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Glycogen Synthase Kinase 33 Is Positively Regulated by Protein
Kinase C{-Mediated Phosphorylation Induced by Wnt Agonists

Nydia Tejeda-Muiioz, Héctor Gonzalez-Aguilar, Paula Santoyo-Ramos, M. Cristina Castafieda-Patlan, ©’Martha Robles-Flores

Department of Biochemistry, Faculty of Medicine, Universidad Nacional Autonoma de México (UNAM), Mexico City, Mexico

The molecular events that drive Wnt-induced regulation of glycogen synthase kinase 33 (GSK-33) activity are poorly defined. In
this study, we found that protein kinase C{ (PKC{) and GSK-3f interact mainly in colon cancer cells. Wnt stimulation induced a
rapid GSK-3f redistribution from the cytoplasm to the nuclei in malignant cells and a transient PKC-mediated phosphorylation
of GSK-3f at a different site from serine 9. In addition, while Wnt treatment induced a decrease in PKC-mediated phosphoryla-
tion of GSK-3f in nonmalignant cells, in malignant cells, this phosphorylation was increased. Pharmacological inhibition and
small interfering RNA (siRNA)-mediated silencing of PKC{ abolished all of these effects, but unexpectedly, it also abolished the
constitutive basal activity of GSK-3. In vitro activity assays demonstrated that GSK-3f3 phosphorylation mediated by PKC{
enhanced GSK-3f activity. We mapped Ser147 of GSK-3f as the site phosphorylated by PKC, i.e., its mutation into alanine
abolished GSK-3f activity, resulting in [3-catenin stabilization and increased transcriptional activity, whereas phosphomimetic
replacement of Ser147 by glutamic acid maintained GSK-3f basal activity. Thus, we found that PKC{ phosphorylates GSK-3f at

Ser147 to maintain its constitutive activity in resting cells and that Wnt stimulation modifies the phosphorylation of Ser147 to
regulate GSK-3f activity in opposite manners in normal and malignant colon cells.

lycogen synthase kinase 3 (GSK-3) was first discovered in

1980 as a protein kinase that inactivates glycogen synthase
(1). Since then, GSK-3 has been revealed as one of the master
regulators that play central roles in a diverse range of signaling
pathways, including those activated by Wnts, Hedgehog, growth
factors, cytokines, and G protein-coupled ligands. GSK-3 is in-
volved in the regulation of many cellular functions, and more than
40 proteins have been reported to be phosphorylated by the ki-
nase, suggesting that its activity is tightly regulated (2). Numerous
studies have pointed to an association of GSK-3 dysregulation,
particularly hyperactivation, with the onset and progression of
human diseases, including diabetes mellitus, obesity, inflamma-
tion, neurological disorders, and cancer (3).

A distinct feature of GSK-3 is its constitutive kinase activity in
resting cells, which is inhibited in response to cellular signaling
mediated by growth factors, cytokines, and hormones via phos-
phorylation of Ser21 in GSK-3a and Ser9 in GSK-3f (4-6). Sev-
eral kinases can phosphorylate these serines, including Akt, pro-
tein kinase A (PKA), and p90Rsk. 12-O-Tetradecanoyl phorbol
13-acetate (TPA)-sensitive isoforms of protein kinase C (PKC)
have also been shown to be involved in agonist-induced inactiva-
tion of GSK-3 by phosphorylating the enzyme at Ser9 (7, 8). It
has also been reported that in vitro, GSK-3f3 is inactivated in the
same manner by particular forms of PKC: conventional o, 3, and
v isoforms and the novel & and m isoforms (9, 10). Interestingly,
these experiments showed that neither PKCe nor atypical PKC{
phosphorylates GSK-3f at Ser9 (9, 10) and that, in contrast, the
related GSK-3a is not a substrate for any of these PKC isozymes
(9). However, the mechanisms of GSK-3 regulation are varied and
not yet fully understood; precise control appears to be achieved by
a combination of phosphorylation, localization, and sequestra-
tion by a number of GSK-3-binding proteins (6).

Wnt signaling is a key pathway in embryonic development and
adult homeostasis (11, 12) and has been defined as one of the most
important contributors to tumorigenesis. Indeed, aberrant Wnt
signaling is a hallmark of the majority of colorectal cancers.
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GSK-3p is a central player in the canonical pathway that operates
through regulating the phosphorylation and degradation of the
transcription coactivator B-catenin. In the absence of Wnt stim-
ulation, B-catenin is assembled into the so-called destruction
complex, consisting of GSK-33, casein kinase 1 (CK1), adenom-
atous polyposis coli (APC), and axin. This complex directs a series
of phosphorylation events in 3-catenin that targets it for degrada-
tion via the proteosome (11, 12). Stimulation by Wnt leads to
inhibition of B-catenin breakdown and to phosphorylation of the
coreceptor LRP5/6 by GSK-3, followed by inhibition of GSK-3(3
activity by a mechanism not yet fully understood (11-13). In this
respect, it has been demonstrated that the canonical Wnt signaling
pathway employs a distinct mechanism for regulating GSK-3(3
that is independent of N-terminal-domain serine phosphoryla-
tion or tyrosine phosphorylation and instead relies on protein-
protein interactions and intracellular sequestration (6, 11, 14).

It is well known that the Wnt and PKC signaling pathways are
both involved in colon carcinogenesis and tumor progression. Re-
cent studies have found that specific interactions between GSK-3(3
and atypical PKC are a key component of the Par complex (15, 16)
participating in polarity determination. We have recently re-
ported that atypical PKC{ plays an important role in the positive
regulation of the canonical Wnt pathway by controlling nuclear
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B-catenin localization in colon cancer cells (17). In this study, we
found that PKC{ and GSK-3 interact specifically mainly in colon
cancer cells. Furthermore, we found that upon cell treatment with
Wnts, GSK-3(3 activity is rapidly and transiently activated in can-
cer cells as a result of PKC{-mediated phosphorylation at Ser147.
Unexpectedly, we also found that PKC{-mediated phosphoryla-
tion of Ser147 is required to maintain the constitutive basal activ-
ity of GSK-3[3 under resting conditions in both nonmalignant and
malignant cells.

MATERIALS AND METHODS

Reagents and antibodies. Antibodies against GSK-3f3 were from the fol-
lowing sources: rabbit polyclonal antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA), and mouse monoclonal antibody was
from Millipore (Billerica, MA). The rabbit monoclonal antibody against
phospho-Ser (P-Ser)-PKC substrate was purchased from Cell Signaling
Technology (Danvers, MA). Rabbit polyclonal antibodies against Akt and
against P-Thr308-Akt were obtained from Santa Cruz Biotechnology.
Protein A-Sepharose, the pseudosubstrate-specific PKC{ inhibitor, and
the GSK-38 inhibitor IX [(2'Z,3'E)-6-bromoindirubin-3’-oxime (BIO)]
were from Calbiochem/Merck (Darmstadt, Germany). GSM (GSK-3 sub-
strate peptide) was obtained from Millipore.

Plasmids. The plasmid encoding human GSK-3B (HA-GSK3B wt
pcDNA3; Addgene plasmid 14753) was obtained from Addgene, a non-
profit organization devoted to facilitating the sharing of plasmids among
scientists. For knockdown PKC{ experiments, we utilized the control (the
empty plasmid pSUPER) or the pPSUPER.PKCzeta.RNAi plasmid donated
by Alex Toker to Addgene (Addgene plasmid 10803), whose construction
and effectiveness have been described previously (18). The pTOPFlash
and pFOPFlash reporter plasmids were obtained from Upstate Biotech-
nology (Lake Placid, NY).

Cell culture. Malignant RKO (human colon carcinoma) and SW480
(human colorectal adenocarcinoma) cells and nonmalignant 112CoN
(human colon) and IEC-18 (mouse intestine) cells were all obtained from
the American Type Culture Collection (ATCC) (Manassas, VA). RKO
and 112CoN cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS), anti-
biotics (120 mg/ml penicillin and 200 mg/ml streptomycin), and 2 mM
L-glutamine. SW480, HEK293, and IEC-18 cells were maintained in
DMEM F-12 supplemented with 5% FBS, antibiotics, and 2 mM glu-
tamine. For IEC-18 cells, the medium was also supplemented with 0.1
IU/ml insulin, which was removed from the medium 12 h before each
experiment. All cells were cultured in a humidified 5% CO, incubator at
37°C. The human cell lines were authenticated by DNA profiling using
short tandem repeat (STR) analysis on an AmpFISTR Identifiler PCR
Amplification System at the Instituto Nacional de Medicina Genémica
(INMEGEN) in México City. RKO human malignant cells display normal
canonical Wnt signaling (expressing wild-type APC protein) and are re-
sponsive to Wnt ligand in comparison with SW480 human malignant
cells, which express a truncated version of APC and have constitutively
active Wnt signaling.

Incubation with Wnt ligands and pharmacological inhibition of
PKCC. For pharmacological PKC{ inhibition in RKO and SW480 cells,
serum-starved cells (2% serum instead of 10%) were incubated in the
absence or presence of the myristoylated PKC{-selective inhibitor (20
M) for 1 h. Then, the cells were incubated in the absence or presence of
Wnt3a or -5a ligand (100 ng/ml) for 5 min and then washed and lysed.

Immunofluorescence analysis. 112CoN, RKO, and SW480 cells were
grown on coverslips. The cells were washed with phosphate-buffered sa-
line (PBS), fixed in ice-cold methanol for 10 min, washed in PBS, and
blocked with 1% IgG-free bovine serum albumin (BSA) for 1 h. The cells
were incubated overnight at 4°C with the corresponding primary antibod-
ies in blocking solution, washed three times with PBS, and incubated for 1
hin darkness at room temperature with secondary antibodies (fluorescein
isothiocyanate [FITC]-conjugated goat anti-rabbit antibody or rhoda-
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mine goat anti-mouse antibody). After washing, the coverslips were
mounted with the antifade reagent Vectashield. Cell fluorescence was ex-
amined using a confocal microscope (Leica TCS SP5) with a krypton-
argon laser.

Western blotting. Protein samples (100 pg) were separated by
SDS-10 or 12% PAGE, followed by electrophoretic transfer onto nitrocel-
lulose membranes (Bio-Rad, Hercules, CA). The membranes were
blocked with 5% nonfat dry milk and incubated overnight at 4°C with the
corresponding primary antibody. Detection was achieved using a Super-
Signal kit (Pierce, Rockford, IL) with a horseradish peroxidase-conju-
gated secondary antibody. An actin antibody was utilized as a control for
equal loading.

Immunoprecipitation. Confluent cells were washed and homoge-
nized in ice-cold lysis buffer containing 20 mM Tris-HCl, pH 7.5, 10 mM
EGTA, 2 mM EDTA, 0.5% Triton X-100, and a mixture of protease in-
hibitors and protein phosphatase inhibitors. Aliquots of cell extracts (1
mg/ml) were incubated overnight with 1 pg/ml of primary antibody at
4°C with gentle shaking. Then, 20 .l protein A-Sepharose (30%) was
added, and incubation continued for 2 h. The immune complexes were
then washed three times with buffer A (50 mM Tris-HCI, 0.6 M NaCl, 1%
Triton X-100, 0.5% Nonidet P-40, pH 8.3) supplemented with 0.1 mg/ml
trypsin inhibitor and 1 mM phenylmethylsulfonyl fluoride (PMSF) and
once with buffer B (20 mM Tris HCI, pH 7.5, 0.15 M NaCl) containing
protease and phosphatase inhibitors.

PKC{ knockdown. PKC{ silencing was performed by transient trans-
fection of cells with 2 g of pSuperPKC{-RNAi plasmid, constructed and
reported by Alex Toker (18) and obtained from Addgene (catalog no.
10803), or with control plasmid (the empty plasmid pSUPER) using Li-
pofectamine 2000. Silencing efficiency was analyzed by Western blotting
and flow cytometry.

Fluorescence-activated cell sorter (FACS) analysis. The cells were
detached and dissociated in 10 mM EDTA solution. The cell suspension
was washed, resuspended in PBS supplemented with 4% fetal calf serum
(staining buffer), stained with the corresponding primary antibody (rab-
bit polyclonal anti-pThr308-Akt or goat polyclonal anti-pSer9-GSK-3p),
and then incubated with the secondary antibody. Cells stained with the
secondary antibody alone were employed as a negative control.

In vitro GSK-3f activity assay. GSK-33 was immunoprecipitated
from cells incubated for 5 min in the absence (vehicle) or presence of Wnt
ligands (100 ng/ml). The immune complexes were washed twice with
buffer A (50 mM Tris-HCI, 0.6 M NaCl, 0.5% [vol/vol] Triton X-100,
0.5% [vol/vol] IGEPAL [pH 8.3]) containing protease and phosphatase
inhibitors and once with buffer B (50 mM Tris-HCI, 0.15 M NaCl, 50 mM
2-mercaptoethanol, pH 7.5). Kinase activity was initiated by resuspending
the immunoprecipitates in 50 pl of the assay mixture, consisting of kinase
buffer (40 mM Tris, 20 mM MgCl,, pH 7.5) plus [y-**P]ATP and 4 mg/ml
of GSK-3 substrate (GSM), in the absence or presence of the GSK-38
inhibitor BIO (5 uM). The reactions proceeded for 20 min at 30°C and
were then terminated by the addition of 50 wl of SDS-PAGE sample buffer
to the reaction mixture, which was boiled for 5 min and analyzed by
SDS-PAGE (18% [wt/vol] gel) and autoradiography. The data were quan-
tified by densitometric analysis performed in both Coomassie-stained gels
and the corresponding autoradiographs. The specific phosphorylation
was determined as the ratio of phosphorylated protein to the total protein
content normalized with respect to control cells.

Site-directed mutagenesis. The human GSK-3( S147A and S147E
mutants were generated by employing a QuikChange site-directed mu-
tagenesis kit obtained from Stratagene (La Jolla, CA) according to the
manufacturer’s instructions and utilizing the following primers: S147A
forward, 5'-GTTGCCAGACACTATGCTCGAGCCAAACAGACGCTC-
3’,andreverse, 5'-GAGCGTCTGTTTGGCTCGAGCATAGTGTCTGGC
AAC-3', and S147E forward, 5'-GTTGCCAGACACTATGAACGAGCC
AAACAGACGCTC-3', and reverse, 5'-GAGCGTCTGTTTGGCTCGTT
CATAGTGTCTGGCAAC-3'. Both mutant constructions were verified
by sequencing.
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FIG 1 PKC{ interacts with GSK-3B. PKC{ or GSK-33 was immunoprecipi-
tated from cell lysates obtained from nonmalignant 112CoN cells or from
malignant human RKO and SW480 cells. Immunoprecipitates (IP) were ana-
lyzed by Western blotting (WB) for the presence of the indicated proteins. The
results are representative of three independent experiments using different cell
preparations. IgG is shown as a control for immunoprecipitation equal load-
ing, and actin antibody was used as a control for equal loading of cell extracts.

B-Catenin/TCF transcriptional activity reporter assay. Cells were
seeded on 24-well plates at a density of 1.2 X 10° to 1.8 X 10° cells per well.
Twenty-four hours after seeding, the cells were placed in a serum-free
medium and transfected with 1 pg of a reporter plasmid (pTOPFlash or
the control plasmid pFOPFlash), with 0.05 g of the pRL luciferase plas-
mid (transfection control), and with 1 g of plasmid HA-GSK3B-wt or
HA-GSK3B-S147A. The luciferase reporter activity in the cell lysates was
measured 24 h after transfection using a Dual Luciferase assay kit (Pro-
mega, Madison, WI). The activity was normalized with respect to the
activity of Renilla luciferase or with respect to the protein content of each
sample.

Statistical analysis. The data are expressed as means and standard
errors of the mean (SEM). Statistical analysis of the data was performed
using the Student ¢ test. A P value of <0.05 was considered statistically
significant.

RESULTS

PKC{ and GSK-3f3 coimmunoprecipitate in a reciprocal man-
ner and colocalize in both nonmalignant and malignant colon
cells. PKC has been shown to be involved in agonist (growth fac-
tors, cytokines, and hormones but not Wnts)-induced inactiva-
tion of GSK-3 by phosphorylating the enzyme at Ser9 (7, 8). It
has also been reported that in vitro GSK-3(3, but not GSK-3aq, is
inactivated in this way by particular isozymes of PKC, but not by
others, such as PKCe and PKC{ (9, 10, 14). Because we have pre-
viously reported that the atypical PKC{ participates in the regula-
tion of nuclear B-catenin localization, playing an important role
in the positive regulation of the canonical Wnt pathway (17), we
hypothesized that PKC{ probably does not interact in vivo with
GSK-38. To our surprise, coimmunoprecipitation studies clearly
showed that GSK-3f interacts in cells with PKC{, because they
coimmunoprecipitated in a reciprocal manner from 112CoN hu-
man colon nonmalignant cells and from RKO and SW480 human
colon cancer cells exhibiting normal Wnt signaling and constitu-
tively active Wnt signaling, respectively (Fig. 1).

Consistent with these results, immunofluorescence assays fol-
lowed by confocal microscopy analysis, depicted in Fig. 2, revealed
colocalization of GSK-3 with PKC{ under basal conditions in the
cytoplasm and in some regions of the nucleus in both normal
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FIG 2 GSK-3p colocalizes with PKC{ in both normal and malignant cells. (A)
Whatligands (100 ng/ml; 5 min) induce GSK-3 redistribution from cytoplasm
to nuclei in nonmalignant 112CoN cells. (B and C) In malignant RKO and
SW480 cells, Wnt ligands cause an exit of PKC{ from the nucleus to the cyto-
plasm and a redistribution of GSK-3@ from the cytoplasm to the nucleus. In all
cases, the cells were fixed, permeabilized, and coimmunostained with antibod-
ies against GSK-3B and PKC{. Fluorescence was analyzed by laser confocal
microscopy. PKC{ was visualized with FITC-conjugated goat anti-rabbit an-
tibody and GSK-3@ with rhodamine-conjugated goat anti-mouse antibody.
The data are representative of the results of three independent experiments.
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(Fig. 2A) and malignant (Fig. 2B and C) cells. To investigate
whether their colocalization changes as a result of Wnt stimula-
tion, the cells were treated for 5, 15, and 30 min with canonical
(Wnt3a) or noncanonical (Wnt5a) ligands. As can be observed in
Fig. 2, although colocalization of GSK-33 with PKC{ remained
upon Wnt treatment, stimulation of cells with Wnt3a or Wnt5a
provoked rapid changes (detected at 5 min) in the intracellular
distribution of GSK-3 and PKC{: they induced a GSK-3 redis-
tribution from cytoplasm to nucleus in both nonmalignant (Fig.
2A) and malignant (Fig. 2B and C) cells, but whereas the localiza-
tion of PKC{ did not change in nonmalignant cells, Wnt treat-
ment produced an exit of PKC{ from the nucleus to the cytoplasm
in malignant cells. Analysis of the time course of stimulation with
Wnt ligands indicated that these results were maintained for 30
min in nonmalignant 112CoN cells (see Fig. SIA in the supple-
mental material) but not in malignant cells because the Wnt-in-
duced exit of PKC{ was transient (see Fig. S1B and C in the sup-
plemental material), appearing to be located again in both the
nucleus and the cytoplasm after 30 min of treatment.

Wnt3a and Wnt5a ligands increase the PKC-mediated phos-
phorylation of GSK-3f in cancer cells and induce the opposite
effect in nonmalignant cells. To investigate the biochemical
meaning of the interaction between PKC{ and GSK-3f3, we first
examined whether GSK-3 could be a PKC substrate in cells upon
Wnt stimulation, employing an antibody that specifically recog-
nizes phospho-serine-PKC substrates (Cell Signaling). Serum-
starved nonmalignant or malignant cells were incubated in the
absence or presence of canonical Wnt3a or noncanonical Wnt5a
for 5 min. GSK-3[3 was immunoprecipitated from the cell lysates
and analyzed by Western blotting. The results presented in Fig. 3A
indicated that in 112CoN or IEC-18 nonmalignant cells, GSK-3(3
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FIG 3 Wnt3a and Wnt5a ligands increase the PKC-mediated phosphoryla-
tion of GSK-3 in cancer cells and induce the opposite effect in nonmalignant
cells. (A and B) Nonmalignant (A) or malignant (B) cells were incubated in the
absence or presence of Wnt3a or -5a ligand for 5 min. GSK-3 was immuno-
precipitated from the cell lysates, and the immunoprecipitates were analyzed
by Western blotting using the anti-P-Ser-PKC substrate antibody. The results
shown are representative of at least three independent experiments using dif-
ferent cell preparations. A densitometric analysis was performed to estimate
the changes in Wnt-induced GSK-3B phosphorylation levels with respect to
the levels found in basal nonstimulated cells. The bar graphs represent the
means and SEM from the results of at least three independent assays. (C) Time
course of stimulation of RKO cells with Wnt5a (100 ng/ml). GSK-33 was
immunoprecipitated from cell lysates obtained at each time point indicated
and analyzed by Western blotting using the anti-P-Ser-PKC substrate anti-
body. IgG is shown as a control for immunoprecipitation equal loading. The
results shown are representative of three independent experiments using dif-
ferent cell preparations.

exhibited basal PKC-mediated phosphorylation that was dimin-
ished as a result of 5 min of treatment with either Wnt3a or Wnt5a
ligand. Interestingly, and in an opposite manner, in RKO or
SW480 cancer cells, basal PKC-mediated phosphorylation of
GSK-3[ was nearly negligible, and the 5-min stimulation of cells
with Wnt3a or -5a induced an increase in PKC-mediated GSK-33
phosphorylation (Fig. 3B). The phosphorylation of GSK-33 by
PKC occurs rapidly and transiently, as can be observed in the time
course illustrated in Fig. 3C, because after 5 min of RKO cell treat-
ment with Wnt5a, PKC-mediated phosphorylation of GSK-3(3
began to return to the basal state.

Wnt agonists increase the PKC-mediated phosphorylation
of GSK-3 in cancer cells at a different site from Ser9. In order to
confirm that canonical Wnt ligands do not produce GSK-3p in-
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activation by inducing its phosphorylation at serine 9, we tested
whether the phosphorylation of GSK-3B mediated by PKC in
RKO cancer cells (responsive to Wnt ligands) occurs at this site as
a result of Wnt stimulation. As shown in Fig. 4A, the time course
of GSK-3f3 phosphorylation at Ser9 obtained upon Wnt3a or -5a
treatment of cells in comparison with insulin, which is well known
to induce phosphorylation of Ser9 of GSK-3@ via Akt activation
and phosphorylation at Thr308 (5, 6), indicated that canonical
Wnt3a does not induce the phosphorylation of GSK-3f3 at serine
9, nor did it induce phosphorylation of Akt at Thr308. It can also
be observed that, although Wnt5a produced only transient Akt
phosphorylation at Thr308, it did not increase phosphorylation of
GSK-3 at Ser9 in the same manner (Fig. 4A). To confirm these
results, we performed an immunoblot analysis of GSK-3 immu-
noprecipitated from RKO cells stimulated in the absence or pres-
ence of insulin or Wnts for 5 min. As can be seen in Fig. 4B, only
insulin treatment of cells induced the phosphorylation of GSK-3(3
at Ser9, reproducing the flow cytometry results.

PKC{ phosphorylates GSK-3f3 in colon cells. To investigate
which PKC isoform phosphorylates GSK-3 in response to Wnt
stimulation, we first examined the effect of PKC{ inhibition on
GSK-3 phosphorylation mediated by PKC. We used the Wnt5a
ligand, which has been reported to transduce mainly in a nonca-
nonical way, such as Wnt/Ca®" signaling, activating calcium-de-
pendent conventional PKC isoforms. Nonmalignant 112CoN or
RKO and SW480 cancer cells were incubated for 1 h in the absence
or presence of the selective PKC{-myristoylated pseudosubstrate
inhibitor and then in the absence or presence of Wnt5a for 5 min.
GSK-33 was immunoprecipitated from cell extracts and analyzed
by Western blotting using an anti-phosphoserine-PKC substrate
antibody. Unexpectedly, the results obtained clearly indicated that
in normal 112CoN cells, inhibition of PKC{ abolished basal PKC-
mediated phosphorylation of GSK-3f3 and reduced the phosphor-
ylation induced by Wnt5a (Fig. 5A). Consistent with the results
shown in Fig. 3A, in both RKO and SW480 cancer cells, there was
less basal phosphorylation (RKO cells) or no basal phosphoryla-
tion (SW480 cells) compared with normal 112CoN or IEC-18
cells. However, Wnt5a stimulation produced an increase in the
PKC-mediated phosphorylation of GSK-33 that was also abol-
ished by PKC{ inhibition in the absence of Wnt5a stimulation or
greatly reduced in the presence of Wnt5a stimulation (Fig. 5A). In
order to confirm that the observed effects were mediated by PKCg,
we utilized an RNA interference (RNAi) approach to transiently
block PKC{ expression. It is noteworthy that the plasmids utilized
were previously constructed and successfully probed by Alex
Toker (18), and we also employed these plasmids in a previous
study (17). As can be observed in Fig. S2 in the supplemental
material, a great reduction in the PKC{ protein level was observed
36 h after transfection of RKO or SW480 cells with 2 g small
interfering RNA (siRNA) plasmid in comparison with a control
plasmid. The siRNA-transfected RKO cells were serum starved
and then incubated in the absence or presence of Wnt5a. GSK-3f3
was immunoprecipitated from cell extracts and analyzed by West-
ern blotting with the anti-phospho-Ser-PKC substrate antibody.
The results presented in Fig. 5B confirmed that the effects ob-
served in the GSK-3[3 phosphorylation status in colon cancer cells
were mediated by the atypical PKC{. Taken together, these results
clearly indicated that GSK-3 is a substrate of PKC in colon cells
at a different site from Ser9 and that Wnt stimulation induces
rapid and transient changes in the phosphorylation status of
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FIG 4 Wnt stimulation does not induce GSK-3@ phosphorylation at Ser9. (A) FACS analysis of the time course of stimulation of cells with or without Wnts or
insulin. Serum-starved RKO cells were incubated in the absence (time zero [Basal]) or presence of Wnt3a or -5a (100 ng/ml) or in the absence or presence of
insulin (0.3 TU/ml) for 5, 10, and 15 min. The cells were stained with the corresponding primary antibody (anti-pSer9-GSK-3f or anti-pThr308-Akt), as
described in Materials and Methods, and analyzed by flow cytometry. Shown are overlapping histograms of the time courses obtained from at least three
independent experiments. (B) Western blot analysis of the time course of stimulation of cells with or without Wnts or insulin. Serum-starved RKO cells were
incubated in the absence (time zero [Vehicle]) or presence of Wnt3a or -5a (100 ng/ml) or in the absence or presence of insulin (0.3 IU/ml) for 5 min. GSK-3f3
was immunoprecipitated from RKO cells and analyzed by Western blotting using anti-pSer9-GSK-3f or anti-GSK-3 antibody and developed with a horseradish
peroxidase-conjugated secondary antibody. The results shown are representative of the results of at least three independent experiments using different cell

preparations.

GSK-3B mediated by PKC{ in opposite manners in normal or
cancer cells.

The PKC{-induced phosphorylation of GSK-3f3 stimulates
GSK-3 activity. To investigate the effect of the phosphorylation
produced by PKC{ on GSK-3f activity, we first incubated the
serum-starved nonmalignant or malignant cells in the absence
(vehicle) or presence of Wntligands for 5 min and then proceeded
to immunoprecipitate GSK-3B in order to analyze the effect of
each treatment on its activity in vitro, as described in Materials and
Methods. Kinase activity was measured with the GSK-33 immune
complexes obtained from the cell extracts in the absence or pres-
ence of the added substrate (GSM peptide) and in the absence or
presence of the selective GSK-38 inhibitor BIO to validate assay
specificity. Figure 6A illustrates how the GSK-3( obtained from
normal 112CoN cells was inhibited upon Wnt3a or -5a treatment,
because the amount of *?P-labeled GSM produced was less than
that produced by the GSK-3f obtained from untreated 112CoN
control cells. In marked contrast, the activity of GSK-38 obtained
from RKO or SW480 cancer cells (Fig. 6B and C, respectively) was
increased in comparison with untreated control cancer cells, pro-
ducing more **P-labeled GSM substrate. As expected, phosphor-
ylation of the GSM substrate was abolished in vitro in all cases
when the inhibitor of GSK-3, BIO, was added to the assay mix-
ture. Thus, these results indicated that phosphorylation induced
in GSK-33 by PKC{ stimulates enzymatic activity. This is consis-
tent with the decrease in the PKC-mediated phosphorylation of
GSK-3B previously observed in nonmalignant cells (Fig. 3A), as
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well as with the increase in PKC-mediated phosphorylation of
GSK-38 previously observed upon Wnt treatment of cancer cells
(Fig. 3B).

The PKC{-induced phosphorylation of GSK-3f is required
to maintain constitutive basal GSK-3f activity. To confirm that
the transient effects on GSK-3 activity observed upon Wnt treat-
ment of cells are the result of phosphorylation of GSK-3 medi-
ated by PKC{, we again utilized an RNAi approach to tran-
siently block PKC{ expression in colon cancer cells. RKO cells
were transfected with the control scrambled-RNAi plasmid or
with pSuperPKC{-RNAi plasmid and, 30 h posttransfection,
incubated in the absence (vehicle) or presence of Wnt3a or -5a
agonist for 5 min. GSK-3 was immunoprecipitated from the cell
extracts to examine its activity in vitro. Figure 6D shows how the
silencing of PKC{ in RKO cancer cells inhibited enhancement of
GSK-3 activity induced by Wnt3a or -5a stimulation of cells, but
in addition, and unexpectedly, the PKC{ blockade of expression
also abolished constitutive basal GSK-3( activity.

Taken together, our results indicate the following: (i) that
PKC{ activity is required to maintain constitutive basal activity of
GSK-38 in colon cells, (ii) that Wnt stimulation induces rapid and
transient changes (5 min) in the phosphorylation status of
GSK-3B mediated by PKC{, and (iii) that the changes induced by
Wnhts are opposite in normal and in cancer cells (in nonmalignant
cells, PKC{-mediated phosphorylation and GSK-3( activity de-
crease upon Wnt treatment, whereas in cancer cells, PKC{-medi-
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FIG 5 PKC{ inhibition blocks GSK-3[3 phosphorylation. (A) Nonmalignant 112CoN cells and malignant RKO or SW480 serum-starved cells were incubated in
the absence or presence of the myristoylated (Myr) PKC{-selective inhibitor (20 wM) for 1 h. Then, the cells were incubated in the absence or presence of Wnt5a
(100 ng/ml) for 5 min. GSK-3p was immunoprecipitated from the cell lysates, and the immunoprecipitates were analyzed by Western blotting using the
anti-P-Ser-PKC substrate antibody. The results shown are representative of at least three independent experiments using different cell preparations. A densito-
metric analysis of the changes in Wnt-induced GSK-38-specific phosphorylation levels with respect to the levels found in basal nonstimulated cells is shown on
the right, and the data represent the means and SEM from at least three independent assays. *, P < 0.05; **, P < 0.01. (B) PKC{ knockdown decreases the
phosphorylation of GSK-3. PKC{-silenced RKO and SW480 cells were serum starved for 6 h and then incubated in the absence or presence of 100 ng/ml Wnt5a
for 5 min. GSK-3 was immunoprecipitated from cell extracts, and the immunoprecipitates were analyzed by Western blotting with the anti-P-Ser-PKC
substrate antibody. The results shown are representative of at least three independent experiments using different cell preparations. The densitometric analysis
shown in the bar graphs represents the means and SEM from at least three independent assays. *, P < 0.05; **, P < 0.01.

ated phosphorylation of GSK-3B and its activity are transiently  the supplemental material, employing the PhosphoMotif Finder

increased).

PKC{ phosphorylates GSK-3f3 at serine 147. Since we dem-
onstrated here that Wnt agonists induce the phosphorylation of
GSK-3f at a site that is not serine 9, we next investigated which
GSK-3f site or sites are phosphorylated by PKC{. An in silico
analysis of the GSK-3 amino acid sequence shown in Fig. S3 in
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program (http://www.dabi.temple.edu/disphos/pred/predict) or
the NetphosK 2.0 program (http://www.expasy.org) showed that
GSK-3f possesses several putative PKC phosphorylation sites,
three of which display the classical PKC consensus sequence with
high probability scores but only one of which exactly matched the
consensus sequence recognized by the P-Ser-PKC substrate
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FIG 6 PKC{-induced phosphorylation of GSK-3f3 stimulates GSK-3(3 activity. (A to C) Serum-starved nonmalignant 112CoN cells (A) or malignant RKO (B)
or SW480 (C) cells were incubated in the absence (vehicle) or presence of Wnt ligands for 5 min and then washed and lysed. GSK-3 was immunoprecipitated
to analyze the effect of each treatment on its activity in vitro. Kinase activity was measured with the GSK-33 immune complexes in the absence or presence of
added substrate (GSM peptide) and in the absence or presence of the selective GSK-3f3 inhibitor BIO to validate the specificity of the assay. Representative
autoradiograms with their corresponding Coomassie blue-stained gels are shown (in panel B, the tiny white line that appears between the third and fourth lanes
from the left corresponds to an anomaly in the original stained gel). The autoradiograms and their corresponding stained gels were quantified with an image
densitometer, and the specific phosphorylation was determined as the ratio of phosphorylated protein to the total protein content. The values plotted are means
and SEM for at least three experiments with different cell preparations. *, P < 0.05; **, P < 0.01. (D) Silencing of PKC{ in RKO cancer cells inhibited the
enhancement of GSK-3f3 activity induced by Wnt treatment. RKO cells were transfected with the control scrambled-RNAi plasmid or with the pSuperPKC(-
RNAI plasmid and 30 h posttransfection were serum starved for 6 h and then incubated in the absence (vehicle) or presence of Wnt3a or -5a agonist for 5 min.
GSK-3B was immunoprecipitated to analyze its kinase activity in vitro in the absence or presence of added substrate (GSM peptide). A representative autora-
diogram with its corresponding Coomassie blue-stained gel is shown. The autoradiogram and its corresponding stained gel was quantified with an image
densitometer to determine the specific phosphorylation, normalized with respect to control cells. The values plotted are means and SEM for at least three

experiments with different cell preparations. *, P < 0.05.

antibody utilized in our experiments: R/K,_,Ser Xy, g4rophobicR/K-
This consensus sequence is located only around serine 147 of
GSK-3B. Therefore, we decided to construct an epitope-tagged
GSK-3B-hemagglutinin (HA) mutant with Ser147 replaced by al-
anine (GSK-33/5147A-HA), and a phosphomimetic GSK-3f mu-
tant with Ser147 replaced by glutamic acid (GSK-33/S147E-HA)
and to examine the effects of these mutations on GSK-3 activity
upon Wnt stimulation. To this end, RKO cells were transfected
with a plasmid encoding wild-type GSK-3B-HA or with plasmids
encoding GSK-33-HA mutants. The levels of wild-type or mutant
GSK-3B expression obtained in transfected RKO cells with respect
to the endogenous GSK-38 level are presented in Fig. S4 in the
supplemental material. RKO cells expressing epitope-tagged mu-
tant or control wild-type GSK-3@3 were incubated in the absence
or presence of PKC{-myristoylated pseudosubstrate inhibitor (1
h) and then in the absence or presence of Wnt5a for 5 min.
GSK-3B was immunoprecipitated from cell extracts (anti-HA im-
munoprecipitation) to be analyzed for its catalytic ability in vitro.
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To our surprise, the results depicted in Fig. 7A revealed that the
replacement of S147 with alanine was sufficient not only to abolish
the enhancement of GSK-33 activity induced by Wnt agonists but
also to abolish the basal activity of GSK-3f in the same manner as
it inhibits PKC{. On the other hand, Fig. 7B revealed that the
phosphomimetic GSK-33/S147E-HA mutant displayed constitu-
tive basal GSK-3B activity, which was not significantly further
increased as a result of Wnt stimulation and which was insensitive
to PKC{ inhibition. In view of these results, we reasoned that in
cells expressing the GSK-33/S147A-HA mutant, the loss of basal
GSK-3f activity would increase 3-catenin levels. To examine this,
RKO cells were transiently cotransfected with pTOPFlash or
pFOPFlash (control) B-catenin/TCF transcriptional activity re-
porter plasmid and with a plasmid encoding wild-type GSK-
3B—HA or a plasmid encoding the GSK-33/S147A-HA mutant. At
24 h posttransfection, B-catenin levels in cell extracts were ana-
lyzed by Western blotting, and the reporter activity was examined.
Indeed, as shown in Fig. 7C, B-catenin protein levels, as well as the
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FIG 7 Ser147-to-alanine mutation inactivates GSK-3(3, whereas the phosphomimetic mutation of Ser147 to glutamic acid allows constitutive activation of
GSK-3. (A and B) Twenty-four hours posttransfection, RKO cells expressing epitope-tagged (HA) mutant or control wild-type GSK-3f were incubated for 1 h
in the absence or presence of the selective PKC{-myristoylated pseudosubstrate inhibitor (20 wM) and then in the absence or presence of 100 ng/ml of Wnt5a for
5 min. GSK-38 was immunoprecipitated (with anti-HA antibody) from cell extracts to be analyzed for its catalytic ability in vitro. Representative autoradiograms
with their corresponding Coomassie blue-stained gels are shown. The data were quantified by densitometric analysis performed in both Coomassie-stained gels
and the corresponding autoradiographs to determine the specific phosphorylation, normalized with respect to control cells. The values plotted are means and
SEM for at least three experiments with different cell preparations. *, P < 0.05. (C and E) RKO or HEK293T cells were transiently cotransfected with pTOPFlash
or pFOPFlash (control) reporter plasmid, with 0.05 pg of the pRL luciferase plasmid (transfection control), and with a plasmid encoding wild-type (WT)
GSK-3B-HA or a plasmid encoding a GSK-33/S147A-HA mutant. At 24 h posttransfection, B-catenin levels were analyzed by Western blotting in cell extracts,
and the luciferase activity was assayed. The activity was normalized with respect to the activity of Renilla luciferase or with respect to the protein content in each
sample. All of the assays were performed in triplicate, and the data represent the means and SEM from at least three independent assays. *, P < 0.05; **, P < 0.01.
(D) Nonmalignant HEK293T cells expressing wild-type GSK-33-HA or GSK-33/S147A-HA were serum starved for 7 h and then incubated in the absence or
presence of the myristoylated PKC(-selective inhibitor (20 uM) for 1 h. Then, the cells were incubated in the absence or presence of Wnt5a (100 ng/ml) for 5 min.
GSK-38 was immunoprecipitated with anti-HA antibody from cell lysates, and the immunoprecipitates were analyzed by Western blotting using the indicated
antibodies. The results shown are representative of at least three independent experiments using different cell preparations.
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B-catenin transcriptional activity, were increased in RKO cells ex-
pressing the GSK-33/S147A-HA mutant. To explore whether this
type of GSK-3p regulation occurs in other cell types, HEK-293T
cells expressing wild-type GSK-33—HA or the GSK-33/S147A-HA
mutant were incubated in the absence or presence of the PKC{-
myristoylated pseudosubstrate inhibitor and then in the absence
or presence of Wnt5a for 5 min. GSK-33 was immunoprecipitated
from the HEK293T cell extracts and analyzed by Western blotting,
using the anti-phospho-serine-PKC substrate antibody. The re-
sults presented in Fig. 7D confirmed that GSK-33 was regulated
by Wnt5a in the same way as in nonmalignant colon cells, since
inhibition of PKC{ abolished basal PKC-mediated phosphoryla-
tion of GSK-3B and reduced the phosphorylation induced by
Wnt5a. In addition, it can also be confirmed that the anti-phos-
pho-Ser-PKC substrate antibody specifically recognizes the phos-
phorylated Ser147 in GSK-3p. Consistent with these results, Fig.
7E shows how HEK293T cells cotransfected with the pTOPFlash
or pFOPFlash reporter plasmid and with a plasmid encoding wild-
type GSK-3B—-HA or a plasmid encoding GSK-33/S147A-HA dis-
played the same effect as in colon cells: 3-catenin protein levels, as
well as B-catenin transcriptional activity, were increased in cells
expressing the GSK-33/S147A-HA mutant. Taken together, our
results indicate that GSK-3 is phosphorylated in cells at Ser147
by PKC{ to maintain its constitutive basal activity, that short
Wnt3a or -5a treatment of cells can transiently modulate this basal
activity in opposite fashions in nonmalignant and cancer cells, and
that this is a widely used mechanism for GSK-3 regulation me-
diated by PKC{ and Wnts in cell systems other than colon epithe-
lial cells.

DISCUSSION

GSK-3 is a serine threonine kinase involved in the regulation of a
diverse range of signaling pathways, including those activated by
Whts, and has been linked to the onset and progression of human
diseases, such as Alzheimer’s disease, diabetes, and cancer. The
mechanisms regulating GSK-3 have proven to be a topic of great
debate, because they are varied and not fully understood. In this
regard, despite the fact that the molecular mechanisms of Wnt-
induced regulation of GSK-3f3 activity have been intensively stud-
ied in recent years, they remain unclear. These studies have shown
that the canonical Wnt signaling pathway employs a distinct
mechanism for regulating GSK-3 that is independent of N-ter-
minal-domain serine phosphorylation or tyrosine phosphoryla-
tion and instead relies on protein-protein interactions and intra-
cellular sequestration (13, 19, 20).

PKC isozymes are commonly dysregulated in many types of
cancers, such as colon cancer, and it has been demonstrated that
they may act both as oncogenes (21) and as tumor suppressors
(22), depending on the cell context and on which protein adaptors
interact with PKC isoforms. In this respect, the atypical isoforms,
PKCu and PKC{, have been demonstrated to be critical compo-
nents of cell survival signal transduction pathways, frequently
suppressing apoptosis by activation of prosurvival NF-kB and
MAPK signaling pathways (21, 23, 24), but it has also been re-
ported that the loss of PKC{ in mice results in enhanced intestinal
tumorigenesis and in increased stem cell activity (25, 26). These
atypical isoforms differ from other PKCs in that their catalytic
activity is not dependent upon diacylglycerol, calcium, or phos-
phatidylserine. Instead, their activity can be regulated by 3-phos-
phoinositides produced as the result of phosphatidylinositol (PI)
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3-kinase (PI3K) activation induced by growth factors, by phos-
phorylation by the phosphoinositide-dependent kinase PDKI,
and through specific protein-protein interactions (27).

With respect to the role played by PKC isozymes in Wnt sig-
naling, the first evidence of possible cross talk between PKC and
canonical Wnt signaling emerged with the observation that some
PKC isozymes phosphorylate (at Ser9) and inactivate GSK-3(3
in vitro (9, 10). It is now well known that PKC is one of the key
targets of noncanonical Wnt signaling, particularly in the Wnt/
Ca”" pathway, and we previously demonstrated that PKC{ plays
an important role in the positive regulation of the canonical Wnt
pathway by controlling nuclear B-catenin localization in colon
cancer cells (17).

The interaction of PKC{ with GSK-3@ had been previously
described. Etienne-Manneville and Hall (15) reported that
GSK-3p physically associates with PKC{, forming a complex with
Par6. Both fluorescence resonance energy transfer (FRET) and
immunofluorescence studies (28) confirmed the existence and
close association of these proteins with PKCZ at the meiotic spin-
dle. Interestingly, it was observed that when the two proteins are
precipitated together after scratch-induced migration, phosphor-
ylated GSK-3f3 (at Ser9) cannot be detected in the PKC{ precipi-
tate, indicating that GSK-33 phosphorylation at Ser9 leads to its
dissociation from PKC{ (15). Here, we report, to our knowledge,
an unprecedented function for atypical PKC{ in regulation of the
constitutive basal activity of GSK-3f and in regulation of its ac-
tivity by Wnt ligands. Our data demonstrate that PKC{ positively
regulates GSK-3f3 activity by phosphorylating serine 147 in order
to maintain the constitutive activity of GSK-3@ in resting cells.
Furthermore, we found that Wnt stimulation induces a rapid and
transient modification in the PKC{-mediated Ser147 phosphory-
lation status and GSK-3 activity, which results, in nonmalignant
cells, in a reduction of the GSK-3f basal activity but in enhance-
ment of GSK-3f3 activity in colon cancer cells. Although all these
findings at the cellular level need to be further validated using
animal models, they have substantial implications for an under-
standing of the mechanisms of Wnt signaling and of GSK-3f3 reg-
ulation. In canonical Wnt signaling, GSK-3 plays a dual role:
besides its well-known negative role targeting (3-catenin for ubiq-
uitylation and proteosomal degradation in the absence of Wnt
stimulation, GSK-3 activity is required to transduce the signal at
the cell membrane upon Wnt stimulation in order to phosphory-
late the cytoplasmic tail of the LRP5 coreceptor and to induce
signalosome formation at the membrane, a step that is widely
recognized to be crucial for Wnt signaling activation (29). How-
ever, Wnt-induced signalosome formation at the plasma mem-
brane is the key step that precedes inhibition of GSK-33. How
signalosomes lead to a block of B-catenin phosphorylation by
GSK-3f remains an open question, and there are two main mod-
els that describe how this might occur (13, 30). Our data provide
insight into the events that precede LRP phosphorylation and are
consistent with the time courses reported for LRP phosphoryla-
tion and signalosome formation. In this respect, Bilic et al. (29)
showed that LRP6 signalosome-containing aggregates of phos-
pho-LRP6, Frizzled (Fzd), Dvl, axin, and GSK-3p are formed at
and under the plasma membrane 15 min after Wnt addition.
Thus, the time course of Wnt-induced upregulation that we ob-
served here (peaking at 5 min) correlates in cancer cells with the
time required for GSK-3B to be activated to phosphorylate
LRP5/6 at PPPSP repeats.
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Here, we also found that Wnt stimulation modifies the phos-
phorylation of Ser147 to regulate GSK-3[3 activity in opposite
manners in normal and malignant colon cells. A possible expla-
nation of this is that in cancer cells, Wnts increase the activity of
GSK-3B only during the first 5 min after stimulation by increasing
the phosphorylation of Ser147 in GSK-3 to phosphorylate LRP5
and to hyperactivate Wnt signaling, but after 15 min, the activity
returns to the basal level. In nonmalignant cells, Wnts diminish
the activity of GSK-3 during the first 5 min upon stimulation,
probably delaying signalosome formation, whereas 3-catenin ac-
cumulates, but after 30 min of Wnt stimulation, the final effect is
the same in both cell types: GSK-3f is inhibited once the signalo-
some is formed.

Our data are consistent with previously reported evidence for
ligand-stimulated elevation of GSK-3 activity. Plyte et al. (31)
demonstrated that in Dictyostelium, extracellular cyclic AMP
(cAMP) acting via the serpentine receptor cAR3 causes a rise in
GSKA kinase activity, which regulates cell type patterning during
initial stages of multicellularity. The timing of this rise correlates
with the requirement for the Dictyostelium homolog of GSK-3,
GSKA, to specify the cell fate (31). Later, Kim et al. (32) identified
a novel cAMP-activated protein tyrosine kinase, ZAK1, that is
involved in cAR3-mediated activation of GSK-3.

Our results also indicate that Wnt3a, a prototype canonical
ligand, and Wnt5a, a prototype noncanonical ligand, both induce
an increase in GSK-3p3 activity. However, the consequences pro-
duced by each one in the cell are different, depending on which
receptor-coreceptor complex interacts with the ligand at the
membrane: canonical Wnt3a promotes transient upregulation of
GSK-3 to participate in signalosome formation and phosphory-
lation of LRP5/6, and noncanonical Wnt5a promotes Ror2 phos-
phorylation at Ser864 to induce cell migration (27, 28). In this
respect, Yamamoto et al. first demonstrated that Ror2 is phos-
phorylated on serine/threonine residues upon stimulation of cul-
tured cells expressing Ror2 endogenously with Wnt5a but not
with Wnt3a and that inhibition or depletion of GSK-3 blocked
this phosphorylation and cell migration (33). Consistent with this,
Grumolato et al. (34) demonstrated that prototype canonical
Wnt3a and noncanonical Wnt5a ligands specifically trigger com-
pletely unrelated endogenous coreceptors—LRP5/6 and Ror1/2,
respectively—through a common mechanism involving their
Wnt-dependent coupling to the Fzd/coreceptor and recruitment
of shared components, including Dvl, axin, and GSK-3. The au-
thors identified Ror2 Ser864 as a critical residue phosphorylated
by GSK-3p and required for noncanonical receptor activation by
Wnt5a, analogous to the priming phosphorylation of LRP6 in
response to Wnt3a (34).

Finally, here, we found that Wnt stimulation induced rapid
GSK-3 redistribution from cytoplasm to nuclei in both nonma-
lignant and malignant cells and a transient exit of PKC{ from
nucleus to cytoplasm in malignant cells, and, to our knowledge,
this correlation between nuclear GSK-33 and Wnt signaling has
not been previously demonstrated. In this regard, although the
mechanisms governing the intracellular localization of GSK-3
are not fully elucidated, GSK-3f is known to be located at the
cytoplasm, nucleus, and mitochondria (4). Moreover, it has been
reported that the nuclear localization of GSK-3f3 is dynamic and
cell cycle dependent (35) and that nuclear GSK-3 plays a role in
controlling the nuclear/cytoplasmic distribution of several pro-
teins, such as cyclin D1, STAT, GATA-4, c-Myc, NRF2, Snail, and

740 mcb.asm.org

Molecular and Cellular Biology

P53 (36). In addition, there is evidence that nuclear GSK-33 can
form a complex with B-catenin, thereby lowering the levels of
B-catenin/TCF-dependent transcription and negatively affecting
canonical Wnt signaling at the nuclei (36). However, other reports
have shown that depletion of nuclear GSK-3 or pharmacological
inhibition of its kinase activity impaired survival and proliferation
of cultured colon cancer cells (37). Thus, the biochemical and
physiological meaning of the GSK-3( redistribution from the cy-
toplasm to the nucleus as a result of Wnt stimulation observed in
this study in nonmalignant and malignant cells remains to be
elucidated.

Taking all of this experimental evidence, and our findings re-
ported here, together reveals multifaceted roles of GSK-38 in Wnt
signaling, thus establishing a central role for the kinase in strict
regulation of its activity, which is different in normal and malig-
nant cells.
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