 16 nm mature NGF), showed
that the activation of TrkA, Akt, and Src was stronger for
mature NGF when compared with proNGF (Fig. 4E). Neverthe-
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less, at the concentration for which proNGF is active, mature
NGF does not exhibit any activity on either cell invasion or
TrkA signaling. Together, these data show that NGF is less
potent than proNGF in inducing breast cancer cell invasion and
solely involves TrkA activation, without the participation of
sortilin.

DISCUSSION

In this study, it is shown that proNGF, which has mainly been
studied for its effects in a neuronal context, is produced and
secreted by breast cancer cells. Previous studies have reported
that cells of the central nervous system can secrete proneu-
rotrophins (21), but to our knowledge, the study reported
herein is the first demonstration that proNGF is also secreted
by tumor cells. Although the corresponding mature NGF was
previously shown to be produced by breast cancer cells (10), the
fact that proNGF can be cleaved intracellularly by prohormone
convertases and furin could have prevented the secretion of the
precursor form (22-24). Nevertheless, proNGF was found in
the conditioned medium, and siRNA inhibition resulted in a
diminished biological effect, indicating the secretion of
proNGF by breast cancer cells.

Although NGF promotes breast cancer cell survival and
growth via p75N™ and TrkA, followed by the activation of
NF-«B and MAP kinases (9, 11, 25, 26), the results shown here
indicate that proNGF activates tumor cell dissemination via
TrkA and sortilin, without involvement of p75™"%, resulting in
Akt and Src activation. P75N™® and sortilin are described as
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FIGURE 3. Effect of proNGF on invasion of breast cancer cells and associated signaling pathways. A, cell invasion assay on MDA-MB-231 transfected with
the siRNA against proNGF (siproNGF), p75"™® (sip75), sortilin (siSORT), TrkA (siTrkA), control siRNA (Control), or TrkA kinase-dead versus TrkA wild type, treated or
not with 0.5 nm recombinant human non-cleavable proNGF (N.C. proNGF) and/or 10 nm K252a (Trk inhibitor), 15 um LY294002 (P13 kinase inhibitor), 50 nm SKI-1
(Src inhibitor), or 10 um PD98059 (MAP kinase inhibitor). Untreated siGFP-transfected control cells represent the control 100% of invasion (white bar). The
efficiency of siRNA treatments was assessed by Western blotting. B, proNGF-induced cell signaling in breast cancer cells. MDA-MB-231 cells were stimulated by
0.5 nm non-cleavable proNGF for the indicated times. C, the efficacy and specificity of pharmacological inhibitors used in cell invasion assays were tested in
Western blotting. D, cellinvasion assay on MDA-MB-231 cells transfected with mutated forms of TrkA. Tyr-490, Tyr-695, Tyr-751, and Tyr-785 were mutated, and
response to proNGF was tested. E, neurotensin effect on proNGF-induced signaling and breast cancer cell invasion. For Western blotting and cell invasion
assay, the experimental conditions were identical to what was described in A and B. For the statistics in A, D, and E, error bars represent S.D. ¥, p < 0.001 for
proNGF stimulation versus no stimulation; §, p < 0.001 for experimental versus control under proNGF stimulation; 1, p < 0.001 for experimental versus control

with no proNGF stimulation.

receptors of proNGF in the nervous system, and the molecular
and structural basis of their interaction has been described (27).
In melanoma cells, it has previously been shown that the addi-
tion of proNGF can lead to a stimulation of cell invasion
through activation of p75™"® and sortilin (28); in this model,
TrkA was not found to be necessary. However, the activation of
TrkA by proNGF has also been reported in other models (8),
with the biological activity of proNGF dependent upon relative
levels of TrkA versus p75™"® (29). Therefore, although p75~"®

1928 JOURNAL OF BIOLOGICAL CHEMISTRY

appears to be mediating proNGF invasive effects in melanoma,
in breast cancer, the present study indicates that TrkA is
involved without the participation of p75™"%, Whether or not
this is related to a different ratio of TrkA/p75™"® between mel-
anoma and breast cancer cells remains to be elucidated, but a
common feature between the two models is the necessity of
binding to sortilin. A direct interaction between TrkA and
sortilin has recently been reported (30), and such an interaction
could also occur in breast cancer cells. The fact that neuroten-
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60 kDa N S S S e Src

sin, the natural ligand of sortilin, was found to inhibit the acti-
vation of TrkA by proNGF suggests that a direct interaction of
proNGF and sortilin is necessary for the stimulation of TrkA.
Moreover, TrkA activation by proNGF has already been
observed in PC12 cells, and it requires endocytosis and intra-
cellular proteolysis of the proneurotrophin (7). In breast cancer
cells, as demonstrated with the use of non-cleavable proNGFs
and the furin inhibitor, the processing of proNGF into NGF is
not required for activation of TrkA and cell invasion. Moreover,
the activation of breast cancer cell invasion by NGF requires a
concentration 15 times higher than proNGF, emphasizing that
the generation of mature NGF cannot cause the proinvasive
effect of proNGF. Together, this indicates that TrkA is the
functional receptor for proNGF in breast cancer cells and that it
is involved in the stimulation of tumor cell invasion.

Metastasis of breast cancers is a major issue as it is directly
correlated to patient mortality (31). To date, there is no vali-
dated biomarker to predict the metastatic nature of breast
tumors, and peripheral node invasion by tumor cells remains
the criterion used in clinical practice. The observation that
proNGF is overproduced in malignant tumors makes it a poten-
tially important molecule in breast cancer development.
Importantly, the presence of proNGF was associated with
lymph node invasion in invasive ductal carcinomas, whereas
the examination of the other breast cancer types did not show
such an association. Although further investigation of large
cohorts of tumor biopsies will be needed to determine whether
proNGF has a practical value as a prognostic biomarker, the
data presented here suggest an association between proNGF
level and node invasion/metastasis in breast cancer. This
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hypothesis is coherent with the in vitro effect of proNGF lead-
ing to the stimulation of breast cancer cell invasion. In addition,
it is also supported by the observation that proNGF induces Src
and Akt as these kinases are well known for their involvement in
cancer metastases as overexpression or higher activation of
both Src and Akt occurs frequently in metastatic cancer cells
(32, 33). The activation of Src and Akt downstream to TrkA
stimulation has been well described in other models, for
instance, in hippocampal neurons (34), and the reported
importance of Tyr-490 in activating these pathways is con-
firmed here. Thus, both in vitro and in vivo analyses reported in
the present study point to a potential role for proNGF in breast
cancer metastasis.

In conclusion, proNGF is produced in breast cancer, where it
can stimulate tumor cell invasion. ProNGF production adds to
the recently reported expression of brain-derived neurotrophic
factor (BDNF) and neurotrophin-4/5 (NT-4/5), showing that
neurotrophin family members and their receptors are generally
involved in breast cancer (35). Brain-derived neurotrophic fac-
tor and NT-4/5 exhibit a different type of activity on breast
cancer cells as they were found to stimulate tumor cell survival.
In addition, the impact of neurotrophins could go beyond the
stimulation of breast tumor cells themselves as recent studies
suggest an effect of NGF on angiogenesis (36) as well as on the
sprouting of sensory nerve fibers participating in cancer-in-
duced pain (37). In addition to other studies reporting neu-
rotrophin intervention in other pathologies, the present work
integrates with the emerging concept that proNGF is a biolog-
ically active molecule that can function outside the nervous
system. This prompts further studies to determine whether tar-
geting proNGF and its receptors may have clinical benefits in
the management of breast cancer, as well as in other
carcinomas.

Acknowledgments—We thank Nathalie Gelus-Ziental for excellent
technical assistance and Dr. Kenneth Neet for the generous gift of the
proNGF123 construct.

REFERENCES

1. Shooter, E. M. (2001) Early days of the nerve growth factor proteins. Annu.
Rev. Neurosci. 24, 601-629

2. Lee, R, Kermani, P., Teng, K. K., and Hempstead, B. L. (2001) Regulation
of cell survival by secreted proneurotrophins. Science 294, 1945-1948

3. Harrington, A. W., Leiner, B., Blechschmitt, C., Arevalo, J. C., Lee, R,
Morl, K., Meyer, M., Hempstead, B. L., Yoon, S. O., and Giehl, K. M. (2004)
Secreted proNGF is a pathophysiological death-inducing ligand after
adult CNS injury. Proc. Natl. Acad. Sci. U.S.A. 101, 6226 — 6230

4. Nykjaer, A,, Lee, R, Teng, K. K,, Jansen, P., Madsen, P., Nielsen, M. S.,
Jacobsen, C., Kliemannel, M., Schwarz, E., Willnow, T. E., Hempstead,
B. L., and Petersen, C. M. (2004) Sortilin is essential for proNGF-induced
neuronal cell death. Nature 427, 843— 848

5. Pedraza, C. E., Podlesniy, P., Vidal, N., Arévalo, ]. C,, Lee, R., Hempstead,
B., Ferrer, L, Iglesias, M., and Espinet, C. (2005) ProNGF isolated from the
human brain affected by Alzheimer disease induces neuronal apoptosis
mediated by p75™N®. Am. J. Pathol. 166, 533—543

6. Quistgaard, E. M., Madsen, P., Groftehauge, M. K., Nissen, P., Petersen,
C. M., and Thirup, S. S. (2009) Ligands bind to Sortilin in the tunnel of a
ten-bladed B-propeller domain. Nat. Struct. Mol. Biol. 16, 96 —98

7. Boutilier, J., Ceni, C., Pagdala, P. C., Forgie, A., Neet, K. E., and Barker, P. A.
(2008) Proneurotrophins require endocytosis and intracellular proteolysis

1930 JOURNAL OF BIOLOGICAL CHEMISTRY

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

to induce TrkA activation. /. Biol. Chem. 283, 12709 -12716

Clewes, O., Fahey, M. S., Tyler, S. J., Watson, J. J., Seok, H., Catania, C.,
Cho, K., Dawbarn, D., and Allen, S. J. (2008) Human ProNGF: biological
effects and binding profiles at TrkA, p75N"®, and sortilin. /. Neurochem.
107, 1124-1135

Descamps, S., Toillon, R. A., Adriaenssens, E., Pawlowski, V., Cool, S. M.,
Nurcombe, V., Le Bourhis, X., Boilly, B., Peyrat, J. P., and Hondermarck, H.
(2001) Nerve growth factor stimulates proliferation and survival of human
breast cancer cells through two distinct signaling pathways. /. Biol. Chem.
276, 17864.-17870

Dollé, L., El Yazidi-Belkoura, I., Adriaenssens, E., Nurcombe, V., and Hon-
dermarck, H. (2003) Nerve growth factor overexpression and autocrine
loop in breast cancer cells. Oncogene 22, 5592—5601

El Yazidi-Belkoura, 1., Adriaenssens, E., Doll¢, L., Descamps, S., and Hon-
dermarck, H. (2003) Tumor necrosis factor receptor-associated death do-
main protein is involved in the neurotrophin receptor-mediated antiapo-
ptotic activity of nerve growth factor in breast cancer cells. J. Biol. Chem.
278, 16952-16956

Naderi, A., Teschendorff, A. E., Beigel, ]., Cariati, M., Ellis, I. O., Brenton,
J. D., and Caldas, C. (2007) BEX2 is overexpressed in a subset of primary
breast cancers and mediates nerve growth factor/nuclear factor-«B inhi-
bition of apoptosis in breast cancer cell lines. Cancer Res. 67, 6725— 6736
Tagliabue, E., Castiglioni, F., Ghirelli, C., Modugno, M., Asnaghi, L.,
Somenzi, G., Melani, C., and Ménard, S. (2000) Nerve growth factor co-
operates with p185,,.z, in activating growth of human breast carcinoma
cells. . Biol. Chem. 275, 5388 —5394

Chiarenza, A., Lazarovici, P., Lempereur, L., Cantarella, G., Bianchi, A.,
and Bernardini, R. (2001) Tamoxifen inhibits nerve growth factor-induced
proliferation of the human breast cancerous cell line MCE-7. Cancer Res.
61, 3002—-3008

Montano, X. (2009) Repression of SHP-1 expression by p53 leads to trkA
tyrosine phosphorylation and suppression of breast cancer cell prolifera-
tion. Oncogene 28, 3787-3800

Aragona, M., Panetta, S., Silipigni, A. M., Romeo, D. L., Pastura, G., Mesiti,
M, Cascinu, S., and La Torre, F. (2001) Nerve growth factor receptor
immunoreactivity in breast cancer patients. Cancer Invest. 19, 692— 697
Davidson, B., Reich, R., Lazarovici, P., Ann Flgrenes, V., Nielsen, S., and
Nesland, J. M. (2004) Altered expression and activation of the nerve
growth factor receptors TrkA and p75 provide the first evidence of tumor
progression to effusion in breast carcinoma. Breast Cancer Res. Treat 83,
119-128

Descamps, S., Pawlowski, V., Révillion, F., Hornez, L., Hebbar, M., Boilly,
B., Hondermarck, H., and Peyrat, J. P. (2001) Expression of nerve growth
factor receptors and their prognostic value in human breast cancer. Can-
cer Res. 61, 4337—4340

Adriaenssens, E., Vanhecke, E., Saule, P., Mougel, A., Page, A., Romon, R,,
Nurcombe, V., Le Bourhis, X., and Hondermarck, H. (2008) Nerve growth
factor is a potential therapeutic target in breast cancer. Cancer Res. 68,
346-351

Pagadala, P. C., Dvorak, L. A., and Neet, K. E. (2006) Construction of a
mutated pro-nerve growth factor resistant to degradation and suitable for
biophysical and cellular utilization. Proc. Natl. Acad. Sci. U.S.A. 103,
17939 -17943

Hempstead, B. L. (2006) Dissecting the diverse actions of pro- and mature
neurotrophins. Curr. Alzheimer Res. 3, 1924

Bresnahan, P. A., Leduc, R., Thomas, L., Thorner, J., Gibson, H. L., Brake,
A.7J., Barr, P. ], and Thomas, G. (1990) Human fur gene encodes a yeast
KEX2-like endoprotease that cleaves pro-B-NGF in vivo. . Cell Biol. 111,
2851-2859

Seidah, N. G., Benjannet, S., Pareek, S., Savaria, D., Hamelin, J., Goulet, B.,
Laliberte, J., Lazure, C., Chrétien, M., and Murphy, R. A. (1996) Cellular
processing of the nerve growth factor precursor by the mammalian pro-
protein convertases. Biochem. J. 314, 951-960

Bruno, M. A, and Cuello, A. C. (2006) Activity-dependent release of pre-
cursor nerve growth factor, conversion to mature nerve growth factor,
and its degradation by a protease cascade. Proc. Natl. Acad. Sci. U.S.A. 103,
6735—-6740

Lagadec, C., Meignan, S., Adriaenssens, E., Foveau, B., Vanhecke, E.,

VOLUME 287+-NUMBER 3-JANUARY 13,2012

9T0Z ‘2 YR\ U0 TISVOMAN 4O ALISHIAINN e /B10-0q - mmmy/:dny woly pepeojumoq


http://www.jbc.org/

26.

27.

28.

29.

30.

JANUARY 13,2012+VOLUME 287-NUMBER 3

Romon, R, Toillon, R. A., Oxombre, B., Hondermarck, H., and Le Bourhis,
X. (2009) TrkA overexpression enhances growth and metastasis of breast
cancer cells. Oncogene. 28, 1960 -1970

Verbeke, S., Meignan, S., Lagadec, C., Germain, E., Hondermarck, H.,
Adriaenssens, E., and Le Bourhis, X. (2010) Overexpression of p75~N"™®
increases survival of breast cancer cells through p21**, Cell. Signal. 22,
1864—1873

Feng, D., Kim, T., Ozkan, E., Light, M., Torkin, R., Teng, K. K., Hempstead,
B. L., and Garcia, K. C. (2010) Molecular and structural insight into
proNGF engagement of p75™"® and sortilin. . Mol. Biol. 396, 967—984
Truzzi, F., Marconi, A., Lotti, R., Dallaglio, K., French, L. E., Hempstead,
B. L., and Pincelli, C. (2008) Neurotrophins and their receptors stimulate
melanoma cell proliferation and migration. J. Invest. Dermatol. 128,
2031-2040

Masoudi, R., Ioannou, M. S., Coughlin, M. D., Pagadala, P., Neet, K. E.,
Clewes, O., Allen, S.]., Dawbarn, D., and Fahnestock, M. (2009) Biological
activity of nerve growth factor precursor is dependent upon relative levels
of its receptors. J. Biol. Chem. 284, 18424.—18433

Vaegter, C. B., Jansen, P., Fjorback, A. W., Glerup, S., Skeldal, S., Kjolby,
M., Richner, M., Erdmann, B., Nyengaard, J. R., Tessarollo, L., Lewin, G.R,,
Willnow, T. E., Chao, M. V., and Nykjaer, A. (2011) Sortilin associates with
Trk receptors to enhance anterograde transport and neurotrophin signal-
ing. Nat. Neurosci. 14, 54—61

31.

32.

33.

34.

35.

36.

37.

Autocrine proNGF in Breast Cancer

Weigelt, B., Peterse, J. L., and van 't Veer, L. J. (2005) Breast cancer metas-
tasis: markers and models. Nat. Rev. Cancer 5, 591—602

Kim, L. C., Song, L., and Haura, E. B. (2009) Src kinases as therapeutic
targets for cancer. Nat. Rev. Clin. Oncol. 6, 587-595

Dillon, R. L., and Muller, W. J. (2010) Distinct biological roles for the Akt
family in mammary tumor progression. Cancer Res. 70, 4260 — 4264
Matrone, C., Marolda, R., Ciafre, S., Ciotti, M. T., Mercanti, D., and Cal-
issano, P. (2009) Tyrosine kinase nerve growth factor receptor switches
from prosurvival to proapoptotic activity via AB-mediated phosphoryla-
tion. Proc. Natl. Acad Sci. U.S.A. 106, 11358 -11363

Vanhecke, E., Adriaenssens, E., Verbeke, S., Meignan, S., Germain, E.,
Berteaux, N., Nurcombe, V., Le Bourhis, X., and Hondermarck, H. (2011)
Brain-derived neurotrophic factor and neurotrophin-4/5 are expressed in
breast cancer and can be targeted to inhibit tumor cell survival. Clin.
Cancer Res. 17, 1741-1752

Romon, R., Adriaenssens, E., Lagadec, C., Germain, E., Hondermarck, H.,
and Le Bourhis, X. (2010) Nerve growth factor promotes breast cancer
angiogenesis by activating multiple pathways. Mol. Cancer 9, 157

Bloom, A. P., Jimenez-Andrade, J. M., Taylor, R. N., Castafieda-Corral, G.,
Kaczmarska, M. J., Freeman, K. T., Coughlin, K. A., Ghilardi, J. R., Kus-
kowski, M. A., and Mantyh, P. W. (2011) Breast cancer-induced bone
remodeling, skeletal pain, and sprouting of sensory nerve fibers. /. Pain.
12,698 -711

JOURNAL OF BIOLOGICAL CHEMISTRY 1931

9T0Z ‘2 YR\ U0 TISVOMAN 4O ALISHIAINN e /B10-0q - mmmy/:dny woly pepeojumoq


http://www.jbc.org/

LEGEND TO SUPPLEMENTAL FIGURES

Figure S1. Effect of proNGF123 on the invasion of breast cancer cells and associated
signaling pathways. The assays were performed in the same conditions as for proNGF
(obtained from Alomone) as described in the experimental procedures. For the statistics in A,
error bars represent SD. * p<0.001 for proNGF stimulation versus no stimulation.

Figure S2. Western-blot analysis of TrkA, sortilin and p75""~ in breast cancer cell lines.

Western-blotting was performed as described in the experimental procedures. PC12 cells were
used as a positive control.
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