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aracrine Fibroblast Growth Factor
itiates Oncogenic Synergy with
pithelial FGFR/Src Transformation
Prostate Tumor Progression1,2
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Abstract
Cross talk of stromal-epithelial cells plays an essential role in both normal development and tumor initiation and
progression. Fibroblast growth factor (FGF)-FGF receptor (FGFR)-Src kinase axis is one of the major signal
transduction pathways to mediate this cross talk. Numerous genomic studies have demonstrated that expression
levels of FGFR/Src are deregulated in a variety of cancers including prostate cancer; however, the role that
paracrine FGF (from stromal cells) plays in dysregulated expression of epithelial FGFRs/Src and tumor progression
in vivo is not well evaluated. In this study, we demonstrate that ectopic expression of wild-type FGFR1/2 or Src
kinase in epithelial cells was not sufficient to initiate prostate tumorigenesis under a normal stromal
microenvironment in vivo. However, paracrine FGF10 synergized with ectopic expression of epithelial FGFR1 or
FGFR2 to induce epithelial-mesenchymal transition. Additionally, paracrine FGF10 sensitized FGFR2-transformed
epithelial cells to initiate prostate tumorigenesis. Next, paracrine FGF10 also synergized with overexpression of
epithelial Src kinase to high-grade tumors. But loss of the myristoylation site in Src kinase inhibited paracrine
FGF10-induced prostate tumorigenesis. Loss of myristoylation alters Src levels in the cell membrane and inhibited
FGF-mediated signaling including inhibition of the phosphotyrosine pattern and FAK phosphorylation. Our study
demonstrates the potential tumor progression by simultaneous deregulation of proteins in the FGF/FGFRs/Src
signal axis and provides a therapeutic strategy of targeting myristoylation of Src kinase to interfere with the
tumorigenic process.
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ross talk of stromal-epithelial cells plays an essential role in both
ysiological development and tumor initiation and progression
,2]. A considerable amount of evidence has demonstrated that
roblast growth factor (FGF)/FGF receptor (FGFR) signaling is
ghly deregulated in a variety of cancers including prostate cancer
–7]. Activation of FGFR in epithelial cells initiates prostate
enocarcinoma [8]. Additionally, this signaling axis mediates cross
lk of tumorigenic cells with their microenvironment and facilitates
mor progression including prostate bone metastasis [9].
Src family kinases (SFKs) are a group of nonreceptor tyrosine
nases. The expression and activity of SFK members are commonly
regulated in advanced prostate cancer [10]. SFKs mediate signaling
a variety of cellular receptors including many receptor tyrosine
nases. Our previous study showed that Src kinase played a role in
e regulation of the paracrine FGF10-induced prostate tumorigenic
ocess, establishing the important role of an FGF/FGFR/Src axis in
ncer progression in vivo [11]. Dysregulation of paracrine FGF in
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e tumor microenvironment and autonomous FGFRs and Src are
mmon oncogenic events in advanced prostate tumors [10,12,13];
wever, the synergistic effect of the FGF/FGFRs/Src axis is
derstudied in cancer progression.
Several mouse models have been utilized to study the deregulation
FGF/FGFR signaling in prostate cancer. Wang et al. (2003)
monstrated that FGFR1 (K656E), a constitutively active FGFR1
utant with three times more activity than wild-type FGFR1,
duces prostate hyperplasia and prostatic intraepithelial neoplasia
ter mice reached 6 months age [14]. However, genomic studies
dicate that no constitutively active mutations, but amplification of
GFR1 or FGFR2, usually occur in invasive prostate cancer [15,16].
o study the activation of FGFR1, the juxtaposition of CID and
nases 1 (JOCK1) model was created using a recombinant protein.
he recombinant protein contains a myristoylation targeting
quence derived from v-Src, the intracellular domain of FGFR1,
d two-tandem AP20187 drug binding domains. The recombinant
otein was activated by chemically induced dimerization using
P20187 [8,17]. This model nicely simulates the activation of
GFR1, but it does not allow for studying the interaction of the
racrine natural FGF ligand with epithelial FGFRs in tumor
ogression. The prostate tissue regeneration model utilizes the
mbination of prostate primary epithelial cells with embryonic
ogenital mesenchymal cells to regenerate prostate tissue [18]. This
combination model makes it possible to study the stromal-epithelial
ll interactions. Using this model, it has been shown that ectopic
pression of paracrine FGF10 in the urogenital mesenchymal cells
itiates prostate adenocarcinoma in vivo [19,20].
Numerous oncogenic signaling pathways and oncogenic events
ve been identified in prostate tumors including gene translocation
ERG [21], AR-androgen signaling [22], PTEN/PI3K/AKT, Ras/
af signaling [23], and many others. The synergy of these oncogenic
ents, such as Akt and AR [24] and ERG and Akt (or loss of PTEN)
5], significantly promotes cancer progression leading to high-grade
mors. The synergy of Kras and AR [26] and Src and AR [27] could
ad to invasive tumors and epithelial-to-mesenchymal (EMT)
ansition. In this study, we focus on the FGF/FGFR/Src signal
is in prostate cancer and investigate the oncogenic synergy of
racrine FGF10 with cell autonomous FGFR1, FGFR2, and Src in
omoting prostate cancer progression. We demonstrate that elevated
pression of wild-type FGFR1 and FGFR2 was not sufficient to
duce oncogenic transformation; however, it synergizes with
racrine FGF10 to initiate prostate tumors, promote prostate
mor progression, and induce EMT. We also show that paracrine
GF10 synergized with overexpressed epithelial Src kinase resulting
high-grade tumors but not EMT. The FGF10-Src synergy relied
the myristoylation of Src, suggesting that targeting myristoylation
Src kinase might provide a therapeutic approach for inhibiting
racrine FGF10-induced tumorigenesis.

aterials and Methods

lasmid Construction
Plasmids containing the coding sequence of mouse FGFR1
lasmid #14005, FGFR1(IIIc) isoform] and FGFR2 [Plasmid
3248, FGFR2(IIIc) isoform] (with three IgG loops) were obtained
om Addgene. The coding sequence of FGFR1 and FGFR2 was
bcloned to the bi-cistronic lentiviral vector FUCRW in which RFP
under the control of the CMV promoter and FGFR1/2 is regulated
the human ubiquitin promoter. Similarly, the coding sequence of
urine FGF10 was also subcloned into bi-cistronic lentiviral vector
UCGW [11] in which expression of GFP is driven by the CMV
omoter, and FGF10 is regulated by the human ubiquitin promoter.
UCRW-Src(WT) and Src(K298M), a kinase-deficient mutant, were
eated previously [27]. The Src(G2A) mutant, a loss-of-myristoyla-
on mutation, was created by PCR by introducing a point mutation
Gly2 and subsequently cloned in the FUCRW lentiviral vector.
Lentivirus was generated by co-transfecting plasmids expressing the
ne of interest and the packaging vectors MDL, VSV, and REV in
EK293T cells. Virus infection was performed as previously
scribed [18]. Lentivirus usage followed the guidelines and
gulations of the University of Georgia.

ell Culture
SYF1 (Src−/−Yes−/−Fyn−/−) and HEK293T were purchased from
merican Type Culture Collection in September 2013. SYF1 cells
ere transduced with Src(WT), Src(G2A), or Src(K298M) by
ntiviral infection to generate stable cell lines. All cell lines were
ltured in American Type Culture Collection–recommended
edium and temperature.

rostate Regeneration Assay
C57BL/6J and CB.17SCID/SCID (SCID) mice were purchased from
aconic (Hudson, NY). Primary prostate cells were isolated from 8-
12-week-old male C57BL/6J mice. Depending on the experimen-
l settings, freshly isolated prostate primary cells were transduced
ith FGFR1, FGFR2, Src(WT), or Src(G2A) by lentiviral infection.
rogenital sinus mesenchyme (UGSM) cells were isolated from
.5-day embryos of C57BL/6J mice and transduced with control
ctor or FGF10 by lentiviral infection. The transduced prostate
imary cells (2 × 105 cells/graft) or freshly isolated prostate cells were
mbined with FGF10 or control UGSM (4 × 105 cells/graft). The
ll mixture was resuspended in 20 μl of collagen type I (pH 7.0) (BD
iosciences). After overnight incubation, grafts were implanted under
e kidney capsule of SCID male mice. Grafts were harvested after
week incubation.
SCID mice carrying the paracrine FGF10-induced prostate tumors
weeks after implantation were treated with dasatinib or control
hicle for 4 weeks. Dasatinib was dissolved in 80 mmol/L citrate
ffer (pH 3.0) with 5% DMSO. A dose of 15 mg/kg body weight/
y was given at 24-hour intervals to the mice using a 20-gauge
vage needle [27]. The control group was given an equal volume of
luent buffer by gavage.

eal-Time PCR
UGSM cells were infected with lentivirus and cultured for 5 days.
otal RNA was isolated using the RNeasy Kit (QIAGEN) following
e protocol of the manufacturer. A total of 1.5 μg of total RNA was
ed for reverse transcription to generate complementary DNA in a
-μl reaction with a high-capacity cDNA reverse transcription kit
ife Technologies). The RT products were diluted 30 times with
stilled H2O, and 2 μl was used as template for each real-time PCR.
he reactions were performed using the PerfeCTa SYBR Green
astMix (Quanta Biosciences), and the thermal cycling conditions
ere an initial denaturation step at 95°C for 1 minute and 40 cycles at
°C for 10 seconds and 60°C for 50 seconds. The experiments were
rried out in triplicate. The relative quantification in fold changes of
ne expression was obtained by 2−ΔΔCt method with GAPDH as the
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ternal reference gene. The primers used for RT-PCR were FGF10-F
AGTGGAAATCGGAGTTGTT) and FGF10-R (CCTTCT
GTTCATGGCTAAGT), and GAPDH-F (AGGTCGGTGT
AACGGATTTG) and GAPDH-R (TGTAGACCATGTAGTT
AGGTCA).

munohistochemistry
Formalin-fixed/paraffin-embedded specimens were sectioned at
μm thickness and mounted on positively charged slides. Sections
ere stained with hematoxylin and eosin (H&E) for histology
alysis. Immunohistochemistry was performed using a standard
otocol as previously described [28]. For detection of AR and Src
pression, primary antibodies for AR (Santa Cruz Biotechnology,
-816, 1:200) and Src (Cell Signaling, 2109, 1:250) were used and
tected with the EnVision+ system (Dako). For immunofluorescent
alysis, sections were incubated with primary antibodies against
mentin (Novus Biologicals, NB300-223, 1:250), E-cadherin (Cell
gnaling, 3195, 1:250), CK5 (BioLegend, 905501, 1:500), or CK8
ioLegend, 904801, 1:1000). Expression was detected by
lexa-594– or Alexa-488–conjugated secondary antibodies (Molec-
ar Probes; 1:1000) and DAPI (Vector Laboratories) nucleus
aining. The images were taken by a fluorescent microscopy with a
CD camera.

lick Chemistry for Detection of Src Myristoylation
The details of the Click chemistry assay were described previously
9]. In this study, SYF1 (Src−/−Yes−/−Fyn−/−) cells expressing
c(WT) or Src(G2A) were cultured in DMEM with 2% fatty
id-free BSA containing 60 μM myristic acid-azide for 24 hours.
ells were washed twice with PBS and lysed on ice for 30 minutes
ith M-PER lysis buffer (Thermo Fisher) containing protease
hibitors. Protein lysates were collected by centrifugation at 14,000
m for 20 minutes, and protein concentration was determined using
e Bio-Rad protein assay kit. Click chemistry was carried out with
μg of protein lysates, CuSO4 (1 mM), tris(2-carboxyethyl)phos-
ine (1 mM), tris(benxyltriazolylmethyl)amine (0.1 mM), and the
pture reagent (0.1mMof alkyne-biotin, Invitrogen). After incubation
room temperature for 1 hour in the dark, samples were resolved by
S-PAGE. Azide-labeled myristoylated proteins were detected by

reptavidin-HRP using Western blotting.

rotein Fractionation
Protein fractionation for isolation of cytosol and cell membrane
actions was described previously [30]. Briefly, SYF1 cells expressing
c(WT) or Src(G2A) were cultured inDMEMwith 10%FBS and lysed
ith TNE lysis buffer [50 mMTris, 150 mMNaCl, 2 mM EDTA (pH
4)] and protease inhibitors. The protein lysates were homogenized using
25-gauge needle syringe (20 strokes) and centrifuged at 14,000 rpm for
minutes. The supernatant was collected as the cytosolic fractionation.

he pellets were washed twice with TNE lysis buffer and resuspended
ith TNE lysis buffer containing 60 mM β-octylglucoside. The samples
ere incubated on ice for 30 minutes and centrifuged at 14,000 rpm for
minutes. The supernatant was collected as the cell membrane

actionation. Src, Caveolin-1, and GAPDH were detected by Western
ot with specific antibodies.

estern Blot
Cells were lysed in RIPA buffer [137 mMNaCl, 20 mM Tris-HCl
H 7.4), 10% glycerol, 1% Triton X-100, 0.5% sodium
oxycholate, 0.1% SDS, 2 mM EDTA protease inhibitor cocktail
illipore, 539137), phosphatase inhibitor cocktail (Sigma-Aldrich,
044 and P5726)] for 20 minutes on ice. After short sonication, cell
sates were centrifuged, and the supernatants were collected. Proteins
ere resolved on 10% SDS-polyacrylamide gels and transferred onto
trocellulose membranes (Bio-Rad). The membrane was blocked
ith 5% milk powder (Lab Scientific) in 1× TBS containing 1%
ween-20 (TBST) for 1 hour, washed with TBST, and incubated
ith the specific antibodies overnight. Antibodies to FGFR1 (Cat#
40), FGFR2 (Cat# 11835), Src (Cat# 2108), p-Src (Y416) (Cat#
01), FAK (Cat# 3285), p-FAK (Y925) (Cat# 3284), GAPDH
at# 5174), and Caveolin-1 (Cat# 3238) were from Cell Signaling
echnology. The antibody to ERK2 (Cat# sc-154) was from Santa
ruz Biotechnology. The antibody to phosphotyrosine (pY) was form
illipore (clone 4G10, Cat#05-321), and the γ-tubulin antibody
at# T6557) was from Sigma-Aldrich.

esults

ctopic Expression of FGFR1 in Primary Prostate Epithelial
ells Is Not Sufficient to Induce Prostate Tumorigenesis But
nergizes with Paracrine FGF10 to Induce EMT
Amplification of FGFR1/2, but not constitutively active mutants, has
en identified in genomic studies of prostate tumors [12,15]. To
capitulate the role of the amplification of wild-type FGFR1/2 in
morigenesis, lentiviral vectors expressing FGFR1 (IIIc isoform), FGFR2
IIc isoform), or FGF10 were constructed (Figure 1A). Expression levels
FGFR1 (Figure 1B), FGFR2 (IIIc isoform) (Figure 1C), and FGF10
igure 1D) were confirmed by Western blot or real-time PCR.
To examine aberrant expression of FGFR1 in mediation of prostate
morigenesis in vivo, primary prostate epithelia cells were transduced
ith control vector or FGFR1 by lentiviral infection. Additionally,
GSM cells were transduced with FGF10 by lentiviral infection.
ostate epithelia with ectopic expression of FGFR1 or control vector
ere combined with paracrine FGF10 or control vector transduced
GSM cells, and grafts were subjected to the prostate tissue
generation assay in vivo [18] (Figure 1E). As expected, paracrine
GF10 induced adenocarcinoma in the PrECs-Control +
F10-UGSM group. The transformation was multifocal, likely
e to the different amount of FGF10 expression locally [11,20].
racrine FGF10-induced acini showed an expansion of CK8+

minal cells with no alteration of CK5+ basal cells located at the basal
mpartment. Tumorigenic cells expressed androgen receptor and
-cadherin, but not vimentin, suggesting epithelial tumorigenic
aracteristics. However, overexpression of FGFR1 in epithelial cells
owed normal regenerated prostate tubules. RFP in prostate tubules
dicated successful transduction. Similar to those in the control
oup, the regenerated tubules were comprised of a single layer of
K8+ luminal cells and CK5+ basal cells. Epithelial cells in the
generated tubules expressed E-cadherin (Figure 1F). These data
ggested that unlike paracrine FGF10 expression, ectopic expression
the wild-type FGFR1 is not sufficient to induce prostate

morigenesis.
In contrast to regenerated tissues derived from PrECs-control,
FR1 + GFP-UGSM, or PrECs-control + FGF10-UGSM,
morigenic cells in the regenerated tissues derived from
ECs-FGFR1 + FGF10-UGSM (RFP+) were not organized into
y ductal structure and showed mild expression of CK8 but not
K5. Some tumorigenic cells co-expressed E-cadherin+ and



Figure 1. Overexpression of epithelial wild-type FGFR1 synergizes with paracrine FGF10 to induce EMT. (A) Diagram of the bi-cistronic
lentiviral vector for the aberrant expression of FGFR1, FGFR2, FGF10, or Src. While the oncogenic gene was controlled by the ubiquitin
promoter, RFP or GFP was regulated by the CMV promoter. (B) 293 T cells were transduced with control vector, FGFR1, or FGFR2 by
lentiviral infection. The protein lysates were harvested for immunoblotting. The expression levels of FGFR1 or FGFR2, and γ-tubulin were
examined by Western blot. Aberrant expression levels of FGFR1 and FGFR2 were confirmed. (C) UGSM cells were transduced with
control vector or FGF10 by lentiviral infection. Total mRNA was extracted for the analysis of FGF10 expression by RT-PCR. FGF10 was
highly expressed in FGF10-UGSM cells. (D) Diagram for evaluation of FGFR1/2 overexpression in epithelium and aberrant paracrine
FGF10-induced tumorigenesis by the prostate tissue regeneration assay in vivo. Freshly isolated prostate epithelial cells were transduced
with control vector (FUCRW), FGFR1, or FGFR2 by lentiviral infection. UGSM cells were isolated from 16.5-day-old mouse embryos.
UGSM cells were transduced with GFP (control) or FGF10 by lentiviral infection. The FGFR1/2-transduced prostate epithelial cells were
combined with GFP- or FGF10-UGSM. The combined cells were mixed with collagen and implanted under SCID mouse kidney capsule.
The regenerated prostate tissues were harvested after 8-week incubation. (E) The regenerated prostate tissues derived from the
experimental groups including PrECs-control + GFP-UGSM, PrECs-FGFR1 + GFP-UGSM, PrECs-control + FGF10-UGSM, and
PrECs-FGFR1 + FGF10-UGSM were analyzed for H&E, RFP signal, and IHC staining of CK5 (red)/CK8 (green)/DAPI (blue), and E-Cadherin
(red)/vimentin (green)/DAPI (blue). Scale bar, 100 μm. The coexpression of E-Cadherin (red), vimentin (green), and DAPI staining (blue) in
tissues from PrECs-FGFR1 + FGF10-UGSM group are presented in Figure S1.

236 Paracrine FGF10 Synergizes FGFR/Src in Tumor Progression Li et al. Neoplasia Vol. 20, No. 3, 2018
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mentin+ (Figure 1F and Figure S1), suggesting that the cells with
topic expression of FGFR1 under the induction of FGF10-UGSM
derwent EMT.

ctopic Expression of FGFR2 in Primary Prostate Epithelial
ells Is Not Sufficient to Induce Prostate Tumorigenesis But
nergizes with Paracrine FGF10 to Induce EMT
The transformation potential of ectopic expression of FGFR2 (IIIc
oform) and the synergy with paracrine FGF10 were also examined
ing the prostate tissue regeneration assay. Normal primary prostate
lls or FGFR2 transduced cells were combined with FGF10-UGSM
lls in the prostate tissue regeneration assay (Figure 1E). As expected,
hile regenerated tissues derived from PrECs-control + GFP-UGSM
ntained normal tubules, PrECs-control + FGF10-UGSM tissues
owed high-grade adenocarcinoma. The FGF10-induced tumors
ere comprised of disorganized ductal cells expressing CK8 in
minal cells and CK5 at the basal membrane. The normal or
ansformed epithelial cells were E-cadherin+ and vimentin- (Figure 2).
gure 2. Overexpression of epithelial wild-type FGFR2 synergizes with
ere transduced with control vector or FGFR2 by lentiviral infection as s
ere mixed with GFP-UGSM or FGF10-UGSM. The regenerated prostate
GFP-UGSM, PrECs-control + FGF10-UGSM, and PrECs-FGFR2 + FG
aining of AR, CK5 (red)/CK8 (green)/DAPI (blue), and E-Cadherin (re
ansformed tissue. Scale bar, 100 μm. The coexpression of E-Cadherin
ECs-FGFR2 + FGF10-UGSM group is presented in Figure S2.
milar to FGFR1 transformed tubules or PrECs-control +
FP-UGSM, regenerated tissues derived from PrECs-FGFR2 +
FP-UGSM group were comprised of normal tubules including the
pression of CK8 luminal marker, CK5 basal marker, and E-cadherin
epithelial cells (Figure 2), suggesting that ectopic expression of
FR2 does not sufficiently induce transformation in vivo. In
ntrast, the regenerated tissues from PrECs-FGFR2 +
F10-UGSM were comprised of sheets of tumorigenic cells
FP+). These cells did not express CK8 or CK5 but co-expressed
-cadherin and vimentin (Figure 2, and Figure S2). The data indicate
at the synergy of paracrine FGF10 with ectopic expression of
FR2 in epithelia in the FGF/FGFR signaling axis leads to invasive
mors.

ctopic Expression of FGFR2 Sensitizes Paracrine FGF10-
duced Prostate Tumors
Although overexpression of wild-type FGFRs alone was not
fficient to induce prostate tumorigenesis, we examined if
paracrine FGF10 to induce EMT. Freshly isolated prostate cells
hown in the diagram of Figure 1D. The transduced epithelial cells
tissues derived from PrECs-control + GFP-UGSM, PrECs-FGFR2
F10-UGSM were analyzed for H&E staining, RFP signal, and IHC
d)/vimentin (green)/DAPI (blue). Yellow arrow indicates FGFR2
(red), vimentin (green), and DAPI staining (blue) in tissues from
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erexpression of FGFR2 in epithelial cells sensitized the cells to a low
se of paracrine FGF10 to cause tumorigenesis. Primary prostate
lls and UGSM cells were transduced with FGFR2 and FGF10 by
ntiviral infection, respectively. The FGFR2 transduced cells were
mbined with 100% GFP-UGSM (control) or a mixture of 25%
GF10-UGSM cells and 75% normal UGSM cells (creating a low
sage of paracrine FGF10 from stromal cells) (Figure 3A). As
pected, the regenerated prostate tissues derived from PrECs-control
FGFR2 with 100% GFP-UGSM were comprised of normal
gure 3. Overexpression of wild-type FGFR2 sensitizes epithelial
morigenesis. (A) Experimental setup for studying the synergy of a l
ansformation of FGFR2 (FGFR2c isoform) in epithelia. Freshly isolated
ntiviral infection. UGSM cells were transduced with FGF10 or control
ixed with 100% GFP-UGSM (normal UGSM as a control) or 75% co
sues derived from the experimental groups [PrECs-control + GF
F10-UGSM + 75% GFP-UGSM), and PrECs-FGFR2 + (25% FGF10-U

gnal, and IHC staining of CK5 (red)/CK8 (green)/DAPI (blue) and E-Cad
bules with expression of a single layer of CK8+ luminal cells and
K5+ cells in the basal membrane (Figure 3B). While the regenerated
ssues from PrECs-control + 25% FGF10-UGSM showed normal
bules with an increase in branching, the tissues in PrECs-FGFR2 +
% FGF10-UGSM exhibited low-grade prostatic intraepithelial
oplasia (Figure 3B). The transformed tubules contained stratified
K8+ luminal cells and retained the basal cell layer, and some small
ini were visible. Additionally, epithelial cells in normal tubules or in
e lesion expressed E-cadherin but not vimentin, indicating the
cells to low-dose paracrine FGF10 for initiation of prostate
ow dosage of paracrine FGF10-induced tumorigenesis with the
prostate cells were transduced with control vector or FGFR2 by
vector by lentiviral infection. The transduced epithelial cells were
ntrol-UGSM + 25% FGF10-UGSM. (B) The regenerated prostate
P-UGSM, PrECs-FGFR2 + GFP-UGSM, PrECs-control + (25%
GSM + 75% GFP-UGSM)] were analyzed for H&E staining, RFP
herin (red)/vimentin (green)/DAPI (blue). Scale bar, 100 μm.
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ithelial feature. These results indicate that FGFR2-transduced cells
come sensitized to the low dosage of paracrine FGF10 to induce
ostate tumorigenesis.

hibition of Src Kinase Activity Suppresses FGF10-Induced
umorigenesis
Previous studies have shown that Src family kinase members
hibit differential capacities in mediating paracrine FGF10-induced
ostate tumorigenesis. For example, epithelial Src kinase is essential
r paracrine FGF10-induced tumors [11], suggesting that the FGF/
FR/Src signaling axis plays an important role in prostate tumor
ogression. We further examined the activity of Src in FGF10 mediated
morigenesis using dasatinib, a pharmacological inhibitor of Src kinase
tivity [31]. Hostmice carrying the regenerated prostate tissues of PrECs
GFP or FGF10-UGSM were treated with vehicle control or dasatinib.
hile dasatinib treatment had no effect on the prostate regeneration
ocess, it inhibited FGF10-induced tumorigenesis (Figure 4). Multiple
yers of luminal epithelial cells (CK8+) were less prominent in the
F10-UGSM group treated with dasatinib (Figure 4), suggesting that
c kinase expression facilitates FGF10-induced tumor progression.

ctopic Expression of Src Kinase Synergizes with Paracrine
GF10 in Prostate Tumorigenesis
Expression and/or activity of Src kinase are usually highly elevated
advanced prostate cancer [10]. We further examined the potential
nergistic effect of epithelial Src with paracrine FGF10 in tumor
ogression. Of note, varying the ratio of epithelial to FGF10-UGSM
lls showed differential pathological phenotypes in the regenerated
ostate tissues (Figure S3). While the regenerated tissues containing
1:2 ratio of epithelium:FGF10-UGSM led to prostate adenocar-
noma, a 1:1 ratio led to branched tubules (Figure S3).
gure 4. Dasatinib inhibits paracrine FGF10-induced prostate tumorige
ll mixture was implanted under the kidney capsule of SCIDmice. After
ere treated with dasatinib by gavage (75 mg/kg). The regenerated p
eeks of treatment and analyzed for H&E staining, IHC staining of CK5 (r
API (blue). The 1:1 ratio of epithelial cells to FGF10-UGSM resulted
thological analysis indicated that dasatinib inhibits paracrine FGF10
Primary prostate cells were transduced with control or wild-type Src
nase, and the transduced cells were combined with GFP- or
F10-UGSM in the prostate regeneration assay (Figure S4A). As
eviously reported, regenerated tissues derived from the control or
c(WT) + GFP-UGSM showed normal tubules [27]. Regenerated
sues derived from paracrine FGF10-induced grafts (1:1 ratio of
ithelia: FGF10-UGSM) enhanced branching morphogenesis. In
ntrast, overexpression of Src(WT) in epithelium synergized with
F10-UGSM, resulting in high-grade adenocarcinoma (Figure S4B).
istological analysis showed that the tissues derived from the PrECs-Src +
F10-UGSM group formed a cluster of acini with an expansion of

K8+ luminal cells and complete or partial CK5+ cells located at the basal
embrane and were E-cadherin+, an epithelial characteristic (Figure S4).
contrast, the other tissue groups showed a single layer of CK8+ luminal
lls with CK5+ at the basal membrane. The data indicate that ectopic
pression of epithelial Src kinase synergizes with paracrine FGF10 in
omoting high-grade prostate tumors without induction of EMT,which
a different pathological phenotype to the synergy of paracrine FGF10
ith epithelial FGFR1/2(WT).

oss of Src Myristoylation Inhibits Paracrine FGF10-Induced
umorigenesis In Vivo
Myristoylation is an important lipid modification for Src kinase
tivity [32–34]. We further examined the role of Src myristoylation
FGF10-induced tumorigenesis in vivo. Overexpression of

ild-type Src or the myristoylation defective mutant Src(G2A) was
nfirmed (Figure 5A). Prostate epithelial cells transduced with
c(WT) or Src(G2A) were mixed with FGF10-UGSM or
FP-UGSM cells, and the cell mixtures were used in the prostate
generation assay. While the weight of regenerated tissues derived
om Src(WT) or Src(G2A) + GFP-UGSM had no significant
nesis. Epithelial cells were mixed with GFP- or FGF10-UGSM. The
4 weeks of incubation, host mice carrying the regenerated grafts
rostate tissues were harvested for pathological analysis after 4
ed)/CK8 (green)/DAPI (blue) and E-Cadherin (red)/vimentin (green)/
in branched tubules, and the 1:2 ratio led to adenocarcinoma.
induced tumorigenesis. Scale bar, 100 μm.
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Figure 5. Loss of Src myristoylation inhibits paracrine FGF10-induced tumorigenesis. (A) 293 T cells were transduced with control vector,
0.1, 1, and 10 μL of Src(WT) or Src(G2A) lentivirus. The transduced cells were harvested, and protein lysates were analyzed for the
expression levels of Src, phospho-Src and γ-tubulin. (B-C) Phase and RFP fluorescence images (B) and weight (C) of the regenerated
prostate tissues derived from PrECs-Src(WT) + GFP-UGSM, PrECs-Src(G2A) + GFP-UGSM, PrECs-Src(WT) + FGF10-UGSM, and
PrECs-Src(G2A) + FGF10-UGSM groups. Scale bar, 0.5 mm. Values are mean ± SD. *: pb0.05. (D) The regenerated tissues derived from
PrECs-Src(WT) + GFP-UGSM, PrECs-Src(G2A) + GFP-UGSM, PrECs-Src(WT) + FGF10-UGSM, and PrECs-Src(G2A) + FGF10-UGSM
groups were analyzed for H&E staining, RFP signal, and IHC staining of Src, CK5 (red)/CK8 (green)/DAPI (blue), and E-Cadherin (red)/
vimentin (green)/DAPI (blue). Scale bar, 100 μm.
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fference (Figure 5, B-C), those derived from PrECs-Src(G2A) +
GF10-UGSM were significantly inhibited in comparison with
rECs-Src(WT) + FGF10-UGSM (Figure 5, B-C). RFP
orescence images indicate the location of transduced Src(WT) or
c(G2A) in the regenerated tissues (Figure 5B). Histological analysis
owed that the elevated expression of Src kinase was in the RFP+

bules. As expected, regenerated tissues from PrECs-Src(WT) or
c(G2A) + GFP-UGSM were comprised of normal tubules with a
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gle layer of CK8+ luminal cells and CK5+ basal cell layer [27,34]. The
ithelial cells were E-cadherin+ and vimentin−. Tissues derived from
ECs-Src(WT)+FGF10-UGSM group showed high-grade adenocarci-
ma (Figure 5D). Transformed regenerated tissues from this group
ntained an expansion of CK8+ luminal cells without substantial
anges in CK5+ basal cells. However, regenerated tissues derived from
ithelia-Src(G2A)+FGF10-UGSM were comprised of normal tubules.
he tubules contained a single layer of CK8+ luminal cells with CK5+

sal cells as in the PrECs +GFP-UGSM control group (Figure 5D). The
ta indicate that loss of Src myristoylation inhibits FGF10-induced
ostate tumorigenesis, suggesting a potential therapeutic approach of
rgeting myristoylation of Src kinase to inhibit FGF/FGFRs-mediated
morigenic potential.

oss of Src Myristoylation Inhibits Exogenous FGF2-Induced
gnaling In Vitro
We further studied the underlying mechanisms which loss of Src
yristoylation inhibits FGF/FGFRs mediated tumorigenesis. The
gure 6. Loss of myristoylation in Src kinase inhibits FGF2 induced si
c(WT) or Src(G2A) were grown in medium containing 50 μM myristic
lick chemistry. Expression levels of Src and tubulin in cell lysates we
c(WT) or Src(G2A) were fractionated into cytosol (C) and cell memb
actions by immunoblotting. Caveolin-1 and GAPDHwere used as mark
spectively. Both markers were used as the loading control for the tota
F1 cells transduced with Src(WT), Src(G2A), or Src(K298M) were gro
ere analyzed for phosphorylated tyrosine, Src, and ERK2 levels by imm
e anti-phosphotyrosine antibody (4G10). The phosphorylation of band
hibited in the Src(G2A) groups in comparison with Src(WT) and Src(K29
control vector were grown with/without FGF2 (50 ng/ml) for 10 min
etected by 4G10 antibody), Src, p-Src (Y416), FAK, p-FAK (Y925), and
c(G2A) mutant, in which mutation of glycine to alanine at site 2 led
loss of myristoylation of Src kinase, was confirmed by Click
emistry (Figure 6A). While levels of Src(WT) kinase were mainly
calized in the cell membrane fraction, the majority of Src(G2A)
nase was expressed in the cytosol fraction (Figure 6B). Ectopic
pression of Src(WT) in SYF1 cells (no endogenous Src expression)
gnificantly elevated tyrosine phosphorylation of proteins between
and 75 kDa and between 100 and 150 kDa [detected by anti–
ospho-tyrosine antibody (pY)] in comparison with SYF1 cells induced
ith FGF2. In contrast, similar to Src(K298M), a kinase dead mutant,
erexpression of Src(G2A) had minimal induction in phospho-tyrosine
nds around 75 kDa or 25 kDa (Figure 6C). The data indicate that,
ilar to Src(K298M), Src(G2A) significantly inhibited FGF2-induced
naling.
The Src(G2A) mutant was also examined in NIH-3T3 cells (with
dogenous Src expression). Overexpression of Src(G2A) reduced
F2-induced signaling including lower levels of phospho-tyrosine
oteins and phosphorylation of FAK (Figure 6D), suggesting that
gnaling in vitro. (A) SYF1 (Src−/−Yes−/−Fyn−/−) cells expressing
acid-azide for 24 hours. Myristoylated proteins were detected by
re measured by immunoblotting. (B) SYF1 cells transduced with
rane (M) fractions. Levels of Src kinase were examined in both
ers for total cell membrane fraction (M) and cytosolic fraction (C),
l lysate analysis. (C) SYF1(Src−/−Yes−/−Fyn−/−) parental cells and
wn with/without FGF2 (50 ng/ml) for 10 minutes. Protein lysates
unoblotting. Levels of phosphorylated tyrosine were detected by
s around 25 kDa and 75 kDa (as indicated by the red arrows) were
8M) group. (D) NIH-3T3 cells transduced with Src(WT), Src(G2A),
utes. Protein lysates were analyzed for phosphorylated tyrosine
γ-tubulin levels by immunoblotting.
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ss of Src myristoylation has a dominant negative effect in blockade
paracrine FGF induced signaling.

iscussion
ur study has demonstrated that the FGF/FGFR/Src signaling axis is
portant in mediating tumor initiation and progression in prostate
ncer. Previous prostate cancer models in the study of FGFRs
cused on the simulation of activation of FGFRs. Although
plification of FGFR1 or FGFR2 has been well documented,
utations leading to the activation of FGFRs do not often occur in
ostate cancer [12,15]. For example, the translocation of FGFR2
ading to gene fusion of SLC45A3-FGFR2 results in overexpression
FGFR2 [12]. However, our results indicate that ectopic expression
the wild-type FGFR1/2 is not sufficient to induce prostate

morigenesis under the normal stromal microenvironment. The
FR2 transformed epithelial cells become sensitized to the amount of
racrine FGF in the microenvironment, leading to transformation. The
ta emphasize that the dysregulation of the stromalmicroenvironment is
decisive factor to induce the FGF/FGFR-mediated prostate tumori-
nesis. Dysregulated FGF expression plays an essential role in androgen
ceptor–independent prostate cancer [35].
The activation of FGFR1/2 is an important factor to regulate the
MT in cancer progression. We show that the synergy of paracrine
GF with epithelial wild-type FGFR1/2 in this signaling axis
omotes tumor progression and induces EMT in vivo. This is in
reement with the induction of activated FGFR1 in another mouse
ostate cancer model [8]. FGFR2-induced EMT occurs when
morigenic cells undergo the isoform switch from FGFR2b to
GFR2c during prostate cancer progression [36]. The isoform
itch–induced EMT has also been reported in human dermal
broblasts [37] and rat bladder carcinoma cells [38]. Mechanistically,
GFR2c-induced transformation inhibits the expression of
-cadherin but increases expression levels of vimentin [37]. FGFR2
pression is associated with twist1-induced cancer progression,
vasion, and EMT in gastric adenocarcinoma [39]. FGFR2 also
ediates N-cadherin–induced EMT to regulate expression levels of
ail, twist1, and slug [40].
Paracrine FGF10 also synergizes with epithelial wild-type Src
nase in the FGF/FGFR/Src signaling axis. Ectopic expression of Src
nase in the epithelium synergizes with paracrine FGF10 and leads to
gh-grade adenocarcinoma. Src kinase is essential in paracrine
GF10-induced prostate tumorigenesis in vivo [11]. Pathologically,
GF10-Src(WT) synergy exhibits a much weaker phenotype than
GF10-FGFR2(WT), suggesting that the participation of other
thways downstream of FGFR also plays important roles for the
itiation of EMT. The FGF/FGFR/Src signaling axis is also
nsistent with numerous in vitro studies showing that Src kinase is
sociated with FGFRs [41]. However, most of the FGF/FGFR
odels emphasize FGF/FGFR/FRS2-induced MAPK and PI3K
thways [42]. While some models indicate that Src kinase is
sociated with PLC-gamma signaling [43], others suggest that Src
rectly interacts with FGFRs [44]. Further delineation of Src kinase
FGF/FGFR downstream signaling will be helpful for understand-
g FGF/FGFR signaling in cancer progression.
Our study has shown that ectopic expression of the mutant
c(G2A) abolishes FGF10-induced tumorigenesis in vivo. Myris-
ylation has been reported as an important modification for Src
nase to associate with the cytoplasmic membrane [33,45]. Loss of
c myristoylation inhibits its kinase activity and increases protein
ability [33]. Dasatinib has been used in clinic trials to target the
TP binding site of Src kinase; however, the beneficial effect is very
ited [46]. Our data show that loss of Src myristoylation has a

gnificant inhibitory effect on FGF10-induced oncogenic signaling
comparison with the kinase dead mutant. Therefore, targeting
-myristoylation might represent an important chemotherapeutic
proach for inhibiting FGF/FGFR/Src-mediated cancer progression
7]. N-myristoyltransferase catalyzes the myristoylation process [48].
veral compounds have been identified that inhibit the catalytic
nction of NMT including a myristoyl-CoA analog we have recently
scovered [34,49,50]. Further study of these compounds might
ovide a therapeutic strategy for inhibiting Src kinase activity,
ereby blocking FGF/FGFR/Src mediated cancer.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2018.01.006.
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