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Phospho-Bcl-xL(Ser62) influences spindle
assembly and chromosome segregation
during mitosis
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cyclin-dependent kinase; CENPA, centromere protein A; CHKI1, checkpoint kinase 1; CLIP170, cytoplasmic linker protein 170;
DIC, differential interference contrast; FBS, fetal bovine serum; GFP, green fluorescence protein; GSK3, glycogen synthase kinase
3; HA tag, influenza hemagglutinin tag; HECI, highly expressed in cancer protein 1; H2B, histone 2B; H3, histone 3; JNK,
Jun N-terminal kinase; Mad, mitotic arrest deficient protein; MAPK, mitogen-activated protein kinase; MAPKAPK?2, mitogen-
activated protein kinase-activated protein kinase 2; MPS1, monopolar spindle 1 kinase; PI, propidium iodide; PLK, polo kinase;
SAC, spindle-assembly checkpoint; SAPK, stress-activated protein kinase; siRNA, small interfering RNA; wt, wild-type

Functional analysis of a series of phosphorylation mutants reveals that Bcl-xL(Ser62Ala) influences cell entry into
anaphase and mitotic exit in taxol-exposed cells compared with cells expressing wild-type Bcl-xL or a series of other
phosphorylation mutants, an effect that appears to be independent of its anti-apoptotic activity. During normal mitosis
progression, Bcl-xL(Ser62) is strongly phosphorylated by PLK1 and MAPK14/SAPKp38a at the prometaphase, metaphase,
and the anaphase boundaries, while it is de-phosphorylated at telophase and cytokinesis. Phospho-Bcl-xL(Ser62) local-
izes in centrosomes with y-tubulin and in the mitotic cytosol with some spindle-assembly checkpoint signaling com-
ponents, including PLK1, BubR1, and Mad2. In taxol- and nocodazole-exposed cells, phospho-Bcl-xL(Ser62) also binds
to Cdc20- Mad2-, BubR1-, and Bub3-bound complexes, while Bcl-xL(Ser62Ala) does not. Silencing Bcl-xL expression
and expressing the phosphorylation mutant Bcl-xL(Ser62Ala) lead to an increased number of cells harboring mitotic
spindle defects including multipolar spindle, chromosome lagging and bridging, aneuploidy with micro-, bi-, or multi-
nucleated cells, and cells that fail to resolve undergo mitosis within 6 h. Together, the data indicate that during mitosis,
Bcl-xL(Ser62) phosphorylation impacts on spindle assembly and chromosome segregation, influencing chromosome
stability. Observations of mitotic cells harboring aneuploidy with micro-, bi-, or multi-nucleated cells, and cells that fail
to resolve undergo mitosis within 6 h were also made with cells expressing the phosphorylation mutant Bcl-xL(Ser49Ala)

and dual mutant Bcl-xL(Ser49/62Ala).

Introduction

Mitosis involves proper alignment and accurate segregation of
sister chromatids into 2 daughter cells to ensure precise inheri-
tance of the genome. Failure of the process can lead to cell death
or chromosome instability, aneuploidy, and diseases, including
cancer.”? After DNA replication and centrosome duplication,
entry into mitosis absolutely requires progressive accumulation of
active cyclin B1/Cdk1 complexes in the nucleus that will initiate
chromosome condensation, nuclear envelope breakdown, nuclear
lamina disassembly, and many forms of nuclear bodies, including
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Cajal bodies and nucleoli.*” Centrosomes become separated by
the end of prophase, and, during prometaphase, highly dynamic
mitotic microtubules form bipolar spindles to which chromo-
somes must be bi-oriented and perfectly aligned by the end of
metaphase. The spindle-assembly checkpoint (SAC) is a safety
program that ensures the fidelity of chromosome bi-orientation
and alignment, controlling entry into anaphase. It is constitu-
tively active until proper microtubule attachment to and tension
on kinetochores and individual sister chromatids at centromeric
chromosomes.”? Functionally, the SAC negatively regulates the
ability of Cdc20 to activate anaphase-promoting complex or
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cyclosome (APC/C), as APC/C2, APC/C**, a large multi-
protein E3 ubiquitin ligase, targets key mitotic substrates, includ-
ing cyclinB and securin, provoking entry into anaphase and
mitosis conclusion.®

The ability of Cdc20 to activate APC/C, evoking entry into
anaphase, is tightly regulated by several mechanisms, until all
centromeric chromosomes have achieved bipolar kinetochore—
microtubule attachment. During prometaphase/metaphase,
the established view is that various mitotic checkpoint pro-
teins, including Bubl, BubR1, Bub3, Madl, and Mad2, bind to
kinetochores that lack attachment/tension and generate a “stop
anaphase signal” that diffuses into the mitotic cytosol.” This
“stop anaphase signal” consists of a BubR1- Mad2- and Bub3-
bound complex that diffuses into the mitotic cytosol and binds to
Cdc20, preventing APC/C activation.®'? Direct phosphorylation
of Cdc20 by Bubl and cyclinB1/Cdkl has also been reported,
providing another direct catalytic mechanism that prevents
Cdc20 binding to APC/C during SAC.?

In recent years, several teams have noted that members of the
Bcl-2 family, in addition to their central role in controlling apop-
tosis during development and cellular stress, also play a part in
the cell cycle and DNA repair pathways, effects that are gener-
ally distinct from their function in apoptosis and that influence
genomic stability.""” BclxL phosphorylation at Ser62 has been
detected previously in a variety of cell lines treated with micro-
tubule inhibitors, including nocodazole, paclitaxel, vinblastine,

1621 byt the exact function

vincristine, colchicine, and pironetin,
of Bcl-xL(Ser62) phosphorylation during mitosis remains elu-
sive. Bel-xL(Ser62) is located in the unstructured loop domain of
the protein, a region generally not essential for its anti-apoptotic
function.?”?¢ In contrast, a few studies have indicated that a dele-
tion mutant of the loop domain displays an enhanced ability to
inhibit apoptosis with no significant alterations in its capacity
to bind pro-apoptotic Bax.?? Some have suggested that BclxL
phosphorylation maintains its anti-apoptotic function,” while
others have reported that phosphorylation causes BclxL to
release bound Bax and promote apoptosis.” More recently, oth-
ers have suggested that Bcl-xL phosphorylation impaired its pro-
apoptotic N-terminal cleavage.?® No one has investigated other
possible BelxL functions directly impacting mitosis regulation
and progression.

To better understand the importance of Bcl-xL phosphoryla-
tion events within its flexible loop domain in regulating BclxL
functions during cell cycle progression, we generated a series of
single-point Bcl-xL ¢cDNA phosphorylation mutants, including
Thr41Ala, Ser43Ala, Thr47Ala, Ser49Ala, Ser56Ala, Ser62Ala,
and Thrl15Ala, and selected stably transfected human cell pop-

ulations.?2¢

Our first functional screenings were performed in
human B lymphoma Namalwa cells, a well-documented and
characterized cell line, easily transfected by episomal-express-
ing vectors that we and others often used in the past to study
apoptosis and cell cycle regulation. Validation of the findings
of primary screenings was then conducted in wt HeLa cells and
HeLa cells with siRNAs and lentivirus expression vectors. In a

recent publication, we described the importance of Bel-xL(Ser49)
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phosphorylation during telophase and cytokinesis, enabling
proper cytokinesis and mitotic exit.”” In this study, we inves-
tigated Bcl-xL(Ser62) phosphorylation and location kinetics
during mitosis, tracking the effect of phosphorylation mutant
Bcl-xL(Ser62Ala) expression on mitosis progression and chro-
mosome segregation, and deployed siRNAs targeting Bel-xL
expression. We provide evidence that phospho-Bcl-xL(Ser62) is
a component of mitosis progression, which appears to be separate
from its anti-apoptotic function.

Results

Effect of BclxL and various BelxL phosphorylation mutants
on SAC stability and mitosis progression

To examine Bcl-xU's mitotic functions, we generated various
HA-tagged Bcl-xL phosphorylation mutants, including Thr41Ala,
Ser43Ala, Thr47Ala, Ser56Ala, Ser62Ala, and Thrl15Ala, then
stably expressed them in Namalwa cells (Fig. 1A; Fig. S1A).
Simple experimental monitoring by flow cytometry with phos-
pho-H3(Ser10) labeling and propidium iodide (PI) staining® was
undertaken to evaluate the kinetics of total G,/M (N4 DNA con-
tent), early mitotic entry and stability (N4 DNA content, phos-
pho-H3(Ser10)-positive), late mitotic events (N4 DNA content,
phospho-H3(Ser10)-negative), G, entry (N2 DNA content, phos-
pho-H3([Ser10]-negative), and cell death (sub-G, DNA content)
in taxol-exposed cells (0.1 pM). Control Namalwa cells (Fig. 1B)
or Namalwa cells stably transfected with empty vector (Fig. 1C)
died extensively during taxol treatment (sub-G, DNA content;
green bars). In contrast, cells stably expressing HA-Bcl-xL and
HA-Bcl-xL(Ser62Ala) mutant showed similar strong inhibition
of cell death (Figs. 1D and E; sub-G, DNA content; green bars).
Up to 80% of cells overexpressing wild-type (wt) HA-BclxL
and HA-Bcl-xL(Ser62Ala) mutants accumulated in early mitosis
(N4 DNA/phospho-H3[Serl0]-positive; red bars) at 12 to 24 h
during taxol exposure. Interestingly, HA-Bcl-xL-expressing cells
started to lose the phospho-H3(Serl0) marker by 36 h, whereas
HA-Bcl-xL(Ser62Ala) mutant cells were still stable in early mito-
sis at 36 h (N4 DNA/phospho-H3[Serl0]-positive; red bars),
gradually relinquishing the phospho-H3(Serl0) marker at 48
to 60 h during taxol treatment. The phosphorylation mutants,
including HA-BclxL(Thr41Ala), (Ser43Ala), (Thr47Ala),
(Ser56Ala), and (Thrl15Ala), did not present a phenotype simi-
lar to HA-Bcl-xL(Ser62Ala) (Fig. S1B—F), revealing the speci-
ficity of the HA-BclxL(Ser62Ala) effect on mitosis regulation
and progression in taxol-exposed cells. Concomitantly, robust
HA-Bcl-xL(Ser62) phosphorylation appeared in taxol-exposed
cells in parallel with phospho-H3(Serl0), but not with HA-Bcl-
xL(Ser62Ala) mutant (Fig. 1F). Together, these results indicated
that Bcl-xL(Ser62) phosphorylation occurred in the early phase
of mitotic entry and during SAC in taxol-exposed cells. Phospho-
Becl-xL(Ser62) also appeared to influence cell entry into anaphase
and mitotic exit. Indeed, failure of this phosphorylation in cells
expressing the HA-Bcl-xL(Ser62Ala) mutant maintained taxol-
exposed cells in mitosis for a longer time period with no striking
difference in cell death rate.
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Endogenous Bcl-xL(Ser62) phosphorylation and location in
synchronized cells and taxol-sustained SAC in wt HeLa cells

Because the above observations were made in HA-BclxL-
transfected and overexpressed cells, we next monitored and
explored the role of endogenous phospho-Bcl-xL(Ser62) during

normal mitosis. First, human wt HeLa cells were synchronized
by double thymidine block and released upon progression to G,.
The cells were then treated with nocodazole (0.35 wM, 4 h),
and prometaphase/metaphase cells were collected by mitotic
shake-off. A portion of these cells was released from nocodazole
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HA-Bcl-xL phosphorylation mutants are reported in Figure S1.

Figure 1. Effect of Bcl-xL and Bcl-xL(Ser62Ala) phosphorylation mutant on SAC stability. (A) Expression level of HA-Bcl-xL and Bcl-xL(Ser62Ala) phos-
phorylation mutant in stably transfected Namalwa cell populations. B-actin expression is shown as control. (B-E) Kinetics of total G,/M (Pl staining; gray
bars), early mitotic (phospho-H3(Ser10) staining; red bars), dead (Pl staining; green bars), and G, (Pl staining; blue bars) wt Namalwa cells and Namalwa
cells expressing empty vector, HA-Bcl-xL, and HA-Bcl-xL(Ser62Ala) phosphorylation mutant during taxol treatment (0.1 iM). Bars represent the means +
s.e.m. of n =6 independent experiments. Statistical analyses (Student t matched-pairs test) are indicated for early mitotic cells (phospho-H3[Ser10] stain-
ing; red bars); *Significant (P < 0.05). (F) Expression and phosphorylation kinetics of HA-Bcl-xL(Ser62) and phospho-H3(Ser10) during taxol treatment
(0.1 M) in Namalwa cells expressing HA-Bcl-xL and Bcl-xL(Ser62Ala) phosphorylation mutant. SDS-PAGE was run on 10% linear gel. Data on additional
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and by growth in the presence of MG-132 (25 wM), a protea-
some inhibitor that prevents cyclinBl and securin destruc-
tion, to obtain a cell population at the metaphase/anaphase
boundary. A second set was released from nocodazole and
by growth in the presence of blebbistatin (10 wM), a selective
non-muscle contractile motor myosin II inhibitor that prevents
furrow ingression, to attain a cell population at telophase/
cytokinesis. A schematic view of these experiments appears in
Figure 2A. Western blotting disclosed that BclxL was highly
phosphorylated at Ser62 at the prometaphase, metaphase,
and anaphase boundaries, while it was rapidly de-phosphory-
lated at telophase/cytokinesis (Fig. 2B). BclxL level remained
stable along mitosis, and cyclinBl and phospho-H3(Serl0)
expression is shown as specific early mitotic phase markers

Cells released from
double thymidine block

(Fig. 2B). We next looked for phospho-Bcl-xL(Ser62) location in
unperturbed, synchronized wt HeLa cells. In these experiments,
wt HeLa cells were synchronized by double thymidine block and
release upon progression to G, and entry into mitosis. The cells
were collected at 30 min intervals from 9 to 12 h after double
thymidine block and release, providing mitotic cells at all steps of
mitosis. Phospho-Bcl-xL(Ser62) did not co-localize with kineto-
chore structural proteins, including CENPA and HECI, or the
microtubule plus-end tracking-associated protein CLIP170. It
co-localized in centrosomes with y-tubulin at the metaphase and
anaphase boundary, and in the mitotic cytosol and spindle mid-
zone with PLK1, but not cleatly with the motor protein dynein
(Fig. 2C). Cell count data and Pearson correlation coefficients
appear in Table S1, including cell count controls with Bel-xL Abs.
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Figure 2. Bcl-xL(Ser62) phosphorylation and location in synchronized wt HeLa cells at mitosis. (A) Schematic view of experiments. (B) Expression kinet-
ics of Bcl-xL, phospho-Bcl-xL(Ser62), cyclinB1, and phospho-H3(Ser10) in wt Hela cells obtained at different steps of mitosis. SDS-PAGE was run on
9-18% gradient gels; Bcl-xL Ab was from Origene. (C) Co-location of phospho-Bcl-xL(Ser62) with CENPA, HEC1, CLIP170, PLK1, y-tubulin, and dynein
motor protein at different steps of mitosis. Scale bar: 10 .M (inset green line). Cell count data and Pearson’s correlation coefficients appear in Table S1.
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Consistent observations were made in taxol-exposed wt HeLa
cells. More than 50 to 60% of wt HeLa cells harbored N4 DNA
content and phospho-H3(Ser10) positivity 24 h post-taxol expo-
sure (0.1 wM) (Fig. S2A) with BclxL phosphorylation at Ser62
(Fig. S2B). The cells gradually lost Bel-xL(Ser62) phosphoryla-
tion with the early mitotic phospho-H3(Serl0) marker. At 24 h
after taxol treatment, phospho-Bcl-xL(Ser62) in these cells had
a similar location compared with the normal mitosis step at pro-
metaphase and metaphase, with no co-location with kinetochore
structural proteins, including CENPA and HECI, and co-loca-
tion in centrosomes with y-tubulin. Interestingly in addition to
PLK1, Bcl-xL(Ser62) also co-localizes with some SAC signaling
components, including BubR1 and Mad2 in taxol-exposed cells
(Fig. S2C). Cell count data and Pearson correlation coefficients
appear in Table S1, including cell count controls with Bel-xL Abs.

Importance of Bcl-xL(Ser62) for SAC resolution and mitotic
exit after microtubule poisoning

As the above experiments and observations revealed a role of
BelxL in mitosis progression in normal, unperturbed, prolifera-
tive cells, we hypothesized that silencing Bcl-xL expression would
have an impact on anaphase entry and length of time for mitotic
exit after microtubule poisoning. To perform these experiments,
we used nocodazole, a reversible microtubule polymerization
inhibitor, which harbors less toxicity than taxol, an irreversible
microtubule depolymerization drug, in wt Hela cells. First,
we monitored SAC resolution after 24 h nocodazole treatment
(0.35 wM) and release,in cells transfected with control siRNAs
or siRNAs targetting Bcl-xL expression. These experiments are
illustrated schematically in Figure 3A. When Bcl-xL expression
was suppressed by 2 independent siRNAs (#2 and #4) (Fig. 3C
and D), the cells lost phospho-H3(Ser10) labeling more rapidly
than those expressing endogenous levels of Bel-xL (Fig. 3B, red
bars). Moreover, cells in which Bcl-xL expression was suppressed
neither resumed mitosis nor entered into G, (Fig. 3B-D, blue
bars), indicating incompleted cytokinesis and a state of tetra-
ploidy. In gene rescue experiments on HeLa-transduced cells with
lentivirus-containing siRNA#2-resistant HA-BclxL (Fig. 3E),
the kinetics of phospho-H3(Serl0) expression were similar to
those in wt HeLa cells (Fig. 3A, red bars), with their gradual
entry into G,. Rescue experiments in transduced cells expressing
siRNA#2-resistant HA-Bcl-xL(Ser62Ala) (Fig. 3F) revealed that
these cells maintained a higher level of phospho-H3(Ser10) label-
ing than cells expressing normal wt BclxL (Fig. 3B, red bars) or
HA-BclxL (Fig. 3B, red bars) levels, with very few of them enter-
ing into G,. Since we previously reported that Bcl-xL is also phos-
phorylated at Ser49 during telophase and cytokinesis, influencing
mitotic exit,” experiments on HeLa-transduced cells expressing
siRNA#2-resistant HA-Bcl-xL(Ser49Ala) (Fig. 3G) and dou-
ble mutant HA-Bcl-xL(Ser49/62Ala) (Fig. 3H) were included.
These cells also maintained phospho-H3(Ser10) labeling for a
longer period than cells expressing normal wt BclxL (Fig. 3B,
red bars) or HA-BclxL (Fig. 3B, red bars) levels, with few enter-
ing into G. The kinetics of phospho-H3(Ser10)-only labeling
in all these cell populations are summarized in Figure 31, with
statistical analysis included as vertical bars on the right (*sig-
nificant, P < 0.05). BclxL, HA-Bcl-xL, HA-Bcl-xL(Ser62Ala),
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HA-Bcl-xL(Ser49Ala), and HA-Bcl-xL(Ser49/62Ala) expressions
under all experimental conditions are reported in Figure 3J-L.
Other spliced isoforms of Bcl-x gene, including Bel-xS protein, 3!
were not detected in HeLa cells (Fig. 3K and L). Finally, further
microscopy observations revealed accumulation of binucleated
cells when Bel-xL expression was suppressed by 2 independent
siRNAs (#2 and #4), indicating cytokinesis failure (Fig. 3M).
Together, these data are consistent with Bel-xL functions during
SAC and for proper mitotic exit, with Ser62 and Ser49 being
important residues.

Live-cell imaging, mitotic spindle defects, and chromosome
segregation in cells expressing Bcl-xL phosphorylation mutants

To further investigate the importance of Bcl-xL(Ser62) and
(Ser49) for proper mitosis, the kinetics and quality of mito-
sis progression in proliferating cells were monitored by live-cell
microscopy. For this purpose, HeLa cells expressing green fluo-
rescence protein-histone H2B (GFP-H2B) were transduced with
lentivirus-containing siRNA#2-resistant HA-BclxL, HA-Bcl-
xL(Ser62Ala), HA-BclxL(Ser49Ala), or double mutant HA-Bcl-
xL(Ser49/62Ala). Cells were first pre-synchronized at the G,/S
transition by a single thymidine block, and 8 h after block release,
green fluorescence images were acquired at 2.6 min intervals for
10 to 12 h, tracking individual cells undergoing mitosis in each
cell population. In the first set of experiments (Fig. 4A), with-
out silencing endogenous wt Bcl-xL expression, the duration of
mitosis (min) of each individual cell was monitored by the time
spent from chromatin condensation to cytokinesis and chroma-
tin de-condensation. Each point represents individual cell that
succeeded in completing mitosis (Fig. 4A). Cell count data of
the individual cell harboring multi-polar spindle, or chromosome
lagging, or bridging, or cytokinesis failure resulting in micro-,
bi-, or multi-nucleated cells, are indicated below the graph. The
number of cells that failed to complete their mitosis within 6 h is
also indicated. Overall, the percentage of cells harboring various
mitotic defects dramatically increased in cells expressing HA-Bcl-
xL(Ser62Ala) (36.4%), HA-Bcl-xL(Ser49Ala) (45.0%), and dou-
ble mutant HA-Bcl-xL(Ser49/62Ala) (54.7%) compared with
cells expressing HA-Bcl-xL (16.6%). Interestingly, HA-Bcl-xL
overexpression reduced the percentage of cells harboring
mitotic defects, in contrast to control wt HeLa cells (16.6% vs.
25.3%). Moreover, mitosis length was significantly longer (sig-
nificant; P < 0.001) in cells expressing double mutant HA-Bcl-
xL(Ser49/62Ala) (Fig. 4A, top graph). Micrographs illustrating
the state of aneuploidy and chromosomal instability with micro-,
bi-, or multi-nucleated cells are presented in Figure S3.

In a second set of experiments (Fig. 4B), endogenous Bcl-xL
expression was suppressed with the siRNABcl-xL#2. The effects
of silencing Bcl-xL and of expressing siRNA-resistant HA-Bcl-xL
and the various HA-Bcl-xL phosphorylation mutants on mitosis
duration and the appearance of various mitotic defects were even
more dramatic. Indeed, mitosis length was significantly longer
(*significant; P < 0.01) in cells where endogenous Bcl-xL expres-
sion was suppressed, and where the phosphorylation mutants were
expressed (Fig. 4B, top graph). In addition, the percentage of cells
harboring various mitotic defects were increased to 66.2% for
HeLa cells treated with siRNA Bcl-xL#2, compared with 23.0%
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for HeLa cells treated with siRNA control, and
29.6% for HeLa cells under siRNA Bcl-xL#2
rescued with HA-Bcl-xL, 68.2% when rescued
with HA-BclxL(Ser62A), 81.2% if rescued
with HA-BclxL(Ser49A), and 79.5% with
the double mutant HA-Bcl-xL(Ser49/62A).
The expression levels of BclxL, HA-BclxL,
and phosphorylation mutants in HeLa cell
populations expressing GFP-H2B are shown
in Figure 4C. Representative time-lapse
video of the live-cell experiments are found
as Movies S1-6. Together, these data indicate
the importance of Bcl-xL(Ser62) phosphory-
lation for proper chromosome attachment
during spindle formation, chromosome
segregation, mitosis fidelity, and chromo-
some stability. Interestingly, cells expressing
HA-Bcl-xL(Ser49Ala)  showed  increased
number of individual cells with micro-, bi-, or
multi-nucleated cells, consistent with role in
cyokinesis.”

PLK1 and MAPKI4/SAPKp38a are
major protein kinases involved in Bcl-
xL(Ser62) phosphorylation during mitosis

Based on an in silico consensus site pre-
diction search and known protein kinases
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Figure 3J-M. (J-L) Bcl-xL and HA-Bcl-xL (wt and mutants)
expression kinetics during the time-course of these experi-
ments; B-actin expression is shown as control. SDS-PAGE were
run on 9-18% gradient gels; Bcl-xL Ab was from Origene (J)
and from Cell Signaling (K and L). Note: Bcl-xS expression is
not detected in Hela cells. (M) Light microscopy of Hela cells
under siRNA BclxL#2 and #4, 36 h post-nocodazole treatment.

activated during mitosis, we first tested a panel of protein
kinases by in vitro kinase assays, with purified recombinant
human BclxL protein lacking its C-terminal transmem-
brane domain (rBcl-xL[ATM])** as substrate (Fig. 5A).
Among all the kinases tested, PLK1, MAPKS8/JNKI,
MAPK9/JNK2, MAPKAPK2, MAPK14/SAPKp38a,
GSK3a, and GSK3p were positive and able to phosphor-
ylate rBcl-xL(ATM) protein at Ser62 in in vitro kinase
assays (Fig. 5A). Enzyme-specific activities with control
substrates are indicated in Figure S4, and details of the
kinase assays are given in Table S2. Then, with specific
pharmacological inhibitors and nocodazole-exposed
cells, we observed that PLK and MAPK14/SAPKp38a
inhibitors reduced HA-Bcl-xL phosphorylation at Ser62
in nocodazole-exposed cells (Fig. 5B). A schematic
illustration of these experiments, as well as HA-BclxL
and phospho-H3(Serl0) expression also appear in
Figure 5B. Employing a series of specific siRNAs, west-
ern blotting of cell extracts collected by mitotic shake-
off revealed that the most important kinases involved
in Bcl-xL(Ser62) phosphorylation of wt HeLa cells were
PLK1 and MAPKI14/SAPKp38a (Fig. 5C). Indeed,
when PLK1 (lane 3) or MAPK14/SAPKp38a (lane 4)
expression is silenced, phosphorylation of Bcl-xL(Ser62)
was reduced. Silencing MAPKAPK?2 (lane 5), MAPKS/
JNKI1 (lane 6), or MAPK9/JNK2 (lane 7) had no effect
on Bcl-xL(Ser62) phosphorylation (Fig. 5C), consistent
with the experiments using specific pharmacological
inhibitors (Fig. 5B). These experiments and the expres-
sion levels of phospho-Bcl-xL(Ser62), BclxL, phospho-
H3(Serl0), PLK1, MAPK14/SAPKp38a, MAPKAPK2,
MAPKS8/JNK1, MAPK9/JNK2, and B-actin are pre-
sented in Figure 5C. Additional controls and siRNA
experiments are reported in Figure S5A, with details in
Table S3. The data indicate that PLK1 and MAPK14/
SAPKp38a are major protein kinases associated with
Bcl-xL(Ser62) phosphorylation during eatly mitosis.
MAPK14/SAPKp38a  or PLKI1 inhibition in
nocodazole-exposed wt Hela cells reduced phospho-
Bcl-xL(Ser62) staining in immunofluorescence experi-
ments (Fig. 5D). MAPK14/SAPKp38a inhibition in
nocodazole-exposed cells did not impede Bcl-xL(Ser62)
co-location with +y-tubulin in centrosomes, while, in
contrast, PLK1 inhibition abrogated Bcl-xL(Ser62) co-
location with y-tubulin in centrosomes. These observa-
tions are consistent with the known association of PLK1
with centrosomes.” In addition, MAPK14/SAPKp38a
inhibition reduced phospho-Bcl-xL(Ser62) co-location
with Mad2 and with BubR1 in the mitotic cytosol by
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22-25% (Pearson correlation coefficients in Table SIC), while PLK1 and MAPKI14/SAPKp38a phosphorylation/activation
PLK1 inhibition retracted Bcl-xL(Ser62) co-location with Mad-2  kinetics in nocodazole-exposed wt HeLa cells and phosphoryla-
and BubR1 in mitotic cytosol by approximately 50% (Pearson  tion of other known substrates of these enzymes are illustrated in
correlation coefficients in Table S1C). Addtional controls for  Figure S5B.
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Figure 4. Time-lapse live-cell imaging. Images from Hela cells expressing GFP-H2B, HA-Bcl-xL and the phosphorylation (S62A), (S49A), and (Ser49/62A)
mutants in (A) the absence or (B) presence of siRNA Bcl-xL#2 were acquired at 2.6 min intervals for 10 to 12 h at 40x magnification, and image sequences
analyzed by tracking individual cells in each cell population to monitor their mitotic behavior. Shown in graphs is the duration of mitosis (min) of each
individual cell monitored by the time spent from nuclear envelope breakdown and chromatin condensation to cytokinesis and chromatin de-condensa-
tion. Each point represents individual cells monitored in 3 independent experiments, and red bars are means + s.d. Statistical analyses (Mann-Whitney
2-tailed test) are indicated among the data series by horizontal lines; *significant (P < 0.001) in (A) and (P < 0.01) in (B). Cell count data of the individual
cell harboring multi-polar spindle, or chromosome lagging, or bridging or cytokinesis failure resulting in micro-, bi-, and multi-nucleated cells, as well
as the number of cells that failed to completed their mitosis within 6 h, are indicated below each graph. (C) Expression level of Bcl-xL and HA-Bcl-xL and
phosphorylation mutants in Hela cell populations (C, control siRNA; xI#2, Bcl-xL#2 siRNA). GFP-H2B and B-actin expression are shown as control. SDS-
PAGE were run on 9-18% gradient gels; Bcl-xL Ab was from from Cell Signaling.
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Figure 5. PLK1 and MAPK14/SAPKp38a are major protein kinases involved in Bcl-xL(Ser62) phosphorylation at mitosis. (A) In vitro assays of a panel of
purified and active protein kinases with recombinant human Bcl-xL(ATM) protein as substrate. All enzyme activities were tested on control substrates
(Fig. S4). Western blots are representative of 2 independent experiments. SDS-PAGE were run on 10% linear gels; Bcl-xL Ab was from BD Science.
(B) Effects of specific protein kinase inhibitors on Bcl-xL phosphorylation at Ser62 in Namalwa cells exposed to nocodazole. As illustrated on the left, the
cells were first exposed to nocodazole (0.35 .M), and, 16 h post-treatment, kinase inhibitors were added for an additional 8 h: GSK3 inhibitor (SB216763,
10 wM); MAPKAPK?2 inhibitor (KKALNRQLGVAA, 10 wM); SAPK/p38 inhibitor (SB203580, 2.0 wM); JNK inhibitor (SP600125, 5.0 .M); PLK inhibitor (BI2536,
0.1 wM). The western blots are representative of 3 independent experiments performed with either nocodazole or taxol treatment. SDS-PAGE were
run on 10% linear gels. (C) Effects of specific siRNAs targeting PLK1, MAPKAPK2, MAPK14/SAPKp38a, MAPK8/JNK1, and MAPK9/JNK2 expression on
Bcl-xL(Ser62) phosphorylation in nocodazole-exposed Hela cells. A schematic view of these experiments is presented on top. Representative western
blotting of 3 independent experiments. SDS-PAGE were run on 9-18% gradient gels; Bcl-xL Ab was from Origene. *Note: nocodazole treatment was
avoided in these cells, as PLK1 silencing blocked them in early prometaphase/metaphase. (D) Phospho-Bcl-xL(Ser62) co-location with y-tubulin, Mad2,
and BubR1, 24 h after nocodazole treatment in the absence or presence of SAPKp38a or PLK inhibitors. Scale bar: 10 .M (inset green line). A schematic
view of these experiments is presented on top. Pearson correlation coefficients appear in Table S1.
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Interaction between phospho-BclxL(Ser62) and the Cdc20/
Mad2/BubR1/Bub3 complex

During SAC, a “stop anaphase signal” consisting of Cdc20-,
Mad2-, BubR1-, and Bub3-bound complexes in the mitotic
cytosol negatively controls APC/C activity. In experiments on
transfected Namalwa cells, we observed that HA-Bcl-xL protein
co-immunoprecipitated with Mad2, BubR1, Bub3, and Cdc20,
but not Bubl, in unperturbed and taxol-exposed cells (24 h),
while HA-Bcl-xL(Ser62Ala) mutant was only bound to Mad2
and, to a much lesser extent, Bub3 (Fig. 6A). These interactions
were lost as the cells gradually progressed into the later stage of
mitosis at 48 h during taxol exposure (Fig. 6A and see Fig. 1D,
red bars). A series of reciprocal co-immunoprecipitations con-
firmed that Mad2, BubR1, and Cdc20 interact with phospho-
HA-Bcl-xL(Ser62) (Fig. 6B). Cdc27 (APC-3), a subunit of APC,
did not co-immunoprecipitate in these experiments. Finally, sim-
ilar reciprocal co-immunoprecipitation with Mad2, Cdc20, and
BubR1 in nocodazole-exposed wt HeLa cells revealed the pres-
ence of Bcl-xL(Ser62) within these complexes (Fig. 6C).

Discussion

Our study indicates that during prometaphase and meta-
phase, PLK1 and MAPK14/p38a-mediated Bcl-xL(Ser62) phos-
phorylation were found in association with the SAC inhibitory
Cdc20-Mad2-BubR1-Bub3-bound complexes. PLKI1-mediated
Bcl-xL(Ser62) phosphorylation is also associated with cen-
trosomes sub-location with +y-tubulin at early mitotic steps.
Importantly, phospho-Bcl-xL(Ser62) function in mitosis appears
to be separable from Bcl-xLs known role in apoptosis, as Bcl-
xL(Ser62Ala) phosphorylation mutant keeps its anti-apoptotic
effect but clearly shows different behavior during mitotic pro-
gression. Conceptually, by blocking apoptosis of damaged cells,
BelxL allows them to undergo cell cycle checkpoint, a time of
arrest within the cell cycle that facilitates damage repair. In turn,
phospho-Bcl-xL(Ser62) also seems to act directly on the regula-
tion of mitosis.?*2°

Several findings in our study support a role of BclxL during
mitosis. First, cells overexpressing wt Bcl-xL or the phosphory-
lation mutant Bcl-xL(Ser62Ala) show differences in phospho-
H3(Ser10) de-phosphorylation kinetics while retaining N4 DNA
content in taxol- and nocodazole-exposed cells. Second, phos-
pho-Bcl-xL(Ser62) phosphorylation and de-phosphorylation
kinetics correlate with SAC/On and SAC/Off kinetics. Third,
phospho-Bcl-xL(Ser62)  binds  Cdc20-Mad2-BubR1-Bub3-
bound inhibitory complexes, while Bcl-xL(Ser62Ala) does
not. Finally, live-cell imaging experiments clearly showed that
silencing Bcl-xL expression or re-expressing the phosphorylation
mutant Bcl-xL(Ser62Ala) influences mitosis, with cells harbor-
ing chromosome alignment defect, kinetochore—microtubule
attachment defect, with chromosome lagging and bridging and
cytokinesis failure. We recently reported that Bcl-xL phosphory-
lation at Ser49 is an important step for proper cytokinesis and
mitotic exit.”® The data in this study indicate that, during mito-
sis, cells lacking Bcl-xL or expressing the phosphorylation mutant

Bcl-xL(Ser49Ala) or double mutant BclxL(Ser49/62Ala) also
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show increased numbers of cells harboring micro-, bi-, or multi-
nucleated cells, consistent with role in cyokinesis.”> The obser-
vations that phospho-Bcl-xL(Ser62) is located at centrosomes
during early steps of mitosis, and that phospho-Bcl-xL(Ser49)
also located at centrosomes during the G, phase of the cell cycle,”
are consistent with a putative BelxL function influencing centro-
some biology and function, although this is not further addressed
in this study. Figure 6D provides a simple schematic view of these
observations. Futher investigations will be required to elucidate
how phospho-Bcl-xL(Ser62) and phospho-Bcl-xL(Ser49) act at
the molecular level during mitosis.

BclxL phosphorylation at Ser62 has been detected previ-
ously in mitotic cells treated with microtubule inhibitors and
binders, including nocodazole, paclitaxel, vinblastine, vincris-
tine, colchicine, and pironetin, and a few protein kinases have
been proposed to phosphorylate BclxL at Ser62 in microtubule
1621 Unlike other studies which investi-
gated single protein kinase, we simultaneously probed more than

inhibitor-exposed cells.

14 protein kinases in a combination of assays, including in vitro
kinase assays, pharmacological inhibitors, and siRNAs. Most
importantly, siRNA analysis was performed in a highly enriched
mitotic cell population collected by mitotic shake-off to eliminate
and avoid contamination or unwanted effects of these protein
kinases in the G, cell population. Our systemic approach may
explain the discrepancy between our work and that of others.
Our experiments identified 2 major protein kinases, PLK1 and
MAPK14/SAPKp38a, involved in Bcl-xL(Ser62) phosphoryla-
tion during mitosis. PLK1 activity is known to be highly regu-
lated in both time and space and has key functions for cell entry
into mitosis, SAC regulation, mitotic exit, and cytokinesis.****
MAPK14/SAPKp38a is another major protein kinase activated
during mitosis that plays roles during SAC at the metaphase—
anaphase transition.”%

The current model of SAC regulation, supported by many
studies, indicates that unattached kinetochores generate a “stop
anaphase signal” containing the proteins Mad2, BubR1, and
Bub3 that diffuse into the mitotic cytosol and sequester Cdc20
to interfere with APC/C activity.'* However, subsequent entry
into anaphase requires SAC resolution and APC/C activation
by a mechanism that remains poorly understood. SAC resolu-
tion or mitotic slippage has often been observed with micro-

tubule poisons,***2

and SAC silencing or resolution at least
requires ubiquitination, deubiquitination, and proteolysis activi-
ties.”* The formation of SAC inhibitory complexes consisting
of Cdc20-, Mad2-, BubR1-, and Bub3-bound complexes are
highly dynamic, and several intermediates have been resolved in
a reconstituted cell-free system.?® Since we observed interaction
between Bcl-xL(ser62) and these Cdc20-Mad2-BubR1-Bub3-
bound complexes, it would be interesting to deploy this system
with recombinant Bcl-xL protein and combination of phosphory-
lation mutant and phosphorylation mimetic recombinant Bel-xL
proteins to resolve their actions on the formation, stability, and
disassembly of the Cdc20-, Mad2-, BubR1-, and Bub3-bound
inhibitory complexes.

The association between anti-apoptotic Bcl-2 or BelxL and
genomic stability has previously been suggested in the context
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of DNA damage and repair. Indeed, they have been shown to
influence nucleotide excision repair,”” base excision repair,*® DNA
mismatch repair,”
tion pathway,’®' gene conversion,” and the non-homologous
end-joining pathway,” exerting significant effects on genomic
stability. BelxL also shows specific functions during G, check-
point mediated by DNA damage, effects that are independent of
its anti-apoptotic role, but which influence genomic stability.?*
Previous studies have also revealed Bcl-2 phosphorylation on

the Rad51-dependent homologous recombina-

Thr69, Ser70, and Ser87, residues within the Bcl-2’s unstruc-
tured loop domain,? during mitotic arrest, and on Ser70 during
normal transition to mitosis.”*** Alcthough not directly verified,
Bcl-2 and its phosphorylation during mitosis has been suggested
as a guardian for microtubule integrity, monitoring fidelity of
chromosome segregation, an effect proposed to be coupled with
Bcl-2 function on apoptosis.”" To the best of our knowledge,
this is the first observation that phospho-Bcl-xL(Ser62) is associ-
ated with chromosome segregation and chromosome stability as a
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Figure 6. Phospho-Bcl-xL(Ser62) interacts with SAC components. (A) Co-immunoprecipitation from Namalwa cells of either HA-Bcl-xL or HA-Bcl-
xL(Ser62Ala) mutant protein with Mad2, Cdc20, BubR1, Bub1, or Bub3 in taxol-exposed (0.1 M) cells. (B) Reciprocal co-immunoprecipitation of HA-Bcl-xL
and phospho-HA-Bcl-xL(Ser62) with Cdc20, Mad2 and BubR1, but not Cdc27 (APC-3) in taxol-exposed Namalwa cells (0.1 M, 24 h). IgG represents co-
immunoprecipitation experiments with control immunoglobulins. In (A or B), “Extract” means a protein extract obtained from Namalwa cells expressing
HA-Bcl-xL at the indicated time of taxol treatment. Representative of 3 independent experiments. (C) Reciprocal co-immunoprecipitation of phospho-
Bcl-xL(Ser62) with Mad2, Cdc20, and BubR1 in nocodazole-exposed wt Hela cells (0.35 .M, 24 h). IgG represents co-immunoprecipitation experiments
with control immunoglobulins. In (C) “Extract” means a mitotic protein extract obtained from wt Hela cells after nocodazole treatment (0.1 wM, 24 h).
All SDS-PAGE were run on 9-18% gradient gels. (D) Schematic view of observations.

www.landesbioscience.com

Cell Cycle

1323



consequence of its direct function on mitosis, an effect thatappears
to be independent of its anti-apoptotic activity. Our finding is in
harmony with those observations of others which reveal that dys-

functional mitosis has a dramatic impact on aneuploidy.®*¢°

Materials and Methods

Cell culture, cDNA construction, and cell analysis

Human Namalwa and HeLa cell lines were obtained from
American Type Culture Collection and grown at 37 °C under
5% CO, in RPMI-1640 medium and DMEM supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 pg/ml streptomycin, respectively. The neomy-
cin selected HeLa cell line expressing GFP-histone H2B protein
was kindly provided by Dr PS Maddox (Instistut de recherche
en immunologie et cancer, Université de Montréal).”” All cDNA
constructs, including phosphorylation mutants, were generated
as described previously.”?® pLenti6.2-DEST vector was obtained
from Invitrogen, and lentiviruses were produced in 293FT cells,
also from Invitrogen. All vectors were sequenced in both orien-
tations. Transfected Namalwa cells (pCEP4 vectors) and trans-
duced HelLa cells (lentiviruses) were grown under hygromycin Bl
(100 pg/ml) and blasticidin (7 pg/ml) selection respectively,
to attain stable cell populations prior to the experiments. The
kinetics of mitotic entry, cell cycle phase distribution, and cell
death were monitored in Coulter EpicsXL flow cytometers with
phospho-H3(Ser10) labeling and PI staining. Hela cells were
synchronized by double-thymidine block (2 mM) and release.?>*

Protein extraction and immunoblotting

To prepare total protein, cells were extracted with lysis buffer
containing 20 mM Hepes- KOH, pH 7.4, 120 mM NaCl, 1%
Triton X-100, 2 mM phenylmethylsulfonyl fluoride, a cockrail
of protease inhibitors (Complete™, Roche Applied Science, Laval
QC) and a cocktail of phosphatase inhibitors (PhosStop™, Roche
Applied Science). For immunoprecipitation, the samples were
first pre-cleaned with a protein A- and G-Sepharose mixture
and, after centrifugation, Abs at 10 pg/ml concentration were
incubated at 4 °C for 4 h. All Abs used in this study are listed
in Table S4. Production and controls of phospho-Bcl-xL(Ser62)
and phospho-Bcl-xL(Ser49) Ab specificities have been well docu-
mented, both with western blotting and immunostaining.¢

Immunofluorescence microscopy and time-lapse live-cell
microscopy

For immunofluorescence microscopy, HeLa cells were seeded
and grown directly on coverslips. They were fixed in methanol
at -20 °C for 30 min and rapidly immersed in ice-cold acetone
for a few seconds. The slides were allowed to dry at room tem-
perature and rehydrated in PBS. Nonspecific binding sites were
blocked in PBS containing 5% FBS (blocking solution); then,
the slides were incubated sequentially with specific primary
Ab (10 pg/ml in blocking solution) and specific labeled sec-
ondary Ab (10 pg/ml in blocking solution), followed by DAPI
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staining, also in blocking solution. All Abs are listed in Table S4.
Images were generated with a Leica microsystem mounted on a
Leica DM6000B microscope and Leica DFC480 camera with
Leica Image Manager software, and with a Nikon microsystem
mounted on a Nikon Eclipse E600 microscope with a photomet-
ric Cool-Snap HQ2 camera and Nikon NIS-Elements software 9
(v3.8AR). For live-cell imaging, Hela cells expressing GFP-H2B
and the various HA-BclxL constructs (in the presence or absence
of specific siRNAs) were pre-synchronized by a single thymidine
block. Differential interference contrast (DIC) and/or green flu-
orescence images were acquired at a 2.6 min interval for 10 to 12
h at 20x or 40x magnification, and image sequences were ana-
lyzed by tracking individual cells to track their mitotic behavior.
Mitosis duration was monitored by the time spent from nuclear
envelope breakdown and chromatin condensation to cytokine-
sis and chromatin de-condensation. Images were acquired with
a Zeiss Axio Observer Z1 automated microscope and analyzed
with Axiovision software (v4.8.2).

Protein kinase assays and protein kinase chemical inhibitors

Kinases and kinase assays are described in Table S2. Enzyme
activities were tested on control substrates and velocities expressed
as nmole/min/mg (data in Fig. S4). Recombinant human Bcl-
xL(ATM) protein was produced and purified, as described previ-
ously.? The protein kinase chemical inhibitors deployed in this
study are listed in Table S2.

siRNA-mediated protein expression inhibition

HeLa cells were transfected for 48 h with DharmaFECT-1
transfection reagent (ThermoScientific) according to the manu-
facturer’s instructions, with 100 nM of either control siRNA or
siRNA targeting different kinases or Bcl-xL (Table S3). The cells
were then treated 48 h post-transfection with taxol (0.1 wM) or
nocodazole (0.35 wM), as indicated, prior to analysis.
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