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BimEL is phosphorylated at mitosis by Aurora A and
targeted for degradation by fTrCP1

M Moustafa-Kamal'2, | Gamache', Y Lu'?, S Li? and JG Teodoro*'??

Bcl-2-interacting mediator of cell death (Bim) is a pro-apoptotic B-cell lymphoma 2 family member implicated in numerous
apoptotic stimuli. In particular, Bim is required for cell death mediated by antimitotic agents, however, mitotic regulation of Bim
remains poorly understood. Here, we show that the major splice variant of Bim, BimEL, is regulated during mitosis by the Aurora
A kinase and protein phosphatase 2A (PP2A). We observed that BimEL is phosphorylated by Aurora A early in mitosis and
reversed by PP2A after mitotic exit. Aurora A phosphorylation stimulated binding of BimEL to the F-box protein beta-transducin
repeat containing E3 ubiquitin protein ligase and promoted ubiquitination and degradation of BimEL. These findings describe
a novel mechanism by which the oncogenic kinase Aurora A promotes cell survival during mitosis by downregulating
proapoptotic signals. Notably, we observed that knockdown of Bim significantly increased resistance of cells to the Aurora
A inhibitor MLN8054. Inhibitors of Aurora A are currently under investigation as cancer chemotherapeutics and our findings

suggest that efficacy of this class of drugs may function in part by enhancing apoptotic activity of BimEL.
Cell Death and Differentiation (2013) 20, 1393-1403; doi:10.1038/cdd.2013.93; published online 2 August 2013

Apoptosis is triggered by many types of cell stress, including
DNA damage, oncogene activation, virus infection and
metabolic stress. Induction of apoptosis is regulated by the
family of B-cell lymphoma 2 (Bcl-2) proteins that have either
pro- or anti-apoptotic activities. The family is characterized by
the presence of up to four Bcl-2 homology (BH1-4) domains.
A subset of the pro-apoptotic Bcl-2 family members containing
only the BH3 domain is induced in response to wide range of
cell stresses. BH3-only proteins induce apoptosis by activa-
ting the pro-apoptotic Bcl-2 family members, Bcl-2-associated
X protein (Bax) and Bcl-2 homologous antagonist/killer (Bak),
and by antagonizing anti-apoptotic members such as Bcl-2
and induced myeloid leukemia cell differentiation protein 1.’
The Bcl-2-interacting mediator of cell death (Bim) protein is
a BH3-only member of the Bcl-2 family that is an important
initiator of apoptosis in lymphocytes in response to growth
factor withdrawal®™* and elimination of autoreactive T cells in
the thymus.® Deletion of a single allele of Bim can accelerate
the progression of lymphomas in the Ep-myc model,
suggesting the apoptotic activity of Bim has tumor-suppressor
activity in vivo.° Expression of Bim is regulated by several
transcriptional and post-transcriptional mechanisms. At the
transcriptional level, the promoter of the Bim gene is activated
by stress-inducible transcription factors including activator
protein 1 and forkhead box protein O.*7:® Post-transcriptional
mechanisms that have been shown to control Bim expression
levels include both mRNA stability® and protein stability.'®='2

Signaling downstream of receptor tyrosine kinases (RTKSs)
including epidermal growth factor receptor induce the
proteasomal degradation of Bim.'®='® There are three splice
variants of Bim: BimEL, BimL and BimS. The longest form,
BimEL, is generally the most highly expressed among the
variants."” Phosphorylation by extracellular signal-regulated
kinase 1/2 (Erk1/2) on Serine-69 (S69) of human BimEL has
been shown to induce degradation of the protein.'® 819 More
recently, phosphorylation at S69 was shown to promote
phosphorylation at additional sites on Serines 93/94/98
(S93/94/98) by ribosomal S6 kinase (Rsk1/2) within
a conserved phosphodegron motif recognized by the F-box
protein beta-transducin repeat containing E3 ubiquitin protein
ligase (BTrCP).2°

In addition to being phosphorylated in response to growth
factor signaling, BimEL is also phosphorylated during mitosis.
Early reports suggested that this phosphorylation is catalyzed
by ERK1/22" and ERK5%2 most likely as a pro-survival signal.
However, more recent studies have found that mitotic
phosphorylation of BimEL is not dependent on ERK1/2
or ERKS5 signaling;® but rather upon cyclin-dependent kinase
1 (CDK1) activity?*?> and is associated with the poly-
ubiquitination and proteasome-dependent turnover of
BimEL.2® Although there is now considerable evidence that
Bim levels are regulated by phosphorylation and proteasome-
mediated proteolysis during mitosis, the mechanism remains
unknown.

'Goodman Cancer Research Center, McGill University, Montréal, Québec, Canada; 2Department of Biochemistry, McGill University, Montréal, Québec, Canada and
®Department of Microbiology and Immunology, McGill University, Montréal, Québec, Canada
*Corresponding author: JG Teodoro, Goodman Cancer Research Center, McGill University, 1160 Pine Avenue, Suite 616, Montréal, Quebec H3A 1A3, Canada.

Tel: +514 398 3273; Fax: + 514 398 6769; E-mail: jose.teodoro@mcgill.ca
Keywords: Bim; apoptosis; cell cycle; mitosis; aurora kinase

Abbreviations: APC/C, anaphase promoting complex/cyclosome; Bak, Bcl-2 homologous antagonist/killer; Bax, Bcl-2-associated X protein; Bcl2, B-cell lymphoma 2;
Bim, Bcl-2-interacting mediator of cell death; STrCP, beta-transducin repeat containing E3 ubiquitin protein ligase; CDK1, cyclin-dependent kinase 1; ERK, extracellular
signal-regulated kinase; GST, glutathione S-transferase; IP, immunoprecipitation; NOC, nocodazole; sh-NS, non-silencing control; OA, okadaic acid; PARP-1, poly
(ADP-ribose) polymerase 1; Plk-1, Polo-like kinase 1; PP2A, protein phosphatase 2A; RSK, ribosomal S6 kinase; RTK, receptor tyrosine kinase; SAC, spindle assembly
checkpoint; SCF, Skp1-Cullin1-F-Box; Thy, Thymidine; Ub, ubiquitin; 7AAD, 7-amino-actinomycin D

Received 26.11.12; revised 15.5.13; accepted 17.6.13; Edited by RA Knight; published online 02.8.13


http://dx.doi.org/10.1038/cdd.2013.93
mailto:jose.teodoro@mcgill.ca
http://www.nature.com/cdd

Mitotic regulation of BimEL
M Moustafa-Kamal et a/

1394

In the current study, we show that stability of BimEL
is regulated during progression through mitosis. BimEL
is targeted for proteasome-mediated degradation following
phosphorylation of the protein on a conserved phosphode-
gron recognized by TrCP1. We further show that the kinase
responsible for the mitotic phosphorylation of BimEI at S93/
94/98 is Aurora A kinase. As Aurora A inhibitors are being
pursued in the clinic as anti-mitotic cancer drugs, these
findings have implications in the design of anti-mitotic cancer
therapies.

Results

BimEL is phosphorylated and targeted for degradation
at mitosis. In order to examine expression of BImEL during
mitosis, Hela cells were synchronized using thymidine (Thy)
followed by nocodozole (Noc) and analyzed by immunoblot at
various times post release. Figure 1a shows that after
release of cells from Thy/Noc a slower migrating form of
BimEL was apparent, which gradually shifted downward as
cells progressed through mitosis (Figure 1a, lanes 1-6).
Figure 1b shows that synchronization of HelLa cells using the
cdk1 inhibitor RO3306 obtained similar results as with
Thy/Noc with one important difference. RO3306 arrests cells
at G2/M and BimEL in RO3306-arrested cells shows that the
protein is present in a faster migrating form that immediately
shifts upward upon release from the drug and entry into
mitosis (compare Figure 1b, lanes 2 and 3). Interestingly, as
cells progressed through mitosis BImEL levels were observed
to decrease and reach a low point approximately 90 min
following release (compare Figure 1a, lanes 1 and 6). In order
to demonstrate that loss of BImEL expression was at the level
of protein degradation, HelLa cells were synchronized as in
Figure 1a and then treated with the proteasome inhibitor
MG132 for 90 min post release. Figure 1c shows that MG132
treatment resulted in the accumulation of BIimEL in mitosis and

that the stabilized form of BimEL appears as a slower
migrating band. In order to demonstrate that the
slower migrating form of BimEL was due to phosphorylation,
cell extracts were treated with 1 phosphatase. Figure 1d
shows that phosphatase treatment resulted in a downward
shift of BIimEL, demonstrating that the protein is phosphory-
lated in mitosis. These data suggest that BimEL is regulated
during mitosis by coupled phosphorylation and proteolytic
steps.

BimEL is phosphorylated on Serine 69 and Serines
93/94/98 and degraded at mitosis in a mechanism
independent of the spindle assembly checkpoint (SAC).
As BIimEL degradation occurred concomitantly with
phosphorylation, we examined two phosphorylation sites
on BIimEL previously shown to regulate proteolysis.
Erk 1 and 2 were shown to phosphorylate BIimEL on
56991218 and promote degradation and phosphorylation
on S93/94/98 has been shown to induce degradation through
the Skp1-Cullin1-F-Box (SCF) complex.?° In order to assess
the importance of these sites for BIimEL degradation in
mitosis, phosphospecific antibodies were used to monitor
these modifications during mitosis. 293T cells were synchro-
nized as shown in Figure 1a with the exception that cells
were then left in Noc. Figure 2a (lanes 6-10) shows that
BimEL becomes phosphorylated on S69 and S93/94/98 in
mitosis and is concomitant with degradation of BimEL.

To further investigate the mitotic degradation of BimEL,
Hela cells were synchronized as depicted in Figure 1a and
released into four different conditions, MG132, Taxol,
RO33086, or control (Figure 2b). As expected, release of cells
into MG 132 stabilized levels of BIimEL as well as several other
proteins known to undergo proteolysis during mitosis inclu-
ding: cyclin B, securin, and Wee1 (Figure 2b, lanes 10-18).
Taxol interferes with tubulin dynamics during mitosis and
thereby activates the SAC. SAC activation then inhibits the
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BimEL is phosphorylated and targeted for degradation at mitosis. (a) Inmnoblot analysis of HeLa cells synchronized using the thymidine/nocodozole (Thy/Noc)

protocol as shown (top). Whole-cell extracts were analyzed for expression of BimEL following release from Thy/Noc for the indicated times. Immunoblots for three other
proteins known to be degraded during mitosis, cyclin B1, Securin, and Polo-like kinase 1 (Plk-1) were performed for comparison. Anti-phospho histone H3 (P-H3) is included as
a marker for onset of mitosis and APC2 as a loading control. Flow cytometry was used to confirm cell cycle phase (bottom). (b) Immunoblot analysis of HeLa cells synchronized
with the cdk1 inhibitor RO3306 and released for the indicated length of time or left asynchronous (Asyn). Whole-cell extracts were analyzed by immunoblot analysis for
expression of BImEL and three other proteins known to be degraded during mitosis: cyclin B1, cyclin A2, and cdc20. (c) Inmunoblot of HeLa cells synchonized as in a and
released for 90 min in the presence of DMSO (vehicle control) or MG132. (d) Immunoblot analysis of endogenous BimEL in whole-cell extracts treated with /. phosphatase

(4 or control (—) prepared from nocodozole-treated Hela cells
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Figure 2 BimEL is phosphorylated and degraded at mitosis in a mechanism independent of the spindle assembly checkpoint. (a) Immunoblot analysis of 293T cells
synchronized as in Figure 1a with the exception that cells were left in nocodozole for the indicated times. Immnoblots were performed for total BimEL and phosphorylated
BimEL on serine-69 (P-S69) and serines 93/94/98 (P-S93/94/98). Immunoblots for two other proteins known to be degraded during mitosis, wee1 and cyclin A2, were
performed. Anti-phospho histone H3 (P-H3) is included as a marker for onset of mitosis and f-actin as loading control. (b) Immunoblot analysis of HeLa cells synchronized at
mitosis as in Figure 1a and released into four different conditions: normal media (control), MG132 (10 M), Taxol (100 nM), and RO3306 (10 1:M). Whole-cell extracts were
prepared at the indicated times post release. Immnoblots were performed for total BimEL, P-S69, and P-S93/94/98. Immunoblots for three other proteins known to be
degraded during mitosis, Wee1, cyclin B1, and Securin, were performed for comparison. P-H3 is included as a marker for onset of mitosis and APC2 as loading control

anaphase-promoting complex/cyclosome (APC/C), which
normally mediates degradation of key mitotic substrates such
as securin and cyclin B. Figure 2b (lanes 19-27) show that
taxol treatment stabilized the APC/C substrates, cyclin B and
securin, but did not affect stability of BimEL or Weefl,
suggesting that degradation of BimEL was APC/C inde-
pendent. Interestingly, treatment with RO3306 stabilized
BimEL (compare lanes 1-9 with lanes 28-36 of Figure 2b),
suggesting that cdk1 activity was required for degradation.
Immunoblots using phosphospecific antibodies against S69
and S93/94/98 confirmed that phosphorylation at both of
these sites occurred in mitosis and decreased as cell
progressed through mitosis (Figure 2b, lanes 1-9). Further-
more, whereas treatment with MG132 and Taxol maintained
phosphorylation of both S69 and S93/94/98, RO3306 treat-
ment prevented phosphorylation at these sites. Similar results
were obtained using 293T cells (Supplementary Figure 1).
Taken together, these data show that phosphorylation sites
on BimEL that regulate stability are phosphorylated during
mitosis in a cdk1-dependent mechanism. In addition, degra-
dation of BimEL during mitosis was not affected by the SAC,
suggesting that the APC/C is not involved in this process.

BimEL is ubiquitinated at mitosis and requires
phosphorylation on Serine 93/94/98. In order to determine
whether degradation of BImEL during mitosis is ubiquitination
dependent, FLAG-tagged Bim was co-transfected with
HA-tagged Ubiqutin (Ub). Bim conjugated with Ub was

detected by immunoprecipitation (IP) of Bim using «-FLAG
antibody followed by immunoblot for HA. Figure 3a (lane 4)
shows that BimEL was ubiquitinated during mitosis and
displayed the characteristic laddering in the presence of
MG132. Transfection of the two other major splice variants,
BimL (lane 6) and BimS (lane 8), did not result in appreciable
ubiquitination, suggesting that the degron required for
ubiquitination was specific to BIimEL. Phosphorylation sites
at S69 and S93/94/98 have been previously shown to affect
protein stability and are located in the N-terminal region
specific to BimEL. We therefore tested ubiquitination
of BIimEL mutants in which these phosphorylation sites were
converted to alanine. Figure 3b shows that mutation of S69 to
alanine (S69A) did not affect ubiquitination (lane 5), however,
mutation of S94/98 (S94/98A) was severely defective
(lane 7). In order to determine whether phosphorylation of
BimEL was essential for degradation at mitosis, 293T cells
were transfected with FLAG-tagged BimEL and immunoblot
performed under asynchronous or mitotic conditions.
Figure 3c shows that, as expected, wild-type Flag-BimEL
displayed greatly reduced steady-state levels during mitosis
(compare lanes 1 and 2). However, the S94/98A mutant was
stabilized at mitosis (compare lanes 7 and 8) and the
stabilized form of the protein appeared to migrate slower.
Serine 104 of BIimEL has been previously shown to be
phosphorylated by cdk1 during mitosis,?* but mutation of this
site had no effect on stability (lanes 11 and 12). The S94/98A
mutation is clearly still phosphorylated at other sites
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Figure 3 BimEL is ubiquitinated at mitosis and requires phosphorylation on Serine 93/94/98. (a) 293T cells were co-transfected with HA-tagged Ubiquitin (Ub) and Flag-
tagged BimEL, BimL BimS, or empty vector control (EV). Cells were synchronized as shown in Figure 1a. Asynchrous (Asyn) cells treated with PMA and MG132 was used as a
positive control for BImEL ubiqutination (lanes 1 and 9). Cells were treated with MG132 (+) or vehicle control ( — ) as indicated. (Left) Anti-Flag immunoprecipitation (IP)
followed by immunoblot for HA and FLAG epitopes. (Right) Immunoblots were performed on cell extracts used as input for IPs using anti-Flag and HA antibodies to detect Bim
and Ub expression. Anti-Cdc27 immunoblot was used to confirm mitotic state of cells and f-actin was monitored as loading control. (b) Nocodozole-treated 293T cells were
co-transfected with HA-Ub and Flag-tagged wild-type (WT) BimEL, S69A, S94/98A, or EV control. Anti-Flag IP was performed as in a. Resulting IPs were analyzed by
immunoblot using anti-Flag, anti-HA, and the phoshospecific BImEL antibodies (P-S93/94/98 and P-S69). Cells were treated with MG132 (+ ) or vehicle control (—) as
indicated. Immunoblots were performed on cell extracts used as input for IPs using anti-Flag to confirm expression of BImEL constructs and -actin was monitored as loading
control. () 293T cells were transfected with WT BimEL or phosphorylation site mutants as indicated. In all cases, EGFP was cotransfected to monitor transfection effeciency.
Cell extracts were prepared from either asynchronous (A) or after nocodozole (N; 100 ng/ml) treatment. Inmunblots were performed on WCE using anti-Flag to detect BimEL,
f-actin as loading control, EGFP to monitor transfection efficiency, and cdc27 to confirm the mitotic state of the cell

in mitosis as the mutated protein migrates slower in mitosis
and may be due to phosphorylation by cdk1 as previously
reported.?*2® We further mutated four other potential cdk
phosphorylation sites on BimEL but none displayed major
effects on mitotic stability of the protein. These data indicate
that BimEL is actively ubiquitinated and targeted for
degradation during mitosis using a mechanism that requires
phosphorylation at S93/94/98.

Phosphorylation on Serine 93/94/98 of BimEL creates
a binding site for TrCP1. Treatment with phorbol ester
has been shown to induce phosphorylation of BimEL on
S93/94/98, which creates a binding site for fTrCP1 and
targets BimEL for degradation through the SCF complex.?®
pTrCP1 is also known to mediate degradation of Wee1
during mitosis.?® As our results in Figure 2 indicated that
degradation of BimEL occurred with similar timing and
properties as Weel, we tested if fTrCP1 can also target
BimEL during mitosis. Figure 4a shows that siRNA knock-
down of STrCP1 resulted in elevated levels of both Wee1 and
BimEL. As binding of fTrCP1 requires phosphorylation of the
degron, we determined if binding of BimEL to BTrCP1
occurred specifically during mitosis. Figure 4b shows that
HelLa cells synchronized in G2/M using RO3306 showed
a dramatic increase in Serine 93/94/98 phosphorylation
at 30min post-release. Furthermore, interaction between
BimEL and pTrCP1 occurred only when S93/94/98
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phosphorylation was apparent (Figure 4b, lanes 5 and 6).
We then determined if S93/94/98 is essential for fTrCP1
interaction with BimEL during mitosis. Figure 4c (lanes 7
and 8) shows that a point mutation of Serines 94/98 to
alanines (S94/98A) dramatically reduced binding to STrCP1.
Point mutation of S69 to alanine (S69A), however, had no
effect on fTrCP1 binding (lanes 5 and 6). Furthermore, two
well-characterized point mutations of fTrCP1, R474A and
Y488A,%” that are known to be defective for substrate binding
failed to interact to BIimEL at mitosis (Figure 4d). Deletion of
the F-box, which mediates interaction of STrCP1 with the
SCF was not required for binding to BIimEL. Taken together,
these data show that activation of the fTrCP1 phospho-
degron on BimEL occurs during mitosis and targets the
protein for degradation by the SCF complex.

Phosphatase protein phosphatase 2A (PP2A)
dephosphorylates BimEL on S$93/94/98 and prevents
degradation. BImEL was previously shown to be depho-
sphorylated by the phosphatase PP2A and thereby inhibit the
ubiquitination and degradation of BimEL, although the
mechanism of this effect is not known.?® As shown in
Figure 1, BIimEL is rapidly phosphorylated as cells enter
mitosis and is then gradually dephosphorylated after mitotic
exit when BimEL levels increase. We therefore asked if
PP2A dephosphorylates S93/94/98 during mitosis and if this
regulates mitotic stability of BimEL. Figure 5a (lanes 5-8)
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Figure 4 Phosphorylation on Serine 93/94/98 of BImEL creates a binding site for STrCP1. (a) Knockdown of STrCP1 expression in HeLa cells using siRNA at the indicated
concentrations. A non-silencing siRNA (Ctl) was used as control. Inmunoblot analysis was performed against endogenous BimEL and Wee1. f5-Actin was monitored as
loading control. (b) HeLa cells were transfected with Flag-tagged STrCP1 or empty vector control (EV). Cells were synchronized in mitosis as in Figure 1a except that cells
were released in the presence of MG132. Cell lysates prepared at the indicated times post release. Immunoprecipitation (IP) was performed using anti-Flag antibody and
immunoblot analysis used to detect endogenous BimEL, Flag (5TrCP1), and phosphorylated BimEL on serines 93/94/98 (P-S93/94/98). Cell extracts used as input for IP were
analyzed by immunoblot to measure expression of total BimEL, Flag (5TrCP1), and 8-Actin as loading control. (c) 293T cells were transfected with EV, wild-type (WT) BimEL
or phosphorylation site mutants as indicated. Cells were synchronized in mitosis as in Figure 1a. Asynchrous (Asyn) cells treated with PMA and MG132 was used as a positive
control (lane 1). Left: asynchronous (Asyn). IP was performed using anti-FLAG antibody and immunoblot analysis used to detect endogenous STrCP1, Flag (BimEL), and
phosphorylated BimEL on serines 93/94/98 (P-S93/94/98). Cell extracts used as input for IP were analyzed by immunoblot to measure expression of total fTrCP1 and Flag
(BimEL). Cdc27 immunoblots were used to confirm mitotic state of cells and ff-actin as loading control. (d) 293T cells were transfected with EV, wild-type (WT) STrCP1 or the
indicated STrCP1 mutant. Cells were synchronized as in Figure 1a. Asynchronous cells transfected with HA bTrCP1 WT and treated with PMA and MG132 for 3h was used as a
positive control (lane 1). IP was performed using anti-HA antibody and immunoblot analysis used to detect IPed BimEL and HA (STrCP1). Cell extracts used as input for IPs were
analyzed by immunoblot to measure expression of total Bim and HA (STrCP1). Cdc27 immunoblots were used to confirm mitotic state of cells and S-actin as loading control

shows that treatment of Thy/Noc synchronized Hela cells
with okadaic acid (OA), a specific inhibitor of PP2A, resulted
in a dramatic dose-dependent increase of S93/94/98
phosphorylation on endogenous BimEL. Interestingly, levels
of BIimEL were dramatically reduced in the presence of OA.
Similar results were obtained by IP of 293T cells transfected
with FLAG-BIimEL followed by western blot to detect S93/
94/98 (Figure 5b). Conversely, addition of the PP2A
activator, C2-Ceremide, resulted in the stabilization of BImEL
relative to vehicle controls (Figure 5a, compare lanes 3 and 9).
Figure 5¢ shows that knockdown of PP2A using siRNAs
targeting the catalytic subunit also resulted in elevated
phosphorylation on S93/94/98. In order to determine if
phosphorylation of S93/94/98 was required for OA-induced
degradation, wild-type BimEL or phosphorylation site point
mutants were transfected into 293T cells synchronized using
Thy/Noc. Figure 5d shows that although wild-type BimEL
and the mutant at S69 were still degraded in response to
OA treatment, mutation of S93/94/98 rendered the protein

resistant. Similarly, the two other major splice variants of
Bim, BimL and BimS, that lack S93/94/98 were also
unaffected by OA (Figure 5d, lanes 10-15). Taken together,
these data show that BImEL phosphorylation and stability are
dynamically regulated during mitosis with PP2A-mediated
dephosphorylation of S93/94/98 stabilizing levels of BimEL
after mitosis.

Phosphorylation of the pBTrCP1 degron in BimEL
is mediated by Aurora A kinase during mitosis. Previous
studies have shown that the STrCP1 phosphodegron at
S93/94/98 is phosphorylated by Rsk1/2 in response to
treatment with phorbol ester. Rsk1/2 is activated downstream
of receptor tyrosine signaling but does not explain how this
site becomes phosphorylated during mitosis in a cdki-
dependent manner. Moreover, we show in Supplementary
Figure 1 that addition of the Rsk1/2 inhibitor BI-D1870 did not
significantly affect phosphorylation of S94/98 during mitosis.
Inhibition of several other kinases downstream of RTKs also
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to detect Bim and f-actin as loading control

had little or no effect on S93/94/98 (Supplementary Figure 2),
suggesting that RTK signaling is dispensable for S93/94/98
phosphorylation during mitosis. Although the cdk1 inhibitor
RO3306 completely prevented S93/94/98 phosphorylation,
these sites do not have the required context of a cdk1 site
suggesting another mitotic kinase downstream of cdki is
required. The S93/94/98 phosphodegron includes the amino-
acid sequence 91-RSSSG-95, which contains the consensus
for Aurora A kinase (R-X-X-S/T-¢, where ¢ is any hydrophobic
amino acid®®). Intriguingly, mitotic activation of Aurora A has
been shown to be dependent upon cdk1 activity.>® We
therefore determined if S93/94/98 is phosphorylated during
mitosis by Aurora A. 293T cells were arrested using Thy/Noc
and released into increasing concentrations of the Aurora
kinase inhibitor MLN8054. Figure 6a (lanes 4-9) shows that
MLN8054 prevented mitotic phosphorylation of S93/94/98
in a dose-dependent manner. Furthermore, Figure 6b shows
that addition of MLN8054 to mitotic HeLa cells stabilized levels
of BimEL during mitosis. Under these conditions treatment
with MLN8054 also prevented phosphorylation on a well-
characterized Aurora A site on Polo-like kinase (T210).3":%2
Genetic inhibition of Aurora A activity using siRNAs also
resulted in elevated levels of BIimEL in mitosis (Figure 6c).
As phosphorylation of the STrCP1 degron is required for
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interaction with BImEL, we determined if MLN8054 affects this
interaction. Figure 6d shows that BimEL failed to co-IP with
STrCP1 in cells treated with MLN805.

In order to determine if Aurora A is able to directly
phosphorylate BimEL, we combined purified Aurora A and
glutathione S-transferase (GST)-BimEL in vitro. Figure 6e
shows that Aurora A was indeed able to directly phosphorylate
BimEL at S93/94/98 in vitro. It has been suggested that
phosphorylation at S69 is required for effective phospho-
rylation at S93/94/98, however, a S69A mutant was still
effectively phosphorylated by Aurora A in vitro (Figure 6f).
BimEL has been shown to form complexes with kinases that
phosphorylate it.'?2%2* Similarly, in Figure 6g we show that
that GST-BimEL was able to pull down Aurora A from mitotic
extracts derived from Hela or 293T cells.

Numerous clinical trials are ongoing testing Aurora kinase
inhibitors as cancer therapeutics.®® As our data show that
Aurora A phosphorylates BimEL on S93/94/98, triggering the
proteolysis of the protein, the efficacy of Aurora A inhibitors
may be dependent on stabilization of BimEL. In order to test
this hypothesis, we determined if levels of Bim expression
could affect response to MLN8054. Figure 7a shows that
Hela cells with stable knockdown of Bim were significantly
more resistant to treatment with MLN805 relative to
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non-silencing control (sh-NS). Quantitation of this effect
shows that after 3 days of treatment with MLN8054, HelLa
cultures with Bim knockdown survived the treatment and
contained nearly fourfold the number of cells compared with
sh-NS (Figure 7b). MLN8054 has been previously shown to
induce apoptosis in cancer cells®* so we therefore determined
if treatment with MLN8054 induces death in a Bim-dependent
mechanism. Figure 7c shows that treatment of sh-NS cells
with MLN8054 resulted in caspase-3 and poly (ADP-ribose)
polymerase 1 (PARP1) cleavage that was inhibited by Bim
knockdown. Moreover, NLN8054 treatment of sh-NS cells
induced significant levels of apoptosis that was partially
reversed in cell lines with stable knockdown of Bim (Figure 7d).

Taken together, these data show that S93/94/98 on BimEL is
phosphorylated by Aurora A, creating a binding site for fTrCP1
and inducing degradation of the protein. Furthermore, inhibition
of cell growth and induction of apoptosis by Aurora A inhibition
is at least partially dependent upon Bim expression levels.

Discussion

The levels of Bim protein are tightly regulated at the level of
protein stability and are responsive to many cues including
growth factor and stress signaling. Previous studies have
suggested that Bim is regulated by phosphorylation during
mitosis but the molecular details of these observations have
not been elucidated. In the current study, we show that
proteolysis of BimEL is induced during mitosis following
phosphorylation by Aurora A kinase. Phosphorylation of
BimEL on the phosphodegron at S93/94/98 creates a binding
site for the F-box protein fTrCP. This mechanism of BimEL
inactivation is similar to that observed after growth factor
stimulation with the exception that the STrCP phosphodegron
is activated by Rsk1/2 downstream of growth factors rather
than Aurora A.2° We observed that the phosphorylation of
S93/94/98 is dynamic and reversed by the activity of PP2A
leading to the stabilization of BimEL proteins levels after
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mitosis. Aurora A is itself degraded late in mitosis by the
APC/C and may also explain how BimEL levels return to
normal state.35%¢

The biological functions of BimEL degradation during
mitosis need further study but are likely due to the mechanism
of how the apoptotic activity of Bim is normally kept in check.
In healthy cells, BImEL remains sequestered to the micro-
tubule network, which neutralizes its apoptotic activity.%”+3®
Stress-activated signaling such as the c-Jun N-terminal
kinase 1 pathway can phosphorylate Bim, resulting in release
from microtubules and induction of apoptosis.® As the onset
of mitosis triggers the global disassembly of the microtubule
network in preparation for assembly of the mitotic spindle, this
would also result in widespread release of sequestered Bim.
Induction of Bim degradation may therefore be a mechanism
to cope with the sudden release of cytoskeleton-associated
Bim during mitosis.

Downregulation of Bim and other core components of the
apoptotic machinery may be a general property of cells
entering mitosis. Caspase-2, -8, and -9 are phosphorylated by
Cdk1/Cyclin B1 during mitosis and these modifications inhibit
pro-apoptotic activity.*>=*2 A general feature of mitotic cells is
the loss of attachment to extracellular matrix as the
cytoskeleton is remodeled in preparation for spindle
formation. When anchorage-dependent cells remain in a
detached state for extended periods, they undergo a process
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termed anoikis.*® Interestingly, Bim is required for cell death
induced by anoikis,** suggesting that downregulation of Bim
during mitosis may prevent cell death in response to
extracellular matrix detachment.

Our data show that Aurora A phosphorylates BimEL during
mitosis and promotes degradation of the protein. The Aurora
kinase family consists of three paralogues that control key
events during mitosis including mitotic entry, centrosome
regulation and cytokinesis.*® The Aurora kinases become
activated during mitosis and are subsequently shut down late
in mitosis by being targeted for degradation by the APC/C. As
would be expected, we observe that levels of BImEL begin to
increase late in mitosis when activity of Aurora A is inhibited.
Aurora A and B are each required for multiple events during
mitosis and inhibition of either activity through chemical or
genetic methods leads to severe mitotic defects.*> Although
we cannot completely rule out the possibility that Aurora B
may also target BImEL, several lines of evidence suggest that
Aurora A is the major kinase-targeting BimEL in mitosis.
First, we observe that mitotic phosphorylation of BImEL on
S93/94/98 is dependent upon Cdk1/Cyclin B. Only Aurora
A has been shown to definitively require Cdk1/Cyclin B for
activation during mitosis.®° Second, Aurora A has been shown
to act as a bona fide oncogene and induction of Bim
degradation is consistent with this activity. Third, we observe
that the Aurora A inhibitor MLN8054 prevents mitotic



phosphorylation of BImEL on S93/94/98 and stabilizes the
protein. MLN8054 inhibits Aurora A with 40-fold selectivity
over Aurora B,*® indicating that Aurora A is the main kinase
being affected in our experiments.

Aurora A is overexpressed in a wide range of tumor types
and has been demonstrated to enhance tumor cell growth
both in vivo and in vitro.** Aurora A has been shown to
downregulate several tumor-suppressor mechanisms. The
p53 tumor suppressor was shown to be phosphorylated by
Aurora A leading to destabilization and degradation of the p53
protein in a mechanism reminiscent of what we have observed
for BImEL.*”*8 Similarly, Aurora A was shown to phospho-
rylate BRCA1 and promote G2/M cell cycle progression.*®
Thus, in addition to the wide range of substrates targeted by
Aurora A regulating chromosome and spindle dynamics
during mitosis, it can also phosphorylate and deactivate
tumor-suppressor pathways including Bim.

Numerous Aurora kinase inhibitors are currently in clinical
trials for a wide range of cancer types.3® Our results suggest
that Bim expression is required for efficacy of Aurora
A inhibition. Several reports have shown that pharmacologic
inhibition of Aurora A leads to apoptosis and our results
suggest that this may due in part to mitotic stabilization of
Bim.34®%" |nterestingly, Li et al. conclusively demonstrated
that apoptosis induced by Aurora A inhibition occurs through
the intrinsic mitochondrial pathway requiring the activity of
either Bax or Bak.®* This is consistent with the activation of a
BH3-only protein such as Bim, which functions in part by
activating pro-apoptotic Bcl-2 family members Bax and Bak.'
As Aurora A is upregulated in many tumor types, it may
contribute to the transformed phenotype by maintaining low
levels of BimEL.

Materials and Methods

Antibodies. Mouse monclonal antibodies to the following proteins were
purchased from the indicated manufacturers and used for immunoblotting
according to standard protocols: Cdc20, cyclin B1, cyclin A2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), Cdc27 (BD Biosciences, San Jose, CA,
USA), EGFP (Clontech, Mountain View, CA, USA), Plk-1 (Life Technologies,
Burlington, ON, Canada), Securin (Abcam, Toronto, ON, Canada), anti-Flag M2,
(Sigma-Aldrich, Oakville, ON, Canada), anti-HA (Covance, Princeton, NJ, USA),
PP2A-C subunit (Cell Signaling, Danvers, MA, USA), Phospho Ser-Thr-Pro MPM2
(EMD Millipore, Billerica, MA, USA). The following rabbit polyclonal antibodies
were purchased from the indicated manufacturers: Bim (EMD Millipore), fS-actin
(Sigma-Aldrich), APC2 (Biolegend, San Diego, CA, USA), Phospho BimEL(S69),
and Phospho-(Ser) CDK substrates (Cell Signaling) PARP-1 and Caspase 3
(Santa Cruz Biotechnology). Rabbit monoclonal antibodies were from Cell
Signaling (STrCP, Phospho Plk-1-T210, and Aurora A). The phospho Histone H3
Ser10 rat polyclonal was purchased from Sigma-Aldrich. Anti-Phospho-BimEL
(S93/94/98) has been described previously®® and was a kind gift from Dr. Michele
Pagano. Mouse TrueBlot, secondary anti-mouse IgG antibody, was from
eBioscience (San Diego, CA, USA).

Plasmids and cloning. The three major splice variants of Bim were
obtained by RT-PCR from form Hela total RNA and cloned into p3XFLAG-
myc-CMV-26 Expression Vector (Sigma-Aldrich). Stop sequences were generated
to exclude the C-terminal myc tag. HA STrCP1 was a kind gift from Dr. Michele
Pagano. pRK5-HA-Ubiquitin-WT was from Addgene (Cambridge, MA, USA)
(plasmid 17608).%2 BimEL and STrCP1 point mutations were generated using site-
directed mutagenesis. To generate the GST-BimEL fusion protein, BImEL WT or
phosphorylation mutants were sub-cloned into pGEX-6P1 (GE Healthcare,
Baie-D'Urfé, QC, Canada). All constructs were verified by restriction digest
analysis and DNA sequencing.
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Cells and drug treatments. Hela and 293T cells were obtained from
ATCC. All cells were maintained in Dulbecco’s modified Eagle medium
(Wisent Inc., St-Bruno, QC, Canada) supplemented with 10% fetal bovine serum
(HyClone/Thermo Scientific) and 0.1% gentamicin (Wisent Inc.). Mitotic cells were
prepared by incubating with 2mM Thy for 20 h followed by 3 h release into normal
medium before the addition of 100ng/ml Noc (Sigma). Rounded cells were
collected after treatment for 12 h. RO3306 (Enzo Life Sciences, Farmingdale, NY,
USA) synchronization was performed by treating Hela cells for 19h with 9 uM
RO3306. The drug was then washed out and cells released into fresh media for
the specified time points. For proteasome inhibition studies, cells were incubated
with 10 uM MG132 (EMD Millipore) for 3 h before further treatments. Other drugs
that were used were: PMA (10ng/ml) for 3h, MLN8054 (Selleck Chemicals,
Houston, TX, USA), OA (EMD Millipore), C2-Ceramide (Sigma-Aldrich) for the
indicated times and concentrations. Treatment of cell extracts with /. phosphatase
(New England BioLabs, Whitby, ON, Canada) was performed by adding 50 xg of
total protein extract to the 1 x phosphatase buffer (supplied by manufacturer)
supplemented with 2mM MnCl, and incubated with 10U of 4 phosphatase at
30°C for 30min. The reactions were stopped by the addition of 1 x Laemmli
sample buffer.

Extract preparation, IP, and immunoblotting. For HA STrCP 1 or
3XFlag BimEL IPs, transfected 293T or Hela cells were lysed in 1 ml IP lysis buffer
(50mM Tris pH 7.5, 150 mM NaCl, 0.5% NP40, 1mM EDTA, 1mM NazVOy,,
50mM NaF, 10mM p-glycerophosphate, 1mM PMSF and protease inhibitor
(Roche Diagnostics, Laval, QC, Canada) per 107 cells on ice for 20 min. Cell
debris was pelleted by centrifugation at maximum speed for 15min at 4 °C. The
supernatant was then incubated with 30 ul anti-Flag or anti-HA affinity gel
(Sigma-Aldrich) for 2 h at 4 °C. The beads were then pelleted and washed four times
with the same buffer. Following the washes, the beads were pelleted and
resuspended in 1 x Laemmli sample buffer, boiled for 5 min, and stored at — 20 °C
until further use. Immunoblots were performed using standard protocols and
visualized by enhanced chemiluminescence (Perkin Elmer, Waltham, MA, USA).

In vivo ubiquitination assay. In vivo ubiqutination assays were performed
as previously described.®® Briefly, 293T cells were co-transfected with pRK5-HA
ubiquitin (Addgene) and 3Xflag Bim constructs using the Lipofectamine 2000
protocol. 24 h post-transfection the standard Thy/Noc protocol was applied. Drug
treatment was performed in the last 2-3 h of the experiment. Cells were washed
twice with PBS before re-suspending the in 4-5 volumes of 50 mM Tris-HCI, pH
7.4, 0.25M NaCl, 0.1% Triton X-100, 1mM EDTA, 50mM NaF, 1mM DTT,
0.1 mM NagVQy, protease inhibitor tablet and 2 mM N-ethylmaleimide. The regular
IP protocol was followed as described above.

Gene silencing using RNAi and shRNA. The siRNA oligonucleotide
sequence targeting STRCP1/2 has been described previously®* and corresponds
to nt 515-535 of human STRCP1 and nt 262-282 of human STRCP2. The
following siRNA sequences were used to knock down Aurora A:*® 5'-"2AUGCCC
UGUCUUACUGUCA™-3" and 5'-"*AUUCUUCCCAGCGCGUUCC'®-3". To
knock down PP2A catalytic subunit, we used the following siRNA sequences
Hs_PPP2CA_ 5 5-ATGGAACTTGACGATACTCTA-3 and Hs_PPP2CA_6
5'-CAAACAATCATTGGAGCTTAA-3'.% The sh-NS siRNA sequence used was
5-AATTCTCCGAACGTGTCACGT-3' (Qiagen, Germantown, MD, USA). Cells
were transfected with 50 nM siRNAs using the Lipofectamine 2000 protocol as
provided by the manufacturer. Cells were subjected to two rounds of transfection
(24 and 48h after plating) before Thy/Noc or RO3306 synchronization as
described above. Lentivirus shRNA constructs targeting Bim were obtained from
Sigma (Mission shRNA pLKO.1-puro, NM_138621.x-541s1c1 and NM_138621.x-
522s1c1). SHC002 MISSION Non-Target shRNA was used as the sh-NS.
Lentivirus were packaged as previously described.>”

Flow cytometry. Cells were collected by scraping, washed twice with cold
PBS and resupended in Nuclear Isolation and Stain (NIM-DAPI 10) from Beckman
Coulter Canada (Mississauga, ON, Canada) to obtain an average concentration of
1 x 108 cells/ml. DNA content was determined by flow cytometry on a Cell Lab
Quanta SC flow cytometer (Beckman Coulter, Canada). Apoptosis assays were
performed in Hela cells treated with MLN8054 or vehicle control (DMSOQ). Cells
were collected by scraping and washed twice with ice-cold PBS then resupended
in 100 ul of AnnexinV binding buffer (2.5mM CaCl,, 140mM NaCl, 7.75mM
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HEPES (pH 7.4)) and then incubated with PE-AnnexinV (BD Biosciences) and
7-amino-actinomycin D (7AAD; A.G. Scientific, San Diego, CA, USA) according to
the manufacturing protocol. Cells were then analyzed on the same Flow cytometer
as above for staining with PE-Annexin alone or PE-Annexin plus 7AAD staining. At
least 10000 cells were analyzed per sample.

In vitro kinase and in vitro binding assays. Five hundred nanograms
of recombinant GST-BimEL (WT or mutant) purified from E. coli were incubated at
30 °C for 30 min with 500 ng recombinant His Aurora A (Millipore) in a 30 ul of
kinase buffer (50 mM Tris pH 7.5, 10mM MgCl,, 1 mM DTT) plus 100 uM ATP.
Reaction was stopped by the addition of 4 x laemmli buffer. For in vitro binding
assays, 5mg of Hela or 293T lysates were incubated with 1 g of GST alone or
GST BimEL for 2h at 4 °C. Samples were then processed as described above
for IPs.
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