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Regulation of p-Catenin 
Signaling by the B56 Subunit of 

Protein Phosphatase 2A 
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Dysregulation of Wnt-p-catenin signaling disrupts axis formation in vertebrate 
embryos and underlies multiple human malignancies. The adenomatous poly- 
posis coli (APC) protein, axin, and glycogen synthase kinase 3P form a Wnt- 
regulated signaling complex that mediates the phosphorylation-dependent 
degradation of p-catenin. A protein phosphatase ZA (PPZA) regulatory subunit, 
656, interacted with APC in the yeast two-hybrid system. Expression of 656 
reduced the abundance of p-catenin and inhibited transcription of p-catenin 
target genes in mammalian cells and Xenopus embryo explants. The 656- 
dependent decrease in p-catenin was blocked by oncogenic mutations in 
p-catenin or APC, and by proteasome inhibitors. 656 may direct PPZA to 
dephosphorylate specific components of the APC-dependent signaling complex 
and thereby inhibit Wnt signaling. 

In veltebrate cells, iJ7nt. a secreted glycopro- 
tein, regulates growth and development in pait 
by controlling the activity of a heterodimelic 
tsansckption factor contailling p-catenin and a 
member of the Lef-Tcf faillily of high mobility 
group transcription factors. @-Catenin binds an 
APC-axin complex; where it is phosphorylated 
by glycogen synthase kinase 3P (GSK3p) on 
533,-terminal residues. This phospholylation 
event results in the ubiquitin-mediated protea- 
soma1 degradation of p-catenin. Wnt signaling 
leads to the inactivation of GSK3@, which re- 
sults in an accumulation of p-catenin that then 
binds to Lef-Tcf and activates transcription of 
target genes (1). Mutations in the APC gene 
that produce a ti-uncated polypeptide unable to 
promote the degradation of p-catenin are found 
in 85% of sporadic colon cancers. Point muta- 
tions in p-catenin that alter putative GSK3P 
phosphorylation sites have been reported in co- 
lon, pancreatic, hepatic, and skin cancers (2). 

The APC protein contains a number of pre- 
dicted protein-protein interaction domains, sug- 
gesting that it acts as a scaffold for the assembly 
of signaling n~olecules including p-catenin, 
GSK3@, and axin. Domains in the central third 
of APC are required for the binding of these 
molecules. .4rmadillo and heptad repeat motifs, 
wlihich are thought to mediate protein-protein 
interactions, are present in the KH,-teilninal 
third of the protein. To identify additional 
APC-interacting proteins that may regulate 
Wnt signaling, we performed a two-hybrid 
screen with the NH,-tern~inal third of APC. 
In a screen of a human B cell cDNA library, 
clones encoding the B56ct and B566 isoforrns 
of the B56 family of PP2A regulatory sub- 
units were isolated (3). 

PP2A is an inhacellular seiine-thseonine 
protein phosphatase. It is a heterotrimeric pro- 
tein containing coilselved catalytic (C) and 
shx~ctural (A) subunits, and a va~iable regulato- 
iv iB) subunit. Three unselated families of 

APC and B56, we tested plasmids encoding a 
number of PP2A subunits for interaction with 
APC in a directed hvo-hybrid assay (7). APC 
interacted with all assayed members of the B56 
family, whereas there was no detectable inter- 
action with Bct (a member of the B family), 
PR72, A; or C subunits (8). 

One essential function of the Wnt pathway 
signaling complex is to regulate the abundance 
of p-catenin. Multiple phospholylation events 
occur in this complex, including the phospho- 
rylation of APC; GSK3@, p-catenin, and axin 
(9). The possible interaction of a PP2A regula- 
toiy subunit with this complex indicates that 
phosphatase activity may regulate p-catenin 
signaling. To test this, we assessed the effect of 
okadaic acid, a cell-pernleable serine-threonine 
phosphatase illhibitor. on p-catenin abundance. 
Treatment of HEK 293 cells with okadaic acid 
caused an increase in the abundance of p-cate- 
nin (Fig. 1A). This suggests that if a PP2A 
heterotrimer participates in the Wnt--p-catenin 
pathway, it is likely to be inhibitoiy to the 
signaling process. We therefore deteimined 
whether increased expression of B56 had ally 
effect on the amounts of p-catenin in 293 cells. 
Expression of B56ct decreased the anlount of 
p-catenin (Fig. 1B). Expression of other mem- 
bers of the B56 family also reduced the abun- 
dance of p-catenin (Fig. 1C). The down-regu- 
lation of p-catenin was specific to the B56 
family, however, because hallsfection of empty 
vector; or expression of Bct, had no effect on 
the amount of p-catenin. 

The degradation of phosphorylated P- 
catenin can be blocked by proteasome inhib- 
itors (10). We therefore transfected 293 cells 
with vectors encoding hemagglutinin (HA)- 
tagged B56ct and either Myc-tagged p-cate- 
nin (Fig. 2A) or untagged p-catenin (Fig. 2B) 
and then treated the transfected cells with the 
proteasome inhibitors MG-132 (Fig. 2A) or 
X-acetyl-Leu-Leu-norleucinal (ALLN) (Fig. 
2B). In both instances, the B56-induced de- 
crease in B-catenin abundance was blocked 
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cell (11). To determine if B56 expression reg- fected plasmids expressing HA-tagged B56a 
ulated the abundance o f  p-catenin through a into 293 cells with plasmids expressing either 
mechanism that required this domain, we trans- full-length or A90P-catenin. Although expres- 

A - - + + okadalc acid 

,MYC: & 
catenin 

Fig. 1. Effects of PP2A 
activity on the abun- 
dance of p-catenin. (A) 
Treatment with oka- 
daic acid. HEK 293 cells 
were transfected as de- 
scribed (78, 19). Cell 
cultures were treated 
with 20 nM okadaic 
acid (lanes 3 and 4) or 
vehicle (lanes 1 and 2) 
for 20 hours. Protein 
was prepared as de- 
scribed (20, 27). Blots 
were probed with ei- 
ther the 9E10 antibodv 

+ Myc$-catentn 
1 2 3 ~ ~ t  to  ~ y c  (~~cp-catenin,  

upper panel) or a rabbit 
polyclonal antibody to uroporphyrinogen decarboxylase (22) 
(UroD, lower panel). UroD served as a control for nonspecific 
effects of okadaic acid. (B) Expression of B56a. HEK 293 cells 
were transfected with a plasmid expressing Myc-tagged p-cate- 

m4HA.B56n nin and either the empty vector pCEP (lanes 1 and 2) or pCEP 
expressing HA-ta~ged B56a (lanes 3 and 4). lmmunoblots were 

+ U r o D  
probed with either the 9E10 antibody (Mycp-catenin, top 
panel), the 12CA5 antibodv to  HA (HA:B56a, middle panel), or 

1 2 3 4  a rabbit polyclonal antib6dy to GOD (bottom panel). U~OD 
served as a control for nonspecific effects of 856. Sizes of molecular size markers are indicated on the 
Left in kilodaltons. (C) Expression of 056 isoforms. HEK 293 cells were transfected with a plasmid 
expressing Myc-tagged p-catenin and either pCEP (Lane I), or pCEP expressing HA-tagged B56a (lane 
2), B56P (lane 3), 8566 (lane 4), B56e (lane 5), B56y3 (lane 6), or Ba (lane 7). lmmunoblots were probed 
with either the 9E10 antibody (Mycp-catenin, top panel), the 12CA5 antibody (HA:B-subunit, middle 
panel), or a rabbit polyclonal antibody to UroD (UroD, bottom panel). Two nonspecific bands on the HA 
immunoblot, the upper one of which comigrates with HkB56S (lane 4), are marked with closed circles. 

Fig. 2. Inhibition of proteasomal A B 
degradation of p-catenin abro- - - -  + + + 8560: 
gates, whereas the addition * t - + HA:B56a + + - + + - petenin 
GSK3P potentiates, B56-induct IG-132 - - + -  - + A!Xpcatenin 
reduction in the abundance - + - - + - ALLN 
p-catenin. (A) Effects of prote -..v--.7 - ..--. 
some inhibitor MG-132. HEK 2 L  -, -- , ~yc:p-  

caten~n + p-catenin 
cells were transfected with plas- ! + A90p- 
mids expressing Myc:p-catenin catenin 
(all lanes) and either pCEP (lanes 
1 and 3) or HA:B56a (lanes 2 and 0 * -- * UroD 
4). Cell cultures were treated , 4 UroD 

with 20 p M  MG-132 (lanes 3 . c b -  ,. ~ . ' z c  

and 4) or vehicle (lanes 1 and 2) for 5 hours. Protein 
was prepared as described (20, 27). Blots were C+ + + + probed with either the 9E10 antibody to Myc (Myc: + + + + p-catenin 

p-catenin, upper panel), or a rabbit polyclonal anti- - - + + + + + + GSK3P 
body to  UroD (UroD. lower panel). (B) Effects of - - - - - + + B56a 
Ago@-catenin and proteasome inhibitor ALLN. HEK .aHTd' 293 cells were transfected with plasmids expressing hu , Mvc:0- 

p-catenin (23) (lanes 1,2,4, and 5) or A90p-catenin 
n 

(lanes 3 and 6) and either pCEP (lanes 1 to 3) or ---- 
HA:B56a (lanes 4 to 6). Cell cultures were treated 

- 5 6 7  f 
with 25 p M  ALLN (lanes 2 and 5) for 8 hours. Blots 
were probed with either antibody to  p-catenin and visualized with 1251-labeled antibody to  mouse 
immunoglobulin using a Phosphorimager (Molecular Dynamics) (upper panel) or a rabbit polyclonal 
antibody to  UroD and visualized with ECL (lower panel). Transfection efficiency in these experi- 
ments was -75%, and the full-length p-catenin seen in lanes 1, 2, 4, and 5 reflects that from 
transfected and nontransfected cells. The p-catenin seen in (A) is Myc-tagged and represents the 
p-catenin present solely in transfected cells. Therefore, the magnitude of the change in amount of 
p-catenin caused by B56a appears smaller in (B) than in (A). (C) Effects of CSK3p overexpression. 
HEK 293 cells were transfected as described (18, 24) with plasmids expressing GSK3p (lanes 3 to  
8) and 856 (Lanes 7 and 8). Protein was prepared as described (20, 27). Blots were probed with 
either the 9E10 antibody (Myc:p-catenin, upper panel) or a rabbit polyclonal antibody to UroD 
(UroD, lower panel). 

- 
ca'teni - 4 UroD 

3 

sion o f  B56a led to a decrease in the amount o f  
full-length p-catenin (Fig. 2B), i t  had no effect 
on the amount o f  A90P-catenin. The results 
with A90P-catenin and with proteasome inhib- 
itors, taken together, indicate that expression o f  
B56 increases the phosphorylation-induced 
proteasomal degradation o f  p-catenin. 

The B56-containing PP2A heterotrimer 
could function by  dephosphorylating a com- 
ponent o f  the Wnt signaling complex. 
GSK3P is one potential target o f  the phos- 
phatase, as PP2A has previously been shown 
to dephosphorylate and hence activate this 
kinase in vitro (12). Increased GSK3P activ- 
i ty  in 293 cells leads to decreased p-catenin 
accumulation (Fig. 2C). Coexpression o f  B56 
and GSK3P results in the virtual absence o f  
p-catenin, consistent with a model in which 
PP2A dephosphorylates and activates GSK3P 
in the APC-axin cornelex. 

Many colon cancer cell lines produce a mu- 
tant, truncated APC protein that does not pro- 
mote the degradation o f  p-catenin. If B56 reg- 
ulates the abundance o f  p-catenin through an 
interaction with an APC-dependent signaling 
complex, expression o f  B56 should not de- 
crease amounts o f  p-catenin i n  cell lines ex- 
pressing only truncated APC. We therefore 
transfected HCA7 and SW480 colon cancer 
cell lines (which express wild-type and truncat- 
ed APC, respechvely) and 293 cells (which 
express wild-type APC) with vectors encoding 
Myc-tagged P-catenin and HA-tagged B56a 
(or empty vector). Expression o f  B56a led to a 
decrease in the amount o f  p-catenin in 293 and 
HCA7 cell lines, but not in the SW480 cell line 
that lacks full-length APC (Fig. 3). These re- 
sults suggest that the effect o f  B56 on p-catenin 
stability requires intact APC protein. 

Although p-catenin has several functions 

Wr APC M A T  PC 
293_ HCAC SW480 

*B 

Fig. 3. Absence of B56-mediated decrease in 
the abundance of p-catenin in APC mutant 
cells. HEK 293, HCA7, and SW480 cell lines 
were transfected (78) with a plasmid express- 
ing Myc-tagged p-catenin and either pCEP 
(Lanes 1, 3, and 5) or pCEP containing B56a 
(Lanes 2, 4, and 6). Blots were robed with 
either the 9ElO antibody to  Myc &lyc:p-cate- 
nin, top panel), the 12CA5 antibody to HA 
(HA:B56a, middle panel), or a rabbit polyclonal 
antibody to  UroD (UroD, bottom panel). WT, 
wild-type; MT, mutant. 
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is critical to its role in growth and develop- 
ment. To determine whether the observed 

axis in Xenopus laevis. To determine whether 
B56 can regulate transcription of p-catenin 

reduction in the abundance of p-catenin led 
to a decrease in its transcriptional activity, we 

target genes in a heterologous system, we 
examined the effect of B56a expression on 

measured P-catenin-dependent transcription 
from a Lef-1:luciferase reporter in the ab- 
sence and presence of overexpressed B56cu. 
Expression of B56a reduced luciferase activ- 
ity by about 50% (Fig. 4A). Expression of Ba 
had no effect (8). Expression of B56a in cell 
lines with mutant p-catenin or mutant APC 
resulted in no change in luciferase activity 
(HCT116 and SW480, respectively, Fig. 4A). 

the induction of the siamois and Xnr-3 genes, 
two p-catenin target genes, in Xenopus ani- 
mal cap explants from RNA-injected embry- 
os. Expression of Xwnt-8 RNA in explants 
increased expression of siamois and Xnr-3 
(Fig. 4B), whereas a green fluorescent protein 
(GFP) control RNA and B56a alone had no 
effect. Expression of B56a with Xwnt-8 de- 
creased the response of explants to Xwnt-8. 
Thus, B56 may function downstream of Wnt 
in the signaling pathway to p-catenin. 

Our study suggests that PP2A heterotrim- 
ers containing the B56 regulatory subunit 

Thus, overexpression of B56a causes de- 
creased transcription through P-catenin-de- 
pendent promoters. Additionally, the finding 
that p-catenin and APC mutations block the 
effects of B56 expression suggests that B56 
acts upstream of p-catenin and APC. 

Transcriptional targets of p-catenin in- 

function in the Wnt signaling complex to 
down-regulate p-catenin, perhaps through an 
interaction of B56 and the NH,-terminus of 
APC. The PP2A C subunit has recentlv been 
reported to interact with axin, strengthening 
the conclusion that PP2A is a regulator of 
Wnt signaling (13). Oncogenic mutations in 
the Wnt pathway, including increased Wnt 
expression, loss of APC-dependent signaling 
complexes, and mutation of phosphorylation 
sites in p-catenin, can lead to increases in 
p-catenin signaling. Loss of PP2A function 
may provide an additional route to activation 
of Wnt signaling and oncogenesis. Consistent 
with this, mutations in the gene encoding the 
p isoform of the PP2A A subunit have been 
identified in colon and lung cancers (14). 
Inhibition of PP2A activity can contribute 
both to oncogenesis and aberrant develop- 
ment. For example, okadaic acid is a tumor 

PC12 HCT116 SW480 
(APCIp (kcatenin (APC 

caten~n wt) mutant) mutant) 

promoter in mice, DNA tumor virus small t 
antigens inhibit PP2A activity and lead to 
cellular transformation, the SET and Hoxl 1 
protein inhibitors of PP2A are overexpressed 
in acute leukemias, and B56 is essential for 
embryonic development in Caenorhabditis 
elegans (15, 16). PP2A appears to counteract 
multiple growth-promoting signal transduc- 
tion pathways. The role of the PP2A B56 
regulatory subunit may be to direct dephos- 
phorylation, and hence regulate the activity, 
of specific components of the Wnt signaling 
complex. 

Fig. 4. Effects of B56 on Wnt signaling activity. 
(A) Reduced Lef-1 reporter activity after ex- 
pression of B56a in cell lines with intact Wnt 
signaling. PC12, HCT116, and SW480 cell lines 
were transfected (78) with a Lef-1:luciferase 
reporter (H4WTtk100) and either pCEP (open 
bars), or pCEP expressing HA:B56a (closed bars) 
(25). The data are represented as the average + 
SD from three (HCT116) or four (PC12 and 
SW480) independent experiments. (B) Effects 
of B56a on the signaling activity of Xwnt-8 in 
Xenopus animal cap explants. Animal poles of 
two-cell stage embryos were injected with RNA 
encoding the indicated protein [CFP (Lane I ) ,  
B56a (lane 2), Xwnt-8 (lane 3), or Xwnt-8 + 
B56a (lane 4)]. Animal caps were cut at stage 
8-9. RNA preparation and reverse transcripta- 
se-polymerase chain reaction were then car- 
ried out to  determine the expression levels of 
the transcripts encoding siamois, Xnr-3, and 
EFla as described (26). E F l a  served as a con- 
trol for the reverse transcription reaction and 
gel loading. Dose of RNAs injected: CFP, 500 
pg; B56a. 500 pg; and Xwnt-8, 125 pg. 
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