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Apoptosis is critical for embryonic development, tissue homeostasis, and tumorigenesis and is determined
largely by the Bcl-2 family of antiapoptotic and prosurvival regulators. Here, we report that glycogen synthase
kinase 3 (GSK-3) was required for Mcl-1 degradation, and we identified a novel mechanism for proteasome-
mediated Mcl-1 turnover in which GSK-3@ associates with and phosphorylates Mcl-1 at one consensus motif
(*>*STDG"*’SLPS'®*T; phosphorylation sites are in italics), which will lead to the association of Mcl-1 with the
E3 ligase 3-TrCP, and 3-TrCP then facilitates the ubiquitination and degradation of phosphorylated Mcl-1. A
variant of Mcl-1 (Mcl-1-3A), which abolishes the phosphorylations by GSK-3f3 and then cannot be ubiquitinated by
B-TrCP, is much more stable than wild-type Mcl-1 and able to block the proapoptotic function of GSK-33 and
enhance chemoresistance. Our results indicate that the turnover of Mcl-1 by 3-TrCP is an essential mechanism for
GSK-3@-induced apoptosis and contributes to GSK-33-mediated tumor suppression and chemosensitization.

Glycogen synthase kinase 38 (GSK-3pB), a key component of
the Wnt signaling pathway, plays important roles in embryonic
development and tumorigenesis (14, 16). It phosphorylates
B-catenin and then creates a recognition motif for B-catenin
binding with E3-ubiquitin ligase complex SCF* TP  which
increases B-catenin degradation (1, 46). A number of growth
factors, including insulin growth factor 1, epidermal growth
factor, platelet-derived growth factor, fibroblast growth factor
2, hepatocyte growth factor, transforming growth factor B,
tumor necrosis alpha (TNF-a) (4, 12, 20, 38), and oncogenic
proteins, such as hepatitis B virus X protein (13) and the latent
membrane protein 2A of Epstein-Barr virus (33), can inacti-
vate GSK-3B through the phosphorylation of GSK-3p at the
Ser9 residue (by phosphatidylinositol 3-kinase [PI3-K]/Akt,
mitogen-activated protein kinase [MAPK]/p90%5¥, or mTOR/
S6K pathways), resulting in the stabilization of B-catenin.

In addition to being implicated in tumorigenesis, GSK-33
has been implicated in multiple physiologic processes including
protein synthesis, cell proliferation, cell differentiation, micro-
tubule dynamics, and cell motility. It exerts its actions by di-
rectly phosphorylating a broad range of substrates, including
the translation factor eukaryotic initiation factor 2B, cyclin D1,
c-Jun, c-Myc, NFAT, CREB, Tau, and Snail (14, 16, 50). Re-
cent studies suggest that GSK-38 is an upstream regulator of
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apoptosis and possesses proapoptotic characteristics. The
overexpression of GSK-3B induces apoptosis in several cell
types, and the catalytically inactive mutant of GSK-38 or treat-
ment with specific GSK-38 inhibitors such as Li*, SB216763,
and SB415286 protects these cells against several apoptotic
stimuli (2, 8, 19, 37). Moreover, the inactivation of GSK-3p
through the phosphorylation of the Ser9 residue can reduce
apoptosis (27). It has been proposed that this type of inactiva-
tion of GSK-3B by the PI3-K/Akt pathway may mediate the
antiapoptotic effects of Akt (37, 43). However, the molecular
mechanism by which GSK-3B induces apoptosis has not yet
been fully elucidated.

Apoptosis is critical for normal embryonic development, tis-
sue homeostasis, and cell functions, and the deregulation of
apoptosis contributes to diverse human diseases such as neu-
rodegenerative disorders and cancers (22, 48). Two alternative
pathways can activate initiator caspases to induce apoptosis.
The extrinsic pathway is mediated by death receptors on the
cell surface (3, 40, 44), including Fas/APO-1/CD5, TNF recep-
tor 1, and TNF-related apoptosis-inducing ligand receptors,
which activate caspase 8 and 10. The intrinsic pathway is de-
termined largely by the Bcl-2 family of antiapoptotic and pro-
survival regulators, which control cytochrome ¢ release from
mitochondria and then caspase 9 activation (10, 17, 26). Mcl-1
(myeloid cell leukemia 1), a Bcl-2-like antiapoptotic protein,
was originally characterized in differentiating myeloid cells and
contains three BH domains (BH1 to BH3) (25) and a trans-
membrane domain at its C terminus by which Mcl-1 localizes
to various intracellular membranes, especially the outer mito-
chondrial membrane (47). Mcl-1 is a rapidly turned over pro-
tein, which is quickly degraded upon a variety of apoptosis-
inducing signals and, in contrast, quickly induced by multiple
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survival cytokines including epidermal growth factor, VEGF,
granulocyte-macrophage colony-stimulating factor, and inter-
leukin-3 through the PI3-K/Akt, MEK/MAPK, and JAK/STAT
signaling cascades (7, 32). The rapid induction and degrada-
tion of Mcl-1 suggest that it can sense acute environmental
changes and maintain the balance between cell survival and
cell death (36, 39). The overexpression of Mcl-1, Bcl-X; , and
Bcl-2 is often found in various human tumors, and due to rare
mutations in these genes, the upstream regulators of these
molecules may contribute to tumorigenesis (5, 6). However,
the immediate upstream regulator of Mcl-1 is poorly under-
stood.

In an attempt to understand the molecular mechanism of
GSK-3B-induced apoptosis, we found that GSK-38 physically
associated with and phosphorylated Mcl-1 and that the phos-
phorylated Mcl-1 was then ubiquitinated and degraded by
the E3 ligase B-TrCP, which contributes to GSK-3B-induced
apoptosis. An Mcl-1 mutant (Mcl-1-3A), which cannot be
degraded by B-TrCP, inhibited GSK-3B-possessed tumor
suppression and chemosensitization.

MATERIALS AND METHODS

Constructs and reagents. pPCGN-GSK-3p (wild type [WT]), pGEX-GSK-383,
and GSK-3B-CA (S9A GSK-3B), and pMT2-GSK-3a were kindly provided by A.
Kikuchi, M. J. Birnhaum, and J. R. Woodgett. B-TrCP1, B-TrCP2, and the
F-box-domain-deleted mutant B-TrCP1/AF box were kindly provided by K.
Tanaka. pHA-hMcl-1 was kindly provided by H.-Y. Yan-Yen. The full-length
hMcl-1 ¢cDNA was then subcloned into the pCMV5-HA, pCMV5-MYC, and
pGEX-6P-1 vectors. Using the QuikChange multisite-directed mutagenesis kit
(Stratagene, La Jolla, CA), all Mcl-1 mutants and GSK-3B-KD (pCGN-GSK-3p
KD), which was based on the above-described constructs, were generated ac-
cording to the manufacturer’s protocol, and all mutations were verified by au-
tomated sequencing. The GSK-3p inhibitor TDZD8 and cell-permeable GSK-38
peptide inhibitor L803-mts were purchased from Calbiochem (San Diego, CA).
The proteasome inhibitor MG132, cycloheximide, and staurosporine were pur-
chased from Sigma (St. Louis, MO).

Cell culture, UV treatment, and proliferation and apoptosis assays. Cells were
grown in Dulbecco’s modified Eagle’s medium-F12 medium supplemented with
10% fetal bovine serum. Transient or stable transfections of cells with DNA were
performed with an optimal ratio of DNA and liposome. GSK-3B knockout
mouse embryonic fibroblast (MEF) cells were kindly provided by J. R. Woodgett.
The Mcl-1-expressing MCF-7 stable cell line was isolated with blasticidin selec-
tion. HeLa and inducible Mule short hairpin RNA (shRNA) U,OS cells were
plated at a density of 3 X 10° cells in a 6-cm dish with Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum for 1 day and then
treated with 1.9 J/m?/s of UV irradiation for 2 min or with 0.1 M staurosporine
at the indicated times. The percentage of survival of cells upon chemotherapy
drug treatment was assessed by MTT (3-4.5-dimethylthiazol-2,5-diphenyltetra-
zolium bromide thiazol blue) assay. The apoptotic cells were assessed by terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end-labeling (TUNEL)
assay or flow cytometry assay (fluorescence-activated cell sorter [FACS]) as previ-
ously described (11); briefly, trypsinized cells were washed with phosphate-buffered
saline (PBS) and then fixed with 70% ethanol overnight at 4°C. Before FACS
analysis, cells were washed with PBS, and fluorochrome solution (50 pg/ml pro-
pidium iodide plus 25 pg/ml RNase in PBS) was then added. Each experiment was
performed in triplicate, and error bars represent means * standard errors.

Immunoblotting and immunoprecipitation. Inmunoblotting and immunopre-
cipitation were done essentially as previously described (13), with the following
antibodies: mouse and rabbit anti-Mcl-1, mouse anti-GSK-33 (BD Transduction
Labs, San Diego, CA), rabbit anti-GSK-38 (Stressgen Biotechnologies, Victoria,
Canada), phospho-(Ser9)-GSK-3B (Calbiochem, San Diego, CA, and Cell
Signaling Technology, Beverly, MA), phospho-B-catenin (Ser33/37/Thr41) (Cell Sig-
naling Technology), GSK-3a/ and GSK-3a (Santa Cruz Biotechnology, Santa
Cruz, CA), procyclic acidic repetitive protein (PARP) and caspase 9 (Biolegend, San
Diego, CA), B-TrCP (Zymed, San Francisco, CA), and hemagglutinin (HA) tag,
Myc tag, actin, and tubulin (Sigma, St. Louis, MO). Three specific antibodies against
the three phosphorylation sites of Mcl-1 (155Ser, 159Thr, and 163Thr) were gener-
ated by Bethyl Laboratories, Inc. (Montgomery, TX).

GSK-3 AND B-TrCP MEDIATE Mcl-1 TURNOVER 4007

In vitro kinase assay and phosphorylation analysis. Purified glutathione S-
transferase (GST)-Mcl-1 proteins as indicated were incubated with purified
GST-GSK-3B protein or active Erk2 (Upstate Biotechnology, Charlottesville,
VA) in the presence of 50 mM ATP in a kinase buffer with or without 5 pCi
[y->*P]ATP for 30 min at 30°C. Reaction products were subjected to sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and then blot-
ted with phospho-Mcl-1 antibody, or 3?P-labeled proteins were visualized by
autoradiography.

Peptide-binding assay and dot blotting. The Mcl-1 peptides (ESGNNTSTD
GSLPSTPPPAE; phosphorylation sites are in italics) were synthesized (SynPep
Corp., Dublin, CA) and coupled to agarose beads using an AminoLink kit
(Pierce Biotechnology, Rockford, IL). Mcl-1 peptide and purified GST-Mcl-1
protein (control) were incubated with GST —-WT GSK-3B or GST-kinase-dead
GSK-3B and then spotted onto a nitrocellulose membrane. The nitrocellulose
membrane was reacted with the three phospho-Mcl-1 antibodies to confirm
phosphorylation by GSK-3B. The coupled Mcl-1 peptide with or without phos-
phorylation by GSK-38 was then incubated with in vitro transcription and trans-
lation lysates of [**S]methionine-labeled B-TrCP1 or B-TrCP2 produced by the
TNT Quick Coupled Transcription/Translation systems (Promega, Madison, WI)
in the presence of [**S]methionine (MP Biomedicals, Solon, OH). The agarose
beads were extensively washed and analyzed by SDS-PAGE followed by auto-
radiography.

Ubiquitination assay. For the in vitro ubiquitination assay, purified Mcl-1
protein was phosphorylated by GSK-38 and then incubated with in vitro-trans-
lated B-TrCP1 or deleted-F-box B-TrCP1 in the presence of ubiquitin ligation
buffer containing 100 mM Tris-HCI (pH 7.4), 5 mM MgCl,, 2 mM NaF, 10 nM
okadaic acid, 2 mM ATP, 0.6 mM dithiothreitol, 60 ng of E1, 300 ng of E2, and
12 mg of His-ubiquitin (Sigma). Reaction mixtures were incubated at 37°C for 60
min and terminated by boiling for 5 min with SDS sample buffer containing 0.1
M dithiothreitol and were then resolved by SDS-PAGE and blotted with an
anti-His-ubiquitin antibody. For in vivo ubiquitination assays, 293T cells were
transfected with HA-ubiquitin, Mcl-1-WT, or Mcl-1-3A and B-TrCP1 or F-box-
deleted B-TrCP1 and then treated with MG132 (10 wM) for 10 h. Mcl-1 was
immunoprecipitated and then blotted with anti-HA-ubiquitin.

siRNA transfection. Cells were transfected with B-TrCP—small interfering
RNA (siRNA) (5'-GAGCUCUUGGUGGAUCAUCTT-3"), control siRNA du-
plex (Dharmacon, Lafayette, CO), and GSK-3a and GSK-38 siRNA expression
plasmids pKD-GSK-3a-v3 and pKD-GSK-3B-v1 (Upstate Biotechnology) by Li-
pofectamine 2000 (Invitrogen, Carlsbad, CA) or electroporation using Nucleo-
fector 1 (Amaxa Biosystems, Gaithersburg, MD), and lysates were prepared 48 h
after transfection.

Animal studies. We performed tumorigenicity assays in an orthotopic mam-
mary tumor mouse model as previously described (28). Briefly, 6-week-old fe-
male nude mice received subcutaneous interscapular implants of one 17B-estra-
diol pellet (0.72 mg/pellet). One day later, MCF-7 cells (2 X 10° cells) were
injected into the mammary fat pads. Two weeks later, when most tumors ex-
ceeded 4 by 4 mm, the tumor-bearing mice were randomly divided into four
groups of five mice each. The mice in all treatment groups received an intratu-
mor injection of the liposome complex with GSK-3 twice a week for 2 weeks.
Then tumor volumes were measured twice a week, and the data (means *
standard errors) were tested using the ¢ test.

RESULTS

GSK-3 downregulates Mcl-1. To investigate the mechanism
of GSK-3pB-induced apoptosis, we searched for correlations
between GSK-3B activity and expression of the apoptosis-as-
sociated molecule Mcl-1. The overexpression of GSK-33 and
Mcl-1 in 293T cells demonstrated that Mcl-1 expression levels
were much lower in the presence of constitutively active
GSK-3B (GSK-3B-CA) and GSK-3B3-WT than in the presence
of kinase-dead GSK-3B (GSK-3B-KD) (Fig. 1A, lanes 1 and 2
versus lane 3). Furthermore, when the kinase activity of GSK-
3B-WT or GSK-3B-CA was blocked with the GSK-38 inhibi-
tors lithium and TDZDS and the specific peptide inhibitor
L803-mts, expression levels of Mcl-1 were upregulated (Fig.
1A, lanes 4, 5, 7, 8, 10, and 11 versus lanes 1 and 2), indicating
that GSK-38 may downregulate Mcl-1. In addition, in the
GSK-3pB knockout MEF cells, the Mcl-1 level was significantly
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FIG. 1. GSK-3B downregulates Mcl-1. (A) 293T cells transfected with Mcl-1-WT, GSK-3B-WT, GSK-3B-CA, or GSK-3B3-KD were treated with
the GSK-3 inhibitors LiCl (20 mM), TDZDS (4 pM), and L803-mts (40 mM), as indicated, for 10 h. Expression of Myc-Mcl-1 and HA-GSK-3p3
was then analyzed by Western blotting. (B) Lysates of MEF cells and GSK-38 knockout MEF cells were subjected to Western blotting to detect
endogenous Mcl-1 and GSK-3B. (C) MEF cells and GSK-3B knockout MEF cells (MEF GSK-3B /") were treated with cycloheximide (20 uwM)
for the indicated times, and endogenous Mcl-1 was then detected by specific mouse anti-Mcl-1 antibody. Equal amounts of protein were subjected
to Western blot analyses, as determined by comparing the amount of tubulin (left). Densitometry results for endogenous Mcl-1 after treatment
with cycloheximide were normalized by the intensity of tubulin and then plotted (right), and the half-lives of Mcl-1 were determined. (D) Different
kinds of human cancer cell lines were transfected with siRNA against GSK-33 and GSK-3«, and cell lysates were then subjected to Western
blotting to detect endogenous Mcl-1. (E) 293T cells transfected with Mcl-1-WT, GSK-3B3-WT, GSK-33-CA, or GSK-3B-KD were treated with or
without the proteasome inhibitor MG132 (10 wM) for 10 h and analyzed by Western blotting against Myc-Mcl-1 and HA-GSK-3.

higher than that in WT MEF cells, which possessed normal
GSK-38 kinase activity (Fig. 1B; see Fig. S1 in the supplemen-
tal material), and the half-life of endogenous Mcl-1 in GSK-
3B-null MEF cells increased from around 3 h to almost 6 to 7 h
compared with MEF cell (Fig. 1C). Furthermore, the knock-
down of GSK-3B by siRNA upregulated the Mcl-1 level in
several cell lines, but the knockdown of GSK-3a did not
achieve a similar result (Fig. 1D), and the overexpression of
GSK-3a did not downregulate Mcl-1 significantly compared
with GSK-3p in 293T cells (see Fig. S2A in the supplemental

material), indicating that GSK-3B is the major form of GSK-3
to downregulate Mcl-1. In addition, the proteasome inhibitor
MG132 blocked Mcl-1 downregulation by GSK-33-WT and
GSK-3B-CA (Fig. 1F, lanes 4 and 5 versus lanes 1 and 2),
suggesting that proteasome-mediated degradation is involved
in GSK-3B-induced Mcl-1 downregulation.

GSK-3 phosphorylates Mcl-1. To investigate how GSK-3p3
degrades Mcl-1, we investigated whether GSK-33 interacts
with Mcl-1. To this end, GSK-38 (HA tag) or GSK-3a was
transfected into 293T cells, and GSK-38 and Mcl-1 or GSK-3«
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FIG. 2. GSK-3B phosphorylates Mcl-1. (A) GSK-3B (HA tagged) was transfected into 293T cells, and Mcl-1 or GSK-38 was then immuno-
precipitated (IP) from transfected 293T cell lysates (1,000 pg/lane) and subjected to Western blotting. IgG, immunoglobulin G. (B) GSK-383
associates with Mcl-1 in vivo. Endogenous GSK-38 and Mcl-1 were immunoprecipitated from the breast cancer cell line MDA-MB-453 and
subjected to Western blotting. (C) Comparison of the amino acid sequences of the GSK-33 phosphorylation motif in Mcl-1 and other known
GSK-3B substrates. Mutant GST-Mcl-1 protein was incubated with WT GST-GSK-3, and the kinase assay was performed as described in
Materials and Methods. (D) WT or 3A mutant GST-Mcl-1 protein was incubated with WT or kinase-dead GST-GSK-3B protein or active Erk2
as indicated, the kinase assay was performed as described in Materials and Methods, and reaction mixture samples were then subjected to
SDS-PAGE and blotted with specific phospho-Mcl-1 antibodies. (E) 293T cells were cotransfected with Mcl-1 and GSK-3B-KD or GSK-33-CA
and, 36 h later, were treated with MG132 alone or with LiCl for 10 h. Cell lysates were then blotted with specific phospho-Mcl-1 antibodies.
(F) Cells were treated with MG132 alone (10 uM) or with LiCl (20 mM) for 10 h as indicated (cells are still viable under this condition), and cell

lysates were then blotted with specific phospho-Mcl-1 antibodies.

and Mcl-1 were then immunoprecipitated from cotransfected
293T cell lysates. An association between GSK-33 and Mcl-1 was
clearly detected by Western blotting (Fig. 2A); however, the as-
sociation between GSK-3a and Mcl-1 was not detectable under
the same condition (see Fig. S2B in the supplemental material).
Furthermore, the in vivo association of endogenous GSK-33 and
Mcl-1 was also detected in the breast cancer cell line MDA-MB-
453 (Fig. 2B), whereas we could not detect any association be-
tween GSK-38 and two other Bcl-2 family proteins, Bcl-2 and
Bcl-X; (data not shown). Given the physical association between
GSK-3B and Mcl-1, we investigated whether GSK-3 could di-
rectly phosphorylate Mcl-1. The kinase assay showed that both
GSK-3B and GSK-3a could phosphorylate Mcl-1 in vitro (Fig.
2G; see Fig. S3A in the supplemental material). Interestingly, we

noticed that human Mcl-1 contains two putative GSK-33 phos-
phorylation motifs (‘**SGNN'>*T and '**STDG"“SLPS'®’T).
To determine the GSK-33 phosphorylation site of Mcl-1, the two
potential Mcl-1 phosphorylation motifs were mutated to produce
Mcl-1-2A and Mcl-1-3A. Mcl-1-3A completely abolished Mcl-1
phosphorylation by GSK-38, but Mcl-1-2A did not affect Mcl-1
phosphorylation by GSK-3p3 (Fig. 2C), suggesting that the motif
1SSSTDG?SLPS'®T is the substrate site for GSK-3p kinase.
The results of the direct phosphorylation of Mcl-1 by GSK-38
suggest that unlike other substrate of GSK-3, such as B-catenin,
the priming phosphorylation is not required for Mcl-1 phosphor-
ylation by GSK-3B. However, there is a stretch of glutamic acid
residues followed by the last threonine of the phosphorylation
motif, which may mimic phosphoserine/thereonine and func-
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FIG. 3. Phosphorylation of Mcl-1 is required for Mcl-1 degradation. (A) Mcl-1-WT or Mcl-1-3A was cotransfected with GSK-33-WT,
GSK-3B-CA, or GSK-3B-KD into 293T cells as indicated. Cell lysates were then analyzed by Western blotting against Myc-Mcl-1 and HA-GSK-
3B. (B) Mcl-1-WT or Mcl-1-3A was cotransfected with GSK-38-CA or GSK-3p-KD in MEF or GSK-3p knockout MEF cells (MEF GSK-3 /")
as indicated. Cell lysates were analyzed by Western blotting against Myc-Mcl-1 and HA-GSK-3p. (C) Mcl-1-WT or Mcl-1-3A was transfected into
293T cells, and cells were then treated with cycloheximide (CHX) (20 mM) for the indicated times. Cell lysates were analyzed by Western blotting
against Myc—Mcl-1. Equal amounts of protein were subjected to Western blot analyses, as determined by comparing amounts of tubulin (left).
Densitometry results for Mcl-1-WT and Mcl-1-3A after cycloheximide treatment were plotted, and the half-lives of Mcl-1-WT and Mcl-1-3A were
determined (right). (D) 293T cells were treated with cycloheximide (20 wM) or cycloheximide with LiCl (20 mM) for the indicated times.
Endogenous Mcl-1 expression was examined by Western blotting, and the half-lives of Mcl-1 were determined as described above (C).

tion as priming phosphorylation. This issue requires further
investigation in the future. We then generated three specific
rabbit antibodies against the three potentially phosphorylated
sites of Mcl-1 (p-155S, p-159S, and p-163T) by GSK-3B. Re-
sults of an in vitro kinase assay using the three phosphoanti-

bodies showed that GSK-3f phosphorylated Mcl-1 at all three
sites (Fig. 2D), whereas Erk phosphorylated Mcl-1 strongly
only at the 163T residue, consistent with data from a previous
report (15) and suggesting that phosphosphorylation at the
163T residue may be mediated mostly by Erk. Since 155S and
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159T are more specific as GSK-3p substrate sites, and there is
no cross-reactivity of the two antibodies (data not shown), we
used the corresponding specific phosphoantibodies (p-155S and
p-1597) to test the phosphorylation of Mcl-1 in transfected 293T
cells. The two sites of Mcl-1 were truly phosphorylated by
GSK-3p (Fig. 2E) and almost totally blocked by treatment with
LiCl. Similar results were found in several other several cell lines
(Fig. 2F) when we analyzed the two specific phosphorylation sites
of Mcl-1 in vivo after treatment with MG132 or/and LiCl. Taken
together, these results indicated that GSK-3@3 physically associ-
ates with Mcl-1 and phosphorylates it at the motif (155 to 163
residues).

Phosphorylation of Mcl-1 by GSK-3f is required for Mcl-1
degradation. Next, we investigated the effect of Mcl-1 phos-
phorylation by GSK-3B on the stability of Mcl-1. Mcl-1-WT
and the phosphorylation motif mutant Mcl-1-3A were cotrans-
fected into 293T cells with GSK-3B3-WT, GSK-3B-CA, or GSK-
3B-KD. Mcl-1-3A was resistant to GSK-33-WT- and GSK-3j3-
CA-induced degradation compared to Mcl-1-WT (Fig. 3A,
lanes 4 and 5 versus lanes 1 and 2). Furthermore, Mcl-1-3A
was more stable than Mcl-1-WT in MEF cells (Fig. 3B, lane 2
versus lane 1). However, in GSK-3B knockout MEF cells,
Mcl-1-WT was as stable as Mcl-1-3A (Fig. 3B, lane 3 versus
lane 6), and the reexpression of GSK-3B-CA downregulated
Mcl-1-WT but not Mcl-1-3A (Fig. 3B, lane 4 versus lane 7). In
addition, the half-life of Mcl-1-3A was nearly doubled (about
7 h) compared to that of Mcl-1-WT (Fig. 3C). Similar results
were observed when the half-life of endogenous Mcl-1 in 293T
cells was compared with that in 293T cells treated with the
GSK-38 inhibitor lithium (Fig. 3D). These results indicate that
the phosphorylation of Mcl-1 by GSK-38 is critical for Mcl-1
degradation.

B-TrCP directly mediates degradation of GSK-33-phosphor-
ylated Mcl-1. Next, we further investigated how GSK-383-phos-
phorylated Mcl-1 is degraded in cells. We recognized that the
phosphorylated motif of Mcl-1 phosphorylated by GSK-383
contains a sequence, DGSXXXT, that is similar to the DSGX
XS/T destruction motif present in known substrates of the E3
ligase B-TrCP, which has two isoforms, B-TrCP1 and B-TrCP2
(46). Therefore, we tested whether B-TrCP could downregu-
late Mcl-1. The knockdown of both B-TrCP1 and B-TrCP2
expression in 293T cells by the siRNA method led to the
accumulation of Mcl-1 in a dosage-dependent manner (Fig.
4A), and a time course experiment also showed an association
between decreasing B-TrCP and increasing Mcl-1 levels (see
Fig. S4 in the supplemental material). Furthermore, the results
of the coimmunoprecipitation (Fig. 4B) showed that Mcl-1
associated with both B-TrCP1 and B-TrCP2, indicating that
both B-TrCP1 and B-TrCP2 may be involved in Mcl-1 degra-
dation. As the two isoforms of B-TrCP are known to be struc-
turally and functionally related to each other, we then used
B-TrCP1 to further address more detailed mechanisms. A fast-
er-migrating band of Mcl-1 was generated once the immuno-
complexes of Mcl-1 and B-TrCP1 were treated with A-phos-
phatase (Fig. 4C), indicating that the Mcl-1 associated with
B-TrCP was hyperphosphorylated. In addition, the associations
between B-TrCP1 and Mcl-1-WT or Mcl-1-3A were very weak
in the GSK-38~/~ MEF cells when B-TrCP1 was cotransfected
with Mcl-1-WT or the Mcl-1-3A mutant (Fig. 4D, lanes 3 and
6 versus lane 1). However, in MEF cells and in GSK-33"/~
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MEEF cells in which GSK-3B activity was recovered by trans-
fection of GSK-3B-CA, the association between B-TrCP1 and
Mcl-1-WT was significantly increased and was much stronger
than the association between B-TrCP1 and Mcl-1-3A (Fig. 4D,
lanes 1 and 4 versus lanes 3, 6, and 7). Also, in these cells,
GSK-3B-KD did not increase the association between B-TrCP1
and Mcl-1 (Fig. 4D, lanes 5 and 8). The results indicated that
the phosphorylation of Mcl-1 by GSK-38 is required for its
interaction with B-TrCP, which has been further verified by a
peptide-binding assay, as in vitro-translated B-TrCP associated
only with GSK-3B-phosphorylated Mcl-1 peptide (Fig. 4E).
Similar results were obtained when B-TrCP1 and Mcl-1-WT or
Mcl-1-3A were cotransfected into 293T cells (Fig. 4F). Consis-
tently, B-TrCP1 degraded only Mcl-1-WT but not Mcl-1-3A
(Fig. 4G, lane 2 versus lanes 1 and 5), whereas B-TrCP1/AF,
which lacks an F-box function domain, did not affect the sta-
bility of Mcl-1 (Fig. 4G, lane 3 versus lane 1).

To investigate whether B-TrCP could directly ubiquitinate
Mcl-1, in vivo ubiquitination of Mcl-1 by B-TrCP1 was per-
formed in 293T cells. A much stronger ubiquitination was
induced by B-TrCP1 in Mcl-1-WT than in Mcl-1-3A (Fig. 5A,
lane 2 versus lane 5), while 3-TrCP1 lacking the F box lost the
ability to ubiquitinate Mcl-1 (Fig. 5A, lane 3). We then carried
out an in vitro ubiquitination assay to further address whether
B-TrCP directly ubiquitinated Mcl-1. The addition of purified
B-TrCP1, but not dominant-negative B-TrCP1 (F-box-deleted
form), stimulated Mcl-1 ubiquitination, and the ubiquitination
of Mcl-1 also required phosphorylation by GSK-3B (Fig. 5B).
Recently, a new E3 ligase, Mule/ARF-BP1, has been shown to
degrade Mcl-1 (49); we then investigated whether GSK-3B/B-
TrCP and Mule are a dependent or an independent pathway
for Mcl-1 degradation. We found that UV irradiation and the
anticancer drug staurosporine could lead to Mcl-1 degrada-
tion, and siRNA results showed that both GSK-3B/B-TrCP and
the Mule pathway contribute to the UV- or staurosporine-
induced Mcl-1 degradation (Fig. 5C). As UV irradiation and
staurosporine can both activate GSK-3B (see Fig. S5 in the
supplemental material) and phosphorylate Mcl-1 at two iden-
tified sites of Mcl-1 (Fig. 5D), we therefore investigated
whether Mule may play a role in GSK-3B/B-TrCP-mediated
Mcl-1 degradation. Our results indicated that GSK-3B-medi-
ated Mcl-1 degradation is independent of Mule. In the Mule
knockout cell, GSK-3B could still downregulate Mcl-1 (Fig.
5E). Mutating the GSK-33 phosphorylation motif of Mcl-1
rendered Mcl-1 able to resist the degradation induced by
GSK-3B but not by Mule (Fig. 5F). Taken together, these
results indicated that B-TrCP mediates ubiquitination and deg-
radation of phosphorylated Mcl-1 by GSK-38.

GSK-3f induces apoptosis, tumor suppression, and chemo-
sensitization, which can be overridden by mutated Mcl-1. To
investigate whether Mcl-1 can inhibit GSK-3B-induced apop-
tosis, we first examined the apoptotic effects of GSK-3f on
breast cancer cells. We found that GSK-3B-induced apoptosis
is dependent on its kinase activity. Transfection of GSK-33-CA
caused much more apoptosis than did transfection of GSK-
3B-KD in MCF-7 and Her2-transfected MCF-7/H18 cells,
whereas in MCF-7/H18 cells, GSK-3B-WT induced only 50%
as much apoptosis as that in MCF-7 cells (Fig. 6A, left). This
phenomenon may be caused by the Her2-activated Erk/MAPK
pathway in MCF-7/H18 cells, in which wild-type GSK-33 can
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analyzed for Mcl-1.

be easily inactivated by the Erk/MAPK pathway as measured
by enhanced Ser9 phosphorylation (Fig. 6A, right) (13). When
Mcl-1 was cotransfected with GSK-3B3-CA into MCF-7 cells,
we found that mutated Mcl-1-3A could inhibit GSK-33-CA-
induced apoptosis, as measured by FACS and TUNEL staining

assay, while Mcl-1-WT only partially inhibited GSK-33-CA-
induced apoptosis (Fig. 6B and C). In addition, we found that
GSK-3B-induced apoptosis was mediated by the activation of
an intrinsic apoptosis pathway, as evidenced by the cleavage of
caspase 9 and PARP (an alternative marker of the apoptotic
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pathway), which can be almost totally inhibited by Mcl-1-3A
but only partially inhibited by Mcl-1-WT, perhaps because of
the rapid degradation of Mcl-1-WT by GSK-33-CA (Fig. 6D).
It provided a plausible mechanism by which Mcl-1 blocked
GSK-3B-induced apoptosis.

As we found that GSK-3p induced apoptosis and that this
could be blocked by Mcl-1-3A, we next investigated whether
GSK-3p plays a role in tumor suppression and whether Mcl-1
can resist GSK-3B’s function. We generated Mcl-1-WT-ex-
pressing and Mcl-1-3A-expressing MCF-7 cells and used these

cells to create an orthotopic breast cancer model in nude mice
(28). The tumor-bearing mice were treated with a liposome
complex with GSK-3B. The results showed that GSK-33 sig-
nificantly inhibited tumor growth in both the vector control
MCF-7 and Mcl-1-WT-expressing MCF-7 mouse models (Fig.
6E; see Fig. S6 in the supplemental material), indicating that
GSK-3B is associated with tumor-suppressive activity, as ex-
pected, and Mcl-1-3A maintained tumor growth owing to its
resistance to GSK-3B’s function (Fig. 6E; see Fig. S6 in the
supplemental material). In addition, we found that Mcl-1-WT-
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expressing and Mcl-1-3A-expressing MCF-7 cells were resis-
tant to cell death induced by 5-fluorouracil, cisplatin, or taxol
compared with the vector control-expressing MCF-7 cells (Fig.
6F). These results were consistent with previous reports that
Mcl-1 expression is associated with resistance to chemotherapy
(24, 42). However, when GSK-3B-CA was transfected in these
stable cells prior to treatment with the three drugs, only
Mcl-1-3A-expressing MCF-7 cells were chemoresistant (Fig.
6F); Mcl-1-WT-expressing MCF-7 cells lost their chemore-
sistance because of rapid degradation by GSK-3B. This re-
sult may have important clinical implications: it suggests
that activating GSK-3p may be used to sensitize cells to
chemotherapy, especially since mutation of Mcl-1 is a rare
event in human tumors.

DISCUSSION

One of the hallmarks of tumorigenesis is escape from apop-
tosis (18). The overexpression of the antiapoptotic Bcl-2 or
Bcl-X; gene in transgenic mice can promote the transforma-
tion of T lymphocytes, myeloid cells, and mammary epithelial
cells and pancreatic cell tumors (23, 29, 34, 41). Mcl-1 pro-
motes cell viability, as do Bcl-2 and Bcl-X, ; however, a notable
difference in the pattern of expression between Mcl-1 and
other members of the Bcl-2 family was observed following a
wide range of environmental stimuli (7). It is not yet clear what
causes the differential expression between Mcl-1 and other
Bcl-2 family members. In the current study, we found that
GSK-3B was associated with Mcl-1 but not with Bcl-2 and
Bcl-X; and then led to Mcl-1 degradation, which may provide
a rationale for the differential expression between Mcl-1 and
other members of the Bcl-2 family.

As Mcl-1 is an immediate-response gene and expected to be
a short-term survival regulator, the Mcl-1 protein is tightly
regulated and subjected to rapid degradation when cells un-
dergo apoptosis in response to various stimuli such as growth
factor withdrawal, ionizing radiation, and DNA-damaging re-
agents (7, 9, 35). In the current study, we noticed that one
conservative GSK-3B phosphorylation motif in Mcl-1 is impor-
tant in regulating Mcl-1, so we screened mutations in the Mcl-1
gene, especially in exon 1, which contains the phosphorylation
motifs. We reasoned that mutations in this region might dis-
rupt the phosphorylation of Mcl-1 and stabilize the protein,
thus protecting cells from apoptosis. No mutation in exon 1
was found in any of the 16 cell lines screened (data not shown),
indicating that a mutation in Mcl-1 that causes aberrant ex-
pression and function may be a rare event. This finding is
consistent with previous reports (5, 6). Thus, the upstream
signaling regulating Mcl-1 expression and function is more
likely to play a role in tumorigenicity. Here, we identified a
novel mechanism by which Mcl-1 stability is regulated, namely,
GSK-3B/B-TrCP-mediated degradation of Mcl-1, in which
GSK-3B phosphorylates Mcl-1 at three residues and results in
the subsequent ubiquitination and degradation of phosphory-
lated Mcl-1 by the E3 ligase 3-TrCP. Many apoptosis stimula-
tors such as growth factor withdrawal, UV irradiation, and the
anticancer drug staurosporine can activate GSK-33 and then
downregulate MCI-1, indicating that this mechanism is a gen-
eral phenomenon.

It is well documented that GSK-3B, a component of the
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WNT signaling pathway, plays an important role in apoptosis,
and GSK-3p activity can be inhibited by the PI3-K/AKT path-
way, resulting in resistance to apoptosis (8, 37). However, it is
still unclear by which pathway GSK-3B facilitates apoptosis.
Two important death receptors in the extrinsic pathway of
apoptosis, CD95 (Fas/APO-1) and TNF-related apoptosis-in-
ducing ligand (Apo2), seem to be related to GSK-3B-induced
apoptosis (2, 43). However, several lines of evidence indicate
that GSK-3B-induced apoptosis is related to the mitochondrion-
dependent intrinsic caspase pathway. GSK-3B was found to be
an important mediator of hypoxia-induced apoptosis, and
GSK-3B-mediated apoptotic effects occur via the activation of
the mitochondrial death pathway (30). In addition, GSK-3B
exerts some of its proapoptotic effects in neurons by regulating
the mitochondrial localization of Bax directly or indirectly (30,
45), which leads to mitochondrial dysfunction followed by
caspase activation and apoptosis. Our current study and an-
other recently published study by Maurer et al. (31) indicated
that Mcl-1 is a direct substrate of GSK-38. B-TrCP-associated
Mcl-1 turnover mediated GSK-38-activated intrinsic apopto-
sis, as indicated by cleaved caspase 9, by which GSK-38 exerted
its tumor suppression activity. Although it is not surprising that
Mcl-1 gives cells the ability to resist chemotherapy-induced cell
death, GSK-3 was able to override Mcl-1-induced chemore-
sistance (Fig. 6F), suggesting that GSK-33 may be used in the
clinic for enhancing chemosensitization, especially in patients
with high levels of Mcl-I.

The proapoptotic features of GSK-33 may reflect the notion
that insulin and insulin growth factor 1 and its downstream
targets PI3-K and protein kinase B as well as Wnt ligand are
acknowledged survival factors. Generally, our results, together
with previous findings, provide a plausible mechanism (Fig. 7)
for how the inactivation of GSK-38 stabilizes Mcl-1 to inhibit
cell apoptosis, which provides a direct linkage between
GSK-3p and the intrinsic apoptotic cascades through the reg-
ulation of Mcl-1 expression. Growth factors/receptors activate
the PI3-K/Akt and Erk/MAPK pathways, and activated Akt
and Erk will then inactivate GSK-33 through phosphorylation
at Ser9, which will lead to Mcl-1 stabilization, because the loss
of phosphorylation of Mcl-1 by GSK-38 will render Mcl-1
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resistant to the degradation by the E3 ligase B-TrCP. Stabilized
Mcl-1 will exert its antiapoptotic effects through the inactiva-
tion of the intrinsic apoptotic pathway, which may contribute
to the immortalization and tumorigenesis of cells.
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