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Small GTP-binding proteins of the Rho-family, Rho, Rac, and Cdc42, have been traditionally linked to the
regulation of the cellular actin-based cytoskeleton. Rac and Cdc42 can also control the activity of JNK, thus
acting in a molecular pathway transmitting extracellular signals to the nucleus. Interestingly, Rho can also
regulate gene expression, albeit by a not fully understood mechanism. Here, we found that activated RhoA can
stimulate c-jun expression and the activity of the c-jun promoter. As the complexity of the signaling pathways
controlling the expression of c-jun has begun to be unraveled, this finding provided a unique opportunity to
elucidate the biochemical routes whereby RhoA regulates nuclear events. We found that RhoA can initiate a
linear kinase cascade leading to the activation of ERK6 (p38v), a recently identified member of the p38 family
of MAPKSs. Furthermore, we present evidence that RhoA, PKN, MKK3/MKKG6, and ERK6 (p38v) are
components of a novel signal transduction pathway involved in the regulation of gene expression and cellular

transformation.
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The exposure of quiescent cells to serum or growth-pro-
moting factors results in the rapid and transient expres-
sion of a number of transcripts collectively known as
early responsive genes (Lau and Nathans 1987; Hersch-
man 1991), which include several members of the jun
and fos families of nuclear proto-oncogenes (Cohen and
Curran 1988; Lamph et al. 1988; Ryder et al. 1988). The
translational product of c-jun and its related genes, c-Jun,
JunD, and JunB, then form homodimers or heterodimers
with each other or with various Fos family members to
form the AP-1 transcription factor (Bravo 1990). In turn,
AP-1 binds a palindromic DNA sequence, known as the
TPA responsive element or TRE, which is present within
the regulatory region of a variety of genes, thus control-
ling their expression (Angel et al. 1987; Angel and Karin
1991).

In the case of c-Fos, transcriptional activation of its
gene is mediated by several promoter elements, among
which the serum response element (SRE) is believed to
play a central regulatory role (Treisman 1992). Several
proteins bind the c-fos SRE, including a transcription
factor of 67 kD, termed serum response factor (SRF)
(Treisman 1992), and another protein that exhibits the
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ability to form a ternary complex with the SRE and SRF
dimers, and thus has been designated ternary complex
factor or p62TCF (Shaw et al. 1989; Dalton and Treisman
1992). Similarly, expression from the c-jun gene is con-
trolled by several response elements within its promoter.
Of interest, c-jun itself displays a TRE-related sequence,
c-jun AP1 (jAP1), in its promoter region, thus suggesting
that the product of the c-jun gene regulates its own ex-
pression (Angel et al. 1988). Recent studies also indicate
that transcription factors of the MEF2 family, which are
highly related to the SRF (Shore and Sharrocks 1995),
play an important role in the regulation of c-jun expres-
sion, in this case through a MEF2 responsive element
within the c-jun promoter (Han et al. 1992; Coso et al.
1997). Expression of c-Jun and c-Fos is likely to play a
central role in the control of cell proliferation (Angel and
Karin 1991; Schreiber et al. 1999), as they are necessary
for cell cycle progression in several cellular systems
(Nishikura and Murray 1987; Kovary and Bravo 1991)
and for neoplastic transformation by a variety of onco-
genes (Lloyd et al. 1991; Suzuki et al. 1994).

The expression of the c-jun and c-fos genes does not
require newly synthesized proteins, thus suggesting that
their induction involves the post-translational modifica-
tion of pre-existing transcription factors (Lau and
Nathans 1987; Rozek and Pfeifer 1993). The search for
molecules regulating the activity of their promoter re-
gions revealed the existence of an intricate network of
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biochemical routes connecting the cell surface with the
nucleus, which often involves one or more cytoplasmic
kinase cascades acting on members of the extracellular
signal regulated kinase (ERK) superfamily (Davis 1993;
Karin and Hunter 1995; Treisman 1996), also known as
mitogen activated protein kinases (MAPKs). One of the
best known examples is the multistep process of activa-
tion of the ERK1 and ERK2, also termed p44™MAPX and
p42MAPK which is initiated by a variety of cell surface
receptors whose signaling pathways converge in the ac-
tivation of the small GTP-binding protein Ras and the
subsequent stimulation of a MAPKKK, Raf (Vojtek et al.
1993; Warne et al. 1993), and a MAPKK, MEK (Crews et
al. 1992) that ultimately phosphorylates ERK to increase
its kinase activity (Ray and Sturgill 1987). In turn, ERK
can translocate to the nucleus and phosphorylate the
transactivating domain of p627<F, thereby inducing c-fos
expression through the SRE (Gille et al. 1992; Treisman
1994). Accumulated evidence suggested that growth fac-
tors, UV light, and cellular stress could also stimulate
the activity of c-Jun, but in this case through a biochemi-
cal pathway distinct from that regulating ERKs. Instead,
a novel member of the MAPK superfamily, which was
termed stress activated kinase (SAPK) (Kyriakis et al.
1994) or c-Jun NH2-terminal kinase (JNK) (Derijard et al.
1994), was shown to phosphorylate the N-terminal
transactivating domain of c¢-Jun (Hibi et al. 1993; Minden
et al. 1994b). Furthermore, recent work indicates that
many cell surface receptors and oncoproteins stimulate
JNK by the activation of two small GTP-binding proteins
of the Rho family, Racl and Cdc42, which initiate the
activity of a distinct kinase cascade culminating in the
activation of JNK (Coso et al. 1995; Minden et al. 1995).
In line with these observations, the activation of JNK by
Rac and Cdc42 results in the potent stimulation of the
c-jun promoter (Clarke et al. 1998) and c-Jun transcrip-
tional activity (Minden et al. 1995). However, further
analysis of the regulatory events controlling the expres-
sion of c-jun revealed that JNK-independent pathways
can also regulate the c-jun promoter through the phos-
phorylation of transcription factors acting on the jAP1
and MEF2 responsive elements (Coso et al. 1997; Kato et
al. 1997; Marinissen et al. 1999).

The small GTP-binding protein Rho, whose best-
known function is in the regulation of the actin cyto-
skeleton (Hall 1998), can also stimulate c-fos expression
through the SRF (Hill et al. 1995). How Rho enhances the
transcriptional activity of SRF has been intensely inves-
tigated, and recent findings indicate that the levels of
G-actin rather than any of the known MAPK cascades
can regulate this factor (Hill et al. 1995; Sahai et al. 1998;
Sotiropoulos et al. 1999). However, the use of effector
domain mutants of Rho revealed that signaling pathways
in addition to those regulating the SRF are required for
Rho to induce neoplastic transformation when expressed
in murine fibroblasts (Sahai et al. 1998). Interestingly, we
found that activated Rho can also stimulate c-jun expres-
sion and the activity of the c-jun promoter. As the com-
plexity of the signaling pathways controlling the expres-
sion of c-jun has begun to be unraveled, this finding pro-
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vided a unique opportunity to help elucidate the poorly
understood mechanisms whereby Rho regulates gene ex-
pression. Here, we present evidence for the existence of
a novel biochemical route linking Rho to the nucleus.
This signaling pathway involves a Rho effector mol-
ecule, PKN (Amano et al. 1996), the activation of a re-
cently identified member of the MAPK superfamily,
ERKG6 (p38y) (Lechner et al. 1996; Kumar et al. 1997), and
the consequent stimulation of the transcription factors
ATF2 and MEF2A, which act on the c-jun promoter
through the jAP1 and MEF2 responsive elements. Fur-
thermore, we provide evidence that the activation of the
ERKG6 (p38y) pathway is required for the ability of Rho to
subvert normal cell growth and induce cellular transfor-
mation.

Results

Activation of the c-jun promoter by small
GTP-binding proteins

To investigate the nature of the intracellular signaling
pathways linking membrane events to c-jun expression,
we examined the ability of representative small GTP-
binding proteins, Ras, Rho, Rac, and Cdc42, to stimulate
the c-jun promoter. As expected, transfection in NIH-
3T3 cells with expression vectors for constitutively ac-
tivated forms of Racl and Cdc42 (Racl Q61L and Cdc42
Q61L, respectively), which stimulate JNK (Coso et al.
1995; Minden et al. 1995), produced a remarkable effect
on the activation of a luciferase reporter gene under the
control of the c-jun promoter (pJLuc) (Fig. 1A). However,
Ras, which fails to activate JNK in other cellular systems
(Coso et al. 1995), also failed to activate the c-jun pro-
moter, although in parallel experiments Ras provoked a
strong activation of a reporter plasmid driven by a SRE
from the c-fos promoter (pSRELuc), which served as a
control (Hill et al. 1995; Fig. 1B). Surprisingly, an acti-
vated form of RhoA, RhoA Q63L, which induced expres-
sion from the pSRELuc (Fig. 1B), also potently increased
the activity of the pJLuc (Fig. 1A). Furthermore, the treat-
ment of NIH-3T3 cells with lysophosphatidic acid (LPA),
a potent serum mitogen (van Corven et al. 1992) that
activates Rho (Ridley and Hall 1992), or the expression of
RhoA QL was sufficient to increase the expression of
c-jun mRNA when compared with cells transfected with
a vector control (Fig. 2A). As the pathways connecting
Rho to nuclear events regulating gene expression are still
not fully understood, these findings prompted us to in-
vestigate further the molecular mechanisms linking Rho
to c-jun expression.

The small GTP-binding protein RhoA can activate
the c-jun promoter by acting on both the jAP1
and MEF2 responsive elements

The c-jun promoter contains a number of response ele-
ments, including sequences binding the transcription
factors SP1, CTF, AP1, and MEF2, along with two
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Figure 1. Activated mutants of small GTP-binding proteins
stimulate the c-jun promoter. NIH-3T3 cells were cotransfected
with (A) pJLuc or (B) pSRE together with pRL-null plasmid
DNAs (0.1 and 0.01 pg per plate each, respectively) using the
Lipofectamine Plus reagent. Empty expression vector (control)
or expression vectors for Ras V12, RhoA QL, Racl QL, and
Cdc42 (1 pg each) were included in the transfection mixtures, as
indicated. Twenty-four hours after transfection, cells were col-
lected and the lysates were assayed for dual luciferase activities.
The data represents firefly luciferase activity normalized by Re-
nilla luciferase activity present in each sample expressed as fold
induction relative to control. Values are the average + S.E. of
triplicate samples from a typical experiment. Nearly identical
results were obtained in four additional experiments.

GATAA elements (Han et al. 1992) (Fig. 2B). Among
them, the jAPI site located at nucleotides -71 to -64 and
the MEF2 site placed at nucleotides -59 to -50 have been
shown to be critical elements regulating the expression
from the c-jun promoter by cell surface receptors (Han et
al. 1992, Coso et al. 1997; Marinissen et al. 1999). Thus,
we asked whether the jAP1 and MEF2 sites mediate the
stimulating effect of Rho. As shown in Figure 2C, RhoA
QL promoted the expression of a chloramphenycol
acethyl transferase (CAT) reporter gene controlled by the
full-length murine c-jun promoter (pJC6). However, mu-
tations in the jAP1 or the MEF2 sites, pJTX and pJSX

RhoA regulates gene expression through ERK6 (p38y)

plasmids, respectively, reduced the transcriptional re-
sponse to Rho, suggesting that each of these elements
contribute to the activation of the c-jun promoter by
Rho. Furthermore, no activation was elicited when both
sites were absent, suggesting that the presence of an in-
tact jAP1 or MEF2 site is strictly necessary to mediate
the response to Rho. As controls, in parallel experiments
we observed that mutations in the jAP1 site completely
abolished the expression from the pJTX reporter when
induced by MEKK, a truncated JNK kinase kinase that
strongly activates JNK (Minden et al. 1994a), and that
mutations in the MEF2 site blocked the effect of an ac-
tivated form of MEK5, MEK5DD, an upstream activator
for ERK5 (Kato et al. 1997), thus confirming the speci-
ficity of this approach.

To investigate whether the jAP1 and MEF2 response
elements are sufficient to respond to Rho, we inserted an
oligonucleotide containing the corresponding sequence
(c-jun -71 to -50) upstream of a minimal SV40 promoter
and a luciferase gene in the pGL3 reporter plasmid, as
represented in Figure 2D. As shown in Figure 2D and E,
RhoA QL effectively activated this pjAP1-MEF2 reporter
plasmid. However, when either site was mutated, the
activation was reduced to the same extent as that caused
by site-specific mutations on the full-length c-jun pro-
moter (see above). Simultaneous mutation of both sites
abolished the response to this activated GTPase (Fig.
2D). Interestingly, reporter plasmids carrying only jAP1
or MEF2 sites were also activated by RhoA QL, thus
confirming that this GTPase can signal to each of these
response elements. Taken together, these findings
strongly suggested that RhoA could activate the c-jun
promoter by regulating signaling pathways acting on the
jAP1 and MEF2 sites.

The small GTP-binding protein RhoA can activate
a signaling route independent of ERK2, ERK5, and [NK
pathways

The fact that JNK and ERK5 can control the expression
from the c-jun promoter via the jAP1 and the MEF2 sites,
respectively (Marinissen et al. 1999), prompted us to ex-
plore whether Rho stimulates these MAPK pathways in
NIH-3T3 cells. We began by expressing in NIH-3T3 cells
HA epitope-tagged forms of ERK2, ERK5, and JNK, to-
gether with activated forms of Ras, Rac, Cdc42, and Rho,
or control molecules. As expected, only an activated
form of Ras, RasV12, and a constitutively activated form
of MEK, MEK EE (Fig. 3A, left), stimulated ERK2. On the
other hand, Racl QL and Cdc42 QL, but not Ras V12,
induced a remarkable activation of JNK (approximately
sevenfold) (Fig. 3A, middle). Activation of JNK by MEKK
was used as a positive control. Instead, RhoA QL had
only a very limited effect on JNK activation and no effect
at all on ERK2. Similarly, none of these small GTPases
were able to activate ERK5, which was significantly in-
duced by MEK5 DD (Fig. 3A, right).

Recently, it has been observed that p38a and ERKG6,
the latter known as p38y (Kumar et al. 1997) or SAPK3
(Cuenda et al. 1997) can also mediate the activation of

GENES & DEVELOPMENT 537



Marinissen et al

A Comtrel LPA RhoA QL B c-jun promoter

DMA - 2pe dpg Zpg dpg 2ug dpg XN -1 EN a0 *l 411

Navihern .
Bl - e
RMA o Bea ke

C Activeting molecule MEKK MEE:SDD RhbaoA QL
+ ERKS
CAT nefivity (% pJCé) 0 | SLI] mr o | ﬁIO (1L 0 L

me T p— —
R e Wy —
IS ‘|H+E L

E

CAT

I

JAPL  MEFR2

4

-
Khoa QI. FE
4_.3 & A

Lurilerase welivity (% ppAT =¥ RFE) il i (] o .:‘::
L 1 1 1 i E = 2

b=

T =

HAFI-MEF2 a E|

1
PiAlln-MEFZ _)(_H_E
i

i KhoA QL + + +
AFL-MEFIn _.+|:I
M plaP-MEF2 + +
AFIm-MEFm —x—)&E' i_ PMEF2 + o+
|

pinPl + *

Figure 2. Rho induces c-jun expression and the activation of the c-jun promoter through distinct regulatory elements. (A) NIH-3T3
cells were transfected with pcDNAIII-B-gal and RhoA QL as indicated 24 h after serum starvation, left untreated or treated with 10
1M LPA for 30 min, and total RNA extracted. Samples containing 20 pg of total RNA were fractionated and analyzed by Northern
blotting by use of 32P-labeled murine c-jun ¢cDNA as a probe. Total RNA present in each lane was assessed to be equivalent by
ethidium bromide staining of ribosomal RNAs. The autoradiogram corresponds to a representative experiment. (B) Schematic repre-
sentation of the c-jun promoter depicting the relative position of response elements. (C) NIH-3T3 cells were cotransfected with the
reporter plasmids pcDNAIII-B-gal (0.5 ng) together with pJC6, pJTX, pJSX, or pJSTX (0.1 pg per plate), as indicated. Crosses indicate
the sites of point mutations in the jAP1 (pJTX) and the MEF2 (pJSX) binding sites. The plasmid pJSTX contains mutations for both the
jAP1 and MEF2 sites. MEKK (0.5 pg), MEK5 + ERK5 (0.5 pg each), and RhoA QL (1 ng) were included in the transfection mixtures, as
indicated. Twenty-four hours later, cells were collected and the lysates were assayed for CAT and B-galactosidase activities. The data
represent CAT activity normalized by the B-galactosidase activity present in each sample, expressed as the percentage of the pJC6
induction elicited by the activating molecules. (D) Cells were transfected as above with the reporter plasmids pjAP1-MEF2, pjAP1m—
MEF2, pjAP1-MEF2m, or pjAP1m-MEF2m (0.05 ng each) along with pRL-null (0.01 pg per plate). Crosses indicate mutations on the
jAP1 or MEF2 sites. Twenty-four hours after transfection, cells were collected and the lysates were assayed for dual luciferase
activities. The data represent firefly activity normalized by Renilla luciferase activity present in each sample, expressed as the
percentage of the pjAP1-MEF2 induction elicited by RhoA QL. (E) Cells were transfected with the reporter plasmids pjAP1-MEF2,
PMEF2, or pjAP1 (0.05 pg each) and pRL-null (0.01 ng per plate). Empty expression vector (control) or expressing RhoA QL (1 pg) was
added to the transfection mix for each reporter. Dual luciferase activities were assayed as indicated above. The data represent firefly
luciferase activity normalized by Renilla luciferase activity present in each sample expressed as fold induction relative to controls for
each reporter, whose values were taken as 1. All values are the average = s.E. of triplicate samples from a typical experiment. In each
case, similar results were obtained in three additional experiments.
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the c-jun promoter by cell surface receptors (Marinissen
et al. 1999; Zhao et al. 1999). In this regard, whereas a
role for p38a in cell growth, differentiation, and death,
and in the regulation of transcription in response to in-
flammatory stress has been well documented (Ono and
Han 2000), ERK6 (p38+y) was initially shown to partici-
pate in muscle differentiation and function (Lechner et
al. 1996; Hasegawa et al. 1999). However, ERK6 (p38y) is
also expressed at variable levels in many other cells, and
recently available evidence supports that this MAPK
may participate in cell cycle control and nuclear gene
expression (Wang et al. 2000). As RhoA QL did not sig-
nificantly induce ERK2, JNK, or ERK5, but stimulated
the c-jun promoter potently, we decided to explore
whether RhoA could have any effect on these members
of the p38 family of kinases. As shown in Figure 3B
(right), p38a was not induced by RhoA or by any of the
small GTP-binding proteins in NIH-3T3 cells, although
it was clearly activated by MKK®6, its upstream MAPKK
(Enslen et al. 1998). Surprisingly, RhoA QL, which failed
to stimulate any of the other MAPKs, effectively acti-
vated a transfected, epitope-tagged ERK6 (p38v), causing
a nearly sevenfold increase in its in vitro phosphorylat-
ing activity (Fig. 3B, left). Taken together, these data in-
dicated that expression of an activated form of RhoA can
elevate the enzymatic activity of ERK6 (p38y), likely
through a biochemical route distinct from those leading
to the activation of other members of the MAPK super-
family.

The small GTP-binding protein RhoA induces
the activating phosphorylation of ERK6 (p38vy)

To explore whether the stimulation of ERK6 (p38vy) by
Rho involves the activating phosphorylation of this
MAPK, we took advantage of the availability of an anti-
phospho-ERK6-specific antiserum that recognizes the
dual phosphorylation site TGY on its regulatory domain
(Mertens et al. 1996). As shown in Figure 3C, when NIH-
3T3 cells were cotransfected with an HA epitope-tagged
ERKG6 along with activated RhoA, this kinase was clearly
phosphorylated when compared with the B-galactosi-
dase-transfected control. On the contrary, an inactivated
mutant form of RhoA, RhoA N19, in which threonine in
position 19 was replaced by asparagine (Coso et al. 1995),
did not have any effect on ERK6 (p38+y) phosphorylation.
As expected, a plasmid carrying a ¢cDNA coding for
MKK6 was also able to induce the phosphorylation of
ERK6 (p38y). Paralleling the results shown by Western
blot analysis, immunofluorescence experiments demon-
strated that only cells overexpressing RhoA QL dis-
played a positive staining with the anti-phospho-ERK6
antiserum (Fig. 3D). This effect was similar to that ob-
served when cells were transfected with MKKG6 as a posi-
tive control, but no phospho-ERK6 staining was visible
when RhoA N19 was transfected. As an additional con-
trol, Ras V12 did not induce the phosphorylation of
ERKG6 (p38y), although cells visualized as positive for Ras
were also positive for phospho-ERK2, as judged by the
use of an anti-phospho-ERK2-specific antibody (Fig. 3D).

RhoA regulates gene expression through ERK6 (p38vy)

LPA activates ERK6 (p38y) through a Rho-dependent
pathway

As LPA stimulates Rho, we next asked whether this
phospholipid was able to activate ERK6. Addition of LPA
to serum-starved NIH-3T3 cells induced the rapid eleva-
tion of the enzymatic activity of ERK6 (p38vy) (Fig. 4A).
To test whether Rho proteins played a role in mediating
this response, we cotransfected the epitope-tagged ERK6
with a plasmid expressing the botulinum C3 exoenzyme,
which ADP-ribosylates Rho, thereby preventing its acti-
vation (Paterson et al. 1990). As shown in Figure 4B, C3
toxin abolished the activation of ERK6 (p38+y) by LPA. In
contrast, expression of C3 toxin did not affect the acti-
vation of MAPK by LPA under identical experimental
conditions, thus supporting the specificity of this ap-
proach. These results strongly suggested that cell surface
receptors can stimulate the activity of ERK6 (p38y) by
Rho-dependent pathways.

To examine whether Rho can also stimulate endog-
enous ERKG6 (p38vy), we first confirmed the expression of
this MAPK in NIH-3T3 cells. As shown in Figure 4C,
two different anti-ERK6 antibodies recognized a molecu-
lar species of 43 kD in these cells, which corresponded to
the predicted molecular mass of ERK6 (p38vy). To control
the specificity of the antibodies, we used human kidney
epithelial 293T cells (HEK-293T) transfected with HA-
tagged ERK6 and p38a. An endogenous band of 43 kD
was also detected in this cell type, whose intensity in-
creased remarkably upon expression of ERK6. However,
none of these antibodies recognized the transfected HA-
p38a (top and middle, fourth lane), which was detected
by an anti-p38 antibody (bottom). Of notice, this antise-
rum also recognized the endogenous p38 kinase in both
cell lines (lower bands) and seemed to cross-react with
ERKG6, as suggested by the presence of an upper band in
all cells and the detection of HA-ERK6. We next asked
whether the endogenous protein could be activated by
LPA and Rho. Using the anti-ERK6a antibody, we im-
munoprecipitated the kinase from cells treated with LPA
or transfected with RhoA QL, or transfected with MKK3
EE as a positive control. As shown in Figure 4D, LPA and
the transfected molecules activated endogenous ERK6
(p38y) in a fashion similar to that observed for trans-
fected HA-ERK6. Altogether, these findings strongly
suggest that Rho and cell surface receptors activating
Rho can stimulate the activity of signaling pathways
that culminate with the activation of ERK6.

Dominant-negative mutants of MKK3/6 inhibit
signaling from RhoA to ERK6 (p38vy) and the c-jun
promoter

As MKK6 and MKK3 have been reported to function as
upstream activators for the p38 family of MAPKs (Han et
al. 1996, 1997; Cuenda et al. 1997; Enslen et al. 1998), we
next investigated whether these kinases also participate
in the activation of ERK6 (p38vy) by RhoA. For these ex-
periments, we used a dominant-negative form of MKK3,
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B Figure 4. Regulation of ERK6 (p38vy) by
Rho-dependent pathways. (A) NIH-3T3
cells were transfected with HA-tagged
ERKG6. After serum starvation, they were

1 treated with 10 pM LPA for the indicated

times. Lysates were immunoprecipitated

with anti-HA antibody and used for kinase
reactions. Histograms represent the kinase
activity relative to that of untreated cells

(control), whose value was taken as 1.

Data represent the means = S.E. of tripli-

cate samples from a typical experiment.

Similar results were obtained in three ad-

ditional experiments. (B) NIH-3T3 cells

were transfected with HA-tagged ERK6 or

HA-tagged MAPK and C3 toxin, as indi-

cated. After serum starvation, they were

treated with 10 pM LPA for 5 min. Cellu-
lar lysates were immunoprecipitated with
anti-HA antibody and used for kinase re-
actions. In each case, the top gel shows
32p-labeled substrates and the bottom gel
shows expression of HA-tagged ERK6 or
MAPK in lysates from the same samples
upon analysis by Western blot by use of a
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cells transfected with empty vector (con-
trol) or with HA-ERK6 (p38y) and HA-
p38q, as indicated, were analyzed by West-
ern blotting by use of two different anti-
ERKG6 antibodies (a and b) and an anti-p38a
antibody as described in Materials and
Methods. Autoradiograms are representa-
tive of three similar blots. ERK6 (p38vy)
transcripts were also detected in both cell

lines (data not shown). (D) NIH-3T3 cells were treated with 10 pM LPA or transfected with RhoA QL and MKK3 EE as above.
Endogenous ERK6 (p38y) kinase activity was measured as above after immunoprecipitating ERK6 with the anti-ERK6a goat polyclonal
antibody. Autoradiograms are representative of three independent experiments.

MKK3 AA, which is unable to be activated due to the
replacement of serine and threonine residues in its phos-
phorylation motif by alanine (Han et al. 1997), and a
kinase-deficient mutant of MKK6, MKK6 KR, in which a
lysine residue that is critical for ATP binding, Lys 82,

was mutated to arginine (Raingeaud et al. 1996). As
shown in Figure 5A, the expression of MKK3 AA almost
abolished the activation of ERK6 (p38y) by RhoA QL,
whereas MKK6 KR inhibited nearly 50% of this re-
sponse. Thus, MKK3 AA appeared to be more effective in

Figure 3. RhoA stimulates the phosphorylation and kinase activity of ERK6 (p38+). NIH-3T3 cells were transfected with expression
vectors containing (A) HA-tagged ERK2, JNK, ERKS5, or (B) HA-tagged p38a or ERK6 along with Ras V12, RhoA QL, Racl QL, or Cdc42
QL. After serum starvation, lysates were immunoprecipitated with anti-HA antibody and used for kinase reactions. 3*P-labeled
substrates are indicated. Histograms represent the kinase activity relative to that in cells transfected with empty expression vector
(control), whose value was taken as 1. Data represent the means = S.E. of triplicate samples from a typical experiment. Similar results
were obtained in three additional experiments. (Bottom) Expression of HA-tagged kinases in lysates from control and each indicated
transfectant upon analysis by Western blot using a specific anti-HA antibody. (C) NIH-3T3 cells were cotransfected with HA-tagged
ERK6 together with RhoA QL, RhoA N19, or MKK6. Twenty-four hours later, lysates were immunoprecipitated with anti-HA
antibody and used for Western blot. Gels show phosphorylated ERK6 (p38+) (top) and expression of HA-tagged ERK6 (bottom) from the
same samples recognized by anti-phospho ERK6 and anti-HA specific antibodies, respectively. (D) Cells were seeded on coverslips and
transfected as above with HA-tagged ERK6, together with AU5-tagged-RhoA QL, RhoA N19, Ras V12, or GST-tagged MKK6, or
HA-tagged ERK2 along with AU5-tagged Ras V12, as indicated. Twenty-four hours after transfection, cells were transferred to
serum-free medium for an additional 24 h, fixed, and analyzed by immunofluorescence for nuclear staining (DAPI, top) as well as for
ERK6, ERK2, AU5, GST, and Ras with specific antibodies, as indicated (middle and bottom).
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preventing ERK6 (p38y) activation by Rho, as both ki-
nases were expressed at comparable levels (Fig. 5B).
However, we cannot rule out that this apparent differ-
ence may be due to the different inactivating mutations
in MKK3 and MKK6. We can conclude, nonetheless, that
these MAPKKs are both likely mediators of the signaling
pathway connecting RhoA to ERK6. Of interest, the pat-
tern of activation of the c-jun promoter by RhoA through
both the jAP1 and the MEF2 sites resembles that of
ERKG6 (p38y), which we have recently shown to signal to
the c-jun promoter through both response elements (Ma-
rinissen et al. 1999). Thus, to explore whether ERK6
(p38+y) mediates the activation of the c-jun promoter by
RhoA, we examined the effect of inhibitory mutants of
MKK3 and MKK6 on this transcriptional response. As
shown in Figure 5C, MKK3 AA and MKK6 KR blocked
the induction of pJLuc by RhoA QL, which was con-

13

Figure 5. The MAPK kinases MKK6 and
MKK3 mediate the stimulation of ERK6
(p38v) and the c-jun promoter by RhoA in
NIH-3T3 cells. (A) NIH-3T3 cells were co-
transfected with HA-tagged ERK6 together
with RhoA QL alone or in combination
with MKK3 AA (1 pg) and MKK6 KR (1 pg)
as indicated. Twenty-four hours later, ly-
sates were immunoprecipitated with anti-
HA antibody and used for kinase reactions.
32P.labeled substrates are indicated. Autora-
diograms correspond to a representative ex- -
periment. Data represent the means = S.E. of
triplicate samples from a typical experiment
expressed as fold induction with respect to
cells transfected with empty expression vec-
tor, whose value was taken as 1. Similar re-
sults were obtained in three additional ex-
periments. The bottom gel shows expres-
sion of HA-tagged ERKG6 in lysates from the
indicated samples upon analysis by Western
blot by use of a specific anti-HA antibody.
(B) The expression levels of MKK3 AA and
GST-tagged MKK6 KR in extracts from
transfected cells were determined by West-
ern blotting by use of anti-MKK3 and anti-
GST antibodies. (MW) Molecular mass in
kilodaltons. (C) NIH-3T3 cells were trans-
fected as above with pSREmutL (0.1 ng per
plate) or pJLuc together with pRL-null re-
porter plasmid DNAs (0.01 ug per plate)
along with RhoA QL alone or in combina-
tion with MKK3 AA, MKKG KR, MEK1 AA,
MKK7 KR, MKK4 KR, and MEK5 AA (1pg),
as indicated. Transfection with MKK3 EE
served as a control. Twenty-four hours after
transfection, cells were collected and the ly-
sates were assayed for dual luciferase activi-
ties. The data represent firefly luciferase ac-
tivity normalized by Renilla luciferase ac-
tivity present in each sample expressed as
fold induction relative to control, and are
the average = S.E. of triplicate samples from

A

L] kL
I

-

ERKS activily { firld imrease)

Rhoa QL

MEKI AA
MEES KR
MEED} EE

@

luciferase aclivity
(fold increase)

Z
g
&)

+ 4+

PlLuc

+ + +

el

MEEK} AA

sistent with their ability to diminish ERK6 (p38vy)
activation. Instead, dominant-negative forms of other
MAPKKs, such as MEK1, MKK4, and MEKS5, did not
have any demonstrable effect on the induction of the
c-jun promoter by RhoA QL, whereas MKK7 KR had a
slight effect. Expression levels of RhoA QL were similar
in each transfected sample, as judged by Western blot-
ting with anti-tag antibodies (data not shown). Remark-
ably, under the same experimental conditions, activated
forms of MKK3 did not induce the activation of the lu-
ciferase reporter plasmid driven by the mutated SRE
(pSREmutL), which includes the SRE but not the TCF
site, and the dominant-negative forms of MKK3 and
MKKG6 did not prevent the stimulation of the mutant
SRE by RhoA QL or LPA treatment (Fig. 5C; see below).
Together, these results suggest that RhoA stimulates the
c-jun promoter through a biochemical route that in-
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volves ERK6 (p38y) and its upstream kinases, MKK3/
MEKKG6, and that this novel signaling pathway is different
from that linking Rho to the activation of the SRE.

Activation of ERK6 (p38y) by the serine/threonine
protein kinase PKN, a Rho-effector molecule

Several targets for RhoA have been identified recently.
They include structural proteins such as rhophillin and
rhotekin (Reid et al. 1996; Watanabe et al. 1996) and
serine/threonine protein kinases that can be divided into
different groups on the basis of their distinct structural
characteristics. One of these molecules has been identi-
fied as the lipid-activated protein serine/threonine ki-
nase PRK1/PKN (Mukai et al. 1994; Palmer et al. 1995),
which is closely related to another protein kinase termed
PRK2 (Palmer et al. 1995). A second group comprises the
serine/threonine kinase pl60ROCK and a highly related
kinase designated ROKa/Rho kinase/ROCK-II (Matsui
et al. 1996; Nakagawa et al. 1996). Both PKN and ROCK
families of serine-threonine kinases can be activated

RhoA regulates gene expression through ERK6 (p38vy)

upon binding to GTP-loaded Rho (Leung et al. 1995;
Amano et al. 1996). Whereas ROKa has been shown to
participate in the formation of stress fibers by Rho
(Amano et al. 1997), the function of PKN is still not fully
understood (Mukai et al. 1997; Hashimoto et al. 1998;
Kawamata et al. 1998; Shibata et al. 1999). To explore
whether these kinases play a role in the activation of
ERKG6 (p38+y) by Rho, we expressed wild-type and consti-
tutively active forms of PKN and ROKa in NIH-3T3
cells together with HA-tagged ERK6. As shown in Figure
6A, top, whereas overexpression of a wild-type form of
PKN induced a limited activation of ERK6, expression of
a truncated form of PKN lacking its autoinhibitory N-
terminal domain (Yoshinaga et al. 1999), PKNA stimu-
lated ERK6 (p38y) potently. This stimulation was even
more dramatic when PKNA was expressed in HEK-293T
cells, a highly transfectable cellular system (Fig. 6A, bot-
tom). Interestingly, neither the wild-type nor the acti-
vated form of ROKa provoked a significant stimulation
of the kinase activity of ERK6 (p38y) in NIH-3T3 and
HEK-293T cells (Fig. 6A), even if highly expressed (Fig.
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Figure 6. Regulation of ERK6 (p38+y) by molecules acting downstream from Rho. (A) NIH-3T3 (top) and HEK-293T cells (bottom) were
transfected with expression vectors containing HA-tagged ERK6 along with RhoA QL, PKN wt, PKN A ROKa wt, ROKa A, or MEK3
EE (1 pg each), as indicated. Kinase and Western blotting assays were performed as described above. Histograms represent the kinase
activity relative to that in cells transfected with empty expression vector (control), whose value was taken as 1. Gels are representative
of three independent experiments. (B) Lysates from 293T cells transfected with the indicated expression vectors were analyzed by
Western blotting by use of anti-PKN and anti-tag (myc) antibodies. (C) NIH-3T3 cells were transfected as above with pSREmutL (0.1
ug per plate) or pJLuc together with pRL-null reporter plasmid DNAs (0.01 ng per plate) and treated with 10 uM LPA for 5 h or
cotransfected along with PKN A alone or in combination with MKK3 AA (1 pg), as indicated. Transfection with MKK3 EE served as
a control. Twenty-four hours after transfection, cells were collected and the lysates were assayed for dual luciferase activities. The data
represent firefly luciferase activity normalized by Renilla luciferase activity present in each sample expressed as fold induction relative
to control, and are the average + s.E. of triplicate samples from a typical experiment. Similar results were obtained in three independent
experiments.
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Figure 7. RhoA stimulates the transcriptional
activity of MEF2A and ATF2 through the
MKK3/6-ERK6 (p38y) pathway. (A) Cells were

transfected with pcDNA3.1/GS-MEF2A (V5- Wi
tagged) or pPCGN-ATF2 (HA-tagged) alone or in
combination with RhoA QL, MKK3 (0.5 ng), . p-Thebrs

MKK3 EE + ERK6, MKK3 EE +p38a, and
MEK5 + ERKS5 (0.5 pg each). Lysates were im-
munoprecipitated with mouse monoclonal
anti-V5 and anti-HA antibodies and used in
Western blotting experiments. Phospho-
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MEF2A and phospho-ATF2 were detected by a
mouse monoclonal anti-P-Thr-Pro antibody (1:
4000) and a rabbit polyclonal P-ATF2 antibody
(1:1000). V5-MEF2 and HA-ATF2 in total ly-
sates were detected by anti V5 and HA antibod-
ies (1:1000 each). (B) The expression of the
Gal4-fusion proteins containing the transacti-
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vation domains of MEF2A (amino acids 266-
360) and ATF2 (amino acids 1-96) was deter-
mined by Western blotting by use of an anti-
Gal4 (DBD) monoclonal antibody. (MW)
Molecular mass in kilodaltons. (C) NIH-3T3
cells were cotransfected with the pcDNAIII-
Gal4-MEF2A and pcDNAII-Gal4-ATF2 chi-
meric molecules (0.05 ng) along with pGal4—
Luc and pRL-null (0.1 and 0.01 ng per plate
each). Expression vectors for RhoA QL (1 ng),
MEKK (0.5 pg), and MEK5 DD + ERK5 (0.5 pg
each) were included in the transfection mix-
tures, as indicated. Twenty-four hours after
transfections, cells were collected and the ly-
sates were assayed for dual luciferase activities.
Total amount of plasmid DNAs was adjusted
with empty vector. The data represents firefly
luciferase activity normalized by Renilla lucif-
erase activity present in each sample expressed
as fold induction relative to their respective
controls (pcDNAII-Gal4-MEF2A or ATF2
alone) whose values were taken as 1. Values are
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the average + S.E. of triplicate samples from a typical experiment. Nearly identical results were obtained in three additional experi-
ments. (D) Cells were transfected with pDNAIII-Gal4-MEF2A and pDNAIII-Gal4-ATF2 pGal4-Luc and pRL-null reporter plasmid
DNAs as described above along with RhoA QL, MEK5 DD + ERK5 or MEKK alone or in combination with MKK3 AA or MKK6 KR
as indicated. Twenty-four hours later, cells were lysed and assayed for dual luciferase activities. The data represent firefly luciferase
activity normalized by Renilla activity present in each sample expressed as fold induction relative to their corresponding controls
(pcDNAII-Gal4-MEF2A or pcDNAIII-Gal4-ATF2 alone), whose values were taken as 1. Results are the average + S.E. of triplicate
samples from a typical experiment. Similar results were obtained in three additional experiments.

6B) and able to stimulate other Rho-dependent responses
such as stress fiber formation and SRE-driven reporter
plasmids (data not shown) as reported by others (Amano
et al. 1997). Together, these results suggest that PKN
may act as a downstream target for Rho in the pathway
linking this small GTPase to ERK6 (p38y).

In view of these results, we asked whether PKN was
able to activate the c-jun promoter. As shown in Figure
6C, expression of the activated form of PKN, PKNA or
addition of LPA induced the activity of pJLuc potently,
and these responses were blocked by the dominant-nega-
tive MKK3. In contrast, this dominant-negative mutant
did not affect the ability of LPA to induce the mutated
SRE, and PKNA did not increase the activity of the mu-
tant SRE. These data support the hypothesis that the
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stimulation of the c-jun promoter by Rho involves a
novel pathway that includes PKN, ERK6 (p38vy) and its
upstream kinases, MKK3/MKK6, and that this bio-
chemical route is different from that linking Rho to the
activation of the SRE.

RhoA stimulates the transactivating activity
of transcription factors acting on the jAP1
and MEF2 sites

Because the jAP1 and MEF?2 sites play a critical role in
the regulation of the activity of the c-jun promoter in-
duced by RhoA QL, we next explored whether this small
GTP-binding protein was able to stimulate the transac-
tivating activity of transcription factors bound to these
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response elements. Supershift analysis showed that c-
Jun and ATF2 proteins are the most prominent nuclear
proteins binding the jAP1 site in NIH-3T3 cells (data not
shown), and other cell lines (Smith et al. 1993; Herr et al.
1994). Regarding the MEF2 site, our previous results in-
dicated that MEF2A and MEF2D are expressed in NIH-
3T3 cells, and that the activity of MEF2A is regulated by
ERKS5, p38a and ERKG6 (p38y) (Marinissen et al. 1999). As
an approach to investigate whether RhoA can induce the
in vivo phosphorylation of ATF2 and MEF2A proteins,
cells were transfected with HA-tagged ATF2 and V5-
tagged MEF2A together with RhoA QL or ERK6, p38a,
and ERK5, along with their upstream MAPKKs. As
shown in Figure 7A, activation of ERK6 (p38vy) and p38a
but not of ERK5, induced the accumulation of ATF2
phosphorylated in Thr 69 and Thr 71, as judged by the
use of a phospho-specific antiserum. In parallel experi-
ments, activation of ERK6 (p38vy), p38a, and ERK5 led to
the accumulation of phosphorylated MEF2A. This was
revealed by the use of an antiserum specific for phospho-
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threonine adjacent to proline, which represent target
sites for these MAPKs, such as those in position 304 and
311 in the transactivation domain of MEF2A (Yang et al.
1999; Kato et al. 2000). Similarly, activated RhoA led to
the accumulation of phosphorylated ATF2 and MEF2A
(Fig. 7A). Of interest, the activated kinases induced a
mobility shift of ATF2 and MEF2A greater than that
caused by RhoA, thus suggesting that when highly ac-
tive, these MAPKs may phosphorylate ATF2 and MEF2A
to a higher stoichiometry than endogenous MAPKs, or in
additional phosphoacceptor sites. In addition, it was no-
ticeable that Rho increases the protein levels of MEF2A
and ATF2, an effect whose molecular mechanism is un-
der current investigation.

To explore whether the phosphorylation of ATF2 and
MEF2A proteins leads to an increase in their the tran-
scriptional activity, we used chimeric molecules includ-
ing their transactivation domains fused to the DNA-
binding domain of the yeast transcription factor Gal4,
and assessed their ability to stimulate expression from a
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Gal4-regulated reporter plasmid, pGald-Luc. Western
blot experiments confirmed the expression of these con-
structs (Fig. 7B). As shown in Figure 7C, the transcrip-
tional activity of Gal4-MEF2A and Gal4-ATF2 were po-
tently stimulated by Rho in NIH-3T3 cells, whereas
Gal4—c-Jun was not significantly enhanced when used as
a control (data not shown). In line with the previous
results, the activated form of PKN, PKNA, was also able
to stimulate the activity of Gal4d-MEF2A and Gal4-
ATF2 by three- to fourfold (data not shown). The speci-
ficity of the activation of these transactivating domains
was assayed in parallel, by contransfecting cells with
MEK5DD + ERK5 and MEKK, which specifically acti-
vated MEF2A and ATF2, respectively (Gupta et al. 1995;
Kato et al. 1997).

RhoA activates the transactivation domains of MEF2A
and ATF2 through a pathway that involves kinases
upstream of ERK6 (p38y)

As RhoA and ERK6 (p38y) were able to transactivate
ATF2 and MEF2A, we next asked whether the dominant-
negative forms of MKK3 and MKK6 could affect the abil-
ity of Rho to stimulate the functional activity of these
transcription factors. As shown in Figure 7D (top),
whereas MKK3 AA abolished the activation of Gal4d-
MEF2A by Rho, MKK6 KR was less effective. However,
neither MKK3 AA nor MKK6 KR affected the transacti-
vation of MEF2A when induced by the activation of the
ERKS5 pathway (Fig. 7D, top). In parallel experiments, we
assayed the effect of these dominant-negative mutants
on the transactivation of ATF2 induced by RhoA. As
shown in Figure 7D (bottom), MKK3 AA potently inhib-
ited this transcriptional response, and MKK6 KR was
partially effective. However, these dominant interfering
kinases did not affect the transcriptional response of
ATF2 when elicited by MEKK (Fig. 7D, bottom). To-
gether, these results strongly suggest that ATF2 and
MEF2A represent functional molecular targets for the
ERKG6 (p38y) pathway when activated by the small GTP-
binding protein RhoA.

The transforming ability of RhoA is dependent
on c-Jun, MKK3, and MKK6

Expression of activated alleles of Rho in murine fibro-
blasts can subvert normal growth control and induce ma-
lignant transformation (Ridley 1996; Symons 1996; Zo-
har et al. 1998). In line with these observations, we found
that expression of RhoA QL in NIH-3T3 cells readily
induced the appearance of foci of transformation after 2
wk of culture (Fig. 8A). Noticeably, the transforming
ability of RhoA was potently inhibited by the coexpres-
sion of a dominant-negative mutant form of c-Jun, c-Jun
TAMG7, even at very low concentrations, which dis-
played only limited effects on Ras V12- (Chiariello et al.
2000) and MEK1 EE-induced transformation (Fig. 8A).
These findings provide further support to the role of c-
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Jun proteins in cell growth promotion in response to
Rho. We next examined whether the upstream activators
of ERK6 (p38y) mediate this biological activity of RhoA.
As shown in Figure 8B, cotransfection with a dominant-
negative MKK3 remarkably inhibited the transforming
potential of RhoA, whereas MKK6 KR had a less pro-
nounced and yet demonstrable inhibitory effect. In con-
trast, the dominant-negative form of MEK1, MEK1 AA,
did not reduce significantly the focus-forming ability of
RhoA QL. Conversely, this dominant-negative molecule
reduced the number and size of foci in cells transfected
with RasV12, whereas the MKK3 and MKK6 dominant-
negative mutants did not display any effect. As a comple-
mentary approach, we also tested whether the inhibitory
mutants of MKK3 and MKK6 could inhibit the ability of
limited amounts of RhoA QL to synergize with a mem-
brane-localized form of Raf, Raf-CAAX (Qiu et al. 1995).
We observed that these dominant interfering mutants
clearly diminished the cooperating activity of RhoA QL,
although they did not affect the transforming efficiency
of Raf-CAAX itself (data not shown). Thus, the MKK3/
MKK6-dependent pathway initiated by Rho appears not
to be required for Ras transformation, but strictly re-
quired for the ability of Rho to cooperate with Raf. Thus,
these data and the results described above indicate that
MKK3 and MKKG6 are intermediate molecules mediating
the activation of ERK6, and that the latter is required for
cell transformation by RhoA, likely by promoting c-jun
expression.

Discussion

As one of the earliest nuclear events caused by mitogenic
stimulation is the expression of the c-jun proto-onco-
gene (Lamph et al. 1988; Quantin and Breathnach 1988;
Ryder et al. 1988), and c-Jun is required for normal and
aberrant cell growth (for review, see Angel and Karin
1991; Suzuki et al. 1994), considerable effort has been
made recently to elucidate the mechanisms controlling
c-jun expression. In this regard, recent work indicates
that the c-jun promoter is activated by JNK-dependent as
well as by JNK-independent pathways, the latter likely
through p38a, ERK6 (p38vy), or ERK5 (Coso et al. 1997;
Kato et al. 1997; Marinissen et al. 1999). Here, we ob-
served that the small GTP-binding protein RhoA is able
to potently stimulate the expression of c-jun and the
activity of the c-jun promoter. With the use of c-jun
promoter mutants, we obtained evidence that this induc-
tion is mediated by two response elements within the
c-jun promoter, the jJAP1 and MEF2 sites, and although
RhoA could signal independently to each response ele-
ment, both are necessary for maximal induction.
Whether each responsive element acts independently or
cooperatively is presently unclear. Nonetheless, as these
two sites have also been reported to be critical for the
response of the c-jun promoter to distinct MAPKs, we
next sought to investigate whether members of the
MAPK superfamily participated in the transcriptional re-
sponse elicited by Rho.
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MAPKs are proline-targeted serine/threonine kinases
activated by serum and growth factors as well as by a
variety of extracellular stimuli (Davis 1994). Whereas
ERKI1 and ERK2 are activated by Ras, two members of
the Rho family of GTPases, Rac and Cdc42, can regulate
JNKs (Coso et al. 1995; Minden et al. 1995). Thus, each
MAPK subfamily appears to be activated by independent
signaling pathways in mammalian cells. However, the
nature of the biochemical pathways regulating the p38
family of MAPKs is still largely unknown. Interestingly,
Rho can induce transcriptional activity (Hill et al. 1995;
Sotiropoulos et al. 1999) and provoke dramatic changes
in cytoskeletal structures in murine fibroblasts (Ridley
and Hall 1992). Nonetheless, Rho either does not stimu-
late JNK or stimulates this kinase poorly, and does not
stimulate ERK1/2 in most cell types (Coso et al. 1995;
Hill et al. 1995; Olson et al. 1995), thus remaining un-
clear whether any MAPK pathway could be activated by
Rho, as well as whether MAPKs mediate any of its bio-
logical effects. Using a variety of complementary ap-
proaches, we provided evidence that Rho can stimulate
the activity of transfected as well as endogenous ERK6
(p38+y) in NIH-3T3 cells. Furthermore, we found that cell
surface receptors that stimulate Rho, such as LPA (Rid-
ley and Hall 1992}, can effectively stimulate ERK6, and
that the inhibition of Rho proteins by the use of C3 toxin
inhibits this response selectively. These observations
strongly suggested that Rho might be an integral com-
ponent of a novel signaling pathway leading to ERK6
(p38+) activation, and prompted the search for molecules
acting downstream from Rho in this signaling route.

Two kinases have been described to act directly up-
stream of ERK6, MKK3, and MKK6 (Cuenda et al. 1997;
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Figure 8. The transforming activity of
Rho is inhibited by dominant-negative c-
Jun and kinases upstream of ERK6. (A)
NIH-3T3 cells were transfected by the cal-
cium phosphate technique with pCDNAIIL
B-Gal pCEFL-AU5-RhoA QL, or pCEV-
MEKI1 EE (1ng each), alone or in combina-
tion with c-Jun Tamé67 (1 pg). Cells were
cultured for 3 wk in 5% calf serum, and
then fixed and stained. Representative
plates for each transfection are shown.
(B) Cells were transfected as above with
with pCDNAII B-Gal (Ipg), pCEFL-
AU5-RhoA QL (1 pg) or pCEFL-AU5
RasV12 (0.5 pg), alone or in combination
with MKK3 AA, MKK6 KR, or MEK1 AA
(1 ng each). The data represent percentage
of foci developed with respect to those de-
veloped by RhoA QL or Ras V12 alone,
whose values were taken as 100%. Results
are the average = s.E. of three experiments.

Enslen et al. 1998). In agreement, we obtained evidence
that dominant-negative mutants of MKK3, and to a
lesser extent of MKK6, can prevent the activation of
ERK6 (p38y) by Rho. This quantitative difference may
reflect the distinct contribution of MKK3 and MKK6 to
ERKG6 (p38y) signaling, or may result from the different
inhibitory mutations introduced in each MKK. Interest-
ingly, both kinases can also act upstream of p38a
(Cuenda et al. 1997; Enslen et al. 1998). Thus, Rho would
be expected to stimulate both members of the p38 family
of MAPKs. However, we found that Rho does not acti-
vate p38a. Furthermore, we observed that the activation
of the c-jun promoter by Rho was insensitive to the
treatment with SB203580 (not shown), which blocks po-
tently p38a and p38f but not ERK6 (p38y) or SAPK4
(p383) (Kumar et al. 1997) supporting that Rho does not
signal to the c-jun promoter through p38a and p38p. The
molecular basis for the selective activation of ERK6
(p38y) by Rho is still unknown. On the other hand, ac-
tivation of MKK3 or MKK6 may not always result in the
stimulation of p38a. For example, the protein product of
the cot proto-oncogene, Cot, phosphorylates MKK6 in
vivo, and this results in the activation of ERK6 (p38+y) but
not of p38a (Chiariello et al. 2000). Thus, additional fac-
tors, such as a distinct subcellular localization, the pres-
ence of specific kinase-kinase recognition sequences
(Enslen et al. 2000), the expression of p38-specific phos-
phatases, or the existence of scaffolding molecules favor-
ing the formation of specific MAPKK/MAPK complexes
between MKK3/MKK6 and p38a/ERK6, might account
for the specific activation of ERK6 (p38y) by Rho. These,
as well as additional possibilities warrant further inves-
tigation
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Recent efforts led to the identification of a number of
Rho effectors (Van Aelst and D’Souza-Schorey 1997), in-
cluding two distinct families of protein kinases, PKN
and Rho kinase. The best characterized is the Rho-kinase
family, comprised by pl60ROCK and ROKa (Matsui et
al. 1996; Nakagawa et al. 1996), which regulates the ac-
tin cytoskeleton, smooth muscle contraction, and cell
transformation (Amano et al. 1996; Ishizaki et al. 1996;
Leung et al. 1996; Uehata et al. 1997; Sahai et al. 1999).
In line with these observations, expression of activated
forms of ROKa in NIH-3T3 and HEK-293T cells pro-
voked remarkable changes in the cytoskeleton and in the
activity of an SRE-driven reporter gene (not shown), but
failed to stimulate ERK6 (p38y). In contrast, expression
of an activated form of PKN resulted in the potent eleva-
tion of the enzymatic activity of ERK6 (p38y) in NIH-
3T3 cells, and stimulated it nearly as potent as MKK3
when expressed in 293T cells, which exhibit higher
transfection efficiency. Furthermore, we also observed
that PKN could activate the c-jun promoter potently,
although it did not stimulate SRE-SRE in either cellular
system. Of interest, PKN and its closely related family
member PRK2 are ubiquitously expressed, and consti-
tute the most abundant Rho-binding kinases (Vincent
and Settleman 1997). Nonetheless, the function of this
kinase is much less understood. Although we cannot
rule out whether other Rho-regulated molecules can also
play a role in the activation of ERK6 (p38vy), available
evidence suggests that PKN represents the most likely
candidate to act downstream from Rho in the ERK6
(p38vy) signaling pathway.

Once MAPKs are activated, the final events control-
ling c-jun expression take place at the level of the re-
sponsive elements regulating the activity of the c-jun
promoter. In this regard, nuclear factors bind the c-jun
promoter in the resting state and no additional interac-
tions occur upon cell stimulation with mitogens or
growth factors, as revealed by in vivo footprinting stud-
ies (Herr et al. 1994; Rozek and Pfeifer 1995). The rapid
activation by phosphorylation of these preformed tran-
scription factor complexes can explain the fast and tran-
sient activation of c-jun in response to extracellular sig-
nals (Stein et al. 1992; Rozek and Pfeifer 1993, 1995). In
NIH-3T3 cells, c-Jun and ATF2 represent the major com-
ponents of the DNA-binding activity bound to the jAP1
site (M.]. Marinissen and J.S. Gutkind, unpubl.). On the
other hand, MEF2A and MEF2D are bound to the MEF2
site in C2C12 and HeLa cells (Han and Prywes 1995;
Ornatsky and McDermott 1996), and these MEF2 forms
are the most abundant also in NIH-3T3 cells (Marinissen
et al. 1999), thus representing strong candidates to me-
diate the transactivation of the c-jun promoter through
the MEF2 site. Here, we provide evidence that RhoA
promotes the phosphorylation of both ATF2 and MEF2A
likely through ERK6, and that this results in the en-
hanced activity of these transcription factors. Thus,
RhoA may activate the c-jun promoter by simulta-
neously stimulating transcription factors that act on its
jAP1 and the MEF2 responsive elements.

Of interest, activation of ERK6 (p38y) by MKK3/MKK6
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and by PKN did not result in enhanced expression from
a reporter plasmid under the control of a mutant SRE
that binds SRF but not TCF, and the dominant-negative
mutants of MKK3 and MKK6 did not affect the stimula-
tion of this mutated SRE by Rho. These observations
suggest that Rho activates SRF and the c-jun promoter
by distinct biochemical routes, with only the latter being
dependent on ERK6. Furthermore, recent work indicates
that the ability to induce transcription from the c-fos
SRE does not correlate with the focus-forming activity of
RhoA (Sahai et al. 1998). In contrast, inhibition of the
activation of ERK6 (p38y) or the transcriptional activity
of ¢c-Jun can diminish dramatically the ability of RhoA to
induce neoplastic transformation. These findings indi-
cate that the ERK6 MAPK pathway may play an unex-
pected role in proliferative signaling by RhoA, as well as
by growth factor receptors and oncoproteins that act up-
stream of Rho GTPases.

The emerging picture from this study is that RhoA can
initiate a linear cascade leading to the activation of ERK6
(p38vy), which in turn, can activate the c-jun promoter by
acting on the ATF2 and MEF2A transcription factors,
thereby regulating gene expression from the jAP1 and
MEF2 responsive elements, respectively (Fig. 9). Interest-
ingly, this situation is remarkably similar to that of the
Ras-ERK1/2 and Racl/Cdc42-JNK activation cascades,
and to the recently described pathway connecting Rho to
the yeast MAPK, mpkl (Nonaka et al. 1995) and this
kinase to the yeast MADS-box transcription factor Rlm1
(Dodou and Treisman 1997). In this case, Rho first
stimulates a yeast PKC homolog, Pkcl (Nonaka et al.
1995), thereby initiating the activity of a kinase cascade
defined by Bckl, Mkkl/mkk2, and Mpkl, which is es-

Rac/Cdc42 Rho A ? Ras
+ v v v
MLK3/PAK PKN/others? MEKK3/Cot Raf
v ' v '
MKK4/7 MKK3/6 MEKS5 MEK
# v v v
NK ERK6 (p38y) ERK5 MAPK
cellular

[-->c_1un —

transformation

JAP1 MEF2

Figure 9. Proposed model for RhoA signaling to the c-jun pro-
moter. Activated RhoA can initiate a signaling pathway induc-
ing ERK6, which in turn activates MEF2A and ATF2 transcrip-
tion factors bound to the jAP1 and MEF2 sites on the c-jun
promoter, thereby enhancing c-jun expression. Available data
suggest that Rho A, PKN, MKK3/MKK6, and ERK6 (p38y) are
components of a novel signal transduction pathway involved in
the regulation of gene expression and cellular transformation.
Parallel pathways are depicted and described in the text. Un-
known molecules are indicated by question marks.



sential for the integrity of the cell wall, and which also
participates in nutrient sensing, acting organization, and
growth control (Watanabe et al. 1997). Remarkably, Pkcl
is highly related to PKN, thus supporting that this novel
pathway whereby Rho regulates gene expression in
mammalian cells is highly conserved throughout evolu-
tion. It also suggests that the mammalian homologs of
Bckl, such as the MEKK family of MAPKKK, may rep-
resent likely candidates to mediate the activation of
MEKK3/MKK6 downstream from PKN. Further work will
be necessary to identify fully the nature of the molecules
connecting RhoA to ERK6 (p38v), as well to investigate
the role of this novel signaling pathway in normal and
aberrant cell growth.

Material and methods

Cell lines

NIH-3T3 fibroblasts were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies, Inc.) supplemented
with 10% calf serum. HEK-293T cells were maintained in
DMEM supplemented with 10% fetal bovine serum

DNA constructs

pJLuc, a plasmid encoding a luciferase gene driven by a wild-
type murine, c-jun promoter was kindly provided by R. Prywes
(Han and Prywes 1995). The pSRE luciferase reporter was ob-
tained from Stratagene. The pSREmutL has been described (Zo-
har et al. 1998). The plasmids pJC6, pJC9, pJTX, pJSX, and pJSTX
are pPBLCAT3-based reporter constructs carrying a CAT gene
controlled by the full-length murine c-jun promoter and its mu-
tants, as described previously (Han et al. 1992). A pGL3 reporter
plasmid (Promega) containing the jAP1 (TGACATCA) and the
MEF2 (CTATTTTTAG) sites from the murine c-jun promoter,
designated pjAP1-MEF2, was engineered by inserting the oligo-
nucleotide sequence 5-GTACCGTCGACTCGGGGTGACAT
CATGGGCTATTTTTAGg Gagatc-3’ as an Asp718/BgIII frag-
ment upstream of a SV40 minimal promoter and a luciferase
gene. Reporter plasmids with mutations in the jAP1 (pjAP1m-
MEF2) or the MEF2 site (pjAP1-MEF2m) as well as a double
mutant (pjJAPIm-MEF2m) and a plasmid carrying two jAP1
sites were prepared following the same strategy (mutated oligo-
nucleotide sequences will be made available upon request). A
similar reporter plasmid carrying a MEF2 site has been reported
previously (Coso et al. 1997). Expression vectors for HA-tagged
ERK2, JNK, ERKS5, p38a, and ERK6 have been described (Crespo
et al. 1994; Coso et al. 1995; Marinissen et al. 1999). The ex-
pression vectors pCEFL-MEK5 DD, pCEFL-MEKS5 AA,
pCEV29-MEK EE, pCEFL-MEK AA, pCEFL-GST-MKKG6, pCE-
FL-GST-MKKG6 KR, and pCEFL-MEKK expression vectors have
also been described (Coso et al. 1995, 1997; Marinissen et al.
1999). Constitutively activated small G proteins RhoA, Racl,
and Cdc42 generated by replacing glutamine for leucine (QL
mutants) in a position analogous to codon 61 in Ras, were sub-
cloned as AU5-epitope-tagged forms in pCEFL as reported pre-
viously (Teramoto et al. 1997). H-Ras V12 and a dominant-nega-
tive mutant of Rho A, RhoA N19 have been described (Coso et
al. 1995). The transactivating domains of ATF2 (amino acids
1-96) (Gupta et al. 1995) and MEF2A (amino acids 266-360)
were subcloned as GAL4 fusion proteins in a pcDNAIII vector
containing the DNA-binding domain of the yeast transcription
factor GAL4. A TATA-GAL4-driven luciferase reporter plasmid
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pGAL4-Luc was constructed by inserting six copies of a GAL4-
responsive element and a TATA oligonucleotide, to replace the
SV40 minimal promoter in the pGL3 vector (Promega). The pu-
rification of bacterially expressed GST-ATF2 and GST-MEF2C
fusion proteins was performed as described (Coso et al. 1995;
Marinissen et al. 1999). pPCGN-HA-ATF2 was kindly provided
by Kevin Gardner (National Cancer Institute, Bethesda, MD)
and pcDNA3.1/GS V5-MEF2A was obtained from Invitrogen.
pcDNAII-MKKS3 (b) wild type, and its constitutively activated
(EE) and dominant-negative (AA) mutants were kindly provided
by J. Han (Han et al. 1997). The pCDNAI-myc-PKN wild type
was kindly provided by P. Burbelo (Georgetown University
Medical Center, Washington, DC). The truncated active form of
PKN containing the catalytic domain (amino acids 561-942),
designated as PKNA was generated by PCR essentially as de-
scribed (Takahashi et al. 1998; Yoshinaga et al. 1999) and cloned
as a BamHI/Notl fragment in a pCEFL-myr vector. pEB BOS
myc-ROKa wild type and ~-ROKaA were obtained from K. Kai-
buchi (Amano et al. 1997). pEF-Raf-CAAX and pCEFL-AU5-
JunTAMG67 have been described (Chiariello et al. 2000).

Transfections

Transient transfections in NIH-3T3 and HEK-293T cells cul-
tured in 6-well plates were performed with the Lipofectamine
Plus Reagent (Life Technologies, Inc.) following the manufac-
turer’s instructions.

Northern blot

NIH-3T3 cells were grown to 70% confluence in 10-cm plates,
transfected with pcDNAIII-B-galactosidase or RhoA QL, and
then serum starved for 24 h. Control cells were left untreated or
treated with 10 pM LPA for 30 min. Cells were washed with
cold PBS, and total RNA was extracted by homogenization in
Trizol (GIBCO BRL) according to the manufacturer’s specifica-
tions. For Northern blotting, 20 ng of total RNA were fraction-
ated in 2% formaldehyde-agarose gels, transferred to nylon
membranes, and hybridized with a full-length 32P-labeled mu-
rine c-jun cDNA probe prepared by Prime-a-Gene Labeling Sys-
tem (Promega). Accuracy in gel loading and transfer was con-
firmed by fluorescence under UV light upon ethidium bromide
staining.

Reporter gene assays

Luciferase assays Cells were transfected with different expres-
sion plasmids together with 0.1 pg of each reporter plasmid and
0.01 pg of pRL-null (a plasmid expressing the enzyme Renilla
luciferase from Renilla reniformis) as an internal control. In all
cases, the total amount of plasmid DNA was adjusted with
empty vector. Firefly and Renilla luciferase activities present in
cellular lysates were assayed by use of the Dual-Luciferase Re-
porter System (Promega), and light emission was quantitated
with the Microliter Plate luminometer as specified by the
manufacturer (DINEX Tech, VA).

CAT assays NIH-3T3 cells were transfected with different ex-
pression plasmids together with 0.1 pg of each of the reporter
plasmids and 0.5 pg of pcDNAIII-B-gal (a plasmid expressing the
enzyme B-galactosidase). After a 24-h incubation, cells were
washed and lysed with reporter lysis buffer (Promega). CAT
activity was assayed in cell extracts by incubation for 1 h in the
presence of 0.25 pCi [**C]-chloramphenicol (100 mCi/mmole)
and 200 pg/ml butyryl-CoA in 0.25 M Tris-HCI (pH 7.4). La-
beled butyrylated products were extracted with a mixture of
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xylenes and 2,6,10,14-tetramethyl-pentadecane (1:2) (Sigma)
and counted as described (Seed and Sheen 1988).

Kinase assays

Cells were seeded at 70%-80% confluence and transfected with
expression vectors for HA-tagged kinases alone or in combina-
tion with different upstream molecules. After transfection, cells
were cultured for 24 h and incubated in serum-free medium
overnight for ERK2 and ERK5 and 2 h for JNK, p38a, and ERK6.
Cells were washed with cold PBS, and lysed at 4°C in a buffer
containing 25 mM HEPES (pH 7.5), 0.3 M NaCl, 1.5 mM MgCl,,
0.2 mM EDTA, 0.5 mM DTT, 20 mM B-glycerophosphate, 1
mM vanadate, 1% Triton X-100, I mM PMSF, 20 pg/ml apro-
tinin, and 20 pg/ml leupeptin. Cleared lysates containing HA-
tagged kinases were immunoprecipitated at 4°C for 2 h with
anti-HA monoclonal antibody (HA.11, Berkeley Antibody Com-
pany). Inmunocomplexes were recovered with Protein G-seph-
arose (Pharmacia). Beads were washed three times with PBS
containing 1% NP-40 and 2 mM vanadate, once with 100 mM
Tris ( pH 7.5), 0.5 M LiCl, and once with kinase reaction buffer
(12.5 mM MOPS at pH 7.5, 12.5 mM B-glycerophosphate, 7.5
mM MgCl,, 0.5 mM EGTA, 0.5 mM sodium fluoride, 0.5 mM
vanadate). Samples were then resuspended in 30 nl of kinase-
reaction buffer containing 1 uCi [y>>P]ATP per reaction and 20
BM unlabeled ATP. After 20 min at 30°C, the reactions were
terminated by addition of 10 pl of 5X Laemmli buffer. In vitro
kinase assays were performed using as substrates 1.5 pug/ul my-
elin basic protein (MBP) (Sigma) for ERK2, p38a, and ERK6
(p38v), 1 ng of purified, bacterially expressed GST-ATF2 for
JNK, and GST-MEF2C for ERK5, as indicated in the correspond-
ing figure legends. Samples were analyzed by SDS-gel electro-
phoresis on 12% (or 15% for MBP) acrylamide gels, and autora-
diographies were performed with the aid of an intensifying
screen. For assessing the kinase activity of endogenous ERK6
(p38y), cleared lysates were immunoprecipitated at 4°C for 2 h
with anti-ERK6a goat polyclonal antibody (Santa Cruz Biotech-
nology, Inc.), and immunocomplexes were processed for kinase
reactions as describe above.

Western blot

HA-immnoprecipitates from transiently transfected NIH-3T3
cells carrying HA-MAPK, HA-JNK, HA-ERK5, HA-p38«, and
HA-ERK6 cDNAs were analyzed by Western blotting after SDS-
PAGE using an anti-HA monoclonal antibody (HA.11, Berkeley
Antibody Company). Extract from cells transfected with GAL4—
MEF2A and ATF2 proteins were analyzed by the same tech-
nique and detected with monoclonal anti-GAL4 (DBD) antibody
RK5C1 (Santa Cruz Biotechnology, Inc). Phospho-ERK6 and
phospho-ERK2 were recognized by using rabbit anti-P-ERK6
kindly provided by Erik Schaefer (Quality Controlled Biochemi-
cals, Inc) and mouse anti-P-ERK2 (New England Biolabs, Inc)
antibodies. Endogenous ERK6 (p38y) was recognized by goat
anti-ERK6a antibody (Santa Cruz Biotechnology, Inc.) and rab-
bit anti-ERK6Db antibody (Upstate Biotechnology). Endogenous
p38a was recognized by rabbit anti-p38a antibody (Santa Cruz
Biotechnology, Inc.) MKK3, GST-tagged MKK6, PKN, and myc-
tagged ROKa were detected with anti-p38«a, anti-MKK3, anti-
GST, anti-PKN, and anti-myc-specific antibodies (Santa Cruz
Biotechnology, Inc), respectively. V5-tagged MEF2A and HA-
tagged ATF2 were detected by mouse monoclonal anti V5 (In-
vitrogen) and HA (BAbCO) antibodies, respectively. MEF2A
phosphorylated in threonines adjacent to prolines and phospho-
ATF2 were detected by a mouse anti-phospho-Thr-Pro antibody
and a rabbit anti-phospho-ATF2 antibody, respectively (Cell
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Signaling Tech). Proteins were visualized by enhanced chemi-
luminescence detection (Amersham Corp.) using goat anti-
mouse and anti-rabbit IgGs coupled to horseradish peroxidase as
the secondary antibody (Cappel).

Indirect immunofluorescence

NIH-3T3 cells were seeded on glass coverslips and transfected
by Lipofectamine Plus Reagents (Life Technologies, Inc.) as de-
scribed above. Twenty-four-hour serum-starved cells were
washed twice with 1X PBS, then fixed and permeabilized with
4% formaldehyde and 0.5% Triton X-100 in 1X PBS for 10 min.
After washing with PBS, cells were blocked with 1% BSA and
incubated with the indicated primary antibodies for 1 h. Mouse
anti-AU5 antibodies (1:200) were used to detect AU5-tagged
RhoA QL, RhoA N19, and Ras V12 (BAbCO). Mouse anti-GST
antibodies were used to recognize GST-tagged MKK6 (Santa
Cruz Biotech, Inc). P-ERK6 and P-ERK2 were detected by use of
rabbit anti-P-ERK6 (Quality Controlled Biochemicals, Inc) and
mouse anti-P-ERK2 (New England Biolabs, Inc) specific antibod-
ies (1:200 and 1:500, respectively). Rabbit anti-Ras antibody (1:
200) (Santa Cruz Biotech, Inc) was used when indicated. Follow-
ing incubation, cells were washed three times with 1X PBS, and
then incubated with the corresponding secondary antibodies (1:
200) conjugated with tetramethylrhodamine B isothiocyanate
or fluorescein isothiocyanate (Jackson ImmunoResearch Labo-
ratories, Inc.). Coverslips were washed three times and mounted
in Vectashield mounting medium with DAPI (Vector Laborato-
ries, Inc) and viewed with a Zeiss Axiophot photomicroscope
equipped with epifluorescence. Immunofluorescence was pho-
tographed by use of Kodak TMAX 3200 film.

Focus-forming assays

NIH-3T3 cells were transfected by the calcium-phosphate pre-
cipitation technique with different expression plasmids to-
gether with 1 pg of pcDNAIII B-gal, a plasmid expressing the
enzyme B-galactosidase, adjusting the total amount of plasmid
DNA with empty vector. The day after transfection, cells were
washed in medium supplemented with 5% calf serum and then
maintained in the same medium until foci were scored 2-3 wk
later. Duplicate plates were fixed with 1X PBS solution contain-
ing 2% (vol/vol) formaldehyde and 0.2% (vol/vol) glutaralde-
hyde and stained at 37°C for B-galactosidase activity with a 1X
PBS solution containing 2 mM MgCl,, 5 mM K;Fe(CN),, 5 mM
K,Fe(CN),, and 0.1% X-gal to evaluate the transfection
efficiency.
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