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Abstract

Functional analysis of a Bcl-xL phosphorylation mutant series has revealed that cells expressing
Bcl-xL(Ser49Ala) mutant are less stable at G2 checkpoint after DNA damage and enter
cytokinesis more slowly after microtubule poisoning, than cells expressing wild-type Bcl-xL.
These effects of Bcl-xL(Ser49Ala) mutant seem to be separable from Bcl-xL function in
apoptosis. Bcl-xL(Ser49) phosphorylation is cell cycle-dependent. In synchronized cells, phospho-
Bcl-xL(Ser49) appears during the S phase and G2, whereas it disappears rapidly in early mitosis
during prometaphase, metaphase and early anaphase, and re-appears during telophase and
cytokinesis. During DNA damage-induced G2 arrest, an important pool of phospho-Bcl-xL(Ser49)
accumulates in centrosomes which act as essential decision centers for progression from G2 to
mitosis. During telophase/cytokinesis, phospho-Bcl-xL (Ser49) is found with dynein motor
protein. In a series of in vitro kinase assays, specific small interfering RNA and pharmacological
inhibition experiments, polo kinase 3 (PLK3) was implicated in Bcl-xL(Ser49) phosphorylation.
These data indicate that, during G2 checkpoint, phospho-Bcl-xL(Ser49) is another downstream
target of PLK3, acting to stabilize G2 arrest. Bcl-xL phosphorylation at Ser49 also correlates with
essential PLK3 activity and function, enabling cytokinesis and mitotic exit.
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1. Introduction

Bcl-xL (Bcl-2-related gene x, long isoform), a Bcl-2 (B cell leukemia/lymphoma protein-2)
family member, is well-characterized for its function in apoptosis [1]. Regulation of outer
mitochondrial membrane permeabilization is the major way in which Bcl-xL protein exerts
its anti-apoptosis regulatory and survival effect, which means preserving mitochondrial
membrane integrity, mitochondrial transmembrane potential as well as ATP production, and
preventing the release of apoptogenic factors in cytosol (reviewed in [2-4]). Elucidation of
Bcl-xL’s 3-dimensional structure has provided a first structural model in which a-helices
located in BH1 (Bcl-2 homology domain), BH2 and BH3 domains create an elongated
hydrophobic pocket domain where a BH3 amphipathic a-helice of another Bcl-2-like
protein can bind [5-7]. Bcl-xL binds to pro-apoptotic family members through protein—
protein interactions, forming a complex dynamic network of hetero-oligomers, depending on
the cellular environment, stress condition and their subcellular localization [8-13].
Heterodimerization between pro- and anti-apoptotic molecules controls cell fate, indicating
that the relative concentration of one faction versus the other greatly influences the
susceptibility of cells to death signals (reviewed in [14,15]). BH3-only proteins are potent
mediators of cell death. A subset, referred to as BH3-only enabler or sensitizing proteins,
promotes apoptosis by binding to and inhibiting pro-survival molecules, such as Bcl-2, Bcl-
XL and Mcl-1, whereas BH3-only activator or activating proteins bind to and activate
multidomain pro-apoptotic Bax and Bak proteins [10,16]. Bax insertion and oligomerization
into membranes require activation, i.e. structural reorganization by a BH3-only activating
protein, events that lead to outer mitochondrial membrane permeabilization; in contrast, the
ability of anti-apoptotic proteins, such as Bcl-xL, to trap and inhibit these BH3-only
activating proteins, prevents membrane permeabilization [17-20].

The unexpected pore-forming ability of Bcl-xL protein has emerged from unfolding of its 3-
dimensional structure. Structural similarities between Bcl-xL, particularly its a5- and a.6-
helices and the pore-forming domains of some bacterial toxins that act as channels for either
ions or proteins, suggest that Bcl-2 members could function by constituting pores in
intracellular organelles, including mitochondria [5,17-21]. Whether these channel activities
function by themselves, or in association with other megachannels, such as components of
mitochondrial permeability transition pores, or others, is still not completely elucidated
[3,4,19,22-31].

Several studies have revealed that, in addition to their key role in controlling apoptosis, some
Bcl-2 family members interface with the cell cycle, DNA damage responses and repair
pathways, functions that are distinct from their role in apoptosis (reviewed in [32,33]).
Indeed, Bcl-xL and/or Bcl-2 modulate the homologous recombination pathway as well as
non-homologous end-joining and DNA damage mismatch repair activities, effects that are
separable from their anti-apoptotic task [34-37]. Bcl-xL also fulfills functions during the
cell cycle [38-40]. Bcl-xL phosphorylation at Ser62, within the unstructured loop domain of
the protein, has been detected most often in cells treated with microtubule poisons, including
nocodazole, paclitaxel, vinblastine, vincristine, colchicine and pironetin [41-49], and
coupled, more recently, with specific G2 and mitotic events (Wang et al., 2011; manuscripts
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submitted). Similarly, Bcl-xL phosphorylation at Thr47 and Thr115 has been documented in
response to genotoxic stress induced by ionizing radiation [50].

A previous study in our laboratory showed that Bcl-xL stabilizes the G2 checkpoint, an
activity that resides within a specific region between the 41st amino acid and the 60th amino
acid included in the flexible loop domain of Bcl-xL [40], a region that is not essential for its
anti-apoptotic function [42,51,52]. To search for potentially important phosphorylation
site(s) regulating Bcl-xL’s function during the cell cycle, we generated and monitored the
effects of a series of single-point Bcl-xL phosphorylation mutants within its unstructured
loop domain. Taking a variety of experimental approaches with stably-transfected human
cell populations and non-transfected wild-type (wt) cells, we now provide evidence that
within the unstructured loop domain, Bcl-xL(Ser49) phosphorylation is a key element
regulating Bcl-xL’s functions at the G2 cell cycle checkpoint and entry into cytokinesis,
influencing mitotic exit.

2. Materials and methods

2.1. Cell culture, cDNA construction, cell analysis and statistics

Human Namalwa and HeLa cell lines were obtained from the American Type Culture
Collection and grown at 37 °C under 5% CO5 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 phosphorylation mutant pCEP4-HA-Bcl-

XL (Ser49Ala) was generated by triple polymerase chain reactions (PCR) with wt pCEP4-
HA-Bcl-xL vector as DNA template. Briefly, the first fragments were amplified by Vent
polymerase, with specific adapter primers containing restriction site sequences at the ATG
start codon and anti-sense junction primers circumscribing the mutated codon with flanking
sequences. The second fragments were amplified by Ventpolymerase, with sense junction
primers containing the mutated codon, with flanking sequences and adapter anti-sense
primers comprising restriction site sequences at the TGA stop codon. The 2 amplified
fragments were gel-purified, heat-denaturated, and slowly annealed on ice. After elongation
by Tag polymerase for 10 min, a third PCR, with specific adapter primers containing
sequences at the ATG start codon and TGA stop codon, was amplified. The amplified
fragment was first cloned in pCR2.1Topo vector (Invitrogen Corporation), sequenced, and
then sub-cloned in the eukaryotic expression vector pCEP4 (Invitrogen Corporation).
Purified constructs were transfected in Namalwa cells by electroporation at 0.27 kV (Gene
Pulser, BioRad, Hercules, CA), and cells were grown under hygromycin B1 selection to
attain a stable cell population prior to performing the experiments. Similar procedures were
conducted to generate the phosphorylation-mimetic mutant Bcl-xL(Ser49Asp), using as
template the pET-Bcl-xL (ATM) vector [40]. 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. Statistical analyses were performed by standard
Student t-test with GraphPad Prism software (version 4.0c; San Diego, CA) and p>0.05
values were considered as non-significant.
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2.2. Protein extraction and immunoblotting

To prepare protein extracts, cells were lysed in buffer containing 20 mM Hepes(KOH), pH
7.4, 120 mM NaCl, 1% Triton X-100, 2 mM phenylmethylsulfonyl fluoride, a cocktail of
protease inhibitors (Complete™, Roche Applied Science) and a cocktail of phosphatase
inhibitors (PhosStop™, Roche Applied Science). SDS-PAGE were run on 10-18% gradient
polyacrylamide gel. The antibodies used in this study are listed in Supplemental Table S2.
Bcl-xL(Ser49) antibodies were prepared and purified by GeneScript, using the
phosphopeptide-KLH conjugate CTESEMETP(pS)AING as immunogen. The affinity and
specificity of the preparations were first analyzed with ELISA, with coated phosphopeptide
and non-phosphopeptide as antigens.

2.3. Immunofluorescence microscopy

HeLa cells, seeded and grown directly on coverslips, 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 temperature 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 antibody (10 pug/ml in blocking solution), specific labeled secondary
antibody (10 pg/ml in blocking solution), followed by DAPI staining, also performed in
blocking solution. Images were generated with a Leica Microsystem mounted on a Leica
DM6000B microscope and Leica DFC480 camera hooked up to a Macintosh computer.

2.4. Protein kinase assays and protein kinase chemical inhibitors

The kinases and kinase assays are described in Supplemental Table S3. Enzyme activities
were tested on control substrates, and velocities were expressed as nmol/min/mg (data in
Supplemental Fig. S2-A-B). Recombinant human Bcl-xL(ATM) and Bcl-xL(ATM)
(Ser49Asp) proteins were produced and purified, as described previously [40]. BI-2536 was
obtained from Axon MedChem Corp.

2.5. siRNA-mediated protein kinase inhibition

3. Results

HeLa cells were transfected with DharmaFECT-1 transfection reagent (ThermoScientific)
according to the manufacturer’s instructions, with 100 nM of either control siRNA (non-
targeting Smart Pool) or siRNA #3 and #4 targeting PLK3 mRNA obtained from
Dharmacon, ThermoScientific.

3.1. Effect of HA-Bcl-xL and HA-Bcl-xL(Ser49Ala) phosphorylation mutant on G2
checkpoint stability and mitosis progression

First, human B lymphoma Namalwa cells were transfected with expression vectors encoding
wt HA-Bcl-xL and HA-Bcl-xL(Ser49Ala) mutant, and stably-transfected cell populations
were selected. The protein expression levels are illustrated in Fig. 1A (top right panel). A
well-established experimental procedure, referred to as mitotic trap assay [53], evaluated the
kinetics of G2 arrest after DNA damage, the kinetics of mitotic entry after G2 arrest, and the
kinetics of cell death. In this assay, cells entering mitosis after G2 arrest are trapped by
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adding nocodazole (0.35 uM) at 24-h intervals after etoposide (VP16) treatment (10 pM/30
min in Namalwa cells) and monitored by flow cytometry with phospho-H3(Ser10) labeling
as well as propidium iodide (PI) staining (Fig. 1A, top left panel). Control Namalwa cells or
Namalwa cells stably transfected with empty vector die rapidly after exposure to VP16 (Fig.
1A, green bars). In contrast, cell populations stably expressing wt HA-Bcl-xL and the
phosphorylation mutant HA-Bcl-xL(Ser49Ala) show strong inhibition of apoptosis (Fig. 1A;
green bars). More than 70% of cells over-expressing wt HA-Bcl-xL are arrested in G2, 24 h
after VP16 treatment (Fig. 1A, gray bars), while some cells slowly escape from G2 and enter
early mitosis, 36 to 72 h after VP16 (Fig. 1A, red bars). In contrast, cells expressing the
phosphorylation mutant HA-Bcl-xL(Ser49Ala) enter mitosis much more rapidly, 36 to 72 h
after VP16 (Fig. 1A; red bars), revealing that Ser49 is essential for Bcl-xL’s function in G2
arrest. These observations also suggest that Bcl-xL’s role in G2 arrest is distinct from its
function in apoptosis.

Similar experimental monitoring by flow cytometry with phospho-H3(Ser10) labeling and

Pl staining was undertaken to evaluate the kinetics of early mitotic entry and stability of the
spindle-assembly checkpoint (N4 DNA content, phospho-H3(Ser10)-positive), mitosis
progression into cytokinesis (N4 DNA content, phospho-H3(Ser10)-negative, after taxol
treatment), G1 entry (N2 DNA content, phospho-H3 (Ser10)-negative), and cell death
kinetics (sub-G1 DNA content) in taxol-exposed cells (Fig. 1B). Both Namalwa cells and
Namalwa cells stably transfected with empty vector die rapidly after taxol treatment, while
cells stably expressing wt HA-Bcl-xL and the phosphorylation mutant HA-Bcl-

XL (Ser49Ala) show strong inhibition of apoptosis (Fig. 1B; green bars). Up to 80-85% of
cells over-expressing wt HA-Bcl-xL and HA-Bcl-xL(Ser49Ala) mutants accumulate in early
mitosis (Fig. 1B; red bars) from 12- to 24-h taxol exposure. Interestingly, HA-Bcl-xL-
expressing cells gradually start to lose the phospho-H3(Ser10) marker by 36 h, whereas most
HA-Bcl-xL(Ser49Ala) mutant cells are still stable in early mitosis at 36 h, slowly losing the
phospho-H3(Ser10) marker only at 48 to 60 h after taxol treatment (Fig. 1B; red bars). These
results indicate that Bcl-xL(Ser49) is required for spindle-assembly checkpoint resolution
and/or entry into cytokinesis. Again, this effect of Bcl-xL(Ser69Ala) on mitosis progression
in taxol-exposed cells appears separable from its anti-apoptotic function.

3.2. Bcl-xL(Ser49) phosphorylation and location during DNA damage-induced G2 arrest
and in unpertubed, synchronized wt HelLa cells

First, antibodies were produced to monitor Bcl-xL(Ser49) phosphorylation. The specificity
of phospho-Bcl-xL(Ser49) antibodies is depicted in Supplemental Fig. S1. Experiments
were then performed in human non-transfected wt Hel a cells, which undergo G2 arrest after
VP16 treatment (10 um; 16 h), with some cells escaping G2 arrest 48 to 72 h post-VP16
treatment (Fig. 2A, right panel). Bcl-xL(Ser49) phosphorylation is observed in wt HelLa
cells exposed to VP16 (Fig. 2A, left panel). When wt HelL a cells are synchronized by double
thymidine block and released upon progression from S to G2, Bcl-xL is progressively
phosphorylated on Ser49 (Fig. 2B, left panel), suggesting that Bcl-xL (Ser49)
phosphorylation also occurs during normal cell cycle progression. Cell cycle phase
distribution during these experiments is indicated in Fig. 2B, right panel. We next
investigated the subcellular location of phospho-Bcl-xL(Ser49) in wt HeLa cells by indirect
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immunofluorescence staining, in synchronized G2 control and VP16-induced G2 arrest (Fig.
2C). In HeLa cells exposed to VP16, a pool of phospho-Bcl-xL(Ser49) accumulated in
centrosomes with -y-tubulin 24 and 48 h post-VP16 exposure (Fig. 2C). In contrast, no
significant accumulation of phospho-Bcl-xL(Ser49) in centrosomes was detected in
synchronized, untreated G2 cells (Fig. 2C). Phospho-Bcl-xL(Ser49) was not found in
nuclear structures with colin, a specific Cajal body marker, and nucleolin, a specific
nucleolus marker (Fig. 2C). Taken together, these results suggest that Bcl-xL is
phosphorylated on Ser49 during normal cell cycle progression and that phospho-Bcl-

XL (Ser49) accumulates much more strongly in centrosomes during DNA damage-induced
G2 checkpoint in HeLa cells. Centrosomes play fundamental roles as organization centers
that integrate cell cycle arrest and DNA repair signaling networks in response to genotoxic
stress [54]. One important aspect of centrosome biology is the control of cyclin B1/
CDK1(CDC2) activity for entry into mitosis [55]. Following DNA damage, premature
initiation of mitosis is prevented by inhibiting centrosome-associated cyclin B1/
CDK1(CDC2) through CDC25 phosphatase inactivation [56,57]. In HelLa cells treated by
VP16, both CDK1(CDC2) and phospho-Bcl-xL(ser49) accumulate in centrosomes during
the G2 checkpoint (Supplemental Fig. S2-A). Previous works also have indicated that Bcl-
XL co-localized with CDK1 (CDC?2) and potently inhibits CDK1(CDC2) kinase activity
during the G2 checkpoint [40]. To further investigate the effect of phospho-Bcl-xL (ser49)
on CDK1(CDC?2) activity, in vitro CDK1(CDC2) kinase assays were performed in the
presence of various amounts of purified recombinant Bcl-xL(Ser49Asp) protein lacking its
C-terminal hydrophobic transmembrane domain (ATM). Bcl-XL(ATM)(Ser49Asp) inhibited
CDK1(CDC2) activity dose-dependently (Supplemental Fig. S2-B), providing a possible
mechanism by which phospho-Bcl-xL(Ser49) exerts its effect on stabilization of the G2
checkpoint.

3.3. Bcl-xL(Ser49) phosphorylation and location during mitosis progression

We next monitored phospho-Bcl-xL(Ser49) during mitosis. First, wt HeLa cells were
synchronized by double thymidine block and released upon progression to G2. They were
then treated with nocodazole (0.35 pM, 4 h), and prometaphase/metaphase cells were
collected by mitotic shake-off. A portion of these cells was released from nocodazole and
growth in the presence of MG-132 (25 uM), a proteasome inhibitor that prevents cyclinB1
and securin destruction, to obtain a cell population at the metaphase and anaphase boundary.
A second set was also released from nocodazole and by growth in the presence of
blebbistatin (10 uM), a selective non-muscle contractile motor myosin Il inhibitor that averts
furrow ingression, to attain a cell population at telophase/cytokinesis and tetraploid. A
schematic view of these experiments appears in Fig. 3A (top panel). Western blotting
revealed that Bcl-xL is timely dephosphorylated at Ser49 at prometaphase, metaphase and
the anaphase boundary, while it is rapidly phosphorylated at telophase/cytokinesis (Fig. 3A).
Total Bel-xL level remained stable along mitosis. Interestingly, the Bcl-xL(Ser49)
phosphorylation pattern was exactly opposite that of Bcl-xL(Ser62) (Fig. 3A), indicating
differential function. CyclinB1 and phospho-H3(Ser10) expression is shown as a specific
early mitotic phase marker (Fig. 3A). The location of phospho-Bcl-xL(Ser49) in telophase/
cytokinesis was then investigated. In these experiments, HeL a cells were synchronized by
double thymidine block and release upon progression to G2 and entry into mitosis. They
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were collected at 30-min intervals from 9 to 12 h after double thymidine block and release to
acquire mitotic cells at all steps of mitosis. In telophase/cytokinesis, phospho-Bcl-xL(Ser49)
co-localizes with the microtubule associated motor protein dynein (Fig. 3B). Phospho-Bcl-
xL(Ser49) does not localize in centrosomes with -y-tubulin in telophase/cytokinesis (Fig.
3B). A summary of microscopy analysis is presented in Supplemental Table S1.

3.4. Polo kinase 3 (PLK3) is involved in Bcl-xL(Ser49) phosphorylation

To identify the putative protein kinase involved in Bcl-xL(Ser49) phosphorylation, a panel of
protein kinases was first tested in in vitro kinase assays with recombinant human Bcl-xL
protein as substrate. Among all the kinases tested, PLK3 was the only one able to
phosphorylate recombinant Bcl-xL protein on Ser49 in in vitro kinase assays (Fig. 4A).
Enzyme-specific activities with control substrates are illustrated in Supplemental Fig. S3-A-
B. The specificity of Ser49 phosphorylation by PLK3 was validated by mass spectrometry
(Supplemental Fig. S3-C). PLK3 participation in Bcl-x1(Ser49) phosphorylation during
DNA damage-induced G2 arrest was validated by deploying 2 specific small interfering
RNASs (siRNAs) targeting PLK3 mRNA. A schematic illustration of these experiments
appears in Fig. 4B.

With siRNAs targeting PLK3 mRNA, several attempts were made to confirm its
involvement in Bcl-xL(Ser49) phosphorylation at telophase/cytokinesis (data not reported).
Interfering with PLK3 expression does not allow cells to undergo proper cytokinesis, with
most cells been blocked at G2 or harboring a multinucleated phenotypes, effects reported
previously by expressing death kinase mutant enzymes, or in cells exposed to PLK3 shRNA
[58-61]. Trying to circumvent it, we adopted a protocol similar to that described in Fig. 3,
where synchronized cells at G2 are first allowed to accumulate at metaphase with
nocodazole, then released in the presence of blebbistatin to enrich the cell population at
telophase/cytokinesis. A fraction of the cells was released from nocodazole and then treated
with blebbistatin with or without BI1-2536, a PLK inhibitor. The cells were also collected by
mitotic shake-off to avoid the presence of multinucleated cells. The experiments are
illustrated schematically in Fig. 4C. Inhibiting PLK activities in these cells prevented Bcl-
xL(Ser49) phosphorylation. However, they also failed to enter telophase/cytokinesis as
cyclin B1 and phospho-H3(Ser10) expression remained significantly high. Together, these
experiments confirmed that cytokinesis requires PLK3 activity. Quenching its expression
with siRNAs or suppressing its activity in a timely manner in synchronized cells after
nocodazole release causes cytokinesis defects, which also correlate with failure to
phosphorylate Bcl-xL (Ser49).

4. Discussion

This study reveals a new phosphorylation site within Bcl-xL — Bcl-xL (Ser49) — that
undergoes dynamic phosphorylation/dephosphorylation events during cell cycle progression.
Phospho-Bcl-xL(Ser49) is essential in at least 2 key events of the cell cycle, G2 checkpoint
and progression to telophase/cytokinesis during mitosis. A pool of phospho-Bcl-xL(Ser49)
strongly localizes at centrosomes with y-tubulin during the G2 checkpoint induced by DNA
damage, and with the microtubule associated dynein motor protein during telophase/
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cytokinesis. PLK3, which has known essential functions during cell cycle progression, is a
key kinase involved in Bcl-xL(Ser49) phosphorylation. Importantly, phospho-Bcl-xL(Ser49)
functions during G2 checkpoint and, in mitosis, it appears to be separable from Bcl-xL’s
known role in apoptosis, as Bcl-xL (Ser49Ala) phosphorylation mutant retains its anti-
apoptotic effect but clearly shows different cell cycle behavior in DNA damage-induced G2
arrest and taxol-mediated mitotic actions.

Bcl-xL phosphorylation at Ser62 is well-documented and generally associated with
microtubule poisoning [41-49]. Phospho-Bcl-xL(Ser62) functions have remained elusive
until recently. We currently observed that it undergoes differential location during G2 and
spindle-assembly checkpoints (Wang et al., 2011; manuscripts submitted). A pool of
phospho-Bcl-xL(Ser 62) is located in Cajal bodies in interphase and a pool accumulates with
CDKZ1(CDC2) in nucleoli during G2 checkpoint, whereas its interacts with the inhibitory
CDC20/MAD2/BUBR1/BUB3 complex during spindle-assembly checkpoints (Wang et al.,
2011; manuscripts submitted). Interestingly, in this study, we noted a differential pattern of
expression and location for phospho-Bcl-xL (Ser49) compared to phospho-Bcl-xL(Ser62).
Phospho-Bcl-xL(Ser49) accumulates in centrosomes during G2 checkpoint, is rapidly
dephosphorylated at early mitotic phases and is re-phosphorylated during telophase/
cytokinesis. These dynamic changes of location and phosphorylation/dephosphorylation
events strongly indicate differential functions. Although the exact molecular mechanisms
were not fully addressed here, functional changes in cell cycle progression and cell behavior
in response to VP16 and taxol treatment are documented, with cells expressing the Bcl-
xL(Ser49Ala) phosphorylation mutant.

PLK3 activity and function have been reviewed recently [62]. Observed in centrosomes and
nucleoli during interphase [60,63], PLK3 is found at spindle poles and midbody during
cytokinesis [59,60]. PLK3 activity increases rapidly after DNA damage in an ATM-
dependent manner, and is involved in G2 arrest by phosphorylating and inhibiting CDC25C
phosphatase [64—-67]. Its exact functions during mitosis remain unclear, but overexpression
of PLK3’s polo box domain, but not the kinase domain, causes cytokinesis defects,
aneuploidy and cell death [58-60]. Similarly, cells harboring PLK3 knockdown by small
hairpin RNA presented incomplete cytokinesis, which produced a fair amount of
multinucleated cells [61]. PLK3 strongly phosphorylated Bcl-xL(Ser49) in in vitro kinase
assays. RNA interference experiments conducted during G2 arrest confirmed that PLK3 is
the key enzyme in Bcl-xL(Ser49) phosphorylation. During cytokinesis, our results are
strongly indicative of PLK3’s involvement, having demonstrated correlations between PLK3
expression and activity, failure to enter cytokinesis and to phosphorylate Bcl-xL at Ser49.
The functional outcome of phospho-Bcl-xL(Ser49) on the stability of G2 checkpoint and
kinetics of cytokinesis also correlates with PLK3 functions during G2 arrest and cytokinesis,
suggesting that Bcl-xL is a downstream target of PLK3 and part of the network mediating
PLK3’s effect.

In summary, our data disclose a yet uncharacterized phosphorylation site within Bcl-xL.
Bcel-xL(Ser49) is phosphorylated during normal cell cycle progression and checkpoints.
Interfering with Bcl-xL (Ser49) phosphorylation destabilizes DNA damage-induced G2
arrest and slows entry into cytokinesis, but has no effect on the kinetics of VP16- and taxol-
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induced apoptosis. Our data also indicate that PLK3 is involved in Bcl-xL(Ser49)
phosphorylation at G2 checkpoint and cytokinesis. Additional work is underway to dissect
the molecular mechanisms of phospho-Bcl-xL(Ser49) action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data
Supplementary data to this article can be found online at doi:10. 1016/j.cellsig.2011.07.017.
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Effect of Bcl-xL and Bcl-xL(Ser49Ala) phosphorylation mutant on G2 checkpoint resolution
and entry into cytokinesis. A) G2 checkpoint experiments are illustrated schematically in the
top left panel. The expression levels of HA-Bcl-xL, HA-Bcl-xL(Ser49Ala) phosphorylation
mutant and B-actin in stably-transfected Namalwa cell populations are shown in the top right
panel. Kinetics of G2 cells (N4 DNA content, phospho-H3(Ser10)-negative; gray bars), early
mitotic cells (N4 DNA content, phospho-H3(Ser10)-positive) and dead cells (sub-G1 cells;
green bars) in wt Namalwa cells and Namalwa cells expressing empty vector, HA-Bcl-xL
and HA-Bcl-xL(Ser49Ala) phosphorylation mutant after VP16 treatment. Bars represent the
meanszs.e.m. of n7independent experiments. Statistical analysis are showed for G2 cells
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(gray bars) in Namalwa cells expressing HA-Bcl-xL and HA-Bcl-xL(Ser49Ala)
phosphorylation mutant. * Significant (p<0.05); — non-significant (p>0.05). B) Taxol
experiments are illustrated schematically in the top left. Kinetics of early mitotic cells (N4
DNA content, phospho-H3(Ser10)-positive; red bars), late mitotic cells (or G2 at time 0) (N4
DNA content, phospho-H3(Ser10)-negative; gray bars), dead cells (sub-G1 cells; green bars)
and G1 cells (N2 DNA content; blue bars) in wt Namalwa cells and Namalwa cells
expressing empty vector, HA-Bcl-xL and HA-Bcl-xL(Ser49Ala) phosphorylation mutant
during taxol treatment (0.1 uM). Bars represent the meansts.e.m. of 72 independent
experiments. Statistical analysis are showed for early mitotic cells (red bars) in Namalwa
cells expressing HA-Bcl-xL and HA-Bcl-xL(Ser49Ala) phosphorylation mutant. *
Significant (p<0.05); — non-significant (p>0.05).
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Fig. 2.
Bcl-xL(Ser49) phosphorylation and location during DNA damage-induced G2 arrest and in

unpertubed, synchronized wt Hela cells at interphase. A) Expression kinetics of phospho-
Bcl-xL(Ser49), Bel-xL and B-actin in wt HelLa cells treated with VP16. These experiments
are illustrated schematically at the top. Kinetics of G2 cells (N4 DNA content, phospho-
H3(Ser10)-negative; gray bars), early mitotic cells (N4 DNA content, phospho-H3(Ser10)-
positive; red bars) and dead cells (sub-G1 cells; green bars) in wt HeLa cells treated with
VP16 appear on the right histogram. Bars represent the means+s.e.m. of n7independent
experiments. Statistical analysis are showed for G2 cells (gray bars); * Significant (p<0.05).
B) Expression kinetics of phospho-Bcl-xL(Ser49), Bel-xL and B-actin in synchronized HelLa
cells after double-thymidine block release. Cell cycle phase distribution during these
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experiments is illustrated in the right histogram. C) Co-location of phospho-Bcl-xL(Ser49)
with colin (Cajal body markers), nucleolin (nucleolus marker) and y-tubulin (centrosome
marker) in synchronized G2 cells and during VP16-induced DNA damage and G2 arrest.
The percentages of phospho-Bcl-xL(Ser49) in nucleoli, Cajal bodies and centrosomes during
VP16-induced G2 checkpoint and during normal G2 phase of the cell cycle in synchronized
wt Hela cells (sG2) are indicated in the right histogram. Bars represent the meansts.e.m.
from micrographs obtained in 4 independent experiments.
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Fig. 3.

B(?I-xL(Ser49) phosphorylation and location during mitosis progression. A) Expression
kinetics of phospho-Bcl-xL(Ser49), phospho-Bcl-xL(Ser62), Bel-xL, phospho-H3(Ser10)
and cyclin B1 in wt HeL a cells obtained at different steps of mitosis. The design of these
experiments is illustrated at the top. B) Co-location of phospho-Bcl-xL(Ser49) with dynein
motor protein in telophase/cytokinesis. Representative of a total of 624 cells obtained from 3
experiments. Details in Supplemental Table S1.
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Fig. 4.
PLK3 is involved in Bcl-xL(Ser49) phosphorylation. 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 in Supplemental Fig. S3-A-B, and
validation by mass spectrometry appears in Supplemental Fig. S3-C. Western blots are
representative of 3 independent experiments. B) Effects of 2 specific SiIRNAs targeting

PLK3 mRNA on the expression kinetics of phospho-Bcl-xL(Ser49), Bel-xL and PLK3 in wt
HelL a cells exposed to VP16. The design of these experiments is presented on the left. C)
Effects of a PLK inhibitor (BI-2536, 0.1 um) on phospho-Bcl-xL(Ser49), Bcl-xL, PLK1 and
PLK3 expression in synchronized wt HelL a cells released from nocodazole in the presence of
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blebbistatin to obtain enriched telophase/cytokinesis. The design of these experiments is
presented at the top. Western blots are representative of 2 independent experiments.
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