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ganislns to landscape structure (6), generall- 
zations for the design and management of 
agricultural landscapes are still a matter for 
future research. 
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Signaling from Rho to the Actin 
Cytoskeleton Through Protein 
Kinases ROCK and LIM-kinase 
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The actin cytoskeleton undergoes extensive remodeling during cell morpho- 
genesis and motility. The small guanosine triphosphatase Rho regulates such 
remodeling, but the underlying mechanisms of this regulation remain unclear. 
Cofilin exhibits actin-depoiymerizing activity that is inhibited as a result of its 
phosphorylation by LIM-kinase. Cofilin was phosphorylated in NIE-115 neuro- 
blastoma cells during lysophosphatidic acid-induced, Rho-mediated neurite 
retraction. This phosphorylation was sensitive to Y-27632, a specific inhibitor 
of the Rho-associated kinase ROCK. ROCK, which is a downstream effector of 
Rho, did not phosphorylate cofilin directly but phosphorylated LIM-kinase, 
which in turn was activated to phosphorylate cofilin. Overexpression of LIM- 
kinase in HeLa cells induced the formation of actin stress fibers in a Y-27632- 
sensitive manner. These results indicate that phosphorylation of LIM-kinase by 
ROCK and consequently increased phosphorylation of cofilin by LIM-kinase 
contribute to Rho-induced reorganization of the actin cytoskeleton. 

During cell morpl~ogenesis and motility, cells 
undergo extensive remodeling of the actin 
cytoskeleton, a phenomenon that is mediated 
by various actin-binding proteins (1). Such 
remodeling is often triggered by extracellular 
stimuli. but the signaling pathways to actin- 
binding proteins remain largely uncharacter- 
ized. The small guanosine triphosphatase 
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(GTPase) Rho is con\-ested from the inactive, 
guanosine diphosphate-bound forrn to the 
actil-e. GTP-bound forrn in response to stiin- 
uli such as serum and lysophospliatidic acid 
(LPA), and induces various lnorphological 
events such as cell adhesion and motility (2). 
Among Rho effectors isolated. the ROCK 
family of Rho-associated serine-threonine 
protein lcinases is implicated in Rho-mediated 
cell adhesion and smooth nluscle contraction 
(2). These kinases phosphorylate myosin 
light chain (MLC) phosphatase and inhibit its 
actil-ity (3); this inhibition. in hiin. results iii 
an increase in MLC phosphorylation and, 
consequently, increases actomyosin-based con- 
tractility, events that contribute to Rho-medi- 
ated stress fiber formation and sniooth mus- 
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serum starvation LPA LPA + Y-27632 

Fig. 1. LPA-induced and 
ROCK-dependent phos- 
phorylation of cofilin 
and destrin. (A) Detec- 
tion of LPA-induced, 
Y-27632-sensitive oro- 
tein phosphoryla~ion. LPA 
N1E-115 cells were 
serum-starved for 18 
hours, labeled with LPA 
[3ZP]orthophosphate 
for 4 hours, then incu- Y-2:632 
bated first for 30 min 

Control 
(No serum) 

with or without 10 p M  -' -- i. . .' .- $ 

Y-27632, and then for LPA 

3 min with or without + ..- r FLAG, 18: anti. 

b.J I -1 
10 p M  LPA, as indicat- 18: ant i -~yc  
ed. Cell lysates were A A A  
prepared and subjected c O+ % @O 

to two-dimensional gel %, 
+.& O*, 

electrophoresis and au- 
toradiography. Two proteins (PI and P2) whose phosphorylation was induced by LPA and inhibited by 
Y-27632 are indicated. (B) lmmunoblot analysis of cofilin phosphorylation. N1E-115 cells were 
serum-starved with or without C3 exoenzyme (30 (Ig/ml), and then treated with Y-27632 and LPA as 
described above. Cell lysates were prepared and subjected to two-dimensional gel electrophoresis and 
immunoblot analysis with MAB22 antibody specific for cofilin. The labels cofilin, M-cofilin, and cofilin-P 
indicate unphosphorylated forms of nonmuscle-type and muscle-type cofilin and a phosphorylated 
form of nonmuscle-type cofilin, respectively. (C) ROCK-dependent cofilin phosphorylation. COS-7 cells 
expressing FLAG-tagged wild-type (W) cofilin or its S3A mutant either alone (mock) or with 
Myc-tagged ROCKA1 or Myc-tagged LIM-kinase 2 (LIMK2) were labeled with [32P]orthophosphate and 
then lysed. Cell lysates were subjected to immunoprecipitation (IP) with antibodies to FLAC. The 
precipitates were analyzed by SDS-PAGE and autoradiography (top) or by immunoblot (IB) with 
antibodies to FLAG (middle). Cell lysates were probed with antibodies to  Myc (bottom). The positions 
of cofilin, ROCKAl, and LlMK2 are indicated. 

cle contraction (4,5). Although these kinases 
phosphorylate other actin-related proteins in 
vitro (6),  whether such phosphorylation also 
occurs in vivo remains unkown. 

In serum-free medium, N 1 E- 1 15 neuro- 
blastoma cells become flattened and extend 
neurites. Addition of LPA to these cells caus- 
es neurite retraction, which is mediated by 
Rho and completes within 5 min (7). This 
neurite retraction is accompanied by an in- 
crease in MLC phosphorylation, and both are 
prevented by exposure of the cells to 
Y-27632, a specific inhibitor of ROCK (8). 
We therefore investigated whether other 
ROCK substrates also contribute to this pro- 
cess. We used two-dimensional gel electro- 
phoresis and autoradiography to detect ROCK 
targets whose phosphorylation is induced by 
LPA and inhibited by Y-27632 (Fig. 1A) (9). 
The phosphorylation of two proteins with 
apparent molecular sizes of 19 kD (Pl) and 
20 kD (P2) increased in cells treated with 

LPA. The LPA-induced phosphorylation of 
these proteins was inhibited by treatment of 
cells with Y-27632. As seen in other ROCK- 
mediated processes (5, 8), this phosphoryl- 
ation was almost completely inhibited at 10 
FM Y-27632, suggesting that it occurs as a 
consequence of Rho-ROCK signaling. P1 
and P2 proteins were isolated and subjected 
to proteolytic digestion and mass spectrome- 
try (I  0). On the basis of peptide fingerprints, 
P1 and P2 were identified as destrin and 
nonmuscle-type cofilin, respectively. Both 
destrin and cofilin belong to the actin-depoly- 
merizing factorlcofilin family with filamen- 
tous (F)-actin-severing and F-actin-depoly- 
merizing activities (11). 

We used immunoblot analysis with a 
monoclonal antibody to cofilin (12) to exarn- 
ine whether endogenous cofilin was phospho- 
rylated on exposure of N1 E- 1 15 cells to LPA. 
LPA induced phosphorylation of cofilin in a 
Y-27632-sensitive manner (Fig. 1B). C3 exo- 

3 8  staining 

+ + LIMK1 
+ + N17-Rac 

+ ROCKA~ 
Fig. 2. Mediation of ROCK-induced phospho- 
rylation of cofilin by LIM-kinase. (A) Phospho- 
rylation and activation of LIM-kinase by 
ROCK in vitro. Myc-tagged WT LlMK2 or its 
D451A mutant (DA) prepared from COS-7 
cells was subjected t o  in vitro kinase reac- 
tions with [Y-~~P]ATP with or without cofilin 
(WT or S3A) as substrate, and in the absence 
or presence of ROCKA4. The kinase activity 
of ROCKA4 was also assayed with histone 
as substrate. Protein phosphorylation was 
analyzed by SDS-PAGE and autoradiog- 
raphy (top). Gels were also stained with 
Coomassie brilliant blue (CBB) (upper rnid- 
dle) and subjected t o  immunoblot analy- 
sis with antibodies t o  Myc (lower middle) 
or t o  ROCK (bottom). The positions of the 
various proteins are indicated, with LIMK2-P 
and ROCKA4-P referring t o  phosphorylated 
LlMK2 and ROCKA4, respectively. ROCKA4 
was also shown t o  activate LIMK1 in vitro 
(78). (B) Activation of LIM-kinase by ROCK in 
vivo. FLAG-tagged LlMKl and FLAG-tagged 
N17-Rac were expressed in  COS-7 cells either 
alone or together with Myc-tagged ROCKAl. 
LIMK1 was immunoprecipitated with anti- 
bodies t o  FLAC and subjected t o  in vitro 
kinase reactionswithcofilin assubstrate. Phos- 
phorylation was quantified by an image ana- 
lyzer. The kinase activity is expressed as the 
mean 2 SEM (n = 3) relative t o  the value for 
cells not expressing ROCKAl (top). In vivo 
activation of LlMK2 by ROCKAl was also 
observed (78). 
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A B 
ROCK-KDIA - - - + 
V14-Rho - - + +  - Y-27632 

Our data indicate that cofilin phosphoryl- 
ation by LIM-kinase occurs as a consequence 

+ Y-27632 of activation of Rho. However, previous stud- 
NI~-RW: - + + +  ies (1 7) have shown that LIM-kinase activa- 
Cofllin + + + +  tion and cofilin phosphorylation occur in re- 

Cafllln - - - 0 sponse to Rac, another member of the Rho 
family GTPases, but not to Rho. We therefore 

J?P determined whether activation of Rho results 
in cofilin phosphorylation by LIM-kinase in 
vivo by expressing constitutively active V14- 

N17-Ra: - Rho and tagged cofilin in COS-7 cells (Fig. 
3A). This experiment was done under condi- 
tions in which the activity of endogenous Rac 

Fig. 3. Rho-induced cofilin phos- c phorylation and LIM-kinase-induced 
formation of stress fibers. (A) COS-7 
cells were transfected with a vec- 
tor encoding FLAG-tagged cofilin mDia 

ROCK 

with the indicated combinations 
of vectors encoding FLAG-tagged I J \ 

Myosin phospha te  UM-klnar 
N1'-Rac, Myc-tagged V14-Rho, and 
Myc-tagged ROCK-KDIA, followed 4 
by labeling with [3ZP]orthophos- Myosin he in  Co,lun 
phate. FLAG-tagged proteins were phosphorylation phosphorylatlon 
immunoprecipitated with antibod- 
ies to FLAC and subjected to SDS- 
PAGE and autoradiography (top). 1 

Adln Increased actomyosin Inhibltim of actin 
Cell l~sates Were also probed with polymerization conlractillty hpdyrnerizdion 
antibodies to Myc (middle) or to 
FLAC (bottom panel). (0)  ROCK- 
dependent induction of stress fi- 

were transfected with a vector en- 
hers LI"-kinase. HeLa Reorgmlzatlon of edln cylwlteleton- Msas-bv 

coding FLAG-tagged LlMKl and 
were incubated for 30 rnin in the absence (left) or presence (right) of 10 p M  Y-27632. They were 
then fixed and stained with antibodies to FLAG and with rhodamine-phalloidin to detect F-actin 
(74). Arrowheads indicate cells that express LIMK1 as determined by anti-FLAG immunostaining. 
Bar, 20 pm. (C) Proposed signaling pathways for Rho-induced remodeling of the actin cytoskeleton. 

enzyme, which inactivates Rho by ADP ribo- 
sylation (2), also inhibited LPA-induced phos- 
phorylation of cofilin. We confirmed that the 
P2 spot overlapped exactly with the spot at 
which phosphorylated cofilin migrated during 
gel electrophoresis. These results corroborated 
the data obtained by 32P labeling and demon- 
strated a net increase in the amount of phospho- 
rylated cofilin during neurite retraction. 

We then investigated whether active 
ROCK induced phosphorylation of cofilin in 
vivo (13). Expression of ROCKAl, a domi- 
nant active ROCK mutant (14), with cofilin 
in COS-7 cells resulted in an increase in the 
extent of 32P incorporation into cofilin (Fig. 
1C). Cofilin is phosphorylated or dephospho- 
rylated at Se? under various physiological 
conditions, with the phosphorylated form of 
the protein being inactive (11, 15). A cofilin 
mutant (S3A) in which this serine residue is 
replaced by alanine was not phosphorylated 
in cells expressing ROCKAl, suggesting that 
ROCK induces cofilin phosphorylation at the 
physiological phosphorylation site. 

To determine whether cofilin is a direct 
substrate of ROCK, we incubated cofilin with 
active ROCK in vitro (16). ROCK did not 
directly phosphorylate cofilin (Fig. 2A), in- 

dicating that the effect of ROCK in intact 
cells is mediated through the action of anoth- 
er kinase. LIM-kinase phosphorylates cofilin 
at Se$ both in vitro and in vivo (1 7). We 
therefore investigated whether LIM-kinase 
functions as an intermediary between ROCK 
and cofilin. LIM-kinase 2 (LIMK2) prepared 
from COS-7 cells was incubated with cofilin 
in the absence or presence of active ROCK. 
Consistent with previous results (1 7), LIMK2 
phosphorylated wild-type cofilin but not its 
S3A mutant. Intriguingly, cofilin phosphoryl- 
ation by LIMK2 was greatly enhanced in the 
presence of ROCK (Fig. 2A). LIMK2 was 
also phosphorylated in the presence of active 
ROCK, as was a kinase-defective LIMK2 
mutant (LIMKZDA). These results indicate 
that ROCK phosphorylates LIM-kinase and 
thereby increases its kinase activity toward 
cofilin. We also examined whether ROCK 
induces activation of LIM-kinase in vivo. 
LIMKl was expressed in COS-7 cells in the 
absence or presence of ROCKAl, and was 
immunoprecipitated (13). The kinase activity 
of LIMKl immunoprecipitated from cells co- 
expressing ROCK41 was - 13 times that of 
the enzyme recovered from cells not express- 
ing ROCK41 (Fig. 2B). 

was inhibited by expression of the dominant 
negative mutant N17-Rac, and that of endog- 
enous Rho was inhibited by culture in serurn- 
free medium (13). Expression of N17-Rac 
almost completely abolished the cofilin phos- 
phorylation observed in cells expressing 
tagged cofilin alone, suggesting that endoge- 
nous Rac was activated under basal condi- 
tions and induced cofilin phosphorylation. In 
the presence of N1'-Rac, V14-Rho increased 
cofilin phosphorylation in transfected cells, 
and this increase was inhibited by coexpres- 
sion of a dominant negative ROCK mutant, 
ROCK-KDIA (14). These observations sug- 
gest that the Rho-ROCK pathway is linked to 
cofilin phosphorylation vivo, and that the 
previous studies (1 7) may have masked this 
pathway by activation of endogenous Rac 
and Rho. We attempted to confirm this con- 
clusion by expressing the DA mutant of 
LIMK2. However. this mutant functioned in 
a dominant negative manner in neither the 
Rho-mediated pathway nor the Rac-mediated 
pathway in our system (18). Finally, we in- 
vestigated the link between Rho-ROCK sig- 
naling and the LIM-kinase-cofilin pathway at 
the morphological level. Overexpression of 
LIMKl in HeLa cells induced the formation 
of thick, bundled stress fibers (Fig. 3B) that 
resembled those induced by active Rho or 
ROCK (14). Incubation of the transfected 
cells with Y-27632 resulted in the dissolution 
of these fibers, indicating that LIM-kinase 
collaborated with the Rho-ROCK pathway to 
induce stress fiber formation. 

Our results indicate that LIM-kinase is 
phosphorylated and activated by ROCK down- 
stream of Rho, and that LIM-kinase, in turn, 
phosphorylates cofilin. Because cofilin is es- 
sential for turnover of actin filaments (11, 
19), our results suggest that Rho-ROCK sig- 
naling may stabilize actin filaments by induc- 
ing the phosphorylation and consequent inac- 
tivation of cofilin. Together with the results 
of other analyses (2, 20), our data provide 
insight into the pathways that link Rho to the 
actin cytoskeleton (Fig. 3C). Active Rho sig- 
nals to two effectors, ROCK and mDia (a 
mammalin diaphanous homolog) (20). ROCK 
inactivates myosin phosphatase and cofilin, 
resulting in inhibition of actin depolymeriza- 
tion to stabilize formed F-actin and enhance- 
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meiit of actomvosiil contractilitv. mDia re- 15. T, E. Morgan eta l . ,  J. Cell Biol. 122, 623 (1993); B. j. 18. M. Maekawa et a/., unpublished data 

c~uits profilin (20), likely promoting actin 
poly~llerization (21). These pathways thus 
may underlie neurite retraction as well as 
other Rho-mediated processes such as stress 
fiber formation (2). Rac, another member of 
the Rho family of GTPases. induces mem- 
brane l~iffles and also activates LJM-kinase 
and triggers the phosphorylation of cofilin 
(1 7 ) ;  but reduces actoinyosin-based contrac- 
tility (22). These obsenations suggest that 
Rho aiid Rac combine the same mechanism- 
inactivation of cofilill-differently with other 
mechanisms to produce different phenotypes. 
The obsei~atioii that only a limited amount of 
cofilin is phosphorylated in response to cell 
stimulation (Fig. 1B) suggests that this mech- 
anism ma17 not influence the behavior of 
actin filaments throughout the cell: howev- - 
er, it certainly contributes to the telnporal 
aiid spatial reorganization of specific actin 
cytoskeletons b17 the Rho family GTPases. 
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Fas Ligand: A Sensor for DNA 
Damage Critical in Skin 

Cancer Etiology 
Laurie L. Hill, Allal Ouhtit, Susan M. Loughlin, Margaret L. Kripke, 

Honnavara N. Ananthaswamy, Laurie B. Owen-Schaub" 

DNA-damaged cells can either repair the DNA or be eliminated through a 
homeostatic control mechanism termed "cellular proofreading." Elimination of 
DNA-damaged cells after ultraviolet radiation (UVR) through sunburn cell 
(apoptotic keratinocyte) formation is thought to be pivotal for the removal of 
precancerous skin cells. Sunburn cell formation was found to be dependent on 
Fas ligand (FasL), a pro-apoptotic protein induced by DNA damage. Chronic 
exposure to UVR caused 14 of 20 (70 percent) FasL-deficient mice and 1 of 20 
(5 percent) wild-type mice to accumulate p53 mutations in the epidermis. Thus, 
FasL-mediated apoptosis is important for skin homeostasis, suggesting that the 
dysregulation of Fas-FasL interactions may be central to the development of 
skin cancer. 

In the United States, nearly 1.000,000 per- 
sons will develop nonnielanoma skin cancer 
(NMSC) (basal and squamous cell carcino- 
ma) this year. Although death from NMSC is 
rare; these patients experience a substantially 
increased ~noi-tality from other cancers (20 to 
30% higher). suggesting that skin cancer sus- 
ceptibility may be linked to the development 
of noncutaneous ~lialignancies (I). UVR in 
sunlight is the principal carcinogen, serving 
as initiator and promoter for most skin tumors 
(2). UVR elicits p53-dependent apoptosis in 
DNA-damaged lceratinocytes (sunburn cells). 
presumably as a "guardian of the tissue" re- 
sponse to eradicate precancerous cells in the 
skin (3). This p53-driven response, termed 
"cellular proofreading" (3); erases rather than 
repairs DNA damage. Mice deficient in p53 
(p53-null) have reduced sunburn cell forma- 
tion aiid increased susceptibility to UVR- 
induced skin carcinogenesis (2, 4), implicat- 
ing apoptosis as a critical event in skin car- 
cinogenesis. Fas and FasL are complementa- 
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ry receptor-ligand proteins eliciting apoptosis 
(5). Although Fas and FasL are induced b17 
nuclear factor kappa B activation (6-8). wild- 
type p53 is essential for the transcriptional 
up-regulation of Fas after DNA damage (9- 
11). Thus, Fas and FasL ma17 serve as exter- 
nal pro-apoptotic sensors of DNA damage- 
mediated cellular proofreading. 

To investigate Fas and FasL expression in 
nonnal slun after UVR, we shaved C3H/HeJ 
wild-type mice. exposed them to a single dose 
of ultraviolet (UV) light (5 kJ/m2) (12). and 
harvested epidermal skin sections for Imnmuno- 
histochemistry (13). Noninadiated skin had lit- 
tle Fas and FasL expression (Fig. 1). Both Fas 
and FasL expression were potently induced in 
the epidermis b17 UVR as early as 3 and 6 hours 
after irradiation, with maximal induction of 
both proteins occurling at 12 hours. By 24 
horns; UVR-induced Fas and FasL expression 
in the epidermis was similar to that obsened 
before treatment. Dennal Fas expression (hair 
follicles and sebaceous glands). in conbast. re- 
mained elevated at this time point. These results 
indicate that both Fas and FasL are transiently 
up-regulated only in the normal epide~nis by 
UVR exposure, as previously reported in hu- 

*To w h o m  correspondence should be addressed. E-  man skin (8). 
mail: lowensch@mdanderson.org Because the proapoptotic proteins Fas and 
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