











Regulation of GSK-3« by Its N-terminal Region

FIGURE 2. Deletion of the N-terminal region of GSK-3« results in nuclear localization. A, schematic presentation of GSK-3« constructs. B, COS-7 cells
transiently co-transfected with GSK-3a-GFP, AN-GSK-3a-GFP, or N’-GSK-3a-GFP constructs together with DiHcRed-histone plasmid. Live cells were imaged by
confocal microscopy. Fluorescence of DiHcRed, GFP, and the merged images is shown. C, cells transfected with AN-GSK-3a-GFP, nontagged AN-GSK-3«, and
N’-GSK-3a-GFP. Cells were separated into nuclear (N) and cytosolic (C) fractions as described under “Experimental Procedures.” Fractions were separated by gel
electrophoresis and immunoblotted with anti-GFP or anti-GSK-3« antibody (for AN-GSK-3«, lower panel) as indicated. NT, nontransfected; T, transfected. Scale
bars, 10 um. D, COS-7 cells transfected with GSK-3a-GFP and treated with 20 nm leptomycin B for 2 h. Live cells were imaged by confocal microscopy. GFP

fluorescence is shown.

4B), which might explain previous reports of nucleus-localized
GSK-3a in serum-starved cells (44). Interestingly, serum star-
vation or calcium treatment did not abolish the localization of
GSK-3a-GFP in the centrioles (supplemental Fig. S1D).

It has been suggested that calpain cleaves the N terminus
from GSK-3 (23). We thus speculated that N-terminal trunca-
tion of GSK-3« is the likely mechanism for calcium-induced
GSK-3a accumulation into the nucleus. However, we were
unable to detect GSK-3a-GFP fragmentation in calcium-
treated (Fig. 4E, first 3 lanes) or serum-starved cells (supple-
mental Fig. S2). This could be because the deletion from the N
terminus was small and, therefore, not detectable by Western
blot analysis. Alternatively, it is possible that GSK-3« fragments
are unstable and rapidly degraded. To address these two possi-
bilities, a GSK-3a construct was generated in which GFP was
fused to the N terminus (GFP-GSK-3a). Consistent with our
previous results, GFP-GSK-3a was observed in the cytoplasm
under basal conditions but was localized to the nucleus when
calcium was added to the medium (Fig. 4C). Cell fractionation
and immunoblot analysis using an anti-GFP antibody con-
firmed that full-length GSK-3a-GFP (and not a truncated form
as GFP signal remained) was translocated into the nucleus (Fig.
4D). No GSK-3a fragments were detected in immunoblot anal-
yses using either anti-GSK-3« or anti-GFP antibody (Fig. 4, D
and E, respectively); if this protein were cleaved, we would
expect to see an ~55-kDa band. In addition, we examined
whether endogenous or overexpressed GSK-3a were affected
by calcium or serum starvation in SH-SY5Y neuroblastoma
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cells. In these experiments, truncation of GSK-3a was not
detected (supplemental Fig. S2).

To address further the possibility that GSK-3« fragments are
unstable, cells were treated with the proteasome inhibitor
MG132 prior to the addition of calcium. No GSK-3a-GFP frag-
ments were detected under these conditions (Fig. 4F). Further-
more, AN-GSK-3a-GFP was not degraded after calcium treat-
ment, indicating that this fragment is stable (Fig. 4G). Thus,
truncation of GSK-3a does not appear to be the mechanism
responsible for its nuclear accumulation under these condi-
tions. Finally, we demonstrated that Ca®>" -dependent (endoge-
nous) GSK-3a accumulation in the nucleus was observed in
primary hippocampal neurons. Upon treatment with various
agents, including ionomycin, thapsigargin, and KCI, all known
to induce increased intracellular levels of Ca®*", GSK-3a was
accumulated in the nucleus in this physiologically relevant sys-
tem (Fig. 4H). A similar effect was observed in serum-starved
neurons (supplemental Fig. S3).

N terminus Is Required for Calpain-mediated GSK-3a Accu-
mulation in the Nucleus—We next examined possible mecha-
nisms that may be responsible for GSK-3a nuclear localization.
Because GSK-3a nuclear accumulation was not mediated by
proteolysis (Fig. 4), we considered the possibility that GSK-3«
binding with a calcium/calpain-dependent product governs it
nuclear accumulation. If this hypothesis is correct, it should be
possible to saturate these interactions by overexpressing either
GSK-3a or the N-terminal region (if this region is required for
such interactions). GSK-3a-GFP was co-expressed with GSK-
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FIGURE 3. N-terminal region of mammalian GSK-3« is highly conserved. A, multiple sequence alignment of the N-terminal regions of the GSK-3a family
(top) or mammalian GSK-3« (bottom) presented as sequence logos (41). B, sequence alignment of N-terminal regions of zebrafish GSK-3« and human GSK-3a.
C, COS-7 cells transiently co-transfected with zebrafish GSK-3a-GFP and DiHcRED-histone plasmids. Live cells were imaged by confocal microscopy as
described. Fluorescence of DiHCRED, GFP, and merged images are shown. Scale bar, 10 um.

3a, and in addition, GSK-3a-mCherry was co-expressed with
N’-GSK-3a-GFP. When cells were treated with calcium, the
GFP or mCherry signal was not detected in the nucleus, indi-
cating that nuclear accumulation of GSK-3a-GFP or GSK-3a-
mCherry was blocked by overexpression of GSK-3« or its
N-terminal domain, respectively (Fig. 54). On the other hand,
overexpression of AN-GSK-3a-GFP did not prevent calcium-
induced GSK-3a-mCherry accumulation in the nucleus (Fig.
5A). These results supported our hypothesis that calcium-in-
duced GSK-3a nuclear accumulation is mediated by GSK-3«
binding with a (as yet unknown) calpain-sensitive product and
that this binding is mediated by the N-terminal region. This
generated complex likely “masks ” the nuclear exclusion influ-
ence of the N-terminal region.

Phosphorylation of protein kinases is known to regulate their
cellular distribution and their import/export from the nucleus
(45-48). Phosphorylation of GSK-3« at serine 21, located
within its N-terminal region, inhibits its kinase activity via its
ability to function as a pseudosubstrate (49, 50). However,
treatment of cells with okadaic acid, which enhanced serine 21
phosphorylation, did not promote GSK-3a-GFP or endoge-
nous GSK-3a nuclear localization under basal conditions or
after treatment with calcium (Fig. 5B). Hence, the “closed ”
conformational imposed by autophosphorylation (at Ser-21)
does not contribute to GSK-3« nuclear localization. Similarly,
phosphorylation at tyrosine 279, which enhances its catalytic
activity (51), did not promote of GSK-3a-GFP or endogenous
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GSK-3a nuclear localization as judged by treating with sodium
orthovanadate, a “general ” tyrosine phosphatase (Fig. 5C).

The results with leptomycin B indicated that GSK-3a-GFP
can enter the nucleus (Fig. 2D). Still, we wanted to verify that
GSK-3a cytoplasmic retention was not governed by immobili-
zation (i.e. binding to cytoplasmic anchors). If this were the
mechanism, saturation with GSK-3a should compete with
binding in the cytoplasm, and the “free ” nonbound GSK-3«
should be localized in the nucleus. COS-7 cells were transfected
with increasing doses of GSK-3a-GFP plasmid. Overexpression
of GSK-3a-GFP did not influence its cytoplasmic localization
(Fig. 5D). Hence, we verified that GSK-3a-GFP cytoplasmic
retention is not governed by cytoplasm anchors. Certainly, this
does not refute the possibility that a certain fraction of GSK-
3a/GSK-3a-GFP is bound to cytoplasmic proteins.

GSK-3a Down-regulates Nuclear B-Catenin Levels and Its
Target Cyclin D1—Once in the nucleus, GSK-3« may activate
multiple nuclear events, including phosphorylation, transcrip-
tional activity, and protein export. B-Catenin is a key effector of
the Wnt signaling pathway (31, 32) and a known substrate of
GSK-3. Its phosphorylation by GSK-3 enhances its proteo-
somal degradation (33, 35, 52). We thus examined whether
nuclear GSK-3a regulates nuclear B-catenin. We first ex-
pressed AN-GSK-3a-GFP, which is localized in the nucleus
(Fig. 2), in COS-7 cells and evaluated B-catenin levels and its
phosphorylation status in the nucleus. Expression of AN-GSK-
3a-GFP significantly decreased nuclear B-catenin levels (Fig.
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FIGURE 5. The N-terminal region is required for calcium-induced GSK-3« nuclear accumulation. A, overexpression with GSK-3a or N’-GSK-3a-GFP
abolishes calcium-induced GSK-3a nuclear accumulation. COS-7 cells were co-transfected with GSK-3a-GFP and pMT2-GSK-3« constructs in a 1:2 DNA ratio,
respectively. Cells were treated with 2 mm calcium, and live cells were imaged by confocal microscopy 30 min after treatment. Fluorescence of GSK-3a-GFP is
shown (second panel from top). A control showing nuclear accumulation of GSK-3a-mCherry induced by calcium treatment is shown in the top panel. Similar
experiments were performed in COS-7 cells that were co-transfected with a combination of GSK-3a-mCherry with N'-GSK-3a-GFP or with AN-GSK-3a-GFP
(third and fourth panels from top, respectively). Merged GFP and mCherry fluorescence is shown. Scale bars, 10 um. B, COS-7 cells expressing GSK-3a-GFP were
treated with 100 nm okadaic acid (Oka) for 1 h or with 2 mm calcium added following okadaic acid treatment. Live cells were imaged by confocal microscopy
(right panel, upper row). Western blot analysis using anti-phosphoserine 21 GSK-3« antibody verified increased serine phosphorylation of GSK-3a-GFP in the
okadaic acid-treated cells (right panel, lower row). NT, nontransfected; T, transfected. GSK-3a-GFP and endogenous GSK-3« are indicated. C, images are similar
to B except that cells were treated with sodium orthovanadate (100 nm) for 1 h, and Western blot analysis used anti-phosphotyrosine 279 GSK-3 antibody to
verify the increase in tyrosine phosphorylation (bottom row). Van, orthovanadate. D, COS-7 cells were transfected with increasing doses of GSK-3a-GFP
plasmids together with DiHcRED. Live cells were imaged by confocal microscopy as described. Fluorescence of DiHCcRED and GFP and merged images are
shown. Overexpressed GSK-3a resided in the cytoplasm.

(Fig. 6B). In addition, overexpression of GSK-3a-GFP reduced
cyclin D1 levels in calcium-treated cells (Fig. 6B). Notably, there

6A). We showed that this reduction was in the “active ” non-
phosphorylated form of B-catenin using the ABC antibody (29)

(Fig. 6A). Reduction in 3-catenin was accompanied by a signif-
icant reduction in the expression levels if target cyclin D1 (53,
54) (Fig. 6A), indicating inhibition in B-catenin transcriptional
activity.

We then evaluated the effect of calcium and GSK-3a on
nuclear B-catenin. COS-7 cells were transfected with GSK-3a-
GFP and then treated with calcium for 1 h to allow nuclear
localization of GSK-3a-GFP. Reduction in nuclear B-catenin
levels and its nonphosphorylated form was observed in the
GSK-3a-GFP-expressing cells that were treated with calcium

was a small but a significant elevation in cyclin D1 levels after
calcium treatment (Fig. 6B). It is possible that elevation in cyclin
D1 resulted from calpain-mediated generation of N-terminal-
truncated active forms of B-catenin with potent transcriptional
activity (55). In the cytoplasm, overexpression of GSK-3a-GFP
did not reduce B-catenin levels in response to calcium, indicat-
ing that phosphorylation of B-catenin is likely initiated in the
nucleus (Fig. 6C). Similar results were obtained with nontagged
GSK-3« (data not shown). Finally, we showed that although
overexpression of GSK-3B-GFP reduced nuclear levels of

FIGURE 4. Calpain mediates GSK-3« nuclear accumulation. A, COS-7 cells co-transfected with GSK-3a-GFP and DiHcRED-histone plasmids were treated with
2 mm calcium or a combination of 2 mm calcium and 2 um ionomycin. Alternatively, cells were pretreated with 50 um calpeptin prior to calcium addition. Live
cells were imaged by confocal microscopy 30 min after treatment. Fluorescence of DiHCRED and GFP and merged images are shown. Scale bars, 10 um. B, COS-7
cells co-transfected with GSK-3a-GFP and DiHcRED-histone plasmids were serum-deprived (0.1% FCS) for 30 min. Live cells were imaged by confocal micros-
copy. Fluorescence of DiHCRED and GFP and merged images are shown. C,images are as in A except that GFP-GSK-3a construct was used and cells were treated
with 2 mm calcium. D, COS-7 cells transfected with GFP-GSK-3« were treated with 2 mm calcium for 30 min. Cells were separated into nuclear (N) and cytosolic
(O) fractions as described under “Experimental Procedures,” and proteins were separated by gel electrophoresis followed by immunoblot analysis using
anti-GFP antibody. The presence of GFP-GSK-3a protein in the nucleus indicates that full-length GSK-3a was translocated into the nucleus. No fragmentation
of GFP-GSK-a was detected. E, COS-7 cells transfected with GSK-3a-GFP or GFP-GSK-3a constructs were treated with 2 mm calcium for 1 h. Proteins were
subjected to gel electrophoresis followed by immunoblot analysis using anti-GSK-3« antibody as indicated. No GSK-3« fragmentation was detected. Endog-
enous GSK-3ais indicated. NT, nontransfected. F, COS-7 cells transfected with GSK-3a-GFP were pretreated with 30 um MG132 5 h prior to the addition of 2 mm
calcium. After 30 min, cells were lysed, and proteins were subjected to gel electrophoresis followed by immunoblot analysis using anti-GSK-3« antibody. No
accumulation of GSK-3« fragments was detected. Endogenous GSK-3« is indicated. G, image is the same as in E except that cells were transfected with
AN-GSK-3a-GFP. H, DIV21 hippocampal neurons were treated with 5 umionomycin for 30 min, with 2 um thapsigargin for 45 min, or with 90 mm KCI (3 min plus
30 min in conditioned medium) to induce an increase in intracellular Ca®™ levels. Cells were fixed and immunostained for GSK-3a as described under
“Experimental Procedures.” Maximum projections of confocal z-stacks are presented. Quantitation of GSK-3« fluorescence in the nucleus is shown in the right
panel and presents mean of three independent experiments *S.E. (error bars).
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FIGURE 6. Nuclear localization of GSK-3« destabilizes nuclear B-catenin. A, COS-7 cells were transfected with AN-GSK-3a-GFP plasmid. Cells were frac-
tionated into nuclear and cytosolic fractions, and nuclear proteins were separated by gel electrophoresis and immunoblotted with anti-B-catenin, ABC, and
anti-cyclin D1 antibodies. Densitometry analysis of respected bands is presented as -fold of calcium treated that was designated as 1. Shown is the mean of
three independent experiments =S.E. (error bars). *, p < 0.01. B, COS-7 cells were transfected with GSK-3a-GFP plasmid. Cells were treated with calcium (2 mm,
1 h). B-Catenin and cyclin D1 were analyzed as described in A. Densitometry analysis of respected bands is shown in the right panel and as described in A. *, p <
0.01. C, shown are cytoplasmic levels of B-catenin from experiments described in B. D, COS-7 cells were transfected with GSK-33-GFP plasmid. Cells were
fractionated into nuclear and cytosolic fractions, and nuclear proteins were separated by gel electrophoresis and immunoblotted with anti-B-catenin antibody
as described. Densitometry analysis of respected bands is shown in the right panel and as described. NT, nontransfected; ABC, anti-dephospho-Bcatenin.

B-catenin (as expected), treatment with calcium did not aug-
ment this effect (Fig. 6D). Taken together, our data showed that
GSK-3a has a specific role in regulating nuclear 3-catenin in
response to calcium.

DISCUSSION

In this work, we identified distinct molecular and cellular
characteristics of GSK-3 isozymes. We showed that, in contrast
to GSK-3B, which partitions between the cytoplasm and
nucleus in a steady state, GSK-3« is apparently excluded from
the nucleus. Yet, GSK-3a accumulated in the nucleus via acti-
vation of the calcium/calpain pathway or upon serum starva-
tion. We showed that the N-terminal domain of GSK-3«, which
differs substantially from that of GSK-3p, is responsible for
GSK-3a nuclear exclusion. Accumulation of GSK-3« in the
nucleus is mediated via GSK-3« binding with a calpain-sensi-
tive product via its N-terminal region. Finally, we showed that
nuclear localization of GSK-3« results in destabilization of
nuclear 3-catenin.

Analysis of the amino acid sequence of GSK-3« did not
reveal any known nuclear import or export sequences. More-
over, expression of the N-terminal region (1-63 amino acids)
alone did not result in any specific localization, suggesting that
this domain does not contain cellular targeting sequences.
GSK-3a-GFP did accumulate in the nucleus when cells were
treated with leptomycin B (Fig. 2), and competition with over-
expressed GSK-3a indicated that the protein is not anchored
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in the cytoplasm (Fig. 1 and Fig. 5, A and D). Our results favored
the interpretation that the N-terminal region is responsible for
the nuclear exclusion of GSK-3a.

How precisely GSK-3a accumulates in the nucleus in
response to calcium is not fully known at this point. The sim-
plest explanation is a direct calpain-mediated N-terminal trun-
cation of GSK-3a resulting in nuclear accumulation of GSK-3¢;
this is supported by our result that tagged and nontagged
AN-GSK-3a was nuclear (Fig. 2). However, further experi-
ments showed that this mechanism is unlikely. We did not
detect GSK-3a fragmentation after calcium treatment using
different GFP-tagged GSK-3a constructs or after treatment
with the proteasome inhibitor MG132 (Fig. 4F). The fact that
intact GFP-GSK-3« was found in the nucleus after calcium
treatment provided strong evidence that N-terminal truncation
is not involved (Fig. 4C, Fig. 4E). Our observation that calpain
does not induce cleavage of GSK-3a is consistent with previous
reports showing that GSK-3a (compared with GSK-3pB) is a
poor calpain substrate (23) and that GSK-3« truncation is not
detected in NMDA -treated neurons (56). We propose an alter-
native mechanism in which GSK-3« nuclear exclusion medi-
ated by its N-terminal is disturbed by calpain action. Following
calpain activation, GSK-3« binds with a calpain-sensitive pro-
tein or proteins enabling GSK-3a nuclear accumulation (Fig.
5A). This binding is mediated through the N-terminal region
(Fig. 5A) and presumably masks the nuclear exclusion influence
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of the N-terminal domain. Future studies will uncover the iden-
tity of the protein partner(s) that interact with GSK-3« follow-
ing calcium/calpain activation and whether complex formation
occurs in the cytoplasm or nucleus.

Previous work showed that nuclear localization of GSK-3/3
could be manipulated by alterations in cell cycle progression,
apoptosis, Wnt signaling, and nuclear export by FRAT (57— 61).
One study identified an arginine motif within the catalytic
domain of GSK-38 that functioned as a nuclear localization
signal (62). Interestingly, deletion of the N-terminal region of
GSK-3p reduced its accumulation in the nucleus (62). Hence, it
is most likely that the mechanisms regulating GSK-3a nuclear
accumulation differ from those that govern the nuclear local-
ization of GSK-3f reported in the previous study.

Our bioinformatics analyses indicated that the role of the
N-terminal region of GSK-3a has emerged in the course of
evolution and that the isoform has acquired specific functions
in mammals. We showed that features that specify cytoplasmic
retention of the protein are not present in zebrafish GSK-3q, a
protein that differs in its N-terminal amino acid composition
from mammalian GSK-3« proteins (43) (Fig. 3). Hence, a major
difference between GSK-3a and GSK-38 is the signaling-de-
pendent localization of GSK-3« in the nucleus. The role played
by the two isoforms once in the nucleus may be similar or dis-
tinct. In this work we show that GSK-3a regulates B-catenin
expression in the nucleus after calcium treatment of cells. Thus,
although GSK-3« and GSK-38 are functionally redundant in
regulating cytoplasmic B-catenin (20), their abilities to affect
B-catenin levels in the nucleus are significantly different.

The tightly regulated cellular distribution of GSK-3a may
provide a unique means of controlling the specificity, timing,
and strength of the calcium signal. In this respect, it is interest-
ing to note that a rise in calcium influx has been implicated in
synapse-to-nucleus communication regulating neuronal devel-
opment, plasticity, and survival (63, 64). This communication
has been shown to be mediated by nuclear import of cytosolic
proteins such as CREB, Jacob neuroprotein, NF-ATc, NF«B,
and Abelson interacting protein-1 (abi-1), which activate cer-
tain gene expression programs (65—70). Proteases, in particular
calpain, play important roles in these cellular activities (66, 71).
GSK-3a may thus link cytoplasmic calcium/calpain signaling
with nuclear events. The example demonstrated here linked
calcium signal with GSK-3a-mediated destabilization of the
nuclear pool of B-catenin, thus evoking inhibition of the Wnt
signaling pathway (Fig. 6). This suggested a new paradigm in
which calcium signaling is linked with the canonical Wnt/3-
catenin via GSK-3a. This hypothesis is further supported by
recent work that has revealed network connections in Wnt sig-
naling pathways (72). It is interesting to note that malactivation
of the calcium/calpain signal has been implicated in patholog-
ical conditions associated with cell damage, cell death, and neu-
rological disorders, including Alzheimer disease (25-27, 73). It
is tempting to speculate that abnormal accumulation of
GSK-3« in the nucleus mediates, at least in part, these patho-
logical disorders through inhibition of expression of nuclear
B-catenin, as demonstrate with our nuclear-localized construct
AN-GSK-3a (Fig. 6A). In summary, we provide novel insights
into the role of the N-terminal region of GSK-3. We further
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uncovered a novel link between calcium/calpain signaling and
GSK-3a-mediated inhibition of the canonical Wnt/B-catenin
pathway.
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