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c-Jun NH,-terminal Kinases (JNKs) play a central role in the
cellular response to a wide variety of stress signals. After their
activation, JNKs induce phosphorylation of substrates, which
control proliferation, migration, survival, and differentiation.
Recent studies suggest that JNKs may also play a role in cell cycle
control, although the underlying mechanisms are largely unex-
plored. Here we show that JNK directly phosphorylates Cdc25C
at serine 168 during G, phase of the cell cycle. Cdc25C phosphor-
ylation by JNK negatively regulates its phosphatase activity and
thereby Cdkl1 activation, enabling a timely control of mitosis
onset. Unrestrained phosphorylation by JNK, as obtained by a
cell cycle-stabilized form of JNK or as seen in some human
tumors, results in aberrant cell cycle progression. Additionally,
UV irradiation-induced G,/M checkpoint requires inactivation
of Cdc25C by JNK phosphorylation. JNK phosphorylation of
Cdc25C as well as Cdc25A establishes a novel link between
stress signaling and unperturbed cell cycle and checkpoint
pathways.

Mitogen-activated protein kinases (MAPKs)? are implicated
in proliferation, apoptosis, and differentiation. MAPKs are
commonly divided into three subgroups: extracellular-regu-
lated kinases (ERKs), p38s, and JNKs. Notably, JNKs phosphor-
ylate key regulatory proteins that control the cellular response
to cytokine stimulation, stress factors, and cytotoxic and geno-
toxic agents that ultimately dictate cell fate -survival or death.
Three major JNK isoforms have been characterized in mam-
mals (JNK1, JNK2, and JNK3) that might have distinct physio-
logical functions (1).

The ability of a cell to divide, which translates into its
capacity to undergo a regulated cell cycle, is mostly con-
trolled by cyclin-dependent kinases (CDKs) (2). In particu-
lar, Cdk1 has emerged as the master regulator of progression
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through mitosis. Cdk1 activation is a highly regulated event
that involves binding to the regulatory/activatory subunit
cyclin B together with the removal of inhibitory phosphory-
lation events occurring in the activation loop of Cdk1 (thre-
onine 14 and tyrosine 15) that are mediated by the Weel-
Myt1 family of kinases. Thus, dephosphorylation of Cdkl1 is
essential for its activation, and it is accomplished by the fam-
ily of Cdc25 phosphatases composed of three members:
Cdc25A, Cdc25B, and Cdc25C (3, 4).

Growing evidence points to fine-tuning of cell cycle by
MAPKs (5). For instance, ERK1/2 were recently found to regu-
late the activation of Cdc25C during the G,/M transition both
in mammals and in Xenopus laevis (6). Moreover, activation of
p38a was recently reported during the G,/M transition of the
unperturbed cell cycle when it negatively targets Cdc25B (7). In
addition, JNKs (and in particular JNK2) have been found to be
essential for the proliferation and survival of several cell lines
obtained from gastrointestinal and prostate tumors, leuke-
mia, melanoma, and glioblastoma (8-16). Finally, initial
studies in murine embryonic fibroblasts (MEFs) from JNK
knock-out mice suggested that JNK1 is a negative and JNK2
a positive cell cycle regulator (17, 18), although more recent
data generated using “chemical genetic” approaches suggest
that both JNK1 and JNK2 are required for cell survival and
proliferation (19, 20).

Members of the Cdc25 family also appear to be exquisite
targets of the G,/M checkpoint that delays entry into mitosis
until DNA is faithfully and completely replicated. First, UV-
induced G,/M checkpoint activation induces the phosphoryla-
tion and subsequent degradation of Cdc25A (21, 22). More-
over, Chk1 and Chk2 phosphorylates Cdc25B/C and negatively
regulates their activity via cytoplasmic sequestration instigated
by 14-3-3 proteins (23, 24). Finally, other kinases, such as p38s
and MAPKAPK2, are also known to regulate Cdc25B/C local-
ization and action by regulating, via phosphorylation, their
interaction with 14-3-3s (25-27).

We have initially reported that stress-induced JNK activation
(by anisomycin, sorbitol, or UV) causes phosphorylation of
Cdc25C at serine 168 (Ser-168), inhibiting its phosphatase
activity (28). However, the functional role of this event
remained unclear. Here, we show that phosphorylation of
Cdc25C at Ser-168 occurs during both unperturbed cell cycle
progression and induction of the G,/M DNA damage check-
point. Moreover, our data reveal that this phosphorylation is
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required for proper entry into mito-
sis and efficient checkpoint arrest
after UV irradiation.

EXPERIMENTAL PROCEDURES

Cells and Transfection—Human
embryonic kidney 293T (HEK-
293T) and HeLa cells were main-
tained in Dulbecco’s modified
Eagle’s medium supplemented with
10% bovine serum without antibiot-
ics. HFF-1 (diploid human normal
skin fibroblasts) cells were pur-
chased from the ATCC and cul-
tured following the manufacturer’s
recommendations. Freshly isolated
primary MEFs, human malignant
melanoma A375, and human glio-
blastoma/astrocytoma  U87-MG
cells were cultured in Dulbecco’s
modified Eagle’s medium supple-
mented with 10% fetal bovine serum,
2 mM glutamine, 100 units/ml of pen-
icillin, and 100 wg/ml of streptomycin
at 37 °C. Transfections of HeLa and
HEK-293T cells were performed with
either Lipofectamine with the addi-
tion of Plus reagent (Invitrogen),
Lipofectamine 2000 (Invitrogen), or
FuGENE (Roche Diagnostics) follow-
ing the manufacturer protocols.
HFEF-1 cells were nucleofected with
the help of an Amaxa Nucleofector
following the manufacturer protocols
and indications. Efficiency of trans-
fection was estimated by using a green
fluorescent protein-encoding vector
to be between 80 and 100% in all
cases. All experiments performed
with MEFs were done with cultures
between passages 2 and 5. Cell viabil-
ity assays were regularly performed in
cell lines kept in culture by staining
with crystal violet. All cell lines used
in this study tested negative for
mycoplasma.

Cell Cycle Synchronization—For
double-thymidine-block, either
HeLa or HFF-1 cells were grown in
the presence of thymidine (2 mm)
for 18 h and then released into thy-
midine-free media for 6-8 h and
finally grown again for 12 h with
thymidine (2 mm) before their final
release from G,/S-induced arrest.
MEFs were synchronized by serum
starvation (0.1% fetal bovine serum)
for 48 h. For Fig. 1B, adherent HeLa
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cells were grown in the presence of thymidine (2 mm) for 18 h
and then released into thymidine-free media for 3 h. The cells
were then grown in 330 nM nocodazole for 12 h before release
into nocodazole-free media. For Fig. 2B, mitotic shake-off frac-
tions of HeLa cells were prepared by mechanical detachment of
nocodazole-arrested cells. These were washed in PBS and used
to make extracts. In all synchronization experiments, cell cycle
position was determined by flow cytometric measurement of
nuclear DNA content (using propidium iodide staining) and/or
by analysis of common biochemical markers by either immu-
noblotting or immunokinase assays as indicated.

Cellular Fractionation and Proliferation Assays—Nuclear/
cytosolic separation was performed using HeLa cells and the
fractionation kit from BioVision (#K266-25). Briefly, cells were
detached from plates with 0.05% trypsin-EDTA and washed
with cold PBS. Cells were first lysed with a hypotonic buffer.
Centrifugation yielded the cytosolic fraction as the supernatant
and the nucleus fraction as the pellet. The pellet was further
lysed to yield the nuclear extract. Cell viability/proliferation
was determined using the cell proliferation kit I (MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)-
based assay), according to the manufacturer’s protocols (Roche
Applied Science).

Plasmids and Chemicals—The vectors pEF-FLAG-JNK2a2,
pEF-FLAG-INK2a2-AKEN, pCDNA3.1-JNK2a2-APF, pX-
myc-Cdc25C (and Ser-168 mutants) and their respective empty
plasmids (used as controls) were employed for cell transfec-
tions. The vectors pET15b-]NKlal, pET15b-]NK2a2,
pGEX4T3-INKlal, pGEX-4T3-]NK2a2, pMalc2E-RINGO-
1s26_5, pMalc2E-TOME-1, pMalc2E-Cdc25A, pMalc2E-
Cdc25B, and pGEX-KG-Cdc25C were used to purify recombi-
nant proteins from Escherichia coli BL21-DE3-pLysS bacteria
using standard techniques. All mutations described in
this paper were generated by site-directed mutagenesis
(QuikChange; Stratagene) and confirmed by sequencing. All
chemicals, unless otherwise indicated, were purchased from
Sigma. The cell-permeable peptide-based TAT-JIP1 (also
known as JNK inhibitor VII) was purchased from Calbiochem
(#420134) and used at 20 uMm.

Antibodies—The following antibodies were used in this
study: cyclin B1 (Santa Cruz, GNS1 clone), Cdc2/Cdkl (Santa
Cruz: sc-54, sc-954, and POH-1 clone), pan-JNK (Santa Cruz,
sc-571 and Upstate 06-748), INK1 (Pharmingen, 554268), INK2
(Cell Signaling, 4672), phospho-JNK (Cell Signaling, 9255 and
9251; Promega, V793A), glyceraldehyde-3-phosphate dehydro-
genase (Abcam, ab9484), phospho-Ser10-histone H3 (Cell Sig-
naling, 9701), phospho-Ser-168-Cdc25C (homemade, see
below), Cdc25C (Santa Cruz: sc-6950, sc-5620, and sc-327),
proliferating cell nuclear antigen (Abcam, ab15497), phospho-

Tyr-15-Cdk1 (Cell Signaling, 9111), nucleophosmin (Genway,
NA24 clone), c-Myc (Santa Cruz, 9E10 and C-19 clones), FLAG
(Sigma, M2 clone), hemagglutinin (home-made monoclonal
antibody), hemagglutinin (Santa Cruz, polyclonal), B-actin
(Sigma, monoclonal), a-tubulin (Sigma, monoclonal), Weel
(Santa Cruz, C-20 clone), Chkl (Cell Signaling, 2345), and
phospho-Ser139-H2A.X (Cell Signaling, 2577).

Generation of Ser-168 Phospho-specific Antibody—The gen-
eration of this antibody has been previously reported (28).
Briefly, rabbits were immunized with a peptide (YLGpSPITTC)
that spans phosphorylated Ser-168 of human Cdc25C coupled
to keyhole limpet hemocyanin maleimide through the terminal
cysteine residue. Immune antisera were preincubated with
unphosphorylated peptide and then purified on a column of
phosphorylated peptide. Eluted antibody was used for immu-
noblotting as indicated after immunoprecipitation of Cdc25C
with monoclonal antibodies of mouse origin.

In Vitro Binding Assays—Bacterially expressed and -purified
recombinant proteins, either glutathione S-transferase or His,-
tagged (1-5 pg), were prebound to 10 ul of glutathione-Sepha-
rose beads (Amersham Biosciences) or nickel-nitrilotriacetic
acid-agarose beads (Qiagen), respectively, by incubation for 1 h
at 4 °C on a rotating wheel followed by 3 washes with IP buffer
(50 mm Tris-HCI (pH 7.5), 150 mm NaCl, 0.5% Nonidet P-40, 5
mM EGTA, 5 mm EDTA, 20 mm NaF, 2 mm MgCl,, 100 uMm
sodium orthovanadate, 2 mm f3-glycerophosphate, 1 mm dithi-
othreitol, 1 mm phenylmethylsulfonyl fluoride, 100 um leupep-
tin, 4 ug/ml aprotinin). The beads were then mixed with 5-10
wl of reticulocyte lysate (that was programmed to express the
protein of interest, labeled with [*>S]methionine) in a total vol-
ume of around 500 ul of IP buffer. After incubation for 2 h at
4°C on a rotating wheel, the beads were gently centrifuged,
washed 3 times with IP buffer, and resuspended in 25 ul of 2X
sample buffer. The beads were finally boiled for 5 min and sub-
jected to SDS-PAGE followed by Coomassie staining of the gels
(to verify equal amounts of recombinant proteins in every sam-
ple), dried, and analyzed with the help of an FLA-5100 imaging
system (FujiFilm). The input lanes of the pulldown experiments
typically correspond to 5% of the total radiolabeled sample used
in the reaction mixture.

Immunoprecipitation—Cell extracts were prepared in IP
buffer. Equal amounts of protein extracts (calculated by the
Bradford method using Coomassie Plus protein assay reagent
(Thermo)) were incubated with either control IgGs or affinity-
purified antibodies (0.5-1 ug) covalently bound to protein
A-Sepharose beads. The mixture was incubated in a rotating
wheel for 1-2 h at 4°C. The beads were gently centrifuged,
washed three times with IP buffer, and resuspended in 30 ul of

FIGURE 1. Cell cycle-dependent phosphorylation of Cdc25C by JNK. A, Hela cells were fractionated by elutriation, and extracts prepared from elutriated
cells were analyzed either by immunoblotting (/B) with the indicated antibodies or by immunokinase assays for JNK. G refers to exponentially growing cells, and
fractions 1-4 correspond to cells in interphase, whereas fractions 5-10 correspond to cells in mitotic stages, as indicated by the FACS analysis (bottom table).
The asterisk refers to the 54-kDa JNK2 isoform, and + refers to the 46-kDa JNK1 isoform present in Hela cells. GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; IP,immunoprecipitation. B, HelLa cells were transfected with hemagglutinin (HA)-tagged either JNK2 wild type or KEN-deleted mutant and arrested in
prometaphase by means of a thymidine-nocodazole (noc) protocol and then released for the indicated time points. Levels of hemagglutinin-tagged JNK2 and
cyclin B1 were monitored by immunoblotting. Tubulin was used as a loading control. G, in vitro binding assay between JNKs and Cdc25C using bacterially
purified recombinant proteins and reticulocyte extracts programmed to produce radiolabeled proteins as indicated. D, HeLa cells were synchronized along the
cell cycle by a double-thymidine block (DTB) in G,/S and then released and analyzed by immunoblotting using the indicated antibodies during a 18 h kinetic.
E, shown is a similar analysis as in D, but cells were fractionated into nuclear and cytosolic extracts. B and E, images originate from the same gel/membrane.
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2X sample buffer. The beads were finally boiled for 5 min and
subjected to SDS-PAGE and immunoblotting.

Immunoblotting—For Western blots of total cell lysates, cells
were detached from plates with 0.05% trypsin-EDTA, washed
with cold PBS, and lysed on ice for 20 min after resuspension in
IP buffer. After 20 min of centrifugation (13,200 rpm, 4 °C),
supernatants were saved, and protein concentration was quan-
tified. Depending on the experiment, either Laemmli SDS- or
Anderson-PAGE (mostly in the study of phosphorylated pro-
teins) was utilized. Gels were transferred into nitrocellulose
membranes by liquid Western blot transfer performed over-
night (812 h) at 4 °C. Detection was performed by classical
methods using a LICOR instrument and the Odyssey software.

In Vitro Kinase Assays—For immune-complex kinase assays,
whole cell extracts were lysed in 20 mm HEPES (pH 7.5) con-
taining 150 mm NaCl, 5 mm MgCl,, 250 um EDTA, 1 mm dithi-
othreitol, 50 uMm sodium orthovanadate, 10 mm NaF, 2 pug/ml
leupeptin, aprotinin, pepstatin, 1 mm phenylmethylsulfonyl
fluoride, and 0.01% Triton X-100. Supernatants from these
lysates were mixed with 0.5 ug of anti-JNK, anti-FLAG (for
JNK), or anti-Cdklantibodies and protein-A-Sepharose beads
and rotated at 4 °C for 3 h in Eppendorf tubes. The immuno-
precipitates were washed twice in wash buffer (20 mm HEPES
(pH 7.5), 100 mm NaCl, 5 mm MgCl,, 1 mm EDTA, 0.5 mm
dithiothreitol, 0.05% Triton X-100, supplemented with phos-
phatase and protease inhibitors) and twice with histone H1
kinase buffer (15 mm MgCl,, 20 mm EGTA, 80 mm B-glycero-
phosphate (pH 7.4), 1 mwm dithiothreitol, 1 mm phenylmethyl-
sulfonyl fluoride) (29). Washed immune complexes on beads
were resuspended in 30 wl of histone H1 kinase buffer together
with 10 uCi of [y-**P]ATP, 40 um cold ATP (final concentra-
tion), and 2 ug of histone H1 protein (for Cdk1 assays) or glu-
tathione S-transferase-N terminus-c-Jun (amino acids 1-89)
protein (for JNK assays). After 20 min at 30 °C, the reaction was
terminated with the addition of 12 ul of 4X sample buffer and
resolved by 12% Laemmli SDS-PAGE, Coomassie-stained,
dried, and autoradiographed or analyzed with an FLA-5100
imaging system (FujiFilm). For JNK in vitro kinase assays, 50 ng
of bacterially purified recombinant active human JNK2a2 pro-
tein (30) were used in the presence of the indicated substrates (2
pg), 10 uCi of [y-**P]JATP, 40 um cold ATP, and histone H1
kinase buffer. In Figs. 4E and 5A, JNK kinase activities were
measured using total extracts, prepared the same way described
above for immunokinase reactions, in the presence of histone
H1 kinase buffer and glutathione S-transferase-tagged N termi-
nus c-Jun protein as specific substrate.

Phosphatase Assay—Cdc25C phosphatase activity was
assayed in a reaction mixture (0.1 ml) containing 10 mm p-ni-
trophenyl phosphate), 100 mm sodium chloride (pH 7.4), at
37 °C. Assays were initiated with the addition of Cdc25C that
was immunoprecipitated from HEK-293T cells using Myc-con-
jugated agarose beads (9E10 clone from Santa Cruz) and termi-
nated by the addition of 0.4 ml of 0.2 M NaOH. Nonenzymatic
hydrolysis of p-nitrophenyl phosphate was corrected by includ-
ing control assays including Myc beads incubated with extracts
from cells without Cdc25C overexpression. The amount of
product, p-nitrophenol, produced was calculated from the
increase of absorbance at 410 nm using the molar extinction
coefficient of 18,000 M~ ' cm ™', which was determined with
p-nitrophenol standards.

Flow Cytometry (FACS)—Cells were trypsinized and fixed in
70% ice-cold methanol for 20 min, washed in phosphate-buff-
ered saline, and incubated for 30 min at 25 °C in propidium
iodide (PI) buffer (10 mm Tris-HCI (pH 7.4), 5 mm MgCl,, 50 ug
of PI per ml, and 10 ug of RNase A/ml). The stained cells were
acquired by the FACSort flow cytometer (BD Biosciences), and
the DNA content was analyzed using Flow]Jo software.

Immunofluorescence Microscopy—Cells were grown on cov-
erslips and fixed with formaldehyde in PBS for 15 min at 25 °C.
After fixation, samples were permeabilized with 0.5% Triton
X-100 in PBS for 15 min and thereafter blocked with 10% fetal
calf serum in PBS containing 0.01% Triton X-100. Coverslips
were incubated for 1 h each at 25 °C with primary and second-
ary antibodies and mounted with Vectashield medium contain-
ing 4',6-diamidino-2-phenylindole (DNA dye). The mouse
monoclonal anti-a-tubulin (clone B-5-1-2, diluted 1:1000;
Sigma) was used to detect microtubules dynamics. Cells were
manually scored into different mitotic stages by virtue of the
relative status of DNA condensation and spindle morphology
(by microtubules staining). More than 100 mitotic cells in three
individual experiments were photographed and counted in the
different stages of mitosis (pro-, prometa-, meta-, ana-, and
telo-phase).

RESULTS

JNK Regulates Cdc25C Activation during Entry into Mitosis—
Earlier studies from several laboratories have revealed that JNK
is activated during unperturbed cell cycle progression (31-34).
However, most of these data rely on synchronization protocols
based in the use of drugs (such as thymidine or nocodazole) that
could indirectly activate JNK. To rule out this possibility, we
subjected a large population of HeLa cells to elutriation proce-

FIGURE 2. JNK-mediated Cdc25C phosphorylation regulates cell cycle. A, FACS analysis of HFF-1 cells expressing the indicated plasmids for 48 h is shown.
The percentage (%) of cells in G,, S, and G,/M is indicated as the mean = S.D. for three independent experiments. B, Hela cells were transfected with
FLAG-tagged either JNK2-wild type (wt) or KEN-deleted mutant for 24 h. Cell extracts from mitotic cells (obtained by mitotic shake-off) were prepared and
analyzed by immunoblotting (/B) using the indicated antibodies and Cdk1 immunokinase assays. IP,immunoprecipitation. C, HeLa cells were transfected with
either JNK2 wild type (wt) or KEN-deleted mutant, synchronized by a double-thymidine block (DTB), and released into the cell cycle and analyzed by immu-
noblotting for cyclin B1,Cdc25C, and phosphorylated Cdc25C at serine 168 levels. D, HFF-1 cells were cell cycle-synchronized by a double-thymidine block and
nucleofected with empty plasmid (control), the JNK2-AKEN mutant alone or together with wild-type Cdc25C, non-phosphorylatable mutant (S168A), or
phosphomimetic mutant (S168D) of Cdc25C, as indicated (conditions /-/V), and analyzed by immunoblotting or immunokinase assays for either Cdk1 (using
histone H1 as substrate) or JNK (using a glutathione S-transferase (GST)-tagged N terminal fragment of c-Jun (amino acids 1-89) as substrate). The bottom
panels show Cdk1 activity in the four different conditions (/-/V) as assessed in a same gel for comparison. E, HFF-1 cells were nucleofected with the indicated
plasmids for 48 h, fixed, and stained for tubulin and DNA, and the percentage of cells in the different mitotic stages was quantified as indicated under

“Experimental Procedures.”
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dures that allow separation of interphase and mitotic cell pop-
ulations based on their size and density, which change during
cell division (35). Biochemical analyses of elutriated cells using
either phospho-specific JNK antibodies (that selectively detect
active JNK when phosphorylated on its activation loop) or JNK
immunokinase assays confirmed JNK activation in the col-
lected fractions enriched on mitotic cells, as evidenced by the
presence of phosphorylated histone H3 at serine 10 and high
levels of cyclin B1 (Fig. 14).

Activation of JNK during unperturbed cell cycle progression
suggests that JNK itself might be regulated by the cell cycle
machinery. Remarkably, we noticed the presence of a KEN
motif in all JNK isoforms so-far identified in humans. KEN
motifs are usually present in proteins in which cellular levels are
regulated during the cell cycle by proteolytic events instigated
by the anaphase-promoting complex or cyclosome (APC/C)
ubiquitin ligase, especially when associated with its adaptor/
activator/substrate recognition protein Cdhl/fzr (36). In
accordance with a role for APC/C<“" in controlling JNK pro-
tein stability, we found that (i) JNK levels are reduced in cells
that were released from a nocodazole-induced arrest in a KEN
motif-dependent manner (Fig. 1B), and (ii) endogenous total
JNK levels are reduced in cells that are in non-mitotic cell cycle
phases (Fig. 1A). Interestingly, expression of a cell cycle-stabi-
lized form of human JNK2a2 (JNK-AKEN mutant) in cells neg-
atively affected cell cycle progression and Cdk1 activation dur-
ing entry into mitosis (see below), indicating that Cdk1 activity
was somehow controlled by JNK levels and activity in vivo.

We have reported that Cdc25C, a major direct phosphatase
responsible for Cdk1 activation (37), is a bona fide substrate for
JNK in cells treated with anisomycin and mapped Ser-168 as a
JNK phospho-acceptor site (28). In vitro interaction assays and
kinase reactions using both bacterially purified recombinant
JNK and Cdc25C revealed JNK interaction with Cdc25C (Fig.
1C) and confirmed that JNK phosphorylates Cdc25C at Ser-168
(supplemental Fig. S1), which inhibits its phosphatase activity
(supplemental Fig. S2). Notably, we found that in vivo phosphor-
ylation of endogenous Cdc25C at Ser-168 transiently occurs
before mitosis and early mitosis, as evidenced by noticeable
accumulation of cyclin Bl protein during unperturbed cell
cycle progression (Fig. 1D and supplemental Fig. S3). Interest-
ingly, in vivo phosphorylation of Cdc25C at Ser-168 during
G, /M transition (the time when JNK is also activated) was con-
firmed by analysis of elutriated cells along the cell cycle
(supplemental Fig. S4). Consistent with these findings, we
found an enrichment of the Ser-168-phosphorylated Cdc25C in
the nucleus before Cdkl activation, as evidenced by Cdc25-
mediated dephosphorylation of Cdk1 at tyrosine 15 (Fig. 1E).

Altogether, these results suggest that J]NK-mediated Cdc25C
inhibition through phosphorylation at Ser-168 could avoid pre-
mature activation of the phosphatase before mitosis onset
and/or timely regulate the degree of activation of Cdc25C dur-
ing entry into mitosis.

Stability and Activity of JNK Regulate Cell Cycle through
Cdc25s—To better characterize the link between JNK and
Cdc25C in the regulation of cell cycle progression, we
employed the INK-AKEN mutant, whose stability is not regu-
lated during the cell cycle (as shown in Fig. 1B). Interestingly,
expression of JNK-AKEN caused impaired cell cycle progres-
sion in normal diploid fibroblasts, characterized by an accumu-
lation of cells in the G, and M populations (Fig. 24) with
reduced Cdkl activation during mitosis (Fig. 2B). We hypoth-
esized that the stabilized JNK-AKEN mutant would induce
exacerbated phosphorylation of Cdc25C at Ser-168, impairing
Cdc25C activation and, therefore, affecting Cdkl activation.
We indeed found enhanced phosphorylation of Cdc25C at Ser-
168 in synchronized cells expressing the INK-AKEN mutant
when compared with JNK wild type (Fig. 2C). Of note, in cells
expressing the JNK-AKEN mutant, cyclin B1 degradation was
impaired (Fig. 2C). Furthermore, expression of Cdc25C wild
type but more so of the Cdc25C-S168A mutant was able to
biochemically rescue the gain-of-function phenotype induced
by JNK-AKEN expression, restoring Cdk1 activation and cyclin
B1 fluctuations (Figs. 2D and supplemental Fig. S5A). In agree-
ment, a phosphomimic mutant of Cdc25C (S168D) failed to
cause significant rescue of the gain-of-function phenotype seen
in JNK-AKEN-expressing cells (Figs. 2D and supplemental
Fig. S5A). In addition, in similar experiments we found that
Cdc25C wild type but more so the Cdc25C-S168A mutant was
able to attenuate the degree of G,/M arrest detected by FACS
upon expression of JNK-AKEN (Fig. 2A and supplemental
Fig. S5B). Finally, we also found that expression of Cdc25C
counteracted the prometaphase-like arrest induced by JNK-
AKEN, as detected by immunofluorescence microscopy of cells
stained with 4’,6-diamidino-2-phenylindole and tubulin to
detect chromosomal and spindle cell cycle dynamics, respec-
tively (Figs. 2E and supplemental Figs. S5C and S6). Interest-
ingly, the fact that Cdc25 wild type only produced a mild rescue
of the latter phenotype in HeLa cells suggests that INK-AKEN
also affects other targets that directly regulate spindle and/or
chromosomal dynamics during progression through mitosis in
these cells. Our findings linking JNK to Cdc25C control estab-
lish a direct molecular and functional link between JNK and
Cdc25C activities during cell cycle progression.

We next tested whether JNK could affect other members
of the Cdc25 family of phosphatases, namely Cdc25A and

FIGURE 4. JNK is required for cell division. A, MEFs isolated from double JNK1 and JNK2 knock-out (DKO) mice were transiently reconstituted with either JNK2
wild-type (wt) or INK2-AKEN mutant. Western blotting was performed 96 h after nucleofection. Growth curves for the cultures indicated were performed as
described under “Experimental Procedures.” ctrl, control. IP,immunoprecipitate; GST, glutathione S-transferase; OD, optical density. B, shown are Western blot
and kinase activation analyses of the cultures described in A in the absence or presence of a 16 h nocodazole treatment. C, MEFs as in A were cell cycle-arrested
in G, by serum starvation blockade (SSB) and released into the cell cycle by the addition of fresh medium and biochemically analyzed during the indicated
kinetic by immunoblotting (/B) and immunokinase reactions as shown. Images for the three panels depicted were generated from a same gel/membrane.
D, shown is a FACS analysis performed 48 h after nucleofection of the indicated MEFs. E, shown is comparison of cell cycle markers in extracts prepared from
three different cell lines (HFF-1, A375, and U87-MG) arrested in G,/M by nocodazole treatment (330 nm nocodazole for 18 h) in the absence or presence of JNK
activation. JNK inhibition was accomplished by either treatment with a peptidic cell permeable JNK inhibitor (VII) for 8 h or by previous transfection (24 h) of
an untagged JNK2 version mutated at its phosphorylation-dependent activation loop (Thr-183—Pro—Tyr-185 to Ala-Pro-Phe) (APF mutant). In all panels, the
asterisk refers to the 54-kDa JNK2 isoform, and + refers to the 46-kDa JNK1 isoform present in these cells.
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Cdc25B. Significantly, Cdc25A and to a lesser degree Cdc25B,
were phosphorylated by JNK in vitro (Fig. 34). More impor-
tantly, expression of wild-type Cdc25A (but not of Cdc25B) in
cells rescued normal Cdkl activation and the G,/M transition
arrest induced by JNK-AKEN expression (Figs. 3, B and C).
Such a rescue, which resembles the effect of the Cdc25C-S168A
mutant, provides strong support for the role of JNK in the reg-
ulation of these phosphatases and, consequently, the G,/M
transition of the cell cycle.

Availability and Activity of INK Affect Cell Cycle Progression
and Cell Survival—Genetic mouse models for JNK have been
generated and studied. Some evidence points to change in pro-
liferation among MEFs from JNK1 and JNK2 knock-out mice
(38). Using MEFs derived from mice lacking both JNK1 and
JNK2 (double-knock-out (DKO)), we have assessed changes in
proliferation and phosphorylation of Cdc25C at Ser-168. As
shown in Fig. 44, DKO MEFs displayed defective proliferation
compared with their wild-type counterparts. Significantly, such
defective proliferation can be partially rescued upon ectopic
expression of wild-type JNK but not by the INK-AKEN mutant
(Fig. 4A), indicating that a stabilized form of JNK does not prop-
erly fulfills the role(s) of JNK in cell cycle progression.

Consistent with the role of JNK in the phosphorylation of
Cdc25C described in this study, we found that re-expression of
JNK (wild-type or non-degradable mutant) in DKO MEFs is
required to ensure phosphorylation of Cdc25C at Ser-168 in
exponentially growing cells (Fig. 4B, left lanes). Furthermore,
treatment of cells with nocodazole (which drastically enriches
the fraction of cells in prometaphase) reveals a strong correla-
tion between the degree of JNK activation (displayed by either
wild-type or stabilized JNK), Cdc25C phosphorylation at Ser-
168, and repression of Cdk1 activity (Figs. 4B, right lanes, and
C). Additionally, in DKO MEFs reconstituted with either wild-
type or stabilized JNK and cell cycle-synchronized, we found
that JINK-AKEN expression (i) significantly impaired cyclin B1
degradation at the exit of mitosis (Fig. 4C) and (ii) induced a
robust G,/M transition arrest (Fig. 4D).

To further validate the existence of the INK-Cdc25C axis, we
have assessed changes in cell cycle profiles of tumor cells that
harbor constitutive activation of JNK. Earlier reports docu-
mented the presence of constitutively active JNK in glioblas-
toma and melanoma cells (11, 14, 16). Analysis of representa-
tive cultures from these tumors confirmed the presence of high
levels of JNK activity under non-stressed conditions (data not
shown). Remarkably, biochemical analysis of a prometaphase-
arrested population of cells from these cultures revealed again a
strong correlation between the activity of JNK, the degree of
Cdc25C phosphorylation at Ser-168, and the decreased activa-
tion of Cdk1 (Fig. 4E). This observation suggests that JNK inhi-
bition could be used as a strategy to correct the rewired cell
division cycle displayed by these tumors. However, in glioblas-

toma cells, INK inhibition severely affected their viability as
well as their particular cell cycle profile (supplemental Fig. S7),
indicating that JNK inhibition might have also affected some
other substrates.

Role of INK in the G, DNA Damage Checkpoint—Given that
JNK plays a key role in response to genotoxic stress (1, 39), we
tested the possible contribution of JNK to cell cycle control
after UV irradiation-induced DNA damage. To this end,
changes in several cell cycle regulators were assessed after UV
irradiation in the presence or absence of a specific peptidic JNK
inhibitor. Notably, inhibition of [NK activity in UV-treated cells
led to marked reduction of Cdc25C Ser-168 phosphorylation
without affecting overall levels of Cdc25C (Fig. 54). In addi-
tion, we detected decreased levels of cyclin Bl in cells co-
treated with UV and the JNK inhibitor, which coincided with
impaired mitoticarrest, as reflected by diminished phosphor-
ylation of histone H3 at serine 10 (Fig. 54) and diminished
cell population arrested in the G,/M transition as evidenced
by FACS (Fig. 5B).

Remarkably, overexpression of Cdc25C wild type and
more so, S168A mutant (but not S168D mutant), rescued the
UV-induced G,/M arrest (Figs. 5, C and D). These findings
indicate that G,/M arrest (delay in mitosis progression),
which is central in the cellular response to DNA damage, is
mediated in part by JNK-dependent regulation of Cdc25C
activity. These observations further establish that JNK plays
a central function in cell cycle control; although important
for proper G,/M transition under non-stressed growth con-
ditions, it is required for the G,/M checkpoint after DNA
damage. Our results are also consistent with recent observa-
tions indicating that inhibition of JNK also reduced phos-
phorylation of histone H3 (at serine 10) and H2AX (at serine
139) (Fig. 54 and Ref. 32, 40, and 41).

DISCUSSION

Mounting evidence links cell cycle regulation with JNK activ-
ity. The present study offers a mechanistic insight into impor-
tant cell cycle components that are regulated by JNK. Here we
demonstrate that JNK phosphorylation of Cdc25C at Ser-168
during G, phase and early mitosis negatively regulates its phos-
phatase activity and thereby Cdk1 activation, enabling a timely
control of mitosis onset.

Our findings were uncovered in part through the use of the
JNK-AKEN mutant, a cell cycle-stabilized form of JNK that
elicits a gain-of-function phenotype through accumulation
of elevated levels of activatable JNK. We show that JNK-
AKEN preferentially targets a larger population of Cdc25C
(and presumably other Cdc25 family members) than the
endogenous JNK. This increased regulation might also be
explained by the localization of the INK-AKEN mutant that

FIGURE 5. The JNK-Cdc25C axis is a component of the G,/M DNA damage checkpoint pathway. A, Hela cells treated with UV (40 J/m?) were incubated and
analyzed during a 24-h time-course by immunoblotting and JNK kinase reactions (in total extracts) in the absence or presence of a peptide-base JNK inhibitor.
IP, immunoprecipitate; GST, glutathione S-transferase; /B, immunoblot. B, FACS profiles were performed and quantified for each condition at 24 h. C, shown is
a similar analysis as in A in Hela cells overexpressing Cdc25C wild type (wt) or Cdc25C mutated forms in serine 168 after 60 J/m? UV irradiation. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase. D, FACS profiles for the different conditions were performed at 24 h. A and C,images from different panels for a
particular immunoblot or kinase assay originate from a same gel/membrane. In all panels the asterisk refers to the 54-kDa JNK2 isoform, and + refers to the

46-kDa JNK1 isoform present in Hela cells.
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seems to selectively accumulate in the nucleus,* where acti-
vated Cdc25C has been reported to be localized during the
G,/M transition (37). Regulation of other members of the
Cdc25 family by JNK and other stress-related kinases clearly
will become an area for future investigation (42).

The unrestrained phosphorylation by JNK, as obtained by
its cell cycle-stabilized form, mimics a constitutive activa-
tion of JNK, as often seen in human tumors. Consistent with
this idea are the findings that glioblastoma and melanoma
tumor cell lines harboring high levels of JNK activity also
display increased phosphorylation of Cdc25C at Ser-168.
However, JNK hyperactivation is also required for the viabil-
ity and the (abnormal) proliferation of these tumor cells.
These findings suggest that constitutively active JNK, as
observed in these tumors, is likely to elicit a gain-of-function
phenotype that participates in the cancer-associated aber-
rant cell cycle and genomic instability features. Therefore,
identification of relevant targets for JNK related to cell cycle
control will be of exquisite interest for cancer research.

Finally, our data reveal that induction of the G,/M check-
point after DNA damage, such as under UV irradiation,
requires inactivation of Cdc25C by JNK phosphorylation.
Consistent with the notion that JNK activity is important for
cell cycle progression are the findings that inhibition of JNK
activity, either by pharmacological inhibitors, RNAi, or
genetic deletions, impairs the G,/M transition and cell cycle
progression (12, 43—47). Of note, histone H3 and aurora B
were recently suggested as cell cycle regulatory proteins that
could be affected by either JNK or the JNK-c-Jun axis,
respectively, during the cell cycle (31, 32), raising the possi-
bility that JNK may also affect substrates other than mem-
bers of the Cdc25 family of phosphatases. Overall, the find-
ing that JNK phosphorylation of Cdc25C is required for this
important checkpoint offers new insight into the underly-
ing direct mechanisms linking stress signals to cell cycle
control.
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