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Abstract
Although apoptosis triggered by ultraviolet B (UVB)-mediated activation of the c-Jun N-terminal
kinase (JNK) pathway is mediated by both intrinsic and extrinsic pathways, the mechanism of
initiation of JNK activation remains obscure. Here, we report the characterization of the JNK-
interacting protein 3 (JIP-3) scaffolding protein as an interacting partner of Rho-associated kinase 1
(ROCK1), as determined by tandem affinity protein purification. Upon UVB-induced stress in
keratinocytes, ROCK1 was activated, bound to JIP-3, and activated the JNK pathway. Moreover,
phosphorylation of JIP-3 by ROCK1 was crucial for the recruitment of JNK. Inhibition of the activity
of ROCK1 in keratinocytes resulted in decreased activation of the JNK pathway and thus a reduction
in apoptosis. ROCK1+/-mice exhibited decreased UVB-mediated activation of JNK and apoptosis
relative to wild-type mice. Our findings present a new molecular mechanism by which ROCK1
functions as a UVB sensor that regulates apoptosis, an important event in the prevention of skin
cancer.

INTRODUCTION
Mounting evidence implicates ultraviolet (UV) radiation as an important environmental
carcinogen involved in the development of the most common skin cancers (1). UVB light
induces the formation of cyclobutane pyrimidine dimers that cause DNA damage and result in
chromatid breaks (2). Failure to initiate apoptosis of the affected cells results in uncontrolled
cell proliferation through the accumulation of permanent mutations in genomic DNA (3). In
recent years, there has been substantial progress in our understanding of UV radiation-mediated
signal transduction pathways in mammalian cells. It is well established that UVB triggers the
activation of members of the mitogen-activated protein kinase (MAPK) family, including
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extracellular signal-regulated kinase (ERK), JNK, and p38 MAPK (4). JNK is activated
primarily by cytokines or exposure to environmental stresses such as UV irradiation.
Components of the JNK pathway can be organized into signaling complexes by scaffold
proteins such as the JNK-interacting proteins (JIPs) (5).

Rho-associated kinase (ROCK) was first identified as the serine/threonine kinase that binds to
guanosine triphosphate (GTP)-bound RhoA, a small guanosine triphosphatase (6,7). ROCK
functions as a versatile kinase, phosphorylating various substrates such as myosin light chain
(MLC) phosphatase (8), LIM kinase 3 (9), phosphatase and tensin homolog deleted from
chromosome 10 (PTEN) (10), insulin receptor substrate (IRS) (11,12), and ezrin/radixin/
moesin (ERM) proteins (13). To date, two isoforms of ROCK have been cloned, ROCK1 and
ROCK2 (14). Each isoform consists of a kinase domain near the N terminus of the protein,
followed by a coiled-coil domain, a Rho-binding domain, a cysteine-rich domain located in
the pleckstrin homology domain, and a zinc finger-binding domain. Both isoforms are about
160 kD with 92% homology at the kinase domain. The interaction of GTP-bound RhoA with
the C terminus of ROCK creates an open conformation and, thus, an activated state of the
kinase. Some studies have presented alternative means to activate ROCK1 that include binding
of ROCK1 to arachidonic acid, oligomerization of ROCK1, or cleavage of ROCK1 by
caspase-3 during apoptosis or differentiation (15). It is well known that ROCKs affect such
cellular processes as apoptosis, adhesion, migration, proliferation, and metabolism (6-9,11,
14,16).

Because ROCK is involved in different biological processes, it is an important therapeutic
target for the treatment of various human diseases including cancers, cardiovascular diseases,
and neurological disorders. The function of ROCK in apoptosis has been extensively examined.
Inhibition of ROCK1 reduces apoptosis of cardiomyocytes during ischemia-reperfusion injury
(17), promotes embryonic stem cell survival (18), and inhibits both androgen-induced
apoptosis of prostate cancer cells (19) and genotoxic stress-induced cell death (20). In various
animal disease models, inhibition of ROCK promotes survival effects, including reduced
apoptosis, which is accompanied in most cases by reduced inflammatory responses (21).
ROCK also mediates the production of reactive oxygen species, which can in turn induce
apoptosis (22,23). Although ROCK plays an important role in apoptosis, the mechanism of its
action is obscure.

Through tandem affinity protein (TAP) purification, we found that ROCK1 bound to JIP-3 and
that this interaction was enhanced by UVB irradiation. Inhibition of the activity of ROCK1
during exposure to UVB light decreased the phosphorylation of JNK, which suggests that
ROCK1 plays an important role in JNK-mediated cellular responses. ROCK1 phosphorylated
JIP-3 in vitro and in vivo. Epidermis from ROCK1+/- mice was more resistant to UVB-induced
cell death than was epidermis from wild-type (WT) mice. Therefore, we present evidence that
ROCK1 acts as a key upstream regulator of the JIP-3 to JNK signaling pathway and as a sensor
of UVB-induced cellular stress that is critical in mediating the intrinsic cell death pathway.
These results suggest that ROCK1 signaling plays an important role in the prevention of skin
cancer.

RESULTS
Identification of JIP-3 as a substrate of ROCK1

We proposed to elucidate the function of ROCK1 by studying its interacting partners. To
understand how ROCK1 is involved in various cellular processes, we used the TAP purification
approach (24) to identify cellular factors that interacted with ROCK1 upon UVB-induced
stress. We expressed FLAG-hemagglutinin (HA)-double-tagged human full-length ROCK1 in
293ET cells. Cell extracts were subjected to sequential purification with anti-FLAG and anti-
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HA antibody resins. Several polypeptides, including filaggrin 2, insulysin, JIP-3, the arginine
N-methyltransferase SKB1, and α-actinin, were identified by mass spectrometry as binding
partners of ROCK1 (Fig. 1A, left panel). Among these potential ROCK1-interacting proteins,
JIP-3 is of great interest. As a scaffold protein that promotes the activation of JNK, JIP-3 may
serve as a mediator connecting ROCK1 and JIP-3 to the JNK signaling pathway in response
to cellular stress (5).

We first confirmed the presence of JIP-3 in ROCK1 purifications by Western blotting and
found a slight increase in the abundance of JIP-3 in UVB-treated cells (Fig. 1A, right panel).
The interaction between JIP-3 and ROCK1 was additionally confirmed by reciprocal
immunoprecipitations from 293ET cells that were transiently transfected with His-ROCK1 and
FLAG-tagged JIP-3 (FLAG-JIP-3) (Fig. 1B). To map the JIP-3-binding region(s) of ROCK1,
we carried out pull-down experiments with constructs expressing different truncated forms of
ROCK1, along with FLAG-JIP-3 or empty vector (pcDNA3), transfected into 293ET cells.
JIP-3 bound to the N-terminus of ROCK1 containing the kinase domain (fig. S1), supporting
our TAP and immunoprecipitation studies. To determine whether these two proteins interacted
in vivo and whether UVB irradiation had any effect on the interaction, we performed
coimmunoprecipitation assays with anti-ROCK1 and anti-JIP-3 antibodies on UVB-treated
U2OS and SCC28 cells. We found that endogenous ROCK1 and JIP-3 interacted with each
other and that this interaction was enhanced in both cell lines after UVB irradiation (Fig. 1C).

Because JIP-3 interacted with ROCK1, we determined whether JIP-3 was a target of its kinase
activity. ROCK1 phosphorylates its substrates at the consensus sequences R/KXS/T or R/
KXXS/T, in which the position of Arg (R) or Lys (K) residues is critical (15,16,25). We
assessed ROCK1 activity by measuring the phosphorylation of the MYPT1 substrate protein
in response to UVB treatment. UVB irradiation increased the phosphorylation of MYPT1 by
more than a factor of 2 in human normal primary keratinocytes, 293ET cells, and SCC28 cells
relative to that in untreated cells (Fig. 2A). We then measured the phosphorylation of FLAG-
tagged JIP-3 in vitro by incubating recombinant ROCK1 with FLAG-JIP-3 purified from cell
extracts. There was a striking increase in ROCK1-mediated phosphorylation of JIP-3 (Fig. 2B,
right panel, lane 9) after 30 min incubation, and this effect was blocked by a ROCK inhibitor,
Y-27632 (Fig. 2B, right panel, lane 10). Conversely, the phosphorylated form of JIP-3 was not
detected in control FLAG-bound immunoprecipitated samples. Tandem mass spectrometry
was performed to map the Ser/Thr phosphorylation sites in JIP-3. We found three Ser
phosphorylation sites in JIP-3:Ser318, Ser368, and Ser369 from the phosphorylated peptides
RDSRNMEVQVTQE (the tryptic peptide encompassing residues 316 to 328), and
RTGSSPTQGIVNK (the tryptic peptide encompassing residues 365 to 377), respectively (Fig.
2B, lower panel).

Formation of the ROCK1-JIP-3 complex was confirmed by glycerol-gradient sedimentation
experiments with partially purified His-tagged ROCK1 from 293ET cells. JIP-3 and ROCK1
peaked in fraction 12 (fig. S2), and cosedimentation of JNK, RhoA, and ROCK1 was observed
in fractions 15 to 17, suggesting that ROCK1 and JIP-3 formed a complex with a link to JNK.
We next tested the hypothesis that ROCK1-mediated phosphorylation of JIP-3 is required for
the interaction between JIP-3 and JNK. We found that UVB irradiation stimulated the JNK-
JIP-3 interaction in SCC28 cells (Fig. 2C, left panel, lane 3); however, inhibition of ROCK1
with Y-27632 dramatically reduced this interaction (Fig. 2C, left panel, lane 4). Furthermore,

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/1/47/ra14/DC1
Fig. S1. The kinase domain of ROCK1 is involved in binding to JIP-3.
Fig. S2. Glycerol gradient analysis of ROCK1 and JIP-3.
Fig. S3. Depletion of ROCK1 compromises UVB-induced apoptosis.
Fig. S4. Ectopic expression of ROCK1 in ROCK1-depleted HACAT cells rescued the ROCK1-suppression phenotype.
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JIP-3 was phosphorylated in response to UVB irradiation in cells transfected with FLAG-JIP-3
(Fig. 2D), and JIP-3 phosphorylation at Ser residues was inhibited by Y-27632 (Fig. 2D), thus
confirming JIP-3 as a ROCK1 substrate in vivo. The functional importance of the newly
identified phosphorylation sites of JIP-3 was tested by generating point mutations of the target
Ser residues in JIP-3. These mutations prevented the formation of interactions between the
mutated JIP-3 proteins and JNK regardless of exposure to UVB radiation (Fig. 2E, lanes 5 to
12). Together, these data indicate that ROCK1 binds to JIP-3 and phosphorylates JIP-3 in
response to UVB-induced stress, thus providing a biochemical route by which JNK can be
activated.

ROCK1 mediates the activation of JNK and its downstream signaling after UVB-induced
stress

JIP-3 is implicated in apoptosis by regulating JNK activation and its downstream signaling
(5,26-28). Activation of JNK is a critical regulator of various aspects of mammalian
physiology, including cell proliferation, cell survival, DNA repair, and autophagy (4,27,
29-32). JNK undergoes dynamic phosphorylation when mammalian cells are exposed to DNA-
damaging stress, including UVB irradiation (4,33). Previous studies showed that ROCK1-
mediated apoptosis is one of the apoptotic pathways triggered during genotoxic stress (20).
Because the UVB-enhanced interaction between ROCK1 and JIP-3 was crucial for the
recruitment of JNK, we investigated whether the ROCK1-JIP-3 complex accounts for sustained
JNK activation and apoptosis. First, we evaluated the role of ROCK1 in JNK downstream
signaling and the JNK-mediated cell death response. Knockdown of ROCK1 by short hairpin
RNA (shRNA) substantially decreased the abundance of phosphorylated JNK (the activated
form of JNK) in UVB-exposed cell lines, including U2OS, 293ET, and HaCaT cells, relative
to that in control shRNA-transfected cells (Fig. 3A). Inhibition of ROCK1 did not, however,
affect other stress-responsive kinases such as ERK and p38 (Fig. 3A, left panel). As predicted,
knockdown of JIP-3 reduced UVB-induced JNK phosphorylation in HaCaT cells (Fig. 3A)
relative to that in control small interfering RNA (siRNA)-transfected cells. Furthermore,
treatment of cells with Y-27632 before UVB exposure resulted in a decrease in the abundance
of phosphorylated JNK (most evidently JNK2) and JNK targets such as Jun and γ-H2AX (Fig.
3B). Inhibition of ROCK1 thus resulted in attenuation of the signaling pathway downstream
of JNK in response to UVB-induced stress.

To further study the consequence of ROCK1 activation on JNK activation, we generated a
constitutively active, 130-kD, cleaved mutant ROCK1 (CA-ROCK1) (20,34). U2OS, HaCaT,
and 293ET cells were either transfected or infected with adenoviruses expressing CA-ROCK1
or WT-ROCK1. Overexpression of CA-ROCK1 resulted in a marked increase in the
phosphorylation of JNK and the ROCK1 target MLC relative to that in cells expressing WT-
ROCK1 (Fig. 3C). We next verified whether depletion or inhibition of ROCK1 modulated
UVB-induced apoptosis. Depletion of ROCK1 caused a considerable decrease in UVB-
mediated apoptosis as compared with that observed in control shRNA-transfected cells (fig.
S3A). We also studied whether Y-27632 could affect the UVB-induced apoptotic response.
Y-27632 prevented both the activation of JNK and UVB-induced apoptosis (fig. S3B).
Overexpression of ROCK1 in ROCK1-depleted cells overcame the effect of inhibition of
ROCK1 activity and resulted in an increase in UVB-induced apoptosis and the abundance of
phosphorylated JNK relative to that in cells not reconstituted with ROCK1 (fig. S4).

Activation of the ROCK1→JIP-3→JNK axis by UVB irradiation induces the intrinsic apoptosis
pathway

We examined the effect of depletion of ROCK1 on the activation of three major caspases
(caspase-3, caspase-8, and caspase-9) to determine whether UVB-induced apoptosis mediated
by the ROCK1→JIP-3→JNK pathway functioned through the intrinsic or extrinsic apoptosis
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pathway. Knockdown of ROCK1 in HaCaT cells notably inhibited the activities of caspase-3
and caspase-9, but not caspase-8, in response to UVB irradiation (Fig. 4A). We also observed
that knockdown of ROCK1 by shRNA resulted in the inhibition of the release of cytochrome
c from mitochondria upon UVB irradiation (Fig. 4B). These results strongly suggest that UVB-
induced activation of ROCK1 and the resulting JIP-3-mediated activation of JNK promoted
apoptosis through the intrinsic mitochondrial pathway.

ROCK1 is essential for UVB-induced apoptosis in mouse epidermis
To understand the biological significance of ROCK1 in the cellular response to UVB-induced
stress, we investigated the effect of the activation of ROCK1 on the JNK pathway in vivo.
ROCK1-/- mice are markedly underrepresented in litters on a C57Bl/6 background, suggesting
that lethality occurs in utero or postnatally (35). Thus, we examined the effect of the partial
deletion of ROCK1 expression on the UVB damage-induced JNK pathway in the dorsal skin
of ROCK1+/- mice (36). First, we tested whether the activity of ROCK changed in the skin
epidermis upon exposure to UVB radiation. An increase in ROCK activity was detected in WT
mouse skin upon challenge with UVB (Fig. 5A). Topical application of a chemical inhibitor
of ROCK, fasudil (HA1077), to the skin abolished UVB-induced ROCK activity in vivo, as
indicated by the abundance of phosphorylated myosin-binding subunit (MBS), a substrate of
ROCK (Fig. 5A, right panel). Furthermore, fasudil also decreased the abundance of
phosphorylated γ-H2AX and JNK. In addition, a reduction in the number of terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling
(TUNEL)-positive cells was observed in the epidermis of inhibitor-treated mice, which
indicated the presence of fewer apoptotic cells (Fig. 5B, right panel).

We also examined the effect of the partial deletion of ROCK1 expression on the UVB damage-
induced JNK pathway in the dorsal skin from ROCK1+/- mice (36). As expected, the abundance
of ROCK1 protein in the skin of ROCK1+/- mice was about half of that in the skin of WT mice
(Fig. 6A). There was a substantial reduction in the abundance of the phosphorylated forms of
JNK (phospho-JNK) and γ-H2AX (phospho-γ-H2AX) in UVB-irradiated skin from
ROCK1+/- mice relative to WT mice (Fig. 6A). Moreover, ROCK1+/- mice exposed to UVB
radiation had a lower number of TUNEL-positive cells in the epidermis than did their UVB-
irradiated WT littermates (Fig. 6B). Decreases in the abundance of phospho-JNK and phospho-
γ-H2AX were observed in the epidermis of ROCK1+/- mice after UVB irradiation (Fig. 6B).
No apoptotic cells were detected in mice that were not exposed to UVB irradiation. We propose,
therefore, that activation of ROCK1 upon UVB-induced stress is essential for activation of the
JNK signaling pathway and UVB-induced apoptosis in vivo.

DISCUSSION
We have shown that ROCK1-mediated activation of JNK is required for UVB-induced
apoptosis. It is well established that exposure of mammalian cells to DNA damage, including
that caused by UVB irradiation, activates JNK. However, a key question that remains
unresolved concerns the upstream regulator(s) of JNK activation and the signaling that leads
to the DNA-damage response and apoptosis. Here, we identified ROCK as a key regulator of
the JNK signaling pathway. We showed that upon exposure to UVB-induced stress, ROCK1
was activated, bound to and phosphorylated JIP-3, and consequently activated JNK. Our
findings suggest, therefore, that ROCK1 may act as a cellular switch that triggers cells to
undergo apoptosis after UVB-induced stress.

A hallmark of exposure to UVB radiation is the activation of Ser/Thr kinases that eventually
lead to cell cycle arrest or apoptosis (4). Growing evidence has linked ROCK1 to various forms
of cell death (14,34). We and others have shown that inhibition of ROCK1 activity can protect
cells or tissue from apoptosis (16). Activation of ROCK1 by caspase-3-mediated cleavage
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during apoptosis is important for regulating the succeeding morphological events, including
loss of cell-to-cell adhesion, membrane blebbing, membrane disintegration, and formation of
apoptotic bodies destined for phagocytosis (34,37). Thus far, the role of ROCK1 activation in
earlier signaling events governing apoptosis has remained elusive. In our studies, we
investigated UVB-induced stress because it elicits rapid phosphorylation of JNK before
apoptosis. In previous studies, we have shown that increased expression of RhoE by p53 during
genotoxic stress inhibits the activation of ROCK1 (20). In addition, a study has shown the
increase in c-Jun expression through RhoA and ROCK, which is independent of ROCK-
initiated actin polymerization (38).

Using TAP purification, we have identified the JIP-3 scaffold protein as a target of the kinase
activity of ROCK1 and established that the ROCK1-JIP-3 interaction is required for the
activation of the JNK pathway in response to UVB-induced damage. JIP-3 is a multifunctional
protein; it is a cargo adaptor protein mediating axonal transport of kinesin (5,39,40) and a
scaffold protein for the JNK pathway (26,41). Several JNK scaffold proteins such as POSH,
JIP1, and β-arrestin-2 have been identified (5). Scaffold proteins permit the precise assembly
of proteins to form JNK signaling modules and consequently facilitate protein activation. JIP-3
is known to activate JNK signaling through the coordination of MAPK kinase (MEK), MAPK
kinase 7 (MKK7), JNK, and c-Jun. JIP-3 is found in neuronal cells and we detected it at high
abundance in human keratinocytes and other cell types used in our studies (42). JIP-3-/- mice
exhibit difficulty in breathing after birth and have defects in development of the telencephalon.
The genes encoding RhoA, the Rho guanine nucleotide exchange factor (GEF) Net1, and
ROCK are down-regulated in the brains of JIP-3-/- mice (42). In contrast, we did not observe
any changes in the expression of JIP-3 upon inhibiting ROCK1 activity. Further understanding
of the control of ROCK, RhoA, and Rho-GEF gene expression by JIP-3 would be invaluable.
To date, several new binding partners of JIP-3 have been found, including Pin1 (43) and Toll-
like receptor 4 (44).

Phosphorylation of JNK has been extensively studied as an apoptotic stimulus (45).
Mitochondrial-mediated cell death signaling is defective in Jnk1-/-,Jnk2-/- mouse embryonic
fibroblasts (33). γ-H2AX is a known JNK target and is important in the generation of DNA
ladders during apoptosis (46). We observed that inhibition of ROCK1 activity inhibited the
intrinsic cell death pathway elicited by UVB-induced stress. Together, these data support a
model in which activation of ROCK1 induces apoptosis through the phosphorylation of JIP-3,
which enhances the activation of JNK and its downstream targets (Fig. 7). The next series of
challenges presented by the elucidation of this previously unidentified pathway includes
understanding the precise regulation of proteins that form complexes with JNK and of
downstream targets of JNK in response to UVB-induced stress and apoptosis. Future studies
are also needed to elucidate how the ROCK1-JNK pathway mediates apoptosis in various cell
types and how it is regulated by other stresses.

Our study sheds new light on the mechanism of upstream regulation of JNK-mediated
apoptosis, an area of emerging interest with clinical relevance to common human diseases such
as diabetes (47) and cancer (48). It is well established that deregulation of Rho-ROCK signaling
in tumors has been linked to increased invasion and metastasis (49-51). A recent study
identified phosphoinositide-dependent protein kinase 1 (PDK1) as a stimulator of ROCK1 at
the plasma membrane, which regulates cancer cell motility by antagonizing inhibition of
ROCK1 by RhoE (52). Our findings suggest, therefore, that activation of the ROCK1-JIP-3-
JNK signaling cascade in response to UVB-induced damage is an alternate mode of
maintaining normal tissue homeostasis.
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MATERIALS AND METHODS
Cell culture and cell lines

U2OS cells and 293ET cells were grown in the presence of 5% CO2 and 20% O2 at 37°C in
humidified chambers. U2OS cells, 293ET cells, and MCF7 cells were grown in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. Adenoviruses expressing His-tagged
ROCK1 were generated, amplified, purified, and titrated as previously reported (20). The
human ROCK1 sequences GTA CTT GTA TGA AGA TGA C (shRNA 1), GTA AAC GAG
CTT TGG TTA C (shRNA2), GCC AAG CCA TAT TGA GTT ATT (shRNA 3), and GAG
GTT TGT TGG ACT TTC ATA (shRNA 4) were targeted for RNA interference. U2OS cells
stably expressing the ROCK1 siRNA were generated by annealing the shRNA, targeted to a
respective sequence, to the BamH1 and Xho1 sites of the pBabe-U6 vector that harbors a
puromycin-resistance gene. The pBabe-ROCK1 transfectants were selected with 2 μg/ml of
puromycin. JIP-1 and JIP-3 siRNA oligonucleotides were purchased from Santa Cruz
Biotechnology.

ROCK1 complex purification
A detailed TAP purification procedure has been described previously (24). pOZ-FLAG-HA-
tagged human WT-ROCK1, pOZ-FLAG-HA vector, and pOZ-FLAG-HA-short-ROCK1 were
transfected into 293ET cells and the resulting proteins were purified with anti-FLAG M2
monoclonal antibody (mAb)-conjugated agarose beads (Sigma) followed by anti-HA 12CA5
mAb-conjugated agarose beads in Buffer A [25 mM Hepes, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 2 mM MgCl2, 2 mM NaF, 2 mM Na3VO4, 10% glycerol, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 0.1% Triton X-100].

In vitro ROCK assay
Cell lysates (500 μg), either treated or untreated with UVB or CPT, were mixed with 2 μg of
anti-ROCK1 antibody (Santa Cruz) for 4 hours and then with 20 μl of protein G-beads for 1
hour. Kinase assays were performed in 50 μl of kinase mixture [20 mM Tris, pH 7.5, 5 mM
MgCl2, 100 mM KCl, 0.1 mM dithiothreitol (DTT), 100 μM adenosine triphosphate (ATP), 1
mM EDTA, 1 μM microcystin-LR, 1 μg MYPT1 substrate protein (Upstate Biotechnology),
and 1 μCi [γ-32P]ATP] and incubated at 30°C for 30 min. Immunoprecipitates were separated
by SDS-polyacrylamide gel electrophoresis (PAGE). The gel was dried and exposed to film.
The gel slice was excised for radioactive counting.

ROCK-mediated phosphorylation of JIP-3
FLAG-JIP-3 and FLAG control vectors were transfected into 293ET cells and the resulting
proteins were purified with anti-FLAG M2 mAb-conjugated agarose beads (Sigma). Ten
micrograms of the FLAG-purified material was incubated with recombinant ROCK1 (Upstate
Biotechnology) in 50 μl of kinase mixture (20 mM Tris, pH 7.5, 5 mM MgCl2, 100 mM KCl,
0.1 mM DTT, 100 μM ATP, 1 mM EDTA, 1 μM microcystin-LR, and 1 μCi [γ-32P]ATP) and
incubated at 30°C for 30 min. Ten microliters of kinase reaction was subjected to SDS-PAGE.
For JIP-3 phosphorylation site analysis, the kinase reaction was performed without [γ-32P]ATP
and the bands were excised and analyzed by the Harvard Medical School Taplin Biological
Mass Spectrometry Facility.

Mass spectrometry and glycerol gradient centrifugation
FLAG-HA double-affinity-purified materials were separated by 4 to 20% gradient SDS-PAGE
and were silver stained (Invitrogen). The proteins were analyzed by the Mass Spectrometry
Facility at Emory University. For glycerol gradient sedimentation, 200 μl of Ni2+ column eluate
from His-ROCK1-transfected 293ET cells was loaded on the top of a 4.5-ml 10 to 40% glycerol

Ongusaha et al. Page 7

Sci Signal. Author manuscript; available in PMC 2009 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gradient cushion in Buffer A containing 100 mM KCl and centrifuged for 10 hours at 50,000
rpm (Beckman, SW55Ti). After centrifugation, individual fractions (200 μl) were collected
from top to bottom. Five microliters of each fraction was analyzed by Western blotting.

Western blotting and immunoprecipitation
Cells were lysed in 20 mM Hepes, pH 7.5, 1 mM EDTA, 1 mM EGTA, 120 mM NaCl, 100
mM NaF, 2 mM Na3VO4, 1% Triton X-100, 1 mM PMSF, 10 μg/ml aprotinin, and 10 μg/ml
leupeptin. Proteins were quantified with the Bio-Rad Protein Assay Kit. Equal amounts of
protein per sample were subjected to SDS-PAGE and transferred to nitrocellulose membranes
(Invitrogen). Immunoprecipitations were performed with 500 μg of cell extract incubated with
anti-His-tag polyclonal antibody (Santa Cruz), anti-ROCK1 goat polyclonal antibody (Santa
Cruz), anti-FLAG antibody (Sigma), anti-JIP-3 antibody (Santa Cruz), anti-RhoA antibody
(Santa Cruz), or anti-phosphoserine antibodies (ZYMED Laboratories). The
immunocomplexes were precipitated with protein G-conjugated beads (Sigma). Antibodies
used for immunoblotting include anti-ROCK1 (Santa Cruz), anti-phospho-H2AX (Ser139,
clone JBW301, Millipore, cat. no. P16104), anti-phospho-MBS (Upstate), anti-phospho-MLC,
anti-phospho-JNK, anti-phospho-Akt, anti-phospho-p38, anti-phospho-MAPK (CST), and
anti-caspase-3, all from CST.

Cell fractionation
Cells were lysed in buffer (250 mM sucrose, 20 mM Hepes, 10 mM KCl, 1.5 mM MgCl2, 1
mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 10 μg/ml aprotinin, and 10 μg/ml
leupeptin at pH 7.5) and incubated for 30 min on ice. Cells were homogenized by 30 strokes
through a 22-gauge needle. Homogenates were centrifuged at 750g for 10 min at 4°C to collect
the mitochondrial pellets.

Flow cytometry and apoptosis assays
Cell death as determined by the fragmentation of DNA was measured by photometric enzyme
immunoassay with the Cell Death Detection ELISA kit (Roche Applied Science) following
the manufacturer’s suggested protocol. Briefly, cells were plated in six-well plates and, after
the indicated treatments, all cells, including those in suspension, were collected by
centrifugation at 1500g, lysed, and centrifuged at 20,000g to obtain the cytoplasmic fractions.
The cytoplasmic fractions containing the fragmented DNA were transferred to microtiter plates
that had been coated with a monoclonal anti-histone antibody. The amount of fragmented DNA
consisting of nucleosomes bound to the anti-histone antibody was evaluated by peroxidase-
conjugated monoclonal anti-DNA antibody with ABTS [2,2′-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) diammonium salt] as a substrate at 405 nm. For
fluorescence-activated cell sorting (FACS) analysis, cells were pelleted and washed once with
PBS. The cells were fixed for 3 hours with 2% paraformaldehyde in PBS at room temperature.
TUNEL assays were performed with the TUNEL assay kit (In Situ Cell Death Detection Kit,
TMR Red, Roche) to quantify apoptotic cells visualized by fluorescence microscopy and FACS
analysis.

Caspase assay
Caspase activities were determined with caspase assay kits for caspase-3 and caspase-8 (Sigma)
and with the caspase-9 assay kit (Calbiochem) for caspase-9. The assays were carried out
according to manufacturers’ protocols. Briefly, 5 × 106 cells were seeded in p150 dishes. After
24 hours, cells were transfected with control siRNA or ROCK1-specific siRNA. Two dishes
were used for each data point and cells were harvested at different time intervals after UVB
irradiation. Cells were trypsinized and washed once with PBS followed by resuspension of 1
× 107 cells per 100 μl of lysis buffer. The cells were incubated on ice for 20 min. Supernatant
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was obtained from the cell lysates by centrifuging at 20,000g for 15 min. The cell lysates were
incubated with either the caspase-3 substrate (Ac-DEVD-pNA), the caspase-8 substrate (Ac-
IETD-pNA), or the caspase-9 substrate (LEHD-pNA). As appropriate, the caspase-3 inhibitor
AC-DEVD-CHO and the caspase-8 inhibitor Ac-IETD-CHO were used as controls. The plates
were incubated at 37°C for 90 min and the signal was read at 405 nm.

Rho kinase assay
Twenty micrograms of protein was used for each assay. Rho kinase activities were measured
by a Rho kinase assay kit (MBL International Corporation). Briefly, 10 μl containing 20 μg of
protein extract was incubated with 90 μl of kinase buffer containing 0.1 mM ATP. The entire
reaction was added to the well of a 96-well plate precoated with the detector antibody AF20,
an antibody that specifically detects only the phosphorylated form of Thr696 on human MBS.
The quantity of phosphorylated substrate was measured by binding it to a horseradish
peroxidase conjugate of AF20, which catalyzed the conversion of the chromogenic substrate
tetramethyl-benzidine from a colorless solution to a blue solution (OD = 450 nm), or a yellow
solution after the addition of the stopping reagent.

ROCK1+/- mice
All animal procedures were approved by the Institutional Animal Care and Use Committee of
the Massachusetts General Hospital. Eight-week-old ROCK1+/- mice and their WT littermates
were used for UVB-exposure experiments. Mice were shaved and the remaining hairs were
removed by hair remover (Nair, NJ) 48 hours before UVB treatment. On the next day, the
anesthetized animals were irradiated by UVB with the use of a custom-made UVB-irradiation
apparatus with four photochemical lamps (RPR 3000, Southern N.E. Ultraviolet Co., Bradford,
CT). The delivered UVB dose was measured each time with a photometer (model IL 1400A,
International Light Inc., Newburyport, MA). The animals were killed at 8 and 24 hours after
UVB exposure. The back skin was harvested and frozen in liquid nitrogen or fixed in 2%
methanol-free formaldehyde (Polysciences Inc., PA). The skin was embedded in tissue-
freezing medium (TBS, NC) and 7-μm frozen sections of tissue were obtained from the skins
of animals subjected to different doses of UVB exposure. About six representative sections
were analyzed.
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Fig. 1.
ROCK1 interacts with JIP-3, and UVB irradiation enhances this interaction. (A) Tandem
affinity purification (TAP) of ROCK1. Cellular extracts from 293ET cells transiently
transfected with FLAG-HA-tagged ROCK1, with or without UVB (30 mJ/cm2) irradiation,
were sequentially immunoprecipitated with anti-FLAG and anti-HA antibody-conjugated
affinity resins (lanes 2, 3, 5, and 6). The ROCK1-associated polypeptides were visualized by
silver staining. Mock-transfected 293ET cells were used as a control (lanes 1 and 4). Selective
data from mass spectrometry analysis are shown on the right. The right panel shows detection
of JIP-3 in the TAP-purified samples by Western blotting. (B) Coimmunoprecipitation of JIP-3
by ROCK1. His-tagged ROCK1 and FLAG-tagged JIP-3 were transfected in 293ET cells.
Immunoprecipitation (IP) and Western blotting (WB) were performed 36 hours after
transfection as indicated. (C) Endogenous association between ROCK1 and JIP-3 in U2OS
cells and SCC28 cells was analyzed by coimmunoprecipitation experiments and Western blots
were performed for the indicated proteins. Cells were irradiated with UVB (30 mJ/cm2) for
the indicated time intervals.
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Fig. 2.
ROCK1-mediated phosphorylation of JIP-3 regulates the recruitment of JNK to JIP-3 upon
UVB-induced stress. (A) An increase in ROCK1-mediated phosphorylation of MYPT1 in
response to UVB irradiation. Normal human primary keratinocytes, 293ET cells, and SCC28
cells were irradiated with UVB for the indicated time points. Cell lysates were subjected to
immunoprecipitation with an anti-ROCK1 antibody. The immunoprecipitated pellets were
assayed for ROCK1-mediated phosphorylation of the substrate recombinant MYPT1. [32P]
MYPT1 was autoradiographed, and total MYPT1 and precipitated ROCK1 proteins were
stained with Coomassie blue. (B) Phosphorylation of JIP-3 by ROCK1. Purified FLAG-tagged
JIP-3 (lane 2) and the control FLAG bead eluate (lane 1) were analyzed by SDS-PAGE and
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visualized by Coomassie blue staining (left panel). Ten micrograms of the JIP-3 protein was
incubated with recombinant ROCK1 in the presence of 10 μCi [γ-32P]ATP, with or without
Y-27632 (10 μM). Phosphorylated Ser residues in JIP-3 were identified by MALDI-TOF and
tandem mass spectrometry; an asterisk denotes the phosphorylated residues. (C) Effect of
ROCK inhibitor on the association between JNK and JIP-3. SCC28 cells were pretreated with
a ROCK inhibitor, Y-27632 (10 μM), and then exposed to UVB irradiation (30 mJ/cm2). JNK
was immunoprecipitated and complexes were analyzed by Western blotting with antibodies
against JIP-3 and total JNK. (D) Inhibition of the kinase activity of ROCK1 prevents UVB-
induced phosphorylation of JIP-3. FLAG-JIP-3-transfected SCC28 cells were treated with
either dimethyl sulfoxide (DMSO) or Y-27632 (10 μM) and were exposed to UVB irradiation
for 3 hours. Total Ser-phosphorylated proteins were immunoprecipitated with an
antiphosphoserine antibody. Precipitated immunocomplexes (and input proteins) were
analyzed by Western blotting with an anti-FLAG antibody. (E) Mutations of Ser residues in
the phosphorylation sites to Ala residues inhibited the interaction between JIP-3 and JNK that
occurred upon UVB irradiation. The JIP-3 mutant constructs used for this study included WT-
JIP-3, JIP-3 Mutant 1(Ser318→Ala), and JIP-3 Mutant 2 (Ser368→Ala and Ser369→Ala).
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Fig. 3.
ROCK1 acts as an activator of the pathway downstream of JNK in response to UVB-induced
stress. (A) Depletion of ROCK1 abrogates the activation of the UVB-induced JNK pathway.
U2OS and 293ET cells were transfected with either scrambled shRNA or ROCK1-specific
shRNA followed by UVB irradiation (30 mJ/cm2). HaCaT cells were transfected with
scrambled or ROCK1-specific siRNA and were then irradiated by UVB (30 mJ/cm2).
Transfected cell extracts were analyzed by Western blotting with the indicated antibodies.
(B) Effect of the ROCK1 inhibitor, Y-27632, on UVB-induced JNK pathway activation in
normal human primary keratinocytes and U2OS cells. (C) Constitutively active ROCK1
increased the abundance of phosphorylated JNK and its target, phosphorylated c-Jun.
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Adenoviruses (Ad) or expression vectors expressing WT-ROCK1 or CA-ROCK1
(constitutively active) were infected or transfected into U2OS, HACAT, and 293ET cells. Cell
extracts were analyzed by Western blotting with antibodies against ROCK1, phospho-γH2AX,
phospho-MLC, phosphoJNK, phospho-JUN, and β-actin.
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Fig. 4.
Effect of ROCK1 on the intrinsic cell death pathway. (A)Caspase-3, caspase-8, and caspase-9
activity assays were performed in cell lysates from control or ROCK1 knockdown HaCaT cells
after 24 hours of UVB treatment. The results for the caspase assays are presented as the mean
± SEM (n = 3). (B) Control and ROCK1 knockdown HaCaT cells were irradiated with UVB
at 30 mJ/cm2, harvested at 0 and 24 hours, and whole lysates were fractionated. Fractions were
assessed for the presence of cytochrome c, oxidative complex 1 (mitochondrial fraction), and
IκBα (cytosolic fraction) by Western blotting analysis.
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Fig. 5.
Inhibition of ROCK activity in the epidermal skin of WT mice compromises UVB-induced
phosphorylation of JNK and γ-H2AX phosphorylation and apoptosis. (A) An ELISA-based
assay of ROCK activity was performed on skin extracts from UVB-irradiated mice. Results
are presented as the mean ± SEM (n = 3) (left panel). ROCK activity was also determined by
assessing the abundance of phospho-MBS, a ROCK1 target, with or without treatment by the
ROCK inhibitor HA1077 in extracts from UVB-irradiated epidermal skin (right panel). (B)
HA1077 repressed UVB-induced activation of JNK and γ-H2AX in epidermal skin. WT and
HA1077-treated mouse skin extracts were analyzed by Western blotting with antibodies against
phospho-γ-H2AX, β-actin, phospho-JNK, and ROCK1. TUNEL and kinase assays were
performed on the skin after UVB exposure (80 mJ/cm2) for 24 hours.
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Fig. 6.
ROCK1 activation is essential for UVB-mediated apoptosis and JNK activation in skin in vivo.
(A) UVB-mediated phosphorylation of JNK is ROCK1 dependent in vivo. Western blot
analysis of the abundance of ROCK1 and phosphorylated JNK and phospho-γ-H2AX with or
without UVB irradiation in the skin of WT and ROCK1+/- mice. ROCK1+/- mice and their WT
littermates were irradiated with UVB at 160 mJ/cm2. After 12 hours, mouse skins were
harvested and cell lysates were analyzed by Western blotting with antibodies against ROCK1,
phospho-γ-H2AX, phospho-JNK, and β-actin. (B) ROCK1+/- mice have compromised
phosphorylation of JNK in response to UVB-induced stress in the skin. Representative TUNEL
staining of skin from ROCK1+/- and WT littermates, analyzed 12 hours after the mice received
160 mJ/cm2 of UVB irradiation. Immunofluorescence staining of phosphorylated JNK and
phosphorylated γ-H2AX was performed on the epidermal skin from ROCK1+/- and WT mice,
with or without UVB irradiation.
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Fig. 7.
Model showing the activation of the JNK pathway upon challenge by UVB. Upon UVB
irradiation, ROCK1 is activated and recruits and phosphorylates JIP-3. Phosphorylated JIP-3
(P* denotes phosphorylation) triggers the phosphorylation and activation of JNK. Activated
JNK causes the release of cytochrome c from the mitochondria and stimulates the intrinsic cell
death pathway. Activated JNK also phosphorylates γ-H2AX, which is essential for apoptosis
to occur.
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