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Phospho-Bcl-x (Ser62) plays a key role
at DNA damage-induced G, checkpoint

REPORT

Jianfang Wang,' Myriam Beauchemin' and Richard Bertrand'2*

2Département de Médecine; Université de Montréal; Montréal, QC Canada

Keywords: Bcl-x , cdk1(cdc2), cell cycle checkpoint, DNA damage, nucleolus

Accumulating evidence suggests that Bcl-x, an anti-apoptotic member of the Bcl-2 family, also functions in cell cycle
progression and cell cycle checkpoints. Analysis of a series of phosphorylation site mutants reveals that cells expressing
Bcl-x (Ser62Ala) mutant are less stable at the G, checkpoint and enter mitosis more rapidly than cells expressing wild-
type Bcl-x_ or Bcl-x_ phosphorylation site mutants, including Thr41Ala, Ser43Ala, Thr47Ala, Ser56Ala and Thr115Ala.
Analysis of the dynamic phosphorylation and location of phospho-Bcl-x (Ser62) in unperturbed, synchronized cells
and during DNA damage-induced G, arrest discloses that a pool of phospho-Bcl-x (Ser62) accumulates into nucleolar
structures in etoposide-exposed cells during G, arrest. In a series of in vitro kinase assays, pharmacological inhibitors
and specific siRNAs experiments, we found that Polo kinase 1 and MAPK9/JNK2 are major protein kinases involved in Bcl-
x (Ser62) phosphorylation and accumulation into nucleolar structures during the G, checkpoint. In nucleoli, phospho-
Bcl-x (Ser62) binds to and co-localizes with Cdk1(cdc2), the key cyclin-dependent kinase required for entry into mitosis.
These data indicate that during G, checkpoint, phospho-Bcl-x (Ser62) stabilizes G, arrest by timely trapping of Cdk1(cdc2)
in nucleolar structures to slow mitotic entry. It also highlights that DNA damage affects the dynamic composition of the
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nucleolus, which now emerges as a piece of the DNA damage response.

Introduction

In mammals, development and tissue homeostasis require a care-
fully orchestrated balance between cell proliferation, cell dif-
ferentiation, cellular senescence and cell death. In recent years,
several studies have reported that members of the Bcl-2 family,
in addition to their central role in controlling apoptosis during
development and cellular stress, also interface with the cell cycle,
the DNA damage response, DNA repair pathways and premature
senescence, effects that are generally distinct from their function
in apoptosis."? Bcl-2 itself has been demonstrated to slow entry
from the quiescent G to the G, phase of the cell cycle prior to
DNA replication in multiple cell lineages and transgenic mice.?
In contrast, Bcl-27-knockout cells enter the S phase more quickly.
This effect of Bcl-2 on cell proliferation is genetically distinct
from its function in apoptosis.* Mcl-1, another Bcl-2 homolog
known to function as an anti-apoptotic protein, inhibits cell cycle
progression through the S phase of the cell cycle.” More recently,
others have reported that a proteolytic fragment of Mcl-1 regu-
lates cell growth via interaction with Cdk1(cdc2),° and that Mcl-1
plays an essential part in ATR-mediated CHK1 phosphorylation.”
Others have discerned the involvement of Bid, a BH3-only Bcl-2
family member with pro-apoptotic activity, at the intra-S phase
checkpoint under replicative stress in response to DNA damaging
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agents.®’ This function of Bid is mediated through its phosphory-
lation by the DNA damage signaling kinase ATM.%’

Bcl-2 and/or Bcl-x; modulate the Rad51-dependent homolo-
gous recombination pathway as well as non-homologous end-
joining and DNA damage mismatch repair activities, effects that
are separable from their anti-apoptotic function.'”" Bcl-x, also
fulfills specific functions distinct from its function in apopto-
sis during the cell cycle."'® Indeed, we previously reported that,
in addition to its mitochondrial effect, which delays apoptosis,
Bcl-x, co-localizes in nucleolar structures and binds Cdk1(cdc2)
during the G, cell cycle checkpoint, and its overexpression sta-
bilizes G, arrest in surviving cells after DNA damage induced
by DNA topoisomerase I and II inhibitors.” Bcl-x, potently
inhibits Cdkl1(cdc2) kinase activity, which is reversible by a syn-
thetic peptide between the 41* to 61 amino acids surrounding
the described Thr47 and Ser62 phosphorylation sites within its
flexible loop domain. A mutant deleted of this region does not
alter the anti-apoptotic function of Bcl-x; but impedes its effect
on Cdkl(cdc2) activities and on G, arrest after DNA damage.”
In addition, functional analysis of a Bcl-x; phosphorylation site
mutant, Bcl-x, (Ser49Ala), has revealed that cells expressing this
mutant are less stable at G, checkpoint after DNA damage and
enter cytokinesis more slowly after microtubule poisoning than
cells expressing wild-type Bl .'¢
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a direct indicator of G, checkpoint
bypass or checkpoint recovery and
adaptation, are trapped by adding
a non-toxic (Fig. S2A) concentra-
tion of nocadazole (0.35 wM) at
24 h intervals in different experi-
ments after etoposide (VP16) treat-
ment (10 wM/30 min in Namalwa

cells) and monitored by flow cytom-

Figure 1. Effect of Bcl-x_and Bcl-x (Ser62Ala) phosphorylation site mutant on DNA damage-induced G,
arrest. (A) Expression level of HA-Bcl-x, and HA-Bcl-x (Ser62Ala) phosphorylation site mutant in stably
transfected Namalwa cell populations. B-actin expression is shown as control. (B) Schematic view of the
mitotic trap assay; VP16 was administered at 10 uM for 30 min; nocodazole treatments (0.35 M) at the
indicated intervals trapped cells entering mitosis. (C-F) Kinetics of G, arrest [N4 DNA content/phospho-
H3 (ser10)-negative cells; gray bars], mitotic slippage [N4 DNA content/phospho-H3 (ser10)-positive cells;
red bars] and cell death (sub-G, peak; green bars) in wt Namalwa cells and Namalwa cells expressing HA-
Bcl-x_and Bcl-x (Ser62Ala) phosphorylation site mutant. Bars represent the means + SEM of n indepen-
dent experiments. Data with additional HA-Bcl-x_phosphorylation site mutants are in Figures S1 and S2.

etry with phospho-H3(Ser10) label-
ing (an early mitotic marker) and
propidium iodide (PI) staining.
Control Namalwa cells (Fig. 1C)
or Namalwa cells stably transfected
with empty vector (Fig. 1D) gradu-
ally die after exposure to VP16 (sub-

To better understand the importance of the Bcl-x; flexible
loop domain and putative phosphorylation events in regulat-
ing Bcl-x; location and function during the G, checkpoint, we
generated a series of single-point Bcl-x, ¢<DNA phosphoryla-
tion site mutants, including Thr41Ala, Ser43Ala, Thr47Ala,
Ser56Ala, Ser62Ala and Thrl15Ala. Among these Bel-x, puta-
tive phosphorylation sites, Ser62 has been documented as phos-
phorylated under microtubule poisoning'” and Th47 and Thr115
following genotoxic stress.”® Stably transfected cell populations
were selected in human B lymphoma Namalwa and cervical
carcinoma Hela cells. In this study, we provide evidence that
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G, cells; green bars). The apoptotic
mode of cell death of Namalwa cells
exposed to DNA topoisomerase I and II inhibitors has been well-
characterized previously in references 20-25. In contrast, cells
stably expressing HA-Bcl-x, and all phosphorylation site mutants
show strong inhibition of apoptosis (Fig. 1E and F, sub-G cells,
green bars; Fig. SIC-G). More than 70% of cells overexpress-
ing wt HA-Bcl-x are arrested in G, 24 h after VP16 treatment
[Fig. 1E; N4 DNA content and phospho-H3(serl0)-negative
cells; gray bars]. However, some of them slowly escape from G,
and enter early mitosis, 36 to 72 h after VP16 treatment [Fig.
1E; N4 DNA content and phospho-H3 (ser10)-positive cells; red
bars]. Strikingly, cells expressing the phosphorylation mutant
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HA-Bcl-x (Ser62Ala) enter mitosis much
more rapidly and efficiently [Fig. 1F; N4
DNA content and phospho-H3(serl0)-
positive cells; red bars], revealing that
Ser62 is important for Bcl-x; function at
G, arrest. Confirmation of these data was
made using another mitotic marker, MPM2
immunoreactivity (Fig. $2B). In addition,
expression of HA-Bcl-x, (Ser62Ala) has
an effect similar to HA-Bcl-x, in protect-
ing cells from apoptosis (Fig. 1E and F;
sub-G, cells; green bars). Together, these
observations suggest that Bcl-x’s func-
tion in cell cycle arrest is distinct from
its function in apoptosis, with Ser62 as a
key player. The other phosphorylation site
mutants, including HA—Bcl—xL(Thr4lAla),
(Ser43Ala), (Thr47Ala), (Ser56Ala) and
(Thrl15Ala), present a similar phenotype
compared with wt HA-Bcl-x, in terms of
G, arrest, with only some cells escaping G,
arrest 36 to 72 h post-VP16 treatment. All
of the mutants also show protection from
apoptosis (Fig. SIC-G). The effects of
HA-Bcl-x (Ser62Ala) phosphorylation site
mutant are similar to the ones described for
the Bcl-x (Ser49Ala) phosphorylation site
mutant.'® Thus, a double Bcl-x, (Ser49Ala/
Ser62Ala) phosphorylation site mutant has
been generated, expressed in Namalwa cells
and analyzed (Fig. S2C). Unfortunately,
the kinetics of cell proliferation expressing
the double mutant were reduced in com-
paraison to wt Namalwa and Namalwa
cells  expressing HA-Bclx,, HA-Bdl-
x, (Ser49Ala) and HA-Bcl-x, (Ser62Ala)
phosphorylation site mutants, making it
difficult to really compare the effects of
the double mutant after VP16 treatment
(Fig. S2C).

HA-Bcl-x, (Ser62)  phosphorylation
and location during DNA damage-
induced G, arrest. HA-Bcl-x (Ser62)
phosphorylation occurs after VP16 treat-
ment (Fig. 2A) in cells undergoing the G,
checkpoint. A previous study also indicated
that endogenous Bcl-x, co-localized with
Cdkl1(cde2) in the nucleolus during the
G, checkpoint induced by camptothecin
(CPT) and VP16 treatment in human cell
lines.”® Thus indirect in cellular inversed
and confocal immunofluorescence micros-
copy was undertaken to monitor the loca-
tion of wt HA-Bcl-x, and phosphorylation
site. mutant HA-Bclx, (Ser62Ala). We
observed in Namalwa cells expressing wt
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Figure 2. HA-Bcl-x (Ser62) phosphorylation and location during DNA damage-induced G, ar-
rest. (A) Expression and phosphorylation kinetics of HA-Bcl-x _after VP16 treatment (10 wM for
30 min). Co-location kinetics of (B) HA-Bcl-x, and (C) phospho-Bcl-x, (Ser62) with nucleolin in
Namalwa cells expressing HA-Bcl-x,_exposed to VP16 (10 M for 30 min). (D) Location kinet-

ics of HA-Bcl-x (Ser62Ala) and nucleolin in Namalwa cells expressing the phosphorylation site
mutant HA-Bcl-x (Ser62Ala) exposed to VP16 (10 uM for 30 min). (E) Percentage of HA-Bcl-x,
and HA-Bcl-x (Ser62Ala) located in nucleoli in Namalwa cells expressing HA-Bcl-x, and HA-Bcl-
x,(Ser62Ala) mutant and exposed to VP16 (10 wM for 30 min). Bars represent the means + SEM
from micrographs obtained in n independent experiments. (F) Percentage of phospho-Bcl-
x,(Ser62) located in nucleoli in Namalwa cells expressing HA-Bcl-x, and exposed to VP16 (10 uM
for 30 min). Characterization of the phospho-Bcl-x (Ser62) antibody preparation is in Figure S3.
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HA-Bcl-x_, that a pool of wt HA-Bcl-x, (Fig. 2B) and phospho-
Bclx, (ser62) (Fig. 2C) co-localized with nucleolin, a marker
of the nucleolus, 48 h post-VP16 exposure. In contrast, in
Namalwa cells expressing the phosphorylation mutant HA-Bcl-
x, (Ser62Ala) showed no co-location with nucleolin after VP16
treatment (Fig. 2D). The percentage of wt HA-Bcl-x, and phos-
phorylation mutant HA-Bcl-x, (Ser62Ala) that co-localized with
nucleolin in Namalwa cells was quantified by image analysis (Fig.
2E) as well as the percentage of phospho-Bcl-x, (Ser62) that co-
localized with nucleolin in Namalwa cells (Fig. 2F). Altogether,
these results indicate that phosphorylation at Ser62 is associated
with Bel-x; accumulation to nucleoli after VP16 treatment, and
that accumulation of phospho-Bcl-x, (Ser62) into nucleoli coin-
cides with the stabilization of G, arrest. The specificity of phos-
pho-Bcl-x, (Ser62) antibodies is depicted in Figure S3.

Endogenous Bcl-x, (Ser62) phosphorylation and location
in unperturbed, synchronized cells and during DNA damage-
induced G, arrest. Because the above observations were made in
HA-Bcl-x, -transfected and overexpressed cells, we next explored
the role of endogenous Bcl-x, in the cell cycle. We performed
these experiments in human wt HeLa cells. Indeed, wt HeLa
cells are less prone to apoptosis after VP16 treatment and undergo
G, arrest, with some cells escaping G, arrest 48 and 72 h post-
VP16 treatment (Fig. 3A, left part). Overexpression of Bcl-x,
in HeLa cells also stabilized the G, checkpoint (Fig. 3A, right
part). Bel-x (Ser62) phosphorylation is also seen in untransfected
wt HeLa cells exposed to VP16, both in cytosolic- and nuclear-
enriched fractions (Fig. 3B). When untransfected wt HeLa
cells are synchronized by double thymidine block and released,
endogenous Bcl-x, is progressively modified, with accumulation
of Ser62 phosphorylation both in cytosolic and nuclear extracts
(Fig. 3C), indicating that Bcl-x; phosphorylation on Ser62 occurs
during normal cell cycle progression from S phase to G, phase of
the cell cycle. We next investigated the subcellular location of
endogenous phospho-Bcl-x, (Ser62) in untransfected wt HeLa
cells by indirect immunofluorescence staining in asynchronized
control and VP16-exposed cells and untreated G,-synchronized
cells (Fig. 3D-F). In wt Hela cells exposed to VP16, phospho-
Bcl-x, (Ser62) accumulated in nucleoli 24 and 48 h post-VP16
exposure. Accumulation in nucleoli was much more marked after
VP16 treatment in comparison to synchronized, untreated G,
cells (Fig. 3D). High-resolution and magnification of confocal
immunofluorescence micrographs are also presented in Figure S4
to clearly illustrate co-location of phospho-Bcl-x, (Ser62) with
nucleolin after VP16 treatment, and Z-stacked projections are
visualized in Movies S1 and 2. Phospho-Bcl-x, (Ser62) was also
found in Cajal bodies with coilin, a specific Cajal body marker,
but the location remained unchanged under the conditions tested
(Fig. 3E). Finally, phospho-Bcl-x, (Ser62) did not locate in cen-
trosomes with y-tubulin, a specific centrosome marker (Fig. 3F).
Taken together, these results indicate that endogenous Bcl-x,
is phosphorylated on Ser62 during normal cell cycle progres-
sion, and that phospho-Bcl-x, (Ser62) accumulates much more
strongly in nucleoli during DNA damage-induced G, checkpoint
in wt HeLa cells, suggesting its importance mostly during DNA
damage response.
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PLK1 and MAPK9/JNK2 are major protein kinases involved
in Bclx, (Ser62) phosphorylation and accumulation in nucleoli
during DNA damage-induced G, arrest. Various protein kinases
have been postulated to phosphorylate Bcl-2 and Bcl-x, on Ser62
under various experimental conditions, including those driving
activation of the mitotic spindle-assembly checkpoint.”2*¥ No
study has yet documented Bcl-x; phosphorylation on Ser62 at the
G, checkpoint. Based on an in silico consensus site prediction
search (Table S5) and on known protein kinases activated during
the DNA damage response and G, checkpoint, we first tested a
part of protein kinases by in vitro kinase assays with recombinant
human Bcl-x, (ATM) protein as substrate. Among all the kinases
tested, PLK1, MAPK9/JNK2, GSK3a, GSK33, MAPK8/JNKI1,
MAPKAPK?2 and MAPK14/SAPKp38a were positive and able
to phosphorylate recombinant Bcl-x, (ATM) protein on Ser62 in
in vitro kinase assays (Fig. 4A). The origin of the kinases, kinase
assay description and enzyme-specific activities with control
substrates are indicated in Table S3 and Figure S5. Then, with
specific pharmacological inhibitors and VP16-exposed cells, we
observed that PLK, JNK and GSK3 inhibitors prevented Bcl-x,
phosphorylation on Ser62 (Fig. 4B) in VP16-exposed cells.
Deploying a series of specific siRNAs (Fig. 4C; see Table S4 and
Fig. S6 for additional information and controls), western blot-
ting of enriched nuclear extracts revealed that the most important
kinases involved in Bcl-x (Ser62) phosphorylation in G, -arrested,
VP16-treated HeLa cells were PLK1, JNKI1, JNK2 and, to a much
lesser extent, GSK3p (Fig. 4D). Finally, to confirm these results
and to monitor the effect of silencing the kinases on phospho-Bcl-
x, (Ser62) accumulation in nucleoli in VP16-exposed cells, indi-
rect in cellular immunofluorescence microscopy was undertaken
and quantified (Fig. 4E). The data indicate that PLK1 and JNK2
are major protein kinases associated with progressive phospho-
Bclx, (Ser62) accumulation in nucleolar structures in VP16-
exposed cells. These protein kinases are phosphorylated/activated
in wt Hela synchronized cells as cells progress into G, (Fig. S7A)
and in Hela cells treated with VP16 (Fig. S7B).

Phospho-Bcl-x, (Ser62) meets Cdkl(cdc2) in nucleolar
structures during DNA damage-induced G, arrest. In a series
of reciprocal co-immunoprecipitation experiments, endogenous
Bcl-x, protein has been showed to bind to Cdk1(cdc2) during the
G, checkpoint.” Here, taking advantage of the wt and Ser62Ala
mutant proteins expressed in Namalwa cells, we repeated some
of these experiments on enriched nuclear and enriched nucleolar
extracts. In nuclear extracts, we observed that a pool of Bcl-x,
protein co-immunoprecipitating with Cdk1(cdc2) is phosphory-
lated on Ser62. The phosphorylation mutant Bcl-x, (Ser62Ala) in
nuclear extracts also co-immunoprecipitated with Cdk1(cdc2),
but apparently to a lesser extent (Fig. 5A). When co-immuno-
precipitation experiments were performed on nucleolar extracts
(Fig. 5B), we noted that phospho-Bcl-x, (Ser62) co-immunopre-
cipitated with Cdk1(cdc2), while the phosphorylation mutant Bel-
x, (Ser62Ala) was not present in nucleolar fractions. Reciprocal
co-immunoprecipitation was also undertaken (Fig. 5B). Controls
on the enriched nuclear and nucleolar fractions are illustrated
in Figure S7C. These experiments confirmed that phospho-
Bcl-x, (Ser62) accumulated in nucleoli after DNA damage, while
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Figure 3 (See previous page). Endogenous Bcl-x (Ser62) phosphorylation and location in unperturbed synchronized Hela cells and during DNA
damage-induced G, arrest. (A) wt HeLa cells and HeLa cells expressing HA-Bcl-x, were exposed to VP16 (10 uM, 16 h), and the kinetics of G, arrest (gray
bars), mitotic slippage (black bars) and cell death (white bars) were monitored by mitotic trap assay. Bars represent the means + SEM of six inde-
pendent experiments. (B) Expression kinetics of endogenous Bcl-x_and phospho-Bcl-x (Ser62) in wt Hela cells exposed to VP16 (10 wM, 16 h). Total
protein extracts (upper blots) and proteins obtained from cytosolic and nuclear extracts (lower blots) are shown. Western blots representative of three
independent experiments. B-tubulin and nucleolin are cytosolic and nuclear markers. (C) Kinetics of expression of endogenous Bcl-x_ and phospho-
Bcl-x (Ser62) in synchronized wt Hela cells after double-thymidine block release. Expression levels in cytosolic and nuclear extracts are represented.
B-tubulin and nucleolin expression is presented as control. Phase distributions analyzed by flow cytometry with phospho-H3(Ser10) labeling and Pl
staining are illustrated. Western blots representative of two independent experiments. (D) Co-location kinetics of endogenous phospho-Bcl-x (Ser62)
with nucleolin (nucleolus marker), (E) coilin (Cajal body marker) and (F) y-tubulin (centrosome marker) in wt Hela cells exposed to VP16 (10 M, 16 h)
by inversed immunofluorescence microscopy. Percentage of phospho-Bcl-x (Ser62) in nucleoli, Cajal bodies and centrosomes during VP16-induced G,
checkpoint and during normal G, phase of the cell cycle in synchronized wt Hela cells (sG,) are indicated in the right parts. Bars represent the means

+ SEM from 12 micrographs obtained in n independent experiments. High-resolution and magnification micrographs obtained by confocal immuno-
fluorescence microscopy and z-stacked projections are in Figure S4 and Movies S1 and 2.

the phospho-Bcl-x, (Ser62Ala) did not. Previous studies also
indicated that Bclx, interferes with Cdkl(cdc2) kinase activ-
ity in vitro.'® To further investigate the effect of phospho-Bcl-
x,(Ser62) on Cdkl(cdc2) kinase activity, in vitro Cdk1(cdc2)
kinase assays were performed in the presence of various amounts
of purified recombinant Bcl-x (Ser62Asp) protein lacking its
C-terminal hydrophobic transmembrane domain (ATM).
Both wt Bclx, (ATM) and Bcl-x, (Ser62Asp) (ATM) inhibited
Cdk1(cdc2) activity dose-dependently (Fig. 5C). Thus, it appears
that Bcl-x, (Ser62) phosphorylation did not provide advan-
tage compared with the unphosphorylated Bcl-x in inhibiting
Cdkl(cdc2) kinase activity. Moreover, phospho-Bcl-x, (Ser62),
Cdkl(cdc2) protein and CyclinBl co-localized with nucleolin
in VP16-exposed cells (Fig. 5D), whereas the phospho-form of
Cdk1(Thrl61) did not (Fig. 5D and E). High-resolution confo-
cal micrographs are showed in Figure S4 with Z-stacked projec-
tions in Movies S3 and 4. Together, the data suggest that during
a DNA damage-induced G, checkpoint, Bcl-x, phosphorylation
on Ser62 promotes Bcl-x; accumulation to nucleoli, where it will
meet an important pool of Cdkl(cdc2), contributing to its trap-
ping in nucleolar structures to timely avoid entry into mitosis.

Discussion

Our study reveals Bcl-x, (Ser62) phosphorylation during the nor-
mal cell cycle and in DNA damage-induced G, arrest. PLK1 and
JNK2 are major protein kinases responsible for Bcl-x, (Ser62)
phosphorylation and progressive accumulation in nucleolar struc-
tures during the stabilization of DNA damage-induced G, arrest.
This function of phospho-Bcl-x, (Ser62) was clearly separable
from Bcl-x ’s known purpose in apoptosis, as the Bcl-x, (Ser62Ala)
phosphorylation mutant retained its anti-apoptotic effect but
lacked the G,-arrest stabilization function. This original role of
phospho-Bcl-x, (Ser62) is associated with its accumulation into
the nucleolus after DNA damage, where it will meet Cdk1(cdc2).
The dynamic complex processes that occur in the nucleolus are
emerging.” Indeed, the nucleolus acts on cell cycle progression
and genomic stability by phased sequestration and the release
of regulatory proteins, including pl19/ARF, MDM2, CDCl4,
PP1, p53, telomerase and the DNA helicases WRN and BLM.
Cdk1(cdc2) as well as Bcl-x; or Bcl-2 have also been reported
previously in nucleolar structures.’™*3' In the nucleolus, phos-

pho-Bcl-x, (Ser62) binds to and co-localizes with Cdkl1(cdc2) in
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G, -arrested cells, indicating that it could contribute to the tempo-
ral trapping (and inhibition) of Cdkl1(cdc2), avoiding unwanted
mitosis in the presence of DNA damage. It could also suggest that
Bclx, (Ser62) protects nucleolar structures in a timely manner
during DNA damage-induced G, arrest to avoid rapid nucleolar
disassembly associated with mitosis onset. Phospho-Bcl-x, (Ser62)
was also located in Cajal bodies. Although not investigated fur-
ther in this study, Cajal bodies are known to encompass dynamic
trafficking and fusion with nucleolar structures.?** In a recent
study, Bcl-x, (Ser49) phosphorylation has been documented dur-
ing DNA damage-induced G, arrest, with an important pool of
phospho-Bcl-x, (Ser49) accumulating in centrosomes.'® Thus, it
appears that Bcl-x, contributes to the stabilization of G, arrest
at least at two specific cellular locations, with phospho-Bcl-
x, (Ser62) at nucleoli and phospho-Bcl-x, (Ser49) at centrosomes.

Entry into mitosis absolutely requires progressive accumula-
tion of active cyclin B1/Cdk1 (cdc2) complexes in the nucleus.
Indeed, recent observations indicate that different levels of
cyclin B1/Cdk1(cdc2) kinase activity are organized in a timely
manner to coordinate and trigger different mitotic events, the
initial activation of cyclin B1/Cdk1(cdc2) complexes occurring
about 20 to 25 min before nucleolar disassembly and nuclear
envelope breakdown.® When cyclin B1/Cdkl1(cdc2) activity
reaches a specific threshold, it triggers both nucleolar disassembly
and nuclear envelope breakdown. After these events, cyclin Bl/
Cdk1(cde2) rapidly reaches maximum activity to resume mito-
sis.”” Our data suggest that Bcl-x (Ser62) phosphorylation is
associated with its accumulation to the nucleolus. In the nucleo-
lus, phospho-Bcl-x (Ser62) will meet Cdkl(cdc2) during G,
checkpoint, playing a role in stabilizing G, arrest by timely trap-
ping of Cdkl(cdc2) into nucleolar structures to avoid or slow
down unwanted mitotic entry. PLK1 activity is regulated both in
time and space, and its many functions have also been linked to
cell entry into mitosis, centrosomes and microtubule-organizing
centers, mitotic exit and cytokinesis.*® PLK1 accumulates in the
nucleus during S and G, phases, revealing that it has key func-
tions during the S and G, phases of the cell cycle.”** Activation
of various MAPK pathways during G, and mitosis has also been

well documented >4

Phospho-Bcl-x, (Ser62) during the normal cell cycle and DNA
damage-induced G, checkpoint has not previously been docu-

mented. Phospho-Bcl-2 and Bcl-x, (Ser62) has been detected
previously in cells treated with microtubule inhibitors, including
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Figure 4. PLK1 and JNK2 are major protein kinases involved in Bcl-x (Ser62) phosphorylation and accumulation in nucleoli during DNA damage-
induced G, arrest. (A) In vitro kinase assays of a part of purified and active protein kinases with recombinant human Bcl-x (ATM) protein as substrate.
All enzyme activities were tested on control substrates (Fig. S5). Western blots are representative of four independent experiments. (B) Effects of
specific protein kinase inhibitors on Bcl-x_phosphorylation on Ser62 in Namalwa cells exposed to VP16. Cells were first exposed to VP16 (10 M, 30
min) and, 12 h post-treatment, kinase inhibitors were added for an additional 12 h: MAPKAPK2 inhibitor (KKA LNR QLG VAA, 10 wM); PLK inhibitor
(BI2536, 0.1 wM), p38 inhibitor (SB203580, 2.0 wM), JNK inhibitor (SP600125, 5.0 wM), GSK3 inhibitor (SB216763, 10 uM). Western blots representative

of four independent experiments. (C) Effects of specific siRNAs on silencing PLK1, JNK1, JNK2, MAPKAPK2, p38a, GSK3a and GSK3[ expression in wt
Hela cells. Schematic view of these experiments (C-E) is showed. Additional controls are illustrated in Figure Sé6. (D) Effects of silencing PLK1, JNK1,
INK2, MAPKAP2, p38a, GSK3a and GSK33 expression in wt Hela cells on the phosphorylation level of endogenous Bcl-x (Ser62) after VP16 treatment.
Representative western blotting of nuclear extracts of three independent experiments. (E) Co-location of endogenous phospho-Bcl-x (Ser62) (green
labeling) with nucleolin (red nucleolus labeling) in wt Hela cells exposed to VP16 where various protein kinases are silenced. Quantitation of micro-
graphs obtained by inversed immunofluorescence microscopy is shown in the right parts. Green bars are total phospho-Bcl-x (Ser62) staining in cells;

cells exposed to VP16, and symbols are: (-) cells treated with siRNA control

with p < 0.005 using two-way Anova (Prism v.5.0d).

red bars are total nucleoli staining in cells; orange bars are the phospho-Bcl-x (ser62)/nucleoli staining ratio. Data are presented relative to wt Hela

kinase and VP16. Bars represent the means = SEM from 20 micrographs obtained in three independent experiments. *means statistical significance

and VP16, (+) cells treated with specific siRNA targeting the given protein

nocodazole, paclitaxel, vinblastine and vincristine. Mitotic arrest
induced by these compounds is associated with Bcl-2, Bcl-x,
and Mcl-1 phosphorylation. Other studies have revealed that
Bcl-2 and Mcl-1 phosphorylation is also tightly coupled with
normal mitotic events.*** Multiple kinases have been proposed
to phosphorylate Bcl-2 and/or Bcl-x; at Ser62 in microtubule

inhibitor-exposed cells, but most studies have suggested that
JNK, normally activated at G,/M, is one of the protein kinases
responsible for Bcl-2 and Bcel-x; phosphorylation. 26284344

In summary, our study reveals that PLK1 and JNK2 are major
kinases responsible for Bcl-x, (Ser62) phosphorylation and pro-
gressive accumulation in nucleolar structures during stabilization
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Figure 5. Phospho-Bcl-x (Ser62) meets Cdk1(cdc2) in nucleolar structures during DNA damage-induced G, arrest. (A) Co-immunoprecipitation of
HA-Bcl-x,, HA-Bcl-x (Ser62Ala) and phospho-HA-Bcl-x (Ser62) with Cdk1(cdc2) from enriched nuclear extracts obtained from Namalwa cells express-
ing HA-Bcl-x_or HA-Bcl-x (Ser62Ala) mutant exposed to VP16 (10 wM for 30 min). IgG represents co-immunoprecipitation experiments with control
immunoglobulins and () indicates a nuclear extract obtained from Namalwa cells expressing HA-Bcl-x 48 h post-VP16 treatment loaded as a western
blot control. Representative of two independent experiments. (B) Reciprocal co-immunoprecipitation of HA-Bcl-x , HA-Bcl-x (Ser62Ala) and phospho-
Bcl-x (Ser62) with Cdk1(cdc2) from enriched nucleolar extracts purified from Namalwa cells expressing HA-Bcl-x, and HA-Bcl-x (Ser62Ala) mutant
exposed to VP16 (10 M for 30 min). IgG, CDK and HA represent co-immunoprecipitation experiments with control immunoglobulins, Cdk1(cdc2) and
HA-epitope tag antibodies, respectively. (-) indicates nucleolar extracts obtained from Namalwa cells expressing HA-Bcl-x _before and after VP16 treat-
ment loaded as western blot controls. Controls on the enriched nuclear and nucleolar fractions are illustrated in Figure S7C. (C) In vitro Cdk1(cdc2)
kinase activity in the presence of recombinant Bcl-x (Ser62Asp)(ATM) and Bcl-x (ATM) proteins. Symbols and bars represent the means + SEM of six
independent experiments. (D) Co-location of phospho-Bcl-x, (Ser62), Cdk1(cdc2), CyclinB1 and phospho-Cdk1(Thr161) with nucleolin 48 h after VP16
treatment in wt Hela cells. Inversed immunofluorescence micrographs are representative of three to four independent experiments. (E) Percentage
of phospho-Bcl-x (Ser62), Cdk1(cdc2), CyclinB1 and phospho-Cdk1(Thr161) with nucleolin in VP16-exposed Hela cells. Bars represent the means +

SEM from micrographs obtained in n independent experiments. Confocal immunofluorescence microscopy analysis and Z-stacked projections are

presented in Figure S4 and Movies S1-4.

2166

Cell Cycle

Volume 11 Issue 11



of DNA damage-induced G, arrest. It highlights that DNA dam-
age also affects the dynamic composition of a subnuclear domain,
the nucleolus, which now emerges as an important piece of the
DNA damage cell response.

Materials and Methods

Cell culture, cDNA construction and transfection. Human
Namalwa and Hel a cell lines were obtained from the American
Type Culture Collection and grown at 37°C under 5% CO,
in RPMI-1640 medium and DMEM medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin and 100 pg/ml streptomycin, respectively. The phos-
phorylation site mutant cDNAs were generated by triple poly-
merase chain reactions (PCR) and sub-cloned into pCEP4 and
pCDNA3.1 vectors with Kosak consensus sequences and triple
HA-tag sequences as described in references 15 and 16. All prim-
ers and details are provided in Table S1. Transfected cells were
grown under hygromycin Bl (pCEP4 vectors) or neomycin
(pCDNA3.1 vectors) selection to obtain stable cell population
prior to performing the experiments.

Mitotic trap assay and cell synchronization. Mitotic trap
assay has been described by Andreassen et al. Briefly cells enter-
ing mitosis after G, arrest were trapped by adding nocadazole
(0.35 wM) at 24 h intervals after VP16 treatment. At the indi-
cated times, the kinetics of G, arrest, mitotic entry and cell death
were monitored in Coulter EpicsXL flow cytometers with phos-
pho-H3(Ser10) labeling and PI staining or MPM2 labeling with
PI staining. HeLa cells were synchronized by double-thymidine
block (2 mM) and release.

Protein extraction, subcellular fractionation, immunob-
lotting and co-immunoprecipitation. To prepare total protein
extracts, the 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 (PMSF), a cocktail of
protease inhibitors (Complete™, Roche Applied Science) and a
cocktail of phosphatase inhibitors (PhosStop™, Roche Applied
Science). Cytosolic and nuclear extracts were prepared with
NE-PER Nuclear and Cytoplasmic extraction reagents accord-
ing to the manufacturer’s protocol (ThermoScientific). Nucleolar
fractions were obtained from enriched nuclei according to a pro-
cedure adapted from published protocols.” Briefly, purified nuclei
were re-suspended in 3 ml of 0.34 M sucrose containing 0.5 mM
MgCl, and PhosStop™ and then sonicated on ice for 6 x 6 sec
bursts with 10 sec intervals between each burst, with a X1.-2000
Microson (Misonix Inc.,) at power setting 5. Nucleoli were then
purified by layering the sonicated solution on a 3 ml 0.88 M
sucrose cushion containing 0.5 mM MgCl followed by centrifu-
gation at 2,000x g for 20 min. Nucleoli pellets were re-suspended
in lysis buffer containing 20 mM Hepes(KOH), pH 7.4, 120
mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 2 mM PMSF,
a cocktail of protease and phosphatase inhibitors, incubated on
ice for 30 min with insoluble materials discarded after centrifu-
gation (10,000x g; 20 min). For immunoprecipitation, samples
were first pre-cleaned with a protein A- and G-Sepharose mixture
and, after centrifugation, antibodies at 10 pg/ml concentration

www.landesbioscience.com
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were incubated at 4°C for 4 h. All antibodies used in this study
are listed in Table S2. Bcl-x, (Ser62) antibodies were prepared
and purified by GeneScript, using the phosphopeptide-KLH
conjugate LAD (phospho-S)PAVNGATGHC as immunogen.
The affinity and specificity of the preparation was first analyzed
on ELISA, with coated phosphopeptide and non-phosphopeptide
as antigens. Further characterization is presented in Figure S3.

Protein kinase assays and protein kinase chemical inhibi-
tors. The kinases and kinase assays are described in Table S3.
Enzyme activities were tested on control substrates, and velocities
were expressed as nmole/min/mg (data in Fig. S5). Recombinant
human Bcl-x (ATM) and Bcl-x, (Ser62Asp)(ATM) proteins were
produced and purified, as described previously in references 15
and 16. The protein kinase chemical inhibitors deployed in this
study are listed in Table S3.

siRNA-mediated protein kinase inhibition. HeLa cells
were transfected with DharmaFECT-1 transfection reagent
(ThermoScientific) according to the manufacturer’s instructions,
with 100 nM of either control siRNA or siRNA targeting differ-
ent kinases (Table S4). The cells were treated 10 h post-trans-
fection with VP16 (10 wM) for 16 h, then washed twice with
PBS, followed by their incubation in drug-free medium for an
additional 20 h prior to protein extraction and SDS-PAGE.

Immunofluorescence microscopy. Namalwa cells were spread
by cytocentrifugation on glass slides, and HeLa cells were seeded
and grown directly on coverslips. Both cell types were fixed in
methanol at -20°C for 30 min and rapidly immersed into 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 pri-
mary antibody (10 pg/ml in blocking solution), specific labeled-
secondary antibody (10 wg/ml in blocking solution) followed by
DAPI staining, also performed in blocking solution. All antibod-
ies are listed in Table S2. Images were generated with a Leica
Microsystem mounted on a Leica DM6000B microscope and
Leica DFC480 camera hooked up to a MacInctosh computer.
All images were quantified with Clemex Vision software (Version
3.0.036, Clemex), as described previously in reference 46. For
confocal microscopy analysis, images were generated and ana-
lyzed with a Leica TC S SP5 Confocal Microscope mounted with
three lasers, Argon, SS561 and HeNe and equipped for spectral
imaging and analysis.
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