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Cdk1l/cyclin B plays a key role in mitotic arrest-induced
apoptosis by phosphorylation of Mcl-1, promoting its
degradation and freeing Bak from sequestration
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Abstract

Mcl-1 is one of the major anti-apoptotic members of the Bcl-2 family of apoptotic regulatory
proteins. In this study we investigated the role of Mcl-1 in mitotic arrest-induced apoptosis.
Vinblastine treatment of KB-3 cells initially resulted in a phosphatase-sensitive mobility shift in
Mcl-1 and then subsequent loss of Mcl-1 protein expression which was prevented by MG132,
suggesting that phosphorylation triggered proteosome-mediated degradation. Mcl-1
phosphorylation/degradation was a specific response to microtubule inhibition and did not occur
in response to lethal concentrations of DNA damaging agents. Vinblastine treatment caused
degradation of Mcl-1 in cells in which apoptosis was blocked by Bcl-xL overexpression,
indicating that Mcl-1 degradation was not a consequence of apoptosis. A partial reversible
phosphorylation of Mcl-1 was observed in synchronized cells traversing mitosis, whereas more
extensive phosphorylation and subsequent degradation of Mcl-1 was observed if synchronized
cells were treated with vinblastine. Mcl-1 phosphorylation closely paralleled cyclin B expression,
and specific cyclin-dependent kinase (Cdk) inhibitors blocked vinblastine-induced Mcl-1
phosphorylation, its subsequent degradation, and improved cell viability after mitotic arrest. Co-
immunoprecipitation studies indicated that Mcl-1 was complexed with Bak, but not Bax or Noxa,
in untreated cells, and that Bak became activated in concert with loss of Mcl-1 expression. These
results suggest that Cdk1/cyclin B plays a key role in mitotic arrest-induced apoptosis via Mcl-1
phosphorylation, promoting its degradation and subsequently releasing Bak from sequestration.
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1. Introduction

Together with Bel-xL and Bcl-2, Mcl-1 is one of the major anti-apoptotic members of the
Bcl-2 family (Reviewed in 1, 2). It differs from Bcl-xL and Bcl-2 in that it does not contain
a well-defined BH4 domain, and also in contrast to other anti-apoptotic Bcl-2 proteins, its
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expression is subject to rapid alterations in response to external stimuli. Mcl-1 expression is
typically induced in response to proliferation, differentiating, or survival signals, and the key
role of Mcl-1 in supporting cell survival is highlighted in experiments with hematopoietic
stem cells, which fail to differentiate and do not survive if Mcl-1 is conditionally knocked-
out (3). Conversely, down-regulation of Mcl-1 is often an early event in cells subjected to
apoptotic stimuli, and high levels of expression of Mcl-1 are observed in multiple myeloma
and other cancers, and this correlates with enhanced survival, drug resistance, and poor
prognosis (1, 2). Mcl-1 is primarily localized to the outer mitochondrial membrane where it
suppresses the release of cytochrome ¢ from the mitochondria by binding and neutralizing
pro-apoptotic Bcl-2 family members including Bak, tBid, Puma and Bim (4-8).

Post-translational modifications of Mcl-1 are largely responsible for the rapid turnover
occurring in response to specific stimuli, and Mcl-1 is subject to fairly complex regulation
involving different kinases including JNK, ERK, p38 and GSK-3p (2, 3). For example,
phosphorylation of Mcl-1 at T92 and T163 mediated by ERK prolongs the half-life of Mcl-1
protein (9, 10), while phosphorylation of Mcl-1 at S159 mediated by GSK-3p promotes
Mcl-1 ubiquitination and degradation (11). Mcl-1 is also phosphorylated during mitosis at
Ser64 and this enhances Mcl-1 stability and its anti-apoptotic function (12).

Because Mcl-1 expression is a key regulator of cell survival and cell death, it was of interest
to examine Mcl-1 in the context of mitotic arrest-induced apoptosis. We show that in
synchronized KB-3 cells traversing mitosis, Mcl-1 is partially and transiently
phosphorylated, whereas when treated with microtubule inhibitors, Mcl-1 phosphorylation is
more robust and sustained and results in Mcl-1 degradation. Selective inhibition of Cdk1
during mitotic arrest inhibits Mcl-1 phosphorylation and in turn inhibits Mcl-1 degradation.
Furthermore, we show that Cdk1-mediated phosphorylation and subsequent degradation of
Mcl-1 leads to the release of bound Bak and subsequent Bak activation. These results
provide novel insight into the signaling mechanisms that regulate mitotic arrest-induced cell
death. A preliminary report of these findings has been published (13).

2. Materials and methods

2.1 Materials

Antibodies to Mcl-1 (catalog # sc-12756) and cyclin B1 (catalog # sc-245) and Protein A/G
PLUS-Agarose beads were purchased from Santa Cruz (Santa Cruz, CA); antibodies to
GAPDH (catalog # 2118), Bcl-xL (catalog # 2762), phospho-H3 histone (Ser10) (catalog #
97015), and Bax (catalog # 2772) were obtained from Cell Signaling Technology (Beverly,
MA); antibody to poly(ADP-ribose) polymerase (PARP) (catalog # 556362) was purchased
from Pharmingen (Franklin Lakes, NJ); phospho-H1 histone antibody (catalog # 06-597)
was from Upstate Biotechnology (Waltham, MA); antibody to Noxa (catalog # IMG-349A)
was from Imgenex (San Diego, CA); antibody to Bak (catalog # AMO04) was from
Calbiochem (Gibbstown, NJ); and antibody to active Bak (NT) (catalog # 06-536) was from
Millipore (Billerica, MA). Thymidine and MG132 were purchased from EMD Biosciences
(Gibbstown, NJ). Aminopurvalanol A and RO3306 were purchased from Axxora (San
Diego, CA) and ZM447439 was from Tocris Bioscience (Ellisville, MO). Lambda protein
phosphatase was obtained from New England BioLabs (Ipswich, MA). Vinblastine,
vincristine, Taxol™, doxorubicin, and VVP-16, and all other chemicals not specifically
indicated, were obtained from Sigma Chemical Co. (St. Louis, MO).

2.2. Cell culture and synchronization

The KB-3 human carcinoma cell line was maintained in monolayer culture at 37°C in 5%
COy, in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 2
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mM L-glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin. KB-3 cells were
synchronized by a double thymidine block method as described previously (14). Briefly,
cells (10%) in a 100-mm dish were incubated in medium containing 2 mM thymidine for 16
h, released into normal medium for 9 h, and then incubated for 16 h in medium containing 2
mM thymidine. KB-3 cells stably overexpressing HA-tagged Bcl-xL were described
previously (15).

2.3. Preparation of cell extracts and immunoblotting

Whole cell extracts were prepared by suspending cells in 0.25 ml of lysis buffer (25 mM
HEPES [pH 7.4], 0.3 M NacCl, 0.1% Triton X-100, 1.5 mM MgCl,, 0.2 mM EDTA, EDTA-
free complete protease inhibitor tablets [Roche], 20 ug/ml aprotinin, 50 ug/ml leupeptin, 10
uM pepstatin, 1 mM phenylmethylsulfonyl fluoride, 20 mM B-glycerophosphate, 1 mM
NazVOy, and 1 M okadaic acid). The suspension was incubated for 45 min on ice with
occasional mixing; insoluble material was removed by centrifugation (15 min at 12,000 x g),
and protein concentration in the supernatant was determined using the BioRad protein assay.
For lambda phosphatase treatment, cell extracts containing 0.1 mg protein were incubated
with 400 U lambda phosphatase for 30 min at 30°C. Immunoblotting was performed using
60 ng protein/lane and apparent molecular weights were as follows: Mcl-1, 40 kDa;
GAPDH, 38 kDa; intact PARP, 116 kDa; cleaved PARP, 85 kDa; Bcl-xL, 30 kDa; cyclin B,
50 kDa; phospho-H1, 32 kDa; phospho-H3, 17 kDa; Bak, 30 kDa; Bax, 23 kDa; and Noxa,
11 kDa.

2.4. Immunoprecipitation

KB-3 cells were lysed in 0.5 ml of lysis buffer (40 mM HEPES [pH 7.4], 120 mM NaCl, 1%
CHAPS, 1 mM EDTA, supplemented with protease and phosphatase inhibitors (EDTA-free
complete protease inhibitor tablets [Roche], 20 pg/ml aprotinin, 50 pg/ml leupeptin, 10 uM
pepstatin, 1 mM phenylmethylsulfonyl fluoride, 20 mM B-glycerophosphate, 1 mM
NazVOy, and 1 uM okadaic acid]) by incubating on ice for 45 min and centrifugation at
12,000 x g for 15 min. The extract (1 mg) was precleared with 20 ul agarose beads,
according to the manufacturers’ directions (Santa Cruz), and to the supernatant was added 5
ug of rabbit polyclonal antibody to Mcl-1 or Bak. After mixing for 3 h at 4°C, the lysates
were then incubated with 50 pl of protein A/G PLUS-Agarose beads for 1 h at 4°C. The
beads were pelleted by centrifugation at 1,000 x g for 5 min and washed three times with 0.2
ml of lysis buffer. The beads were resuspended in 100 ul of 2 x SDS loading buffer and
incubated for 1 h at 37°C. The immunoprecipitated samples were resolved by 12.5%
acrylamide SDS-PAGE gels (Bio-Rad) and analyzed by immunoblotting.

2.5 Other methods

3. Results

Bak activation was assessed as described previously (16). Briefly, cells were lysed in buffer
containing 1% CHAPS as described above, extracts subjected to immunoprecipitation using
an antibody (NT) which recognizes the conformationally active form of Bak, and
immunoprecipitates analyzed for the presence of Bak by immunoblotting. Apoptosis assays
were conducted as described previously (15) using a kit from Roche Applied Science which
quantitatively measures soluble oligonucleosomes generated via DNA fragmentation during
the apoptotic process.

3.1 Microtubule inhibitors induce Mcl-1 phosphorylation and degradation

Immunoblotting of KB-3 cell extracts with sc-12756 antibody against Mcl-1, as described in
Materials and methods, revealed the presence of a major band at 40 kDa (see Figs. 1-6),
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corresponding to the full-length anti-apoptotic form, and the shortened form was not
detected (data not shown). KB-3 cells were treated with 30 nM vinblastine for periods up to
48 h, and Mcl-1 expression monitored by immunoblotting. Mcl-1 underwent several
changes, including an initial increase in expression, then a pronounced mobility shift, then
loss of expression (Fig. 1A). The mobility shifted form of Mcl-1 reverted to the unshifted
form if cell lysates were treated with lambda phosphatase, showing that the decreased
mobility induced by vinblastine was due to phosphorylation (Fig. 1B). When cells were co-
treated with vinblastine and the proteosome inhibitor MG132, Mcl-1 expression was
maintained and increased (Fig. 1C), suggesting that loss was due to proteosome-mediated
degradation. Mcl-1 expression was also increased in cells treated with MG132 only (Fig.
1C), consistent with reports showing that it is normally subject to rapid turnover via
proteosome-mediated degradation in unstimulated cells (3). Microtubule inhibitors including
vinblastine, vincristine and paclitaxel all induced phosphorylation and degradation of Mcl-1
with a similar time course, whereas the DNA damaging agents doxorubicin and VVP-16 did
not (Fig. 2). Note that all five drugs induced apoptosis under these conditions, as indicated
by PARP cleavage (Fig. 2).

3.2 Mcl-1 degradation is not a consequence of apoptosis

Our previous studies have shown that when KB-3 cells are treated with 30 nM vinblastine,
apoptosis begins at around 28 h post-treatment, as indicated by PARP cleavage and
cytochrome c release (17). Mcl-1 degradation occurs by 24 h post-treatment (Fig. 1, 2) and
is therefore likely a pre-apoptotic event. To confirm this, we used KB-3 cells stably
overexpressing Bcl-xL (KB3-Bcl-xL) (Fig. 3A). Whereas 48 h vinblastine treatment of
KB-3 cells strongly induced apoptosis, KB3-Bcl-xL cells were markedly vinblastine
resistant, exhibiting a much lower level of apoptosis (Fig. 3B). However, under these same
conditions, Mcl-1 phosphorylation and degradation occurred to a similar extent and with
similar kinetics in both KB-3 and KB3-Bcl-xL cell lines (Fig. 3C). These data demonstrate
that Mcl-1 degradation is not a consequence of apoptosis.

3.3 Mcl-1 undergoes partial and transient phosphorylation during traverse of mitosis

Because Mcl-1 was phosphorylated in response to vinblastine treatment which induces
mitotic arrest (17), it was important to determine if Mcl-1 was also phosphorylated during
normal mitosis. For this purpose, KB-3 cells were synchronized at the G1/S boundary using
double thymidine block. Previous studies using propidium iodide staining and flow
cytometry, as well as immunoblotting for several cyclins, indicated that following release
from the block, cells progress through S, G2, M, and back into G1 phase, in a highly
synchronized fashion (14). Different flasks of KB-3 cells were released from the block into
medium containing either vehicle or vinblastine, and harvested at defined time points
thereafter. During the 9-12 h period post-release, which comprised late G2 phase into
mitosis and the beginning of the next G1 phase (14), in the control set, Mcl-1 underwent
partial and transient phosphorylation (Fig. 4). This occurred in close parallel with cyclin B
expression which increased and decreased in the predicted cyclic pattern (Fig. 4). When
released in the presence of vinblastine, Mcl-1 phosphorylation was initiated as cells entered
late G2 phase and mitosis at 9-10 h post-release, and, at later time points in the presence of
drug, phosphorylation was sustained and resulted in loss of Mcl-1 expression (Fig. 4), as
observed in asynchronous cells (Fig. 1A). This occurred in concert with sustained high
levels of cyclin B expression (Fig. 4).

3.4 Cdk inhibitors inhibit Mcl-1 phosphorylation and degradation and improve cell viability
during mitotic arrest

The profile of Mcl-1 phosphorylation described above, with partial and transient
phosphorylation during mitosis, versus complete and sustained phosphorylation in response
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to mitotic arrest, strongly correlated with cyclin B expression, suggested a possible role for
Cdk1/cyclin B. In order to test this, Cdk inhibitors were used. However, there is a critical
issue that must be considered in designing experiments of this type, because Cdk inhibitors
prevent cell cycle progression, and adding them to cell cultures prior to or with vinblastine
could indirectly inhibit Mcl-1 phosphorylation by blocking the ability of cells to reach M
phase. To preclude this possibility, KB-3 cells were synchronized by double thymidine
block, treated with vinblastine one hour after release into S phase, and then as cells
approached M phase, were treated with Cdk inhibitors. This strategy, depicted in Fig. 5A,
allowed timely use of Cdk inhibitors at M phase while permitting the cells to progress to M
phase in their absence, and is a critical and necessary feature of the experimental design. We
chose two specific small molecule Cdk inhibitors, purvalanol A and RO3306 (18, 19). While
both compounds are highly selective for Cdks versus other kinases (18, 19), they inhibit
Cdks in general. However, Cdk1/cyclin B is the only Cdk active during M phase, a
prediction that we have demonstrated experimentally in KB-3 cells (20), and therefore under
the conditions of this experiment (Fig. 5A), purvalanol A and RO3306 can be considered
highly selective for Cdk1/cyclin B. Comparison of lanes 1 and 5 in Fig. 5B shows that
vinblastine induced Mcl-1 phosphorylation during the interval from 11 h to 13 h post-release
as expected. In the presence of Cdk inhibitors during this interval, Mcl-1 phosphorylation
was strongly inhibited, with Mcl-1 failing to undergo the distinct phosphorylation-dependent
mobility shift seen with vehicle. Furthermore, purvalanol A and RO3306 strongly inhibited
phosphorylation of the known Cdk1 substrate H1 histone under the same conditions (Fig.
5B). Note that during this interval, H3 histone phosphorylation levels were maintained (Fig.
5B), indicating that the reduced phosphorylation of Mcl-1 in the presence of Cdk inhibitors
was not a result of mitotic slippage which is accompanied by phosphatase activation and H3
dephosphorylation (20). As a further test for specificity, we employed ZM477439, an
inhibitor of Aurora kinases, which are also active during mitosis and mitotic arrest. As
shown in Fig. 5C, vinblastine-induced Mcl-1 phosphorylation occurred normally in the
presence of ZM477439, whereas phosphorylation of histone H3 at Ser10, a known target site
of Aurora kinases, was strongly inhibited, demonstrating the effectiveness of the inhibitor
under these conditions. The results presented in Fig. 5A-C provide strong and properly
controlled experimental evidence implicating Cdk1/cyclin B in vinblastine-induced Mcl-1
phosphorylation.

If phosphorylation of Mcl-1 triggers its degradation, Cdk inhibitors would be expected to
not only inhibit phosphorylation but also protect Mcl-1 from degradation. To test this, KB-3
cells were synchronized by double thymidine block, treated with vinblastine one hour after
release, and then at 11 h post-release, when Mcl-1 phosphorylation was initiated, cells were
treated with either DMSO or the Cdk inhibitors, and then harvested at 17 h post-release. As
shown in Fig. 5D, in synchronized cells treated with vinblastine and then treated with
vehicle for the 6 h period between 11 and 17 h post-release, Mcl-1 was largely degraded, as
observed earlier (Fig. 4). However, when treated with either of two Cdk inhibitors,
purvalanol A or RO3066, during the same 6 h period, Mcl-1 was largely protected from
degradation and, consistent with Fig. 5B, migrated in the unshifted, unphosphorylated form
(Fig. 5D). Based on these results, it would be predicted that inhibition of Cdk1 in this
context would promote cell survival via maintenance of Mcl-1 expression. To test this
hypothesis, synchronized KB-3 cells were treated with vinblastine, and then treated at 11 h
post-release with vehicle or the Cdk inhibitors. Cells were followed microscopically, and it
was quite apparent that cells exposed to the inhibitors were protected. Thus, a greater
proportion was adherent and morphologically normal, versus those exposed to vehicle which
were predominantly rounded and detached. Representative results, from triplicate plates of
cells quantifying adherent versus non-adherent cells for each condition, are shown in Fig.
5E. Consistent with these findings, viability was significantly increased in cells co-treated
with the Cdk inhibitors, as determined by trypan blue exclusion (Fig. 5F).
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3.5 Functional role for Mcl-1 in sequestration of Bak

In order to determine the mechanism whereby phosphorylation and degradation of Mcl-1
promotes cell death induced by microtubule inhibitors, we sought to identify key binding
partners of Mcl-1 by co-immunoprecipitation. Mcl-1 was immunoprecipitated from
untreated or vinblastine-treated KB-3 cells and samples probed by immunoblotting for
Mcl-1 and several pro-apoptotic Bcl-2 proteins implicated in binding Mcl-1, including Bak,
Bax and Noxa (Fig. 6A). In untreated cells (lane 3), Bak but not Bax or Noxa co-precipitated
with Mcl-1, suggesting that Mcl-1 selectively interacts with Bak. Mcl-1 immunoprecipitates
from vinblastine treated cells (lane 4), in which Mcl-1 was present in the phosphorylated
form and at a reduced level as expected, showed a correspondingly reduced level of Bak.
Since total Bak expression was unchanged (Fig. 6A, lanes 1 and 2), these results suggest that
Mcl-1 phosphorylation/degradation frees Bak from Mcl-1 imposed sequestration. These
findings were confirmed by reciprocal immunoprecipitations: Mcl-1 was present in Bak
immunoprecipitates from control cells but undetectable in Bak immunoprecipitates from
vinblastine treated cells (Fig. 6B). In addition, Mcl-1 was absent from immunoprecipitates
of Bax or Noxa (data not shown), consistent with the results in Fig. 6A. To determine if loss
of Mcl-1 binding promotes Bak activation, extracts were subjected to immunoprecipitation
with an antibody which recognized the conformationally active form of Bak. As shown in
Fig. 6C, active Bak was readily detected in extracts from vinblastine-treated cells but was
not detected in extracts from untreated cells. To determine whether Mcl-1 phosphorylation
was sufficient, in of itself, to disrupt the interaction with Bak, we prepared extracts from
cells co-treated with vinblastine and MG132, where the phosphorylated form of Mcl-1 was
protected from degradation and thus present in abundance (see Fig. 1C). Bak was present in
relative abundance in immunoprecipitates of highly phosphorylated Mcl-1 (Fig. 6D),
indicating that it is degradation of Mcl-1 triggered by phosphorylation, not phosphorylation
itself, that releases Bak from Mcl-1 sequestration.

4. Discussion

Microtubule-inhibiting, or anti-mitotic, drugs have been in widespread use as antitumor
agents for many decades, yet the mechanisms underlying their lethal effects are still far from
clear. Such drugs typically cause mitotic arrest and subsequent apoptotic cell death, but the
signaling pathways that link these processes remain obscure. Understanding how these
agents work at the molecular level downstream of mitotic arrest is critical for elucidating the
factors that dictate sensitivity and resistance to these agents and thus for appropriate patient
selection.

The results presented here show that a key response to microtubule inhibition is the
phosphorylation and degradation of Mcl-1, one of the major anti-apoptotic members of the
Bcl-2 family of apoptotic regulatory proteins. DNA damaging agents under conditions that
induced apoptosis did not induce these events, suggesting that Mcl-1 phosphorylation/
degradation may be more specifically related to apoptosis occurring in response to mitotic
arrest. Studies with synchronized cells and selective Cdk inhibitors, used in a carefully
controlled fashion to ensure timely and specific Cdk inhibition during mitotic arrest but not
at earlier times, strongly implicated Cdk1/cyclin B in Mcl-1 phosphorylation in this context.
The fact that two structurally dissimilar Cdk inhibitors gave essentially identical results in
several different experiments (Figs. 5B, 5D, 5E, 5F) further strengthens this conclusion. The
Cdk inhibitors not only inhibited Mcl-1 phosphorylation, but also inhibited vinblastine-
induced Mcl-1 degradation, and significantly improved cell survival after mitotic arrest.
These results are consistent with a key role for Mcl-1 in maintenance of cell viability, and
highlight the importance of the sighaling mechanisms required for its elimination during
mitotic arrest. Endogenous levels of Mcl-1 appear to be functionally sufficient, because
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KB-3 cells stably overexpressing Mcl-1 exhibit the same sensitivity to vinblastine as
parental cells (data not shown).

The finding that degradation of Mcl-1 occurred in a Cdk1-dependent fashion provides a
clear and definitive example of pro-apoptotic signaling by overactive Cdk1. Recent work
from our laboratory has shown that Bcl-xL and Bcl-2 are also phosphorylated and
inactivated by Cdk1-mediated phosphorylation (20). Thus a major mechanism for pro-
apoptotic signaling by Cdk1 is the functional elimination (Bcl-xL, Bcl-2) or actual
elimination (Mcl-1) of anti-apoptotic proteins Bcl-2 proteins. Using synchronous cell
cultures, we also showed that Mcl-1 is partially phosphorylated during normal mitosis, but
that this does not lead to Mcl-1 degradation, whereas the extensive phosphorylation
occurring in response to overactive Cdk1 during mitotic arrest does lead to Mcl-1
degradation. These results suggest that Mcl-1, like Bcl-2 and Bcl-xL (20), may act as a
sensor for Cdk1 signal duration, and interpretation of its degree of phosphorylation may
enable a cell to readily distinguish a normal mitosis from an abnormal mitotic arrest and
respond accordingly.

Since our original and novel observation that microtubule inhibition leads to Mcl-1
phosphorylation and degradation in KB-3 cells (13), we have made similar observations in a
number of other cell lines including colon carcinomal. In addition, recent and independent
studies in other laboratories have similarly shown that Mcl-1 is subject to degradation in
response to microtubule inhibitors and other anti-mitotic drugs. For example, in three of four
multiple myeloma cell lines, mitotic death after treatment with the kinesin spindle protein
inhibitor ARRY-520 was associated with loss of Mcl-1 expression, whereas escape from
mitotic death in the other cell line was associated with retention of Mcl-1 expression (21).
Whether phosphorylation was the mechanism triggering Mcl-1 degradation in the myeloma
cell lines was not examined. In U20S cells, paclitaxel induced Mcl-1 degradation which was
triggered by Cdk1-mediated phosphorylation (22), consistent with our results. Another
recent report further strengthened the generality of this signaling pathway by showing in
several primary and cancer cell lines Mcl-1 phosphorylation and degradation in response to
anti-mitotic agents (23).

A key question is whether Cdk1 acts alone or in concert with other kinases to phosphorylate
Mcl-1 during mitotic arrest. In U20S cells, mitotic phosphorylation of Mcl-1 was reported
to be largely Cdk1-dependent with two major phosphorylation sites, Ser64 and Thr92 (22).
In HCT116 cells, major sites of Mcl-1 phosphorylation during mitotic arrest were found to
be Ser64, Thr92, Ser121, Ser159, and Thr163 (23). Preliminary evidence was presented that
Cdk1 mediated phosphorylation of Mcl-1 may cause loss of binding of PP2A phosphatase,
allowing several other kinases, including p38, JNK, and CKI|I, to complete Mcl-1
phosphorylation leading to its degradation (23). The fact that Mcl-1 phosphorylation can be
effectively inhibited by Cdk inhibitors (Fig. 5B) is consistent with these other reports and
also consistent with the idea that Cdk1 may be an initiating kinase that primes Mcl-1 for
action by other kinases. In preliminary studies, we have found that a Thr92Ala mutant of
Mcl-1 expressed in KB-3 cells becomes phosphorylated and degraded in response to
vinblastine treatment with the same kinetics as wild-type Mcl-1 (data not shown), suggesting
that another site(s) can substitute.

Our work makes an additional important contribution by defining a rational mechanism
whereby loss of Mcl-1 leads to apoptosis. We showed that in untreated cells Bak is bound to
Mcl-1, and this appeared to be a selective interaction as other candidate pro-apoptotic
proteins, including Bax and Noxa, were not detected in Mcl-1 immunoprecipitates. In

1Unpublished observations
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addition, Bak underwent conformational changes recognized by an active Bak antibody in
response to vinblastine treatment and in concert with loss of Mcl-1 expression. Thus
phosphorylation dependent Mcl-1 degradation during mitotic arrest leads to loss of
sequestration of Bak permitting Bak activation and apoptosis. Importantly, highly
phosphorylated Mcl-1, derived from cells co-treated with vinblastine and MG132, retained
the ability to physically interact with Bak, indicating that Mcl-1 degradation is the key step
in Bak release. Intriguingly, we have shown previously that Cdk1 phosphorylates Bcl-xL
during mitotic arrest in KB-3 cells and that this results in loss of Bax binding and
subsequent translocation of Bax from the cytosol to the mitochondria (24). Collectively,
these results emphasize the profound manner in which overactivated Cdk1 contributes to
mitotic arrest-induced apoptosis, by facilitating the freeing of two key pro-apoptotic effector
proteins, Bak and Bax, from sequestration by two key anti-apoptotic Bcl-2 proteins, Mcl-1
and Bcl-xL, respectively.
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Abbreviations

Cdk cyclin-dependent kinase

JNK ¢-Jun N-terminal kinase

ERK extracellular response kinase

GSK glycogen synthase kinase

GAPDH glyceraldehyde-3-phosphate dehydrogenase

PARP poly(ADP-ribose) polymerase

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid
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Fig. 1. Kinetics of vinblastine-induced Mcl-1 phosphorylation and degradation

A. KB-3 cells were treated with 30 nM vinblastine (VBL) for the times indicated and cell
extracts subjected to immunoblotting for Mcl-1 or GAPDH as a loading control. B. Lysates
of KB-3 cells that were either untreated or treated with vinblastine (VBL) (30 nM, 24 h)
were incubated with or without lambda phosphatase (PPase, 400 U) for 30 min at 30°C.
Immunoblotting was performed for Mcl-1 or GAPDH as a loading control. Phosphorylated
Mcl-1 (P-Mcl-1) and unphosphorylated Mcl-1 (Mcl-1) are indicated by arrows. C. KB-3
cells with or without 20 uM MG132 pretreatment (30 min) were treated with or without 30
nM vinblastine (VBL) for 24 h, and cell extracts were immunoblotted for Mcl-1 or GAPDH
as a loading control.

Biochem Pharmacol. Author manuscript; available in PMC 2013 January 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Chuetal.

Page 11

— -—
Mel-1| - - e -—— . G .

—pyaly GDED  GheEs - - GDE» S e ey — —— 116kDa
el - — = +— 85 kDa

GAPDH | e, e T ‘

0 24 48 0 24 48 0 24 48 0 24 48 0 24 48 (h)
TAX VBL VCR DOX VP-16

PARP

Fig. 2. Mcl-1 is phosphorylated and degraded in response to microtubule inhibition but not DNA
damage

KB-3 cells were untreated or treated for 24 or 48 h with 30 nM paclitaxel (TAX), 30 nM
vinblastine (VBL), 30 nM vincristine (VCR), 1 uM doxorubicin (DOX), or 15 uM VP-186,
and cell extracts subjected to immunoblotting for Mcl-1 or poly(ADP)-ribose polymerase
(PARP), with uncleaved (116 kDa) and cleaved (85 kDa) species indicated. GAPDH was
used as a loading control.
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Fig. 3. Mcl-1 degradation is not a consequence of apoptosis

A. Bcl-xL expression in parental KB-3 cells and in cells stably overexpressing HA-Bcl-xL.
Immunoblots of Bcl-xL and GAPDH as a loading control are shown. Note that endogenous
Bcl-xL is below the level of detection under these exposure conditions. B. Parental KB-3
cells or cells overexpressing HA-Bcl-xL were either untreated or treated with 30 nM
vinblastine (VBL) as indicated for 48 h and subjected to apoptosis assay, as described in
Materials and Methods. Results show mean + S.D. (n = 6). C. Parental KB-3 cells or cells
overexpressing HA-Bcl-xL were treated with 30 nM vinblastine (VBL) for the times
indicated and extracts subjected to immunoblotting for Mcl-1 or GAPDH.

Biochem Pharmacol. Author manuscript; available in PMC 2013 January 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Chuetal. Page 13

e oI PMel-1

)—-—»w._—-“——*‘o—o.t-" Lo
L Mecl 1

“ ~‘ Cyclin B1

.M GAPDH

Post release (h) 1 9 10 N1 12 16 10 1 12 13 17

Control Vinblastine

Fig. 4. Kinetics of vinblastine-induced Mcl-1 phosphorylation in synchronized KB-3 cells with or
without vinblastine treatment

KB-3 cells were synchronized at the G1/S boundary by double thymidine block and either
left untreated (control) or treated with 30 nM vinblastine 1 h after release, and then
harvested at the indicated times after release. In the untreated control group, time points
corresponding to late G2-M phases and G1 phase are indicated. Extracts were subjected to
immunoblotting for Mcl-1, cyclin B1, or GAPDH. Phosphorylated Mcl-1 (P-Mcl-1) is
indicated.
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Fig. 5. Cdk inhibitors inhibit vinblastine-induced Mcl-1 phosphorylation and degradation and
improve cell survival after mitotic arrest

A. Experimental design. The timing of events for cell synchrony by double thymidine block
and M phase-specific timing of Cdk1 inhibition following vinblastine treatment are shown.
B. KB-3 cells were synchronized at the G1/S boundary by double thymidine block and were
treated with 30 nM vinblastine (VBL) 1 h after release. At 11 h post-release, cells were
either harvested (lane 1) or treated with 1 uM purvalanol A (PA), 1 uM R0O3306 (RO), or
0.1% DMSO vehicle (Veh) for 2 h and harvested at 13 h post-release. Whole-cell extracts
were prepared and immunoblotted for Mcl-1, phospho-H1 histone (pH1), phospho-H3
histone (pH3) or GAPDH. C. Conditions as in B, except that the Aurora kinase inhibitor,
ZMATT7439 (ZM) at 1 uM, was used instead of Cdk inhibitors. D. KB-3 cells were
synchronized at the G1/S boundary by double thymidine block and treated with 30 nM
vinblastine (VBL) 1 h after release. At 11 h post-release (PR), cells were either harvested or
treated for 6 h with 0.1% DMSO vehicle, 1 uM purvalanol A (PA), or 1 uM R0O3306 (RO),
and harvested at 17 h post-release. Whole-cell extracts were prepared and immunoblotted
for Mcl-1 or GAPDH. E. KB-3 cells were synchronized at the G1/S boundary by double
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thymidine block and treated with 30 nM vinblastine (V) 1 h after release. At 11 h post-
release, 0.1 % DMSO, 1 uM purvalanol A (PA), or 1 uM RO3306 (RO) was added. At 24 h
post-release, adherent and non-adherent cells were collected and counted. The results show
the percentage of adherent versus non-adherent cells for each condition averaged from n = 3.
**p < 0.001. F. Conditions as in E, except that the total population of cells was collected
and subjected to trypan blue exclusion assay. The percent trypan blue positive, non-viable
cells for each condition (mean + S.D., n = 3) are shown with p values.
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Fig. 6. Mcl-1 interacts with Bak but not Bax or Noxa and loss of Mcl-1 leads to Bak activation
A. KB-3 cells were untreated or treated for 16 h with 30 nM vinblastine (VBL) as indicated
and cell extracts subjected to immunoprecipitation (IP) with Mcl-1 antibody, as described in
Materials and methods. Immunoprecipitates (lanes 3 and 4) and whole cell extracts (WCE)
(lanes 1 and 2) were immunoblotted for Mcl-1, Bak, Bax, or Noxa, as indicated. Lane 5
represents a mock immunoprecipitation, conducted in the absence of antibody, using a 1:1
mixture of samples. B. Samples and conditions as in A, except that immunoprecipitations
carried out using Bak antibody. C. KB-3 cells were untreated or treated for 36 h with 30 nM
vinblastine and extracts subjected to immunoprecipitation (IP) with antibody to active Bak.
Whole cell extracts (WCE) or immunoprecipitates were probed for Bak expression by
immunoblotting. D. KB-3 cells were treated with 30 nM vinblastine for 16 h in the absence
or presence of 20 pM MG132 as indicated and cell extracts subjected to
immunoprecipitation (IP) with Mcl-1 antibody and probed for Mcl-1 and Bak. A whole cell
extract (WCE, from the sample treated with VBL), as well as a mock immunoprecipitation
conducted in the absence of Mcl-1 antibody, using the co-treated sample, were also
immunoblotted for Mcl-1 or Bak.
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