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11 Abstract: Resistance to hormone therapy and disease progression is the major challenge in clinical
12 management of prostate cancer (PC). Drugs currently used in PC therapy initially show a potent
13 antitumor effect. Nevertheless, PC gradually develops resistance, relapses and spreads. Most
14 patients develop, indeed, castrate-resistant PC (CRPC), which is almost incurable.
15 The nerve growth factor (NGF) acts on a variety of non-neuronal cells by activating the NGF
16  tyrosine-kinase receptor, TrkA. NGF signaling is deregulated in PC. In androgen-dependent PC
17  cells, TrkA mediates the proliferative action of NGF through its cross talk with the androgen
18  receptor (AR). Epithelial PC cells, however, acquire the ability to express NGF and TrkA, as the
19  disease progresses, indicating a role for NGF/TrkA axis in PC progression and androgen-resistance.
20 We here report that once activated by NGF, TrkA mediates proliferation, invasiveness and
21  epithelial-mesenchyme transition (EMT) in various CRPC cells. NGF promotes organoid growth in
22 3D models of CRPC cells, and specific inhibition of TrkA impairs all these responses. Thus TrkA
23 represents a new biomarker to target in CRPC.
24
25 Keywords NGF/TrkA signaling, mitogenesis, invasiveness, EMT, 3D models, castrate-resistant
26 prostate cancers.
27
28
29 1. Introduction
30
31  PCis the most commonly diagnosed non-cutaneous tumor in men and the second leading cause of
32 male cancer-related deaths in Western society [1]. This cancer is often characterized by a slow and
33 symptom-free growth, and early-stage treatments include radical prostatectomy, novel androgen
34 receptor (AR) pathway inhibitors, such as abiraterone and enzalutamide, external beam
35  radiotherapy (RT), brachytherapy and cryotherapy [2, 3]. Further, use of new tracers for PET/TC
36  [4-7] and novel focal therapies [8, 9] have provided important advances in diagnosis, follow-up and
37  treatment of PC patients in the last decade.
38
39  The role of steroid hormones, mainly the androgens, in prostate transformation and PC progression
40  is well established and molecular studies have extensively analysed the mechanism of AR or
41  estrogen receptors (ERs) action in PC. These studies have made it possible the synthesis of new
42 drugs that modulate or inhibit the biological events induced by sex steroid receptors (SRs) in PC
43 cells [10-15]. The long-term efficacy of these drugs, however, still remains unsatisfactory and novel
44 therapeutic approaches are needed to limit PC progression and inhibits metastasis occurrence.
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45 Receptor tyrosine kinases (RTKs) drive prostate transformation and PC progression [16]. Among
46  them, the tropomyosin receptor kinase A (TrkA) binds NGF thereby activating Ras/MAPK, PI3-K
47  and PLCy signaling pathways to promote survival, proliferation and invasiveness of cells [17, 18].
48  The human prostate releases abundant levels of NGF [19], which, in turn, controls the normal
49  development of prostate tissue [20]. Specifically, the stromal cells secrete NGF, which binds to TrkA
50  and p75NTR expressed in the epithelial counterpart, stimulating its growth [21-23]. Moreover,
51  preclinical studies have highlighted the role of NGF/TrkA signalling in PC proliferation and
52 metastasis [24-30]. Molecular changes in epithelial or stromal cells lead to the paracrine and/or
53 autocrine production of NGF, thus promoting prostate carcinogenesis. Simultaneously, a persistent
54  expression of TrkA, together with the loss of expression of p75NTR receptors, is often detected in PC
55  patients [26]. As such, PC cells might exclusively utilize NGF signaling to survive. Noticeably, we
56  have recently shown that a cross talk between TrkA and AR modulates the NGF action in quite
57  divergent cell types. Such intersection controls the androgen-elicited differentiation in
58  neuronal-derived cells [31], while it controls the NGF-induced proliferation and migration in
59  androgen-sensitive LNCaP cells [32]. Therefore, TrkA represents a promising new ‘druggable’
60  biomarker in prostate proliferative diseases [33].

61

62  Despite the accumulating evidence, the mechanism(s) leading to derangement of TrkA signaling in
63  CRPC remains, however, poorly understood and genetic screening did not reveal TrkA mutations or
64  Trk-fusion onco-proteins in PC patients [34, 35]. These findings further reinforce the concept that
65  derangement of an intact NGF/TrkA signaling may be involved in PC progression.

66

67  In this study, we have used C4-2B [36, 37], PC3 [38] and DU145 [39] cell lines, which derive from
68  CRPC and express at different extent TrkA [40]. C4-2B cells are also positive for AR [41], while PC3
69  and DU145 cells are both negative for AR [42, 43]. Additionally, all the cell lines express ERB, while
70 they do not express ERa. In these cell lines, we have analysed the effects of NGF, alone or in
71 combination with its specific inhibitor GW441756 [44] on cell proliferation, migration, invasiveness
72 and EMT by analysing BrdU incorporation, cell motility, invasiveness and EMT markers. Analysis of
73 the pathways implied in NGF signalling is also reported, pointing to the key role of MAPK as well as
74 Akt activation in the observed effects. At last, a study in 3D model further corroborates the finding

75 that inhibition of TrkA impairs the NGF-elicited growth of organoids derived from CRPC cells.
76

71

78

79 2.Results

80

81 2.1 The mitogenic effect of NGF in CRPC cells.

82  Expression of TrkA as well as SRs in CRPC-derived C4-2B, DU145 and PC3 cells was analyzed by
83 Western blot technique (Fig 1A). The anti-TrkA antibody revealed a 140 KDa band in lysates from
84 cell lines used. Of note, the amount of TrkA expressed in DU145 was higher than that observed in
85  (C4-2B and PC3 cells. Only C4-2B cells express AR. ERa was undetectable in all CRPC cell lines,
86  while it was revealed in lysate proteins from breast cancer MCF-7 cells, used as positive control.
87  Albeit at different extent, all the CRPC cell line used express ERP. Lysates proteins were also

88  analyzed for E-cadherin and vimentin expression, as epithelial or mesenchyme marker, respectively.
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Even though at different extent, C4-2B, DU145 and PC3 cells express high levels of E-cadherin and
low levels of vimentin (Fig. 1A), indicating the epithelial signature of cell lines here employed.
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Figure 1. TrkA activation mediates the NGF mitogenic effect in CRPC cells. C4-2B,
DU145 and PC3 cells were used. In A, lysates from the indicated cell lines were
prepared and proteins were analyzed by Western blot, using the antibodies against the
indicated proteins. Quiescent C4-2B (B), DU145 (C) and PC3 (D) cells were left
untreated (untr) or treated for 18h with the indicated compounds. After in vivo pulse
with 100 pM BrdU, BrdU incorporation was analyzed by IF and expressed as % of total
cells. Quiescent C4-2B (E), DU145 (F) and PC3 (G) were left untreated or treated for 24,
48 and 72 h with the indicated compounds. Cell proliferation was assayed using the
WST-1 reagent. Graphs in E-G represent the ratio of proliferation, which was expressed
as fold increase over the basal absorbance. NGF stimulation induced a significant
variation of the proliferation as compared with untreated cells (p < 0,05). In B-G, NGF
was used at 100 ng/ml; GW441756 (GW) was used at IuM. When indicated, serum was
used at 20% (v/v). Three independent experiments were done. Means and SEM are
shown. n represents the number of experiments. *p<0,05 for the indicated

experimental points versus the corresponding untreated control.

To evaluate the mitogenic effect of NGF, BrdU incorporation and MTT assays were done in
CRPC-derived cells. Exposure of C4-2B (Fig.1B), DU145 (Fig.1C) and PC3 (Fig.1D) cells to NGF
resulted in a significant increase in BrdU incorporation. Remarkably, the stimulatory effect induced
by NGF is comparable to that elicited by serum stimulation of all the CRPC cell lines. The TrkA
inhibitor, GW441756 reverses the BrdU incorporation in PC cells stimulated with NGF, indicating
that TrkA activity is required for this effect. GW441756 does not significantly modify the BrdU
incorporation of cell lines, when used alone, as control. To reinforce the data obtained by BrdU
incorporation, we also monitored cell proliferation by MTT assay. Consistent with findings
obtained by BrdU analysis, MTT assay reveals that NGF treatment substantially stimulates the

proliferation of all CRPC cell lines. Such stimulation started after 24h to reach the maximal effect
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after 72h NGF-treatment (Fig. 1E-G). GW441756, which inhibits the NGF effect, does not impair the
serum-induced proliferation, indicating its specific effect on NGF signaling (Fig. 1E-G).

Data in Fig. 1 show that TrkA activation by NGF drives the DNA synthesis and proliferation in
C4-2B (Fig. 1B and E), DU145 (Fig.1C and F) and PC3 (Fig.1 D and G) cells.

2.2 NGF promotes migration and invasiveness of CRPC cells through TrkA activation.

We next assessed whether NGF triggers the motility of CRPC cells. Therefore, a wound scratch assay
was firstly done. Quiescent C4-2B (panel A in Fig.2), DU145 (panel A in Fig.3) and PC3 (panel A in
Fig.4) cells were wounded and then stimulated with NGF, in the absence or presence of GW441756.
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Figure 2. NGF triggers migration and invasiveness in C4-2B cells. In A, quiescent
C4-2B cells were wounded and left untreated or treated with NGF for the indicated
times. GW441756 (GW) was added at 1uM. Contrast-phase images are representative
of 3 different experiments, each in duplicate. In (B), the wound area was measured
using Leica Suite Software and data are presented as % in wound width over the
control cells, analyzed at 0 time. Means and SEMs are shown. n represents the number
of experiments. Quiescent C4-2B cells were used for migration (C) and invasion (D)
assays in Boyden’s chambers pre-coated with collagen or Matrigel, respectively. The
indicated compounds were added to the upper and the lower chambers. NGF was
used at 100 ng/ml and GW441756 (GW) at 1uM. After 7h (in C) or 24 h (in D),
migrating or invading cells were counted as reported in Methods. Results from three
different experiments were collected and expressed as fold increase. Means and SEMs
are shown. n represents the number of experiments. *p<0,05 for the indicated

experimental points versus the corresponding untreated control.
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146  Cells were allowed to migrate and contrast-phase images were acquired. They show that the wound
147  gap is significantly reduced in C4-2B (Fig. 2A), DU145 (Fig. 3A) and PC3 (Fig. 4A) cells challenged
148  with NGF. GW441756 inhibits the NGF-induced effect.

Figure 3
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150 Figure 3. NGF triggers migration and invasiveness in DU145 cells. In A, quiescent
151 DU145 cells were wounded and then left untreated or treated with NGF for the
152 indicated time. When indicated, GW441756 (GW) was added at 1uM. Contrast-phase
153 images are representative of 3 different experiments, each in duplicate. In (B), the
154 wound area was measured as in Fig. 2 B and data are presented as % in wound width
155 over the control cells, analyzed at 0 time. Means and SEMs are shown. n represents the
156 number of experiments. Quiescent C4-2B cells were used for migration (C) and
157 invasion (D) assays in Boyden’s chambers pre-coated with collagen or Matrigel,
158 respectively. The indicated compounds were added to the upper and the lower
159 chambers. NGF was used at 100 ng/ml and GW441756 (GW) was used at 1uM. After 7h
160 (C) or 24 h (D), cells were counted as reported in Methods. Results from three different
161 experiments were collected and expressed as fold increase. Means and SEMs are
162 shown. n represents the number of experiments. *p<0,05 for the indicated
163 experimental points versus the corresponding untreated control.

164

165
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167 Figure 4. NGF triggers migration and invasiveness in PC3 cells. In A, quiescent PC3
168 cells were wounded and then left untreated or treated with NGF for the indicated
169 times. GW441756 (GW) was added at 1uM . Contrast-phase images are representative
170 of 3 different experiments, each in duplicate. In (B), the wound area was measured as in
171 Fig. 2B and data are presented as % in wound width over the control cells analyzed at 0
172 time. Means and SEMs are shown. n represents the number of experiments. Quiescent
173 C4-2B cells were used for migration (C) and invasion (D) assays in Boyden’s chambers
174 pre-coated with collagen or Matrigel, respectively. The indicated compounds were
175 added to the upper and the lower chambers. NGF was used at 100 ng/ml and
176 GW441756 (GW) was used at 1uM. After 7h (C) or 24 h (D), migrating or invading cells
177 were counted as reported in Methods. Results from three different experiments were
178 collected and expressed as fold increase. Means and SEMs are shown. n represents the
179 number of experiments. *p<0,05 for the indicated experimental points versus the
180 corresponding untreated control.
181

182  Images captured at 0 time or from untreated cells are also shown for comparison. Results obtained
183  from three different experiments are graphically presented in panel B of Figs. 2, 3 and 4 for C4-2B,
184  DU-145 and PC3 cells, respectively. In the absence of any effect on cell proliferation (not shown), the
185  wound gap is significantly (p < 0,05) reduced in cells treated with NGF, as compared with control,
186  untreated cells. Here again, GW441756 reverses the effect of NGF in wound scratch assay.

187  We then analyzed the NGF effect on migration and invasiveness of CRPC cells using two additional
188  assays. In collagen-coated Boyden’s chamber transmigration assay, NGF increases by ~2-, 1,9- and
189  3,2-fold the number of C4-2B (Fig. 2C), DU145 (Fig. 3C) and PC3 (Fig. 4C) migrating cells,
190  respectively. Here again, GW441756 significantly (p < 0,05) inhibits the NGF-induced effect, while it
191  leaves almost unaffected the number of migrating cells, when used alone. Consistent with these

192 results, significant changes in cell invasiveness were observed in Matrigel-coated Boyden’s chamber
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193 assay. Upon NGF challenging, indeed, the number of invading CRPC cells increases by ~2-fold in
194  C4-2B (Fig. 2D) and DU145 (Fig. 3D) cells. A more robust effect by NGF (2,5-fold increase) is
195  observed in PC3 cells (Fig. 4D), likely because integrins, which mediate cellular adhesion to
196  extracellular matrix (ECM), are highly expressed in PC3 cells, as compared with C4-2B and DU145
197  cells. Addition of GW441756 significantly (p < 0,05) inhibits the NGF-induced invasiveness, while it
198 scantly affects the number of invading cells when used alone, as a control.

199

200  Altogether, these findings indicate that TrkA activation by NGF promotes migration and

201  invasiveness of CRPC cells in three different assays.

202

203

204 2.3 NGF promotes EMT of DU145 and PC3 cells through TrkA activation.

205  EMT positively affects tumor progression and metastatic spreading by enabling a switch from the
206  stationary epithelial-like cell phenotype to the motile mesenchyme phenotype, with high ability to
207 migrate, invade, and disorganize the extracellular matrix (ECM; [45] and therein refs). At molecular
208  level, EMT is characterized by a decrease in the expression of epithelial markers, mainly E-cadherin,
209  which is located to the cell surface of epithelial tissues, and an increase in the expression of
210  mesenchyme markers, such as vimentin, a cytoskeleton protein associated with EMT initiation [46].
211

212 To investigate whether NGF stimulation triggers EMT in CRPC cells, quiescent cells were left
213 untreated or treated for 72h with the indicated stimuli and lysate proteins were analyzed for
214 expression of E-cadherin and vimentin. Regardless of stimuli, the Western blot analysis in Fig
215 5A (left panels) does not show significant changes in E-cadherin and vimentin levels in C4-2B cells.
216  Similar findings were detected by densitometry analysis from three independent experiments (Fig.
217 1S, A and B).
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219 Figure 5. NGF promotes EMT in DU145 and PC3 cells. Quiescent C4-2B (A), DU145

220 (B) and PC3 (C) cells were left untreated or treated for 72h with the indicated
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221 compounds. NGF was used at 100ng/ml and GW441756 (GW) at 1 puM. In A-C (left
222 panels), lysate proteins were analyzed by Western blot, using the antibodies against the
223 indicated proteins. The blots are representative of three different experiments. In A-C
224 (right panels), contrast-phase images are representative of 3 different experiments, each
225 in duplicate. Scale bar, 10 pm.
226

227  In the same experimental conditions, NGF treatment does not induce significant morphological
228  changes in C4-2B cells, and similar findings were observed in cells treated with GW441756, alone or
229  in combination with NGF (right panels in Fig. 5A). Quiescent DU145 cells (Fig. 5B) and PC3 (Fig. 5C)
230 cells were then used. Here again, the cells were left untreated or treated for 72 h with the indicated
231  compounds and lysates were analyzed for expression of E-cadherin and vimentin. NGF stimulation
232 significantly down-regulates E-cadherin and up-regulates vimentin in both DU145 (Fig. 5B) and PC3
233 cells (Fig. 5C). Quantification of blots from three different experiments confirms these data (Fig. 1S,
234  Cand D, for DU145 cells; Fig. 1S, E and F for PC3 cells). GW441756 inhibits the NGF-elicited effect in
235  both DU145 and PC3 cells, while it does not significantly modify E-cadherin and vimentin levels
236  when used alone, as control in both cell lines (Fig. 5B and C; Fig 1S, C-F). We also locked at
237  NGF-induced morphological changes of DU145 and PC3 cells. Images captured by contrast-phase
238  microscopy show that 72h of NGF stimulation induces a rearrangement in DU145 (right panel in Fig.
239  5B,) and PC3 (right panel in Fig. 5C) cell shape from an orthogonal epithelial cell morphology
240  (untreated, right panels in Fig. 5B and C), to a spindle-shaped fibroblast-like morphology
241  (NGF-treated, right panels in Fig. 5B and C), reminiscent of cells having undergone EMT. GW441756
242 inhibits the NGF-induced effect in both cell lines, while it is ineffective when used alone, as control.
243

244  Data in Fig. 5 show that NGF robustly induces EMT in AR-negative DU145 and PC3 cells. In
245  contrast, the NGF effect is almost undetectable in AR-positive C4-2B cells.

246  This behavior is consistent with the finding that NGF-challenged C4-2B cells migrate more slowly
247  than DU145 and PC3 cells in our motility and invasion assays (Figs. 2, 3 and 4). Furthermore, C4-2B
248  cells express high levels of E-cadherin and have high adherent junction functionality. In contrast, a
249  decreased expression of epithelial markers and the appearance of epithelial phenotypic instability

250  are required for responding to extracellular EMT inducers [47].

251

252

253 2.4 NGF increases CRPC 3D-organoid growth through TrkA activation.

254  Interactions between tumor cells and ECM are critical for cancer progression [48]. To develop cell
255 culture models resuming cancer tissues and to reproduce more faithfully the complex architecture of
256  tumors in vivo, 3D cultures were done. Contrast-phase images in Fig. 6 show that a 3D structure was
257  observed in all CRPC cell lines used on 4 days of culture in ECM. Consistent with previous findings
258  [49], C4-2B cells generated larger, less differentiated and irregular organoids, as compared with
259 DU145 and PC3 cells. DU145 and PC3 cells generated, instead, a roundish and well-differentiated
260  organoids. At that day-culture, organoids were untreated or treated with NGF, in the absence or
261  presence of GW441756. Changes in dimension and structure of organoids were monitored for 14
262  days and contrast phase microscopy images were captured and shown (Fig. 6). Quantification of

263  data was also done and graphically presented (Fig. 2S). After 14 days, NGF increases by about 4-, 7-
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264  and 9-fold the size of C4-2B (upper panel in Fig.6, and Fig. 2S, A), DU-145 (middle panel in Fig.6 and
265  Fig. 2S, B) and PC3 (lower panel in Fig. 6 and Fig. 2S, C) organoids, respectively. GW441756
266  significantly (p < 0,05 in Fig. 2S A, B and C) inhibits the NGF-induced effect. Again, images in Fig. 6
267  indicate that C4-2B cells form large, poorly differentiated organoids on 14 days of NGF treatment. In
268 contrast, DU-145 cells undergo a transition from differentiated, round DU-145 organoids (basal
269  condition) towards an invasive morphology when treated with NGF. Lastly, PC3 cells form round,

270  well differentiated, and polarized spheroids, regardless of NGF stimulation.

271
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273 Figure 6. NGF increases the growth of organoids from CRPC cells through TrkA
274 activation. C4-2B (upper panel), DU145 (middle panel) and PC3 (lower panel) were
275 used in miniaturized 3D cultures in ECM, as reported in Methods. Four days after cells
276 embedding in VitroGel-3D-RGD, representative images were acquired as described in
277 Methods. 3D cultures were left untreated or treated with 100 ng/ml NGF, in the absence
278 or presence of GW441756 (GW; 1 uM) for 14 days. Shown are contrast-phase images
279 captured at 14t day. Scale bar, 100 p

280  In addition to provide a valuable source for drug screening and more physiological information
281  concerning the GW441756 inhibitory effect, findings in Figs. 6 and 2S demonstrate for the first time
282  akey role for TrkA activation in the growth of CRPC-derived organoids, which recapitulate in vitro
283  the tumor biology.

284

285 2.5 NGF triggers mitogen-activated protein kinases (MAPK) and Akt activation in CRPC cells.
286  The binding of NGF to TrkA activates its kinase domain, thereby triggering various downstream
287  pathways, such as the MAPK [50,51] and the phosphoinositide 3-kinases (PI3-K)/Akt signaling
288  cascade [31,52,53]. As readouts of NGF challenging, we analyzed MAPKs (ERK1 and 2) and Akt
289  activation in a time course experiment. Quiescent CRPC cells were unstimulated or stimulated for

290  theindicated times with NGF and lysate protein were analyzed by Western blot technique. A robust
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291  ERK activation is observed in NGF-treated C4-2B cells, as compared with the weak Akt activation
292  observed in the same experimental conditions. However, activation of both the effectors reached the

293 maximal level within 5 minutes to decline within 15 and 30 min of NGF stimulation (Fig. 7A).

Figure 7
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296 Figure 7. TrkA activation by NGF triggers MAPKs and Akt activation in CRPC cells.
297 Quiescent C4-2B (A and E), DU145 (B and F) and PC3 (C and G) cells were used. In A-C,
298 cells were left un-stimulated or stimulated for the indicated times with 100 ng/ml NGF.
299 In D, the indicated cycling cells were used. In E-G, cells were left un-stimulated or
300 stimulated for the indicated times with 100 ng/ml NGF, in the absence or presence of
301 GW441756 (GW; 1uM). In A-C, lysate proteins were analyzed by Western blot, using
302 the indicated antibodies (p-ERK stands for P-Tyr 204 ERK 1 and the corresponding
303 phosphorylated ERK 2; p-Akt stands for P-Ser 473 Akt.) Filters were re-probed using
304 anti ERK or anti Akt or anti tubulin (tub) antibodies, as a loading control. In (D), lysate
305 proteins were analyzed by Western blot, using indicated antibdies. In E-F, lysate
306 proteins were analyzed by Western blot, using the antibodies against the indicated
307 proteins (p-TrkA stands for P-Tyr-490 TrkA).
308

309  Again, NGF stimulation induces a striking ERK activation and a slight Akt activation in DU-145
310  cells. ERK activation was observed already after 5 minutes of stimulation, with a stronger peak
311  detectable after 30 minutes of treatment. Notably, Akt activation, if so, is very weak and delayed
312 over the time, as compared with ERK activation. A slight P-Akt increase is detected only on 30 min
313  NGF stimulation (Fig. 7B). At last, NGF stimulation induces ERK phosphorylation in PC3 cells, with
314  an evident peak after 15 minutes of treatment. Remarkably, Akt activation is hardly to detect in
315  NGF-treated cells (Fig.7C).

316

317  Densitometry analysis of immune-reactive bands detected by Western blot shows that the
318  NGF-induced increase in ERK phosphorylation over the basal was about 3-, 5- and 2,5-fold in C4-2B
319  (Fig. 3S, A), DU145 (Fig. 3S, C) and PC3 (Fig. 3S, E) cells, respectively. Furthermore, the
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320  NGF-induced increase in Akt phosphorylation over the basal level was about 1,8- and 1,5-fold in
321  C4-2B (Fig. 3S B) and DU145 (Fig. 3S D) cells, respectively. NGF did not modify the Akt activation
322 status in PC3 cells (Fig. 3S, F). The loss of Akt modulation in PC3 cells is likely caused by the absence
323 of PTEN, which is, instead, robustly expressed in MCF7 cells, analyzed as positive control.
324  Appreciable levels of PTEN can be also detected in C4-2B and DU145 cells (Fig. 7D).

325

326  Albeit at different extent and timing, NGF induces a strong ERK activation in all the CRPC cell lines,
327  accompanied by a weak Akt activation in C4-2B and DU-145 cells.

328

329

330 2.6 NGF triggers TrkA-Tyr-490 phosphorylation in CRPC cells.

331  We then investigated whether TrkA is the upstream event leading to NGF-induced ERK and Akt
332 activation in CRPC cells. In addition to the tyrosine residues within the activation loop (Tyr-670,
333 Tyr-674, and Tyr-675), TrkA exhibits two main tyrosine residues (Tyr-490 and Tyr-785), both outside
334  the kinase domain. Once phosphorylated, these residues provide docking sites that lead to

335  recruitment and activation of several signaling pathways [54,55].

336  Since MAPK and Akt pathway activation have been associated with Tyr-490 phosphorylation [56],
337  we analyzed the NGF effect on Tyr490 phosphorylation of TrkA. Quiescent CRPC cells were left
338  unchallenged or challenged for the indicated times with NGF, and P-Tyr490-TrkA phosphorylation
339  was analyzed by Western blot technique. NGF treatment significantly increases P-Tyr-490
340  phosphorylation of TrkA in C4-2B (Fig. 7E), DU145 (Fig. 7F) and PC3 (Fig. 7G) cells, respectively.
341  GWA441756 inhibits the NGF-induced effect, while it leaves unaffected P-Tyr490 TrkA when used
342 alone, as control (Fig. 7E-G). Altogether, findings in Figs. 7 and 3S suggest that Tyr-490
343 phosphorylation of TrkA represents the initial event activated by NGF in CRPC cells.

344

345

346 2.7 TrkA activation by NGF controls MAPKs and Akt activation in CRPC cells.

347  NGF-induced tyrosine phosphorylation of the TrkA receptor controls the subsequent activation of
348  ERK or Akt [57]. Quiescent C4-2B (Fig. 8A), DU145 (Fig. 8B) and PC3 (Fig. 8C) cells were left
349  unchallenged or challenged for the indicated times with NGF, in absence or presence of GW441756.
350  The Western blots in Figure 8 show that NGF treatment significantly increases ERK activation.
351 GW441756 inhibits such effect in all CRPC cells used, while it leaves almost unaffected ERK
352 activation when used alone, as control (Fig. 8 A-C). Again, NGF treatment increases Akt activation
353 in C4-2B (Fig. 8A) and in DU145 (Fig. 8B). Here again, GW441756 inhibits the NGF-induced effect,
354  while it does not affect Akt activation when used alone, as control (Fig. 8 A-B). Consistent with data
355  inFig.7C, neither NGF, nor GW441756 modify Akt activation (Fig. 8C).
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358 Figure 8. ERK and Akt are the downstream effectors of NGF/TrkA axis.
359 Quiescent C4-2B (A), DU145 (B) and PC3 (C) cells were used. In A-C, cells were left
360 untreated (untr) or treated for the indicated times with NGF (100 ng/ml), in the absence or
361 presence of 1uM GW441756. Lysates proteins were analyzed by Western blot, using the
362 antibodies against the indicated proteins. (p-ERK stands for P-Tyr 204 ERK 1 and the
363 corresponding phosphorylated ERK 2; p-Akt stands for P-Ser 473 Akt.) The filters were
364 re-probed using anti ERK or anti Akt or anti tubulin (tub) antibodies, as loading controls.
365 In D-E, the results from STRING network are shown. Combined screenshots from the
366 STRING website, which has been queried with TrkA (NTRK1) and ERK (MAPK1; D) or
367 TrkA (NTRK1) and Akt (AKT1; E) are shown. Colored lines between the proteins indicate
368 the various type of interaction, as described in the middle section. Protein nodes also
369 indicate the availability of 3D protein structure information.
370

371 By interrogating the String (Search Tool for the Retrieval of Interacting Genes/Proteins) database,
372 which contains the known or predicted protein-protein interactions [58], we then constructed a
373  network diagram for both TrkA (NTRK1) and ERK (MAPK1; Fig. 8D) as well as TrkA (NTRK1) and
374 Akt (AKTI; Fig. 8E), respectively. Consistent with findings presented in panels A-C, these proteins

375  belong to the same network through known or predicted interactions.

376
377 2.8 The role of MAPK and Akt activation in NGF-induced proliferation and migration of CRPC
378  cells.

379  The role of NGF-induced activation of MAPK and Akt on CRPC cells proliferation and migration
380  was then investigated using the PI-3K inhibitor, LY-294002 [59,60] as well as the MEKK inhibitor,
381  PD98059 [31]. Expectedly, exposure of C4-2B (Fig. 9A), DU-145 (Fig. 9B) and PC3 (Fig. 9C) cells to
382  NGF increases BrdU incorporation. LY-294002 prevents the NGF-elicited S-phase entry of C4-2B
383  (Fig.9A) and DU145 (Fig. 9B), while it does not modify the NGF-induced BrdU incorporation in PC3
384 cells (Fig. 9C). These results are consistent with the absence of PTEN in PC3 cells. L'Y-294002 doesn’t


http://dx.doi.org/10.20944/preprints201904.0142.v1
https://doi.org/10.3390/cancers11060784

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 April 2019

385
386
387
388
389
390

391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412

13 of 24

significantly affect BrdU incorporation of CRPC cells, when used alone. Albeit at different extent,
PD98059 prevents the BrdU incorporation of C4-2B (Fig. 9A), DU145 (Fig. 9B) and PC3 (Fig. 9C) cells
stimulated with NGF. The inhibitor doesn’t significantly affect BrdU incorporation of DU145 and
PC3 cells, while it significantly increases the proliferation of C4-2B cells when used alone, likely
because MEK inactivation paradoxically removes an inhibition or leads to the simultaneous
hyper-activation of PI3-K signalling in C4-2B cells.
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Figure 9. Inhibiton of Akt or ERK impairs the NGF-challenged proliferation and migration
in CRPC cells.

C4-2B (A), DU145 (B) and PC3 (C) cells were left untreated (untr) or treated for 18h with
the indicated compounds. After in vivo pulse with 100 uM BrdU, BrdU incorporation was
analyzed by IF and expressed as % of total cells. C4-2B (D), DU145 (E) and PC3 (F) cells
were used for migration assay in collagen pre-coated Boyden’s chambers. The indicated
compounds were added to the upper and the lower chambers. After 7h, migrated cells
were counted as described in Methods and results expressed as fold increase. In A-F, NGF
was used at 100 ng/ml; PD98059 (PD) and LY-294002 (LY) were used at 10 uM. Results
from three different experiments have been collected. Means and SEMs are
shown. n represents the number of experiments. *p <0,05 for the indicated experimental

points versus the corresponding untreated control

To evaluate the effect of LY-294002 and PD98059 on NGF-induced CRPC cell migration,
collagen-coated Boyden’s chambers were used. Both the inhibitors significantly impair the
NGF-induced effect, while they leave almost unaffected the number of migrating cells, when used
alone (Fig. 9 D-E).

Altogether, findings in Fig. 9 indicate that both Akt and MAPK activities are required for the
NGF-induced S-phase entry and migration of CRPC cells. Noticeably, while the NGF migratory
effect in CRPC cells is more sensitive to MEK inhibition, the NGF proliferative action is more

sensitive to PI3-K inhibition, with the exception of PC3 cells. Thus, NGF utilizes PI3-K pathway to

d0i:10.20944/preprints201904.0142.v1
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413 transmit proliferative and survival signaling, while it engages MAPK circuit to activate the
414  machinery involved in motility of CRPC cells.

415
416
417 3. Discussion
418

419  PC cells initially depend on androgens for their survival. This dependence, however, is
420  progressively lost, leading to cancer spreading and resistance to androgen depletion therapies
421  (ADT). At this stage, very limited therapeutic options are available in clinical practice ([33] and
422  therein refs).

423

424  PC progression is accompanied by modifications in the expression of NGF and neurotrophin
425  receptors [61,62]. These changes mainly consist in a reduction of p75NTR expression by the
426  epithelial cells, in the absence of any significant modification in the expression of NGF or TrkA [63].
427  THC studies in normal and malignant prostate epithelial tissue have substantially confirmed these
428  findings [64]. To make this plot more complex, it has been also reported that PC cells aquire the
429  ability to express neurotrophins as they progress[65]. All these findings point to the role of
430  NGF/TrkA axis in sustaining PC progression and spreading.

431  In this paper, we have investigated the effect of NGF in various CRPC-derived cells. Among them,
432 C4-2B cells express considerable amounts of AR, while DU-145 and PC3 are AR-negative. All the cell
433 lines employed harbor significant levels of TrkA as well as ER , while they lack ER . Challenging of
434 cells with NGF robustly increases Tyr-490 phosphorylation of TrkA. This event is upstream of
435  NGF-induced ERK and/or Akt activation in CRPC cells. A significant increase of BrdU incorporation
436  and cell proliferation then follows, as GW441756 similarly inhibits Tyr-490 phosphorylation of TrkA,
437  and cell proliferation. The proliferative effect of NGF is similar in all cell lines employed and is
438  reverted by TrkA inhibitor, GW441756. In addition to indicate that TrkA activation is required for
439  MAPK as well as Akt activation and the consequent progression in cell cycle, these findings suggest
440  that NGF can substitute androgens in sustaining the CRPC cell survival.

441

442  We next analyzed the NGF effect on cell motility and invasiveness by wound scratch and
443  Trans-migration assays. Our data show that NGF consistently triggers cell motility and spreading in
444  the cell lines employed. Notably, the effect of NGF is less impressive in C4-2B cells, as compared
445  with that observed in DU-145 and PC3 cells. Consistent with these findings, C4-2B cells did not
446  significantly undergo EMT on NGF challenging, while DU-145 and PC3 cells showed a significant
447  increase in mesenchyme markers accompanied by a decrease in epithelial markers. These data are
448  consistent with the concept that cells undergoing EMT become more motile [46]. Here again,
449  GW441756 reverted the NGF effect, further corroborating its valuable effect in inhibiting PC
450  spreading. Albeit at lower extent, C4-2B cells still migrate in the absence of EMT. These results are
451  only apparently conflicting, since acquisition of a mesenchyme cell state is not a prerequisite of a
452  migratory phenotype in vitro and in vivo [66]. Nevertheless, it might be hypothesized that AR
453  expressed in C4-2B mitigates the NGF action. However, silencing of AR in C4-2B cells does not
454  significantly modify the NGF effect on cell locomotion and invasiveness (not shown). It cannot be
455 excluded that very small, traceable amounts of AR still interact with TrkA in NGF-treated C4-2B

456  cells, thereby attenuating the ligand activation of basic machinery leading to cell spreading. A cross
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457  talk between very low amounts of AR and TrkA leads to androgen-induced neuritogenesis in
458  neuronal cells [31]. A similar cross talk also regulates the NGF-elicited responses (proliferation and
459  motility) in androgen-sensitive LNCaP cells [32].

460

461  Organoid culture is largely accepted to study stem cells, organ development and patient-specific
462  diseases [67]. A standard protocol for organoid culture of human and mouse prostate epithelial and
463  PC tissues has been previously described [68]. However, the NGF effect on organoid growth of the
464  commonly used CRPC cell lines, C4-2B, PC3 and DU-145 has not been reported so far. In our study,
465  we followed the reported protocol [68] to set up organoid culture of CRPC cells. We found that
466  C4-2B, PC3 and DU-145 organoids were formed after 14-days culture in hydrogel and that NGF
467  significantly enhanced the growth of CRPC cells in 3D. Notably, GW441756 reverted the NGF effect
468  further suggesting that specific targeting of NGF/TrkA axis represents a very promising tool in
469  CRPC therapy.

470

471  Strategies aimed at inhibiting NGF signaling are already in clinical trials for the treatment of human
472 cancers, including PC. These therapies, however, frequently fail and induce side effects as well as
473 clinical resistance ([29,35] and therein refs). In addition to expanding our knowledge on the role of
474  NGF/TrkA axis in CRPC cells, our study provides a novel potential assay in 3D model to discover

475  new drugs for treating aggressive PC.
476
477

478 4. Materials and Methods

479

480 4.1 Chemicals and reagents.

481  NGF (Millipore) was used at 100 ng/ml. The TrkA inhibitor, GW441756 (Selleckchem) was added (at
482 1 pM, final concentration) 20 minutes before NGF stimulation. The mitogen-activated kinase kinase
483  (MEK) inhibitor PD98059 (Alexis, San Diego, CA) was added (at 10 puM, final concentration) 20
484  minutes before NGF stimulation. The PI-3K inhibitor, LY-294002 (Calbiochem) was added (at 10 uM,
485  final concentration) 30 minutes before NGF stimulation.

486

487 4.2 Cell cultures.

488  Human PC-derived DU145 cells were from Cell Bank Interlab Cell Line Collection (ICLC- Genova -
489  ITALY). Human PC-derived PC3 cells were a gift of Dr. P. Limonta (Department of Pharmacological
490  and Biomolecular Sciences, Universita degli Studi di Milano, Milano, Italy). Human PC-derived
491  C4-2B cells were a gift of Dr G.N. Thalmann (Department of Urology, University Hospital Bern,
492  Bern, Switzerland). Cells were maintained at 37°C in humidified 5% CO: atmosphere. DU145 cells
493  were cultured in phenol-red DMEM containing 10% fetal bovine serum (FBS), penicillin (100 U/ml),
494  streptomycin (100 U/ml) and glutamine (2mM). Twenty-four hours before stimulation, growing
495 DU145 cells at 70% confluence were made quiescent using phenol red-free DMEM medium
496  containing penicillin (100 U/ml) and streptomycin (100 U/ml). PC3 cells were cultured in phenol-red
497  RPMI-1640/F12 containing 10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (100
498  U/ml) and glutamine (2mM). Forty-eight hours before stimulation, growing cells at 70% confluence
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499  were made quiescent using phenol red-free RPMI-1640 medium supplemented with penicillin (100
500  U/ml), streptomycin (100 U/ml), and 0,5% charcoal-stripped serum (CSS). C4-2B cells were cultured
501  in RPMI-1640 supplemented with 10% FBS, glutamine (2 mM), penicillin (100 U/ml), streptomycin
502 (100 U/ml), sodium pyruvate (1 mM) and non-essential amino acids (10mM). Seventy-two hours
503  before stimulation, growing cells at 70% confluence were made quiescent using phenol red-free
504  RPMI-1640 medium containing 10% CSS, penicillin (100 U/ml), streptomycin (100 U/ml) and
505  glutamine (2 mM). Media and supplements were from Gibco. Human BC-derived MCEF-7 cells were
506  from Cell Bank Interlab Cell Line Collection (ICLC- Genova - ITALY). Cells were maintained at 37°C
507  in humidified 5% CO:z atmosphere and cultured in phenol-red DMEM containing 10% fetal bovine
508  serum (FBS), penicillin (100 U/ml), streptomycin (100 U/ml) and glutamine (2mM). The cell lines
509  employed were routinely monitored for Mycoplasma contamination and expression of sex steroid
510  receptors, as previously reported [69].

511

512 4.3 DNA synthesis, immunofluorescence (IF) microscopy and MTT assay.

513 Quiescent cells were left unchallenged or challenged with NGF (100ng/ml), in the absence or
514  presence of the indicated compounds for 18h. After in vivo pulse with BrdU (100 M final
515 concentration; Sigma-Aldrich), the BrdU incorporation into newly synthesized DNA was analyzed
516 by IF microscopy, using a DMLB Leica (Leica) fluorescent microscope equipped with HCX PL Apo
517  63xoil objective, as reported [70]. The BrdU incorporation was calculated by the formula: percentage
518  of BrdU-positive cells= (No. of BrdU-positive cells/No. of total cells) x 100. MTT assay was done
519  using WST-1 reagent (Roche), as described [71]. Values were expressed as fold increase over the
520  Dasal level.

521

522 4.4 Miniaturized 3D cultures in ECM.

523  The embedding method has been used to establish organoids for drug treatment experiments [72].
524 Briefly, cell suspension containing 5 x104 cells was mixed with 200 pl of VitroGel-3D-RGD (The Well
525  Biosciences) for each well. The mixture was pipetted in 24-well plate as reported [73] and allowed to
526  solidify for 45 min at 37°C, before the addition of 400 pl organoid plating medium to each well.
527  Organoid plating medium was made as reported [68], using phenol red-free DMEM/F12 medium,
528 containing 7% CSS, penicillin (100 U/ml), streptomycin (100 U/ml), diluted GlutaMAX 100X, 10 mM
529 Hepes, B27 (50x stock solution), 1M nicotinamide, 500 mM N-acetylcysteine and 10 uM Y-27632
530  (Merck Millipore). After 3 days, the organoid plating medium was replaced with a similar medium
531  without N-acetylcysteine and Y-27632. At the 4t day, organoids were untreated or treated with the
532 indicated stimuli, in the absence or presence of inhibitors. The medium was changed every 3 days.
533  Different fields were analyzed using DMIRB Leica (Leica) microscope equipped with C-Plan 20x
534 objective (Leica). At the indicated times, contrast phase microscopy images were acquired using a
535  DFC 450C camera (Leica) and the Application Suite Software (Leica). Images are representative of
536  three independent experiments. The relative organoid size (area) was calculated using the
537  Application Suite Software and expressed as a fold increase over the organoid area calculated at 4t
538  day.

539

540

541 4.5 Wound scratch analysis, migration, invasiveness and contrast phase microscopy.
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542  For wound scratch analysis, 1,8 x105 cells were seeded in a 24-well plate. Cells were made quiescent
543  as above described and then wounded using 10ul sterile pipette tips. Cells were washed with PBS
544  and then left un-stimulated or stimulated for the indicated times with NGF (100ng/ml), in the
545  absence or presence of the indicated compounds. To avoid cell proliferation, cytosine arabinoside
546  (Sigma-Aldrich) at 50 M (final concentration) was included in the cell medium. Different fields
547  were analyzed using DMIRB inverted microscope (Leica) equipped with N-Plan 10x objective
548 (Leica), as reported [74]. Contrast-phase images were captured using a DFC 450C camera (Leica) and
549  acquired using Application Suite Software (Leica). Images are representative of at least three
550  different experiments. The wound gap was calculated using Image J sofware and expressed as % of
551  the decrease in the wound area. Migration assay was done using 3x10# cells in Boyden’s chambers
552 with 8 um polycarbonate membrane (Falcon) pre-coated with collagen [75]. The indicated stimuli
553  were added to the upper and the lower chambers. Cytosine arabinoside (at 50 M) was included in
554  the cell medium. After 7h, non-migrating cells from the membrane upper surface were removed
555  using a sterile cotton swab. Invasion assay was done using 5 x 10* cells in Boyden’s chambers with 8
556  pum polycarbonate membrane (Falcon) pre-coated with growth factor reduced and phenol red-free
557  Matrigel (Corning), as reported [75]. The indicated stimuli were added to the upper and the lower
558  chambers. Here again, cytosine arabinoside (at 50 M) was included in the cell medium. After 24h,
559  non-invading cells from the membrane upper surface were removed using a sterile cotton swab. In
560 both, migration and invasiveness assays, the membranes were fixed for 20 min in 4%
561  paraformaldehyde, stained with Hoechst, removed with forceps from the companion plate and
562  mounted. Migrating or invading cells from at least 30 fields/each membrane were counted as
563  described [75], using a DMLB (Leica) fluorescent microscope, equipped with HCPL Fluotar 20x
564  objective. Data are representative of at least three different experiments.

565

566 4.6 EMT, lysates and Western blot technique.

567  EMT markers were analyzed by Western blot technique, as reported [76]. Briefly, quiescent cells
568 were left un-stimulated or stimulated for the indicated times with NGF, in the absence or presence of
569  GW441756 and then harvested in PBS containing 5 mM EDTA. Cell pellets were washed twice by
570  centrifugation with PBS at 1,200 rpm and lysate proteins were prepared [76]. SDS-PAGE and
571  Western blot techniques were done according to the same report. The rabbit polyclonal
572 anti-vimentin (H-84; Santa Cruz) antibody was used to detect vimentin. The mouse monoclonal anti
573  E-cadherin (clone 36/E, BD Biosciences) antibody was used to detect E-cadherin. AR was revealed as
574  reported [69], using the mouse monoclonal anti-AR (441; Santa Cruz Biotechnology). The rabbit
575  polyclonal anti-ERa (HC-20; Santa Cruz Biotechnology) and anti-ER (06-629, Millipore) antibodies
576  were used to detect ER ( or ), respectively. The mouse monoclonal anti-tubulin antibody
577  (Sigma-Aldrich) was used to detect tubulin. TrkA, ERK and Akt phosphorylation were analyzed as
578  reported [31,32], using the rabbit polyclonal anti p-TrkA (Tyr-490; 9141S, Cell Signaling), or the
579  mouse monoclonal anti p-ERK (sc-7383; Santa Cruz Biotechnology), or the rabbit polyclonal anti
580  p-Akt (Ser-473; 9271S; Cell Signaling) antibodies. The rabbit polyclonal anti-TrkA (06-574; Millipore),
581  or anti-ERK (C-14; Santa Cruz Biotechnology), or anti-Akt (9272; Cell Signaling) antibodies were
582  used to detect TrkA, ERK and Akt, respectively. The ECL system (GE Healthcare) was used to reveal

583  immune-reactive proteins.

584
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585 4.7 Analysis of network construction

586  Network diagrams for protein-protein interaction analysis were generated with the use of STRING
587  (Search Tool for the Retrieval of Interacting Genes software; https://string-db.org/). Interaction prediction
588  was performed using the list of gene/protein names as a query. The results of this analysis yielded a
589  gene/protein interaction network, with the intensity of the edges reflecting the strength of the
590  interaction score, as reported in the legend. String database builds a protein-protein interaction
591  network for all of the required proteins [77].

592

593 4.8 Statistical analysis

594  All the experiments were performed in triplicate and data are presented as mean + standard
595  deviation. Comparison for the different assays was evaluated with the paired two-tailed Student’s

596  t-test. We used a p value of <0,05 indicative of statistical significance.

597

598 5. Conclusions

599

600  TrkA is involved in various cellular activities, mainly in neuritogenic and trophic signals [17-19].
601  Deregulation of TrkA is also a common feature of several cancer types, including PC [20, 23].

602

603 By activating TrkA and the downstream pathways (MAPK and Akt), NGF leads to proliferation,
604  invasiveness and EMT in three different CRPC cell lines. Moreover, NGF/TrkA axis promotes the
605  acquisition of a more aggressive phenotype in miniaturized 3D model. This approach offers
606  significant advantages over other systems for the study of PC features. Furthermore, in the era of
607  precision medicine, 3D model represents an invaluable tool to select compounds for a more tailored
608  management of metastatic CRPC.

609

610  Our findings warrant further prospective studies in 3D models from patients to validate the
611  reliability of TrkA as a biomarker to track and target in metastatic CRPC.

612
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