
C
A

R
B
*
T

R

t
o
i
a
n
a
t
w
s
I
i
c
s
c
n
l
o

i

o
o
e
s
g
c
d
v
T
a
(
p

o
t

Biochemical and Biophysical Research Communications 289, 173–180 (2001)

doi:10.1006/bbrc.2001.5948, available online at http://www.idealibrary.com on
ell Cycle Regulation of c-Jun N-Terminal Kinase
ctivity at the Centrosomes

ebecca A. MacCorkle-Chosnek,*,1 Aaron VanHooser,†,1 David W. Goodrich,‡
. R. Brinkley,† and Tse-Hua Tan*,2

Department of Immunology and †Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston,
exas 77030; and ‡Department of Molecular and Cellular Oncology, M. D. Anderson Cancer Center, Houston, Texas 77030

eceived October 5, 2001
central nervous system (1). JNK1 contributes to
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The c-Jun N-terminal kinase (JNK), a subgroup of
he mitogen-activated protein kinase (MAPK) family
f serine/threonine kinases, has established functions
n cell growth and apoptosis. While the mechanisms
re unclear, JNK has also been also implicated in sig-
aling pathways that initiate cell cycle checkpoints
nd cell cycle progression. By following the localiza-
ion of active and inactive JNK during the cell cycle,
e have found that the majority of cellular JNK is

oluble and present in the cytoplasm and the nucleus.
nterestingly, insoluble fractions of JNK are also local-
zed in nuclear and cytoplasmic speckles, and to the
entrosomes. While JNK is associated with the centro-
ome throughout the cell cycle, it is only active at the
entrosome from S phase through anaphase. This
ovel localization of centrosomal JNK is a possible

ink between JNK-activating stimuli and centrosome
r cell cycle events. © 2001 Academic Press

Key Words: JNK; kinase; centrosome; cell cycle; local-
zation; pericentriolar matrix; immunofluorescence.

The c-Jun N-terminal kinases (JNKs) are a subgroup
f the mitogen-activated protein kinase (MAPK) family
f serine/threonine kinases, which also includes the
xtracellular signal-regulated kinase (ERK) and the
tress-activated kinase p38. JNK is activated by mito-
enic stimuli (e.g., Ras, epidermal growth factor),
ellular stress (e.g., hyperosmolarity, heat shock, oxi-
ative stress), and DNA-damaging agents (e.g., ultra-
iolet radiation, g radiation, genotoxic drugs) (1).
here are 10 isoforms of human JNK generated by
lternative splicing of 3 genes, Jnk1, Jnk2, and Jnk3
2). JNK1 and JNK2 isoforms are ubiquitously ex-
ressed, while JNK3 expression is restricted to the

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed at the Department

f Immunology, Baylor College of Medicine, One Baylor Plaza, Hous-
on, Texas 770303. Fax: 713-798-3033. E-mail: ttan@bcm.tmc.edu.
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ntigen-induced apoptosis of T cells in adult mice, and
poptotic responses to g radiation and UV radiation (3,
). However, JNK2 appears to play a role in the regu-
ation of T-cell proliferation and differentiation in
dult mice (5). JNK1 and JNK2 have recently been
hown to have essential and redundant functions in
evelopment (6). Single JNK1 or JNK2 null mice are
iable, while the double JNK1/JNK2 null phenotype is
mbryonically lethal (4–6).
While JNK has an established role in stress and
NA damage-induced apoptosis, recent evidence sug-
ests it may also be involved in cell cycle control. JNK
ontributes to, but is not sufficient for, the transcrip-
ion of cyclin D1 in response to Src kinase (7). Cyclin
1 complexes with Cdk4 or Cdk6 to initiate the G1/S
hase transition (8). This suggests that JNK partici-
ates in cell cycle progression stimulated by growth
actor signaling pathways that activate Src kinase. In
ddition, JNK interacts with and is inhibited by the
yclin dependent kinase (cdk) inhibitor, p21Waf1/Cip1 (9,
0). This interaction is disrupted at the initiation of
NA synthesis and correlates with an increase in JNK
ctivity during S phase (10). JNK is also involved in
he initiation of the S phase checkpoint in response to
roteasome inhibition by LLnL (11).
These results suggest that JNK functions during S

hase to regulate cell cycle progression. Recently, the
wo other members of the MAPK family, stress-
ctivated kinase p38 and extracellular signal-regu-
ated kinase (ERK), have been implicated in mitotic
ontrol. The p38 kinase is essential for the spindle
ssembly checkpoint in Xenopus egg extracts and is
ctivated by disruption of the spindle in mammalian
ells (12). ERK is also essential for the spindle assem-
ly checkpoint in Xenopus egg extracts but may play a
ifferent role than p38 in mammalian cells (13, 14).
RK localizes to kinetochores and spindle microtu-
ules during somatic cell mitosis (15, 16). It also inter-
cts with and phosphorylates the kinesin-like motor
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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rotein CENP-E, which appears to function in promet-
phase and anaphase chromosome movement (16).
The regulation of mitotic events by MAPK family
embers p38 and ERK suggests that JNK may also
ave mitotic functions. To determine if JNK was in-
olved in mitotic regulation, we examined the localiza-
ion of active and inactive JNK during the cell cycle.

e found that JNK was localized to centrosomes using
mmunofluorescence and subcellular fractionation.

hile JNK was localized to centrosomes throughout
he cell cycle, it was only active in this compartment
eginning near the initiation of centrosome duplication
t the G1/S phase transition. JNK remained active at
he centrosomes until late anaphase. The timing of
ctive JNK localization suggests that JNK may partic-
pate in centrosome duplication and/or the regulation
f centrosome-associated events.

ATERIALS AND METHODS

Antibodies. The primary antibodies used for immunofluorescence
ere: anti-phospho JNK rabbit antibody (#9251, 1:100 dilution) spe-

ific for the active form of JNK was purchased from New England
iolabs (Beverly, MA), anti-phospho JNK monoclonal antibody (anti-
-JNK(G-7), 1:100) specific for the active form of JNK was purchased
rom Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), anti-JNK
abbit antibody (anti-JNK1(FL), 1:100) raised to full-length recom-
inant JNK1 was purchased from Santa Cruz Biotechnology, Inc.,
nti-JNK2 rabbit antibody (anti-JNK2(N-18), 1:100) raised to

FIG. 1. Phospho-JNK is present in detergent-insoluble cellular
xed in 4% ultrapure formaldehyde (A). To detect the localization of a
green) and DAPI DNA stain (blue), and then visualized by fluoresce
o extract soluble protein, cells were incubated in 0.5% Triton X-100
f staining. Representative interphase (I) and mitotic (M) cells imag
174
mino-terminal peptide of JNK2 was purchased from Santa Cruz
iotechnology Inc., anti-g tubulin monoclonal antibody (1:100) was
urchased from Sigma-Aldrich Corp. (St. Louis, MO), anti-b tubulin
onoclonal antibody (1:20) (17), and human autoimmune serum

#4171, 1:2000) specific for proteins of the pericentriolar matrix (18).
he secondary antibodies used for immunofluorescence were: goat
nti-human, rabbit, and mouse IgG (H 1 L) conjugated to Alexa488
urchased from Molecular Probes (Eugene, OR), conjugated to FITC,
exas Red, and Cy5 purchased from Jackson Immunoresearch Lab-
ratories, Inc. (West Grove, PA). The primary antibodies used for
estern blotting were: anti-g tubulin mouse monoclonal antibody

urchased from Sigma–Aldrich Corp. (St. Louis, MO), anti-JNK rab-
it antibody (Ab101) (19), anti-JNK rabbit antibody (Ab7193) pre-
ared as described (19) and peptide purified using the Sulfolink Kit
rom Pierce (Rockford, IL), anti-p38 rabbit antibody (C-20), anti-ERK
abbit antibody (C-16) and anti-Bcl-XS/L rabbit antibody (L-19) pur-
hased from Santa Cruz Biotechnology Inc., anti-aldolase goat anti-
ody purchased from Biodesign International (Saco, ME), anti-
RP78 rabbit antibody purchased from StressGen Biotechnologies

Collegeville, PA), anti-lamin B1 mouse monoclonal antibody pur-
hased from Zymed Laboratories (San Francisco, CA), and anti-
olgin97 mouse monoclonal antibody purchased from Molecular
robes.

Cell culture. HeLa human cervical carcinoma cells were main-
ained in DMEM containing 10% fetal bovine serum (FBS), 10 mM
epes (pH 7.4), penicillin (100 units/ml), and streptomycin (100
g/ml). For all experiments, cells were plated on acid-etched,
olylysine-coated glass coverslips. Plated cells were maintained at
7°C in 5% CO2.

Immunofluorescence. As recently described in detail (20), cover-
lips were washed in 0.5% Triton X-100 for 2 min on ice and fixed in
% ultrapure formaldehyde (Polysciences, Inc.) in PEM buffer (80

ctures. HeLa cells were grown on polylysine-coated coverslips and
e JNK, cells were incubated with anti-phospho JNK antibody #9251
microscopy (A) or deconvolution fluorescence microscopy (B and C).
2 min prior to fixation (C). Arrows point to the centrosomal pattern

are shown.
stru
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ce. For immunofluorescence of b-tubulin, 4% polyethylene glycol
as added to PEM buffer during the permeabilization and fixation

teps. Coverslips were then washed with PEM buffer and permeabil-
zed in 0.5% Triton X-100 in PEM buffer for 30 min. Coverslips were
ashed with PEM buffer and blocked in 2.5% nonfat dry milk in
BST (50 mM Tris [pH 7.6], 150 mM NaCl, 0.1% Tween 20) over-
ight. Coverslips were then incubated for 1 h at 37°C with primary
ntibodies diluted in TBST, washed in TBST, and incubated for 1 h
t 37°C with secondary antibodies diluted 1:200 in TBST. After
ashing in TBST, coverslips were counterstained with 0.4 mg/ml of
,6 diamino-2-phenylindole (DAPI) (Molecular Probes) in TBST and
ounted with VectashieldR antifade medium (Vector Laboratories,
urlingame, CA) or ProLong antifade medium (Molecular Probes).
igures are composite images obtained with a Deltavision,
econvolution-based optical workstation (Applied Precision, Issa-
uah, WA). Z-series stacks of multiple focal planes were used to
ender 3-D volumes.

Centrosome purification. Centrosomes were isolated from HeLa
ells essentially as described (21) with the following modifications.
eLa cells (6 3 107) were treated with 0.2 mM nocodazole (Sigma)
nd 1 mg/ml cytochalasin D (Sigma) for 1 h at 37°C. All subsequent
teps were at 4°C. Cells were washed sequentially with 13 TBS (50
M Tris [pH 7.6], 150 mM NaCl), and 0.13 TBS/8% sucrose. Cells
ere resuspended in 2 ml of 0.13 TBS/8% sucrose, and then 8 ml of

ractionation lysis buffer was added (1 mM Hepes [pH 7.2], 0.5%
P-40, 0.5 mM MgCl2, 0.1% b-mercaptoethanol, 3.3 mg/ml aprotinin,
mg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mM

a3VO4, 0.5 mM NaF). This suspension was passed 10 times through
serological pipette to aid cell lysis. Lysate was centrifuged twice at
500g for 10 min. The supernatant was filtered through a 70 mm
ylon filter and incubated on ice after addition of Hepes and DNase
to final concentrations of 10 mM and 1 mg/ml, respectively. The

ysate was underlain with 60% sucrose in sucrose dilution buffer (10
M Piperazine-N,N9-bis(ethanesulfonic acid) (Pipes) [pH 7.2], 0.1%
riton X-100, 0.1% b-mercaptoethanol) and centrifuged for 1.5 h at
0,000g. The bottom 2 ml of the spun lysate was retained, vortexed,
oaded onto a discontinuous 40%/50%/70% sucrose gradient, and
entrifuged for 1.5 h at 120,000g. Fractions were collected, diluted to
ml with PEM buffer, and centrifuged at 15,000 rpm in a microfuge

or 30 min to pellet centrosomes. Centrosome pellets were washed
wice with PEM buffer and resuspended in Laemmli sample buffer
Bio-Rad, Hercules, CA) containing 5% b-mercaptoethanol.

Western blotting. Samples were heated at 100°C for 10 min and
roteins were separated by SDS–PAGE. Proteins were transferred to
itrocellulose membranes, and membranes were blocked in 10%
onfat dry milk in TBST. Membranes were incubated for 1 h in 5%
onfat dry milk in TBST containing primary antibody, washed 3
imes for 7 min in TBST, and then incubated in 5% nonfat dry milk
n TBST containing HRP-conjugated secondary antibody. Signal was
eveloped using ECL reagents (Amersham Life Science, Inc., Pisca-
away, NJ).

BrdU labeling. Replicating DNA was labeled by incubating cul-
ures in medium containing the thymidine analog 5-bromodeoxy-
ridine (BrdU, Sigma) at 20 mM. Incorporated BrdU was detected by

mmunofluorescence using mouse monoclonal anti-BrdU antibody
ith nuclease (Amersham).

ESULTS

ocalization of Active JNK to Detergent-Insoluble
Structures

We investigated the localization of JNK during the
ell cycle to gain insight into a possible function in the
175
ell cycle. To determine the localization pattern of ac-
ive JNK relative to nuclear structures, we chose an
ntibody that detects the active form of JNK (New
ngland Biolabs). This antibody was raised to a spe-
ific phosphopeptide spanning the JNK activation mo-
if, Thr(183)-Pro(184)-Tyr(185) in human JNK1. Rab-
it serum raised to this phosphopeptide was purified
y two rounds of negative selection with the non-
hosphorylated peptide followed by elution from a
hosphorylated peptide affinity column. Using this an-
ibody, we observed punctate nuclear staining and a
entrosomal pattern of staining (Fig. 1). We further
esolved this staining by extracting soluble protein
ith detergent prior to fixation and using deconvolu-

ion microscopy. The nuclear speckles and cytoplasmic
oci remained after detergent extraction, showing a
table association of active JNK with components of
he cytoskeleton and nuclear matrix (Fig. 1).

ctive JNK Localizes to the Pericentriolar Matrix
of Centrosomes

The focal pattern of staining with anti-phospho JNK
ntibody in detergent-extracted cells suggested that
NK may be localized to centrosomes during inter-

FIG. 2. Phospho-JNK is a component of the centrosome. HeLa
ells were grown on polylysine-coated coverslips, extracted in 0.5%
riton X-100 for 2 min, and fixed in 4% ultrapure formaldehyde. To
etect centrosomal localization of active JNK, fixed cells were incu-
ated with human autoimmune serum #4171 (PCM; red), anti-
hospho JNK antibody G-7 (pJNK; green), and DAPI DNA stain
DAPI; blue). Panels PCM, pJNK, and DAPI were merged, to identify
reas of colocalization (merged; pink). One representative meta-
hase cell is shown.



phase and/or mitosis. To test this hypothesis, HeLa
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ells were co-stained with anti-phospho JNK antibody
nd human autoimmune serum specific for antigens in
he pericentriolar matrix (PCM) (Fig. 2). Merging of
he individual images shows that JNK is a component
f the centrosome (Fig. 2, merged panel; colocalization
t centrosomes appears pink).
To determine if JNK was present in the pericentrio-

ar matrix and/or centriole core of the centrosome,
eLa cells were costained with anti-phospho JNK an-

ibody, mouse anti-g tubulin (present in the centrioles),
nd human autoimmune serum specific for pericentrio-
ar antigens (Fig. 3). Merging of the individual images
hows that JNK is a component of the pericentriolar
atrix. The g-tubulin staining partially overlaps with

NK staining but occupies a discrete region of the
entrosome.

We also used a biochemical approach to confirm that
NK is localized to centrosomes. First, we purified
entrosomes from HeLa cells by discontinuous sucrose
radient ultracentrifugation, and then we Western
lotted for the presence of JNK in fractions contain-
ng purified centrosome proteins. We used a well-
stablished method for purifying centrosomes from
eLa cells (21). Briefly, HeLa cells were lysed and

upernatants fractionated by two rounds of sucrose
ensity gradient ultracentrifugation. Using this proto-
ol, centrosomes are expected to sediment between 50
nd 60% sucrose (fractions 5–7) after the final purifi-
ation step. Western blots of protein in our final puri-
cation step showed a peak of g-tubulin (a structural
entrosomal protein) in fractions 4–7 as expected, con-
rming that we successfully isolated centrosomes with
his protocol. We also checked to be sure our centro-
ome preparation was not contaminated with other
ubcellular compartments, by Western blotting the
ractions of the final purification step with antibodies
o marker proteins from other subcellular compart-
ents. No markers from other subcellular compart-
ents were detected in the purified centrosome frac-

ions 4–7 including GRP78 (endoplasmic reticulum
arker), lamin B1 (nuclear marker), aldolase (soluble

ytoplasmic marker), Bcl-XL (mitochondrial marker)
nd Golgin 97 (Golgi apparatus marker) (Fig. 4). How-
ver, a peak of JNK protein was detected in fractions
–7, confirming the presence of JNK at the centro-
ome. We also checked for the presence of the other
APK family members, ERK and p38, in these frac-

ions. In most cases, ERK and p38 were undetectable
Fig. 4). However, ERK was detectable in some frac-
ionations in very low levels relative to the levels in the
hole cell lysate (data not shown). This is consistent
ith reports of ERK localization to the centrosome (19,
0), but suggests that ERK may be present at the
entrosome in much lower levels or is more weakly
ssociated with the centrosome than JNK.
176
JNK Activity

To determine if the activity or localization of centro-
omal JNK was regulated during the cell cycle, asyn-
hronous exponentially growing HeLa cells were
ostained with anti-phospho JNK antibody, and hu-
an autoimmune serum to the PCM. Cell cycle stages
ere identified by the patterns of DNA staining, cen-

rosome number, and centrosome position. JNK was
ctive at the centrosomes beginning after centrosome
uplication, which is known to occur near the G1 to S
hase transition, and remained active through late
naphase (Fig. 5). By labeling cells actively synthesiz-
ng DNA with BrdU, we found that 98% of cells in S
hase were positive for anti-phospho JNK antibody
taining (data not shown). This suggests that JNK is
ctivated before or during the G1/S phase transition.
While centrosomal JNK activity appeared to be up-

egulated during late G1 and downregulated during
ate anaphase, it remained possible that the localiza-
ion rather than the activity of centrosomal JNK was
ell cycle dependent. We therefore costained asynchro-
ous HeLa cells with anti-JNK2 antibody (N-19) that
etects both active and inactive JNK, PCM autoim-
une serum, and DAPI (Fig. 6). We found that JNK
as localized to the centrosome during all stages of the

ell cycle (Figs. 5 and 6). Taken together, these data
how that while JNK localization to the centrosome is
ell cycle independent, JNK activity at the centrosome
s cell cycle dependent.

pecificity of JNK Localization

Control experiments were performed to confirm that
entrosomal staining required both primary and sec-
ndary antibodies (data not shown). We also performed
dditional localization experiments with a total of five
NK specific antibodies to establish specificity of the
entrosomal localization. The JNK specific antibodies
sed include: peptide-affinity purified anti-phospho
NK rabbit antibody (New England Biolabs), anti-JNK
abbit antibody #9251 raised to full length recombi-
ant JNK1 (Santa Cruz), rabbit antibody raised to the
-terminus of JNK2 (anti-JNK2(N-18), Santa Cruz), a
onoclonal antibody specific for the active form of JNK

anti-p-JNK(G-7), Santa Cruz), and peptide affinity-
urified anti-JNK rabbit antibody (Ab7193) produced
n our laboratory. In all cases, these antibodies de-
ected JNK at the centrosomes (Figs. 3 and 5, and data
ot shown) thereby confirming our conclusion that
NK is present at centrosomes.

ISCUSSION

Here we have shown for the first time, that JNK
ocalizes to centrosomes in addition to cytoplasmic and
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ur recent understanding that JNK is regulated by
ocalization, in addition to expression and phosphory-
ation regulation mechanisms. In addition to our find-
ng that JNK is localized to centrosomes and nuclear
peckles, JNK has been reported to localize to both the
ndoplasmic reticulum and mitochondria with location
pecific functions separate from the well-characterized
tores of cytoplasmic JNK (22–24). The nuclear speck-
es detected with our antibodies most likely represent
NK localization to interchromatin granule clusters
nd/or sites of active transcription, consistent with its
nown functions in transcriptional regulation. We also
ound that JNK activity at the centrosome is cell cycle
ependent, suggesting that the centrosomal JNK may
lay a role in regulating cell cycle and/or centrosome
vents. Interestingly, we found that centrosomal JNK
as specifically localized to the pericentriolar matrix

PCM), the site of nucleation of spindle microtubules
25). Several possible functions are consistent with this
nding based on the known functions of other centro-
omal kinase and centrosomal proteins that have been
unctionally linked to JNK.

Fyn, a member of the Src family of tyrosine kinase
nd an upstream activator of JNK, has also been
hown to localize to centrosomes and to the cleavage
urrow during cytokinesis (26, 27). Fyn functions to
romote S phase entry in response to platelet-derived
rowth factor (PDGF) (28). Although the mechanism
or S phase control remains unclear, Fyn has recently
een shown to interact with a subunit of the dynein
otor complex that regulates centrosome separation

uring mitosis (27, 29). Our evidence that centrosomal
NK is active from the G1/S transition through an-
phase would be consistent with centrosomal JNK
unctions in the centrosomal Fyn pathways that pro-
ote S phase entry and centrosome separation during
itosis.
In addition, p53, a transcription factor and JNK

ubstrate, localizes to the centrosome from late
rophase through telophase (30, 31). The effect of p53
hosphorylation by JNK is unclear, however JNK ac-
ivation is correlated with disruption of p53/JNK inter-
ctions and stabilization of p53 protein (31, 32). p53 is
nown to upregulate the expression of the cell cycle
nhibitor, p21Waf1/Cip1 in response to DNA damage. The
nhibition of Cdk2/cyclin complexes by p21Waf1/Cip1

rrests both the cell cycle in G1 and the centrosome
ycle before duplication at the G1/S phase transition
33). Thus, the activation of centrosomal JNK may
elease p53 sequestered at the centrosome and contrib-
te the inhibition of centrosome duplication by DNA
amage.
Members of the HSP70 family may also link centro-

omal JNK to extracellular stimuli. HSP70 is the ma-
or inducible heat shock protein and is known to inhibit
NK activity (34–36). Hsp70 has been shown to tem-
177
ut not interphase when expression is induced (36).
SP70 plays a central role in the recovery of centro-

ome and spindle structure after mild heat shock dam-
ge (37). This raises the possibility that inhibition of
entrosomal JNK by HSP70 contributes to the repair of
eat shock-induced damage to centrosomes. In this
odel, centrosomal JNK activity positively regulates

entrosome function, and its inhibition by HSP70
ould result in the arrest of centrosome function, to
llow for repair. Alternatively, JNK activity may in-
ibit a centrosome ‘checkpoint’-inducing substrate
uch that inhibition of JNK results in the activation of
centrosome checkpoint to allow for repair.
A role for JNK in the response to extracellular

tresses such as DNA damage and heat shock, is most
onsistent with the known functions of JNK. While
NK may contribute to cell cycle regulation in adult
issues, studies of JNK null mice suggest that JNK
oes not play an essential role in normal cell division
uring development. JNK1 and JNK2 are ubiquitously
xpressed in mouse embryonic tissue. However, while
he JNK1/JNK2 null phenotype is embryonically le-
hal, the lethality is due to abnormalities in brain
evelopment, while other tissues develop normally
hrough embryonic day 11 (6). On the other hand, JNK
s activated by multiple stimuli, including epidermal
rowth factor (EGF), nocodazole, ultraviolet radiation,

radiation, osmotic shock, anisomycin, oxidative
tress, and heat shock (1). These stimuli regulate the
ell cycle directly or through stress or DNA-damage
epair pathways. Recently cell cycle control has been
inked to centrosome cycle control, enhancing our un-
erstanding of the coordination of these events. As
iscussed previously, DNA damage has also recently
een shown to activate a centrosomal checkpoint as
ell as cell cycle checkpoints (33). Given that JNK is
ctivated by multiple environmental stimuli that affect
he centrosome cycle and stress responses, it is likely
hat centrosomal JNK acts as a sensor of or sensitizer
o environmental stimuli.

The coordination of the cell cycle with centrosomal
vents is essential for the maintenance of genomic
ntegrity. In cases where these processes are uncou-
led, endoreduplication and aneuploidy can result
rom abnormal partitioning of chromosomes to daugh-
er cells. The development of aneuploidy has long been
ecognized as a major contributing factor to tumorigen-
sis (39, 40). The regulation of centrosome events has
ecently resurfaced as proteins such as Cdk2, with a
learly established function in cell cycle regulation, are
eing found to have additional functions in centrosome
rocesses. This study suggests that this may also be
rue for JNK, a kinase with a well established role in
tress and DNA-damage responses. The majority of
ellular JNK is soluble and likely to be responsible for
ignaling pathways that coordinate cellular stress
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timuli with stress responses. However, we have de-
cribed an insoluble fraction of JNK that is associated
ith centrosomes and regulated during the cell cycle.

FIG. 3. JNK is a component of the pericentriolar matrix. HeLa ce
-100 for 2 min and fixed in 4% ultrapure formaldehyde. To detect su
nti-phospho JNK antibody #9251 (pJNK; red), monoclonal anti-g-tub
PCM; blue). One representative metaphase cell is shown. Panels w
nti-phospho JNK with human autoimmune serum appears purple.

FIG. 4. JNK is copurified with centrosomes. Centrosomes were pr
radient. 10% of protein recovered from each fraction and 5 mg of He
RK, p38 and subcellular compartment markers: g-tubulin (centros
eticulum), Golgin 97 (Golgi), and Bcl-XL (mitochondria).
178
uture studies will determine if this fraction of JNK
an also be regulated by cellular stress signals and
hat role JNK plays in centrosome events.

were grown on polylysine-coated coverslips, extracted in 0.5% Triton
ntrosomal localization of active JNK, fixed cells were incubated with
n antibody (g-tubulin; green), and human autoimmune serum #4171
e merged as indicated in the lower three panels. Colocalization of
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