
plated nucleotide addition to the 3' end of amplified 
products by Taq DNA polymerase, enabling reliable 
identification of 1-base pair alleles present in 7.4% 
of the markers [M. J. Brownstein, J. D. Carpten, J. R. 
Smith, Biotechniques 20, 1004 (1996)]. We obtained 
97.1 % of data sought with survey markers. Blinded 
duplicate typing of 7560 alleles provided a genotyp-
ing error rate estimate of 0.26%. The observed rate 
of non-Mendelian inheritance was 7.06 x 1CT4. 

15. In the model used, affected men were assumed to 
be carriers of a rare autosomal dominant gene fre
quency q = 0.003) (6), with a fixed 15% phenocopy 
rate, while all unaffected men under 75 and all wom
en were assumed to be of unknown phenotype. In 
men over age 75, the lifetime penetrance of gene-
carriers was estimated to be 63% (based on a pop
ulation based segregation analysis performed by 
H.G., in preparation, and the lifetime risk of prostate 
cancer for non-carriers was 16% in this age class 
(based on SEER data) [C. L. Kosary, L. A. G. Ries, B. 
A. Miller, B. F. Hankey, A. Harras, B. K. Edwards 
(Eds.), SEER Cancer Statistics Review, 1973-1992: 
Tables and Graphs, National Cancer Institute. NIH 
Pub. No. 96-2789. Bethesda, MD, 1995]. This is a 
conservative model as it minimizes the chances of 
incorrectly assuming that a young unaffected male is 
a noncarrier. The fact that nonparametric methods 
produce results of similar statistical significance (Ta
ble 2) adds confidence to the conclusion that the 
observed linkage is not strongly dependent on the 
choice of this particular model. 

16. Standard parametric likelihood analysis was per
formed by means of FASTLINK [R. W. Cottingham 
Jr., R. M. Idury, A. A. Schaffer, Am. J. Hum. Genet. 
53, 252 (1993)] for two-point linkage and VITESSE 
[J. R. O'Connel and D. E. Weeks, Nature Genet. 
11, 402 (1995)] for multipoint linkage analysis. Mul
tipoint analysis has the advantage of utilizing data 
from multiple linked markers to maximize the infor
mation in a given pedigree. Nonparametric multi
point analysis, which is robust even when the mode 
of inheritance is not known, was also performed, 
with GENEHUNTER [L. Kruglayk and E. S. Lander, 
Am. J. Hum. Genet. 57, 439 (1995)] to calculate 
normalized Z scores and associated P values. In all 
of the linkage analyses, allele frequencies for the 
markers were estimated from independent individ
uals in the families and unrelated individuals sepa
rately for the North American and Swedish families. 
CRIMAP [E. S. Lander and P. Green, Proc. Natl. 
Acad. Sci. U.S.A. 84, 2363 (1987)] was used to order 
the multiple markers on chromosome 1 using the 
genotype data from all pedigrees. The BUILD option 
of CRIMAP was first used to establish the order of 
markers with at least a likelihood ratio of 1000:1. The 
FLIP option was then used to calculate the likelihood 
of alternative marker orders by permuting adjacent 
loci (five flanking markers). The most likely order thus 
determined is the same as the published order (http: 
//cedar.soton.ac. uk/pub). The admixture test as im
plemented in HOMOG [J. Ott, Analysis of Human 
Genetic Linkage (Johns Hopkins Univ. Press, Balti
more, 1985), pp. 200-203] was used to test for ge
netic heterogeneity in the context of the two-point 
parametric analysis. 

17. The evaluation of age as a variable is confounded 
because of the changing methods used to diagnose 
this disease, and increased interest in screening for 
this disease. For the years prior to the use of pros
tate-specific antigen (PSA), diagnosis of prostate 
cancer was often not made until men presented with 
advanced disease, whereas today most men are 
diagnosed younger and at an earlier stage. 
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RAC Regulation of Actin Polymerization 
and Proliferation by a Pathway Distinct 

from Jun Kinase 
Tom Joneson,* Michele McDonough,* Dafna Bar-Sagi, 

Linda Van Aelstf 

The RAC guanine nucleotide binding proteins regulate multiple biological activities, 

including actin polymerization, activation of the Jun kinase (JNK) cascade, and cell 

proliferation. RAC effector loop mutants were identified that separate the ability of RAC 

to interact with different downstream effectors. One mutant of activated human RAC 

protein, RACV12H40 (with valine and histidine substituted at position 12 and 40, respec

tively), was defective in binding to PAK3, a Ste20-related p21 -activated kinase (PAK), but 

bound to POR1, a RAC-binding protein. This mutant failed to stimulate PAK and JNK 

activity but still induced membrane ruffling and mediated transformation. A second 

mutant, RACV12L37 (with leucine substituted at position 37), which bound PAK but not 

POR1, induced JNK activation but was defective in inducing membrane ruffling and 

transformation. These results indicate that the effects of RAC on the JNK cascade and 

on actin polymerization and cell proliferation are mediated by distinct effector pathways 

that diverge at the level of RAC itself. 

1 he R A C proteins have been implicated 

in the regulation of various fundamental 

cellular processes including actin cytoskel-

etal organization (1), transcriptional activa

tion (2), and cell proliferation (3-5). To 

identify the effector pathways that mediate 

the biological activities induced by R A C , 

we isolated mutant R A C proteins that 

could discriminate among the R A C targets 

PAK and POR1 in the yeast two-hybrid 

system. PAK proteins are a family of highly 

conserved serine-threonine kinases that are 

activated by direct interaction with R A C 1 

(6). A role for PAK has been suggested in 

mediating RAC-induced activation of JNK 

and p38 mitogen-activated protein (MAP) 

kinase cascades (7). POR1 interacts with 

R A C 1 and appears to function in R A C -

induced membrane ruffling (8). 

Libraries of vectors expressing mutant 

human R A C proteins fused to the Lex A 

D N A binding domain (LBD) were created 

by polymerase chain reaction (PCR) mu

tagenesis (9) and screened for interaction 

with PAK3 and P O R 1 . Two mutants con-
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taining a single amino acid substitution in 

the R A C effector loop were identified. O n e 

mutant , R A C V 1 2 H 4 ° , failed to bind PAK3 

but did bind P O R 1 , and another mutant , 

R A C V 1 2 L " , bound PAK3 but not POR1 

(Table 1). Identical binding profiles were 

obtained for the interaction of these mu

tants with PAK1 (10). 

To investigate the biological activities of 

the R A C mutants, we first examined their 

abilities to stimulate PAK and activate the 

JNK pathway. COS-1 cells were cotrans-

fected with either R A C V 1 2 , R A C V 1 2 H 4 ° , or 

R A C V 1 2 L 3 7 expression plasmids and a plas-

mid encoding a Myc-tagged version of 

PAK1. PAK1 activity was assayed in immu-

noprecipitates with myelin basic protein 

(MBP) as the substrate (11). Expression of 

R A C V 1 2 L 3 7 resulted in stimulation of PAK 

activity, whereas expression of R A C V 1 2 H 4 ° 

did not (Fig. 1, top). Thus, the activation of 

PAK by the R A C mutants is dependent on 

their ability to interact with PAK. To test for 

the ability of the R A C mutants to induce 

JNK activation, we cotransfected COS-1 

cells with expression plasmids encoding 

R A C mutants and a plasmid encoding a 

FLAG-tagged version of JNK 1. JNK activity 

was assayed with glutathione-S-transferase 

(GST) fused to c-Jun as the substrate (12). 

R A O V12H40 vhich did not bind to or acti

vate PAK, also did not stimulate JNK activ

ity (Fig. 1, bottom). The R A C V 1 2 L 3 7 mutant, 
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which did interact with PAK, retained its 
ability to stimulate JNK activity. This result 
is not restricted to COS-1 cells; in rat em- 
bryo fibroblast (REF-52) cells, we observed 
stimulation of JNK activity by RACV12L37 
but not by RACVlZH40 (10). Thus, JNK 
activation by the RAC mutants is correlated 
with their ability to interact with PAK. 

In fibroblast cells, RAC mediates growth 
factor-induced polymerization of actin, lead- 
ing to the formation of membrane ruffles and 
lamellipodia ( I  ). Expression plasmids encod- 
ing T7-tagged RAC mutants were microin- 
jected into the nuclei of quiescent REF-52 
cells, and induction of membrane ruffling 
was analyzed by staining with rhodamine- 
labeled .phalloidin (13). Microinjecion of 
RACV12H40 resulted in the induction of 
membrane ruffles to a similar extent as 
RACV12 (Fig. 2). No membrane ruffling was 
observed when RACVlZU7 was microin- 
jected. Immunofluorescence staining of the 
injected cells confirmed that all mutants 
were expressed to the same extent and dis- 
played an overall similar subc.ellular distribu- 
tion pattern (Fig. 2). Because all PAK iso- 
forms share a similar sequence motif that 
mediates interaction with RAC1, our results 
suggest that PAK proteins do not mediate 
RAC-induced membrane ruffling and that 
activation of the JNK MAP kinase pathway 
is neither required nor sufficient for this 
cellular event. Our results suggest a role for 
PORl in the induction of membrane ruffles. 
However, PORl is unlikely to be the only 
RAC effector involved in membrane ruffling 
because we have previously shown that 
PORl is necessary but not sufficient for the 
induction of membrane ruffling (8). 

We have isolated a cDNA clone encod- 
ing a protein that interacts with RACVlZH40 
but not with RACVlZU7 (Table 1). This 
clone corresponds to amino acids 812 
through 1018 of the serine-threonine RHO- 
kinase (ROKa), which is a RHO-binding 
protein (14) that phosphorylates and acti- 
vates the myosin-binding subunit of myosin 
phosphatase (15). This results in an increase 
in myosin light chain phosphorylation and 
the consequent interaction of actin and my- 
osin leading to stress fiber formation in non- 
muscle cells (15). The biological relevance 
of the interaction between RAC and ROKa 
to the effects of RAC on actin cytoskeleton 
remains to be defined. 

RAC proteins play an important role in 
the regulation of cell growth (3-5). RACV12 
induces DNA synthesis in Swiss 3T3 cells (5). 
A dominant negative form of RAC, RACN17 
(N, asparagine), inhibits focus formation 
caused by oncogenic RAS in NIH 3T3 cells, 
and RACV12 synergizes strongly with RAF- 
CAAX (a c-RAF1 kinase targeted to the plas- 
ma membrane by a COOH-terminal lipid 
modification signal from H-RAS) in focus 

formation assays (3). To examine the relative RACVlZU7 mutants together with RAF- 
contribution of JNK and the morphology CAAX into NIH 3T3 cells and scored them 
pathways to the mitogenic activity of RAC, for the appearance of transformed foci after 14 
we transfected RACV12, RACV12H40, and days. Transfection of RACV12 or RAF- 

Table 1. Interaction between RAC mutants and candidate RAC targets in the two-hybrid system. The 
candidate RAC targets fused to the GAL4 DNA-activating domain (GAD) were individually transformed 
into the yeast reporter strain L40 with LexA DNA binding domain (LBD) fusions containing RACw 
(wild-type Rac), indicated RAC mutants, and as a negative control, lamin. Transformants were grown in 
selective synthetic medium, and P-galactosidase @-Gal) activity was assayed with o-nitrophenyl-P- 
galactoside (8, 21); values are the mean 5 SD of triplicate determination. None of the RAC mutants 
bound to RAF, a RAS target, and all of them bound equally well to D4, a protein that has guanosine 
diphosphate dissociation inhibitor activity against CDC42 and RAC proteins in vitro (70). 

p-Gal activity of GAD-fused RAC targets (Miller units) 
LBD fusion 

PAK3 PORl ROKa 

Rhodamine- 
phalloidin 

Fig. 1. Effects of RACV12, RACV12L37, and RACV1 2H40 on PAK 
A\% 

,o' '\42 0 0 and JNK activity. (Top) COS-1 cells were cotransfected with 10 
,G 

pg of Myc-tagged PAKl and 10 pg of the expression vector Q' Q. Q. 

pCGT containing the indicated RAC mutants (22). Myc-tagged 
PAKl was isolated from cell lysates by immunoprecipitation with 
monoclonal antibody (9E10) to Myc, and PAK kinase activity was 

substrate. Radioactivity incorporated into MBP was visualized 
by autoradiography. Expression of PAKl and RAC mutants was 

measured in an immunocomplex kinase assay with MBP as a 
+J-IcJNK 

determined by protein immunoblot analysis with monoclonal 
antibodies to Myc and T7, respectively, and found to be similar 
in each sample. (Bottom) COS-1 cells were cotransfected with 
10 pg of FLAG-tagged JNKl and 10 pg of the expression vector -1 cGSTJun 
pCGT containing the indicated RAC mutants. Treatment of cells 

Fig. 2. Effects of RACV12, RACV12L37, and RACV12H40 on membrane ruffling. Quiescent REF-52 cells 
were microinjected with expression plasmids encoding the indicated RAC mutants (50 pg/ml). Six hours 
after injection, cells were fixed and stained with rhodamine-labeled phalloidin to show membrane ruffles, 
which appear as bright areas of filamentous actin staining. Expression of the RAC mutants was 
confirmed by immunostaining with monoclonal antibodies to T7 (anti-T7) (13). Both the RACV1' and the 
RACVlZH4O mutants were present in membrane ruffles. 
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+PAK with anisomycin (10 pglml) for 20 min was used as a control. 
JNK kinase activity was measured by immunocomplex kinase 
assays with GST-Jun as the substrate and visualized by autoradiography. Expression of JNKl and RAC 
mutants was determined by protein immunoblot analysis with monoclonal antibodies to FLAG M2 and 
T7, respectively, and found to be similar in each sample. 
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CAAX alone (at a concentration of 100 ng 
per 10-cm dish) in NIH 3T3 cells produced 
very few transformed foci, whereas transfec-
tion of both together resulted in a synergistic 
enhancement in focus formation (Fig. 3). The 
RACV12H4° mutant, which is defective in 
JNK activation, did enhance focus formation, 
to a similar extent as did RACV12, when 
cotransfected with RAF-CAAX. In contrast, 
the RACV12L37 mutant, which activates JNK, 
had no transforming activity. To exclude the 
possibility that RAF-CAAX might influence 
RACV12H4° ability to induce JNK activation, 
we cotransfected both RAF-CAAX and 
RACV12H4° together with a plasmid encoding 
a FLAG-tagged version of JNK1 and assayed 
JNK activity. The extent of JNK activation 
was similar to that of RACV12H4° alone (10). 
These results indicate that the pathway lead
ing to JNK activation and the pathway 
through which RAC influences cell growth 
are mediated by distinct effectors of RAC. 

Similar amino acid substitutions to those 
we analyzed in RAC1 have been made in 
RAS. RASV12G37 (G, glycine) activates JNK 
but is defective for stimulation of membrane 
ruffling and induction of DNA synthesis (10, 
16), whereas RASV12C4° (C, cysteine) is de
fective for MAP kinase activation and stimu
lation of DNA synthesis but retained its abil
ity to induce membrane ruffling (4, 16, 17). 
This might indicate the existence of common 
structural determinants that specify effector 
interactions of RAS and RAC. Alternatively, 
it could be that the effector or effectors that 
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Fig. 3. Effects of the RAC mutants RACV12, 

RACvi2H40 ) a n d R A C V 1 2 L 3 7 on focus-forming activ
ities in NIH 3T3 cells. NIH 3T3 cells were transfected 
with the indicated plasmids (23). Relative foci forma
tion was determined as the number of foci per num
ber of G418-resistant colonies, then normalized to 
the focus formation frequency of RACV12 + RAF-
CAAX, which was set at 1. The data shown are the 
mean ± range of three dishes and are representative 
of three independent experiments. 

mediate RAC- and RAS-induced membrane 
ruffling have common structural features. 

The physiological function of JNK in 
mammalian cells is still unclear. Activation 
of JNK causes phosphorylation and activa
tion of several transcription factors, includ
ing c-Jun, ATF-2, and Elk-1 (18). All of 
these transcription factors have been impli
cated in the expression of genes that regu
late cell growth (19). Our results provide 
evidence that activation of the JNK MAP 
kinase pathway is not required for the 
growth-promoting activity of RAC. So far 
no RAC mutants have been isolated that 
separate the ability of RAC to induce mem
brane ruffling and to stimulate cell prolifer
ation. Thus, it is possible that RAC-medi-
ated pathways leading to actin polymeriza
tion and proliferation are interdependent. 
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