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GSKIP, an Inhibitor of GSK3b, Mediates the N-Cadherin/
b-Catenin Pool in the Differentiation of SH-SY5Y Cells
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ABSTRACT
Emerging evidence has shown that GSK3b plays a pivotal role in regulating the specification of axons and dendrites. Our previous study has

shown a novel GSK3b interaction protein (GSKIP) able to negatively regulate GSK3b in Wnt signaling pathway. To further characterize how

GSKIP functions in neurons, human neuroblastoma SH-SY5Y cells treated with retinoic acid (RA) to differentiate to neuron-like cells was used

as a model. Overexpression of GSKIP prevents neurite outgrowth in SH-SY5Y cells. GSKIP may affect GSK3b activity on neurite outgrowth by

inhibiting the specific phosphorylation of tau (ser396). GSKIP also increases b-catenin in the nucleus and raises the level of cyclin D1 to

promote cell-cycle progression in SH-SY5Y cells. Additionally, overexpression of GSKIP downregulates N-cadherin expression, resulting in

decreased recruitment of b-catenin. Moreover, depletion of b-catenin by small interfering RNA, neurite outgrowth is blocked in SH-SY5Y

cells. Altogether, we propose a model to show that GSKIP regulates the functional interplay of the GSK3b/b-catenin, b-catenin/cyclin D1, and

b-catenin/N-cadherin pool during RA signaling in SH-SY5Y cells. J. Cell. Biochem. 108: 1325–1336, 2009. � 2009 Wiley-Liss, Inc.
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G lycogen synthase kinase 3 (GSK3), a serine/threonine kinase

active in several signaling pathways, is involved in the

regulation of cell fate, including Wnt signal transduction, protein

synthesis, glycogen metabolism, mitosis, and apoptosis [Cohen and

Frame, 2001; Jope and Johnson, 2004]. GSK3 has two structurally

similar isoforms, GSK3a and GSK3b, in mammals. Earlier reports

indicated that the developmental profiles of GSK3a and GSK3b

expression are different and that the regulation and functions of

these two proteins are not always identical [Liang and Chuang,

2007].

GSK3b plays an important role in neuron development. Emerging

evidence has shown that GSK3b plays a pivotal role in regulating

the specification of axons and dendrites [Jiang et al., 2005; Gärtner
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et al., 2006]. Shi et al. [2004] also indicate that global inhibition of

GSK3b activity led to a defect in axon development in hippocampal

neurons. Axon outgrowth is dependent on actin and microtubule

cytoskeleton dynamics. Several studies show that GSK3b phos-

phorylates microtubule-associated proteins (MAPs) such as tau

and appears to reduce their binding to microtubules, rendering the

microtubules more dynamic, favoring axon growth [Goold and

Gordon-Weeks, 2005; Zhou and Snider, 2005]. Therefore, MAPs

phosphorylated by GSK3b is critical for axon development.

GSK3b also plays an essential role in the canonical Wnt signal

transduction pathway [Grimes and Jope, 2001; Logan and Nusse,

2004]. It is well documented that in the absence of Wnt signaling,

phosphorylation of b-catenin by GSK3b results in its ubiquitination
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and subsequent degradation by proteosomes [Shimizu et al., 1997].

Conversely, with the Wnt signal, GSK3b moves away and results

in unphosphorylation of b-catenin [Li et al., 1999]. This causes b-

catenin to accumulate in the nucleus, where it affects transcription

of cell-cycle genes such as cyclin D1 and myc [Behrens et al., 1996].

Alternatively, b-catenin not only influences cellular events as a

necessary transcriptional co-activator but also has an important role

in cell adhesion complexes. The association between b-catenin and

N-cadherin enhances cell-to-cell interactions necessary for neuro-

nal differentiation [Yap et al., 1997]. Consequently, the distribution

of b-catenin is critical in the neuron development. In our previous

study, we found a novel GSK3b interaction protein (GSKIP) that

binds to GSK3b and is able to negatively regulate GSK3b in the Wnt

signaling pathway [Chou et al., 2006]. In light of these results, we

began exploring the role of GSKIP in neuronal differentiation using

overexpression in a human neuroblastoma cell line SH-SY5Y as a

model system. Here, we sought to examine whether the interplay

between GSK3b and GSKIP is involved in the neuron development.

Interestingly, neurite extension following RA treatment in GSKIP-

overexpressing cells was blocked. Furthermore, GSKIP expression

promotes cell-cycle progression via increasing the accumulation of

b-catenin in the nucleus, but downregulating the association of b-

catenin and N-cadherin in the membrane. These results suggest that

overexpression of GSKIP can affect the transcriptional state of the

cell. Finally, we postulate that GSKIP mediates N-cadherin-bound

b-catenin pool and it is important during neuron development.

MATERIALS AND METHODS

CELL CULTURE, DIFFERENTIATION, AND TREATMENT

Human neuroblastoma SH-SY5Y cell line from American Type

Culture Collection (ATCC) was used for these experiments. SH-SY5Y

cells were cultured in D-MEM/F12 medium (Gibco) supplemented

with 10% fetal bovine serum, 1% nonessential amino acids (Gibco),

100 IU/ml penicillin, and 100mg/ml streptomycin (Gibco) at 378C in

a humidified 5% CO2 incubator. Cells were cultured up to 70%

confluence in 100-mm diameter dishes and fed once every 3 days.

To induce neuronal differentiation, SH-SY5Y cells were seeded at

1� 106 cells/cm2 in 100-mm diameter culture dishes in D-MEM/F12

medium containing 10% FBS. When cells were 40–50% confluent,

differentiation was initiated by addition of 10mM all trans-retinoic

acid (RA; Sigma). The cells were kept under these conditions for

5 days, changing the medium every 2 days. GSK3b inhibitors,

such as 10 mM LiCl or 30mM SB415286, were pretreated 1 h

before RA treatment, and were maintained during RA-mediated

differentiation.

CLONING AND DNA SEQUENCING

To construct the pEGFP-GSKIP plasmid from the yeast two-hybrid

working assay, DNA fragments encoding GSKIP were amplified by

PCR using Taq polymerase (TaKaRa). The PCR fragments were then

inserted into the BamHI and XhoI sites of the pEGFP (Clontech)

vector. Site-directed mutagenesis experiments to create the GSKIP

L130P mutants (leucine 130 to proline) were carried out according to

the manufacturer’s protocol (Stratagene). The nucleotide sequencing
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was performed with an ABI PRISMTM 3730 Genetic Analyzer

(Perkin-Elmer).

ANTIBODY PRODUCTION

The full length of GSKIP was used to raise antibodies. To generate

antibody against human GSKIP, His-tagged fusion proteins were

constructed using the PET bacterial expression system (Novagene).

Protein expression was carried out in the Escherichia coli strain

BL21 (DE3) using Luria broth (10 g Bacto tryptone, 5 g yeast extract,

and 5 g NaCl/L). Recombinant proteins were expressed for 3 h

with 1 mM isopropyl-b-D-thiogalactoside (IPTG) and purified on

nickel columns under denaturing conditions, as described by the

manufacturer (Novagene). For immunization, purified proteins

(250 mg of the His-tagged GSKIP fusion proteins) were injected into

New Zealand white rabbits. Immune sera were obtained on days 90

and 120.

TRANSFECTION AND RNA INTERFERENCE

For transient transfection studies, SH-SY5Y cells were seeded onto

glass coverslips at a density of 1� 105 cells per 12-well plate. One

microgram of pEGFP vector alone, pEGFP-GSKIP or pEGFP-GSKIP

mutants (L130P) DNA was transfected into SH-SY5Y cells, using

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s

instructions. After 24 h transfection, the cells were cultured in fresh

medium and then processed as described below for the different

assays. In RNA interference, b-catenin siRNA and scrambled siRNA

duplex were purchased from Invitrogen. The siRNA transfection

protocol suggested by the manufacturer was optimized as follows:

1� 105 or 1� 106 cells were plated onto 12-well plates or 100 mm

dishes and left to grow overnight, respectively. The following day,

cells were transfected with the siRNA duplex (final concentration

50 nM) using Lipofectamine 2000. After 24 h transfection, the cells

were induced by addition of 10mM all trans-RA for 5 days. In all

cases, the cells were doubly transfected with siRNA duplex after 72 h

transfection during RA treatment.

IMMUNOFLUORESCENCE AND MICROSCOPY

For immunofluorescent labeling, cell cultures were rinsed several

times with PBS and fixed in 4% paraformaldehyde for 5 min,

permeabilized with 0.5% Triton X-100 in PBS for 5 min. Fixed cells

were rinsed in PBS, and nonspecific binding was blocked with 5%

normal goat serum (NGS)/1% bovine serum albumin (BSA) in

PBS, pH 7.4, for at least 30 min at 378C. All subsequent antibody

incubations were carried out in the same blocking solution. After a

brief wash, the cells were incubated for 45 min at 378C with the

primary antibodies. Primary antibodies were anti-NF-200 mono-

clonal antibodies (1:500 dilution, Sigma), anti-b-catenin polyclonal

antibodies (1:100 dilution, Santa Cruz), or anti-cyclin D1 polyclonal

antibodies (1:250 dilution, Abcam). After extensive washes with

PBS, the cultures were then incubated with the appropriate

secondary antibody conjugated to either Alexa 488 or Alexa 568

(1:500 dilution, Molecular Probes, USA) for 45 min at 378C. Finally,

the cells were incubated for 5 min with 4’-6-diamidino-2-

phenylindole (DAPI; 1mg/ml, Roche) prior to mounting (Molecular

Probes). Confocal images were obtained using an Olympus IX71

microscope (100� UPlanFl objective 1.3 NA) at 0.2mm z-steps,
JOURNAL OF CELLULAR BIOCHEMISTRY



controlled by FLUOVIEW software (Universal Imaging). All

images were imported into Adobe Photoshop v7.0 for contrast

manipulation.

WESTERN BLOTTING

Cellular lysate was prepared using RIPA buffer. The protein content

was determined by a Bio-Rad Protein Assay system. Nuclear extracts

were prepared using the Nuclear/Cytosol Fractionation kit (Biovi-

sion Research Products, Mountain View, CA) according to the

manufacturer’s instructions. Proteins were separated on 12% SDS–

PAGE and transferred onto PVDF membrane. Then the membrane

was incubated with primary antibodies: anti-GSKIP (our prepara-

tion), anti-phospho (Ser396)-Tau and anti-phospho (Thr205)-Tau

(Biosourse), anti-GSK-3 (recognize both GSK-3a and GSK-3b), anti-

phospho (Tyr216)-GSK-3b (BD), anti-phospho (Ser9)-GSK-3b (Cell

Signaling), anti-GFP, anti-b-catenin, anti-b-actin (Santa Cruz),

anti-N-cadherin (upstate), anti-E-cadherin (Zymed), or anti-cyclin

D1 (Abcam). The secondary antibodies used were goat anti-mouse or

anti-rabbit IgG conjugated to HRP (Zymed), and the ECL reagents

(Amersham) were used for immunodetection.

SEAP AND LUCIFERASE ACTIVITY ASSAY

The construction of pTcf4RE-luc and pIRES2-hyg-b-catenin (T41A,

S45A) was described previously [Hsu et al., 2006]. For luciferase

activity assay, SH-SY5Y cells were seeded onto glass coverslips at a

density of 1� 105 cells per 24-well plate. Cells were co-transfected

with 0.5mg of pEGFP vector alone, pEGFP-GSKIP, or pIRES2-hyg-

b-catenin (T41A, S45A) and 0.5mg of pTcf4RE-luc and 0.2mg of

pSEAP2-control (Clontech), using Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s instructions. Following transfec-

tion, the cells were washed and incubated with or without 10mM all

trans-RA treatment. After 48 h, 25ml of the supernatant was

collected for secreted alkaline phosphatase (SEAP) activity analysis.

The supernatant was mixed with an equal volume of reaction buffer

and chemiluminescent substrate (Tropix) and measured by

TopCount NXTTM (Perkin-Elmer) in chemiluminescent mode. The

remaining cells for luciferase activity assay were determined using a

dual-luciferase reporter assay kit (Promega) following manufac-

turer’s instructions and measured by TopCount NXTTM (Perkin-

Elmer) in luciferase mode.

IMMUNOPRECIPITATION

SH-SY5Y cells (1� 106) transfected with pEGFP vector alone or

pEGFP-GSKIP were treated with or without RA for 5 days. Then cells

were harvested and washed with phosphate-buffered saline. The

lysate was prepared by adding 1 ml of immunoprecipitation assay

buffer (50 mM Tris–HCl, pH 7.8, 150 mM NaCl, 5 mM EDTA, 0.5%

Triton X-100, 0.5% Nonidet P-40, 0.1% deoxycholate, and 10mg/ml

each of leupeptin, aprotinin, and 4-(2-aminoethyl)benzenesulfonyl

fluoride) to the cells. Then the lysate was centrifuged using a

microcentrifuge at 10,000g for 20 min. The supernatant was added

to anti-N-cadherin antibody (Upstate) at 48C for 1 h. Protein-A/G-

agarose beads (30ml) (Calbiochem) were added to the lysate, and the

mixture was incubated with shaking for 1 h at 48C. The beads were

finally collected by centrifugation and washed three times with

immunoprecipitation assay buffer. Proteins binding to the beads
JOURNAL OF CELLULAR BIOCHEMISTRY
were eluted by adding 20ml of 2� electrophoresis sample buffer and

separated by SDS–polyacrylamide gel electrophoresis. Immuno-

blotting was analyzed by using anti-b-catenin antibody (Santa

Cruz).

CELL GROWTH CURVE AND MTT ASSAY

For growth curve, cells were seeded on 50 mm culture dish at

2� 104 cells. At the indicated time, the viability and total cell

number were counted. For MTT assay, cells were seeded onto

96-well plates at 2� 104cells/well in D-MEM/F12 medium, and

cells were incubated for 24 h. MTT was added (final concentration

0.5mg/ml per well) and incubated for 4 h (378C at 5% carbon

dioxide), and the reaction stopped by adding DMSO, and the

formazan dye solubilized. Optical density was read at 595 nm using

a microplate reader.

STATISTICAL ANALYSIS

Data are expressed as mean� standard derivation. Statistical

significance was tested using Student’s t-test, and statistical

significance was achieved when the P-value was <0.05.

RESULTS

EXPRESSION OF GSKIP CONFERS RESISTANCE TO

RA-MEDIATED DIFFERENTIATION

To gain insight into the involvement of GSK3b and GSKIP in neuron

differentiation, we used human neuroblastoma SH-SY5Y cells as a

model of neuronal cell differentiation. In the absence of RA, native

SH-SY5Y cells had triangular phase-bright bodies with short

neurites. Our previous study had shown that GSKIP interacts with

GSK3b and acts as an inhibitor, but not GSKIP (L130P) mutant

[Chou et al., 2006]. Therefore, we used GSKIP (L130P) mutant as a

control. Expression of the wild-type GFP-GSKIP and GFP-GSKIP

(L130P) mutant did not cause any change in their shape

(Fig. 1A, left). After 5 days of RA treatment, neurite extension

was 2–4 times the length of the cell body in native and GFP-GSKIP

(L130P) mutant cells, but not in GFP-GSKIP-transfected cells

(Fig. 1A, right). Neurofilament heavy chain (NfH) is a neuron-

specific protein for the neuro-axonal compartment. Differentiation

of the neuronal cells was further confirmed by immunostaining with

an anti-neurofilament heavy chain antibody (NF-200) as a neuronal

differentiation marker. Immunostaining using anti-NF-200 anti-

body showed enhancement of immunoreactivity in native and GFP-

GSKIP mutant (L130P) transfected cells after RA treatment. The

result was similar to using another differentiation marker, anti-

GAP43 antibody (data not shown). Conversely, the immunoreac-

tivity was not enhanced after RA treatment of GFP-GSKIP-

transfected cells, indicating that neuronal differentiation was

blocked (Fig. 1B). To further determine that GSKIP blocks neuronal

differentiation by inhibiting GSK3b activity, SH-SY5Y cells were

treated with LiCl or SB415286, an inhibitor of GSK3. In the presence

of LiCl or SB415286, neurite extension was inhibited in RA-

mediated differentiation cells (Fig. 1C). A similar result was shown in

the immunostaining images (Fig. 1D). The effect of GSK3 inhibitors

on neurite outgrowth in SH-SY5Y cells was summarized in Table I.

These data collectively suggest that the activity of GSK3 is required
GSKIP MEDIATES THE N-CADHERIN/b-CATENIN POOL 1327



Fig. 1. Inhibition of GSK3b activity prevents SH-SY5Y cell differentiation in response to retinoic acid (RA) treatment. A: Phase-contrast image of each cell line before (left)

and after (right) RA treatment. RA (10mM) treatment induced elongation of neurites in native and GSKIP (L130P) mutant-transfected cells. GSKIP-transfected cells still

remained triangular phase-bright bodies with short neurites and failed to develop elongated neurites even after 5 days of RA treatment. An immunoblot using anti-GSKIP

antibody to detect GFP-GSKIP and GFP-GSKIP (L130P) mutant proteins in the extracts is shown in the bottom panel. B: The immunoreactivity of NF-200 was enhanced after RA

treatment in native and GSKIP (L130P) mutant cells (upper and bottom panels), and remained unchanged in GSKIP cells (middle panels). Quantification of anti-NF-200-positive

cells corresponding to the experiments is illustrated in immunofluorescence micrographs (left). C: Phase-contrast image of each cell treated with GSK3b inhibitors such as LiCl

or SB415286 blocked RA-mediated neurite outgrowth in SH-SY5Y cells. D: The immunoreactivity of NF-200 remained unchanged in SH-SY5Y cells treated with LiCl or

SB415286. Quantification of anti-NF-200-positive cells corresponding to the experiments is illustrated in immunofluorescence micrographs (left). Data are from three

independent experiments and at least 300 cells are counted. Error bars represent SD. Stars indicate transfected cells. Arrows indicate elongated neurites. Scale bars represent

10mm. The statistical test used was Student’s t-test. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
for neurite outgrowth. Although we cannot exclude involvement of

GSK3a in neuritogenesis, GSKIP might play a role in regulation of

GSK3b during RA-mediated differentiation in SH-SY5Y cells.

GSKIP AFFECTS GSK3b ACTIVITY ON PHOSPHORYLATING A

SPECIFIC SITE OF TAU DURING RA TREATMENT OF SH-SY5Y CELLS

To further investigate how GSKIP affects GSK3b and neurite

outgrowth during RA treatment of SH-SY5Y cells, the activity of

GSK3b was examined. It is well known that GSK3b is regulated by
1328 GSKIP MEDIATES THE N-CADHERIN/b-CATENIN POOL
phosphorylation or protein–protein interactions. Our data showed

that the amount of total GSK, GSK3b Y216 (the active form), and

GSK3b Ser9 (the inactive form) showed no difference between

GFP alone and GFP-GSKIP-transfected cells during RA treatment

of SH-SY5Y cells (Fig. 2A), suggesting that GSK3b activity was

not regulated through post-translational modulation by RA signal-

ing. Indeed, tau is a major substrate of GSK3b and is hyperpho-

sphorylated in the axon during neurite outgrowth. Therefore, we

next examined how GSK3b mediated tau phosphorylation. As
JOURNAL OF CELLULAR BIOCHEMISTRY



TABLE I. Summary of anti-NF-200-positive SH-SY5Y, cells in

different treatments

Neurite outgrowth (%)

Control 28.4
ControlþRA 74.4
GSK inhibitors

LiCl 25.3
LiClþRA 26.5
SB41 20.0
SB41þRA 27.5

Nature occurred GSK inhibitor
GSKIP 16.8
GSKIPþRA 17.6

Mutant GSKIP
L130P 23.6
L130PþRA 72.3
shown in Figure 2B, the phosphorylated form (Ser396) of tau

significantly increased in the presence of RA treatment (Fig. 2B,

top panel, lane 2 compared to lane 1). Expression of the GSKIP-

phosphorylated form (Ser396) of tau significantly decreased in the

absence or presence of RA treatment, but not in GFP-alone cells

(Fig. 2B, top panel, lane 3 compared to lane 1; lane 4 compared to

lane 2). The data also showed that GSKIP had no influence on the

phosphorylation of tau Thr205, the specific site phosphorylated by

Cdk5 (Fig. 2B, middle panel). Altogether, these data indicate that

GSK3b activity was not regulated by RA signaling and over-

expression of GSKIP inhibited GSK3b activity, reducing the specific

phosphorylated site (Ser396) of tau by GSK3b.
Fig. 2. GSKIP affects GSK3b activity phosphorylating a specific site of tau

during RA treatment of SH-SY5Y cells. A: GSK3b activity was not regulated

through post-translational modulation by RA. SH-SY5Y cells were transfected

with GFP alone or GFP-GSKIP for 24 h, then incubated in the presence or

absence of RA for 5 days. After 5 days treatment, cells were collected and total

lysates were immunoblotted with the antibodies indicated in the left panel.

Arrows indicate GFP-fusion proteins. Actin was used as a loading control.

B: GSKIP affects GSK3b phosphorylation of a specific site of tau. The

transfected cells were collected after 5 days of RA treatment, and total lysates

were immunoblotted with the antibodies indicated in the left panel. The

relative intensity of tau (Ser396) was quantified with a densitometer and

normalized to the amount of total tau. Data are from three independent

experiments. Error bars represent SD. The statistical test used was Student’s

t-test. Asterisks indicate P< 0.05. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
OVEREXPRESSION OF GSKIP INCREASES CYTOPLASMIC b-CATENIN

AND PROMOTES THE TRANSLOCATION OF b-CATENIN INTO

THE NUCLEUS

Chou et al. [2006] have indicated that GSKIP may also participate in

the GSK3b–Axin–b-catenin complex as part of the Wnt signaling

pathway. To elucidate whether GSKIP also affects the expression of

b-catenin in neuronal differentiation, we investigated the protein

level of b-catenin during RA-mediated differentiation in SH-SY5Y

cells. When GSKIP was overexpressed in SH-SY5Y cells, the total

level of b-catenin increased two times compared with control cells

(Fig. 3A, lane 3 compared to lane 1). A similar result was also shown

in the immunostaining images (Fig. 3B, bottom panel compared to

top panel). However, it should also be noted that the amount of

b-catenin was increased in control cells with RA treatment

(Fig. 3A, lane 2 compared to lane 1) and it robustly increased

almost four times in GSKIP overexpressed cells upon RA treatment

(Fig. 3A, lane 4 compared to lane 1). Because the transcriptional

activity of b-catenin requires its nuclear translocation [Yuan et al.,

2005], we therefore examined b-catenin levels in cytosolic and

nuclear fractions. To our surprise, the increase of b-catenin induced

by RA did not translocate to the nucleus in control cells (Fig. 3C, top

panel, lane 2 compared to lane 1). Alternatively, b-catenin increased

significantly about 52% and 74% in the nuclear fractions of GSKIP-

expressing cells regardless of RA treatment (Fig. 3C, top panel, lanes

4 and 3 compared to lane 1, respectively). Further, b-catenin

modestly increased in the cytosolic fractions in control cells with RA

treatment (Fig. 3D, top panel, lane 2 compared to lane 1), but there
JOURNAL OF CELLULAR BIOCHEMISTRY
were no significant differences between GSKIP-expressing cells

(Fig. 3D, top panel, lane 4 compared to lane 3). Moreover, our data

showed that GFP-GSKIP-transfected cells could affect the tran-

scriptional activity of b-catenin using a TCF/Lef luciferase reporter

in the absence or presence of RA treatment, but the GFP-alone-

transfected cells did not exhibit a significant difference (Fig. 3E).

A typical b-catenin double mutant T41A/S45A, which stabilizes

b-catenin, exhibited significantly higher activity as expected

(Fig. 3E). These data indicate that overexpression of GSKIP stabilizes

cytoplasmic b-catenin via inhibiting GSK3b activity and leads to an
GSKIP MEDIATES THE N-CADHERIN/b-CATENIN POOL 1329



Fig. 3. GSKIP increases cytoplasmic b-catenin and promotes the translocation of b-catenin into the nucleus. A: Overexpression of GSKIP increases the amount of b-catenin in

the absence or presence of RA treatment. The transfected cells were collected after 5 days RA treatment and total lysates were immunoblotted with anti-b-catenin antibodies.

Actin was used as a loading control. The relative intensity of b-catenin was quantified with a densitometer and normalized to the amount of actin (bottom panel). B: The

transfected cells were fixed and immunostained with anti-b-catenin antibody. Overexpression of GSKIP enhances the nuclear translocation of b-catenin. Immunoblotting of

nuclear extracts (C) or cytosolic extracts (D) using anti-b-catenin antibody before and after 10mM RA treatment. Purification of nuclear extracts and cytosolic extracts was

verified using anti-lamin A and anti-GAPDH antibody, respectively. The relative intensity of b-catenin was quantified with a densitometer. E: The luciferase activities assay

using pTcf4RE-luc was utilized to study the b-catenin TCF/LEF transcriptional activity and was normalized by the SEAP activity of pSEAP2-control and presented as a bar graph.

Data are from three independent experiments. Error bars represent SD. Stars indicate transfected cells. Scale bars represent 10mm. The statistical test used was Student’s t-test.
�P< 0.05 and ��P< 0.01. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 4. GSKIP promotes cell-cycle progression by inducing cyclin D1 expres-

sion. A: Cyclin D1 was elevated significantly in cells expressing GSKIP even

after RA treatment. The transfected cells were collected after 5 days RA

treatment and total lysates were immunoblotted with anti-cyclin D1 anti-

bodies. Actin was used as a loading control. The relative intensity of b-catenin

was quantified with a densitometer and normalized to the amount of actin. B:

SH-SY5Y cells were transfected with GFP alone or GFP-GSKIP without RA

treatment (left) or with 5 days of RA treatment (right), respectively. Then cells

were fixed and immunostained with anti-cyclin D1 antibody. C: Quantification

of anti-cyclin-D1-positive cells corresponding to the experiments is illustrated

in immunofluorescence micrographs (B). D: The transfected cells with or

without RA treatment were collected at the indicated time points for cell

number analysis. E: The transfected cells with or without RA treatment for 24 h

were collected and MTT assay was performed. Data are from three independent

experiments. Error bars represent SD. Stars indicate transfected cells. Arrows

indicate elongated neurites. Scale bars represent 10mm. The statistical test

used was Student’s t-test. �P< 0.05 and ��P< 0.01. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]
increase in the amount of available free b-catenin translocation into

nucleus.

GSKIP PROMOTES CELL-CYCLE PROGRESSION BY INDUCING

CYCLIN D1 EXPRESSION

The nuclear translocation of b-catenin interacts with transcription

factors of the LEF/TCF family to induce changes in cell-cycle gene

expressions, such as cyclin D1 [Behrens et al., 1996]. Next we

examined whether the downstream target gene of cyclin D1 could

be turned on. Compared with control cells, the level of cyclin D1 was

elevated significantly in cells expressing GSKIP even after RA

treatment (Fig. 4A, lanes 3 and 4 compared to lane 1). Moreover,

our data also showed that overexpression of GSKIP resulted in

increasing accumulation of cyclin D1 in nucleus (Fig. 4B,C). A

previous study showed that the nuclear localization of cyclin D1 is

sufficient to induce differentiated neuroblastoma cells to reenter the

cell cycle [Sumrejkanchanakij et al., 2006]. To further test whether

GSKIP promotes cell-cycle progression during RA-mediated

differentiation in SH-SY5Y cells, cell proliferation with cell growth

and MTT assay were analyzed. Despite RA treatment, overexpression

of GSKIP resulted in at least a 1–2 times increase in the total cell

number compared with control cells (Fig. 4D). Cell number also

increased at least 30% in GSKIP-expressing cells as shown by MTT

assay (Fig. 4E). These data suggest that GSKIP expression elevates

cyclin D1 accumulation and promotes cell-cycle progression during

RA-mediated differentiation in SH-SY5Y cells.

GSKIP DOWNREGULATES N-CADHERIN EXPRESSION AND

REDUCES RECRUITMENT OF CYTOPLASMIC b-CATENIN

It has been shown that exogenous expression of cadherins can

recruit cytoplasmic b-catenin to the membrane pool [Sadot et al.,

1998]. Previous studies have also reported that N-cadherin is

essential for neurite outgrowth and is upregulated by RA treatment

of neuronal differentiation P19 cells [Bixby and Zhang, 1990]. We

next questioned whether the increased b-catenin induced by RA is

recruited to the membrane pool with cadherin and whether GSKIP

regulates the expression of N-cadherin resulting in inhibition of

neurite outgrowth. As shown in Figure 5A, RA triggers the neuronal

differentiation of SH-SY5Y cells by upregulating N-cadherin

expression (Fig. 5A, lane 2 compared to lane 1; lane 4 compared

to lane 3), but E-cadherin had no significant differences in each

group (Fig. 5A, middle lane). To our surprise, overexpression of

GSKIP downregulated N-cadherin expression in the absence of RA

treatment (Fig. 5A, lane 3 compared to lane 1), but slightly increased

back to a normal level with RA treatment (Fig. 5A, lane 4 compared

to lanes 3 and 1, respectively). To further elucidate whether decrease

in N-cadherin reduces the recruitment of cytoplasmic b-catenin,

co-immunoprecipitation with N-cadherin and b-catenin was

performed. As expected, the cytoplasmic b-catenin associated with

N-cadherin increases upon RA treatment (Fig. 5B, lower panel

compared to upper panel) but is decreasingly associated with

N-cadherin in GSKIP-expressing cells (Fig. 5B, left panel compared

to right panel). These data suggest that the increasing of N-cadherin-

bound b-catenin pool was required for neuronal differentiation and

GSKIP downregulates N-cadherin expression, resulting in a decrease

in the recruitment of cytoplasmic b-catenin during RA treatment.
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Fig. 5. GSKIP downregulates N-cadherin expression and reduces recruitment

of cytoplasmic b-catenin. A: Overexpression of GSKIP downregulates

N-cadherin expression with the RA treatment of SH-SY5Y cells. Cells were

transfected with GFP alone or GFP-GSKIP for 24 h, then were collected after

5 days RA treatment and total lysates were immunoblotted with anti-

N-cadherin and anti-E-cadherin antibodies. Actin was used as a loading

control. The relative intensity of N-cadherin was quantified with a densit-

ometer and normalized to the amount of actin. B: Overexpression of GSKIP

reduces the formation of N-cadherin and b-catenin complex. The transfected

cells were collected after 5 days RA treatment and total lysates were subjected

to immunoprecipitation (IP) using anti-N-cadherin antibody and/or irrelevant

IgG antibody. The resulting precipitates were then analyzed by Western

blotting with the anti-b-catenin antibody. Data are from three independent

experiments. Error bars represent SD. Arrowheads indicate b-catenin. Scale

bars represent 10mm. The statistical test used was Student’s t-test. Asterisks

indicate P< 0.05. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Fig. 6. b-Catenin is required for RA-mediated neuronal differentiation in

SH-SY5Y cells. A: Western blot analysis of total extracts from SH-SY5Y cells

treated for 72 h with a b-catenin-specific siRNA or a control siRNA. Actin was

used as a loading control. B: The immunoreactivity of NF-200 remained

unchanged in b-catenin-depleted SH-SY5Y cells. After 24 h b-catenin-

specific siRNA or control siRNA transfection, 10mM of trans-retinoic acid

was added to the cells for 5 days. In all cases, the cells were doubly transfected

with siRNA duplex after 72 h transfection during RA-mediated differentiation.

Quantification of anti-NF-200-positive cells corresponding to the experi-

ments is illustrated in immunofluorescence micrographs (top). Data are from

three independent experiments and at least 300 cells are counted. Error bars

represent SD. Arrows indicate elongated neurites. Scale bars represent 10mm.

The statistical test used was Student’s t-test. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
b-CATENIN IS REQUIRED FOR RA-MEDIATED NEURONAL

DIFFERENTIATION IN SH-SY5Y CELLS

To further explore the effect of the b-catenin in RA-mediated

differentiation, siRNA was transfected into the SH-SY5Y cells to
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inhibit the expression of b-catenin. As expected, the intensity of the

b-catenin signal was remarkably reduced after treatment with

siRNA–b-catenin, strongly suggesting that the siRNA treatment

successfully suppressed b-catenin expression (Fig. 6A). After RA

treatment, the differentiation of the neuronal cells was confirmed

by using immunostaining with a neuronal differentiation marker NF-

200. As shown in Figure 6B, neurite extension was blocked in

b-catenin-depleted cells, but not in nonspecific siRNA cells after

5 days of RA treatment (data not shown). These results indicate thatb-

catenin plays an important role during RA-mediated neuronal

differentiation in SH-SY5Y cells.
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DISCUSSION

GSKIP NEGATIVELY REGULATES GSK3b ACTIVITY IN

RA-MEDIATED NEURITE OUTGROWTH

Overexpression of GSKIP inhibits the activity of GSK3b to prevent

neurite outgrowth in RA-mediated differentiation, indicating that

GSK3b activity is important for neurite outgrowth. These observa-

tions are consistent with previous reports using different model

systems [Takehashi et al., 1999; Kishida et al., 2004; Shi et al., 2004;

Goold and Gordon-Weeks, 2005; Kim et al., 2006]. Conversely,

treatment of DRG neurons and Neuro-2a neuroblastoma cells with a

GSK3b inhibitor like lithium or SB415286 has been reported to

induce neurite outgrowth [Zhou et al., 2004]. Munoz-Montano et al.

[1999] also demonstrated that high levels of Liþ inhibit neurite

outgrowth in cerebellar granule cells, but lower levels (1–5 mM)

promote it. The apparent discrepancy is explained by the need for an

optimal level of GSK3b activity for neurite outgrowth, and the

participation of other kinases such as ERK1/2, CDK5, PKA, and PI3K

in different cell types during RA-mediated neuronal differentiation

may be related [Lopez-Carballo et al., 2002; Canon et al., 2004].

GSK3b regulation mechanisms are not fully understood yet, and it is

believed that it is regulated in multiple ways, including phosphor-

ylation and protein–protein interactions with GSK3-binding

proteins [Jope and Johnson, 2004]. In our case, GSK3b activity

showed no changes with RA treatment of SH-SY5Y cells, suggesting

that the activity of GSK3b is not regulated by RA signaling.

Moreover, our data showed that GSKIP affects GSK3b activity to

phosphorylate a specific site (Ser396) of tau in the absence or

presence of RA treatment but has no effect on GSK3b Y216 (active

form) and GSK3b Ser9 (inactive form) immunoreactivity. In our

previous study, an interaction between GSKIP and GSK3b had

been demonstrated by co-immunoprecipitation from HEK293 cell

lysates co-expressing HA-tagged GSKIP and FLAG-tagged GSK3b

[Chou et al., 2006]. Based on this evidence, we suggest that GSKIP

negatively regulates GSK3b activity through protein–protein

interactions. However, we have so far been unable to detect

endogenous GSKIP in anti-GSK3b immunoprecipitates (unpub-

lished data), suggesting that the interaction is transient and/or that

only a small amount of GSKIP interacts with GSK3b.

GSKIP PLAYS A ROLE IN REGULATING THE PHOSPHORYLATION OF

TAU DURING RA-MEDIATED DIFFERENTIATION IN SH-SY5Y CELLS

Tau plays a key role in regulating microtubule dynamics, axonal

transport, and neurite outgrowth, and all of these functions of tau

are modulated by site-specific phosphorylation [Johnson and

Stoothoff, 2004]. Although many kinases can phosphorylate tau

in vivo, emerging evidence suggests that GSK3b may play a major

role in regulating tau phosphorylation both in physiological and

pathological conditions [Cho and Johnson, 2004]. Lucas et al. [2001]

have demonstrated that GSK3b can phosphorylate tau on Ser199,

Thr231, Ser396, Ser400, Ser404, and Ser413 in vivo and in vitro.

Moreover, previous studies have shown that phosphorylation of tau

at the Ser396/Ser404 by GSK3b is increased in differentiated human

neuroblastoma SH-SY5Y cells [Haque et al., 2004]. This indicates

that the regulation of phosphorylated tau at the specific sites is

critical for neuron to maintain normal cytoskeletal architecture and
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functions. Here our data demonstrate that GSKIP inhibits GSK3b

activity to phosphorylate tau at the specific site (Ser396). However,

there are no significant differences among the other phosphoryla-

tion sites (Fig. 2B, middle panel and unpublished data). It is

possible that tau is phosphorylated by GSK3b, including both

primed (S/T)XXX(S/T)-p and unprimed (S/T)P motifs [Jope and

Johnson, 2004]. We suggest that GSKIP negatively regulates GSK3b

activity to phosphorylate tau at the specific unprimed sites in

differentiated SH-SY5Y cells. Indeed, the hyperphosphorylation of

unprimed GSK3b sites in tau, such as the PHF-1 site (Ser396), may

be pathological [Abraha et al., 2000]. It also suggests that GSKIP

may be a regulator of tau pathological phosphorylation by GSK3b in

Alzheimer’s disease.

GSKIP INDUCES THE ACCUMULATION OF b-CATENIN IN NUCLEAR

AND OVERCOMES THE EFFECT OF RA SIGNALING

As mentioned above, GSK3b also plays an essential role in the

canonical Wnt signal transduction pathway [Grimes and Jope,

2001]. Wnt signals have also been implicated in promoting self-

renewal during neural development. Overexpression of constitu-

tively active b-catenin in neural stem cells increases neurogenesis

primarily by decreasing cell-cycle exit of neural progenitors [Chenn

and Walsh, 2002], andb-catenin expression in the developing spinal

cord maintained neural progenitor cells in a proliferative state with

decreased neuronal differentiation [Zechner et al., 2003]. Moreover,

it has been suggested that stabilization of b-catenin results in

maintenance of pluripotency in human embryonic stem cells [Sato

et al., 2004] and inhibition of differentiation of murine ES cells

[Aubert et al., 2002]. Furthermore, high b-catenin/TCF activity is

able to drive cell proliferation during tumor formation by turning on

the cell-cycle regulator cyclin D1 [Shtutman et al., 1999]. At the

molecular level RA is known to inhibit G1–S progression and cyclin

D1 expression. It has also been demonstrated that RA promotes

ubiquitination and proteolysis of cyclin D1 during induced NT2/D1

cell differentiation [Spinella et al., 1999]. Moreover, NT2/D1 cells

overexpressing cyclin D1 before and after RA treatment fail to

exhibit a decline in cell proliferation, to differentiate, or G1 arrest. In

our study, one notable finding was that overexpression of GSKIP

markedly raises the levels of b-catenin in the nucleus resulting in an

increase of cyclin D1 to promote cell-cycle progression even in the

presence of RA treatment (Figs. 3 and 4). However, Diehl et al. [1998]

show that GSK3b phosphorylates cyclin D1 at threonine 286,

triggering rapid cyclin D1 turnover. Although we cannot defini-

tively rule out whether the increase of cyclin D1 occurs through the

activation of the b-catenin/TCF signaling pathway or the direct

inhibition of GSK3b phosphorylation of cyclin D1. Our data suggest

that GSKIP activates the b-catenin/TCF signaling pathway by

inhibiting GSK3b and indeed participates in the regulation of cell-

cycle progression during RA-mediated differentiation.

N-CADHERIN/b-CATENIN COMPLEX EXPRESSION AND

FUNCTION IS NECESSARY TO MEDIATE THE EFFECTS OF RA

ON SH-SY5Y CELLS

b-Catenin is present in two pools: a membrane pool required for

cell–cell adhesion, and a cytoplasmic/nuclear pool responsible for

b-catenin/TCF signaling. Membrane-bound b-catenin is associated
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with cadherin/adherens junctions and functions to bridge cadherin

to the cytoskeleton [Aberle et al., 1996]. In addition to being a key

component of the Wnt signal transduction pathway, the transmem-

brane cadherin/catenin complex is expressed at high levels in both

axons and dendrites from early neuronal development [Benson and

Tanaka, 1998]. Several studies have shown that translocation of

cytoplasmic b-catenin to the membrane can reduce b-catenin/TCF

signaling [Gottardi et al., 2001; Stockinger et al., 2001]. In this

study, our data show that b-catenin modestly increases after RA

treatment in SH-SY5Y cells (Fig. 3A), but it has no effect on the

regulation of cyclin D1 expression (Fig. 4A,B). It is possible that RA

treatment increases b-catenin protein stability and enhances the

affinity for adherins junctions in SH-SY5Y cells. N-cadherin as a cell

adhesion molecule has been considered to play important roles in

the development of the central nervous system (CNS) [Takeichi,

1995]. Further, cadherin inhibition of b-catenin signaling regulates

the proliferation and differentiation of neural precursor cells [Noles

and Chenn, 2007]. In the present study, we show that RA triggers

neuronal differentiation of SH-SY5Y cells by upregulating

N-cadherin expression and results in increasing the association

of b-catenin with N-cadherin (Fig. 5). These observations are

consistent with previous reports using different model systems

[Shah et al., 2002]. Shah et al. also demonstrate that RA mediates the

activation of the RAR/RXR pathway that directly or, more likely,

indirectly regulates cadherin expression. However, overexpression
Fig. 7. A model of the functional interplay of GSK3b/b-catenin, N-cadherin/b-cateni

the presence of RA signaling, RA and its receptors (RAR/RXR) form a complex to transloc

cadherin. The increased cadherin translocates to membrane and also recruits and stab

translocating to the nucleus, which interacts with transcription factors of the LEF/TCF f

(Ser396) is hyperphosphorylated by GSK3b. Cell proliferation terminates and differentia

b-catenin and tau (Ser396) in RA-mediated SH-SY5Y neuronal differentiation. GSKIP als

although how GSKIP disturbs the RA signaling to downregulate cadherin expression is sti

TCF, promoting changes in the transcriptional machinery that lead to activation of se

progression and prevents cell-cycle exiting. As a consequence, cell proliferation restar
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of GSKIP downregulates N-cadherin expression regardless of RA

treatment and this event reduces the ability to recruit cytoplasmic

b-catenin (Fig. 5). It is not clear how GSKIP regulates N-cadherin

expression in SH-SY5Y cells, but our data suggest that GSKIP

increases the amount of b-catenin and downregulates N-cadherin

expression resulting in promoting the translocation of b-catenin to

the nucleus (Figs. 3 and 5). It strongly indicates that GSKIP reduces

the expression of N-cadherin and this may be one of the factors that

block neurite outgrowth during RA-mediated differentiation in

SH-SY5Y cells.

THE FUNCTIONAL INTERPLAY OF GSK3b/b-CATENIN,

b-CATENIN/CYCLIN D1, AND THE N-CADHERIN/b-CATENIN POOL

DURING RA SIGNALING

Zechner et al. [2003] showed that Wnt signals, which are mediated

by b-catenin and its downstream interaction partners, control

proliferation and the balance between progenitor expansion and

differentiation. We have demonstrated that when GSKIP affects

b-catenin signals, SH-SY5Y cells exit the cell cycle less frequently,

and instead continue to proliferate in RA treatment (Figs. 3 and 4).

Moreover, by interfering with b-catenin signaling using siRNA, we

observe that differentiation of SH-SY5Y cells was abolished but

there was no effect on the cell survival (Fig. 6 and data not shown). It

seems likely that b-catenin is not fully knocked down by siRNA and

maintains the basal level for cell function. But the availability of
n, and b-catenin/cyclin D1 during RA-mediated SH-SY5Y neuronal differentiation. In

ate to nucleus, and bind to RARE (RA response element) to initiate the transcription of

ilizes cytoplasmic b-catenin. This recruitment prevents cytoplasmic b-catenin from

amily to induce changes in cell-cycle gene expression, such as cyclin D1. Besides, tau

tion initiates. Conversely, overexpression of GSKIP inhibits GSK3b phosphorylation of

o diminishes cadherin expression, which reduces recruitment of cytoplasmic b-catenin,

ll unclear. The elevation in free b-catenin translocates to the nucleus and binds to LEF/

veral target genes, such as cyclin D1. The increase in cyclin D1 promotes cell-cycle

ts and differentiation is blocked.
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b-catenin decreases and this event is sufficient to inhibit neurite

outgrowth by RA signaling. In addition, RA-mediated b-catenin

overexpression is involved in the cadherin/catenin cell adhesion

complex rather than carrying out transcriptional activity. Moreover,

downregulation of N-cadherin also reduces cytoplasmic b-catenin

recruitment (Fig. 5B). Altogether, our data suggest that GSKIP may

be involved in the regulation of N-cadherin and recruitment of

b-catenin, which is critical for neuron differentiation.

In summary, our results suggest the model depicted in Figure 7 for

RA-mediated differentiation of SH-SY5Y cells, showing that GSKIP

regulates the functional interplay of GSK3b/b-catenin, b-catenin/

cyclin D1, and N-cadherin/b-catenin pool during RA signaling. In

SH-SY5Y cells, RA treatment increases the expression of a cadherin

that mediates strong cell–cell adhesion and translocates b-catenin

to the membrane, thereby mediating the effects of RA on cell

morphology and differentiation. The decrease of b-catenin nucleus

translocation leads to reduced cyclin D1 expression. This event

evokes cell-cycle arrest and promotes cells to differentiate. On the

other hand, overexpression of GSKIP has two significant effects on

RA-mediated neuron differentiation. One is to inhibit GSK3b

activity, leading to decreased phosphorylation of tau (S396) and

protecting b-catenin from proteasome degradation. The other is to

downregulate N-cadherin expression resulting in reducing the

recruitment of b-catenin. Both effects elevate the amount of

b-catenin nucleus translocation and cyclin D1 accumulation.

Finally, GSKIP promotes cell-cycle progression and terminates cell

differentiation in the SH-SY5Y cell model. Altogether, our results

show that GSKIP is an important inhibitor of GSK3b and its effect on

b-catenin at a convergence point of both the RA and b-catenin/TCF

signaling pathways in SH-SY5Y cells. It would be interesting to

further investigate the specific contribution of GSKIP actions to

neuronal development.
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