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p300/CBP-associated factor 
promotes autophagic degradation 
of δ-catenin through acetylation 
and decreases prostate cancer 
tumorigenicity
Rui Zhou1, Yi Yang1, So-Yeon Park1, Young-Woo Seo2, Sang-Chul Jung3, Kyung Keun Kim4, 
Kwonseop Kim5 & Hangun Kim1

δ-Catenin shares common binding partners with β-catenin. As acetylation and deacetylation regulate 
β-catenin stability, we searched for histone acetyltransferases (HATs) or histone deacetylases (HDACs) 
affecting δ-catenin acetylation status and protein levels. We showed that p300/CBP-associated 
factor (PCAF) directly bound to and acetylated δ-catenin, whereas several class I and class II HDACs 
reversed this effect. Unlike β-catenin, δ-catenin was downregulated by PCAF-mediated acetylation 
and upregulated by HDAC-mediated deacetylation. The HDAC inhibitor trichostatin A attenuated 
HDAC1-mediated δ-catenin upregulation, whereas HAT or autophagy inhibitors, but not proteasome 
inhibitors, abolished PCAF-mediated δ-catenin downregulation. The results suggested that PCAF-
mediated δ-catenin acetylation promotes its autophagic degradation in an Atg5/LC3-dependent 
manner. Deletions or point mutations identified several lysine residues in different δ-catenin domains 
involved in PCAF-mediated δ-catenin downregulation. PCAF overexpression in prostate cancer 
cells markedly reduced δ-catenin levels and suppressed cell growth and motility. PCAF-mediated 
δ-catenin downregulation inhibited E-cadherin processing and decreased the nuclear distribution of 
β-catenin, resulting in the suppression of β-catenin/LEF-1-mediated downstream effectors. These 
data demonstrate that PCAF downregulates δ-catenin by promoting its autophagic degradation and 
suppresses δ-catenin-mediated oncogenic signals.

The catenins (α, β, γ, δ, and p120) are cytoplasmic proteins which are related to the Drosophila Armadillo pro-
tein. β-Catenins are components of adherens junctional cadherin complex by bind to the cytoplasmic tail of 
E-cadherin and can transduce intracellular signal to the nucleus in the Wnt signaling pathway. The p120-catenin 
family (p120-catenin, δ-catenin, ARVCF, p0071, pkp2, and pkp3) is homologous to both β- and γ-catenin and 
is a substrate of tyrosine kinases with cadherin/catenin complex at adherens junctions1. δ-Catenin was iden-
tified by its association with Alzheimer’s disease-related protein presenilin-12, and is most closely related to 
p120-catenin and the desmosomal protein p0071. Structurally, it contains 10 Armadillo (ARM) repeat domains, 
whereas β-catenin has 13 ARM repeat domains. Moreover, β- and δ-catenin conduce the adhesive poten-
tial of cadherin-based cell-cell contacts and share similar binding partners in signaling pathways including 
E-cadherin3,4. δ-Catenin promotes the fragmentation of E-cadherin (also known as E-cadherin processing), 
leading to increased total β-catenin protein levels and nuclear distribution, and resulting in the activation of 
β-catenin/LEF-1-mediated transcription5. These findings suggest that δ- and β-catenin are closely related and 
share similar signaling functions.
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δ-Catenin is abundantly expressed in the developing neurons, which suggests the involvement of it in neu-
ronal progenitor cell migration and dendrite development6,7. δ-Catenin is also overexpressed in various human 
malignancies, including prostate3,8, brain9, breast10, lung11, ovary12, esophagus13, and colorectal cancer14. In pros-
tate cancer, δ-catenin accumulation promotes cancer cell growth and tumorigenesis by altering the cell cycle and 
the expression profiles of survival-related genes8. Furthermore, δ-catenin promotes prostate tumor growth by 
increasing angiogenesis through the upregulation of HIF-1α and VEGF15. Human prostate cancer cells overex-
pressing δ-catenin show an increase in multi-layer growth and substantial processing of plasma membranous 
E-cadherin, suggesting that δ-catenin plays a role in prostate cancer progression by inducing E-cadherin process-
ing and thereby the release of β-catenin and increased oncogenic signaling5. Increased β-catenin translocates to 
the nucleus, where it functions in transcriptional regulation through interactions with transcription factors of the 
LEF-1/TCF family16.

Transcription is the first step in gene expression leading to the generation of a functional protein prod-
uct17. Post-translational modifications such as phosphorylation, acetylation, methylation, and ubiquitina-
tion modulate the activity or stability of proteins18,19. The cellular protein degradation machinery includes the 
ubiquitin-proteasome pathway and the endosome-lysosome pathway, which control the degradation of the 
majority of eukaryotic proteins. We previously showed that δ-catenin is ubiquitinated and targeted for degrada-
tion by the ubiquitin-proteasome pathway4. However, the molecular mechanism of δ-catenin degradation medi-
ated by the lysosomal pathway remains unknown.

To clarify the mechanisms underlying the regulation of δ-catenin and the maintenance of adequate δ-catenin 
protein levels in cells, we investigated δ-catenin stabilization through acetylation. Acetylation mostly results in 
protein stabilization, which is the case for β-catenin20,21 and regulatory T cells22. The acetyltransferase p300/
CBP-associated factor (PCAF) catalyzes β-catenin acetylation and promotes its stability in cells21. PCAF is a 
transcription cofactor that possesses intrinsic histone acetyltransferase (HAT) activity23. PCAF-mediated acetyl-
ation affects different biological functions, such as transcriptional activity, stability, and subcellular localization. 
PCAF regulates p21 transcription by catalyzing the stress-induced acetylation of histone H3, and acetylates the 
tumor suppressor p53 in response to DNA damage24,25. In the present study, we show that PCAF acetylates and 
significantly downregulates δ-catenin by promoting its degradation via the autophagosomal pathway. Our results 
suggest that targeting acetylation may be an effective strategy in δ-catenin-associated carcinomas.

Results
PCAF acetylates and downregulates δ-catenin, whereas HDACs deacetylate and upregulate 
δ-catenin.  Acetylation is a post-translational modification that modulates the activity and/or amount of 
non-histone proteins. Acetylation of β-catenin at a Lys epsilon-amino group improves its stability by interfer-
ing with ubiquitination and thereby preventing its proteasomal degradation21. To determine whether acetyla-
tion is involved in the regulation of δ-catenin, several HAT enzymes including p300, PCAF, and MOZ were 
co-transfected with δ-catenin, and changes in the level of δ-catenin were analyzed by immunoblotting. Among the 
tested HAT enzymes, PCAF significantly downregulated δ-catenin, whereas p120-catenin remained unchanged 
(Fig. S1A); these results were confirmed in HEK293T cells and δ-catenin-overexpressing CWR22Rv-1 (Rv) 
prostate cancer cells (Rv/δ) (Fig. 1A,B). The interaction between δ-catenin and PCAF was confirmed by immu-
noprecipitation (Fig. 1C,D), which also demonstrated the increase in δ-catenin acetylation in response to 
co-transfection with PCAF (Fig. 1E). Conversely, knockdown of PCAF decreased the acetylation of and upreg-
ulated δ-catenin (Fig. 1F). p300 also downregulated δ-catenin to some extent, although a marginal induction of 
acetylation was observed (Fig. S1A,B). These results indicated that PCAF interacted with and acetylated δ-cat-
enin, and, unlike its effect on β-catenin, the increased acetylation downregulated the expression of δ-catenin.

HDAC and HAT enzymes have opposing activities. To examine whether HDACs counteract the action of 
HATs on δ-catenin, the effect of class I and II HDACs on δ-catenin levels were examined. HDAC1, HDAC8 
and HDAC4, which are class I and II HDACs, respectively, markedly upregulated δ-catenin (Fig. 1G). HDAC6, 
HDAC7, and HDAC9, which are class II HDACs, showed marginal effects on increasing δ-catenin levels. 
Transfection with HDAC1 was used to verify the HDAC-mediated decrease in the level of δ-catenin acetylation 
(Fig. 1H), and the HDAC1-induced upregulation of δ-catenin was restored by the HDAC inhibitor trichostatin 
A (TSA) or PCAF overexpression (Fig. 1I). Taken together, these results demonstrated that PCAF and HDACs 
regulate the acetylation status and levels of δ-catenin.

PCAF-mediated δ-catenin downregulation is dependent on its acetyltransferase activity and 
cellular autophagy activity.  To determine whether the acetyltransferase activity of PCAF is necessary 
for the downregulation of δ-catenin and explore the underlying mechanisms, the effects of several inhibitors 
were assessed. The HAT inhibitor garcinol restored the downregulation of exogenous and endogenous δ-catenin 
to some extent (Fig. 2A,B), which together with the results of Fig. 1, suggested that PCAF-mediated downreg-
ulation of δ-catenin is dependent on the acetylation status of δ-catenin. Treatment with the proteasome inhib-
itor MG132 did not restore the PCAF-mediated downregulation of δ-catenin, suggesting that the ubiquitin/
proteasome pathway was not involved (Figs 2A,B and S2A). However, treatment with the autophagy inhibitor 
bafilomycin A1 (BafA1), which is a vacuolar-type H (+)−ATPase inhibitor that prevents the maturation of 
autophagic vacuoles by inhibiting the fusion between autophagosomes and lysosomes, markedly increased the 
levels of PCAF-downregulated exogenous and endogenous δ-catenin (Fig. 2B,C). In addition, treatment with 
chloroquine (CQ), a lysosomal lumen alkalizer that inhibits autophagy; 3-methyladenine (3-MA), a class III 
PI3K inhibitor that blocks the early steps of autophagosome formation; or E-64, an autophagy inhibitor that sup-
presses lysosomal proteases26, significantly restored PCAF-mediated δ-catenin downregulation, suggesting that 
PCAF-mediated downregulation of δ-catenin is dependent on the autophagy activity (Figs 2C and S1B). To deter-
mine whether the treatment of autophagy inhibitor enhances the stability of δ-catenin, the cycloheximide chase 
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Figure 1.  PCAF and HDACs regulate the acetylation status and levels of δ-catenin. (A,B) PCAF decreases 
δ-catenin levels. HEK293T (A) and δ-catenin-overexpressing CWR22Rv-1 (Rv/δ) (B) cells were transfected 
as indicated, and cell lysates were subjected to immunoblotting. (C–F) PCAF interacts with and acetylates 
δ-catenin. HEK293T cells were transfected as indicated, and cell lysates were subjected to immunoprecipitation 
with anti-δ-catenin (C), anti-Flag (D), or anti-acetylated-lysine (E,F), followed by immunoblotting of 
precipitated proteins. (G–I) HDACs deacetylate and upregulate δ-catenin. HEK293T cells were transfected 
as indicated, and cell lysates were subjected to immunoblotting (G) or immunoprecipitation with anti-
acetylated-lysine (H). At 12 h post-transfection of HEK293T cells with GFP-δ-catenin and HDAC1, cells were 
treated with 0.2 µM trichostatin A (TSA) or transfected with Flag-PCAF, and incubated for 24 h, followed by 
immunoblotting with anti-δ-catenin and anti-Flag antibodies (I). α-Tubulin or ß-actin was used as a loading 
control. Relative δ-catenin/actin/HDACs ratios from three different experimental results are shown as a bar 
graph (G). Values are presented as the mean ± SEM. “−”, Mock transfection or vehicle treatment.
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Figure 2.  PCAF-mediated δ-catenin acetylation promotes autophagic degradation of δ-catenin. (A,B) The 
acetyltransferase activity of PCAF is required for the downregulation of δ-catenin. However, proteasome 
inhibition does not suppress the effect of PCAF on downregulating δ -catenin. HEK293Tcells transfected 
with GFP-δ-catenin and Flag-PCAF (A) and Rv/δ cells transfected with Flag-PCAF (B) were treated with 
the proteasome inhibitor MG132 (10 μM) or the histone acetyltransferase inhibitor Garcinol (5 µM) or Baf 
A1 (100 nM) or transfected with shPCAF and incubated for 12 h, and then cell lysates were subjected to 
immunoblotting. (C) Autophagy inhibitors attenuate PCAF-mediated δ-catenin degradation. HEK293T cells 
were transfected with the indicated plasmids. At 12 h post-transfection, cells were treated with the autophagy 
inhibitors chloroquine (CQ, 100 μM), bafilomycin A1 (BafA1, 100 nM), or 3-methyladenine (3-MA, 5 mM), 
and cell lysates were subjected to immunoblotting. (D) Autophagy inhibitors increase the stability of δ-catenin. 
HEK293T cells transfected with δ-catenin and treated with 0.2 µM TSA were treated with MG132 (10 μM) or 
Baf A1 (100 nM) or 3-MA (5 mM) and incubated for 12 h, and then treated with cycloheximide (CHX, 20 ng/
ml) for indicated time (h), and then cell lysates were subjected to immunoblotting. α-Tubulin or ß-actin was 
used as a loading control. Relative δ-catenin/actin ratios from at least three independent experiments are shown 
as a bar graph in each panel (ii). Values are presented as the mean ± SEM. **p < 0.01; ***p < 0.001; NS, no 
significant difference compared with the control group. “−”, Mock transfection or vehicle treatment.
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assay were performed. TSA treatment decreased δ-catenin level and accelerated its turnover, but co-treatment 
with MG132 did not restore the level and turnover (Fig. 2D). However, co-treatment of TSA with BafA1 or 3-MA 
greatly increased the stability of δ-catenin, and, therefore, these will delay the turnover of δ-catenin (Fig. 2D). 
Taken together, these results indicated that PCAF-mediated δ-catenin acetylation promote the degradation of 
δ-catenin via the autophagy pathway.

PCAF promotes δ-catenin degradation through the Atg5/LC3 pathway.  The involvement of 
autophagy in the degradation of acetylated δ-catenin was investigated using the Tet-off Atg5−/− MEF cell line 
m5-727. In m5-7 MEFs, Atg5 expression and autophagic activity are completely lost in the presence of Dox and 
restored by Dox removal from the culture medium. As shown in Fig. 3A, the downregulation of δ-catenin by 
PCAF was evident in m5-7 MEFs in the absence of Dox. However, cells cultured in the presence of Dox showed 
δ-catenin accumulation (lane 1 vs. lane 3) and suppression of the PCAF effect (lane 3 vs. lane 4) (Fig. 3A). These 
results demonstrated that autophagic activity is necessary for the degradation of acetylated δ-catenin. To deter-
mine whether intracellular autophagic activity was a limiting factor in the degradation of δ-catenin, the effect of 
LC3 overexpression was assessed. As LC3, a mammalian homolog of yeast Atg8, is essential for autophagosome 
formation, overexpression of LC3 should promote the degradation of δ-catenin. The results showed that overex-
pression of LC3 alone or together with PCAF further decreased δ-catenin levels (Fig. 3B). Fluorescence micros-
copy showed that δ-catenin localized mostly to the plasma membrane and cell-cell contacts (Fig. 3C, arrow in 
panel a). Treatment of 3-MA, which blocks autophagosome formation, led to increased plasma membranous and 
cytoplasmic δ-catenin, but no evident colocalization of δ-catenin with LC3 was observed probably because LC3 
cannot form functional autophagosome under 3-MA treatment (Fig. 3C, arrow in panel b). PCAF overexpres-
sion decreased plasma membranous δ-catenin and increased colocalization of δ-catenin with LC3 at cytoplasm 
(Fig. 3C, arrow in panel c). Taken together, these results demonstrated that the Atg5/LC3 machinery mediates the 
degradation of acetylated δ-catenin.

Multiple N-terminal Lys residues of δ-catenin are responsible for PCAF-mediated δ-catenin 
downregulation.  Next, we identified the Lys residue(s) in δ-catenin that are acetylated by PCAF. Several 
deletion mutants of δ-catenin including ΔN85–325, ΔC207, ΔN&ΔC, 1–690, and 691–1040 were gener-
ated in previous studies4,28, and the distribution of Lys residues in these deletion mutants is shown in Fig. 4A. 
Briefly, 1–690 of δ-catenin has 21 Lys residues; 691–1040 of δ-catenin has 26 Lys residues; and 1040–1247 of 
δ-catenin has nine Lys residues. Deletion of the N-terminal amino acids 85–325 (ΔN85–325) removes five Lys 
residues; deletion of C-terminal 207 (ΔC207) removes nine Lys residues, among which at least three Lys residues 
(Lys1049, Lys1050, and Lys1158) are major β-TrCP-1-mediated ubiquitination sites of δ-catenin after phospho-
rylation by glycogen synthase kinase-3β (GSK-3β) at Thr10784 (Fig. 4A). In the present study, deletion of 1040–
1247 or 85–325 of δ-catenin had no effect on PCAF-mediated δ-catenin downregulation, suggesting that the 
ubiquitin-dependent degron of δ-catenin at the C-terminus and the N-terminal five Lys residues in amino acids 
85–325 are not involved in the acetylation-mediated degradation of δ-catenin by autophagy (Fig. 4B). However, 
the fact that the 1–690 and 691–1040 deletion mutants of δ-catenin are affected by PCAF suggests the involve-
ment of more than one domain in PCAF-mediated acetylation and degradation. Since Lys residues are distributed 
over a wider range at the N-terminal 1–690 amino acids of δ-catenin, we constructed serial deletion mutants of 
δ-catenin harboring different numbers of Lys residues and examined the effect of PCAF. As shown in Fig. 4B, even 
the 1–499 deletion mutant was downregulated by PCAF, suggesting that four Lys residues in the 1–85 region and/
or three Lys residues in the 325–499 region of δ-catenin are involved in PCAF-mediated acetylation and degra-
dation. To identify the specific Lys residues acetylated, we generated additional deletion or arginine substitution 
mutants of δ-catenin harboring a smaller number of Lys residues and examined the effect of PCAF (Fig. 5A). 
Deletion of 1–85 of δ-catenin together with triple arginine substitutions at Lys360, Lys371, and Lys 428 (85–499 
KR and 325–499 KR) abolished the effect of PCAF on downregulating δ-catenin (Fig. 5B). The presence of Lys 
residues among amino acids 85–325 (Lys111, Lys161, Lys276, Lys298, and Lys306) in the deletion mutants (85–
499 KR) had no effect on PCAF-mediated downregulation. Although detection of acetylation on the indicated Lys 
residues by LC/MS/MS analysis or arginine substitution of each Lys residue was not performed, these results sug-
gest that N-terminal Lys5/27/56/84/360/371/428 are responsible for PCAF-mediated acetylation and degradation 
of δ-catenin. Supporting these results, 3-MA treatment restored the downregulated δ-catenin mutants to normal 
levels except in the 85–499 KR mutant δ-catenin (Fig. 5C). Also, the level of 85–499 KR mutatnt acetylation was 
marginal and irrespondable to PCAF co-transfection (Fig. 5D).

PCAF decreases the growth and motility of prostate cancer cells by suppressing oncogenic 
δ-catenin activity via δ-catenin downregulation.  To determine whether PCAF affects the expression 
and thus the oncogenic activity of endogenous δ-catenin in prostate cancer cells, several prostate cancer cell lines 
with different metastatic potential, including CWR22Rv-1 (Rv), DU145, PC3, and C42, were analyzed. As shown 
in Fig. 6A, PCAF overexpression downregulated endogenous δ-catenin in all the tested cells albeit to different 
extents. Consequently, the viability and growth of PCAF-overexpressing prostate cancer cells were lower than 
those of empty vector transfected cells (Fig. 6B,C). The migration and invasion abilities were also significantly 
lower in PCAF-overexpressing than in control prostate cancer cells (Fig. 6D,E). Moreover, 3-MA treatment or 
δ-catenin overexpression restored the decreased growth, migration, and invasion of PCAF-overexpressing pros-
tate cancer cells (Fig. 6C–E). Taken together, these results demonstrated that PCAF downregulates δ-catenin and 
thus decreases the tumorigenicity and motility of prostate cancer cells.

In our previous study, we showed that the oncogenic activity of δ-catenin in prostate cancer is mediated by 
promoting E-cadherin processing and the subsequent transactivation of β-catenin-mediated signaling5. In the 
present study, PCAF overexpression dose-dependently decreased E-cadherin processing in Rv/δ cells (Fig. 7A). 
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Figure 3.  The Atg5/12-LC3 pathway is indispensable for PCAF-mediated δ-catenin degradation. (A) Atg5 
is necessary for PCAF-mediated δ-catenin degradation. Tet-off Atg5−/− mouse embryonic fibroblasts m5-7 
were cultured in the presence or absence of 10 ng/ml doxycycline (Dox) for 4 days. Then, cells were transfected 
as indicated for 24 h, and cell lysates were subjected to immunoblotting. (B) Overexpression of LC3 further 
decreases δ-catenin levels. HEK293T cells were transfected as indicated, and cell lysates were subjected to 
immunoblotting. Actin was used as a loading control. Relative values of δ-catenin/actin ratios from at least three 
independent experiments are shown as a bar graph in each panel (ii). Values are presented as the mean ± SEM. 
*p < 0.05; **p < 0.01; NS, no significant difference compared with the control group. (C) The cellular 
localization of δ-catenin depends on autophagic activity and PCAF. HEK293T cells were transiently transfected 
with a plasmid encoding GFP-LC3 and RFP-δ-catenin for 12 h, and incubated in the absence (a) or presence 
of 3-MA (b) or transfected with flag-PCAF (c) for 24 h. (a) Arrows indicate δ-catenin located at the plasma 
membrane or cell-cell contact region. (b) Arrows indicate cytoplasmic δ-catenin accumulation. 3-MA treatment 
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Namely, PCAF overexpression in Rv/δ cells increased the level of FL E-cadherin (Fig. 7A ii) and decreased the 
levels of E-cadherin fragments (Fig. 7A iii). Furthermore, PCAF-overexpressing Rv/δ and PC3 cells showed 
decreased nuclear distribution of β-catenin and decreased nuclear distribution and expression of downstream 
target genes such as c-myc and cyclin-D1 compared with those in empty vector transfected cells (Fig. 7B). Taken 
together, these results suggest that PCAF-mediated δ-catenin downregulation decreases cell growth and motility, 
thereby suppressing the oncogenic activity of δ-catenin in prostate cancer cells.

Discussion
Several studies reported the upregulation of δ-catenin in certain carcinomas, which suggests that the regulation 
of δ-catenin stability is a key event in cancer progression. In the present study, we investigated the molecular 
mechanisms underlying the acetylation and autophagic degradation of δ-catenin. The major findings of the study 
were as follows: (1) PCAF and HDACs regulate the acetylation status of δ-catenin; (2) acetylated δ-catenin is 
degraded through the Atg5/LC3-mediated autophagosomal pathway; (3) multiple Lys residues in the N-terminus 
of δ-catenin are involved in PCAF-mediated δ-catenin acetylation; (4) PCAF-mediated δ-catenin degrada-
tion decreases the growth and motility of prostate cancer cells; and (5) PCAF-mediated δ-catenin degradation 
inhibits E-cadherin processing and inactivates β-catenin-mediated signaling. The present results indicate that 
acetylation-dependent autophagic δ-catenin degradation by PCAF reduces oncogenic δ-catenin signaling, as indi-
cated by E-cadherin processing and β-catenin-mediated signals, thereby inhibiting the progression of prostate 
cancer (Fig. S3).

δ-Catenin shares many characteristics with β-catenin, and the two proteins have common binding partners29,30. 
Studies show that PCAF acetylates and stabilizes β-catenin, upregulating the expression of Wnt-responsive 
genes21,31. The present study is the first to provide evidence that PCAF acetylates δ-catenin leading to its down-
regulation, whereas HDACs deacetylate and upregulate δ-catenin. Acetylation of Lys residues protects them from 
ubiquitination, which stabilizes proteins in most cases32. There are few examples of acetylation resulting in protein 
destabilization. Acetylation destabilizes fatty acid synthase (FASN), which inhibits de novo lipogenesis and tumor 
cell growth, suggesting that targeting FASN acetylation could be an anticancer strategy33. ARD1-mediated acetyl-
ation destabilizes hypoxia-inducible factor 1 (HIF-1α)34. These studies illustrate the effect of acetylation on pro-
moting ubiquitination-dependent proteasomal degradation of proteins, and suggest that acetylation-dependent 
destabilization plays an important role in tumorigenicity. The results of the present study support that acetylation 
can mediate protein destabilization. However, in contrast to previous reports, acetylation of δ-catenin promoted 
autophagic degradation and decreased oncogenic δ-catenin signaling.

Studies indicate that the degradation of δ-catenin is mediated by the ubiquitin-proteasome pathway4. 
Phosphorylation of δ-catenin by GSK-3β at Thr1078 enables β-TrCP-mediated ubiquitination of δ-catenin, tar-
geting δ-catenin for degradation by the ubiquitin-proteasome pathway. In a previous study, the degradation of 
δ-catenin by the lysosomal pathway was suggested by the increased level of δ-catenin in response to CQ treat-
ment4; however, the exact mechanisms underlying lysosomal δ-catenin degradation remained elusive. In the 
present study, treatment with the proteasome inhibitor MG132 did not restore PCAF-mediated δ-catenin down-
regulation. However, treatment with autophagy inhibitors with various mechanisms of action, such as block-
ing the early step of autophagosome formation (3-MA), the maturation (BafA1), and the autophagic process 
(CQ and E-64)26, restored PCAF-mediated δ-catenin downregulation, suggesting that δ-catenin acetylation is 
required for the initial step of the autophagosomal degradation process. Consistently, conditional knockdown 
of Atg5 suppressed PCAF-mediated δ-catenin downregulation, and this effect was reversed when Atg5 expres-
sion was restored. Overexpression of LC3 further decreased δ-catenin levels, and PCAF increased the colocali-
zation of LC3 with δ-catenin. These results indicate that acetylated δ-catenin by PCAF can undergo degradation 
via the autophagosomal pathway, which is related to the expression of the autophagosomal marker Atg5/LC3. 
Autophagosomal targeting of non-histone proteins by acetylation was reported previously35. Acetylation of 
mutant Huntingtin (Htt) at Lys444 facilitates trafficking of mutant Htt into autophagosomes, increasing the clear-
ance of Htt by autophagy. The identification of the acetylation site on δ-catenin is important. However, despite a 
series of experiments with deletion and arginine substitution mutants, we were only able to show that multiple Lys 
residues in the N-terminus and ARM repeat domain of δ-catenin are responsible for PCAF-mediated δ-catenin 
downregulation.

δ-Catenin is overexpressed in several carcinomas, and its ability to interact with E-cadherin underlies the 
oncogenic activity of δ-catenin in epithelial-derived carcinoma cells36,37. Our previous study demonstrated that 
prostate cancer cell lines overexpressing δ-catenin display noticeable multi-layer growth, E-cadherin process-
ing, and nuclear β-catenin localization, with the subsequent activation of β-catenin downstream target genes5. 
PCAF-mediated δ-catenin acetylation/destabilization is involved in prostate cancer progression by suppressing 
E-cadherin processing and β-catenin-mediated oncogenic signals, thereby inhibiting prostate cancer cell motility 
and tumorigenesis. The present investigation of the mechanism of δ-catenin acetylation provides a new per-
spective on the process of δ-catenin degradation and improves our understanding of the effects of δ-catenin on 
E-cadherin or β-catenin, which is implicated in cancer progression.

The results of the present study indicate that PCAF inhibits the progression of carcinoma by promoting the 
acetylation-mediated degradation of δ-catenin and the suppression of its oncogenic signaling. However, PCAF 
affects non-histone proteins as an acetyltransferase involved in cancer, and acts as both oncogene and tumor 

dispersed LC3 signals and no colocalization with δ-catenin was observed. (c) Arrows indicated δ-catenin 
colocalization with LC3. PCAF overexpression decreased the accumulation of plasma membrane or cell-cell 
contact region and increased the colocalization with LC3. “−”, Mock transfection and/or vehicle treatment.
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suppressor. PCAF can function as a cofactor for several proto-oncogenes. PCAF possesses intrinsic ubiquiti-
nation activity that is critical for the control of Hdm2 expression levels, and thus p53 function38. These findings 
highlight the complexity of nucleosome modification associated with proto-oncogene induction, and identify 
HATs as key factors in this process. PCAF is also involved in virus-induced tumorigenesis. The oncogenic effect 
of human papillomavirus E7 (zinc-finger mutation) is dependent on PCAF and its deregulated HAT function 
in tumor development39. However, PCAF also functions as a tumor-suppressor gene, and its loss of function 
causes tumorigenesis. PCAF can induce cell apoptosis by modulating the GLI1/BCL-2/BAX axis or by acetylating 
histone H4 and inactivating AKT signaling, which in turn suppresses hepatocellular carcinoma progression40,41. 
PCAF-mediated acetylation of the transcriptional factor HOXB9 suppresses lung adenocarcinoma progression42. 
Studies suggest that PCAF modulates the activity or stability of several oncogenes or tumor suppressors through 

Figure 4.  Multiple domains of δ-catenin are responsible for PCAF-mediated δ-catenin downregulation. (A) 
Schematic diagram of different constructs of full length GFP-δ-catenin and its deletion mutants (ΔC207, 
ΔN85–325, ΔN&ΔC, 1–690, 691–1040, 1–640, 1–600, 1–579, and 1–499) and the distribution of Lys residues 
on these deletion mutants. Lys residues (Lys1049, Lys1050, and Lys1158) form the ubiquitin-dependent degron 
of δ-catenin. (B) Both 1–690 and 691–1040 deletion mutants of δ-catenin were downregulated by PCAF. 
HEK293T cells were transfected with different combinations of the indicated plasmids, and cell lysates were 
subjected to immunoblotting. Actin was used as a loading control. Relative values of δ-catenin/actin ratios from 
at least three independent experiments are shown as a bar graph in each panel (ii). Values are presented as the 
mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; NS, no significant difference compared with the control 
group. “−”, Mock transfection.
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Figure 5.  Multiple lysine residues in the N-terminus are responsible for PCAF-mediated δ-catenin 
downregulation. (A) Schematic representation of the triple arginine mutation at Lys360, Lys371, and Lys428 
(FL KR), and the deletion/arginine mutation constructs of δ-catenin 1–499, 1–499 KR, 85–499, 85–499 KR, 
1–499∆N KR, and 325–499 KR. (B) Deletion mutants 85–499 KR and 325–499 KR of δ-catenin were not 
affected by PCAF. HEK293T cells were transfected with the indicated plasmids expressing δ-catenin constructs, 
and cell lysates were subjected to immunoblotting with anti-GFP and anti-Flag antibody. (C) 3-MA restored 
the downregulated FL KR, 85–499, and 1–499∆N KR mutants of δ-catenin except the 85–499 KR mutation. 
HEK293T cells were transfected with the indicated plasmids expressing δ-catenin constructs and incubated 
with 3-MA (1 mM) for 24 h, and cell lysates were subjected to immunoblotting with anti-GFP and anti-Flag 
antibodies. (D) PCAF did not acetylate δ-catenin 85–499 KR mutation. HEK293T cells were transfected with 
full length GFP-δ-catenin or 85–499 KR mutant together with or without Flag-PCAF, and each cell lysates were 
subjected to immunoprecipitation with anti-acetylated-lysine, followed by immunoblotting of precipitated 
proteins. α-Tubulin or ß-actin was used as a loading control. Relative values of δ-catenin/actin ratios from at 
least three independent experiments are shown as a bar graph in each panel (ii). Values are presented as the 
mean ± SEM. *p < 0.05; **p < 0.01; NS, no significant difference compared with the control group. “−”, Mock 
transfection or vehicle treatment.
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Figure 6.  PCAF-mediated δ-catenin downregulation suppresses prostate cancer cell growth and motility. 
(A) PCAF reduced endogenous δ-catenin levels in Rv, DU145, PC3, and C42 prostate cancer cell lines. Four 
prostate cancer cell lines were transfected with empty vector or Flag-PCAF and subjected to immunoblotting 
with anti-δ-catenin or anti-Flag antibody. (B–C) PCAF suppressed the viability and growth of Rv, DU145, PC3, 
C42, and Rv/δ cells, and 3-MA treatment or δ-catenin overexpression restored the decreased growth of PCAF-
overexpressing prostate cancer cells. Cell viability (B) and cell growth (C) were determined by the MTT assay and 
clonogenic assay, respectively, in empty vector or Flag-PCAF transfected cells treated or transfected with vehicle 
or 3-MA or δ-catenin. (D–E) PCAF reduced the migration and invasion abilities of Rv, DU145, C42, and Rv/δ 
cells while 3-MA treatment or δ-catenin overexpression restored the decreased migration and invasion of PCAF-
overexpressing prostate cancer cells. Cells were transfected with Flag-PCAF together with or withiout δ-catenin 
or empty vector, and migration and invasion assays were performed in the presence of vehicle or 3-MA with 
Transwell chambers coated without (D) or with (E) gelatin, respectively. Quantitative analysis of δ-catenin levels, 
cell viability, colony area, and migrated and invaded cell numbers from at least three independent experiments 
are shown as a bar graph in each panel (ii). Values are presented as the mean ± SEM. *p < 0.05; **p < 0.01; 
***p < 0.001; NS, no significant difference compared with the control group. “−”, Mock transfection.
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the acetylation of histones or transcription factors, consequently impacting cancer progression. The present study 
demonstrated that PCAF suppresses δ-catenin-mediated oncogenic signals by promoting δ-catenin degradation 
through the autophagy pathway, thereby suppressing prostate cancer cell growth and motility.

Figure 7.  PCAF inhibits E-cadherin processing and inactivates β-catenin-mediated signaling. (A) PCAF-
mediated δ-catenin downregulation reduced E-cadherin processing. PCAF decreased E-cadherin fragment 
levels in a dose-dependent manner, whereas total E-cadherin protein levels increased. E-cadherin processing 
was measured in Rv/δ cells transfected with increasing doses of Flag-PCAF. (B) PCAF suppressed subcellular 
β-catenin distribution and its downstream effectors, c-myc and cyclin-D1. Nuclear and cytoplasmic 
fractionation of β-catenin, c-myc, and cyclin-D1 was performed in Rv/δ and PC3 cells transfected with Flag-
PCAF. Moderate changes in total β-catenin, c-myc, and cyclin-D1 levels were also observed. α-Tubulin was 
used as a cytoplasmic marker, and α-histone H3 was used as a nuclear marker. Relative values from at least 
three independent experiments are shown as a bar graph in each panel (ii/iii). (C) PCAF decreased β-catenin 
target gene levels. The mRNA levels of c-myc and cyclin-D1 were analyzed by qRT-PCR in Rv/δ and PC3 cells 
transfected with Flag-PCAF. Values are presented as the mean ± SEM. *p < 0.05; **p < 0.01; NS, no significant 
difference compared with the control group. “−”, No transfection.
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Methods
Plasmids.  The construction of N-terminal GFP-tagged δ-catenin full length (FL), ∆N85–325, ∆C207, ∆N85–
325&∆C207, 1–690, and 691–1040 in pEGFP-C1 and RFP-tagged δ-catenin was previously described4,43. The 
deletion mutants of δ-catenin (1–499, 1–579, 1–600, and 1–640) and the point mutants of δ-catenin, in which 
lysine (Lys) residue(s) are substituted for arginine, were generated using a PCR-based exchange site-directed 
mutagenesis kit (Enzynomic, Daejeon, Korea). All constructs were confirmed by sequencing. The p300, PCAF, 
and monocytic leukemic zinc finger (MOZ) expression plasmids, and shPCAF, were kindly provided by Prof. 
Nacksung Kim (Chonnam National University Medical School, Gwangju, Korea), and histone deacetylase 
(HDAC) 1–9 expression plasmids were kindly provided by Prof. Hyun Kook (Chonnam National University 
Medical School, Gwangju, Korea). GFP-tagged LC3 expression plasmids were kindly provided by Prof. Kwang 
Youl Lee (Chonnam National University, Gwangju, Korea).

Antibodies.  The following antibodies were used in the present study: anti-δ-catenin (#611537, BD Bioscience, 
San Jose, CA, USA), anti-GFP (#G1544, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-tubulin 
(#T9026, Sigma-Aldrich, St Louis, MO, USA), anti-lamin B (SC-6216, Santa Cruz Biotechnology), anti-ß-actin 
(Santa Cruz Biotechnology), anti-flag (Sigma-Aldrich), anti-PCAF (SC-13124, Santa Cruz Biotechnology), 
anti-E-cadherin (BD Bioscience), anti-acetylated-Lys (Cell Signaling, Beverly, MA, USA), anti-p120-δ-catenin 
(BD Bioscience), anti-autophagy-related protein 5 (Atg5) (Cell Signaling), anti-myc (Santa Cruz Biotechnology), 
and anti-cyclin-D1 (Calbiochem, San Diego, CA, USA).

Cell culture and transfection.  Human embryonic kidney HEK293T cells were cultured in 
DMEM (Gen Depot, Barker, TX, USA) supplemented with 10% fetal bovine serum (Gen Depot) and 1% 
penicillin-streptomycin solution. The human prostate cancer cells CWR22Rv-1 (RV1), DU145, C42, and PC3 
were cultured in RPMI1640 culture medium (Gen Depot) supplemented with 10% fetal bovine serum (Gen 
Depot) and 1% penicillin-streptomycin solution. Tet-Off Atg5 conditional knockout m5–7 mouse embryonic 
fibroblasts (MEFs) were kindly provided by Dr. N. Mizushima (Tokyo University, Japan)27 and cultured in DMEM 
containing 10% (v/v) FBS with or without 10 ng/ml doxycycline (Dox; Sigma-Aldrich). Cells were cultured 
in 5% CO2 in a humidified atmosphere at 37 °C. HEK293T cells were transfected with X-tremeGENE 9 DNA 
Transfection Reagent (Roche, Sandhofer, Mannheim, Germany), and M6A and PC3 cells were transfected with 
Lipofectamine Plus reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. For 
protein stability assay, cycloheximide (Sigma-Aldrich) dissolved in DMSO was used.

Immunoblotting and immunoprecipitation.  Immunoblotting was performed as previously described4. 
Immunoprecipitation was performed using lysates from transfected cells that were incubated with primary anti-
bodies overnight at 4 °C and pulled down with Protein A/G Sepharose (Thermoscientific, Rockford, IL, USA) for 
3 h. The immunoprecipitated proteins were washed twice with the same buffer, and bound proteins were resolved 
by SDS-PAGE followed by immunoblotting.

Cell viability assays.  The MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, Roche] 
assay was used to measure cell viability. In total, 2 × 103 human prostate cancer (RV1, DU145, C42, and PC3) 
cells were plated at least in triplicate in 96-well plates and transfected with PCAF-expressing plasmid or empty 
vector. After incubating 72 h, 0.5 mg/ml MTT was added to each well and incubated for an additional 4 h. Then, 
the blue MTT formazan precipitate was dissolved in 100 μl of DMSO. The absorbance at 540 nm was measured 
on a multi-well plate reader.

Clonogenic assay.  The clonogenic assay was performed as previously described44. After transfection, the 
cells were seeded in 6-well plates at a density of 3000 cells/well and cultured for 9–14 days until visible colo-
nies appeared. Then, the cells were stained with crystal violet, and colonies containing more than 50 cells were 
counted. The pixel intensity of the colony area was measured by the IMT iSolution software (IMT i-Solution Inc., 
Northampton, NJ, USA) in randomly selected microscope fields in each plate. To measure the percent area of 
colonies, the pixel amount of each colony area was normalized to pixel × pixel square. Data represent the mean 
of three experiments.

Transwell migration and invasion assays.  Migration and invasion assays were performed in Transwell 
chambers (Corning, New York, USA) with 8 μm pore size polycarbonate membranes. For invasion assays, the 
upper chamber was coated with 1% gelatin. Cells transfected with flag-PCAF or empty vector were plated at 
a density of 2–2.5 × 105 cells/well in RPMI1640/DMEM containing 0.2% bovine serum albumin (BSA) in the 
upper compartment of the chamber. RPMI1640/DMEM containing 10 μg/ml fibronectin was then added to the 
lower chamber as a chemotactic agent. After 24 h of incubation, upper chamber cells were fixed with a Diff Quik 
kit (Sysmex, Kobe, Japan). The cells inside the chamber were removed from the membrane with a cotton swab, 
and the cells adhering to the underside of the membrane were stained and counted under a light microscope 
(five fields per chamber). Quantification of migrated and invaded cells was performed as previously described45. 
Each assay was repeated in three independent experiments. The results are expressed as the mean number of cells 
migrating per high-power field.

Cell fractionation.  Cell fractionation was performed as previously described46. Extracts of cytoplasm and 
nuclear were separated using the NE-PER nuclear and cytoplasmic extraction kit (PIERCE Biotechnology, 
Waltham, MA, USA). Briefly, harvested cells were resuspended in ice-cold CER I, followed by ice-cold CER II. 
Then, lysates were homogenized and centrifuged at 16,000 g for 5 min at 4 °C, and the supernatant was collected 
as the cytoplasmic fraction. The remaining pelleted lysates were resuspended in ice-cold NER within 40 min and 
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centrifuged at maximum speed, and the supernatant was collected as the nuclear fraction. All extracts were stored 
at −80 °C until use.

qRT-PCR.  Briefly, total RNA was isolated from human prostate cancer cells transfected with flag-PCAF or 
empty vector using RNAiso Plus (TaKaRa, Otsu, Shiga 520–2193, Japan) according to the manufacturer’s instruc-
tions. 1 μg of total RNA from each group of transfected cells was synthesized to cDNA using a M-MLV Reverse 
Transcriptase Kit (Invitrogen) and SYBR green (Enzynomics, Seoul, Korea). The qRT-PCR reaction and data 
analysis were performed using CFX (Bio-Rad, Hercules, CA, USA).

Statistical analysis.  Data are expressed as the mean ± SD. Results comparing three or more samples were 
analyzed using analysis of variance and Bonferroni’s tests; comparisons between two samples were analyzed using 
Student’s t-tests. Probabilities of p < 0.05 were considered statistically significant.
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