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The RhoA GTPase regulates diverse cellular processes
including cytoskeletal reorganization, transcription
and transformation. Although many different potential
RhoA effectors have been identified, including two
families of protein kinases, their roles in RhoA-regu-
lated events remain unclear. We used a genetic screen
to identify mutations at positions 37—42 in the RhoA
effector loop that selectively disrupt effector binding,
and used these to investigate the role of RhoA effectors
in the formation of actin stress fibres, activation of
transcription by serum response factor (SRF) and
transformation. Interaction with the ROCK kinase and

at least one other unidentified effector is required for
stress fibre formation. Signalling to SRF by RhoA can
occur in the absence of RhoA-induced cytoskeletal
changes, and did not correlate with binding to any of
the effectors tested, indicating that it may be mediated
by an unknown effector. Binding to ROCK-I, but not
activation of SRF, correlated with the activity of RhoA
in transformation. The effector mutants should provide
novel approaches for the functional study of RhoA and
isolation of effector molecules involved in specific
signalling processes.

Keywords cytoskeleton/PKN/RhoA/ROCK/serum
response element/SRF/transformation

Introduction

interact with the myosin binding subunit of MLC phosphat-
ase (Kimuraet al, 1996); putative adaptor proteins such
as Rhotekin, Rhophilin and Citron (Madawgéal,, 1995;
Reid et al, 1996; Watanabest al, 1996), two mouse
Diaphanous homologues, p140mDia and mDia2 (Alberts
et al, 1998b; Watanabet al., 1997), and Kinectin (Hotta
et al, 1996; Albertset al, 1998b). Biochemical studies
have provided strong evidence that the ROCKs, MLC
phosphatase and possibly mDia participate in RhoA-
induced cytoskeletal reorganization (Kimwrtal., 1996;
Leung et al,, 1996; Matsuiet al, 1996; Amanoet al,
1997a,b; Ishizakiet al, 1997; Watanabeet al, 1997;
reviewed by Limet al, 1996; Narumiyeet al., 1997).

In addition to its roles in cytoskeletal reorganization,
RhoA-induced signalling is implicated in gene transcrip-
tion, cell-cycle progression, and cell transformation. Func-
tional RhoA is required for serum- and LPA-induced
activation of the transcription factor SRF, and activated
forms of the protein can activate SRF in the absence of
external stimuli (Hillet al, 1995). In addition, RhoA can
modulate TNFE-induced activity of the NB transcrip-
tion factor (Peronaet al, 1997). Functional RhoA is
required for the G-S transition in Swiss 3T3 cells, and
microinjection of activated RhoA protein can induce
guiescent Swiss 3T3 cells to enter the cell cycle (Yamam-
oto et al, 1993; Olsoret al, 1995). RhoA is required for
Ras-mediated transformation, and activated forms of the
protein co-operate with Raf in focus formation assays in
NIH 3T3 cells (Khosravi-Faret al, 1995; Olsonet al,
1995; Qiuet al, 1995; Cerione and Zheng, 1996). More-
over, mutated derivatives of several Rho family guanine
nucleotide exchange factors (GEFs) have been isolated in
different screens for transforming genes (for review see
Cerione and Zheng, 1996). Although it is tempting to
speculate that the ability of RhoA to activate transcription
is related to its role in the regulation of cell-cycle progres-
sion and transformation, there is no direct evidence to
support this view since the signalling pathways involved

The Rho subfamily of Ras-like GTPases transduce signalsremain unclear.

regulating many cellular processes, including cell morpho-  One way to investigate signalling pathways regulated
logy, cell motility, cell proliferation, gene expression and by Ras-like GTPases is to examine the signalling properties
cytokinesis. In the case of mammalian RhoA, a number of mutant proteins in which effector—protein binding is
of potential effector molecules have been identified which defective. Binding of Ras to its effectors is mediated by
interact preferentially with the GTP-bound form of RhoA a sequence known as the effector loop, which changes
(for review see Limet al, 1996). By analogy with Ras, conformation when GTP is bound (Willumsenal., 1986;

it is presumed that these interactions alter the subcellularPai et al, 1989; Milburn et al, 1990; reviewed by
localization or enzymatic activity of effector molecules Marshall, 1996). Mutations in this region can selectively
and thereby transmit downstream signals (for review see disrupt its interactions with different effectors, thereby
Marshall, 1996). RhoA effectors include two families of allowing the functional consequences of the particular
protein kinases, the ROCKs (also known as ROKs; Leung interactions to be distinguished (Whitet al, 1995;

et al, 1995, 1996; Nakagawet al., 1996; Ishizakiet al,, Jonesonet al, 1996b; Khosravi-Faret al, 1996).
1997) and PKN-related kinases (the PRK family; Palmer Mutations of this type can also be generated in Rho-
et al, 1994; Amanocet al, 1996; Watanabet al., 1996; family proteins (Freemaret al, 1996; Jonesoret al,
Vincent and Settleman, 1997). In addition, RhoA can 1996a; Lamarchet al, 1996; Westwicket al, 1997). In
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RhoA effector mutants

this paper we have generated RhoA effector-loop mutants32 mM aminotriazole [mDia2(47-800)]. Comparison with

and investigated their abilty to induce cytoskeletal

[B-galactosidase assays performed in parallel indicate that

rearrangements, SRF activation and transformation. Ourthis represents a range of at least 100-fold (see Table
results show that RhoA-induced stress fibre formation I legend).

requires interaction with ROCK-I and a distinct effector,

Of the four mutants recovered in the screen for

and that RhoA-induced signalling to SRF does not correlate RhoA.V14 derivatives that can interact with PKN but

with its activity in transformation.

Results

Generation of RhoA effector mutants

We used the yeast two-hybrid system to identify RhoA
effector mutants that selectively impair interaction of
RhoA with its protein kinase effectors PKN and ROCK-I.

not ROCK-1(348-1018), C20R/F39L also showed greatly
impaired interaction with Rhophilin and Citron (Table ).

The other three mutants, C20R/T37Y, E40L and E40W,
exhibited an increased background activity in the assay in
the absence of the activator-tagged effector, which did not
increase in the presence of the intact PKN (Table I);
nevertheless, mutants E40L and E40W interacted indistin-
guishably from intact RhoA with the N-terminal region

For use in the assay, RhoA.V14/S190, an activated RhoA of PKN (Table I; see Discussion). The E40L and E40W
derivative lacking the C-terminal CAAX motif, was fused mutations reduced interaction with ROCK-I(348-1018)
C-terminally to the Gal4 DNA-binding domain (Alberts and Kinectin to background levels, but other interactions
et al, 1998b). The yeast reporter strain HF7C was used ere essentially unimpaired (Table I). The fourth mutation
to score interactions of Gal4-RhoA.V14/S190 with PKN recovered in this screen, C20R/T37Y, showed no inter-
and ROCK-1, each tagged with the Gal4 activation domain action above background level with any of the proteins
to allow detection in the assay. Interactions were monitored tested apart from mNET1 and Rhophilin, whose interaction

both by expression of thidis3 gene, which allows growth

was greatly reduced relative to wild-type (Table I; see

on medium lacking histidine, and by expression of the pjscyssion).

B-galactosidase gene, using a colony colour assay.
We first used the two-hybrid system to identify
mutations that selectively impair interactions with PKN

or ROCK-I (see Materials and methods). Cassette muta-
genesis was used to generate a library of RhoA mutants

in which codons 37, 38, 39 and 40 were individually

randomized. In one screen, growth on plates lacking
histidine was used to identify mutants able to interact with
PKN, which were then rescreened for those unable to

interact with mouse ROCK-1(348-1018). Four mutants,

C20R/T37Y, C20R/F39L, E40L and E40W were recovered
(the C20R mutation was presumably generated by the
PCR). In a second screen, cassette mutants able to intera
with ROCK-1(348-1018) were rescreened to identify those

incapable of interaction with PKN. This screen identified

the mutants F39V, E40N and E40T. We also created RhoA
mutations analogous to those known to impair other
GTPase—effector interactions, an approach used success?!
fully to generate Racl and Cdc42 mutants (Lamarche

et al, 1996; Westwicket al, 1997). The mutants con-

Next we examined mutants recovered in the screen for
interaction with ROCK-1(348-1018) but not PKN. Again
mutation of different residues within the effector loop
produced different effects on interaction. Mutant F39V
exhibited profoundly impaired interaction with all effectors
tested apart from ROCK-l and mNET1 (Table I, row 4). In
contrast, mutants E40ON and E40T exhibited substantially
different behaviour. Although these mutants were selected
by their inability to bind PKN, they interacted effectively
with its N-terminal domain (Table |; see Discussion).
Their interaction with other proteins was largely unim-

Ct?aired, apart from Kinectin and mNET1 which were

Substantially reduced (Table I). Finally, we examined
F39A and Y42C. These mutations block interaction with
both PKN(1-511) and intact PKN. Mutant F39A blocked
interaction with all other effectors tested apart from
mDia2(47-800), while mutant Y42C affected no other
interactions (Table I).

To corroborate the two-hybrid data we usedimwitro

structed were F39A and Y42C, which in Racl and Cdc42 Pinding assay. GST fusion genes carrying PKN(1-511),

disrupt interaction with ROCK-I and PAK respectively
(Lamarcheet al., 1996).

Binding properties of RhoA effector mutants

ROCK-1(348-1018) and mDia2(47-257) were constructed
and equal amounts of each fusion proteins bound to
glutathione—Sepharose beads. Different 9E10 epitope-
tagged RhoA.V14 mutants, each G/B”oaded, were

We used the two-hybrid assay to examine the binding of allowed to interact with the GST fusion proteins, and the

the effector-loop mutants to different RhoA effectors. In
addition to PKN and ROCK-I, we examined interaction
with Rhophilin (Watanabet al,, 1996), Citron (Madaule
et al, 1995), mDia2, a p140mDia-related protein (Alberts
et al, 1998b; Watanabeet al., 1997), Kinectin (Hotta
et al, 1996; Albertset al, 1998b) and mNET1, a RhoA
GEF (Charet al., 1996; Albertset al, 1998b; A.S.Alberts

levels of bound protein measured by 9E10 immunoblot
following extensive washing. The results are shown in
Figure 1. The ability of the mutants to bind PKN(1-511)

in general reflected the interactions seen in the two-hybrid
assay, although weak interactions were detectable with
mutants C20R/T37Y, F39V and Y42C upon prolonged
exposure (see Figure 1B). Effector-loop mutants that

and R.Treisman, submitted). Interaction in yeast was interacted efficiently with ROCK-1(348-1018) in the two-
assessed by growth on medium lacking histidine containing hybrid assay also bound it strongly vitro; however, in
increasing amounts of aminotriazole. Results are shown contrast to the two-hybrid data, mutants C20R/T37Y and

in Table I. RhoA.V14/S190 exhibited a wide range of
activities with the different effectors, ranging from growth
on His medium but sensitivity to 1 mM aminotriazole
(intact PKN) to growth on His medium containing

E40W also bound weakly to ROCK-1(348-101i8)vitro
(Figure 1C; see Discussion). All the RhoA mutants bound
to mDia2(47-257)in vitro (Figure 1D). Taken together
with the two-hybrid results, these data show that we have
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Table |. Two-hybrid analysis of RhoA effector-loop mutants

Gal4-DBD fusio®  His3 activity with Gal4-AD fusiof

None PKN PKN ROCK Rhophilin Kinectin Citron mDia2 mNET1
1-942 1-511 348-1018 1-130 1053-1327 647-780 47-800 1-596
RhoA.V14-WT - 1 2 4 6 3 >4 >4 3
T37Y/C20R 1) (1) (1) (1) 2 (1) (1) (1) 3
F39Ad - - - - - - - >4 -
F39\¢ - - - 4 - - - >4 4
F39L/C20R - 1 2 1 1 - - >4 3
E40L° 1) 1) 2 1) 4 1) >4 >4 1)
E40W 1) (1) 2 (1) 4 (1) 4 >4 @
E40N° - - 2 4 >4 1 >4 >4 3
E40T® - - 2 4 >4 - >4 >4 3
y42c¢ - - - 4 2 3 >4 >4 2

3 GBT9 fusion proteins comprise the Gal4 DNA binding domain fused N-terminally to each mutant RhoA, each containing the G14V and C190S
mutations. All the mutants are expressed at comparable levels, as assessed by immunoblot (data not shown).

bInteraction was evaluated by a semi-quantitative plate assay for HIS3 activity by growth on plates containing increasing amounts of aminotriazole.
Growth was scored as follows: (=) no growth on plates lacking histidine; ¢t4pgrowth on plates containing 0 mM, 1 mM, 2 mM, 4 mM,

=8 mM aminotrizole, respectively. These scores correspond to LacZ activities as follow§.8 Miller units (< background); 2, 0.5 units; 3,

16 units; 4, 52 units>4, 67—-153 units. With wild-type RhoA.V14, interactions corresponded to LacZ activities as follows: PKN(1<@13)units;
PKN(1-511), 0.5 units; ROCK-1(348-1018), 52 units; Rhophilin (1-130), 67 units; Kinectin (1053—-1327), 16 units; Citron (674—780), 95 units;
mDia2 (47-800), 153 units. Scores in parentheses emphasize that unlike wild-type RhoA, mutants C20R/T37Y, E40L and E40W promoted growth

on plates lacking histidine in the absence of an effector plasmid.
‘Mutants isolated from PKM/ROCK- screen.

dMutants analogous to previously characterized mutations in Racl and Cdc42.

®Mutants recovered from the ROGKIPKN- screen.

Effector loop mutation:

A &
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Fig. 1. In vitro interactions between Rho mutants and effectors.
GTPyS-loaded bacterially produced 9E10 epitope-tagged RhoA
mutants (100 ngA) were incubated with the indicated bacterially
produced GST-effector proteins (1000 ng) immobilized on glutathione—
Sepharose beads. Mutant RhoA.V14 proteins bound to GST-PKN(1-
511) B), GST-ROCK-I(348-1018)QX) or GST-mDia2(47-257)X)

were detected with 9E10 antibody following elution, SDS—-PAGE and
immunoblotting.

identified RhoA effector-loop mutants that can discrimin-
ate between different RhoA effector proteins.

Regulation of cytoskeletal reorganization by RhoA
effector mutants

actin and RhoA visualized by staining with phalloidin and
9E10 antibody respectively. Serum-starved NIH 3T3 cells
displayed low levels of flamentous actin, usually organ-
ized into a few short fibres with no particular organization
with respect to one another. Expression of RhoA.V14
promoted the reorganization of flamentous actin, organ-
ized into parallel stress fibse5 h following plasmid
injection (Figure 2A, panels 1 and 2). We also examined
focal adhesion formation by staining with vinculin anti-
bodies; however, the relatively high basal level of focal
adhesions in our serum-deprived NIH 3T3 cells precluded
evaluation of the effects of the mutants, and we did not
pursue these studies further (data not shown).

All the RhoA mutants were expressed at similar high
levels and showed similar subcellular distribution (Figure
2A, insets). However, they varied in their ability to induce
stress fibres. Expression of mutants E40N, E40T and
Y42C triggered efficient stress fibre formation, although
those formed by E40T appeared shorter and less numerous
than those formed by RhoA.V14 (Figure 2A). Each of
these mutants can interact with ROCK-1(348-1018). In
contrast, mutants F39A, C20R/F39L, E40L and E40W,
which do not interact with ROCK-1(348-1018), did not
induce efficient stress fibre formation. Interestingly, F39V
also did not promote stress fibre formation, even though
its interaction with ROCK-1(348-1018) is unimpaired,
suggesting additional effectors may be required for fibre

Studies with the ROCKs have implicated these kinases in formation. To test this we investigated whether the F39V

cytoskeletal reorganization events including formation of
stress fibres and focal adhesions (Kimwaiaal, 1996;
Leung et al, 1996; Matsuiet al., 1996; Ishizakiet al,

mutant could co-operate functionally with F39A, F39L,
E40L and E40W, none of which can bind ROCK-I,
or induce stress fibre formation by itself. Simultaneous

1997). We therefore investigated the effects of effector- expression of F39V and E40W efficiently induced stress

loop mutations upon RhoA-induced cytoskeletal reorgan-
ization. Expression plasmids encoding 9E10 epitope-

tagged RhoA.V14 or effector-loop mutants were microin-

fibre formation, and the combination of F39V and E40L
was partially active; F39A and F39L were ineffective
(Figure 2). The inability of F39L, which binds PKN, to

jected into serum-deprived NIH 3T3 cells, and filamentous co-operate with F39V in this assay, together with the
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Fig. 2. Regulation of cytoskeleton by RhoA mutant8.) (NIH 3T3 cells were microinjected (arrowheads) with expression plasmids encoding 9E10
epitope-tagged RhoA.V14 mutants. Filamentous actin was visualized with TRITC-conjugated phalloidin (main panels) and expressed RhoA.V14
derivatives were visualized with 9E10 antibody (inset paneB).Summary of data. PKN.C expresses the catalytic domain of the RhoA effector

kinase PKN (see Figure 4). Proportion of injected cells with large number of long stress fibres arranged in parallel sheets (average of three
independent experiments, 20-30 cells were injected per coverslip; error bars indicate SEM). Note that mutant F39L also contains the C20R mutation.
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finding that Y42C can induce stress fibres although it does A Microinjection Assay

not bind PKN, suggest that the additional effector cannot
be PKN (see below).

Regulation of SRF activity by RhoA effector

mutants

Serum- or LPA-stimulated activity of SRF-controlled
reporter genes in NIH 3T3 cells is dependent on RhoA,

and SRF activity can be greatly increased by co-expression

of activated RhoA (Hillet al, 1995). To gain insight
into which downstream effectors are involved in these
phenomena, we examined the ability of effector-loop
mutants to activate SRF. To facilitate comparison with
other functional assays for RhoA.V14, we tested the
mutants using both transfection and microinjection assays

For the microinjection assay we used the reporter
plasmid 3D.AFosHA, in which a minimal promoter con-
taining three SRF binding sites controls expression of an
HA epitope-tagged Fos protein which can be monitored
by indirect immunofluorescence (Hét al,, 1995; Alberts
et al, 1998a). Microinjection of expression plasmids
encoding RhoA.V14 and effector-loop mutants F39A,
F39V, C20R/F39L, E40N, E40T and Y42C all activated
the reporter efficiently. In contrast, mutant E40W triggered
a partial response, while E40L did not lead to significant
activation above background (Figure 3A).

To obtain a more quantitative measure of the relative
efficacy of SRF activation by the different effector mutants

Reporter: 3D.AFosHA

100 - i .|. T T T
o |
E]
2 o0
g [
L -
d'! 40
m
o
20 1
. T
RhoAV & ooy @S & O
mtnt & TS ST

B Transfection Assay
' 1007 Reporter: 3D.ACAT

g

g

Relative CAT activity
3
L

[*]
=
L

0

RhoA = - o=l
] ] ] ] ol ol il il el
= WT F39A F39V F39L E40L E40W E40N E40T Y42C

RhoA.V14
mutant

we used a transfection assay. For this assay we used the

reporter 3D.ACAT (Hill et al, 1995), in which the
bacterial chloramphenicol acetyltransferase (CAT) gene
is controlled by exactly the same promoter used in

Fig. 3. Regulation of SRE by RhoA mutantA) Microinjection assay.
NIH 3T3 cells were microinjected with 3D.AFosHA reporter plasmid
and 9E10 epitope-tagged RhoA expression plasmids; RhoA and

reporter expression was visualizé h later. The proportion of injected

microinjection assay. In each case varying amounts Of celis expressing reporter construct (average of three independent

RhoA-expression plasmids were co-transfected with the

experiments; error bars indicate SEMB) (Transfection assay. NIH

reporter, and upon harvesting the samples were split 3T3 cells were co-transfected with the SRF-controlled reporter plasmid

and processed to measure both CAT activity and RhoA
expression level. As in the microinjection experiments,
mutants F39V and Y42C activated the reporter as effec-
tively as RhoA.V14 itself; in contrast activation by mutants
E40L and E40W was at background levels (Figure 3B).
The other mutants, F39A, C20R/F39L, E40N and E40T
exhibited intermediate abilities to activate the reporter.

Taken together with the microinjection results, these
data indicate that the identity of residue 40 within the
effector loop is of particular importance for SRF activation.
The data show that the ability of RhoA.V14 to potentiate
SRF activity can be clearly dissociated from its ability to
promote stress fibre formation (compare Figures 2A and
3A, mutants F39A, C20R/F39L and F39V), and that
changes in cell morphology are not a prerequisite for
potentiation of SRF activity. However, in neither assay
does the ability of RhoA.V14 to potentiate SRF activity
correlate with the binding of a single effector (see Dis-
cussion).

The ROCK-I and PKN kinase domains cannot
activate SRF independently of RhoA function

3D.ACAT (1000 ng), together with increasing amounts of RhoA
expression plasmids (200, 500 or 1000 ng) as indicated. Two days
later, cell lysates were prepared and analysed for RhoA protein
expression by immunoblot (top panel) CAT reporter gene activity
(lower panel). Similar results were obtained in three independent
experiments; a representative experiment is shown. Note that mutant
F39L also contains the C20R mutation.

ROCK-I might not be required for RhoA to signal to SRF,
it may nevertheless be able to activate transcription at the
SRE. Moreover, it has been reported that the PKN family
kinase PRK2 kinase domain can potentiate SRF activity
(Quilliam et al,, 1996). We therefore investigated whether
the isolated kinase domains of ROCK-I and PKN were
capable of potentiating SRF activity, using kinase-inactive
derivatives to test whether any effects required kinase
activity. To verify that any observed effects on SRF result
from activation of pathways downstream of RhoA, we
used co-expression of the specific Rho inhibitor C3
transferase to inactivate cellular RhoA (Hgt al, 1995).
Microinjection of NIH 3T3 cells with an expression

plasmid encoding intact ROCK-I had no effect on SRF
reporter expression (Figure 4A), but promoted formation

The data presented above suggest that either a novel Rho/of thick actin filaments distinct from those induced by

effector is involved in signalling to SRF, or that multiple
effectors are involved. In the light of the latter possibility,
it was of interest to note that all mutants that bound to
ROCK-1(348-1018) were able to signal to the SRE,
consistent with the notion that although interaction with
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RhoA.V14 (Figure 4B). Next we investigated ROGK
(ROCK-I, codons 1-727), a truncated ROCK-| derivative
which contains the N-terminal kinase domain and part of
the coiled region, but lacks C-terminal sequences including
the RhoA interaction domain (Ishizakét al, 1997).
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% HA-positive cells

ROCKA3 + C3

Fig. 4. Regulation of actin cytoskeleton and SRE by ROCKA) SRE activation by ROCK-I and PKN derivatives. Serum-deprived NIH 3T3 cells

were microinjected with 3D.AFosHA reporter plasmid and either vector alone or the indicated combinations of 9E10 epitope-tagged ROCK-I and C3
expression plasmids. ROCK, codons 1-1354; R@BKcodons 1-727; ROCK3kd, codons 1-727/K105A (kinase inactive); PKN, codons 1-942;

PKN.C, codons 539-942. Five hours following injection, injected cells and FosHA protein were visualized by indirect immunofluorescence using
anti-guinea-pig 1gG or 9E10 and Y11 antibodies, respectively. Serum stimulation washfavhere indicated. Results are from three independent
experiments, 20-50 cells injected per coverslip. Error bar indicates SEMC\toskeletal rearrangements induced by ROCK-I derivatives. Serum-
deprived NIH 3T3 cells were microinjected with the indicated combinations of ROCK-I, PKN, RhoA effector mutant and C3 expression plasmids as
in (A). After 5 h, filamentous actin was visualized using TRITC—phalloidin. Between 20 and 30 cells were injected per coverslip; representative cells
from one of three experiments are shown. For data summary see Figure 2B.

Immune complex kinase assays using extracts from trans-(Figure 4B). Similar results have been reported for Swiss
fected NIH 3T3 cells expressing RO@R indicated 3T3 cells (Amanoet al, 1997a), but not HelLa cells
that this protein possesses substantially increased histonglshizaki et al, 1997). Both reporter gene activity and
kinase activity compared with over-expressed wild-type cytoskeletal reorganization were not observed in cells
ROCK-I (data not shown). Upon microinjection of the injected with a kinase-inactive RO@8 derivative (data
ROCKA3 expression plasmid together with the not shown).

3D.AFosHA reporter, approximately one-third of injected Although the effector mutant studies strongly suggest
cells showed reporter gene activation; surprisingly, how- that interaction of RhoA.V14 with PKN is not a pre-
ever, this was dependent on endogenous Rho function,requisite for SRF activation, we also investigated whether
since it was blocked by C3 transferase expression (Figureexpression of a constitutively active form of PKN is
4A). All cells injected with ROCHK\3 exhibited thick actin ~ sufficient for SRE activation or stress fibre formation.
bundles radiating from hub-like actin structures very Immune complex kinase assays using extracts from NIH
different from the stress fibres produced by RhoA.V14; as 3T3 cells transfected with an expression plasmid encoding
with intact ROCK-I, this was unaffected by C3 transferase the PKN kinase domain (PKN.C; amino acids 539-942)
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Fig. 5. Loss of contact inhibition caused by RhoA mutants and Raf.
NIH 3T3 cells were transfected with expression plasmids encoding
RhoA derivatives (500 ng), SRFVP16 (500 ng) or ROCK mutants
(500 ng) either with (black bars) or without (grey bars) a plasmid
encoding activated Raf (EXM\Raf; 500 ng). At 15 days post-
transfection the number of foci of sizel.5 mm was counted. The
efficiency of focus formation relative to RhoA.V14 ANRaf is shown
(average of three independent experiments, error bar indicates SEM).
The combination of RhoA.V14 andNRaf produced on average 38
foci per plate transfected. Note that mutant F39L also contains the
C20R mutation.

SRF with efficiency comparable to mutants E40N and
E40T, was inactive in the transformation assay. Finally,
SRF-VP16, an activated SRF derivative, did not co-operate
with ANRaf in focus formation (Figure 5). Thus, co-
operation between RhoA.V14 antNRaf in transform-
ation does not appear to reflect the ability of RhoA.V14
to activate SRF.

Discussion

RhoA effector-loop mutants

In this study we generated mutations in the effector-loop
region of RhoA that selectively disrupted its interaction
with downstream effector proteins. Such mutations have
been generated previously in Ras, Rac and Cdc42 (White
et al,, 1995; Freemaeet al, 1996; Jonesoet al, 1996a;
Lamarcheet al, 1996; Westwicket al., 1997). We identi-
fied mutations at RhoA codons 37, 39, 40 and 42 that
prevent interaction with PKN, ROCK-I, or both. Binding
studies demonstrated that these mutations also selectively
disrupt interactions with other RhoA effectors, indicating
that the effector loop makes subtly different contacts with
the different proteins. We used the mutants to investigate

indicated that this protein possesses substantial constitutivethe role of RhoA effectors in cytoskeletal rearrangement,

histone kinase activity (data not shown). However, expres-

sion of either intact PKN or PKN.C neither activated the

SRF activation and focus formation in NIH 3T3 cells.
Although activated RhoA can potentiate the kinase activity

SRF reporter gene (Figure 4A) nor induced actin stress of both ROCK-I and PKN (Kimurat al,, 1996; Watanabe
fibres (Figure 4B; data not shown). Moreover, consistent et al, 1996; Amanoet al., 1997b; Ishizakiet al., 1997;

with the effector mutant data which suggests that inter- Vincent and Settleman, 1997), the modest degree of
action between RhoA and PKN is not required for stress activation precluded its investigation using the mutants.
fibre formation, we found that the active PKN.C mutant Stress fibre formation likely involves interaction both with

did not co-operate with F39V to induce stress fibore ROCK and a second effector. SRF activation correlates

formation (Figure 4B).

with binding to neither PKN, ROCK-I nor any other

Taken together with the effector mutant data, these single effector tested, suggesting a novel effector may

results are consistent with the view that neither ROCK-|
nor PKN constitute single RhoA effectors that mediate

SRF activation, and support the hypothesis that RhoA.V14-

induced SRF activation is mediated either by a novel
effector, or that multiple RhoA effectors are involved in
the response (see Discussion).

Focus formation by RhoA effector mutants in co-
operation with Raf
Expression of activated derivatives of RhoA such as

RhoA.V14 results in reduced serum- and anchorage-

dependent growth (Peroret al, 1993), and RhoA.V14

be responsible. Focus formation by activated RhoA in
combination with activated Raf correlates with ROCK-I
binding rather than SRF activation.

Binding of RhoA to its effectors

Interaction between PKN and RhoA.V14 could only be
scored in the two-hybrid assay by use of the sensitive
HIS3 reporter gene, although it was readily detectable
in vitro. Mutations F39V and Y42C both abolish inter-

action with PKN, but maintain normal interaction with

ROCK-I; in contrast, mutation C20R/F39L maintains

interactions with PKN but abolishes interactions with

can co-operate with activated Raf derivatives to induce ROCK-I. Mutant F39A abolishes interaction with both

transformation (Khosravi-Faat al,, 1995, 1996; Qiwt al.,

kinases. Several mutants at codon 40 isolated in the two-

1995). We therefore used the effector mutants to investigatehybrid screen as defective for interaction with intact PKN

whether the ability of RhoA.V14 to co-operate with
activated Raf in NIH 3T3 transformation correlates with
its ability to potentiate SRF activity. NIH 3T3 cells

retained the ability to interact with its RhoA-binding
N-terminal region: the isolation of these mutants presum-
ably reflects the extreme sensitivity of the HIS3 reporter

were transfected with expression plasmids encoding eitherassay to small changes in interaction strength, and it is

RhoA.V14 or its effector-loop mutants, with or without
an expression plasmid encodimiNRaf (Leevers and

possible that these mutations have no substantial effect
on RhoA—PKN interaction. PKN and Rhophilin interact

Marshall, 1992), and the foci stained and counted 2 weekswith RhoA via a common sequence motif (Watanabe

later. In this assay, RhoA.V14 and its mutant derivatives
F39V, E40N, E40T and Y42C, each of which can interact
with ROCK-1(348-1018), promoted focus formation in

co-operation withANRaf (Figure 5). In contrast, the

efficiency of transformation by the other effector mutants
was not significantly greater than that observed with
ANRaf alone; in particular, mutant F39A, which activates
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et al, 1996), and their binding is in general affected

similarly by effector-loop mutations, although C20R/F39L

specifically reduces Rhophilin binding. Effector-loop res-

idues F39 and Y42 are conserved in Racl and in both
proteins mutations F39A, F39L and Y42C have similar

effects on ROCK-I binding, suggesting that the molecular
contacts are similar (Jonesat al, 1996a; Lamarche



et al, 1996). Finally, ROCK-I and Kinectin interact with
RhoA via related sequences (Albees al, 1998b), but
the interaction with Kinectin appears weaker, since it is
abolished by all mutations save Y42C.

In the two-hybrid assay, mutant C20R/T37Y interacted
with only the putative Rho-family GEF mNET1 (Chan
et al, 1996), even though interactions with other effector
proteins were readily detectabile vitro. Residue T37 or

RhoA effector mutants

third, an activated derivative of PKN co-operates with
neither F39V nor the activated ROCK mutant RO&EK

for stress fibre formation (see Figure 6). It has been
proposed that pl40mDia plays such a role (Watanabe
et al,, 1997), but all the mutants, including F39V, bind its
relative mDia2, suggesting that proteins other than mDia—
mDia2 may be involved. Our data do not rule out a
role for Citron, and future experiments will address this

its equivalent co-ordinates a magnesium ion required for possibility. Over-expression of the putative RhoA effector

nucleotide binding, and is universally conserved in Ras-

like GTPases (Paét al, 1989; Hirshberget al, 1997;
Rittinger et al, 1997). The failure of C20R/T37Y to
manifest two-hybrid interactions may therefore reflect
inefficient nucleotide binding, in contrast to tli vitro

PI-4—P 5-kinase (Chongt al, 1994; Renet al., 1996)

can also induce cytoskeletal changes independently of

RhoA (Shibasakiet al, 1997) and it will be interesting

to examine the interaction of the mutants with this enzyme.
Microinjection of NIH 3T3 cells with an expression

assays in which the GTPase is biochemically loaded with plasmid encoding intact ROCK-I induced formation of
GTP/S. However, the C20R-T37Y mutant is impaired in actin fibres independently of RhoA, but these were fewer
in vitro interaction with GST-PKN(1-511), so this residue in number and thicker than those induced by RhoA.V14.
probably also makes specific effector interactions, as In contrast, expression of the truncated RQGKmutant,
observed previously with Ras (Whitt al., 1995). which lacks the majority of ROCK-I C-terminal sequences,
The consequences of effector-loop mutations on inter- induced formation of thick actin spindles radiating from
actions with Citron, mNET1, and mDia2, were distinct hub-like structures independent of functional RhoA. The
from those on PKN and ROCK-I. Mutations at position observation that over-expression of ROCK-I induces struc-
39, but not those at 40 and 42, abolished interaction with tures distinct from those induced by RhoA.V14 is consist-
Citron. The F39A, E40N and E40T mutants all exhibited ent with the idea that stress fibre formation requires both
defective binding to mNET1, and it is intriguing to ROCK-I and additional effectors. Previous studies have
note that corresponding residues in Ras may mediate itsdisagreed as to the effects of over-expression of intact
interaction with theSaccharomyces cerevisi&as GEFs ROCK proteins upon the actin cytoskeleton, although they
Cdc25 and Sdc25 (Mistoet al., 1992; Whiteet al,, 1995). concur in the demonstration of efficient but aberrant actin
Interaction with mDia2, which is closely related in its reorganization by ROCK truncation mutants (Lewrigl,
RhoA-binding region to pl40mDia (Watanaket al., 1996; Amancet al., 1997a; Ishizaket al,, 1997). In HeLa
1997), was unaffected by any of the mutations, including cells, over-expression of intact R@K(ROCK-II) by
F39A, which abolished interactions with all other proteins microinjection was reported to induce identical structures
tested. The primary site of mDia2 (and probably mDia) to RhoA.V14 (Leunget al, 1996) while transfection
interaction with RhoA may therefore be distinct from the experiments with ROCK-I demonstrated only limited fibre
effector loop. In Rac proteins, the ‘Rho family insert formation by the intact protein (Ishizakt al,, 1997). The
region’ at codons 125-137, which constitutes an extra reason for the discrepancy between these studies and the
surface-exposed helix (Hirshbery al., 1997; Rittinger one reported here is unclear. A significant difference
et al, 1997), is required for efficient and productive between studies performed with ROCK derivatives and
interaction with the NADPH oxidase complex (Freeman those performed with RhoA effector mutants may be that
et al., 1996; Nisimotoet al., 1997). Perhaps the RhoA in the latter studies stress fibre formation is dependent on
insert region, rather than the effector loop, interacts with activation of endogenous effectors. However, we cannot
mDia and mDia2. rule out effects due to different cell types, experimental
conditions, or the use of different ROCK proteins.
RhoA requires multiple effectors to produce stress
fibres Regulation of SRF by RhoA
Several previous studies in various cell types have sug- Since microinjection assays allow direct comparison of
gested that the ROCKs are involved in RhoA-induced the effects of RhoA on cytoskeletal reorganization and
stress fibre formation (Leunet al, 1996; Amanocet al, SRF activity, we used both microinjection and transfection
1997a; Ishizaket al,, 1997). However, both our data and assays to investigate SRF activation. Only mutants F39V
previous studies of ROCK-I mutants (Ishizagtial., 1997) and Y42C showed wild-type activity in both assays.
suggest that while ROCK-I is involved in the process it Signalling to SRF by activated RhoA did not correlate
is not sufficient. Mutants F39A, C20R-F39L, E40L and directly with any of the effectors tested, suggesting that
E40W neither bind ROCK-I nor trigger stress fibre forma- it requires an as yet uncharacterized effector(s), and can
tion; in contrast, mutant F39V retains the ability to bind occur independently of effector kinases such as ROCK-I
ROCK-I, but promotes stress fibre formation only in or PKN (Figure 6; Table Il). For example, mutant F39A,
combination with mutant E4OW (Table IlI). The data which is defective for all effectors tested apart from
therefore show that formation of stress fibres requires the mDia2, was still functional in both assays, albeit with
interaction of RhoA with both ROCK-lI and another reduced efficiency. The identity of RhoA codon 40 is
effector, which cannot bind F39V. Several observations critically important for RhoA-mediated SRF activation:
suggest that this effector is unlikely to be PKN. First mutant E40L was inactive in both assays, while E40W
Y42C, which cannot bind PKN, nevertheless induces was inactive in transfection assays but weakly active in
stress fibres; second, F39L, which can bind PKN, does the microinjection assay. (The failure of some effector-
not co-operate with F39V to induce stress fibre formation; loop mutants to score as defective in the microinjection
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Table Il. Summary of results

RhoA protein Interactich Activity

PKN ROCK ActirP SRF Focu§

1-511 348-1018 formation
RhoA.V14-WT ++ ++ ++ ++ ++
F39A - - — + _
F39Vv — ++ — ++ +
F39L/C20R ++ —/+ - + -
E40L® ++ - - - -
E40We ++ —I+ - - -
E40N° ++ ++ ++ + +
E40T® ++ ++ + + ++
Y42C - ++ ++ ++ ++

4nteractions in the two-hybrid assay.+, wild-type level of interaction or activity; <, weak interaction detectable only in one assay; —, no
significant interaction or activity.

b+ +, 50-100% wild-type activity;- 20-50% wild-type activity, —<20% wild-type activity.

¢+ +, wild-type activity in both transfection and microinjection assay;50—100% wild-type activity in microinjection assay, 10-30% wild-type in
transfection assay; <:50% wild-type activity in microinjection assay10% wild-type in transfection assay.

d4 +, 50-100% wild-type activity:+, 20-50% wild-type activity; —<20% wild-type activity.

®These mutants did not interact with intact PKN in the two-hybrid assay.

the observation that a specific ROCK inhibitor (Uehata
et al, 1997) does not block serum-induced SRF activation
I a (E.Sahai, unpublished data).

= v An alternative possibility, which we cannot exclude, is
that ROCK-I either co-operates with or potentiates the
activity of another RhoA effector to regulate SRF (Figure

6, dotted arrows). The lack of correlation between effector
binding and function might either reflect the different
Stress fibers por]ditions used for the functional and I_Jinding assays, or
Focus indirect effects of RhoA on effector function. The potential
formation for such indirect effects is illustrated by the observations
Fig. 6. RhoA effector pathways. Cross hatches indicate effector-loop ~ that GTP-bound RhoA binds both the myosin binding
mutations that block the indicated interactions. Mutations at position ~ subunit (MBS), the regulatory subunit of myosin light-
40 impair interaction with intact PKN but not its N-terminal domain chain phosphatase, and ROCK-II, the kinase that phos-
s ot Tt et Dot . Poenial signals Betveen phorylates MBS (Kimuract al, 1996): and that the
association of RhoA with phosphatidylinositol 4-phosphate
5-kinase (PIP5K) (Rert al., 1996) may also indirectly
regulate PKN by altering PI-4,5-P2 concentrations (Palmer
et al, 1995). However, in microinjection experiments we
have been unable to block F39V- or Y42C-induced SRF
activation by expression of RhoA.N19, a dominant inter-
fering mutant (E.Sahai, unpublished data). Further studies
will be necessary to resolve this issue.

assay probably reflects both saturating levels of RhoA
produced in the assay and the use of a simple positive/
negative system for the scoring of gene expression.)
Cytoskeletal reorganization does not appear to be a pre-
requisite for SRF activation, since several mutants could
activate SRF-controlled reporter genes without inducing
stress fibre formation (Table II). It remains possible that
SRF activation does require a functional cytoskeleton, but
this is difficult to assess because agents that disrupt Transforming ability of RhoA correlates with
microtubules or actin filaments themselves trigger SRF binding to ROCK-I
activation (R.Treisman and C.S.Hill, unpublished obser- Activated RhoA is able to promote loss of contact inhibi-
vations). tion and subsequent formation of foci in NIH 3T3 cells
Over-expression of the PKN kinase domain did not in co-operation with activated Raf (Khosravi-Fear al,
potentiate SRF activity in our assays, although a modest1995; Prendergasit al, 1995; Qiuet al, 1995), and a
activation of SRF by PRK2 has been reported by others number of Rho-family GEFs have been isolated as onco-
(Quilliam et al, 1996). However, even though activation genes (for review see Cerione and Zheng, 1996). Since
of SRF in our cells does not correlate directly with ROCK- focus formation assays involve the generation of stable
| binding, we found that ROCKS, a truncated ROCK-l  cell clones, comparison with the short-term microinjection
derivative, weakly activated SRF reporter genes in Rho- and transfection assays is difficult: RhoA.V14 transformed
dependent manner. Although a similar finding was reported cells do not contain a higher level of stress fibres than
by others while this paper was under review, that study their non-transformed counterparts (E.Sahai, unpublished
did not investigate its dependence on RhoA (Chihara data). We found the ability of effector mutants to induce
et al, 1997). A trivial explanation for this is that activation focus formation did not correlate with SRF activation, as
of RhoA-mediated signalling pathways is a consequence previously observed with Racl effector mutants (Westwick
of deregulated ROCK-I function; this is consistent with et al, 1997). Several other observations are consistent
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with this. First, we found that the constitutively active while specific, does not activate lacZ expression sufficiently to use the

SRF derivative SRF-VP16 did not co-operate with activ- colony colour assay). Thirty-one colonies were grown, pooled, and the
d Raf i f . ! d . libid pGBTRhoA plasmids rescued by retransformation iBszherichia coli
ated Raf In transtormation assays; second, an Intact lipid pys4 foliowing digestion with Clal to linearize the pGAD-PKN

modification site in RhoB is required for transformation plasmid. Bacterial transformants were pooled and retransformed into

but not signalling to the SRE (Lebowitet al, 1997); yeast carrying pGAD-ROCK-I(348-1018); 107 transformants were

finally, while activated RhoA is sufficient to activate screened for lack of growth on plates lacking histidine and containing
! LT . . inotri rary i

transfected or mlcromjected |mmed|ate—early gene pro- 1 mM aminotriazole. pGBT9RhdR@Y plasmids were rescued from 36

t . . iniecti . ts it . dditi | positive colonies.
moters, In microinjéction experiments itrequires additiona ROCK+/PKN- mutant screenFour hundred and two independent

signals to activate chromosomal genes (Albestsal, transformants carrying pGAD-ROCK-1(348-1018) and pGBT9-

1998a). RhoAlbray were screened for lacZ expression (strong blue colour within
The properties of the effector mutants show that trans- 3 h), and pGBT9RhoA plasmids were rescued from 68 positive clones.

formation by RhoA correlates with the ability to bind These were subsequently transformed into yeast carrying pGAD—PKN

f and rescreened for mutants unable to grow on plates lacking histidine.
ROCK rather than activate SRF. Mutants F39V, E40N, From 84 colonies screened, 16 positives were recovered and confirmed

E40T and Y42C, all of which bind ROCK-I and mDia2  py retransformation into yeast before sequence analaysis to ascertain the
and activate the SRE, promote focus formation, but mutant RhoA sequence.
mutant F39A, which can also activate the SRE, does not. , . L .

. R . In vitro protein interaction assay
TranSfO_rmanon cor_relate_s with ROCK binding rather _than Purification of GST fusion proteins and 9E10 epitope-tagged RhoA.V14
stress fibre formation, since F39V transforms but fails to proteins and their loading with G¥B was as described elsewhere
induce stress fibres. It is likely that activation of ROCK (Albertset al, 1998b). Following loading with GT{S, 100 ng of RhoA
may not be sufficient for transformation, however, since protein were incubated with gentle agitation for 2 h at 10°C withugl

- | derivat " of either GST-PKN(1-511), GST-mDia2(47—257), or GST-ROCK-|
the activated ROCK-I derivative ROQS does not Co-  g31 1411) immobilized on gluthione-Sepharose (Pharmacia), ipl200

operate \(vith ANRaf in the focus f_ormation assay. In  of 50 mM Tris—HCI pH 7.5, 100 mM NaCl, 5 mM Mgl 1 mM DTT,
contrast, it appears that transformation by Racl correlatesi25ug/ml BSA, containing protease inhibitors. Beads were then washed
neither with ROCK binding nor cytoskeletal reorganization once in PBS, 5 mM MgGl 0.1% Triton X-100, once in 50 mM Tris—

. . : HCI pH 7.5, 200 mM NacCl (or 100 mM NaCl, 70 mM LiCl for ROCK-I
(Jonesoret al, 1996a; Lamarchet al, 1996; Westwick binding assays), 5 mM Mggland finally in 50 mM Tris—HCI pH 7.5,

et al, 1997). Our_ _data suggest that transformation by 100 mM NaCl, 5 mM MgC}. RhoA proteins that remained bound to

RhoA and the ability to remodel the cytoskeleton must the beads were eluted by boiling in SDS-PAGE loading buffer, fraction-

be, at least to some extent, interdependent. It will be ated on 15% gels and detected by immunoblot with 9E10 antibody.

interesting to test whether the recently developed ROCK Microiniecti ,

S licroinjection and immunofluorescence

'nh'b't(_)rs (Uehat_mt _al-- 1997) can af_feCt C_e”mar trans- NIH-3T3 cells were seeded onto glass coverslips 48 h before injection

formation by derivatives of RhoA or its activators. and maintained in E4-0.5% FCS for 24 h prior to injection. Injections
were done on a Zeiss 5171 semi-automated machine using pulled glass
capillaries. All DNAs were injected into the cell nucleus at 50phg/

: except for EFC3 (25 ngl) and the RhoA expression plasmids
Materials and methods (100 ngful), together with guinea-pig marker IgG atg/ul. Cells were
Plasmids harvested 5 h after injection. Serum stimulation was with 15% FCS 1 h
All DNA manipulations were carried out using standard protocols. before harvesting. Cells were fixed in fresh 4% HCHO in PBS for
pGBTORNOA.V14/S190 was made by subcloning RhoA.V14 from 15 mln_followed by extraction in PBS, 0.3% Triton X-100. Antibodies
EF.RhoA.V14 (Hil et al, 1995) into pGBT9 EcaRI[blunt]-Sal into were diluted 1:100 in PBS+ 5% donkey serum and the cells were
Ncd[blunt]-Xhd); in addition codon 190 was changed from C to S. washe'd four times in PBS after antibody |ncubat|9ns and prior to
PCR across codons 1-45 of RhoAV14 was used to randomize codons™Mounting. Antibodies used were as follows: 9E10 (gift G.Evan), Y-11
37-40 of EFRhoAV14 (forward primer: TGCTTACATTTGCTTCTG,  (Santa Cruz), anti-rabbit-Texas Red or -FITC, anti-mouse-FITC or
reverse primers: CTCGATATCTGCCACATAGTTCTCAAACACNN-  -AMCA, anti-guinea-pig-AMCA (all Jackson/Stratech, UK), and also
NGGGCAC, CTCGATATCTGCCACATAGTTCTCAAANNNTGTG- TRITC-phalloidin (Sigma). Images were obtained using a Zeiss Axiovert
GGCAC, CTCGATATCTGCCACATAGTTCTCNNNCACTGTGGG, micros_cope a_lnd Smart Capture system (Wsis, UK) and processed as
CTCGATATCTGCCACATAGTTNNNAAACACTGTGGG).  PCR  PICT files using Adobe Photoshop.
products were cut usindNcd and EcoRV, subcloned into EFRhoA,
and subsequently recloned into pGBT9RhoA.V14/S190 to generate
pGBT9Rho jorary - pPGAD-PKN, pGAD-PKN.N, pGAD-ROCK,
pGAD-mDia2, pGAD—Kinectin and pGAD-NET are pGAD424 derivat-
ives containing PKN codons 1-942 and 1-511, ROCK-| codons 348-
1018, mDia2 codons 47-800, Kinectin codons 1053-1327, and mNET }; AN - N
codons 1-596; pVP16Citron and pVP16Rhophilin contain Citron codons Lipofectamine; GibcoBRL) and incubated for 30 min at room temper-
674-870 and Rhophilin codons 1130, both with N-terminal HSV VP16 atre. For transfection cells were washed once with Optimem and the
activation domains (Madaulet al, 1995; Watanabet al, 1996). GST medium replaced with 80l of Optimem; ”Le DNA mix was then
fusion proteins are described elsewhere (Albettal, 1998b). ad(_jed and the ce_lls incubated at 3.7 C, 10%,0@ 5 h, following

which the DNA mix was replaced with E4 10% DCS. After 24 h,
) ) the cells were trypsinized, transferred to 100-mm dishes, and maintained
Yeast manipulations and effector mutant screen _in E4 + 10% DCS for 3 days, following which they were maintained
Allyeast work was carried out using standard techniques. Transformation j, g4 + 594 DCS for a further 12 days before staining for foci with
of Hf7C cells (Clontech) was done according to the supplier’s protocol. g 504 Crystal Violet in PBS—10% v/v methanol. For reporter gene assays
For plasmid rescue, 2 ml of exponential liquid cultures were pooled, NjH 373 cells grown on 60-mm dishes were transfected as above except
pelleted, resuspended in 3 ml of lysis buffer (100 mM NaCl, 10 MM hat all quantities were doubled, and cells were maintained in+E4
Tris pH 8.0, 1 mM EDTA, 2% Triton X-100, 1% SDS), mixed with 504 DCS for 48 h. Harvesting, CAT assays and immunoblots were
3 ml of phenol:chloroform (1:1) and 4 g of acid-washed glass beads carried out as described previously (Hi al, 1995).
(Sigma, 425-60Qum), and vortexed for 2 min. After centrifugation,
DNA was recovered from the aqueous phase by ethanol precipitation.

Transformation and reporter gene assays

For transformation assays, NIH 3T3 cells (a gift from Chris Marshall)
were seeded at210° per 35 mm well in E4 with 10% donor calf serum
(DCS). For transfection, fug of plasmid DNA in 100ul of Optimem
(GibcoBRL) was added to 108 Lipofectamine mix (100:8 Optimem:
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