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bFGF-mediated phosphorylation of δ-catenin increases 
its protein stability and the ability to induce  
the nuclear redistribution of β-catenin
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Abstract: Recently, we have shown that δ-catenin strengthened the epidermal growth factor receptor (EGFR)/
Erk1/2 signaling pathway through the association between EGFR and δ-catenin. Now, we further analyzed the cor-
relation between basic fibroblast growth factor (bFGF)/fibroblast growth factor receptor 1 (FGFR1) and δ-catenin 
in prostate cancer and investigated the molecular mechanism underlying the role of bFGF/FGFR1 modulation in 
CWR22Rv-1 (Rv-1) cells. Here, we demonstrated that bFGF phosphorylated the tyrosine residues of δ-catenin 
in Rv-1 cells and further proved that the bFGF mediated FGFR1/δ-catenin tyrosine phosphorylation was time 
dependent. Furthermore, we demonstrated that bFGF stabilized the expression of δ-catenin through weakening 
its association with GSK3β and enhancing its stability to induce β-catenin into the nuclear by strengthening the 
processing of E-cadherin. In a word, these results indicated that bFGF/FGFR1 signaling pathway could enhance the 
tumor progression of prostate cancer via δ-catenin.
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Introduction

δ-Catenin, encoded by CTNND2 gene, is a 
member of the p120-catenin (hereafter, p120) 
subfamily of armadillo proteins and was first 
identified through its interaction with presenil-
in-1 [1]. Although δ-catenin is abundantly ex- 
pressed in developing neurons, it was recently 
found in a series of human malignancies, such 
as lung [2], colorectum [3], ovarian [4], and 
prostate cancer [5, 6]. Furthermore, δ-catenin 
is highly expressed in a variety of prostate can-
cer cell lines and promotes the tumorigenesis 
and growth by improving the expression pro-
files of survivor-related genes and cell cycle  
[7]. Previously, we shown that δ-catenin also 
inhibited the degradation of hypoxia-inducible 
factor 1-alpha (HIF-1α), thereby increasing the 
transcription of the downstream transcription 

factor vascular endothelial growth factor 
(VEGF), which promoting angiogenesis and 
increasing prostate tumor nutrient supply in  
a hypoxic environment [8]. However, RNAi 
screen for suppressors of epithelial cell trans-
formation cells revealed that δ-catenin maybe 
as a potential suppressor in some way [9]. 
Therefore, these studies indicate that δ-cate- 
nin plays a critical role in human malignancies, 
and its biological function in tumorigenesis 
remains to be further elucidated.

E-cadherin, a kind of classical cadherin that 
penetrates the cell membrane and partici- 
pates in the intercellular connection and sig- 
nal exchange, contains a cytoplasmic, a trans-
membrane and an extracellular domain [10]. 
Previously shown that the function of E-cad- 
herin in epithelial cells is often closely related 

http://www.ajcr.us


bFGF promotes prostate cancer migration through δ-catenin signaling

3878 Am J Cancer Res 2021;11(8):3877-3892

to the process of tissue canceration and can-
cer progression, because the down-regulation 
or even deletion of E-cadherin in most epithe- 
lial cancer tissues promoted the loss of nor- 
mal epithelial morphology and strengthened 
the ability of metastatic and invasiveness. 
However, the regulation of E-cadherin depends 
upon transcription [11] and/or post-transcrip-
tional modification (PTM) [12, 13]. Also, there  
is considerable evidence that the E-cadherin 
process involves a variety of proteases and 
affects varietal cellular functions due to the 
loss or gain of E-cadherin, including prolifera-
tion, migration, adhesion and invasion/metas-
tasis [14]. In our previous study, δ-catenin 
strengthen the fragment of E-cadherin, result-
ing in an increase in the total protein level and 
inducing the nuclear redistribution of β-cate- 
nin, which increase transcriptional activity of 
β-catenin/LEF-1 [15]. These results indicate 
that δ-catenin could strengthen the signal 
transduction capacity of β-catenin and that 
δ-catenin has similar signal transduction func-
tion to β-catenin.

Basic fibroblast growth factor (bFGF), as a mul-
tifunctional growth factor, is regulated by the 
FGF receptor 1 (FGFR1) [16], which transmit 
different biological signals for intracellular pro-
tein with cell surface heparin sulfate proteogly-
can and heparin [17]. A large number of stu- 
dies have shown that bFGF promoted angio- 
genesis and cell proliferation, which protecting 
the damaged repair of cells and tissues. How- 
ever, bFGF also regulates tumorigenicity and 
metastasis of various malignant tumors [18, 
19], and is associated with the inferior survival 
of prostate cancer patients [20]. Although, we 
previously shown that, δ-catenin strengthened 
the stability of epidermal growth factor recep-
tor (EGFR) and strengthened the EGFR/extra-
cellular signal-related kinase 1/2 (Erk1/2) sig-
naling pathway through the association bet- 
ween δ-catenin and EGFR [21], whether 
δ-catenin is regulated by bFGF and then pro-
motes the progression and proliferation of 
prostate cancer remains to be further 
elucidated.

Thus, we indicated that bFGF phosphorylated 
tyrosine δ-catenin in Rv-1 and further proved 
that the bFGF mediated FGFR1/δ-catenin tyro-
sine phosphorylation was time dependent. 
Furthermore, we demonstrated that bFGF sta-
bilized the expression of δ-catenin through 
weakening its association with GSK3β and 

enhancing its stability to induce the β-catenin 
into the nuclear by strengthening the process-
ing of E-cadherin.

Materials and methods

Plasmids

The constructs of δ-catenin wild type (WT), 
ΔN85-325 in pEGFP-C1 have been previously 
described [22]. The deletion constructs of 
1-1070 were generated by PCR amplification 
and cloned into pEGFP-C1 vector. mCherry-
FGFR1 (Contrast number: HYKY-201229006-
DPL) was constructed and purchased from 
OBiO Technology (Shanghai) Corp., Ltd.

Cell culture and transfection 

293T (human epithelial kidney) cells were cul-
tured in RPMI1640 supplemented with 10% 
FBS and 1% penicillin/streptomycin at 37°C 
with 5% CO2. CWR22Rv-1 (human prostate  
cancer cell line, Rv-1) was cultured in RP- 
MI1640 supplemented with 1% penicillin/
streptomycin and 10% fetal bovine serum  
(FBS) in a 37°C, 5% CO2 cell incubator. Rv/δ 
(Overexpression of mouse δ-catenin-GFP in 
Rv-1 [22]) and Rv/C (Overexpression of green 
fluorescent protein GFP in Rv-1) were estab-
lished and selected with G418 (200 μg/ml, 
Sigma-Aldrich) at 37°C with 5% CO2. All experi-
ments were performed with mycoplasma-free 
cells. Plasmid DNA, δ-catenin siRNA (sc- 
43021, Santa Cruz Biotechnology) or FGFR1 
siRNA (SC-29316, Santa Cruz Biotechnology) 
was used to transfected cells with Lipofect- 
amineTM 2000 reagent (Invitrogen) for 24 h. 
Before performing a series of experimental  
procedures, the RPMI1640 medium with 10% 
FBS was removed and replaced with serum-
free medium for 2 h, then cells were treated in 
the presence or absence of bFGF (20 ng/mL, 
233-FB, Novus Biologicals) for 5 min, as previ-
ously described [23].

Immunoblotting and immunoprecipitation

Immunoblotting and immunoprecipitation were 
performed as previously described [24]. Wes- 
tern blot analysis: proteins were separated by 
SDS-PAGE and transferred to polyvinylidene 
difluoride membrane which was incubated  
with an appropriate primary antibody over- 
night. Blots were visualized using enhanced 
chemiluminescence (ECL from GE Healthcare, 
Braunschweig, Germany). Bands were quanti-
fied using Quantity One Software (Biorad).
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Immunoprecipitation: Rv-1, Rv/C and Rv/δ  
were lysed with buffer (137 mM NaCl, 20 mM 
Tris-HCl, 1% NP-40, 2 mM EDTA, 50 mM NaF, 
0.1 μM aprotinin). After incubating with pri- 
mary antibodies and agarose beads overnight 
at 4°C and washing with lysate buffer 3 times, 
immunoprecipitates were eluted with 2×  
sample buffer (4% SDS, 0.1 M Tris-HCl, 20% 
glycerol, 0.2% bromophenol blue, 0.2 M DTT, 
pH 6.8), separated and detected by immunob-
lotting. Cell lysates were also subjected to 
immunoprecipitation with either mouse IgG1 
isotype control (Cell Signaling Technology, 
5415) or rabbit IgG isotype control (Cell 
Signaling Technology, 3900) according to the 
immunoglobulin type of primary antibody.

Primary antibodies included: anti-lamin B (SC-
6216, Santa Cruz Biotechnology), anti-E-cad-
herin (#610182, BD Bioscience), anti-p-
GSK3α/βSer21/9 (#9331, Cell Signaling Techno- 
logy), anti-δ-catenin (#611537, BD Biosci- 
ence), anti-GSK3α/β (#5676, Cell Signaling 
Technology), anti-β-catenin (#C2206, Millipore 
Sigma-Aldrich), anti-FGFR1 (#9740, Cell Sig- 
naling), anti-GFP (#SC9996, Santa Cruz Biote- 
chnology), anti-py20 (SC-508, Santa Cruz Bio- 
technology), anti-Flag (#8146, Cell Signaling 
Technology), anti-β-actin (#A5441, Millipore 
Sigma-Aldrich) and anti-HA-Tag (#1666851, 
Boehringer Mannheim).

Isolation of nuclear and cytosolic extracts

The isolation of nuclear, cytosolic and mem-
brane extracts was performed in prostate can-
cer cells as previously described [25].

Wound healing scratch assay

Cell migration was determined using the wound 
healing scratch assay. Cells were cultured on 
12-well plates and grown overnight until they 
formed forming a confluent monolayer and a 
scratch was made using a 10 μL pipette tip. 
Images of the wounded cell monolayers were 
taken using a microscope (EVOS, Thermo 
Fisher Scientific) at 0 and 36 h after wounding 
and processed using ImageJ software. All 
experiments were performed with mitomycin-C 
treatment (10 μM, S8146, Selleck Chemicals) 
[26] to inhibit cell proliferation.

Transwell assay

Transwell assay was performed to evaluate cell 
invasion and migration abilities. Briefly, pros-

tate cancer cells were placed in the upper 
chamber containing serum-free RPMI1640 
with or without 20 ng/mL bFGF and the lower 
chamber was added 10 μg/ml fibronectin as a 
chemotactic agent. For invasion assays, the 
upper chamber was coated with 1% gelatin. 
The cells adhering to the underside of the  
membrane were stained with 0.2% crystal vio-
let and observed under a light microscope and 
photographed. Ten fields were selected to 
count the number of cells to reflect cell mobility 
[27].

Luciferase assay

The Rv-1 cells transfected with T-cell factor/
lymphoid-enhancing factor (TCF/LEF)-Luc re- 
porter plasmid (Qiagen) using LipofectamineTM 
2000 reagent and verified the level of activa-
tion of the β-catenin signaling pathway. After 
that, the cells were seeded into six-well plates 
and co-treated with or without bFGF for 24 h. 
According to the instructions provided by the 
reagent vendor, we used the luciferase assay 
kit (Promega-Biosciences) to detect the collect-
ed cells and analyze TCF/LEF activity (BioTeK 
Synergy HT microplate reader).

RNA isolation and quantitative real-time PCR 
(qRT-PCR)

Total RNA was extracted from the CWR22Rv-1 
using TRIzol Reagent (Invitrogen, 15596018) 
according to the manufacturer’s instructions. 
Next, total RNA (2 µg) was reverse transcribed 
into cDNA using the GoScript Reverse Trans- 
cription Kit (Promega, A5001). Quantitative 
RT-PCR analysis was performed using Power- 
Up SYBR Green Master Mix (Thermo Fisher 
Scientific, A25918). The data were analyzed 
and normalized with β-actin. The primer 
sequences are listed as follows:

c-Jun GGTCATGCTCTGTTTCAGGA GACTGCAAAGATGGAAACGA

cyclin D1 CCTCCTTCTGCACACATTTGAA GCTGCGAAGTGGAAACCATC

cyclin E1 AAGGAGCGGGACACCATGA ACGGTCACGTTTGCCTTCC

c-Myc CTCTCAACGACAGCAGCCCG CCAGTCTCAGACCTAGTGGA

β-actin GTTGTCGACGACGAGCG GCACAGAGCCTCGCCTT

Comparative analysis of transcriptomic data 
from public resources

We downloaded the mRNA expression profiles 
and clinical information on 493 prostate ade-
nocarcinomas of TCGA samples available on 
cBioportal for Cancer Genomics (https://www.
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cbioportal.org) [28-30]. And we obtained the 
PSA information of those patients from fire-
browse (http://firebrowse.org/?cohort=prad). 
For gene expression values, log2 transformed 
values were used. For FGF signaling pathway 
score analysis, gene set variation analysis 
(GSVA) was performed using the PID_FGF_
PATHWAY with the GSVA package (version 
1.36.3) in the R-4.0.2 program [31, 32]. In the 
GSVA package, the “ssGSEA” method was 
selected and analyzed with a minimum size of 
10 and a maximum size of 500. Statistical 
analysis was performed using the R-4.0.2 pro-
gram for Mac OS. Linear correlations were 
determined using the Pearson correlation with 
the function ggscatter from the R-package 
ggpubr (version 0.4.0). Kruskal-Wallis test was 
used to compare differences of CTNND2 ex- 
pression between Gleason score groups. P- 
value of < 0.05 was considered as statistical 
significance.

Results

bFGF phosphorylates δ-catenin in an FGFR1-
dependent but cytoplasmic tyrosine kinase-
independent manner

The final outcomes of increased bFGF sig- 
naling includes enhanced metastasis and pro-
liferation, resistance to chemotherapy, radia-
tion and cell death, increased invasiveness, 
motility and angiogenesis, all of which contrib-
ute to prostate tumor progression and clinical 
aggressiveness [33]. To verify the optimal time 
and action intensity of bFGF activating protein 
phosphorylation in the Rv-1 cells line, time-  
and dose-dependent experiments for bFGF 
were performed. The level of p-Erk1/2 was  
significantly increased by bFGF (20 ng/ml, 5 
min; Supplementary Figure 1A, 1B). Addition- 
ally, the ratio of p-Erk1/2 in Rv/C was similar  
as Rv/δ cells after 5 min bFGF treatment 
(Supplementary Figure 1C). However, the ex- 
pression of py20 in Rv/δ cells was significantly 
increased than that in Rv/C cells with or with-
out bFGF treatment (Supplementary Figure 
1D). These result suggested that δ-catenin 
enhanced some bFGF/tyrosine signaling path-
way. We next determined whether bFGF in- 
duced the δ-catenin phosphorylation in both 
cells, and then performed an immunopreci- 
pitation assay (Supplementary Figure 2A). The 
tyrosine phosphorylation level of δ-catenin in 

Rv/C cells was significantly lower than that in 
Rv/δ cells (Figure 1A, 1B; Supplementary 
Figure 2B). Furthermore, the immunoprecipita-
tion assay revealed that bFGF treatment in- 
creased the association between δ-catenin 
and FGFR1 in Rv/δ cells (Figure 1A, 1D; Sup- 
plementary Figure 2B).

Previous studies reported that bFGF could  
activate some tyrosine kinases [34]. To fur- 
ther investigate whether bFGF phosphorylates 
δ-catenin in an FGFR1-dependent but cyto- 
plasmic tyrosine kinase-independent, Rv/δ 
cells were pretreated with FAK (PF431396, 
500 nM), Src (SU665, 100 nM) and JAK 
(CP690550, 500 nM) kinase inhibitors. We 
found that these kinase inhibitors did not  
affect the efficacy of bFGF, which only acts on 
the respective kinases and no regulation of 
feedback (Figure 1C). Furthermore, the phos-
phorylation level of δ-catenin was mildly de- 
creased after inhibitor treatments (Figure 1C; 
Supplementary Figure 2C, 2D), suggesting that 
the bFGF mediated δ-catenin tyrosine phos-
phorylation was mainly FGFR1 dependent. 
Next, to determine whether bFGF/FGFR1-in- 
duced phosphorylation of δ-catenin required 
FGFR1, we used the FGFR1-deficient RV-1  
cells and found that no tyrosine phosphorylat-
ed δ-catenin was observed. However, when  
we overexpressed FGFR1 in FGFR1-deficient 
RV-1 cells, tyrosine phosphorylation of δ-cate- 
nin was detectable, suggesting that bFGF-
induced phosphorylation of δ-catenin was 
indeed FGFR1-dependent (Figure 1E, 1F). In 
conclusion, these results indicated that bFGF 
promoted the association between FGFR1 and 
δ-catenin, which induced the phosphorylation 
of δ-catenin.

bFGF mediated δ-catenin tyrosine phosphory-
lation by FGFR1 was time-dependent

Interestingly, we found that the change in the 
bFGF-induced phosphorylation of δ-catenin 
(average 2.40-fold) was significantly greater 
than the change in the interaction between 
FGFR1 and δ-catenin (1.43-fold) in the pres-
ence or absence of bFGF (Figure 1A, 1B and 
1D). Additionally, the immunoprecipitation as- 
say revealed that bFGF treatment mildly de- 
creased the association between FGFR1 and 
δ-catenin in Rv/C cells (Figure 1A). Therefore, 
we investigated whether the mechanism un- 
derlying the interaction between FGFR1 and 
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Figure 1. δ-Catenin is phosphorylated by bFGF in an FGFR1 dependent but cytoplasmic tyrosine kinase independent 
manner. Rv/C and Rv/δ cells were derived from Rv-1 cells, overexpressing either GFP or mouse GFP-δ-catenin, 
respectively. They were cultured in serum-free medium in the presence or absence of bFGF (20 ng/ml) for 5 min. 
A. The cell lysates were subjected to immunoprecipitation with anti-δ-catenin antibody followed by immunoblotting 
with anti-py20 and anti-FGFR1 antibodies. The tyrosine-phosphorylation of δ-catenin was increased in both Rv/δ 
and Rv/C cells by treatment with bFGF. B. Reverse immunoprecipitation was performed with anti-py20 antibody 
followed by anti-δ-catenin and anti-FGFR1 antibodies. C. Rv/δ cells were respectively pretreated with Src (SU665, 
100 nM), FAK (PF431396, 500 nM), and JAK (CP690550, 500 nM) kinase inhibitors for 2 h in serum-free medium 
before harvesting. The cell lysates were used to perform immunoblotting to check the protein expression of p-Erk, 
Erk, p-Src, Src, and β-actin and were also subjected to immunoprecipitation with anti-py20 antibody followed by 
immunoblotting with the anti-δ-catenin antibody. The relative protein ratios from at least three independent experi-
ments are shown as a bar graph in the right panel. The values are presented as the mean ± SEM. *P < 0.05 vs. 
control; ***P < 0.001 vs. control; #P < 0.05 vs. bFGF; n.s. no significant difference. D. Reverse immunoprecipitation 
was performed with the anti-FGFR1 antibody followed by the anti-δ-catenin antibody. E. FGFR1 siRNA was used to 
transfected Rv-1 cells with LipofectamineTM 2000 reagent (Invitrogen) for 24 h and cells were treated in the pres-
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δ-catenin was time-dependent, i.e., the phos-
phorylated δ-catenin would dissociate from 
FGFR1, and new δ-catenin would bind to  
FGFR1 later. To verify this hypothesis, Rv/δ 
cells were cultured in serum-free medium in  
the presence or absence of bFGF for 5, 10, 20, 
and 30 min. As shown in Figure 2A, the ex- 
pression of p-Erk1/2 decreased rapidly during 
the 5- to 30-minute interval. However, the pho- 
sphorylated δ-catenin (IP: py20; WB: δ-catenin) 
decreased slowly (Figure 2B). Furthermore,  
the association between FGFR1 and δ-catenin 
was always present even without bFGF, and 
then δ-catenin dissociated from FGFR1 when 
bFGF treatment after 10 min (Figure 2C). Next, 
we examined bFGF/FGFR1 mainly phosphory-
lates which fragment of δ-catenin. Rv-1 cells 
were transfected with the constructs of GFP-δ-
catenin WT (FL) and its different deletions 
[C-terminus (1-1070) or N-terminus (ΔN85-
325)] in the presence or absence of bFGF. We 
found that the downstream bFGF/FGFR1 sig-
naling pathway did not change compared with 
different groups after bFGF treatment (Supple- 
mentary Figure 3A). However, δ-catenin C-ter- 
minal deletion significantly weakened bFGF-
mediated tyrosine phosphorylation of δ-cate- 
nin, while δ-catenin N-terminal deletion had  
no negative effect on it (Figure 2D). To further 
confirm above results, transfection of mCherry-
FGFR1 and GFP-δ-catenin WT or its different 
deletions was performed in 293 cells (Supple- 
mentary Figure 3B). Consistently, bFGF/FGFR1 
signaling pathway did not change compared  
with different groups after bFGF treatment 
(Supplementary Figure 3C). Additionally, we 
found that δ-catenin N-terminal deletion,  
could be much more phosphorylated compared 
with δ-catenin C-terminal deletion (Figure 2E). 
These results indicated that the bFGF-mediat-
ed tyrosine phosphorylation of δ-catenin on its 
C-terminus was increased through a dynamic 
balance in the association between FGFR1 and 
δ-catenin over time.

bFGF stabilizes δ-catenin via interfering the 
association between GSK3β and δ-catenin

To explore the long-term influence of bFGF on 
δ-catenin, Rv/C cells were co-cultured with 

bFGF for 12, 24, 36, and 48 h. Treatment with 
bFGF for 12-36 h increased δ-catenin protein 
expression, especially at 36 h, but the expres-
sion was subsequently decreased slightly at  
48 h compared with that at 36 h (Figure 3A). 
However, bFGF treatment did not affect δ- 
catenin mRNA levels in the Rv-1 cells (Supple- 
mentary Figure 4A). In Rv-1 cells exposed to 
bFGF and MG132, the protein level of  
δ-catenin was not significantly different com-
pared with the bFGF group (Supplementary  
Figure 4B). To investigate whether bFGF in- 
creased the δ-catenin by inhibiting degrada-
tion, we detected the protein level of δ-catenin 
after cyclohexylimide (CHX) treatment at differ-
ent times in Rv/δ cells. Obviously, the half-life 
of δ-catenin was around 11 h when treated 
with bFGF, but only around 6 h without bFGF 
treatment (Figure 3B). These findings indicat- 
ed that bFGF increased δ-catenin stability.

As we studied before that GSK3β negatively 
regulated its stability through phosphorylated 
δ-catenin and ubiquitination/proteosome-me- 
diated proteolysis [35]. Therefore, to explore 
whether the molecular mechanism for bFGF to 
maintain stability of δ-catenin was contribute  
to bFGF interferes with the association bet- 
ween GSK3β and δ-catenin. Concordant with 
our previous observations [35], the protein 
level of δ-catenin in co-transfected HA-GSK3β 
was significantly lower than that in controls in 
the presence or absence of bFGF (Figure 3C). 
To further confirm our conjecture, we used 
δ-catenin and HA antibodies for performing 
immunoprecipitation experiments in Rv/δ  
cells. Additionally, the HA-GSK3β immune  
complexes were analyzed using δ-catenin anti-
body or reverse immunoprecipitation (bottom 
panel), as shown in Figure 3D. These results 
shown that bFGF reduced the association 
between GSK3β and δ-catenin. Meanwhile, 
δ-catenin had a lower affinity for HA-ubiquitin 
modification after bFGF treatment, indicating 
that bFGF could protect δ-catenin from ubi- 
quitination/proteasome mediated proteolysis 
(Figure 3E). Therefore, these results indicated 
that bFGF reduced the interaction between 
GSK3β and δ-catenin, thereby protecting δ- 

ence or absence of bFGF (20 ng/ml) for 5 min. The cell lysates were subjected to immunoprecipitation with anti-
py20 antibody followed by immunoblotting with δ-catenin antibodies. F. FGFR1 knockout Rv-1 cells (transfected with 
FGFR1 siRNA) and then transfected with FGFR1 plasmid. Transfected cells were treated with bFGF (20 ng/ml 5 min) 
and harvested to perform immunoprecipitation with anti-py20 antibody followed by δ-catenin antibody. 
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Figure 2. bFGF-mediated tyrosine phosphorylation of δ-catenin by FGFR1 is time dependent. A. Rv/δ cells were cul-
tured in medium in the presence or absence of bFGF (20 ng/ml) for 5, 10, 20, and 30 min. The cells were harvested 
and the cell lysates were subjected to immunoblotting with specific antibodies to analyze the protein expression. 
The relative protein ratios from at least three independent experiments are shown as a bar graph in the right panel. 
All values are presented as the mean ± SEM. *P < 0.05 vs. control; **P < 0.01 vs. control; ***P < 0.001 vs. control; 
n.s. no significant difference. After analyzing the protein expression in the cell lysates, immunoprecipitation experi-
ments were performed with either py20 antibody or FGFR1 antibody followed by immunoblotting with antibody as 
indicated. B. Quantitative analysis of p-δ-catenin (IP: py20; WB: δ-catenin), the values displayed are the mean ± SEM 
of three independent experiments in the right panel. *P < 0.05 vs. control; **P < 0.01 vs. control. C. Quantitative 
analysis of interaction between FGFR1 and δ-catenin (IP: FGFR1; WB: δ-catenin), the values displayed are the mean 
± SEM of three independent experiments in the right panel. *P < 0.05 vs. control; #P < 0.05 vs. 5 min bFGF treat-
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ment; n.s. no significant difference. D. Tyr-phosphorylation of δ-catenin in Rv-1 cells. Rv-1 cells were transfected with 
the constructs of GFP-δ-catenin WT and its different deletions (N terminal deletion: 85-325 was deleted; C terminal 
deletion 1-1070:1071-1247 was deleted) in the presence or absence of bFGF (20 ng/ml 5 min). After harvesting 
cells, the cell lysates were subjected to immunoprecipitation with relative antibodys and followed by other antibod-
ies. E. Tyr-phosphorylation of δ-catenin in 293 cells. 293 cells were transfected with the constructs of GFP-δ-catenin 
WT and its different deletions in the presence or absence of bFGF (20 ng/ml 5 min). After harvesting cells, the cell 
lysates were subjected to immunoprecipitation with relative antibodys and followed by other antibodies.

Figure 3. bFGF can stabilize δ-catenin through by interrupting the interaction between δ-catenin and GSK3β. A. Rv/C 
cells were cultured in medium in the presence or absence of bFGF (20 ng/ml) for 12, 24, 36, and 48 hours. The 
cells were harvested, and the cell lysates were subjected to immunoblotting with specific antibodies to analyze the 
protein expression. The relative protein ratios from at least three independent experiments are shown as a bar graph 
in the right panel. The values are presented as the mean ± SEM. *P < 0.05 vs. control; **P < 0.01 vs. control. B. Rv/δ 
cells were treated in the presence or absence of bFGF (20 ng/ml) or cycloheximide (50 μM) for different times as 
indicated. The cell lysates were collected and subjected to immunoblotting. Right panel: Relative protein levels of 
δ-catenin. The protein density of the immunoblots was measured by Multi-Gauge, and the protein level of δ-catenin 
was normalized to the protein level of β-actin. C. Rv/δ cells were transfected with GSK3β-HA and then treated with 
or without bFGF (20 ng/ml) for 12 h. The cell lysates from the transfected cells were subjected to immunoblotting. 
D. Rv/δ cells were transfected with GSK3β-HA and then treated with or without bFGF (20 ng/ml) for 12 h. The cell 
lysates were subjected to immunoblotting with the following antibodies: δ-catenin, GSK3α/β, p-GSK3α/β, HA, and 
β-actin antibody. After analyzing the protein expression in the cell lysates, immunoprecipitation experiments were 
performed with either HA antibody or δ-catenin antibody followed by immunoblotting with antibody as indicated. E. 
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catenin from the effects of GSK3β-mediated 
phosphorylation ubiquitination.

bFGF increases δ-catenin ability to induce the 
β-catenin into the nuclear by strengthening 
the processing of E-cadherin

Recently, we indicated that δ-catenin could 
strengthen the processing of E-cadherin, th- 
ereby inducing the β-catenin into the nuclear 
[25]. We found that the action of bFGF altered 
the fragment of E-cadherin to varying degrees 
in both cell lines (Figure 4A). However, the 
amount of fragment with a size of about 140 
KD (maybe the phosphorylation of E-cadherin) 
was attenuated in the Rv/C cells than in the 
Rv/δ cells after bFGF treatment. Additionally, 
the amount of membrane fragment with a  
size of about 100 KD decreased, whereas the 
membrane fragment with a size of about 85  
KD increased in the Rv/δ cells only. Interest- 
ingly, the amount of fragment with a size of 
about 50 KD localized to the membrane was 
significantly greater and the nuclear localiza-
tion was lower in the Rv/δ cells compared with 
the Rv/C cells. These results suggested that 
both bFGF and δ-catenin could regulate the 
processing of E-cadherin by different mecha-
nisms. Consistently, δ-catenin was stabilized  
by bFGF detectably, mainly in the fraction of 
membrane and somewhat in the fraction of 
nuclear but not in the fraction of cytoplasmic 
(Supplementary Figure 5A).

We next tested whether bFGF mediated 
β-catenin into the nuclear via δ-catenin by 
immunoprecipitation (Supplementary Figure 
5B). Consistently, the binding effect between 
E-cadherin and β-catenin was attenuated after 
bFGF co-treatment. However, the decrease of 
affinity in Rv/δ cells was significantly increa- 
sed than that of Rv/C cells. In parallel, bFGF 
treatment attenuated the binding effect bet- 
ween E-cadherin and δ-catenin in both cell 
lines. Furthermore, we found that the indirectly 
binding effect between δ-catenin and β-cate- 
nin was attenuated by bFGF treatment of Rv/δ 
cells due to E-cadherin processing (Figure 4B; 
Supplementary Figure 5C).

Additionally, we examined whether the dissoci-
ated β-catenin in the cytoplasm entered the 
nucleus or underwent degradation. We found 
that bFGF increased the nuclear localization of 
β-catenin in both cell lines, while the distribu-
tion of β-catenin in Rv/δ cells was significantly 
increased than that in Rv/C cells (Figure 4C). 
Furthermore, to determine whether the effect 
of bFGF was partly δ-catenin-mediated, the 
si-δ-catenin was transfected into Rv-1. We 
found that bFGF and si-δ-catenin combined 
treatment decreased the expression of a bat-
tery of proliferation-associated genes in Rv-1 
cells (Figure 4D). Additionally, we found that  
the transcription of β-catenin/LEF-1 was great-
ly increased in Rv-1 cells after bFGF treatment. 
However, the bFGF-mediated transcription of 
β-catenin was partly blocked after transfecting 
with si-δ-catenin (Figure 4E). Additionally, the 
migration and invasion abilities were also sig-
nificantly increased by bFGF treatment in both 
cells compared with control prostate cancer  
cells. Importantly, the increase in motility in 
Rv/δ cells was greater than that in Rv/C cells 
when treated with bFGF (Figure 5A, 5B). 
However, transfected with si-δ-catenin into 
Rv-1 cells significantly impaired the migration 
and invasion abilities exposed to bFGF treat-
ment (Supplementary Figure 6A, 6B). In addi-
tion, wound healing scratch assay showed that 
the migration was decreased in the cells with 
si-δ-catenin compared with that cells with si-
Scramble even have bFGF treatment (Supple- 
mentary Figure 6C). In summary, bFGF incre- 
ased the δ-catenin ability to induce β-catenin 
into the nuclear by strengthening the process-
ing of E-cadherin and thereby enhancing the 
tumor progression of prostate cancer.

Comparative analysis of transcriptomic data 
from public resources

Recently, Lu Q et al. showed that the expres-
sion of δ-catenin in patients with prostate can-
cer is more highly than in healthy individuals 
and its expression was correlated with incre- 
asing Gleason scores [5]. To further study the 
role of FGF signaling pathway in prostate can-
cer, we performed the comparative analysis of 

Rv/δ cells were transfected with Ubi-HA and treated with or without bFGF (20 ng/ml) for 12 h. The cell lysates were 
subjected to immunoblotting with the following antibodies: δ-catenin, HA, and β-actin antibody. After analyzing the 
protein expression in the cell lysates, immunoprecipitation experiments were performed with either HA antibody or 
δ-catenin antibody followed by immunoblotting with antibody as indicated.
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transcriptomic data in 493 prostate cancer 
patients dataset of the cancer genome atlas 
(TCGA) published in the Cbioportal database 
and Firebrowse. By linear correlation analysis, 
gene expression level of CTNND2 was signifi-
cantly correlated with prostate specific anti- 
gen (PSA) level (R = 0.095 and P = 0.048) 
(Figure 6A). As the Gleason score increased, 
the expression value of the CTNND2 gene also 

showed a tendency to increase (Figure 6B). 
Additionally, the linear correlation analysis 
revealed that FGF signaling pathway score 
showed a significantly positive correlation with 
the gene expression of CCND1 (Cyclin D1) and 
JUN (P = 0.023 and P < 0.001, respectively), 
however, significantly negative correlation with 
the gene expression of CTNND2 (P = 0.038) 
(Figure 6C). These results demonstrated that 

Figure 4. bFGF increases δ-catenin ability to enhance the nuclear distribution of β-catenin by disturbing the integrity 
of E-cadherin. A. Both Rv/δ and Rv/C cells were treated with bFGF for 12 h and subjected to the fractionation experi-
ment. The membrane fractions were subjected to immunoblotting with anti-E-cadherin. B. Both Rv/δ and Rv/C cells 
were treated with bFGF for 12 h. The cells were harvested, and the lysates were used to perform immunoblotting 
with the following antibodies: δ-catenin, β-actin, E-cadherin, and β-catenin antibody. After analyzing protein expres-
sion, the cell lysates were subjected to immunoprecipitation with δ-catenin or E-cadherin antibody followed by im-
munoblotting with antibody as indicated. C. Both Rv/δ and Rv/C cells were treated with bFGF for 12 h and subjected 
to the fractionation experiment. The protein expression of β-catenin in each lysate was analyzed by immunoblotting. 
The relative β-catenin ratios from at least three independent experiments are shown as a bar graph in the right 
panel. The values are presented as the mean ± SEM. *P < 0.05. D. The mRNA expression of c-Myc, c-Jun, cyclin-D1, 
and cyclin-E1 genes in Rv-1 cells. The values displayed are the mean ± SEM of five independent experiments. The 
two-tailed Student’s t-test was used, n.s. = not significant, **P < 0.05 vs. control; #P < 0.05 vs. bFGF. E. TEF/LEF-
luciferase reporter activity in Rv-1 cells. The values displayed are the mean ± SEM of five independent experiments. 
***P < 0.001 vs. control; #P < 0.05 vs. bFGF.
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the molecular mechanisms of bFGF-mediated 
phosphorylation of δ-catenin and its increased 
protein stability, rather than its transcriptional 
control of CTNND2, provided a potential thera-
peutic target for inhibiting prostate cancer.

Discussion

Tumor progression is the result of an imba- 
lance between cellular functions including 
apoptosis, division, cell growth, and adhesion. 
Among the many oncogenes and tumor sup-
pressors, cellular connection-related proteins, 
such as adenomatous polyposis coli (APC) and 
β-catenin, contribute to tumor progression by 
interfering with E-cadherin-based junctions  
and cell proliferation, as well as reducing apop-
tosis and altering the karyotype [36, 37].

δ-Catenin, or NPRAP (neural plakophilin-rela- 
ted armadillo protein)/neurojungin, is an adhe-
sion connection-related protein originally iden-
tified a neural-specific protein [1, 3, 38, 39]. 
Moreover, δ-catenin belongs to the p120ctn 
subgroup of the armadillo/β-catenin superfam-
ily [38, 40]. Under normal conditions, p120ctn 
and β-catenin are widely expressed in bodies, 
while the δ-catenin in healthy individuals is 
mainly confined to the brains. Interestingly, 
δ-catenin is increasingly reported to be highly 
expressed in varietal cancers in peripheral tis-
sues [2-4, 41]. Recently, Lu Q et al. showed  
that the expression of δ-catenin in patients 
with prostate cancer is more highly than in 
healthy individuals and its expression was cor-
related with increasing Gleason scores [5].

Figure 5. bFGF increase the migration and invasion abilities in prostate cancer cells. (A, B) Invasion and migration 
assays were performed in the presence or absence of bFGF. Transwell chambers coated with (A) or without (B) gela-
tin, respectively. Quantitative analysis of cell viability, colony area, and migrated and invaded cell numbers from at 
least three independent experiments are shown as a bar graph in each right panel. The values are presented as the 
mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Basic fibroblast growth factor is one of the pri-
mary angiogenic peptides associated with tu- 
mor vascularization [19, 42-45]. The elevated 
expression of bFGF has been demonstrated in 
many tumor cell lines, including those derived 
from prostate cancer [46-48]. In addition, the 
aberrant bFGF signals could directly drive the 
proliferation and survival of prostate cancer 

cells, and then support tumor angiogenesis 
and promoting tumor development in various 
prostate cancer models [49]. Furthermore,  
elevated levels of bFGF was also observed in 
urine and serum in some prostate cancer 
patients [50]. Mechanistically, bFGF activated 
multiple mitogen-activated protein kinases 
(MAPKs) such as p38, c-Jun N-terminal kinase 

Figure 6. Comparative analysis of transcriptomic data from public resources. A. Linear correlation analysis of gene 
expression of CTNND2 and PSA level (ng/mL). The Pearson’s correlation was used. B. Box plots showing that the 
expression level of CTNND2 showed a tendency to increase as the Gleason score increased. The Kruskal-Wallis test 
and Fisher’s Least Significant Difference test were used. C. Linear correlation analysis of FGF signaling pathway 
score and gene expression level of CCND1 (left, upper), CTNND2 (right, upper), JUN (left, lower) and MYC (right, 
lower). *P < 0.05; **P < 0.01; ***P < 0.001.
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(JNK) and Erk [51-53] as well as the phosphati-
dylinositol 3-kinase (PI3K)/AKT pathway [54]. 
These pathways are critical for the progression 
of prostate cancer, including proliferation, dif-
ferentiation, and survival [55, 56].

In this study, we found that Rv-1 cells express 
the endogenous δ-catenin and FGFR1, which 
allow knock-down experiments to verify our 
findings. However, both LnCap and DU145 cell 
lines do not express detectable levels of en- 
dogenous δ-catenin as we have published 
before [57]. Therefore, we used Rv-1 cells as a 
study subject and found that bFGF could (1) 
phosphorylate the δ-catenin tyrosine residues 
by FGFR1 in time-dependent manner and (2) 
increase the stability of δ-catenin, inducing β- 
catenin in the cytoplasm entered the nucleus 
by attenuating the binding effect between 
GSK3β and δ-catenin, and improving the pro-
cessing of E-cadherin.

The first innovative finding of this study was 
that bFGF mediated FGFR1/δ-catenin tyro- 
sine phosphorylation was time dependent. We 

catenin from phosphorylation by GSK3β and  
its subsequent degradation by proteasome; b) 
bFGF increased the level of transcription for 
δ-catenin and c) bFGF had an effect on the  
regulation of both mechanisms mentioned 
above. As expected, bFGF decreased the as- 
sociation between δ-catenin and GSK3β, but 
did not change the level of transcription of 
δ-catenin. Furthermore, bFGF/FGFR1 signaling 
pathway enhanced the tumor progression of 
prostate cancer via δ-catenin, which is a little 
same as we previously discovered [15]. Next, 
we found that decreasing association between 
GSK3β and δ-catenin made δ-catenin more 
stable and thus increased the half-life of de- 
gradation. As we know, both p120ctn and 
δ-catenin interacted with the proximal mem-
brane domain of E-cadherin with different bio-
logical functions. Particularly, overexpression 
of δ-catenin in primary prostatic adenocar- 
cinomas was usually accompanied by decre- 
ased expression of p120ctn and E-cadherin, 
and it’s also contribute to the redistribution of 
p120ctn and E-cadherin in prostate cancer 

Figure 7. Schematic illustration of the effects of bFGF via δ-catenin in pros-
tate cancer. bFGF phosphorylates δ-catenin on its tyrosine residues in pros-
tate cancer cells and further prove that bFGF-mediate tyrosine phosphoryla-
tion of δ-catenin by FGFR1 is time dependent. In addition, bFGF stabilizes 
δ-catenin protein expression via decreasing its affinity to GSK3β and en-
hances its ability of inducing nuclear distribution of β-catenin through inter-
fering the integrity of the E-cadherin complex. Taken together, these results 
indicate that bFGF/FGFR1 can enhance the motility function of δ-catenin in 
prostate cancer cells.

found that the association 
between FGFR1 and δ-cate- 
nin was always present even 
without bFGF treatment and 
that the phosphorylation of 
δ-catenin accumulated throu- 
gh a dynamic balance of the 
interaction between FGFR1 
and δ-catenin mediated by 
bFGF. In addition, the C-ter- 
minus of δ-catenin is neces-
sary for bFGF/FGFR1-medi- 
ated phosphorylation. Unfor- 
tunately, bFGF was shown to 
regulate the phosphorylation 
of δ-catenin, but whether 
FGFR1 and δ-catenin bind 
directly or form a complex 
remains unknown.

Secondly, we found that bFGF 
could decrease the associa-
tion between GSK3β and δ- 
catenin through bFGF/FGF- 
R1-mediated phosphorylation, 
which contribute to stabilize 
the expression of δ-catenin in 
Rv/C cells. Therefore, three 
possible mechanisms under-
lie our observation could be 
that: a) bFGF protected δ- 
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cells [5]. Here, we indicated that δ-catenin was 
stabilized by bFGF detectably, mainly in the 
fraction of membrane and somewhat in the 
fraction of nuclear but not in the fraction of 
cytoplasmic. Moreover, the binding effect be- 
tween β-catenin and E-cadherin was attenuat-
ed by bFGF co-treatment, and then increased 
the δ-catenin ability to induce β-catenin into 
the nuclear by strengthening the processing of 
E-cadherin.

In summary, we associated with both δ-cate- 
nin and bFGF/FGFR1, reaffirming it as a poten-
tial target for primary prostatic adenocarcino-
mas treatment. Mechanistically, we indicated 
that phosphorylated and stabilized δ-catenin 
by bFGF/FGFR1 could enhance its ability to 
improve the processing of E-cadherin as well  
as the nuclear redistribution of β-catenin 
(Figure 7). Taken together, the present study 
gave a further insight into δ-catenin’s biologic 
function in primary prostatic adenocarcino- 
mas, suggesting the potential predictive value 
of δ-catenin for prostate cancer.
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Supplementary Figure 1. The action of bFGF is dose- and time-dependent in Rv-1 cells. A. Before starting the ex-
perimental procedures, the medium was removed and replaced with serum-free medium for 30 min (only this time). 
Rv-1 cells were cultured in serum-free medium in the presence or absence of bFGF (10 ng/ml) for 1, 2, and 5 min. 
B. Rv-1 cells were cultured in serum-free medium (2 h) in the presence or absence of bFGF (5, 10, 20, and 40 ng/
ml) for 5 min. C, D. Both Rv/δ and Rv/C cells were cultured in serum-free medium (2 h) in the presence or absence 
of bFGF (20 ng/ml) for 5 min and subjected to immunoblotting.

Supplementary Figure 2. δ-catenin is phosphorylated by bFGF in an FGFR1-dependent but tyrosine kinase-
independent manner. A, B. Both Rv/C and Rv/δ cells were cultured in serum-free medium (2 h) in the presence or 
absence of bFGF (20 ng/ml) for 5 min. A. The cell lysates were subjected to immunoprecipitation with δ-catenin 
antibody followed by immunoblotting with GFP antibody. B. Cell lysates were also subjected to immunoprecipitation 
with IgG as negative control. C. Rv/δ cells were co-treated with Src (SU665, 100 nM), FAK (PF431396, 500 nM), 
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and JAK (CP690550, 500 nM) kinase inhibitors for 2 h in serum-free medium before harvesting. The cell lysates 
were used to perform immunoblotting to analyze the protein expression of p-Src, Src, and β-actin and were also 
subjected to immunoprecipitation with the py20 antibody followed by immunoblotting with the δ-catenin antibody. 
Cell lysates were also subjected to immunoprecipitation with IgG as negative control. D. Rv/δ cells were respectively 
pretreated with Src (SU665, 100 nM), FAK (PF431396, 500 nM), and JAK (CP690550, 500 nM) kinase inhibitors 
for 2 h in serum-free medium before harvesting. Cell lysates were subjected to immunoprecipitation with IgG as 
negative control.
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Supplementary Figure 3. The downstream bFGF/FGFR1 signaling pathway did not change compare with different 
groups after bFGF treatment. A. Rv-1 cells were transfected with the constructs of GFP-δ-catenin WT and its different 
deletions in the presence or absence of bFGF. The cell lysates were subjected to immunoblotting with the relative 
antibody to analyze protein expression. Quantitative analysis is shown as a bar graph in the right panel. The values 
are presented as the mean ± SEM of three independent experiments. *P < 0.05 vs. control; ***P < 0.01 vs. control; 
n.s. = not significant. B. Transfection of mCherry-FGFR1 and GFP-δ-catenin WT or its different deletions was per-
formed in 293 cells. The cells were observed with a computer-assisted microscope (EVOS, Thermo Fisher Scientific, 
MA, United States). Scale bar = 110 µm. Red: FGFR1, Green: δ-catenin. C. The 293 cells were treatment with the 
presence or absence of bFGF and the cell lysates were subjected to immunoblotting to check protein expression. 
Quantitative analysis is shown as a bar graph in the right panel. Cell lysates were also subjected to immunoprecipi-
tation with IgG as negative control. The values are presented as the mean ± SEM of three independent experiments. 
***P < 0.01 vs. control; n.s. = not significant.

Supplementary Figure 4. bFGF treatment does not affect δ-catenin mRNA levels in Rv-1 cells. A. The mRNA expres-
sion of the δ-catenin gene in Rv-1 cells. The values displayed are the mean ± SEM of five independent experiments. 
The two-tailed Student’s t-test was used, n.s. = not significant. B. Rv/C cells were treated with or without bFGF (20 
ng/ml) and MG132 (20 μg/ml) for 12 h. The cell lysates were subjected to immunoblotting with the δ-catenin an-
tibody to analyze protein expression. Quantitative analysis is shown as a bar graph in the lower panel. The values 
are presented as the mean ± SEM of three independent experiments. **P < 0.01 vs. control; n.s. = not significant. 
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Supplementary Figure 5. bFGF increases δ-catenin ability to enhance the nuclear distribution of β-catenin by dis-
turbing the integrity of the E-cadherin. Both Rv/δ and Rv/C cells were treated with or without bFGF (20 ng/ml) for 12 
h. A. Both Rv/δ and Rv/C cells were subjected to the fractionation experiment. B. The cell lysates were subjected to 
immunoprecipitation with the δ-catenin antibody followed by immunoblotting with the GFP antibody. C. Cell lysates 
were also subjected to immunoprecipitation with IgG as negative control.
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Supplementary Figure 6. bFGF increase the motility of prostate cancer cells via δ-catenin. δ-catenin siRNA was used 
to transfected cells with LipofectamineTM 2000 reagent (Invitrogen) for 24 h and cells were treated in the presence 
or absence of bFGF (20 ng/ml). (A, B) Invasion and migration assays were performed in the presence or absence of 
bFGF. Transwell chambers coated with (A) or without (B) gelatin, respectively. Quantitative analysis of cell viability, 
colony area, and migrated and invaded cell numbers from at least three independent experiments are shown as 
a bar graph in each right panel. Scale bar = 260 µm. The values are presented as the mean ± SEM. *P < 0.05. (C) 
Representative migration across a scratch (magnification at t = 0 and 36 h; dotted lines indicate boundary of the 
scratch) and area under the curve from Rv-1 cells cultured in the indicated media. Scale bar = 130 µm. Cell migra-
tion distances were measured based on the data, with each data point representing the mean of multiple measures 
within a single well in a representative experiment, values displayed are means ± SEM of three independent experi-
ments. One-way ANOVA with the Student-Newman-Keuls test was used. *P < 0.05.


