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Abstract: d-Catenin is a member of the p120-catenin subfamily of armadillo proteins and is known to be upregu-
lated in prostate cancer, promoting tumorigenesis. Unfortunately, the molecular mechanism underlying this effect
remains unclear. The carcinogen 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been linked to an increased risk of
prostate cancer. In this study, we explored the effect of TCDD on d-catenin in prostate cancer cells. TCDD increased
the protein levels of d-catenin in a dose-dependent manner by enhancing its stability. Moreover, TCDD led to an
increase in B-catenin expression but a decrease in E-cadherin levels. Further experiments revealed that TCDD stabi-
lized the expression of d-catenin by inhibiting its ubiquitination-mediated degradation. Finally, TCDD enhanced the
motility and migration ability of prostate cancer cells through d-catenin. These findings suggest that TCDD plays a
role in stabilizing d-catenin in prostate cancer cells, offering a new perspective on preventing 6-catenin degradation

and potentially increasing the predictive value of d-catenin for prostate cancer.
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Introduction

Prostate cancer (PCa) is a hormone-related
tumor dependent on androgen, which acts as a
“prostate fuel” to stimulate the growth of pros-
tate cancer cells and disease progression.
Currently, “castration therapy” is used in clini-
cal practice to regulate androgen levels and
prevent prostate cancer. Worse, “androgen
resistance” often occurs in patients with PCa at
later stages of development [1]. According to
data released by the World Health Organization
(WHO) in 2020, prostate cancer is the third
most common malignant tumor diagnosed
after lung cancer and colorectal cancer. The
number of new cases worldwide is up to 1.4
million, and the global burden of prostate can-
cer is expected to increase to nearly 2.3 million
confirmed cases and 740,000 deaths by 2040
[2]. With the extension of life expectancy, a
high-fat westernized diet [3], and the popular-
ization of early screening methods for prostate
cancer, its incidence and detection rate are

increasing year by year, present a major threat
to the health of adult males.

0-Catenin, encoded by the CTNND2 gene, also
known as NPRAP (neural plakophilin related
armadillo protein), is a member of the catenin
family of cell adhesion molecules, mainly func-
tioning as a catenin in intracellular or cell con-
nection-related processes. It belongs to the
p120°" subfamily and contains 10 armadillo
repeats [4] (@ motif consisting of 42 amino
acids), indicating its ability to interact with many
proteins. Previous studies have confirmed that
0-catenin interacts with E-cadherin [5], pO071
[6], Kaiso [7], Densin-180 [8], and other pro-
teins. Initially discovered to bind to the loop
region of presenilin-1 [9], which is highly ex-
pressed in brain tissue and promotes the
growth of axons and dendrites of nerve cells
[10], 6-catenin has been found to exhibit abnor-
mal expression in various tumors including
breast cancer [11], non-small cell lung cancer
[12], ovarian cancer [13], colorectal cancer
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[14], esophageal squamous cell carcinoma
[15], and liver cancer [16]. Human EST data-
bases have also revealed 08-catenin mRNA
expression in kidney, ovary, breast, and esoph-
ageal tumors [17]. It is noteworthy that 6-ca-
tenin expression is upregulated in 80% of pros-
tate tumors and is positively correlated with the
Gleason score [18]. It has been proposed as a
potential biomarker for prostate cancer [19]
and been related to tumor development.

The state and function of 8-catenin in PCa have
been studied extensively in recent years. The
overexpression of d-catenin in prostate cancer
cells has been fully demonstrated, and numer-
ous studies have confirmed significantly in-
creased levels of d-catenin mRNA and protein
in prostate cancer cells [20]. In cancer patients,
0-catenin has been found to accumulate in the
interstitium, and significantly elevated levels of
0-catenin have been reported in urine [21].
These findings strongly support the use of
0-catenin as a diagnostic marker for PCa. For
example, it has been suggested that glycogen
synthase kinase 3 (GSK3) phosphorylates
0-catenin, negatively regulating its stability th-
rough ubiquitin-proteasome-mediated proteol-
ysis [22]. Other studies have identified 06-caten-
in as a new member of the GSK3[ signaling
pathway, involved in B-catenin turnover in neu-
rons [23]. The E3 ligase B-TrCP-1 has been
found to mediate 6-catenin ubiquitination [24],
and subsequent studies have reported that
0-catenin can degrade through Ilysosome-
dependent pathways. However, protein degra-
dation is inefficient when d-catenin is overex-
pressed. Similar to p120°" [25], 8-catenin is
phosphorylated by Src kinase at multiple tyro-
sine residues. Src-mediated phosphorylation
enhances the ability of 6-catenin to induce the
translocation of -catenin to the nucleus [26].
In addition, Src kinase activity is essential for
the E3 ligase Hakai to stabilize d-catenin. Hakai
inhibits &-catenin ubiquitin-proteasome degra-
dation by stabilizing Src and inhibiting the bind-
ing of 0-catenin to GSK3p [27]. Gene loci rear-
rangement of d-catenin (CTNND2) is common
in prostate cancer and may be the cause of
0-catenin upregulation [28]. Further research
has demonstrated that 0-catenin promotes
PCa cell growth and activates the B-catenin sig-
naling pathway by altering the cell cycle and
gene expression profile [29]. In addition,
0-catenin has been reported to promote angjo-
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genesis by stabilizing HIF-la and activating
VEGF in CWR22Rv-1 (RV1) cell lines [30]. It is
well known that d-catenin activates the classi-
cal Wnt/B-catenin/LEF1 signaling pathway to
mediate downstream target gene transcription
[31], showing exon mutations and gene profiles
that promote cancer cell survival and metabo-
lism. In addition to the interaction between
0-catenin and p120°" and the classical Wnt-
GSK3-B-catenin-LEF1 signaling pathway [32],
the non-classical Wnt signaling pathway regu-
lated by Kaiso transcription inhibitors is also
a downstream target of d6-catenin and p120°"
[33]. Taken together, these findings provide
strong evidence supporting the important role
of 0d-catenin in the progression of PCa.
Unfortunately, the specific mechanism through
which d&-catenin promotes the progression of
PCa and its main physiological functions in PCa
are not yet clear.

The chemical 2,3,7,8-tetrachlorodibenzo-p-dio-
xin (TCDD) activate aryl hydrocarbon receptors
(AhR), leading to toxicity. After TCDD binds to
AhR, AhR is activated and dissociates from
the Hsp90/XAP2/p23 chaperone protein com-
plex. Subsequently AhR binds to a ligand and
translocate to the nucleus to form an active
heterodimer with ARNT (aromatic hydrocarbon
receptor nuclear translocation protein) [34].
The TCDD/AhR/Arnt complex then acts as a
transcription factor and binds to response ele-
ments (DRE or XRE) [35], leading to changes
in gene transcription and resulting in toxic
effects. Recently, AhR has been identified as a
target gene of the putative Wnt/B-catenin clas-
sical pathway in prostate cancer cells [36].
Some studies have shown that TCDD-mediated
activation of AhR may increase the risk of
prostate cancer, especially in human and ani-
mal models of prostate cancer [37]. In addition,
TCDD treatment can reduce the weight of the
ventral prostate, seminal vesicle, and epididy-
mis, as well as daily sperm production, in rats
during uterine and lactation periods [38]. TCDD
can also cause ventral prostate hypoplasia and
dorsolateral prostate dysplasia in mice [39].
TCDD has been reported to mediate prostate
cancer migration. However, it has also been
found that treating androgen-sensitive and
castration-resistant PCa cells with TCDD may
inhibit AR signaling and prostate cancer pro-
gression [40]. Most in vivo and in vitro experi-
ments indicate that TCDD can affect androgen
receptor function and promote the develop-

Am J Cancer Res 2025;15(4):1939-1954



Effects of TCDD on d-catenin

ment of prostate cancer. For example, in animal
experiments, long-term exposure to TCDD has
been linked to tumors in the liver, thyroid, lung,
prostate, skin, mouth, and ovary [41]. In conclu-
sion, TCDD plays a crucial role in prostate can-
cer, and further research is needed to elucidate
its biological function in tumorigenesis.

This study utilized the overexpression of
0-catenin in PCa cells as the in vitro cell cul-
ture model to explore whether TCDD could sta-
bilize d-catenin expression by regulating the
ubiquitination of Lys1049 and Lys1158 to re-
duce its degradation. The findings revealed that
TCDD regulated the ubiquitination of 8-catenin
to antagonize the proteasome degradation,
increase d-catenin stability, and promote its
nuclear localization. These observations have
important implications for understanding the
biological processes of prostate cancer.

Materials and methods
Plasmids

The construction of green fluorescent protein
(GFP)-0-Catenin was previously described by
Kim et al. [42]. The HA-tagged Ub was kindly
provided by Professor Kwang Youl Lee from
Chonnam National University.

Antibodies and reagents

The following antibodies were used in this
study: anti-d6-Catenin (#611537; BD Bioscien-
ce, San Diego, CA, USA), anti-GFP (#G1544;
Sigma-Aldrich, St. Louis, MO, USA), anti-LaminB
(#SC-374015, Santa Cruz Biotechnology, Inc.,
Dallas, Texas, USA), anti-HA-Tag (#SC-7392,
Santa Cruz Biotechnology, Inc., Dallas, Texas,
USA), anti-p-GSK3 «/B (#9331, Cell Signaling
Technology, Danvers, MA, USA), anti-Ubiquitin
(#SC-47721, Santa Cruz Biotechnology, Inc.,
Dallas, Texas, USA), anti-B-actin (#A5441;
Sigma-Aldrich, St. Louis, MO, USA), and anti-
GSK3 o/B (#5676, Cell Signaling Technology,
Danvers, MA, USA). The HA epitope was detect-
ed using media from 12CA5 hybridomas pro-
vided by Professor Kwang Youl Lee from
Chonnam National University. 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) (#1746-01-6) was
obtained from Sigma-Aldrich.

Cell culture, transfection and TCDD treatment

CWR22Rv-1 (human prostate cancer cell line,
RV1) and PC3 cells were cultured in Roswell
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Park Memorial Institute medium (RPMI), sup-
plemented with 10% Fetal Bovine Serum (FBS)
and 1% penicillin/streptomycin at 37°C with
5% CO,. RV/d and RV/C cells, which overex-
press mouse GFP-8-Catenin and GFP, respec-
tively, were derived from RV1 cells and grown
in RPMI supplemented with 10% FBS, 1%
penicillin/streptomycin, and 125 pg/mL G418
(Sigma, St Louis, MO) at 37°C with 5% CO,,.
RV1 cells were transfected using PEI (#24765-
2; PolyScience Inc; Warrington, PA, USA) ac-
cording to the manufacturer’s instructions.
After 24 h, the cells were treated with 100 nM
TCDD for the indicated time periods.

Western blot and immunoprecipitation

Cell lysate preparation and western blot analy-
ses were performed as described by Shrestha
et al. [24]. Briefly, cells were harvested using
lysis buffer (MLB) (10% glycerol, 25 mM HEPES,
150 mM NaCl, 1 mM EDTA, 25 mM NaF, 1 mM
Na,VO,, 1% Nonidet P-40, 0.2 mM phenylmeth-
ylsulfonyl fluoride, and a protease inhibitor mix-
ture). Protein concentration was determined
using a BCA kit (Pierce, Rockford, IL, USA). The
lysates were separated on a sodium dodecyl
sulfate (SDS) gel and transferred onto a polyvi-
nylidene difluoride (PVDF) membrane. The me-
mbranes were blocked with 5% skim milk and
incubated with the appropriate primary anti-
bodies, followed by a secondary antibody.
Finally, protein bands were visualized using an
enhanced chemiluminescence assay (Millipore;
Billerica, MA, USA).

For immunoprecipitation, the cell lysates were
obtained as described above and incubated
with a primary antibody according to the manu-
facturer’s protocol for 16 hours at 4°C and
purified using protein G Sepharose beads (GE
Healthcare, Uppsala, Sweden). The resulting
immune complexes were washed three times
and denatured at 95°C for 2 minutes with 15
pL of 2x sample buffer (0.1 M Tris-HCI, pH 6.8,
0.2 M DTT, 4% SDS, 20% glycerol, 0.2% bromo-
phenol blue, and 1.43 M [3-mercaptoethanol).
Subsequently, the samples were loaded onto
an SDS gel for immunoblotting.

CHX treatment

We treated prostate cancer cells with the pro-
tein synthesis inhibitor cycloheximide (CHX;
100 pg/mL) and collected cells at various time

Am J Cancer Res 2025;15(4):1939-1954



Effects of TCDD on &-catenin

Table 1. Primers used for qRT-PCR analysis of
RV/C and RV/0 cells

Gene Primer sequences (5’ to 3’)

B-Actin  Forward CACTGCAAACGGGGAAATGG
Reverse TGAGATGGACTGTCGGATGG

O-catenin Forward GGTGCATGTTTGCGAGGAAGC
Reverse ATGGGCGAGCTGGTGCTGTAGGAC

points (0, 3, 6, 9, and 12 h) to investigate the
half-life of the &-catenin protein in RV/d cells
after TCDD treatment.

Wound healing scratch assay

The wound healing scratch test was used to
determine cell migration in RV1 cells treated
with 100 nM TCDD for 24 h. Briefly, the cells
were plated in 6-well plates and incubated in
medium with 2.5% FBS until reaching full con-
fluency. Subsequently, the cells were scratched
using a sterile 100-uL pipette tip. The medium
was replaced with phosphate-buffered saline
(PBS), and the wound gap was photographed
using a microscope (Nikon, Japan) at O h and
24 h. Quantitative analysis of cell migration
was repeated in 3 independent experiments (n
=3).

CCKS8 assay

RV1 and RV/0d cells treated with 0, 50, 100, and
200 nM TCDD for 24 h were digested using
trypsin. The cell concentration was adjusted to
5000 cells/mL. Then, 200 yL of this cell sus-
pension was transferred into 96-well plates.
Each group had three parallel control wells.
After the addition of the CCK8 reagent (Ther-
mo Fisher Scientific, Waltham, MA, USA), the
cells were incubated at 37°C for 4 h. The plat-
es were shaken for an additional 10 min.
Absorbance values at 490 nm were measured
using a Microplate Reader (Bio-Rad Co.,
Singapore).

Cell fractionation

Nuclear and cytoplasmic proteins from RV/d
cells treated with 100 nM TCDD for 24 h were
separated using the Nuclear and Cytoplas-
mic Extraction Kit (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol. Briefly, the cells were
harvested with trypsin-EDTA and centrifuged at
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500 x g for 5 min. The supernatant was then
removed carefully, and the cell pellet was
washed with PBS, followed by centrifugation at
500 x g for 3 min. The supernatant was dis-
carded carefully again to leave the cell pellet as
dry as possible. Next, specific buffers provided
by the kit were added into tubes containing the
cell pellets to obtain cytoplasmic and nuclear
proteins separately. Protein extracts from dif-
ferent cell compartments were subjected to
immunoblotting. Lamin B was used as a nucle-
ar protein marker, while B-actin was used as a
cytoplasmic protein marker.

RNA isolation and gqRT-PCR

RV/C and RV/d cells treated with 100 nM TCDD
for 24 h were used for gRT-PCR analysis. RNA
isolation, semi-quantitative Reverse Transcri-
ptase PCR (sqRT-PCR), and quantitative Re-
verse Transcription PCR (qRT-PCR) were per-
formed. Total RNA was isolated from cells us-
ing TRIzol Reagent (15596018; Invitrogen,
Carlsbad, CA, USA), and cDNA was synthesized
using a high-capacity cDNA synthesis kit
(4374967; Thermo Fisher Scientific, Waltham,
MA, USA). Subsequently, sqRT-PCR was con-
ducted in a thermal cycler (T100, Bio-Rad,
Hercules, CA, USA). The PCR signal intensity of
each gene was visualized through electropho-
resis in agarose gels and EtBr Imaging (GelDoc
XR+; Bio-Rad, Hercules, CA, USA). In addition,
gRT-PCR was performed for indicated genes
using SYBR Green (04887352001, Roche,
Basel, Switzerland). The PCR thermal cycling
included a denaturing step at 95°C for 10
min, followed by 45 cycles of incubations at
95°C for 10 s, 60°C for 10 s, and 72°C for 20
s. The target gene expression was normalized
to B-actin gene expression. Gene-specific prim-
er sequences used for qRT-PCR are listed in
Table 1.

Clonogenic assay

RV1 cells treated with 200 nM TCDD for 24 h (5
x 10° cells) were seeded on a 6-well soft agar
plate, maintained at 37°C for 10 days, washed
with PBS, and stained with Giemsa solution.
The number of colonies containing more than
50 cells was used to determine the colony for-
mation efficiency as follows: colony formation
efficiency = numbers of colonies/numbers of
cells seeded.
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Figure 1. TCDD increased 0-catenin expression in a dose-dependent man-
ner. (A, B) The survival rates of RV1 (A) and RV/d (B) cells treated with TCDD
at different concentrations (0, 50, 100, and 200 nM) were determined us-
ing the CCK-8 assay. There was no significant difference. (C) Representative
blots of RV/d cells treated with different TCDD concentrations (0, 50, 100,
and 200 nM) for 24 h, showing d-catenin and B-actin levels. (D) Quantitative
analysis of d-catenin expression levels in RV/d cells treated with different
TCDD concentrations (0, 50, 100, and 200 nM) for 24 h. Data are expressed

Results

TCDD increased 0-catenin
expression in RV/d cells in a
dose-dependent manner

To study the effects of TCDD
on the survival of RV1 and
RV/d cells, we treated these
cells with varying concentra-
tions of TCDD (0, 50, 100, and
200 nM) for 24 h and ass-
essed their survival using
CCK-8. The results revealed
that the viability of RV1 and
RV/0 cells were largely unaf-
fected after TCDD treatment
(Figure 1A, 1B). A previous
study by Kim et al. [43] has
reported low levels of the
0-catenin protein expression
in RV1 cells. Therefore, RV/d
cells with a stable &-catenin
expression level were exam-
ined to explore the effect
of TCDD concentration on

as the mean + SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.

Statistical analysis

All statistical analyses were performed using
GraphPad Prism 8 (GraphPad, San Diego, CA,
USA). The data are expressed as the mean +
SE. ANOVA with a student’s t-test was used
for data analysis. Comparisons between two
groups were performed using a student’s t-
test. One-way or two-way analyses of variance
(ANOVA) with post-Bonferroni corrections were
used to compare the effect of various treat-
ments or to assess the effect of treatment
over time. P values below 0.01 were considered
statistically significant.

In the Single Exponential Decay Model, blot
data were quantified using Quantity One Soft-
ware (BioRad). A linear model was used for sta-
tistical analysis. The protein degradation rate
was determined using a one-phase exponential
decay model with the equation: Y (t) =Y, x exp
(-K x t), where K represents the exponential
decay constant, and span is the difference
between the initial protein data and the plateau
of protein levels.

1943

0-catenin expression levels.
The results showed that RV/d
cells treated with varying con-
centrations of TCDD (0, 50, 100, and 200 nM)
for 24 h exhibited upregulated &-catenin ex-
pression in a dose-dependent manner (Figure
1C, 1D). These results indicated that TCDD
treatment had no significant effect on prostate
cancer cell viability but upregulated d-catenin
expression in RV/d cells in a dose-dependent
manner.

TCDD increased the expression of both exog-
enous and endogenous 6-catenin

To investigate the effects of TCDD on endoge-
nous and exogenous d-catenin expression, two
types of prostate cancer cell lines were utilized:
RV1 and RV/d (RV1 cells that overexpress
mouse 0-catenin-GFP). Following treatment
with the same concentration of TCDD for 24 h,
0-catenin levels were evaluated through west-
ern blot analysis. TCDD treatment increased
0-catenin expression levels in both RV1 and
RV/d cells (Figure 2A, 2B). Quantitative analy-
sis of endogenous &-catenin levels in RV1 and
exogenous 0-catenin levels in RV/d revealed
that TCDD significantly upregulated both forms
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Figure 2. TCDD increased both the exogenous and endogenous expression of d-catenin. (A-C) The representative
blots of d-catenin and B-actin in RV1 (A), RV/d (B), and PC3 (C) cells that were either untreated or treated with 100
nM TCDD for 24 h. (D-F) Quantitative analysis of exogenous d-catenin expression levels in RV1 (D), RV/d (E) and PC3
(F) cells that were either untreated or treated with 100 nM TCDD for 24 h. Data are expressed as the mean + SD (n

=3). *P < 0.05.

of 8-catenin expression in prostate cancer cells
(Figure 2D, 2E). Moreover, another prostate
cancer cell line, PC3 cells, showed similar
results to RV1 cells (Figure 2C, 2F). These find-
ings indicated that TCDD increased the exoge-
nous and endogenous 0-catenin expression
levels in prostate cancer cells.

TCDD increased the protein levels of 6-catenin
by enhancing its stability

Previous results indicated that TCDD elevated
the protein levels of 8-catenin in RV/d cells. We
determined the effect of TCDD on 8-catenin
protein expression, but its effect on the mRNA
levels of d-catenin is not clear. To address this,
we conducted Real-Time Quantitative Reverse
Transcription (QRT-PCR) to assess the d-caten-
in mMRNA levels in RV/C and RV/0 cells. We
found that d-catenin mRNA levels in RV/0 cells
significantly decreased, while those in RV/C
cells significantly increased after TCDD treat-
ment (Figure 3A). These results suggested
that TCDD promoted the upregulation of 6-
catenin protein expression through posttrans-
lational modification rather than transcription.
Moreover, these results suggested that TCDD
enhanced the o&-catenin protein stability. To
verify that TCDD regulates 0-catenin levels
through post-transcriptional modification in
RV/d cells, cells were treated with 100 nM
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TCDD for 24 h and then exposed to 100 ug/mL
CHX, an inhibitor of protein-synthesis, at differ-
ent time points (0, 3, 6, 9, and 12 h). Compared
with the control group, the half-life of 5-catenin
in the TCDD group was significantly elevated
(Figure 3B-D), confirming the role of TCDD in
stabilizing the 8-catenin protein. In conclusion,
TCDD stabilized 6-catenin through post-transla-
tional modification, reducing its degradation
and upregulating its protein expression.

TCDD induced the translocation of 6-catenin
from the cytoplasm to the nucleus

Considering the nuclear localization of stable
B-catenin, which shares a homologous struc-
ture with d-catenin, we investigated the subcel-
lular localization of d-catenin. Protein separa-
tion kits were used to separate and extract pro-
teins from the cell membrane, cytoplasm, and
nucleus. Western blot analysis was conducted
to evaluate 0&-catenin protein expression in
each compartment (Figure 4A). TCDD signifi-
cantly enhanced the expression of d-catenin in
the nucleus while decreasing its expression
in the cytoplasm (Figure 4B). These observa-
tions indicated that TCDD treatment promot-
ed 0-catenin translocation from cytoplasm to
the nucleus, increasing the nuclear levels of
0-catenin.
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Figure 3. TCDD increased d-catenin protein level by enhancing its stability. A. mRNA levels of d-catenin were mea-
sured using qRT-PCR in RV/C and RV/d cells that were either untreated or treated with 100 nM TCDD for 24 h. B.
Representative blots of d-catenin and B-actin in RV/d cells that were either untreated or treated with 200 nM TCDD
for 24 h, followed by treatment with 100 pug/mL CHX for different durations (O, 3, 6, 9, and 12 h). C. One Phase
Exponential Decay Model was used to analyze d-catenin protein expression using paired T-tests. D. The formula Y
(1) =Y, x exp (-K x t) was used to analyze the half-life of -catenin protein in the control group and the TCDD group.
K is the exponential decay constant, and span is the difference between the initial protein data and the plateau of
protein levels. Data are expressed as the mean + SD (n = 3). ***P < 0.001.

TCDD increased B-catenin levels but de-
creased E-cadherin levels in prostate cancer
cells

E-cadherin is an important cell adhesion mole-
cule, and its reduced expression or inactivation
is often associated with tumor progression.
E-cadherin downregulation is a hallmark of epi-
thelial-mesenchymal transition (EMT), a pro-
cess linked to cell metastasis and invasion.
B-catenin, a key component of the classical
Wnt signaling pathway, promotes androgen
signaling by binding to AR proteins and enhanc-
es AR-mediated activation of androgen to regu-
late gene transcription. B-catenin also plays an
important role in the Wnt signaling pathway,
cell adhesion, and cancer. In order to explore
B-catenin and E-cadherin expression in pros-
tate cancer cells after d-catenin entry into the
nucleus, RV/0 cells were treated with different
concentrations of TCDD (0, 50, 100, and 200
nM) for 24 h, and the protein levels of B-catenin
and E-cadherin were determined using western
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blot analysis (Figure 5A). TCDD induced a sig-
nificant, dose-dependent upregulation in -
catenin levels in RV/d cells (Figure 5B). E-
cadherin expression, on the other hand, was
significantly downregulated in a dose-depen-
dent manner (Figure 5C). These observations
suggested that pB-catenin expression was
upregulated after &-catenin entry into the
nucleus, while E-cadherin expression was
downregulated.

TCDD stabilized d-catenin expression in a man-
ner independent of GSK3a/3 phosphorylation

0-Catenin can be phosphorylated by GSK3a/(3,
and its expression is negatively regulated th-
rough a ubiquitin-proteasome-mediated pro-
tein degradation pathway [22]. Therefore, we
hypothesized that TCDD could improve &-ca-
tenin protein stability by inhibiting GSK3a/3
phosphorylation. RV/6 and RV/C cells were
treated with 100 nM TCDD for 24 h, and
GSK3a/B phosphorylation and &-catenin pro-
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Figure 4. TCDD induced the translocation of d-catenin
from the cytoplasm to the nucleus. A. Representative
blots of d-catenin, B-actin, and Lamin B, illustrating
0-catenin protein expression in the cell membrane,
cytoplasm, and nucleus of RV/d cells after TCDD
treatment. B. Quantitative analysis of d-catenin ex-
pression level in the cytoplasm and nucleus of RV/d
cells after 100 nM TCDD treatment for 24 h. Data
are expressed as the mean = SD (n = 3). **P < 0.01;
***P < (0.0001.

tein expression were detected using western
blot analysis (Figure 6A). Quantitative analysis
of d-catenin protein expression in RV/0 cells
revealed that TCDD significantly upregulated
0-catenin protein expression (Figure 6B).
However, no significant changes in GSK3a/3
phosphorylation levels were observed after
TCDD treatment (Figure 6C, 6D). These results
have excluded the possibility that TCDD may
stabilize d-catenin protein expression through
a GSK3a/B phosphorylation-dependent path-
way. Therefore, the hypothesis that TCDD im-
proves the stability of &-catenin protein by
inhibiting GSK3a/B phosphorylation is not
supported.

TCDD stabilized 6-catenin expression by in-
hibiting its degradation through the ubiquitin-
proteasome pathway

As the hypothesis that TCDD enhances 6-ca-
tenin protein stability by inhibiting GSK3a/3
phosphorylation was not supported by our
results, we considered the possibility that TCDD
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might stabilize d-catenin expression by inhibit-
ing its degradation through the ubiquitin-prote-
asome pathway. To investigate the relationship
between TCDD and d-catenin ubiquitination,
RV/0 cells were treated with 10 yM MG132
and 100 nM TCDD. First, 6-catenin ubiquitina-
tion in RV/d cells was assessed through an IP
assay (Figure 7A). In addition, d-catenin ubiqui-
tination was confirmed through an IP assay
with HA-Ub plasmid transfection (Figure 7C).
We found that RV/0 cells treated with 100
nM TCDD exhibited a significant reduction in
0-catenin-bound ubiquitin molecules (Figure
7B). Moreover, RV/d cells transfected with
HA-Ub plasmid also showed a significant
decrease in ubiquitin-bound &-catenin (Figure
7D). Therefore, IP experiments from both posi-
tive and reverse perspectives confirmed that
TCDD stabilized 6-catenin expression by inhi-
biting the ubiquitin-proteasome degradation
pathway. These observations indicated that
TCDD inhibited the ubiquitin-proteasome-
mediated degradation of d-catenin in RV/d
cells and stabilized its expression. However,
the specific ubiquitination sites targeted by
TCDD remains unclear and need to be further
explored.

TCDD acted on the 6-catenin ubiquitination
sites Lys1049/1158 to stabilize it

The d-catenin ubiquitination site is located
between the residues 1040 and 1070, and the
main ubiquitination sites are Lys1049 and
Lys1158 [24]. To determine the specific ubi-
quitination sites targeted by TCDD, RV1 cells
were transfected with full-length &-catenin
FL-GFP-8-catenin or one of the &-catenin mu-
tants FL-KK1049/1050RR and D1070-1140
KKK1049/1050/1158RRR, and then treated
with 100 nM TCDD for 24 h. The expression of
0-catenin protein after transfection with differ-
ent plasmids was detected through western
blot analysis (Figure 8A, 8C). Interestingly, we
found that TCDD significantly stabilized &-ca-
tenin in cells transfected with full-length GFP-
0-catenin. However, in cells transfected with
the &-catenin mutants FL-KK1049/1050RR
and D1070-1140 KKK1049/1050/1158RRR,
the stabilizing effect of TCDD on &-catenin was
reversed (Figure 8B, 8D). After transfection wi-
th the d-catenin mutants FL-KK1049/1050RR
and D1070-1140 KKK1049/1050/1158RRR,
TCDD was not able to stabilize d-catenin pro-
tein expression by targeting the ubiquitination
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h. (B, C) Quantitative analysis of B-catenin (B) and E-cadherin (C) expression
levels in RV/0 cells treated with O, 50, 100, and 200 nM TCDD for 24 h. Data
are expressed as the mean = SD (n = 3). *P < 0.05; **P < 0.01; ***P <
0.001.

A RVIC  RV/G B :
Con TCDD Con TCDD c 1.51
6-Catenin "3
--:: &
P-GSKOIB | (o S - £
[
(] 0.54
GSKo/| ©
» B
B-Actin W - - ) '
Con TCDD
GFP s 9
.. RVI5
c 1.5+ D 1.5+
2 <
3 1.0 8 1.0
< <
7] 17}
@ 05 QO o0s5
o o
0.0 T 0.0 T
Con TCDD Con TCDD
RV/5 RVI/&
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p-GSK3a/B, B-actin, and GFP. RV/C and RV/d cells were treated with 100
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the mean £ SD (n = 3). *P < 0.05.
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sites Lys1049 and Lys1158.
Previous studies have shown
that &-catenin in prostate can-
cer cells can undergo degra-
dation by two degradation
pathways: ubiquitin-proteaso-
me degradation and lysosom-
al degradation [24]. It can
be speculated that d-catenin
protein expression in prostate
cancer cells decreases due
to degradation through these
two pathways [24]. Our find-
ings demonstrated, for the
first time, that TCDD acted on
the major d-catenin ubiquiti-
nation sites, Lys1049 and
Lys1158, inhibiting their ubig-
uitination and reducing degra-
dation to stabilize the expres-
sion of the d-catenin protein.
However, we cannot rule out
the possibility of other poten-
tial ubiquitination sites affect-
ed by TCDD.

TCDD increased the motility
of prostate cancer cells

In order to examine whether
TCDD promotes the migration
of prostate cancer cells in
vitro, we performed a scratch
experiment after treating RV1
cells with 100 nM TCDD for
24 h (Figure 9A). The results
showed that TCDD signifi-
cantly increased the rate of
wound healing in RV1 cells
compared with the control
group (Figure 9B), indicating
that TCDD promoted the mi-
gration of RV1 cells in vitro.

TCDD increased the prolifera-
tion of prostate cancer cells

To investigate the effect of
TCDD on the proliferation of
prostate cancer cells in vitro,
clonogenic assays were per-
formed on RV1 cells treated
with 100 nM TCDD for 24 h
(Figure 10A). The results
showed that TCDD significant-
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ly increased the proliferation rate of RV1 cells
compared with the control group (Figure 10B),
indicating that TCDD promoted the prolifera-
tion ability of RV1 cells.

A proposed model illustrating how TCDD en-
hances 0-catenin stability

Based on these findings, we proposed a model
of TCDD-induced &-catenin stabilization (Figure
11). As shown in the figure, TCDD acted on the
0-catenin ubiquitination sites Lys1049/1158,
inhibiting its ubiquitination and reducing its
degradation, thus stabilizing d-catenin. We
ruled out the possibility that TCDD stabilizes
0-catenin through the GSK3a/B phosphoryla-
tion-dependent pathway. TCDD induced the
translocation of overexpressed 0-catenin from
the cytoplasm to the nucleus. It also upregulat-
ed B-catenin expression while downregulating
E-cadherin expression. Finally, TCDD signifi-
cantly promoted the proliferation and migra-
tion of prostate cancer cells, exhibiting a pro-
tumor effect. In summary, TCDD regulated the
0-catenin ubiquitination sites in prostate can-
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cer cells, inhibited ubiquitin-proteasome-medi-
ated 6-catenin degradation, stabilized d-catenin
expression, and promoted cancer progression.

Discussion

Prostate cancer is one of the most common
malignant tumors among elderly men. There-
fore, it is crucial to understand its pathogenes-
is and develop new early treatment methods.
0-catenin is a protein specific to nerve cells
[17]. Previous studies have shown that the
absence of d-catenin is associated with the
severity of psychiatric impairments in individu-
als with Cri-du-Chat syndrome (CDCS) [44].

Recent studies have shown that &-catenin pro-
tein expression is upregulated and positively
correlated with the Gleason score in 80% of
prostate tumors. In particular, the expression
of d-catenin in prostate cancer is closely asso-
ciated with tumor progression, malignancy,
mortality, and recurrence. This makes d-caten-
in a promising target for the treatment of pros-
tate cancer and underscores its importance as
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a marker for prostate cancer [20]. Our previous
studies have shown that &-catenin transcrip-
tion and protein expression are significantly
upregulated in prostate cancer. d-catenin can
promote the growth and progression of pros-
tate cancer cells through various mechanisms.
In addition, previous studies identified a strong
negative regulator that modulates &-catenin
expression in prostate cancer cells, resulting in
low endogenous expression of delta-catenin.
Therefore, prostate cancer cell lines, including
the human prostate cancer-derived cell line
CWR22Rv-1 (RV1), RV1 cells overexpressing
GFP-6-catenin (RV/d), and RV1 cells overex-
pressing GFP (RV/C), were cultured in vitro to
establish cell models of prostate cancer in this
study.

The compound TCDD has been implicated in
cancer [45]. Studies have shown that exposure
to TCDD reduces sperm count, gonad weight,
and serum testosterone levels, interfering with
prostate development in rats. It is proposed
that TCDD, herbicides, and other lipophilic sub-
stances can mediate the progression of pros-
tate cancer. Several studies have indicated a
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strong correlation between TCDD and prostate
cancer, highlighting the need for further
research to clarify its biological function in
prostate cancer progression.

Previous research has indicated that d-catenin
degradation depends on the ubiquitin-protea-
some degradation pathway. Therefore, this
study investigated whether TCDD affects
0-catenin degradation by interfering with its
ubiquitination. Ubiquitination is a prevalent
post-translational modification, playing a cru-
cial role in various cellular processes such as
proteolysis and signal transduction. The pro-
cess of ubiquitination, which regulates protein
degradation, is a three-step cascade reaction
that requires the participation of multiple
enzymes. UB binding to target proteins is cata-
lyzed by ubiquitin-activating enzyme E1, ubi-
quitin-binding enzyme E2, and ubiquitin-ligase
E3 [46]. While the ubiquitin-proteasome path-
way is a common mechanism for endogenous
protein degradation, not all ubiquitination mod-
ifications lead to degradation. Certain ubiquiti-
nation modifications can change protein activi-
ty and lead to other biological effects, such as
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DNA damage repair and

immune response [47].

This study first found that
TCDD treatment had no signif-
icant effect on the viability of
prostate cancer cells. How-
ever, after TCDD treatment,
the levels of d-catenin protein,
expressed both exogenously
and endogenously, increased
in prostate cancer cells in
a dose-dependent manner.
Interestingly, d-catenin mRNA
levels were not affected, indi-
cating that TCDD regulated
0-catenin levels post-transla-
tionally rather than acting
at the transcriptional level.
These results suggest that
TCDD increases the protein
level of 0-catenin by enhanc-
ing its stability. A discrepancy
arises when comparing the
0-catenin expression levels in
the western blot (Figure 2)
with the &-catenin mRNA lev-
els in qRT-PCR (Figure 3A).
However, the mechanism un-
derlying the difference is not
fully understood. It is plausi-
ble to speculate that TCDD
may increase 0-catenin pro-
tein levels by enhancing its
stability through an unknown
mechanism. Therefore, future
research on this unknown
mechanism is considered ne-
cessary.

Furthermore, TCDD enhanced
the stability of d-catenin and
significantly increased 0-ca-
tenin levels in the nucleus
while decreasing its levels in
the cytoplasm, indicating the
translocation of d&-catenin to
the nucleus. In addition, TCDD
treatment upregulated B-ca-
tenin expression but downreg-
ulated E-cadherin expression.
Previous studies have re-
vealed that d-catenin can be
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Figure 11. Potential mechanism of TCDD induced &-catenin stabilization.

phosphorylated by GSK-3a/B and its expres-
sion is negatively regulated through the ubiqui-
tin-proteasome-mediated protein degradation
pathway. Therefore, this study hypothesized
that TCDD inhibits GSK-3a/B phosphorylation
and thus improves the stability of 8-catenin.
However, no significant changes in GSK-30/3
phosphorylation levels were observed after
TCDD treatment. Prostate cancer cells trans-
fected with &-catenin mutant plasmids were
utilized to evaluate the effect of TCDD on
d-catenin ubiquitination sites. Interestingly,
TCDD-induced stabilization of 8-catenin was
significantly reversed in cells expressing the
0-catenin mutants. This finding demonstrated
for the first time that TCDD acted on the
0-catenin ubiquitination sites Lys1049 and
Lys1158, inhibiting the ubiquitination and deg-
radation of d8-catenin, thereby stabilizing its
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protein levels. However, it cannot be ruled out
that TCDD may also regulate d-catenin expres-
sion through other potential ubiquitination
sites. Moreover, this study found that 8-catenin
was stabilized by TCDD detectably in the nucle-
us fraction but not in the cytoplasm fraction.
Finally, the results of scratch assay and clono-
genic assay indicated that TCDD treatment sig-
nificantly increased the migration and prolifera-
tion of prostate cancer cells.

In conclusion, as shown in Figure 11, TCDD
regulated the d&-catenin ubiquitination site in
prostate cancer cells, inhibited the ubiquitin
proteasome-mediated &-catenin degradation,
stabilized its expression, and promoted cancer
progression, indicating TCDD as a potential
inducer of prostate cancer. This study provides
new insights into how posttranslational modifi-
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cation of 0-catenin affects its stability and
function in prostate cancer, enhancing the
potential predictive value of d-catenin in pros-
tate cancer.
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