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Introduction

The Rho family small GTPases function as molecular switches that control the signal flows
from a variety of cell surface receptors and cellular tumor suppressors. Among the panel of

receptors and tumor suppressors that require Rho family GTPases to relay signals leading to

mammary cell transformation and metastasis, the epidermal growth factor receptor, the erbB-2 gene
product, the colony stimulating factor-I receptor, the cell adhesion receptor integrins, and the PTEN

and p53 tumor suppressors are the prominent ones. Overexpression or mutation of these receptors
and many signal transducers downstream of these receptors, as well as genetic defects in PTEN or
p53 tumor suppressor, are known to correlate with breast carcinogenesis. We hypothesized that in
breast cancer cells overexpressing or bearing mutations of one of the oncogenic receptors, Ras
proteins, Rho-specific activators (guanine nucleotide exchange factors) or the PTEN or p53 tumor

suppressors, a higher percentage of Rho family members, Rho, Rac or Cdc42, would be in the active

state. Determination of the activation states of these GTPases in breast tumors and defining which
tumor types show increased Rho, Rac, or Cdc42 activation may lead the way in the search for a

direct connection between Rho pathways and breast cancer genesis, and may provide novel
treatment strategies targeted at the Rho signaling components. We have utilized the Rho GTPase

effector pulldown method to measure the activation state of endogenous Rho family GTPases in the

oncogenic and mitogenic pathways of model cell systems and have succeeded in implicating

multiple gain of oncogenic function or loss of tumor suppressor function in activating Rho GTPases

under pathologically relevant situations.

In the initial proposal we planed to further screen a panel of breast cancer specimens for
RhoA, Rac I and Cdc42 activities to tie the cellular studies with primary tumor situations. During a
lengthy transfer period from my former institution (University of Tennessee) to my current

institution (Cincinnati Children's), however, we have lost both precious time and sample specimens
in addition to expert manpower (it took us over one year to obtain authorization to transfer this grant

during which time all related work had to be suspended). Nonetheless, we have made significant
progress in achieving the major goals of the original proposal as described below.
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Body

The first two aims (Task I and Task 2) were proposed for months 1-10 and months 6-24 of

the funding period. Specifically, we have proposed to determine which p21-binding domains

(PBDs) of effectors are most suitable for the detection of activated RhoA and Rac1 (Task 1) and to

begin to apply the efector PBD-binding assay to the examination of endogenous Rho family

GTPases in mitogen-stimulated or oncogene-transformed cells (Task 2). Such studies are necessary

for later investigation of the potential involvement of Rho pathways in transducing

mitogenic/oncogenic signals in mammary cells and in breast cancer specimens. To this end, we

have mostly completed the tasks as we proposed. In the proposal we planned to further screen a

panel of breast cancer specimens for RhoA, Racl and Cdc42 activities to tie the cellular studies with

primary tumor situations (Task 3). During a lengthy grant transfer period from my former institution

(University of Tennessee) to my current institution (Cincinnati Children's), however, we have lost

both precious time and sample specimens in addition to expert manpower (it took us over one year to

obtain authorization to transfer this grant during which time all related work had to be suspended).

As a result Task 3 has not been completed on time as planned.

1. Activation and translocation of Cdc42 and Racl by mitogenic and adhesion signals.

The Rho family GTPases Cdc42 and RacI are important signal transducers of many receptor-

initiated pathways (1, 2) and are regulated by mitogenic signals such as bradykinin and PDGF as

well as by adhesion (3. 4, 5). We have investigated the relationship between membrane

translocation and activation of endogenous Cdc42 and RacI in response to mitogenic and integrin

stimulation. The mitogen bradykinin induced translocation of Cdc42 and Racl to a membrane

fraction of Swiss 3T3 cells within two minutes, which correlated with the activation kinetics of the

GTPases. PDGF treatment of the cells induced rapid translocation and activation of Rac I but not

Cdc42 within 30 seconds. The activation of Cdc42 and RacI appeared to precede actin microspike

formation or membrane ruffle induction of the cells. However, the translocated GTPases were found

to remain membrane bound for a much longer time course than their activation status, suggesting

that a deactivation event occurs at the membrane level. Cell adhesion on fibronectin matrix resulted

in transient activation of both Cdc42 and RacI, and caused a partial inhibition of bradykinin or

PDGF effect on the small G-proteins. Pretreatment of the cells with genistein or wortmannin

significantly reduced the bradykinin, PDGF, or fibronectin stimulated Cdc42 or RacI activity,
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indicating that both tyrosine kinase and P13 kinase are required elements of the small G-protein

pathways. Finally, Cdc42 and Racl activation by bradykinin were abolished by pertussis toxin

treatment, whereas the outcome by the PDGF or integrin treatment was unaffected. These results

suggest that mitogenic agonist and integrin mediated signals are integrated at the small G-protein

level, and tyrosine kinase, P13 kinase, and/or heterotrimeric G-proteins are intimately involved in the

Cdc42 and RacI activation process.

2. Examination of proto-Dbl guanine nucleotide exchange activity in cells.

The Abl oncogene encodes a prototype member of the Rho GTPase guanine nucleotide

exchange factor (GEF) fanmily (9). Oncogenic activation of proto-Dbl occurs through the truncation

of N-terminal 497 residues (10). The C-terminal half of proto-Dbl includes residues 498-680 and

710-815 that fold into the Dbl homology (DH) domain and the pleckstrin homology (PH) domain,

respectively, both of which are essential for cell transformation via the Rho GEF activity or

cytoskeletal targeting function (11). We have investigated the mechanism of the apparent negative

regulation of proto-Dbl imposed by the N-terminal sequences, employing the GST-effector pull

down assays to detect the effect of various proto-DbI constructs on the endogenous Rho GTPase

activities (12). Deletion of the N-terminal 285 or C-terminal 100 residues of proto-Dbl did not

significantly effect on either its transforming activity or GEF activity, while removal of the N-

terminal 348 amino acids resulted in a significant increase in both transformation and GEF potential.

Together with other cell biology evidence, our findings unveiled an autoinhibitory mode of

regulation of proto-Dbl that is mediated by the intramolecular interaction between its N-terminal

sequences and P1i domain, directly impacting on both the GEF function and intracellular distribution

(reprint enclosed in Appendix).

3. Modulation of RhoA activity in epithelial cells by Na,K-ATPase.

The mechanism by which the formation of tight junctions and desmosomes are regulated in

polarized epithelial cells are not well understood (13-14). Such mechanism may be tightly

associated with mammary epithelial transformation (15). In collaboration with Dr. A. K.

Rajasekaran's laboratory (UCLA), we have investigated the involvement of RhoA GTPase in Na,K-

ATPase mediated assembly of tightjunctions and desmosomes in MDCK cells (16). We found that

an increased sodium level caused by the inhibition of Na,K-ATPase prevents the formation of tight

junctions and desmosomes and this effect is negatively correlated with the endogenous RhoA
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activity. Furthermore, we showed that the Na,K-ATPase ion transport function and suppression of

cell motility are separate events that require P13 kinase and Racl activities (17). The results indicate

that the intracellular sodium level maintained by the Na,K-ATPase is an upstream regulator of P13

kinase and Rac l/RhoA function in epithelial cells and might play a crucial role in the biogenesis of

polarized epithelia, cell motility regulation and ion transport (see attached reprint/preprint).

4. Genetic deletion of the Pten tumor suppresor gene promotes cell motility by activation of

Racl and Cdc42 GTPases.

Aside from examining the cellular functions of Rho proteins in the oncogene/mitogen

stimulated clonal cell systems, we were interested in determining the contribution of Rho GTPases

to cell behaviors in primary cells with a defined genetic background that might better represent

tumor cells. We reasoned that since no constitutively active mutations of Rho GTPases were found

in human tumors, Rho might play a role as transducer of mitogenic "second hit" in tumor induction

to mediate or cooperate with an established "first hit" that are frequently associated with cancer.

One likely "first hit" could be the defect of tumor suppressors such as PTEN, p53 or pRb, loss of

function of which are known to be associated with a wide variety of human tumors.

Pien is a recently identified tumor suppressor gene which is deleted or mutated in a variety of

primary human cancers including breast cancer (6). Pten has been implicated in controlling cell

migration, among other functions, but the exact mechanism is not very clear (7). In collaboration

with Dr. Hong Wu's laboratory (UCLA), we have shown that Pten deficiency led to increased cell

motility (8). Significant increases in the endogenous activities of Racl and cdc42, two small

GTPases involved in regulating the actin cytoskeleton, were observed in Pten-/- cells.

Overexpression of dominant negative mutant forms of Racl and cdc42 reversed the cell migration

phenotype of Pten-/- cells. These studies suggest that Pten negatively controls cell motility by

down-regulating Rac I and Cdc42 (reprint enclosed in Appendix).

5. The p19Arf-p53 tumor suppressor pathway suppresses cell migration by downregulating

P13K and Rho/Rac activities

The p 1 9 Art-p 5 3 and p27KiP -Rb tumor suppressor pathways play a critical role in cell-cycle

checkpoint control and/or apoptosis (18). By using primary MEFs that lack Arf, p53, Kip] or Rb, we

have studied the involvement of the pl9Arf-p53 pathway in the regulation of cell motility and its

relationship with Rho GTPases (19). In subconfluent culture and serum free conditions, a significant
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percentage of the p1 9 Ar, or p53 deficient cells appeared to be in a round shape and displayed intense

cortical actin staining, while the p2 7Kipl- or pRb-deficient cells were similar to wild type MEFs in

morphology and actin structure. Both p19 Arf- and p53-deficient cells produced long trails, while the

Kip] and Rb knock out cells were similar to the wild type cells, showing no sign of movement in the

experimental conditions. In a wound healing assay the Arf/ and p53-- cells migrated about two folds

faster than the wild type, KiplU or Rb' cells under the low serum conditions at which the difference

in cell growth was less than 10%. When p 1 9 Arf and p53 were reintroduced into Arfb- and p5 3 /" cells,

respectively, by retroviral induction, the migration phenotype of these cells were fully reversed.

Moreover, the Gln22/Ser23 mutant of p53 was able to rescue the migration phenotype of p53/ cells

similarly as wild type p53, but the His175 mutant which is defective in DNA binding was inactive.

Thus, deletion of Arfand/or p53, but not Kip] or Rb, led to actin cytoskeleton reorganization and a

significant increase in cell motility, and a transcriptional event of p53 is involved in this process.

To begin to understand the molecular mechanism underlying this observation, we have made

a discovery that the endogenous P13-kinase and RhoA/Racl activities were significantly elevated in

the Arf-/- and p53-1- cells, and these activities are required for p 19 Arf*- and p53-regulated migration.

Reintroduction of the wild type Arf orp53 gene into the Arf-/- orp53-/- cells reversed the P13K and

Racl/RhoA activities as well as the migration phenotype (19). These results suggest a functional

relationship between the p53 tumor suppressor pathway and the P13 kinase-Rho GTPase signaling

module that controls actin structure and cell motility and show that p 1 9 Arf and p53 negatively

regulate cell migration by suppression of P13K and Racl/RhoA activities (reprint in the Appendix).

6. Rho GTPases contribute to the cell growth regulation by p53 and cooperate with p53-

deficiency to promote primary MEF transformation

Since deletion ol' the pl 9 Arf or p53 gene resulted in a significant increase in RhoA and RacI

activities in primary MEFs. we sought to dissect the contribution of the Rho GTPases to the cell

growth and gene transcription phenotypes of the p19 Arf and p53 deficient cells (20). We found that

(1) p19^Ar or p53 deficiency led to a significant increase in P13 kinase activity which in turn

upregulated Racl and RhoA activities; (2) deletion ofpl9Arforp53 led to an increase in cell growth

rate that was in part dependent on RhoA as well as Rac and Cdc42 activities; (3) pl9 Arf or p53

deficiency caused an enhancement of the growth related transcription factor NF-kB and cyclin D1

activities which appeared to be partly dependent on RhoA and Cdc42 but not Racl; (4) forced

expression of a fast cycling or constitutively active mutant of RhoA, as well as Racl and Cdc42,
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could further promote the p53- and Arf'* cell proliferation and caused transformation of both cells;

(5) multiple pathways regulated by RhoA including that of ROCK might be required for RhoA to

fully promote the transformation of p53- cells; and (6) RhoA may contribute to the p53-regulated

cell proliferation by modulating cell cycle machinery while hyperactivation of RhoA further

suppressed a p53-independent apoptotic signal. These results provide strong evidence indicating

that signals through the Rho family GTPases contribute to the cell growth regulation by pl9Arfand

p53. Furthermore, the fact that RhoA can synergize with p1 9 Arf or p53 defect to promote primary

cell transformation suggests that mitogenic/oncogenic signals stimulating Rho pathways may serve

as potentail "second hits" to cooperate with p53-pathway defect in inducing tumorgenesis (reprint in

the Appendix).

7. Development of a novel strategy targeting Rho GTPase activity in tumor cells

Given the implication of the signaling pathways mediated by Rho GTPases in many aspects

of tumor cell biology (21), we have begun to design novel approaches targeting at Rho that might be

applicable to tumor cells. Recently we have developed a strategy to specifically target individual

Rho GTPase by utilizing the negative regulatory role of Rho GAPs (22). Because unlike Ras,

upregulation or overexpression of Rho GTPases, but not constitutively activative mutations, has

been associated with human cancer, we reasoned that the GTPase-activating function of Rho GAP

domain could be explored to downregulate Rho GTPase activity if it is properly targeted to the

intracellular locations where individual active Rho GTPase resides. As a demonstration of principle,

we have shown that a set of chimeric molecules could be generated by fusing the RhoGAP domain

of p190, a GTPase-activating protein that accelerates the intrinsic GTPase activity of the three

closely related Rho GTPases. RhoA, RhoB and RhoC, with the C-terminal hypervariable sequences

of the Rho GTPases, to specifically target RhoA, RhoB or RhoC function. The p190-Rho chimeras

were active as GAPs toward the Rho proteins in vitro, colocalized with the respective Rho proteins

and specifically downregulated Rho protein activities in cells depending on which Rho GTPase

sequences were included in the chimeras. In particular, the p190-RhoA chimera was able to

specifically inhibit the RhoA activity in cells and block the RhoA-induced cell transformation

whereas the p l90-RhoC chimera specifically reversed the migration phenotype induced by RhoC

activation and was effective in reversing the anchorage-independent growth and invasion

phenotypes caused by RhoC overexpression in HME-RhoC breast cancer cells, and in inhibiting the

migration and invasion phenotypes attributed to RhoC upregulation in the highly metastatic A375-M
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human melanoma cells (22). Thus, we have developed a novel strategy utilizing RhoGAP-Rho

chimeras to specifically downregulate individual Rho protein activity and have shown that this

approach could be applied to multiple human tumor cells to reverse the growth and/or invasion

phenotypes associated with deregulation of a distinct subtype of Rho GTPase (reprint in the

Appendix).
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Key Research Accomplishments

- Established that the Rho GTPase-interactive effector domains of WASP, PAKI, and Rhotekin

constitute the activation-state specific probes for Cdc42, Rac, and Rho that can be utilized to detect

endogenous Cdc42-GTP, Rae I-GTP, and RhoA-GTP species, respectively.

- Applied GST-WASP, GST-PAKI and GST-Rhotekin probes to NIH 3T3 cells transfected with

various proto-Dbl oncogene products to reveal the activation states of Cdc42 and RhoA that were

regulated by proto-Dbl derivatives, suggesting that residues 286 to 482 of proto-Dbl are involved in

an autoinhibition mechanism.

- Applied GST-WASP, GST-PAK I, and GST-Rhotekin to the tumor-suppressor, PTEN, pl9Arf or

p53, knock-out mouse embryonic fibroblasts to determine that the three major Rho GTPase activities

become upregulated in the respective systems, which correlate with increased motility and/or

proliferation of the cells, suggesting that PTEN, pl9Arf and p53 negatively control cell motility and

growth by suppressing P13 kinase activity and down-regulating RhoA, RacI and Cdc42. These

studies implicate the Rho GTPases in the loss of tumor suppressor phenotypes for the first time and

may have important potential in putting Rho GTPases on the novel anti-cancer target list.

- Applied GST-Rhotekin and GST-PAKI to an epithelial cell system to determine that inhibition of
Na,K-ATPase negatively regulates RhoA and positively regulates RacI, which may in turn affect the

formation of tight junctions and desmosomes as well as ion transport function.

- Development of a RhoGAP-based targeting strategy toward individual Rho GTPases in tumor

cells.

- Part of the support from this grant allowed me to write two review articles published in TiBS and

Trends Cell Biol.
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Reportable Outcomes

1. Liliental, J., Moon, S. Y., Lesche, R., Mamillapalli, R., Gavrilova, N., Zheng, Y., Sun, H., and
Wu, H. (2000) Genetic deletion of the PTEN tumor suppresor gene promotes cell motility by
activation of RacI and Cdc42 GTPases. Curr. Biol. 10, 401-404.

2. Bi, F., Debreceni, B., Zhu, K., Salani, B., Eva, A, and Zheng, Y. (2001) Autoinhibition
mechanism of proto-Dbl. Mol. Cell. Biol. 21, 1463-1474.

3. Rajasekaran, S. A., Palmer, L. G., Moon, S. Y., Soler, A. P., Apodaca, G. L., Harper, J. F.,
Zheng, Y., and Rajasekaran, A. K. (2001) Na,K-ATPase Activity Is Required for Formation of
Tight Junctions, Desmosomes, and Induction of Polarity in Epithelial Cells. Mol. Biol. Cell 12,
3717-3732.

4. Zheng, Y. (2001) Dbl family guanine nucleotide exchange factors. Trends Biochem. Sci. 26,
724-732.

5. Moon, S. Y. and Zheng, Y. (2003) Rho GTPase-activating proteins in cell regulation. Trends
Cell Biol. 13, 14-23.

6. Guo, F., Gao, Y., Wang, L., and Zheng, Y. (2003) p19Arf-p53 tumor suppressor pathway
regulates cell motility by suppression of P13 kinase and Rac activities. J. Biol. Chem. 278,
14414-14419.

7. Wang, L., Yang, L., Luo, Y., and Zheng, Y. (2003) A novel strategy for donwregulating
individual Rho GTPase activities in tumor cells. J. Biol. Chem. 278, 44617-44625.

8. Guo, F., and Zheng, Y. (2004) Involvement of Rho family GTPases in pl9Arf or p53
mediated proliferation of primary mouse embryonic fibroblasts. Mol. Cell Biol. 24, 1426-1428.
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Rajasekaran, A. K. (2004) Multiple functions of NaK-ATPase: role in P13 kinase signaling and
suppression of cell motility. Submitted
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Conclusions

Rho GTPase signaling pathways have begun to be appreciated to play roles in breast

carcinogenesis. To establish a causal link between activation of individual Rho GTPase activities

and certain aspects of breast cancer development, we have started to search for an effect on Rho

GTPase activities in mitogenic conditions, and in various potential pathological situations that

may be connected to mammary cell transformation and metastasis. As stated in this final report,

we have established a method using the Rho GTPase-interactive effector domains of WASP,

PAKI, and Rhotekin to quantitatively define the activation-states of Rho family members Cdc42,

Rac, and Rho in cells, and have applied this method to a number of cellular conditions which are

potentially related to mammary tumorigenesis: (1) in a Swiss 3T3 model cell system to determine

the activation kinetics of endogenous Cdc42 and RacI in response to the mitogen, bradykinin or

PDGF, stimulation; (2) in NIH 3T3 cells transfected with various proto-Dbl oncogene products to

reveal the activation states of Cdc42 and RhoA that were regulated by proto-Dbl derivatives,

suggesting that residues 286 to 482 of proto-Dbl are involved in an autoinhibition mechanism; (3)

in the tumor-suppressors. PTEN, p l9Arf and p53, knock-out mouse embryonic fibroblasts to

determine that all three major Rho GTPases activities become upregulated in the systems due to

elevated P13 kinase activity, that correlate with increased motility, proliferation, transformation

and/or invasion of the cells. Our results suggest that the commonly mutated tumor suppressors

such as PTEN, pl9Arfaand p53 negatively control cell motility and proliferation by down-
regulating Rho GTPase activities and genetic defects of these critical tumor suppressors may

cause mammary cancer in part through increased Rho GTPase signaling; (4) in an epithelial cell

system to determine that inhibition of Na,K-ATPase negatively regulates P13 kinase and

subsequently Racl activity, which may in turn affect the formation of tightjunctions and

desmosomes as well as ion transport function; (5) we have begun to design new strategies

targeting at individual Rho GTPases to reverse breast tumor cell phenotypes. One particular

effort has been by utilizing the RhoGAP-Rho GTPase fusion chimeras that could specifically

downregulate specific submembers of Rho GTPases. These studies are significant since the

findings have further confirmed the involvement of Rho GTPases in diverse physiological and

pathological situations that may contribute to oncogenesis. The results obtained also strengthened

our long term goal to implicate specific Rho GTPases in breast cancer development, and to devise
novel anti-cancer therapeutics targeting individual Rho pathways.
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The dbl oncogene encodes a prototype member of the Rho GTPase guanine nucleotide exchange factor (GEF)
family. Oncogenic activation of proto-Dbi occurs through truncation of the N-terminal 497 residues. The
C-terminal half of proto-Dbl includes residues 498 to 680 and 710 to 815, which fold into the Dbl homology
(DH) domain and the pleckstrin homology (PH) domain, respectively, both of which are essential for cell
transformation via the Rho GEF activity or cytoskeletal targeting function. Here we have investigated the
mechanism of the apparent negative regulation of proto-Dbl imposed by the N-terminal sequences. Deletion of
the N-terminal 285 or C-terminal 100 residues of proto-Dbl did not significantly affect either its transforming
activity or GEF activity, while removal of the N-terminal 348 amino acids resulted in a significant increase in
both transformation and GEF potential. Proto-Dbl displayed a mostly perinuclear distribution pattern, similar
to a polypeptide derived from its N-terminal sequences, whereas onco-Dbl colocalized with actin stress fibers,
like the PH domain. Coexpression of the N-terminal 482 residues with onco-Dbl resulted in disruption of its
cytoskeletal localization and led to inhibition of onco-Dbl transforming activity. The apparent interference with
the DH and PH functions by the N-terminal sequences can be rationalized by the observation that the
N-terminal 482 residues or a fragment containing residues 286 to 482 binds specifically to the PH domain,
limiting the access of Rho GTPases to the catalytic DH domain and masking the intracellular targeting
function of the PH domain. Taken together, our findings unveiled an autoinhibitory mode of regulation of
proto-Dbl that is mediated by the intramolecular interaction between its N-terminal sequences and PH
domain, directly impacting both the GEF function and intracellular distribution.

The proto-Dbl protein is the prototype member of a large GTPases blocks their transforming activity (20, 23, 32, 52):

family of guanine nucleotide exchange factors (GEFs) for Rho mutants of the GEFs that are no longer able to interact or

GTPases (8, 50). Oncogenic activation of proto-Dbl occurs by activate Rho protein substrates behave dominant-negatively in
truncation of the amino-terminal 497 residues (41), resulting in cells (46, 54); and many cellular activities induced by Dbl
constitutively active carboxyl-terminal sequences that include a family proteins, such as actin cytoskeleton reorganization,
Dbl homology (DH) domain in tandem with a pleckstrin ho- c-Jun kinase (JNK) activation, SRF transcriptional activation,

mology (PH) domain, the conserved motifs of the Dbl family. and NF-KB activation, are associated with the activation of
Many members of this family, including Vav, Ect2, Tim, Ost, signaling pathways known to be mediated by the Rho GTPase

Dbs, Lbc, Lfc. Lsc, and Net, possess transformation or invasion effector targets (24, 30, 36, 48). Therefore, the ability to inter-
ability, similar to onco-Dbl upon activation. In many cases, the act and activate Rho proteins is essential for Dbl family func-
DH-PH module represents the minimum structural unit that is tions.
required for cell transformation (8, 50). Current biochemical and structural data have pointed to the

A large body of evidence has helped establish that the bio- conserved structural motif of the Dbl family, the DH domain,
logical functions of Dbl family members are intimately de- as the primary interactive site with Rho GTPases (2, 20, 31, 44,
pendent upon their ability to interact with and activate Rho 54). The DH domain does not have significant sequence ho-
GTPases and that the cellular effects of Dbl-like proteins, mology with other subtypes of small GTPase activators such as
including actin cytoskeletal reorganization, cell growth stimu- the Cdc25 domain and Sec7 domain, which are specific to Ras
lation, and transformation, are likely the consequences of co- and ARF, respectively (6, 14), indicating that the DH-Rho
ordinated action of their immediate downstream substrates, protein interaction employs a distinct mechanism (9). Dele-
the Rho family GTPases (8, 47, 50). The evidence includes the tions or mutations within the DH domain have been reported
findings that Dbl family oncoprotein-induced foci are morpho- to result in loss of GEF activity and cellular functions by the
logically similar to those transformed by constitutively acti- GEFs (20, 40, 43, 54, 55), suggesting that an intact DH domain,
vated Rho GTPases but distinct from that seen when cells are likely its Rho GTPase-interactive ability, is critical for the

transformed by Ras, Raf, or Src (23); coexpression of Dbl cellular effects of Dbl family members.
family members with dominant negative mutants of Rho family The invariable location of a PH domain immediately C-

terminal to the DH domain of the Dbl family GEFs suggests a
functional interdependence between the two domains. Indeed,

* Corresponding author. Mailing address: Department of Molecular a regulatory role of the PH domain in the function of Dbl
Sciences, University of Tennessee. 858 Madison Avenue, Memphis, amily rs ha bee recogniz Derivative of Dbl
TN 38163. Phone: (9(11) 448-5138. Fax: (911) 448-7360. E-mail: yzheng family members has been recognized. Derivatives of the Dbl

(Qý,utmem.cdu. family members onco-Dbl, Lbc, Lfc, and Dbs that are trun-
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cated within the PH domain are impaired in their transforming forming cells, and presents a basal mode that could be subject
activity (38, 48, 49, 53). In these cases, the PH domain was to modulation by a variety of upstream signals.
found to promote the translocation of the Dbl family pro-
teins to the plasma membrane or cytoskeleton, where the
Rho GTPase substrates reside. It is therefore likely that the MATERIALS AND METHODS

PH domain of the Dbl proteins, acting similarly to the SH2/ Construction of mutant proto-Dbl cDNAs. Constructs pZipneo-onco-Dbl,
SH3 domains in the Ras pathway (10, 39), serves to bring the pZipneoGST-DH-PH, pKH3-DH-PH, pKH3-Cdc42, and KH3-RhoA were gen-

catalytic DH domain to specific intracellular locations to erated as described before (54). Various proto-Dbl truncation mutants, including
TI-T7, NI-N4, and the DH and PH domains (Fig. IA), were generated by PCReffectively activate the Rho GTPases. cloning using the high-fidelity Pfu DNA polymerase (Stratagene) as described

Many members of the DbI family appear to exist in an (28). The resulting constructs in the pZipneo vector were subsequently sequence
inactive, basal state prior to full activation. The incoming up- proofed by automated fluorescence sequencing. The cDNAs encoding TI-T7,
stream signals, such as the heterotrimeric G-protein Got and DH-PH, DH, or PH were subeloned into the pKH3 vector for expression as the

Gp3y subunits, protein tyrosine or serine/threonine kinases, trihemagglutinin (HA 3),tagged proteins in Cos-7 cells. The Myc-tagged N2 and
Flag-tagged Ni constructs were generated by subconing the corresponding

adaptor or scaffolding proteins, and phosphoinositol lipids, eDNA sequences to the pCMV6 and pCMV2B vectors, respectively. The BamHl
may contribute in varying degrees to GEF activation processes fragments encoding TI, N1, and the DH-PH module were also subcloned into
(12, 13, 18, 19, 26, 34, 46). The best-understood example of the Bg~ll and BamHl sites of pVL1392 vector together with the cDNAs encoding

self-regulation among the family members is the proto-Vav the glutathione S-transferase (GST) or His6 sequences for insect cell expression
(51). The N2, N3, and N4 cDNAs were subcloned into the Bainl and EcoRIprotein. The N-terminal autoinhibitory extension of proto-Vav sites of the pGEX-2T vector for expression in Escherichia coli as GST fusions.

forms an a-helix that binds in the DH domain active site The pSR-lbc and pSR-v-ras plasmids used for the transformation assays were
through direct contact with the Rho GTPase binding pocket, described before (52).
blocking access to GTPases (3). Phosphorylation of Tyr174, Expression of recombinant proteins in E. coli and insect cells. Expression and

which is an integral part of the autoinhibition interface, by Syk purification of OST fusion small GTP-binding proteins (GST-Cdc42, (;ST-
RhoA. GST-N17Cdc42, and GST-Nl9FRhoA) from pGEX vector-transformed

or Src-like kinases causes the N-terminal peptide to become E. coli were carried out as described previously (20). Production of GST-N2, -N3,
unstructured and released from the DH domain, resulting in and -N4 and the GST-PH domain of Dbl in E coli was carried out similarly.
proto-Vav activation (3). The yeast Dbl family member Cdc24, Production and purification of the SP) insect cell expressed His,,-tagged TL
which is a Cdc42-specific GEF, forms a protein complex with DH-PH module, or Nt polypeptide were performed as described (51). The

concentration and integrity of purified proteins were estimated by Coomassiethe scaffolding molecule Farl and the GO31 subunits to mediate blue staining after sodium dodecyl sulfate-polyacrylamide gel electrophoresis
the mating response of Saccharomyces cerevisiae (34). Mam- (SDS-PAGE).

malian p115RhoGEF becomes activated as a Rho GEF upon Cell culture and transfection. Cells were maintained in Dulbecco's modified
Ga, 3 binding to its N-terminal RGS domain, suggesting that Eagle's medium (DMEM) supplemented with 10% calf serum (NIH 3T3) or

the coupling between a Get and p115Rho GEF may relieve the 10% fetal bovine serum (Cos-7). Transfections were carried out using the Lipo-
fectamine reagent (Gibco Life Sciences, Inc.). To generate stable cell lines, NIHintrinsic constraint of the DH domain (19). Moreover, phos- 3T3 cells were transfected with pZipneoGST constructs or a combination of the

phorylation of the Racl-specific GEF Tiaml by Ca2 +/calmod- pKH3 construct with pCMV2B vector (Stratagene). which contains a neomycin
ulin-dependent protein kinase II has been shown to lead to its resistance selection marker and were selected in DMEM supplemented with 5%
translocation to the plasma membrane and activation (13), calf serum and 0418 (350 xg/ml). The drug-resistant colonies were cloned and

subcultured in the same medium after 18 days.possibly by interference of the PH domain function of TiamlI, To assay transforming activity, NIH 3T3 cells were transfected with the
which has previously been demonstrated to determine its sub- pZipneo-proto-Dbl constructs onco-Dbl and Ibc or v-ras eDNA by the calcium
cellular location (45). These cases suggest that the Dbl family phosphate method as described (53). For inhibition assays, different doses of the
GEFs employ a diverse range of self-regulatory mechanisms to cDNAs encoding the N-terminal polypeptide NI or N2 in the pCEFL vector or

maintain themselves in the basal state. the pCEFL vector alone were cotransfected with onco-Dbl, lbc, or v-rus cDNAs
into the cells. The transfected NIH 3T3 cells were fed every 2 days with freshProto-Dbl activation occurs through truncation of N-termi- DMEM supplemented with 10% calf serum. At 12 to 14 days posttransfection,

nal 497 amino acids (42), suggesting that the N-terminal half of the cell culture dishes were either visualized directly under the microscope for
the molecule contains a negative regulatory element(s) for the focus formation or stained with a 2% solution of Giemsa for focus scoring (53).
C-terminal DH-PH functional module. A previous database In vitro GDP/(TP exchange assay. The time courses for ['HIGDPiGTP ex-

change of Rho family GTPases in the presence and absence of purified His.-search found limited similarities between the N terminus of tagged or HAo-tagged proto-Dbl mutants were determined as previously de-
proto-Dbl and the intermediate filament protein vimentin, scribed using the nitrocellulose filtration method (51). The GEF reaction buffer
spanning a 300-amino-acid region which was predicted to con- contains I

3
HIGDP-loaded Cdc42 with 20 mM Tris-HCI (pH 7.6), 100 mM NaCI,

sist of an extended a-helical coiled-coil structure (41). How- 10 mM MgCl2, 01.5 mM GTP, and I mM dithiothreitol (DTl) supplemented with

ever, where the inhibitory function resides upstream of the DH various proto-Dbl mutants.
Complex formation and immunoprecipitation. Cos-7 cells were transfecteddomain (residues 498 to 690) and how the N terminus exerts with various proto-Dbl constructs or the N-terminal polypeptide N1 by the

the inhibitory function remain unclear. In the present article, Lipofectamine method (54). At 48 h posttransfection, complex formation be-
we report the finding that proto-Dbl protein involves an in- tween the HA3-tagged proto-Dbl mutants and GST-fused dominant negative
tramolecular interaction between the N terminus and the PH Cdc42 (Nl7Cdc42) were carried out by incubation of the mutant proto-Dbl-

expressing cell lysates with the immobilized GST fusion proteins (54). Complexdomain to maintain an autoinhibited, inactive state. The N- formation between GST-NI, GST-N2, GST-N3, or GST-N4 and the DII-PH,
and C-terminal domain interaction effectively limits the access DH, or PH protein or between the GST-PH domain and the HA,-N1 polypep-
of the Rho GTPase substrates RhoA and Cdc42 to the catalytic tide were carried out similarly. The coprecipitation complexes were probed with
site of the DH domain and masks the intracellular targeting anti-HA monoclonal antibody and visualized with chemiluminiscence reagents

function of the PH domain, resulting in suppression of its GEF (Amersham Pharmacia). To detect coimmunoprecipitation between the N2 poly-
peptide and various Dbl mutants, the Myc-N2-encoding cDNAs in vector

function and a unique perinuclear localization pattern in cells. pCMV6 were cotransfected with the DH-PH, DH, or PH construct in the pKH3
Such an autoinhibition state prevents proto-Dbl from trans- vector into Cos-7 cells, and the cell lysates were subjected to anti-HA immuno-
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B FIG. 1. N terminus of proto-DbI contains an inhibitory motif for

transforming activity. (A) Schematic representation of the structures
0of proto-Db, onco-Dbl, and various deletion mutants. Numbering

refers to proto-Dbl sequences. (B) Focus-forming activities of various
125 proto-DbI constructs in NIH 3T3 cells. The cDNAs encoding various

proto-Dbl mutants were cloned into plasmid pZipneo-GST and trans-

< 100 fected into NIH 3T3 cells (0.1 [Lg/60-mm dish). At 14 days posttrans-

fection, the number of foci was quantified visually after crystal violet

"- 75I staining.

750

50- 
(residues 51 to 135), and GST-PKN. which contains the site required for

25 RhoA-GTP recognition of protein kinase N (residues I to 128), were expressed
and purified in E. coli by using the pGEX-KG vector as previously described (29).

c 0 _ The active. GTP-bound torm of Cdc42 or RhoA in fresh Cos-7 cell lysates

coexpressing the small GTPase and various proto-Dbl constructs was captured by

-- incubation with the GST-fused effector domains for 40 min at 4VC (54),
Fluorescence microscopy. Log-phase growing fibroblasts were seeded at a

0 density of 3 X 104 cells per 12-mm round coverslip (Fisher Scientific) overnight

Mutants before fixation in phosphate-buffered saline containing 4% paraformaldehyde

for 10 min at room temperature. The cells were permeabilized in Tris-buffered

precipitation with an anti-HA monoclonal antibody immobilized on agarose saline containing 0.2% Triton X-I(0 for 5 min and double stained for HA-tagged

beads (Roche Biochemicals). The coprecipitates were washed three times before protein and F-actin using anti-HA monoclonal antibody and rhodamine-phalloi-

being probed with anti-HA or anti-Myc in Western blots, din (Molecular Probes). Coverslips were mounted onto slides in 50% glycerol-

In vivo Rho GTPase activation assay. The glutathione-agarose-immobilized Tris-buffered saline. Stained cells were analyzed with a conventional fluorescence

GST-PAKI, which contains the p21-binding domain (PBD) of human PAKI microscope and a Zeiss confocal microscope (54).
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RESULTS Cdc42, we observed that while DH-PH was very efficient in
accelerating the GEF reaction, such that over 90% of bound

Effect of deletion mutations on proto-Dbi transforming [3H]GDP was dissociated from Cdc42 within 5 min under its
activity. To delineate a possible structural motif embedded stimulation, TI was only marginally active in stimulating the
within the N-terminal sequences that confers an inhibitory GEF reaction, such that only - 10% of Cdc42-bound [3H]GDP
function, we generated a series of deletion mutants of proto- was replaced by GTP within the same time period compared
Dbl in which the N-terminal 101, 171, 285, 348, 407, 442, or 497 with that in the absence of TI (Fig. 2A). Thus, the N-terminal
residues and/or the C-terminal 100 amino acids (TI to T7 and sequences of proto-Dbl negatively regulate the GEF activity of
DH-PH) were removed while leaving the DH-PH module in- the DH-PH module.
tact (Fig. IA). To evaluate the transforming potential of these Next, we examined the catalytic GEF activity of a panel of
proto-Dbl constructs, the respective cDNAs were cloned into proto-Dbl mutants on Cdc42 in vitro. The TI, T4, T5, T6, and
the mammalian pZipneo vector and transfected into NIH 3T3 DH-PH cDNAs in the pKH3 vector, which provides an HA3
cells. As positive and negative controls, pZipneo-proto-Dbl, tag at the N terminus, were transiently expressed in Cos-7 cells,
pZipneo-onco-Dbl, and the pZipneo vector alone were tested and the proteins were purified by immunoprecipitation from
in parallel. the cell lysates by using anti-HA agarose beads. Upon elution

As shown in Fig. IB, under assay conditions in which proto- by HA peptides, the purified deletion mutants were analyzed
Dbl displayed I to 2% of the transforming activity of onco-Dbl, by anti-HA Western blot, and the amount of each protein was
the vector alone consistently yielded null foci. Deletion of the visualized by chemiluminiscence imaging of the blot (Fig. 2B).
C-terminal 100 residues from proto-Dbl (T1) yielded a similar While the T5 and T6 mutants, which lacked the N-terminal 348
number of foci as proto-Dbl itself, indicating that the C-termi- and 407 residues, respectively, showed activities in stimulat-
nal sequences after the PH domain do not contribute directly ing [3H]GDP dissociation from Cdc42 similar to that of the
to proto-Dbl regulation. Sequential removal of the N-terminal DH-PH module, TI and T4, which contain an intact N termi-
sequences, however, apparently unleashed the transforming nus or residues 286 to 825, respectively, were comparable in
activity in a two-step manner: the T2, T3, and T4 constructs, displaying a significantly weaker GEF activity at equal molar
which lack the N-terminal 101, 171, and 285 residues, respec- quantities (Fig. 2C). These results indicate that the N-terminal
tively, displayed a minor increase in transforming activity, with sequences directly impose an inhibitory effect on the GEF
7 to 9% of the transforming activity of onco-Dbl, whereas activity of the DH-PH module. To test if the N terminus
further truncation to residue 348, 407, or 442 (T5, T6, and T7, interacts with the catalytic DH domain, resulting in inhibition,
respectively) resulted in significant activation of transforming the NI polypeptide encoding residues I to 482 was generated
activity indistinguishable from that of onco-Dbl. Since the de- in Sf9 insect cells as a GST fusion and included in the GEF
letion mutants were expressed equally well in NIH 3T3 cells activity assays with the DH-PH module. As shown in Fig. 2D,
and Cos-7 cells, giving rise to polypeptides of the expected no detectable effect was observed when a fourfold molar excess
molecular weights (data not shown; see Western blots de- of GST-N1 was present together with the DH-PH module in
scribed below), the differences between the mutants in trans- stimulating [3H]GDP dissociation from Cdc42 compared with
formation are likely to reflect the true biological activities in DH-PH alone. We conclude that the N terminus of proto-Dbl
cells rather than their differences in stability. Consistent with a interferes with the GEF function through a mechanism other
previous observation (20), the DH-PH module (residues 498 to than direct blockage of substrate binding to the DH domain as
825) behaved like onco-Dbl (Fig. IB), implying that the DH is the case with Vav (3).
and PH domains together constitute the structural module To determine the Rho GTP ase exchange potential of the
sufficient for maximum transforming activity. These results mutants in cells, the HA-tagged proto-Dbl mutants were tran-
suggest that the extreme N terminus (residues I to 101) of siently cotransfected with HA-tagged, wild-type Cdc42 or RhoA
proto-Dbl contains a minor negative regulatory element and in Cos-7 cells. The expression level of the mutants and Cdc42
that sequences between residues 286 and 348 contain an addi- or RhoA could be directly compared (Fig. 3). The relative
tional element(s) that is involved in imposing a major con- amounts of activated GTPases in the cell lysates were mea-
straining effect on the oncogenic activity of the subsequent sured by GST-PAKi or GST-PKN pull-down, which specifi-
DH-PH module. cally recognizes and stabilizes the GTP-bound form of Cdc42

Effect of deletion mutations on the GEF activity of proto-Dbl or RhoA (29). As shown in Fig. 3, both the TI and T4 mutants
protein. The transforming activity of onco-Dbl was found to demonstrated significantly lower Cdc42 activating potential,
correlate closely with its Rho GEF activity (54). We pondered while T5 and T6 were similar to the DH-PH module in their
whether proto-Dbl, under the constraint of the N-terminal ability to generate Cdc42-GTP. Similar observations were also
sequences, is defective in functioning as a GEF for Cdc42 and made when RhoA was examined as an in vivo substrate
RhoA, resulting in the apparent suppression of transforming (data not shown). These results indicate that the cellular Rho
activity. To this end, the TI mutant, which bears the C-terminal GTPase-activating potential of the proto-Dbl mutants corre-
100-amino-acid truncation and functions like proto-Dbl in lates with their in vitro GEF activity. This pattern of GEF
transformation assays, and the DH-PH module, which mimics activity and the Rho protein-activating potential of the mutants
onco-Dbl in both GEF catalysis and transformation ability are reminiscent of the above-described transforming abilities
(20), were expressed in Sf9 insect cells as His6-tagged fusion of the mutants (Fig. 1 B). We deduce from these results that the
proteins and purified by Ni2÷-agarose affinity chromatography. sequences between residues 286 and 348 contain the critical
When equal molar amounts of His6-T1 and His6-DH-PH were structural element(s) that appears to hinder the GEF function
assayed for the ability to stimulate [3H]GDP/GTP exchange of of the DH-PH module and that the lack of transforming ac-
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FIG. 2. GEF activity of proto-Dbl is negatively regulated by the presence of the N-terminal sequences. (A) Time courses of [3H]GDP
dissociation from Cdc42 catalyzed by TI and the DH-PH module. The insect cell-expressed His5 -TI and His6-DH-PH were purified to homoge-

neity by Ni2 +-agarose affinity chromatography. Approximately 10 pmol of each (Ti, solid circles; DH-PH, solid squares; buffer, open circles) was

used to assay GEF activity on -I tg of Cdc42-[3H]GDP in a buffer containing 20 mM Tris-HCI (pH 7.6), 100 mM NaCI, 10 mM MgC1,, 0.5 mM
GTP, and 1 mM DTT. The GEF reactions were terminated at the indicated time points by nitrocellulose filtration. (B) HA 3-tagged deletion
mutants were purified from Cos-7 cell lysates by using the immobilized anti-HA antibody. After elution with 0.2 mM HA peptides, the mutants
were analyzed by Western blot with anti-HA antibody. (C) Effect of deletion mutations on GEF activity. Approximately equal molar amounts of
the mutants purified from Cos-7 cell lysates (20 ;.l) were assayed for the ability to stimulate [3H]GDP dissociation from Cdc42 at various times.

Open circles, buffer; solid circles, Ti; open triangles, T4; solid triangles, T5; open squares, T6; solid squares, DH-PH. (D) Effect of isolated

N-terminal peptide N1 on GEF activity of DH-PH. [3H]GDP dissociation from Cdc42 was assayed in the presence (solid squares and open
diamonds) or absence of His6-DH-PH (open circles and solid diamonds) and an approximately fourfold molar excess of purified GST-NI
(diamonds) at various time points.

tivity of proto-Dbl reflects the suppressive effect on the cata- to the DH domain of onco-Dbl with high affinity (20). After

lytic GEF activity by the N-terminal negative regulatory con- extensive washing the coprecipitates of GST-Nl7Cdc42 were

straint(s). subjected to anti-HA Western blotting. Among the five HA-

Rho GTPase-binding activities of deletion mutants of proto- tagged polypeptides, T5, T6, and the DH-PH module displayed

Dbl. To further investigate the functional properties of the a similarly strong binding pattern to N17Cdc42. T4 bound sig-
various deletion mutants of proto-Dbl, we next compared their nificantly more weakly, and TI binding was barely detectable

abilities to directly bind to the Rho GTPase substrate Cdc42. (Fig. 4). These results are consistent with the relative effec-

Cos-7 cell lysates expressing similar amounts of HA-tagged Ti, tiveness of the mutants in activating the guanine nucleotide

T4, T5, T6, and the DH-PH module (Fig. 4) were incubated exchange of Cdc42 in vitro and in vivo (Fig. 2 and 3) and co-

with the glutathione-agarose-immobilized, GST-fused, domi- incide with the mutants' transformation abilities (Fig. IB). They

nant negative form of Cdc42, N17Cdc42, that is known to bind suggest that the N-terminal residues, particularly residues 285
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FIG. 5. Intracellular distribution patterns of proto-Dbl and various
deletion mutants. (A) Stable transfectants of HA-tagged TI (proto-
Dbl), DH-PH module, DH domain, PH domain, N-terminal NI poly-poto-ldc mutant.-: + + + + peptide, or DH-PH module coexpressed with the N I polypeptide were
generated in NIH 3T3 cells by G418 selection. Cell lysates (-5 X l0)•

Cdc42-GTP - i a cells) of the G418-resistant clones were subjected to anti-HA immu-
noprecipitation followed by Western blotting with anti-HA antibody.

RP ¢(B) Fluorescence microscopy of the cellular localization patterns of the.% 14 proto-DbI mutants. Stably transfected cells were maintained in low1+ serum (2%) overnight before being fixed and double stained as de-
scribed in the text. The cells were analyzed by confocal microscopy
with double filters for fluorescein and rhodaminc. The overlap of

FIG. 3. Cdc42 exchange potential of proto-Dbl mutants in cells. fluorescein and rhodamine images is shown in yellow.
HA3-Cde42 was expressed alone or together with HA-DH-PH, HA-
TI, HA-T4, HA-T5, or HA-T6 in Cos-7 cells. The cell lysates were
probed with anti-HA antibody in a Western blot. The cell lysates were
subjected to a GST or GST-PAKI pull-down assay, and the glutathi- proto-Dbl from that of onco-Dbl, has not been assessed. To
one-agarose coprecipitates were detected by anti-HA Western blotting examine the effect of the N-terminal sequences on proto-Dbl
to reveal the relative amount of Cdc42-GTP in cells. cellular localization and to determine the contribution of in-

dividual structural motifs to the proto-Dbl localization pattern,
to 348, are involved in negative allosteric control of proto-Dbl we have generated stable transfectants of NIH 3T3 cells ex-
activity by limiting the access of Rho GTPase to the catalytic pressing the HA-tagged proto-Dbl (TI), DH-PH module, DH
site on the DH domain. domain, PH domain, or the NI polypeptide (residues I to 482),

N-terminal sequences dictate the intracellular localization as well as a cell clone coexpressing Flag-tagged NI together
pattern of proto-Dbl. Onco-Dbl and the PH domain of Dbl with HA-DH-PH (DH-PH+NI). Western blot analysis of the
were colocalized with Triton X-100-insoluble particulates in anti-HA immunoprecipitates from the respective cell lysates
previous cell fractionation studies (53). Whether the N-termi- confirmed that HA-tagged polypeptides of the expected mo-
nal constraining sequences of proto-Dbl would interfere with lecular sizes were expressed in the cell lines (Fig. 5A). In ad-
the PH domain intracellular targeting function, thereby caus- dition, an anti-Flag Western blot further confirmed that Flag-
ing an alteration in the intracellular distribution pattern of NI was coexpressed with HA-DH-PH in the DH-PH+NI cells

(data not shown). After fixation, the cells were double stained
with anti-HA monoclonal antibody plus fluorescein-labeled an-
ti-mouse immunoglobulin antibody and rhodamine-labeled

,Ib 0 ~ phalloidin to visualize HA-tagged polypeptide distribution and
HA -TI- 41 cellular actin structures. Under a confocal microscope, we
HA.T4-- found that proto-Dbl displayed a mostly perinuclear distribu-
HA'T5-- tion pattern similar to that of the NI polypeptide (Fig. 5B).
-.. H-- ..... The DH-PH module, on the other hand, was found to colo-calize with actin stress fibers, like the PH domain alone,

cell lyatas whereas the DH domain was mostly diffused throughout cells,

with some degree of concentration around the nucleus (Fig.
" "" A ' 4 4 5B). These results are consistent with the previous cell frac-

.A-TI - tionation data showing a significant portion of the DH-PH
HA-T4 - module and the PH domain in the Triton X-100-insolubleHA-TS =-

--T6 fraction and the DH domain mostly in the cytosol (53) and
HA-OH-PH- suggest that the N-terminal sequences in proto-Dbl affect the

GST-I7Cdc42 plldown ST cellular distribution pattern of proto-Dbl. In the NI polypcp-
pull down tide-coexpressing cells, the actin-stress fiber colocalization pat-

FIG. 4. In vitro binding activity of proto-Dbl mutants to GST- tern of DH-PH was disrupted and changed to the mostly pe-
N17Cdc42. Various proto-Dbl constructs were expressed in Cos-7 cells rinuclear localization, similar to that of the NI polypeptide
by transient transfection. A portion of cell lysates was analyzed by alone (Fig. 5B). Thus, the N-terminal sequences of proto-Dbl
anti-HA Western blotting. The cell lysates were incubated with 2 pLg of contain the structural element(s) that dictates the intracel-
GST or GST-Cdc42N17 immobilized on glutathione beads for 1 h at
4°C under constant agitation. After three washes, bound proteins were lular distribution of proto-Dbl. This is likely due to the
detected by immunoblotting with anti-HA antibody. interference of the PH domain targeting function that de-
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termines the localization pattern of onco-Dbl by the N- 120
terminal sequences.

Isolated N-terminal fragment of proto-Dbl inhibits onco-
DbI transforming activity. The negative regulatory function of 100
the N-terminal sequences raised the possibility that the iso- -
lated N terminus of proto-Dbl might interfere with the bi-
ological activity of oncogenic Dbl. To test this hypothesis, s 80
the cDNAs encoding the NI (residues 1 to 482) and N2 IM
(residues 286 to 482) polypeptides were cloned into the E
mammalian expression vector pCEFL and cotransfected . 60
with onco-Dbl into NIH 3T3 cells. Compared with the empty 2C
vector, NI reduced onco-Dbl transforming activity by -90% ."
at a dose of 2 xg/100-mm dish, while N2 consistently caused .• 40
-25% inhibition under similar conditions (Fig. 6). At a lower 1
dose (0.2 [pgi100-mm dish), however, only NI showed signifi- " 20
cant inhibition of onco-Dbl activity. Neither NI nor N2 had a
detectable effect on proto-Dbl transforming activity when the
foci were induced by proto-Dbl overexpression (2 jxg of eDNA/ 0
100-mm dish; data not shown). To confirm that the N-terminal onco-dbl v-ras Ibc
sequence-caused inhibition was specific for onco-Dbl, we ex- x .xO xP O XO X XP X6 p ,•÷
amined the ability of N1 and N2 to affect the transforming 4, *.,, ,4
functions of a dbl-related oncogene, lbc, and oncogenic v-ras. -4, -- 1,
Distinct from their effects on onco-Dbl, neither peptide showed FIG. 6. N-terminal sequences of proto-Dbl specifically inhibit
any sign of inhibiting oncogene-induced focus formation at onco-Dbl transforming activity. NIH 3T3 cells were transfected with
2 l.g of cDNA/dish (Fig. 6). These results indicate that the N pZipneo-onco-Dbl (4 ng/100-mm dish) together with pCEFL vector or
terminus of proto-Dbl can specifically act on onco-Dbl or the cDNAs encoding the NI or N2 sequences in pCEFL vector at theindicated doses (micrograms per 100-mm dish). The lbc oncogenc (0.1onco-Dbl pathway and negatively influence its biological activ- t.g/100-mm dish) together with the pCEFL vector or the NI or N2
ity. cDNA in the pCEFL vector (2 jig/dish) or oncogenic v-ras cDNA (0.1

Interaction of N-terminal sequences with the PH domain of jtg/dish) together with vector or the NI or N2 cDNA (2 jig/dish) in
proto-Dbl. The above-characterized negative regulatory func- pCEFL were cotransfected in parallel. The focus-forming activity of
tion of the N terminus of proto-Dbl could be rationalized by an each oncogene cotransfected with the empty pCEFL vector was set at

100%. The relative focus-forming activities represent results from fourintramolecular interaction involving the N-terminal regulatory independent experiments.
sequences and the C-terminal functional module, thereby af-
fecting the GEF activity of the DH domain and the intracel-
lular targeting function of the PH domain. To test this hypoth- main at a detectable level. N2, but not N3 or N4, was capable
esis, we first employed a glutathione-agarose pull-down assay of binding directly to the PH domain. These results imply that
using the insect cell-expressed GST-N1 peptide as a probe to the region between amino acids 286 and 348 contains an im-
detect possible interaction with the C-terminal functional mo- portant element(s) that is involved in interaction with the PH
tifs, i.e., the DH-PH module, DH domain, or PH domain. The domain.
DH-PH module, DH domain, and PH domain were transiently To test whether stable association between the N terminus
expressed in Cos-7 cells as HA-tagged proteins, and the cell and the PH domain could occur in cells, a Myc-tagged N2
lysates were incubated with immobilized GST or GST-Ni. As peptide was coexpressed with the HA-tagged DH-PH module,
shown in Fig. 7A, GST-N1 was able to stably associate with the DH domain, or PH domain in Cos-7 cells, and the coimmu-
DH-PH module and the PH domain but not with the DH noprecipitation pattern of Myc-N2 with the HA-tagged pro-
domain, whereas the GST control did not bind to any of the teins was determined. In contrast to the lack of detectable
three proteins. When the N1 polypeptide was expressed in association by HA-DH, both HA-DH-PH and HA-PH formed
Cos-7 cells and subjected to the pull-down assay with the im- a stable complex with Myc-N2, as revealed by the anti-Myc
mobilized GST-PH domain, we found that GST-PH was able Western blot of the anti-HA immunoprecipitates (Fig. 7D).
to tightly bind to HA-N1 in the glutathione-agarose coprecipi- Thus, the N-terminal sequences of proto-Dbl can bind tightly
tates under conditions in which GST alone did not interact to the C-terminal PH domain in cells and are likely to do so
with N1 (Fig. 7B). Therefore, the N-terminal 482 residues of intramolecularly. Such an interaction may have a direct impact
proto-Dbl can form a physical complex with the C-terminal on both the GEF activity and intracellular localization of
DH-PH functional module via the PH domain. proto-Dbl, which are essential for its transforming activity,

To further delineate the region of amino acids in the N causing the observed autoinhibitory behaviors.
terminus that may contribute to direct interaction with the PH
domain, the sequentially deleted N2, N3, and N4 polypeptides, DISCUSSION
encoding residues 286 to 482, 349 to 482, and 408 to 482,
respectively, were employed as GST-tagged probes to detect Although most Dbl family members contain diverse multi-
possible binding to the PH domain. Figure 7C shows that while functional motifs, they all have the structural array of a central
none of the three N-terminal peptides bound to the DH do- DH domain in tandem at the carboxyl terminus with a PH
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A domain. Previous studies of onco-Dbl have established that the
DH domain is primarily responsible for Rho GTPase binding

10+ d÷'? € #os• and GEF activity, while the PH domain is involved in intracel-

- HA-OH-PH lular targeting and is necessary for the transforming activity of

onco-Dbl (8, 50). Truncation of the N-terminal 497 residues of

m -HAH proto-Dbl results in oncogenic activation (42), suggesting that

HA-PH the N-terminal sequences contain negative regulatory elements
imposing a constraint on the C-terminal DH-PH module. To

MAI11 pullw G•,k.r c.0 t. date, the mechanism which the N terminus employs in the

B negative regulation of proto-Dbl activity and the regions of the

molecule contributing to the regulation remain unclear. In this

study, we provide direct evidence that proto-Dbl adopts an
HA-Hi - .. t-HA blot autoinhibitory mechanism for controlling its biochemical and

, % biological activities. We identified the region between amino

acids 275 and 349 as a critical inhibitory motif that impairs

GEF catalytic activity and the intracellular targeting activity of

the DH-PH module. The autoinhibitory effects are likely to

arise through direct intramolecular interaction of this region
with the PH domain, limiting the access of Rho GTPases to the

HA-OH ... . DH domain and masking the intracellular targeting function of

HA4M - the PH domain. Such an autoinhibitory mode may be optimal

for proto-Dbl regulation, since incoming upstream signals

% , %, could exert their effects by modulation of either the N-terminal

\ ,motif or the C-terminal PH domain.
Inhibitory effects of N-terminal sequences of proto-Dbl on

HA-PH . . .the DH-PH module. Our previous structural mapping studies

HA-PH: -.... indicate that the DH-PH module of Dbl represents the mini-
HA-PH-- mum constitutively active structural unit that confers Rho

SGTPase exchange activity and cell-transforming potential (20).

We show here that the presence or absence of the C-terminal
100 amino acids just outside the PH domain did not cause any

\ \\ *change in transforming activity for either proto-Dbl or onco-

Dbl, indicating that these sequences are not involved in regu-

mutant: H-PH DH PH lation of the DH-PH module. A series of deletion mutations
myc.N2: +. . .into the N terminus resulted in an apparent two-step activation

HA-OH-PH - of the proto-Dbl transforming activity: removal of the N-ter-

anti-AIP minal 100 or 274 residues caused minor but significant en-

HA-OH - 4 hancement, while further truncation to residue 348 led to full-
HA-PH - A blown activation of the focus-forming activity that is similar to

anU-HA b the capacity of the DH-PH module (Fig. 1). These results

myc-N2 -- - onti-HA coAP prompted us to speculate that the N-terminal sequences im-

pose a two-layer regulatory mechanism on the DH-PH mod-
"ule. The N-terminal 100 residues and sequences between res-

FIG. 7. N-terminal sequences of proto-Dbl interact directly with idues 275 and 349 either act independently in negatively
the PH domain. (A) GST-N I polypeptide forms a stable complex with
the DH-PH module or the PH domain of proto-Dbl. The DH-PH controlling the DH-PH activity or act coordinately so that the

module, DH domain, or PH domain was transiently expressed in Cos-7 N-terminal 100 residues may further reinforce the negative

cells as an HA-tagged protein. About 2 •g of GST or GST-N1 immo- constraint imposed by the following sequences. This is analo-
bilized on glutathione-agarose beads was incubated with the cell ly- gous to the situation of the vav proto-oncogene product, in
sates for 1 h at 4°C. After three washes, the agarose bead coprecipi- which removal of the N-terminal 66 or 127 residues led to only
tates were subjected to anti-HA Western blotting analysis. (B) PH
domain complexes with NI polypeptide of proto-Dbl in vitro. Immo- partial activation of the transforming activity, while full acti-

bilized GST or GST-PH (-2 •g/sample) was incubated with Cos-7 vation was achieved by truncation of the N-terminal 186 resi-

lysates expressing HA-NI, and the coprecipitates were detected by dues (1).
anti-HA immunoblotting. (C) Immobilized GST-N2 (residues 286 to The cellular transforming activity of Dbl is intimately de-
482), GST-N3 (349 to 482), or GST-N4 (408 to 482) was incubated
with cell lysates expressing HA-DH or HA-PH. The association of the pendent upon its catalytic GEF activity on Rho GTPases (54).

HA-tagged DH or PH domain with the GST fusion coprecipitates was The inhibitory effects of deletions of proto-Dbl on transforma-

detected by anti-HA Western blot. (D) DH-PH module and the PH tion indeed reflect their relative GEF activities on Cdc42 and
domain but not the DH domain associate with the N2 polypeptide in RhoA when the purified mutants were tested in vitro (Fig. 2).
cells. The Myc-tagged N2 polypeptide was coexpressed in Cos-7 cells The N terminus appears to potently inhibit the GEF ability of
with the HA-tagged DH-PH, DH, or PH construct. Cell lysates were
subjected to anti-HA immunoprecipitation (IP) followed by anti-HA the DH-PH module, implying that an intramolecular interac-

or anti-Myc Western blotting. tion is at work in the regulatory mechanism. Residues 275 to
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Dbl family guanine nucleotide
exchange factors
Yi Zheng

The Dbl family of guanine nucleotide exchange factors are multifunctional molecular mechanisms underlying the biochemical
molecules that transduce diverse intracellular signals leading to the activation activities of Dbl family GEFs. The mode of regulation
of Rho GTPases. The tandem Dbl-homology and pleckstrin-homology domains of Dbl family members and the mechanistic
shared by all members of this family represent the structural module interactions between the GEFs and Rho GTPase
responsible for catalyzing the GDP-GTP exchange reaction of Rho proteins, substrates are discussed in depth.
Recent progress in genomic, genetic, structural and biochemical studies has
implicated Dbl family members in diverse biological processes, including Evolution and biological functions
growth and development, skeletal muscle formation, neuronal axon guidance The DH domain does not share significant sequence
and tissue organization. The detailed pictures of their autoregulation, agonist- homology with other subtypes of small G-protein
controlled activation and mechanism of interaction with Rho GTPase GEF motifs such as the Cdc25 domain and the Sec7
substrates, have begun to emerge. domain, which specifically interact with Ras and

ARF family small GTPases, respectively, nor with

The dbl oncogene product was originally isolated other Rho protein interactive motifs, indicating that
from a diffuse B-cell lymphoma. Subsequent amino the Dbl family proteins are evolutionarily unique.
acid sequence analysis found that a region in the Recently completed genome sequencing projects
central portion of the Dbl protein, now known as the have revealed that there are at least three Dbl family
Dbl homology (DH) domain, shares significant GEFs in Saccharomyces cerevisiae, 18 in
similarity with the yeast cell division cycle protein Caenorhabditis elegans, 23 in Drosophila
Cdc24 and the human break point cluster region melanogaster and 46 in Homo sapiens 151. This
protein Bcr. Suspicion that Cdc24 might act number might increase further when detailed
upstream of the GTPase Cdc42 in yeast led to the annotations of the genomic sequences become
finding that both Dbl and Cdc24 function as guanine available; indeed, there are at least 20 additional
nucleotide exchange factors (GEFs), stimulating the partial sequences in the human genome that appear
replacement of GDP bound to specific Rho family to encode DH domain-containing proteins. The
GTPases with GTP [1,21. Over the past decade, number ofGEF substrates (i.e. Rho family GTPases)
many proteins have been placed in the Dbl also increases with evolution, from six in
family because they contain a DH domain and a S. cerevisiae to 18 in human, but they are far
tandem pleckstrin homology (PH) domain that is outnumbered by the positive regulators in higher
invariably located immediately C-terminal to the eukaryotes, suggesting that the function of
DH domain. individual GEFs is more specialized in mammals.

The current biochemical model depicts that Dbl Indeed, many mammalian Dbl family members are
family GEFs function immediately upstream of Rho tissue- and cell-type specific, and their biochemical
GTPases (Fig. 1). Stimulation ofgrowth factor GEF activities range from being highly selective for
receptors, cytokine receptors, cell-to-cell or one Rho GTPase substrate to more promiscuous
extracellular matrix-to-cell adhesion receptors, or the towards multiple Rho proteins (Table 1).
G-protein-coupled serpentine receptors, can all The first genetic evidence ofDbl family functions
initiate intracellular signals that lead to Rho GTPase came from studies of Cdc24, a bud site assembly
activation, a process that probably involves Dbl molecule in S. cerevisiae whose function is closely
family members. Concomitantly, the incoming signals associated with that of Cdc42 13]. Disruption of
might also modulate Rho GTPase-activating proteins CDC24 led to cell death, indicating that Cdc24 had an
(RhoGAPs) and Rho GDP-dissociation inhibitors essential role in cell growth. Various Cdc24 mutant
(RhoGDIs), both of which serve to negatively regulate phenotypes also imply that Cdc24 is an essential
Rho functions, resulting in elevated levels of Rho- component regulating vegetative growth, cell mating,
GTP. The active Rho species interact, in turn, with a polarity establishment and cell orientation 16 1. Rom2,Yi Zheng

Dept of Molecular large array ofeffector targets that further relay the another Dbl family member of budding yeast that can
Sciences, University of signals to downstream signaling components, suppress mutations of the phosphatidylinositol
Tennessee Health Science resulting in diverse biological responses (Fig. 1; kinase (P13K) homolog tor2, appears to be the
center, Memphis, reviewed in Refs [3,4]). physiological activator ofRhol and Rho2 GTPases,
TN 38163, USA.
e-mail: yzheng (• This review focuses on recent progress in our and acts in the Tor2-RholiRho2 pathway controlling
utmem.edu understanding of the biological functions and the actin cytoskeleton and cell shape 17 1.
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responses of B- and T-lymphocytes 1141, suggesting
Growth factor Cytokine Adhesion Serpentine more complex roles ofthe GEFs in mammals.

receptor receptor receptor receptor Interestingly, Dbl knockout mice do not display

Plasma .. major abnormalities (A. Eva, pers. commun.),

membrane raising the possibility that multiple Dbl family
genes could play redundant roles.

4. 4. The compelling evidence that Dbl family GEFs are
"Ainvolved in human genetic disorders came from the

DbI family GEFs studies of the FGD 1 GEF [ 15 1. A mutation in the DH
domain of FGD1 that results in a loss of FGD1
function, cosegregates with faciogenital dysplasia, a
developmental disorder. More recently, a mutation in
the Dbl member ARHGEF6 (also known as ctPIX) was
found to be associated with X-linked nonsyndromic
mental retardation [ 161. Whether the DH domain in

RhoGAPs Effector Bcr, which is present in the p210 isoform of Bcr-Abl
Etaretsr fusions in chronic myelogenous and acute

lymphocytic leukemias [171, or the Rho-specific GEF

"activity of LARG 118,191, which is retained in an

Membrane Cytoskeleton Transcription DNA Translation MLL-LARG fusion in acute myeloid leukemia 1201,
trafficking reorganization activation synthesis regulation play a role in these diseases, remains to be seen.

TiBS Biochemical functions

Fig. 1. Signaling role of Dbi family GEFs in the regulation of Rho GTPase functions. In mammalian cells, Dbl family GEFs contain diverse structural motifs in
stimulation of a variety of cell surface receptors, including growth factor receptors, cytokine receptors, addition to the conserved DH-PH domains (Fig. 2).
cell-cell or cell-extracellular matrix adhesion receptors, and G-protein-coupled serpentine receptors, Early biochemical studies using oncogenic Dbl as a
might all lead to the activation of specific DbI family GEFs. The activated GEFs, in turn, catalyze the
exchange of bound GDP for GTP on specific Rho GTPases, resulting in their activation. The receptor_ model system established that, whereas the DH
mediated signals might also affect the biochemical activity of two classes of negative regulators of Rho domain is responsible for GEF catalytic activity, the
GTPases; that is, RhoGAPs and RhoGDIs. Suppression of the negative regulators, together with the adjacent PH domain is involved in intracellular
activating potential of GEFs, might synergistically drive Rho GTPases to the active conformation. The
GTP-bound Rho proteins can then interact with multiple effector targets, leading to diverse cellular targeting of the DH domain [1,2]. Although the
responses such as actin cytoskeleton reorganization, endocytosis and exocytosis, transcription PH-directed localization of the DH-PH module to the
activation, stimulation of DNA synthesis, and/or translational regulation. Abbreviations: GAP, plasma membrane and the actin cytoskeleton
GTPase-activating protein; GDI, GDP-dissociation inhibitor; GEF, guanine nucleotide exchange factor. conform to the generalized view that PH domains

function as regulated membrane-binding modules
The functional link between Dbl family GEFs [21], it also suggests a unique capability of the PH

and Rho GTPases was further strengthened when domain to associate with actin or actin-binding
UNC-73, a large multifunctional protein in components. The DH domain, together with the PH
C. elegans containing two separate DH-PH motifs, domain, constitutes the minimum structural unit
was found to regulate actin structure and bearing transforming function [ 1,21. This appears to
movement by activating the Rho GTPase Rac, and a be a generalized principle among Dbl family GEFs as
loss of DH domain function resulted in multiple similar conclusions have been drawn in the cases of,
defects in axon guidance and neuronal cell for example, Lbc, Lfc and Dbs. Demonstration of
migration 18]. In Drosophila, the Dbl protein SIF substrate-binding and catalytic activities in
was suggested to be involved in regulation of reconstituted GEF reactions, and examination of
synaptic differentiation because it is associated Rho GTPase activation states induced by
with the plasma membrane of synaptic terminals, overexpression of GEFs, have provided the bulk of
and mutations in SIF led to defects in neuronal the data on the biochemical functions of Dbl
morphology [91. Recently, a set of genetic studies members, although much of this is currently limited
presented strong evidence that Trio, a homolog of to the three most prominent Rho GTPases: RhoA,
UNC-73, mediates the effects ofaxon guidance Racl and Cdc42 (11,21; Table 1). Some of the GEFs,
factors on actin dynamics [10-121. The genetic for example Cdc24, FGD1, Tiaml and Lbc, are
phenotypes of Trio mutations suggest a biochemical specific for a single Rho protein, whereas others,
pathway linking the transmembrane tyrosine including Dbl, Ost, Ect2 and Bcr, are more
phosphatase Dlar and the Abl tyrosine kinase to the promiscuous, targeting multiple Rho GTPases. The
Trio-Rac-Pak signaling complex. In mice, Trio early view that certain members of the Dbl family
deficiency causes skeletal muscle deformation and might function by binding to Rho GTPases without
neuronal disorder [13], and elimination of the GEF activity (e.g. Ect2) [2] does not seem to hold up,
uav gene, which encodes a hematopoietic cell as recent studies have revealed that the lack of GEF
specific Dbl family GEF, results in impaired activity of certain GEFs might have been caused by
lymphoid development, and defective immune the requirement of missed regulatory signals
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Table 1. A selected list of novel mammalian Dbl family membersa
DbI family member GTPase substrates Biological activities/unique distributions Accession No.

FGD2 GEF for Cdc42 Embryonic development NM013710
Lbc/Brx GEF for Rho Proto-oncogene product; binds to nuclear hormone receptor NM006738
p11 5RhoGEF/Lsc GEF for Rho Proto-oncogene product; binds to Gtrl3 and Gol 2 U64105

Neti GEF for Rho Proto-oncogene product U02081
Ost/Dbs GEF for Cdc42 and Rho; Proto-oncogene product; at least three isoforms Z35654

binds to Rac

p190RhoGEF GEF for Rho Inhibits neurite outgrowth; binds to microtubules U73199
Kalirin/Duo GEF for Rac and Rho Two DH-PH modules; multiple isoforms as a result of alternative AF232669

splicing
Asef GEF for Rac Enriched in brain; binding to tumor suppressor APC leads to AB042199

activation
Pix/Cool GEF for Rac At least two isoforms; binds to Rac effector PAK AF044673

Frabin GEF for Cdc42 Binds to actin AF038388
Vav3 GEF for Rho and Rac Proto-oncogene product NM020505

hPEM-2 GEF for Cdc42 Predominantly expressed in brain AB007884
GEF-H1 GEF for Rac and Rho Associates with microtubules U72206

GTRAP48/KIAA0380/ GEF for Rho Predominantly expressed in brain cerebellum; associates with AF225961
PDZ-RhoGEF neuronal glutamate transporter; binds to G0l3

LARG GEF for RhoA Fuses to MLL gene in acute myeloid leukemia; interacts with Gu1 2 AF180681

and G0r3
Tiam2 GEF for Rac Two isoforms; cerebellum and testis specific NM012454
Stef GEF for Racl To be determined AB022915
p114RhoGEF GEF for RhoA To be determined ABO11093
Ngef/ephexin GEF for RhoA, Racl, Cdc42 Proto-oncogene product; predominantly expressed in brain; NM019867

mediates Eph regulation of growth cone
Collybistin To be determined Two splice variants; predominantly expressed in brain AJ250425
Intersectin GEF for Cdc42 Two splice variants; one is brain-specific NM003024
aAbbreviations: APC, adenomatous polyposis coil; DH, ObI homolgy; GEF, guanine nucleotide exchange factor; PAK, p2l-associated kinase; PH, pleckstrin homology.

(e.g. phosphorylation) [221. Furthermore, DH domain It is therefore not surprising that many Dbl family
mutants that retain substrate-binding activity but members display transforming activity in fibroblast
are catalytically compromised act as dominant- transfection assays and some, through activation of
negatives in cells [23], suggesting that a threshold of Racl or a related pathway, regulate cell migration
GEF activity, in addition to the Rho-binding activity, and tumor metastasis. The issues currently
is required for function. It remains to be seen attracting much attention are which GEF-regulated
whether all Rho GTPases use Dbl members as pathways are essential for cell transformation or
activators as some of them, for example RhoE, seem metastasis, and whether interference with selected
to exist in a constitutively active form [24]. pathways can be explored for anti-cancer drug design.

A few additional lines of evidence also help However, it is important to note that given the
establish that Dbl family GEFs function by activation multifunctional nature of these proteins (Fig. 2), it is
of Rho GTPases in cells: (1) the foci induced by Dbl possible that many of the GEF molecules bear
family oncoproteins are morphologically similar to GEF-independent functions [26,27]. Determining
those transformed by constitutively active Rho what these other functions might be and whether
GTPases, but distinct from those seen when cells are they affect the GEF-elicited pathways, should
transformed by other types of oncogenes such as Ras, also provide leads to a more comprehensive
Raf or Src [1]; (2) coexpression of Dbl family members understanding of GEF functions.
with dominant-negative mutants of Rho family
GTPases blocks their transforming activity [3]; Mechanisms of regulation
(3) mutants of GEFs that are no longer able to Many members of the Dbl family seem to exist in an
interact or activate Rho protein substrates behave as inactive or partially active state before stimulation.
dominant negatives in cells [22,231; and (4) many Current literature suggests that their basal states can
cellular activities induced by Dbl family proteins, be maintained by one or multiple forms of four possible
such as actin cytoskeleton reorganization, regulatory modes involving intra- or inter-molecular
cytokinesis, stimulation of G1 to S phase transition, interactions (Fig. 3). The first is through the
c-Jun N-terminal kinase activation, cyclin D 1 intramolecular interaction between DH and PH
induction, and activation of the serum response factor domains. Examples of such an interaction include the
and nuclear factor-KB transcription factors, are Dbl family members Vav and Sos 1 in which binding to
associated with the activation of signaling pathways the P13K product phosphoinositol (3,4,5) trisphosphate
known to be mediated by active Rho GTPases or by [PtdIns(3,4,5)P3J by the PH domain seems to alleviate
Rho GTPase effector targets [ 1,3,25]. an inhibitory effect on the DH domain 128,29 1.
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Fig. 2. Domain structures of representative Dbl family members. Abbreviations: Ac, acidic amino DH domains. This mode of regulation has been
acid rich motif; Al, autoinhibitory domain; C2, calcium-dependent lipid binding; CC, coiled coil; suggested recently in the cases ofRasGRF1, RasGRF2
Cdc25, RasGEF motif; CH, calponin homology; CR, cysteine-rich zinc butterfly motif; DH, Dbl and onco-Dbl [32,33], and is postulated to play a role in
homology; EB, EAAT4 binding; EF, EF hand calcium-binding motif; GCiy, Gpy binding domain;

Ig, immunoglobulin-like; IQ, calmodulin binding motif; Kinase, serine/threonine kinase motif; the efficient execution of GEF function. Finally,

P proline-rich SH3-binding motif; PDZ, DHR or GLGF domain; PEST, amino acids P, E, S and T rich, additional cellular factors could interfere with specific
degradation motif; PH, pleckstrin homology; RBD, Ras-binding domain; REM, Ras exchanger motif; Dbl member function through direct protein-protein
RGS, regulator of G-protein signaling motif; RhoGAP, Rho GTPase-activating protein motif;

Sec14, secl4-like; SH2, Src homology 2; SH3, Src homology 3; TR, TatIRAG8-related. interactions, helping maintain the GEF at a basal

state. Examples in this category include the recently
discovered interaction of tumor metastasis suppressor

The second possible mode of regulation is through the nm23Hl with Tiamil, which results in a decrease in

intramolecular interaction of a regulatory domain with GEF activity ofTiaml towards Rac1 [34], and the
the DH or PH domain of the GEF protein. Such potential recruitment of an inhibitory factor through
interactions are expected to impose a constraint on the the C terminus ofpll5RhoGEF [351. Incoming

normal DH and/or PH domain function by masking the upstream signals, via heterotrimeric G proteins,
access of the Rho GTPase substrate and/or altering protein kinases, adaptor molecules and/or
intracellular targeting mediated by the PH domain. phosphoinositol lipids, could contribute to the

Examples of such regulation include Vav and Dbl alteration of these regulatory modes, resulting in
[30,311, and maybe also Asef, Lbc and p 115RhoGEF. intracellular translocation of GEF and stimulation of
The third possible mode involves oligomerization GEF catalytic activity. A few representative cases of

through an intermolecular interaction between GEF regulation are illustrated in Fig. 4.
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Fig. 3. Intra- and inter-

molecular interactions (a) (b) (c) (d)
implicated in regulation of

(a) Potential DH and/or PH

interaction within a________$
oDH-PH functional module DH

might block the access of

Rho GTPase substrates.
(b) Interaction between an
intramolecular regulatory TiBS
domain and the DH or PH
domain could mask the
DH domain and/or affect Activation by GTP-binding proteins Src family tyrosine kinases after cytokine or adhesion
the targeting function of Bradykinin, LPA, bombesin and other G-protein- receptor activation 1141. In the basal state, a stretch ofthe PH domain.
tc) Oligomerization coupled receptor stimuli are known to activate Rho N-terminal sequences folds into an a-helical
through DH domains GTPase pathways [3,4]. Both Ga and Gp-y subunits structure and binds to the active site of the DH
might allow the have been suggested to have roles in inducing Rho- domain, masking the access of Rac1 130]. Upon
recruitment of multiple mediated actin stress fiber formation and/or focal phosphorylation at residue Tyr174, these amino acid
Rho substrates into onesignaling complex. adhesion assembly. GPTin S. cerevisiae was first sequences become unstructured and the constraint on

(d) Recruitment of an found to directly interact with a RhoGEF, Cdc24, in the DH domain is relieved. Another example of
inhibitory cellular factor (I) response to pheromone-receptor activation [2,3] activation by phosphorylation is Ect2, a regulator of
by the regulatory (Fig. 4d). Rsrl, a Ras-related GTPase, also directly cytokinesis whose GEF activity towards Rho is
sequences of GEF could
suppress the GEF activity interacts with Cdc24 to target it to the budding site of induced by Cdk-related kinases during cell-cycle
and help maintain the the cell [1,2] (Fig. 4d). Subsequent biochemical progression 122]. The physiologically meaningful
basal state. Abbreviations: studies identified p115RhoGEF, LARG and phosphorylation events that regulate many GEF
OH, ObI homology;
GEF, guanine nucleotide GTRAP48/PDZ-RhoGEF, as a subset of GEFs functions remain to be clarified.
exchange factor; containing a regulator of G-protein signaling
PH, pleckstrin homology. (RGS)-like domain that binds to, and might be Regulation by phosphoinositol kinases

activated by, Gal3 [20,36,37] (Fig. 4b). Dbl protein The P13K homolog Tor2 was shown to be involved in
was also suggested to be able to bind GPT and Ga l3 activation of the GEF Rom2 and the GTPase Rhol
through its N-terminal regulatory sequences 138,39], cascade in yeast [7], suggesting that the lipid product
although it remains to be seen whether such of the kinase, Ptdlns(3,4,5)P,1 , might play a role in
interactions are physiologically relevant. Early GEF activation. In mammalian cells, early studies
experiments in Swiss 3T3 fibroblasts suggested that have shown that treatment with the P13K inhibitor
Cdc42, Racl and RhoA act in a linear cascade to wortmannin inhibited the activation of Rac
mediate signals causing cytoskeleton changes [4], and downstream of growth factor receptor activation 13,41.
that they are all involved in Ras-induced In addition, the invariable presence ofa PH domain in
transformation [3,4]. The GEFs between these small Dbl family GEFs makes it a valid hypothesis that
G-protein hierarchy chains remain to be identified. phosphoinositol phosphates might affect GEF activity
One possible scenario pictures the link as a single and/or location by binding to the PH domain. Indeed,
GEF molecule such as Tiaml, which was recently many PH domains derived from Dbl family members
found to contain a Ras-binding domain [401 and were shown to be capable of interaction with
therefore might activate Racl promptly in response to phosphatidylinositol phospholipids. The more
Ras (J. Sondek, pers. commun.; Fig. 4a). convincing evidence that such interaction could
Alternatively, a class of GEFs containing both a contribute to the modulation of GEF function came
DH domain and a Ras-activating Cdc25 domain, such from studies of Vav and Sos 1, both ofwhich displayed
as Sos and RasGRF, could serve to activate Ras and enhanced GEF activity towards Rac I upon
Racl simultaneously or sequentially in response to Ptdlns(3,4,5)P• binding to the PH domain 128,291.
stimuli, as both these motifs have recently been found Interestingly, PtdIns(4,5)P2, the substrate of P13K,
to confer GEF activity towards RacI and Ras, was found to inhibit substrate binding and GEF
respectively [29,41]. However, activation of the activity of the DH domain of Vav and Sos 1 [431,
DH domain in these two-headed GEFs might suggesting that phosphatidylinositol phospholipids
require additional modulators such as E3bl and Eps8 regulate the intramolecular interaction between DH
in the case ofSosl [42], where a macromolecular and PH domains. Moreover, phosphorylation of Vav
complex seems to be needed to unmask the GEF also seems to contribute to its activation by
activity for Racl. PtdIns(3,4,5)P3,. By contrast, the GEF activity of Dbl

towards Cdc42 was found to be inhibited by either
Activation by protein kinases Ptdlns(4,5)P2 or Ptdlns(3,4,5)P;3 binding to the PH
In response to extracellular stimuli, many Dbl family domain [44]. Although lipid binding is important for
GEFs become phosphorylated by protein kinases, plasma membrane targeting, it apparently is not
which could contribute to their activation. The best- essential for cytoskeleton localization ofonco-Dbl, nor
understood case is Vav, which is phosphorylated by for cell transformation.
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Fig. 4. Regulation of four DbI family GEFs in intracellular signaling networks, molecules such as Catl/Git-1 through the C-termi nal proline-rich region; and can exert
(a) The Dbl family member Tiamr1 is regulated by diverse mechanisms including both GEF/Rac-dependent and GEF-independent functions in the signaling pathway of
phosphorylation by Ca 2 '/calmodulin-dependent kinase II (CaMKII) or related kinases, growth factors. (d) Heterotrimeric G-protein frysubunits, small G-protein Rsrl, multiple
interaction with phosphatidylinositol-3-kinase (PI3K) product Ptdlns(3,4,5)P 3, binding adaptor molecules (Far1 and Bemr ), Cdc42-effector Cla4 kinase, and cell cycle-
to cell surface molecule CD44 or cytoskeleton protein ankyrin, as well as direct binding dependent kinase, together contribute to the effective onset and offset of the GEF
to activated Ras. By contrast, interaction with the tumor metastasis suppressor activity towards Cdc42 and the intracellular localization of Cdc24, Farn binds to the
nm23H1 negatively regulates Tiamr GEF activity. (b) G-protein-coupled receptors N terminus of Cdc24 and in response to cell-cycle progression translocates it to the
could use the heterotrimeric G-protein G(x13 and an as yet to be identified tyrosine plasma membrane where it could meet with Gofyand Bemr through direct interaction
kinase, to regulate intracellular localization and GEF activity of p115RhoGEF Binding of mediated by the unique N-terminal or C-terminal sequences of Cdc24 and activate
p115RhoGEF through the N-terminal RGS domain to activated Go13 could stimulate Cdc42. One of the Cdc42 effectors, Cla4, could in turn phosphorylate Cdc24 and
GTP-hydrolysis of Gu13 and return it to the GDP-bound state, meanwhile causing an mediate its dissociation from the signaling complex, Abbreviations: BBS, Bemr
activation of the GEF activity of p11 5RhoGEF and translocating it to the plasma binding site; CDK, cyclin-dependent kinase; CRIB, Cdc42/Racl-interactive binding;
membranes, where it activates the Rho-mediated pathways. Ic) PPIX might serve as a DH, DbI homology; GEF, guanine nucleotide exchange factor; P, proline-rich sequences;
scaffold in activation of Racl-PAK pathway, PPIX effectively forms a stable complex PAK, p21-associated kinase; PH, pleckstrin homology; RBD, Ras-binding domain;
with Rac through the DH domain, with PAK through the SH3 domain, and with other RGS, regulator of G-protein signaling; SH, Src homology.
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The membrane-associated molecule radixin interacts
with Dbl and might also recruit RhoGDI to the

complex [481. Other regulatory interactions of GEFs
reported recently include Asef interaction with, and
subsequent activation by, the tumor suppressor APC
[49]; p115RhoGEF interaction with HIV gp41, which
leads to a negative effect on GEF function 1501;

Tiaml binding to the hyaluronic acid-binding
receptor CD44 and the cytoskeletal protein ankyrin,
both of which positively regulate the Racl-specific
GEF activity [51,52]; and Tiaml interaction with
tumor metastasis suppressor nm23H1, which results
in a decrease in GEF activity towards Racl [341
(Fig. 4a). Most recently, two novel Dbl family GEFs,
ephexin and GTRAP48, have been shown to form a
signaling complex at the receptor level with EphA
and EAAT4, respectively [37,531, mediating neuronal
growth cone dynamics or glutamate transporter
functions. It is foreseeable that future studies of
GEFs converging from diverse biological areas could
uncover more unique, physiological meaningful
interactions that have regulatory effect on GEF
functions.

Overall, the biochemical mechanisms of the spatial
and temporal regulation of GEFs remain poorly
understood. In addition to GEF activation,
concomitant upstream signals are probably required
to suppress the negative regulations imposed upon
Rho GTPase substrates by RhoGAPs and RhoGDIs
[3,4]. To this end, the regulatory networks employed
by PIX [54] and Cdc24 [45,551 (Fig. 4c,d) provide some
clues that a large signaling complex could function to
enhance the counter-reactive ability of a GEF for

negative regulations and to ensure signaling

specificity.

Mechanism of guanine nucleotide exchange
on Rho GTPases

Similar to the mechanisms of Ras and heterotrimeric
Go activation by their respective GEFs, the Dbl

Fig. 5. Mechanism of Racl activation by the DH-PH module of Tiam1. (a) The three-dimensional view family GEFs are thought to involve sequential
of Tiaml-Racl tetramer complex. Two identical units of Tiaml-Racl complex are in a back-to-back GDP-dissociation and GTP-binding steps to facilitate
dimer configuration through interaction of extensive hydrophobic surface areas in DH domains. GDP-GTP exchange on Rho GTPase substrates [561.
Switch regions of Racl are shown in red, and the rest of Rac are shown in green. One set of DH-PH
module is in light gold and light blue, and the other unit is in darker colors. (b) Expanded view of the The exchange reactions are initiated when GEFs

regions ofTiaml-Racl complex that specify GEF-Rac interaction. The 12/03 residues S41, N43, N52, recognize the GDP-bound Rho proteins, followed by
and W56 of Racl form both hydrogen bonds and van der Waal's contacts with the (17/0r7b residues stimulation of GDP dissociation to achieve a binary
01177, S1179, H1178, E1183, S1184 and 11187 of Tiaml. Abbreviations: DH, Dbl homology; GEF-Rho complex in which the small G protein exists

GEF, guanine nucleotide exchange factor; PH, pleckstrin homology, in a nucleotide-free state. This transient reaction

Regulation by other intermolecular interactions intermediate is then dissociated by GTP binding to
In S. cerevisiae, the GEF activity of Cdc24 is the Rho protein. The highlights of the biochemical
subjected to regulation by two adaptor/scaffolding function of Dbl family GEFs in such a scheme are that
molecules, Beml and Farl (Fig. 4d). The formation of they serve dual roles in the reaction: to destabilize
a Cdc24-Farl-Gpy complex signals a landmark for GDP-Rho interactions and to stabilize the nucleotide-

orientation of the cytoskeleton during growth [451. In depleted, transition state of the substrate. The
mammalian cells, Farl-like large scaffolding ~ 10-fold higher concentration of GTP over that of

molecules are still to be identified. Filamin, an GDP in cells is also an important factor in driving the
actin crosslinker, was shown to be a potential target exchange reaction towards production of the
of the PH domain of Trio [46], whereas Frabin, a GTP-bound state.
FGD1-related GEF, was found to contain The three-dimensional structures of three
intrinsic actin cross-linking activity [471. distinct DH domains of Dbl family members TrioN,
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Sosl and IPIX, depict that they fold into highly complex. It is likely that the PH domain plays a
homologous cx-helical bundles and are unrelated to predominantly structural role in maintaining the
other proteins that interact with Rho family integrity of the adjacent DH domain in this case, or
GTPases and other GEF families [57-591. alternatively, the snap shot of the crystals might
Systematic mutagenesis of DH domains of Dbl and have failed to capture a more dynamic interaction
TrioN mapped conserved region (CR) 1, CR3 and a between the PH domain and the DH domain or the
part of o6 of the DH domain, as well as the DH-PH small G protein. Indeed, the PH domain of Dbs, a Dbl
junction site that is exposed near the center of one member closely related to Dbl, appears to be involved
side of the molecule, as the important sites involved in the exchange mechanism on Cdc42 based upon
in the formation ofa Rho GTPase interactive pocket data obtained by X-ray crystallography and
[23,571. Recent determination of the structure of the mutagenesis studies (J. Sondek, pers. commun.). In
DH-PH module ofTiam 1 bound to Racl provides a addition, ancillary regions of Dbl proteins might be
framework for interpreting these and other involved directly in Rho protein binding and/or
biochemical studies aimed at delineating the catalysis [631.
structural determinants of the Rho proteins It should be noted that although Dbl family GEFs
involved in GEF coupling [60] (Fig. 5a). First, Racl appear to be the major class of molecules that
makes direct contact with the CR1, CR3 and the positively regulate Rho GTPase activities,
C terminus of o:9 close to the PH junction site, exceptional cases involving non-DH domain motifs or
confirming that residues of these DH regions are phosphoinositol lipids have been reported to
involved in GEF interaction. Second, the interaction stimulate guanine nucleotide exchange or GDP
with Tiaml has altered the conformation of the dissociation of Rho GTPases. For example,
sequences in, and immediately flanking, the Salmonella SopE protein can effectively activate Racl
switch 1 and switch 2 regions ofRacl, two stretches and Cdc42 to facilitate bacteria entry into the host
of amino acid residues that display most cells [641, and the Rapl-specific GEF, C3G, is an
conformational changes in response to nucleotide active GEF towards the Rho protein TC1O in insulin-
binding. Not unlike the cases of other GEF-G stimulated GLUT4 translocation [651. The
complexes, Tiam 1 disturbed the native coordination biochemical and structural basis of these GEF
of Racl for a Mg 2* cofactor. This, in part, explains the reactions requires further investigation.
previously observed lowered Mg 2+-binding affinity to
Rho proteins when a GEF is present [611. Third, a Conclusions
large portion of the 02/03 and switch 2 regions of Recent genetic, biological, structural and
Racl engages in extensive surface contact with biochemical studies have implicated Dbl family
Tiam 1 residues, providing docking sites for GEF GEFs as the major positive regulators of Rho
recognition and stabilizing the complex. One residue GTPases in diverse biological settings. In vitro
in the P2/03 region, W56, appears to be the key biochemical studies have established the role of the
structural element dictating the specificity by conserved DH domain in Rho GTPase interaction
interacting with the 07 region of Tiaml that and activation, and the role of the tandem PH
represents the most variable part of the molecule in domain in intracellular targeting and/or regulation
this 'lock and fit' model [621 (Fig. 5b). A unique of DH domain function. More systematic
feature of the Tiaml-Racl interaction is that the characterizations of the biochemical functions,
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Rho GTPase-activating proteins in cell
regulation
Sun Young Moon and Yi Zheng

Division of Experimental Hematology, Children's Hospital Research Foundation, Cincinnati, OH 45229, USA

Rho family small GTPases serve as molecular switches conserved RhoGAP domain in the primary sequences that
involved in the regulation of diverse cellular functions consists of about 150 amino acids and shares at least 2 01/
including various cytoskeleton-related events and gene sequence identity with other family members. The
transcription. The Rho GTPase-activating proteins (Rho- RhoGAP domain is distinct from the GAP modules that
GAPs) are one of the major classes of regulators of Rho are responsible for turning off other classes of GTPases
GTPases found in all eukaryotes that are crucial in cell (e.g. Ras, Ran or ARF), and it is sufficient for the binding to
cytoskeletal organization, growth, differentiation, neur- GTP-bound Rho proteins and accelerating their GTPase
onal development and synaptic functions. Recent
studies have implicated them as specific negative regu-
lators of Rho protein signalling pathways and provided .......
insight into how the RhoGAP-catalysed GTPase-activat-
ing reaction might proceed. Progress has also been
made in understanding how various intracellular sig- Plasma membrane
nals might converge on or diverge from RhoGAPs lead- A
ing to their tight regulation or GAP-independent Ric....
function.

Rho family GTPases act as binary molecular switches that
are turned on and off in response to a variety of
extracellular stimuli. Rho proteins in the GTP-bound
active state can interact with a number of effectors to
transduce signals leading to diverse biological responses
including actin cytoskeletal rearrangements, regulation of RhoGAP
gene transcriptions, cell cycle regulation, control of
apoptosis and membrane trafficking [1-3]. When the
bound GTP is hydrolysed to GDP, Rho proteins return to
the inactive basal state. Three classes of regulatory
proteins are involved in balancing Rho GTPases between
the on and off states: the guanine nucleotide exchange
factors (GEFs), which promote the release of bound GDP RhoGAP Effectors
and facilitate GTP binding [4]; the GTPase-activating I
proteins (GAPs), which increase the intrinsic GTPase
activity of Rho GTPases to accelerate the return of the ",,
proteins to the inactive state [5]; and the guanine 'A
nucleotide dissociation inhibitors (GDIs), which sequester Biological

the GDP-bound form of Rho GTPases and may also responses
regulate their intracellular localization [6]. One emerging
theme from recent studies of Rho GTPase regulation is TRENDS in Cell Biology

that a balanced act between the activation and the
deactivation signals - that is, the cycling of Rho proteins Fig. 1. A biochemical model of Rho GTPase-activating protein IRhoGAP) function

in the signalling scheme of Rho GTPases. The cycle between the active, GTP-
between the GTP- and GDP-bound states - might be bound, and the inactive, GDP-bound, Rho GTPases is regulated by three classes of

required for effective signal flow through Rho GTPases to regulators: guanine nucleotide exchange factors (GEFs); GTPase-activating pro-

elicit downstream biological functions, and this could teins (GAPs); and guanine nucleotide dissociation inhibitors (GDIs). Extracellular
signals conveyed through specific cell surface receptors modulate the activities of

involve the concerted action of all classes of the regulatory these regulators, which in turn regulate the activation state of individual Rho

proteins (Fig. 1) [7]. GTPases. The active Rho GTPases are capable of interacting with multiple effec-
The RhoGAP family is defined by the presence of a tors, including certain RhoGAPs, leading to diverse biological responses. In gen-

eral, a RhoGAP can act as a negative regulator that catalyses the intrinsic GTPase
activity of Rho proteins to return them to the inactive state, or as an effector that

Corr'spoonding author: Yi Zheng (yi.zhengiffchmcc.org). mediates the Rho protein-elicited responses.
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activity and in influencing their specific functions. The

P-1 chimaerin p190 p190-B biochemical GAP activity of each RhoGAP must therefore
a-1 chimaerin / p/1 15 (Cl) be fine-tuned in cells by tight regulation in a spatial and

y -MY°B Myr7 SrGAP1 temporal manner such that Rho GTPases would not be in

Rga (Dbml) the off state all the time. This review focuses on recent
BCR progress in studies of the function and mechanism of

p85-a ABR regulation of RhoGAPs. For a summary of the early history
BEM2 Aof RhoGAP studies or for a broader discussion of Rho

ARHGAP9 DdRacGAP GTPase regulation, a few excellent reviews should be

Oligophrenin referred to Refs [2,3,5].

"-PSGPCdAIP-1 RhoGAPs as negative regulators of Rho GTPase function

Cdc42GAP Biochemically the RhoGAP domain binds to the GTP-
LRG1 bound Rho proteins and stimulates their intrinsic GTPase

c-Graf CeGAP activity. The mechanism of how RhoGAPs help Rho
GTPase hydrolyse bound GTP has been derived from

h-Graf RnGA Nadrin recent structural studies. In vivo, much of the available
MgcRacGAP ARHGAP6 data of RhoGAP function strongly support their role as

DLC_' Bnegative regulators of Rho protein pathways.
p 122

TRENDS in Cell Biology Rho G TPase-activating reaction

- -. - - - -- -- The essence of the RhoGAP reaction is to catalyse the
Fig. 2. A Rho GTPase-activating protein (RhoGAP) family tree based on the intrinsic GTPase activity of Rho proteins. Recent mechan-
sequence homology of the conserved RhoGAP domain. The known RhoGAP istic studies from the structural angle have provided
domain sequences from yeast to human were aligned by using the Clustal-W pro-
gram. The evolutionary tree was drawn with the Phylip program. insight on how the RhoGAP-catalysed GTPase-activating

reaction might proceed. Although the sequences of
RhoGAP domains are different from those of other classes

activity. Since the initial identification of Breakpoint of GAPs such as Ras GTPase-activating proteins (Ras-
cluster region protein (Bcr) as a RhoGAP in 1991 [81, GAPs), the tertiary folding pattern as well as the basic
over 30 RhoGAPs have been reported in eukaryotes, GTPase-activating mechanism of the RhoGAP domain
ranging from yeast to human (Fig. 2). Recent human appears to be similar to that of RasGAP [9,101. The
genome analysis has put a limit of around 80 on the RhoGAP domain consists of nine (u helices and a highly
number of RhoGAPs in Homo sapiens, far outnumbering conserved arginine residue is presented in a loop structure
their cellular substrates, the Rho family GTPases, which [111. The RhoGAP domain interacts with both the switch I
comprise 20 members. The overabundance of RhoGAPs and II regions and the P-loop of Rho GTPases that
evidently suggests that each RhoGAP might play a constitute the GTP-binding core (Fig. 3). The comparison
specialized role in regulating individual Rho GTPase of the ground state of the Cdc42GAP reaction in which the

(a) (b) (c)
Cdc42-GMPPNP Cdc42GAP Cdc42-GDP-AIF 3  Cdc42-GDP-AIF 3

1) Cdc42GAP Cdc42GAP(R305A)

TRENDS in Cell Biology

Fig. 3. The GTPase-activating mechanism of Rho GTPase-activating protein (RhoGAP), (a) Crystal structure of the ground state of Cdc42GAP reaction with Cdc42 bound to

GMP-PNP. (b) Structure of Cdc42-GDP/AIF3-Cdc42GAP complex, a GAP-reaction transition state mimic. (c) Structure of the transition state mimic of Cdc42GAP reaction
bearing an Arg305 to Ala mutation in the GAP domain. Compared with the ground state conformation (al, formation of the transition state complex (b) caused a 20• rigid
body rotation of Cdc42 with respect to the GAP domain. Although the catalytic arginine (Arg305) plays a substantial role for executing GAP catalytic activity, mutation of

this arginine to alanine Ic) does not abolish the complex formation between Cdc42GAP and Cdc42 in the transitional state. In the complex of Cdc42GAP and Cdc42-GDP in
the presence of AIF3, which is thought to mimic the y-phosphate group of GTP Ib), the two switch regions of Cdc42 are stabilized by Cdc42GAP. Mutation of the Arg305 of
Cdc42GAP leads to an increased mobility of the A-Al loop of the GAP domain and a weakening or loss of hydrogen bonds between the loop and the switch II region of
Cdc42 (c). Concomitantly, Gln61 of Cdc42 is disordered and cannot position the hydrolytic water molecule for the catalytic attack in the complex with the mutant GAP.

hntp:/iticb.trends.com
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small G protein is bound to GMPPNP, a non-hydrolysable The growing neurites possess growth cones at the tip
GTP analog, with a transition state mimic in which the G where both positive and negative molecular guidance cues
protein is bound to GDP and A1F3, reveals a 200 rigid body are detected. Target cells can find a path to the growth tip
rotation of the G protein with respect to the GAP. Such a in response to the guidance cues during neural develop-
conformational change would place the catalytic arginine ment. Recently, Wong et al. [20] have obtained compelling
residue of RhoGAP into the active site of Rho GTPase and evidence showing the involvement of a RhoGAP in the
stabilize charges developed during the formation of the intracellular signalling pathway connecting the extra-
transitional state. The arginine would interact with Gln61 cellular guidance cue to the actin cytoskeleton in neuronal
of the GTPase, which is responsible for positioning a cells. The Slit proteins, by binding to the Robo receptor,
hydrolytic water molecule for catalysis. Stabilization of control the migration of neurons by repelling axons and
this glutamine residue restricts the freedom of the water migrating neurons. One set of the Robo cytoplasmic
molecule and may reduce the energy barrier for GTP domain interacting proteins are Slit-Robo GAPs
hydrolysis [12]. The significance of the catalytic arginine of (srGAPs), which are Cdc42-specific GAPs. Binding of Slit
RhoGAP in accelerating Rho GTP hydrolysis has been to Robo leads to the activation of srGAP, which in turn
further confirmed by mutational approaches [12,13]. One inactivates the Rho GTPase Cdc42. The differential
of the issues remaining to be addressed by the structural cellular localization of srGAP induced by recruitment to
studies, however, is how substrate specificity of RhoGAPs the Slit-activated Robo receptor could generate a gradient
is achieved in RhoGAP-Rho GTPase pairwise inter- of Cdc42 activity that controls local actin polymerization.
actions, because mutagenesis studies have also shown The resulting polarized actin structure could thus provide
that residues outside the switch regions and the P-loop of a mechanism of Slit-initiated repulsive effects in neuronal
Rho GTPases are clearly involved in directing RhoGAP migration [201.
specificity [13,14]. RhoGAP also appears to play essential roles in neuronal

synaptic transmission. Nadrin, a neuron-specific RhoGAP,
Neuronal morphogenesis is involved in the regulation of Ca2+-dependent exocytosis
One of the established physiological roles of Rho GTPases [211. The cortical filament network under the presynaptic
is the regulation of the actin cytoskeleton during neuronal membrane is thought to be a barrier for the secretory
migration, axonal growth and guidance, and formation of vesicles to fuse with the membrane, and Nadrin is co-
synapses [151. Consequently, regulators and effectors of localized in the neurite termini with cortical actin
Rho GTPases are found to play key roles in neuronal filaments [211 and is part of a molecular complex - with
morphogenesis. Oligophrenin-1, a RhoGAP family mem- EBP50 (an Ezrin binding protein) and EP164 (a rabGAP
ber that is highly expressed in human fetal brain and acts domain-containing protein) - that associates with Ezrin at
on multiple Rho GTPases as a GAP, was found to be the cell membrane [221. Nadrin could therefore inhibit Rho
associated with X-linked mental retardation [161. This GTPase activities to disassemble cortical actin filaments,
finding strongly implicates the involvement of RhoGAP in which in turn would affect exocytosis.
the nervous system.

Recent studies of p190 RhoGAP, one of the first Rho- Cell growth and differentiation
specific GAPs identified, in gene targeted mice show that Rho family GTPases, their GEFs and effectors regulate cell
the RhoGAP is required for axon outgrowth, guidance and growth and differentiation [1,2,41. A few recent studies
fasciculation, and neuronal morphogenesis [17,181. In cells also put RhoGAPs among the regulators of cell growth and
of the neural tube floor plate of p190 knockout mice, differentiation, possibly through their ability to suppress
excessive accumulations of polymerized actin were found, Rho GTPase function. Mice lacking the Rho-specific GAP,
suggesting a negative role ofpl90 in the regulation of Rho- p190-B, exhibit a severe reduction in thymus size [23] and
mediated actin assembly within the neuroepithelium [17]. axon defects in the brain including a severe reduction in
p190 was co-enriched with F-actin at the distal end of the the major midline forebrain crossing tracts as well as a
axon and its oversynthesis induced neurite formation in a thinner cortex [231. These defects are associated with a
neuronal cell line [18], indicating that p190 could be an failure in cell differentiation. Strikingly, the animals
important regulator of Rho-mediated actin reorganization display a uniform 30% reduction in size, resembling that
in neuronal growth cones. Furthermore, deletion of observed in mice lacking CRE-binding factor (CREB). At
neuronal adhesion molecules in mice causes defects simi- the cellular level, the p190-B knockout exhibits smaller
lar to those seen in p190-null mice, and p190 appears to cell size, like the CREB-/- cells, and this effect can be
be one of the major Src kinase substrates in the neuron attributed to the enhanced Rho activity and a hyperactive
[18]. These studies implicate p190 in neuronal develop- Rho-Rho kinase-insulin receptor substrate-CREB sig-
ment and neuritogenesis by mediating Src-dependent nalling chain due to p190-B deletion. Thus, the p190-B
adhesion through balancing the Rho GTPase activity, function is associated with cell differentiation in the
Such a role is further strengthened by an RNA inter- thymus and brain, and cell size and animal size
ference study of p190 RhoGAP in Drosophila, where determination.
blockage of p190 leads to the retraction of axonal One line of evidence suggests that RhoGAP might be
branches by upregulating RhoA activity and affecting a involved in the cytokinesis step of cell division by affecting
signalling pathway from RhoA to effector Drok to the central spindle formation. The RhoGAP member MgcRac-
actin/myosin contractility component myosin regulatory GAP and its Caenorhabditis elegans orthologue CYK-4
light chain [19]. localize to the central spindle during cytokinesis [24,25],

http://ticb.trends.com
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h-Graf -= 759

MgcRacGAP - CC CR 632

PARG-1 OR Z 1261

cdGAP -820

Oligophrenin-1 - 802

Nadrin CC ----- -PE6T--U- 780

PSGAP 786

RICH-1 Endophilin - 803

srGAP1 1022
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Fig. 4. Multifunctional domain features of Rho GTPase-activating protein JRhoGAP) family members. Abbreviations: Actin bs, actin filament binding site; C2, calcium-
dependent lipid binding; CC, coiled coil; CR, cysteine rich, zinc butterfly motif, binds diacylglycerol and phorbol ester; DH, DbI homology; Endophilin, Endophilin homology
domain; FCH, Fes/CIP4 homology domain; IQ, calmodulin binding; PH, pleckstrin homology; P, proline-rich SH3 binding motif; PEST, amino acids P-, E-., S- and T-rich
degradation motif; RA, Ras-associating lalso known as ralGDS/AF-6) domain; Ral BR, Ral GTPase binding region; Rho GAP, Rho GTPase-activating protein motif;
Sec14/BCH, Secl4 homology/BNIP2 and Cdc42 GAP homology; SH2, Src homology 2; SH3, Src homology 3; S/T kinase, serine and threonine kinase; START; Star-related
lipid transport domain; Z, PDZ binding region.

and MgcRacGAP can be co-precipitated with microtubules with the C-terminus of RalBP1 [32,33], whereas the
through its N-terminal region [24]. In C. elegans, a CYK-4 N-terminal region of RalBP1 interacts with the plasma
mutant initiates but does not complete the formation of a membrane clathrin adaptor AP2 complex [341. EH
central spindle. Moreover, the localization of CYK-4 to domain-containing molecules are often involved in endo-
microtubules of the central spindle is dependent upon the cytosis. In fact POB has been shown to bind Epsin and
kinesin-like protein ZEN-4/CeMKLP1, suggesting that Epslh, both of which regulate endocytosis of epidermal
CYK-4 and ZEN-4/CeMKLP1 cooperate in central spindle growth factor (EGF) and insulin receptors [35]. Thus,
assembly [261. Consistent with these observations in RalBP1 is expected to have a role in the endocytosis
worms, mammalian CYK-4 and MKLP1 form a hetero- process, although how its RhoGAP activity or the
tetramer, named centraspindlin, that is involved in relationship with Rho GTPases fits in functionally
microtubule bundling [251. In these cases it is not clear remains to be seen.
whether the RhoGAP activity in MgcRacGAP or CYK-4 is
necessary for the function; however, it is likely that central Tumour suppression
spindle localization of CYK-4 could accelerate GTP Rho family GTPases have been implicated in many aspects
hydrolysis by RhoA, a known cytokinesis regulator [271, of tumorigenesis [36]. Upregulation of Rho GTPase
thereby allowing contractile ring disassembly and com- expression or activity has been associated with multiple
pletion of cytokinesis. human tumour types. It is therefore logical to expect that

certain RhoGAPs might be negatively involved in tumour
Endocytosis cell growth or progression by downregulating Rho GTPase
Rho GTPases have emerged as important regulators of activity. Indeed, a few RhoGAPs have been suggested to
endocytosis [281, and there is evidence that RhoGAP could have potential tumour suppressor roles. The RhoGAP
play a role in this process. RalBP1, also termed RIP1 or member DLC1 (deleted in liver cancer) gene is deleted in
RLIP76, serves as an effector of Ral GTPase and contains a 44% of primary hepatocellular carcinomas (HCC) and 90%
RhoGAP domain that is active towards Cdc42 and Racl of HCC cell lines [371. GRAF, the focal adhesion kinase
[29-31]. Two EH (Epsl5 homology) domain-containing associated RhoGAP, was identified as a fusion partner of
proteins, POB (Partner of RalBP1) and Rel (RalBPa- the mixed-lineage leukaemia gene by a unique chromo-
associated Eps-homology domain), were found to associate some translocation in juvenile myelomonocytic leukaemia

http://ticb.trends.com
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Table 1. Selected mammalian Rho GTPase-activating proteins

Name In vitro specificity Tissue distribution Notes Refs
Bcr Rac and Cdc42 Predominantly brain Bcr-Abl oncoprotein in leukemias [8,31]
Abr Racl, Rac2 and Cdc42 Predominantly brain Deleted in seven of eight informative cases of [32,70]

medulloblastoma
n(n1l/n2-Chimaerin Rac > Cdc42/Rac > Cdc42 Brain/brain and testis Full-length acts as an effector of Cdc42 [40,711

and Racl/involved in neuritogenesis in N1E-115
01/i32-Chimaerin Rac/Rac Testis/brain Expressed in late stage of [60,61,63]

spermatogenesis/interact with Tmp-21 protein
p85o, p85P? No activity Ubiquitous An adaptor subunit of PI 3-kinase; interacts [37,38]

with Cdc42Hs and Rac
p190 RhoA -.- Rac, Cdc42, Ubiquitous A substrate of Src; regulates axonal growth [10,111

and guidance and is required for normal
neural development

p190-B RhoA, Racl and Cdc42 Ubiquitous A regulatory molecule of cell and organism size 1151
by regulating RhoGTPase, which modulates
CREB activity

p122/DLC1 RhoA/ND ND/ubiquitous Interact with and activate PLC-51/A candidate [29,51]
tumor- suppressor gene

Myr5/Myr7 RhoA Ubiquitous/brain Unconventional class IX myosin [49,50]
RaIBP1 (RLIP76, RIP1) Rac and Cdc42 Ubiquitous Interacts with Ral GTPase, POB, Rel and AP2 121-23]
MgcRacGAP/CYK4 Rac, Cdc42 > RhoA Highly expressed in testis Control of growth and differentiation of [16-18]
(C. elegans) (in human), and in embryonic hematopoietic cells; involved in cytokinesis;

brain and testis (in mouse), associated with mitotic spindle and midbody/
cooperates with a kinesin-like protein to
assemble central spindle for cytokinesis

PARG1 RhoA > Rac, Cdc42 Ubiquitous Interacts with PTPL1, a protein-tyrosine [72]
phosphatase

CdGAP Rac and Cdc42 Ubiquitous Interacts with, and negatively regulated by, [64]
intersectin

Oligophrenin-1 RhoA, Rac and Cdc42 Brain Involved in X-linked mental retardation [9]
Nadrin RhoA, Rac and Cdc42 Brain Regulates Ca 2-dependent exocytosis [14]
PSGAP RhoA and Cdc42 Ubiquitous Interacts with both PYK2 and FAK, but only [73]

PYK2 inhibits PSGAP activity towards Cdc42
RICH1 and 2 Racl and Cdc42 Ubiquitous Interact with CIP4, an effector of Cdc42 [74]
SrGAP1-3 Cdc42 Highly expressed in brain Interact with Robo receptor; implicated in [13]

and spleen neuronal migration
ARAP1/ARAP3 Cdc42/RhoA, Racl Ubiquitous/highly expressed PIP 3 dependent Arf GAP activity [46,471

and Cdc42 in leukocytes
and spleen

Graf Cdc42 > RhoA Highly in brain and liver Interacts with FAK; phosphorylated by MAP [30,75]
kinase/human Graf fused to MLL

Abbreviations: C. elegans, Caenorhabditis elegans; FAK, focal-adhesion kinase; GAP, GTPase-activating protein; MAP, mitogen-activated protein; ND, not determined; PIP 3,
phosphatidylinositol (3,4,5)-trisphosphate; PI 3-kinase, phosphoinositide 3-kinase.

[381. Deletion, point mutation and insertion of this gene activity, whereas others display a broader range of
have been found in patients. BCR is well known for its specificity by interacting with all three commonly tested
fusion with ABL oncogene in a leukaemia-associated Rho substrates - RhoA, Racl and Cdc42 (Table 1). In cells,
chromosomal translocation [391. In Bcr-Abl fusion pro- the specificity of the RhoGAP domain could be further
teins, p190 and p210, the RhoGAP domain of Bcr is enhanced, because microinjection of the RhoGAP domain
deleted, but the mechanistic consequence of the loss of the of p122RhoGAP or Graf blocked the lysophosphatidic acid-
RhoGAP domain remains unclear. The homologous gene of induced actin stress fibre formation in fibroblasts that is
BCR, the ABR locus, is deleted in seven of eight mediated by RhoA in spite of their indiscriminate activity
informative cases of medulloblastoma [40]. Finally, p190 towards Racl or Cdc42 in vitro [42,43]. These observations
RhoGAP has been proposed as a tumour suppressor based suggest that there might be another layer of unappre-
on overexpression studies in NIH3T3 fibroblasts. Either ciated regulation of RhoGAP specificity in cells that can
the N-terminal GTP-binding domain or the C-terminal affect substrate selection. More intriguingly, given the
RhoGAP domain of p190 repressed Ras-induced trans- multidomain nature of many RhoGAPs (Fig. 4), various
formation, whereas blocking of the expression of endogen- pathways might converge on them by interaction with the
ous p190 or application of a mutant of the GTP-binding regulatory motifs, contributing to the tight regulation of
domain induced transformation [411. the GAP activity.

Mechanism of regulation of RhoGAPs Regulation by phosphorylation: p 190 RhoGAP
The activity spectrum of RhoGAPs with Rho GTPases Accumulating evidence indicates that RhoGAP activities
varies widely in vitro. Certain RhoGAPs preferentially may be modulated by protein kinases. One prominent
recognize a single Rho protein and catalyse its GTPase example is p190 RhoGAP regulation by Src family tyrosine
http://ticb.trends.com
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Fig. 5. Models for regulation of Rho GTPase-activating proteins (RhoGAPs). (a) Regulation of p190 RhoGAP by phosphorylation. Src family tyrosine kinases, acti-

vated by growth factor receptors such as the PDGF (platelet-derived growth factor) receptor or integrin adhesion receptor, are among the major regulators of

p190. Tyrosine phosphorylation of p190 by Src initiates its association with p
1
20 Ras GTPase-activating protein (RasGAP), translocation to plasma membrane

and activation of catalytic GAP activity. The deactivation of p190 could be achieved in part by dephosphorylation by low molecular weight (LMW) tyrosine

phosphatase, which itself is an Src substrate. Although the exact mechanism has yet to be elucidated, an intact N-terminal GTP-binding domain of p190

appears to be required for the normal function of the C-terminal RhoGAP domain. (b) Regulation of n-chimaerin by lipid binding. n-Chimaerin contains a

cysteine-rich domain (CR domain) that might function as a phorbol ester/diacylglycerol (DAG) receptor site or protein-protein interactive site. In vitro, phospha-

tidylserine (PE) and phosphoric acid binding to n-chimaerin increases the catalytic GAP activity toward Racl, whereas lysophosphatidic acid, phosphatidyl-

inositols and arachidonic acids appear to inhibit the GAP activity. The binding of PE also translocates chimaerin to the perinuclear region and Golgi apparatus

in the cell. There is evidence that full-length n-chimaerin can mediate, rather than downregulate, Racl-induced lamellipodia formation. (c) Regulation of CdGAP

by interaction with intersectin. CdGAP interacts with the SH3 domains of intersectin, an endocytic protein that contains five SH3 domains in addition to a

Cdc42-specific GEF motif. This interaction might cause a conformational change in CdGAP that allows its proline-rich C-terminus to interfere with the RhoGAP

domain, resulting in an inhibition of the GAP activity towards Racl.
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kinases. Activation of Src in cells leads to phosphorylation and phosphatidic acid (PA), and the stimulation by these
of two tyrosine residues ofpl90 that are located close to the phospholipids was further synergized by phorbol ester
RhoGAP domain (Fig. 5a) [44,45]. Upon phosphorylation, binding. Conversely, lysophosphatidic acid, phosphatidyl-
p190 recruits p120RasGAP through an SH2 domain- inositol lipids and arachidonic acid inhibited the GAP
phosphotyrosine interaction. This effectively activates the activity. In fact, the binding of phorbol ester to the
Rho-specific GAP activity of p190, causing disruption of chimaerins appears to depend upon the presence of
actin stress fibres, reduction of focal contacts and phospholipids as cofactors, suggesting the involvement
impairing the ability of the cell to adhere to fibronectin, of membrane organelles in regulating GAP activity and in
the cellular effects consistent with decreased active Rho targeting [511. The latter function is supported by the
GTPase species in cells. An Src-independent signal observation that phorbol ester or DAG binding to the CR
emanating from growth factor receptors might also be domain not only altered the catalytic GAP activity of
required for full activation of p190 [461. P2-chimaerin, but also translocated chimaerin from cyto-

Countering the Src phosphorylation effect, a recent sol to the perinuclear region and Golgi [52,53]. These
study showed that low molecular weight protein-tyrosine studies of chimaerin illustrate the point that lipid inter-
phosphatase (LMW-PTP), a key mediator of PDGF action with a RhoGAP through noncatalytic motifs might
(platelet-derived growth factor) receptor signalling, could have regulatory effects on both its intracellular location and
function as a negative regulator of pl90RhoGAP. PDGF biochemical GAP activity (Fig. 5b). There is additional
stimulation of cells could cause c-Src-dependent tyrosine evidence indicating that the CR domain of chimaerin could
phosphorylation on both LMW-PTP and p190 and lead to a also interact with a protein localized in the cis-Golgi
direct interaction of these two proteins [47,481. The network, Tmp2 1-I, which might be involved in sorting and
phosphorylation of LMW-PTP by Src significantly trafficking in the early secretory pathway [541, suggesting
increased the phosphatase activity of LMW-PTP and that chimaerins are subject to another level of regulation
reduced Src-dependent phosphorylation of p190. One and might play a role in this aspect of Rac function.
possible model subsequently is that c-Src activates p190
by direct phosphorylation, and this positive input to p190 Regulation by protein-protein interaction: CdGAP
could be kept in check by a LMW-PTP or other phospha- CdGAP has a RhoGAP domain at the N-terminal end and
tase-dependent mechanism to achieve a reversible, tight multiple proline-rich motifs at the C-terminal end. The
regulation (Fig. 5a). RhoGAP domain contains a biochemical GAP activity

The N-terminus of pl90RhoGAP contains a unique toward Cdc42 and Racl, but not RhoA. CdGAP directly
GTP-binding domain. A mutant of the GTP-binding interacts through the middle region of the molecule with
domain that fails to bind to guanine nucleotide inhibits the SH3 domains of intersectin, an endocytic scaffolding
the GAP activity of p190, suggesting that more complex protein that contains five consecutive SH3 domains in
intra- or intermolecular interaction might contribute to addition to a Cdc42-specific GEF module [55]. The binding
the regulation of the C-terminal RhoGAP domain [491. of intersectin caused inhibition of the GAP activity of
Consistent with a regulatory role of the N-terminus, one CdGAP in vitro and in cells. The effect appears to involve
report suggests that GTP binding to p190 is abolished by the proline-rich motifs of CdGAP [55]. This suggests that
c-Src dependent phosphorylation in vitro [50]. This obser- the interaction with intersectin might induce a confor-
vation further raises the possibility that Src might act on mational change in CdGAP, resulting in the interference of
p190 partly through modulation of the GTP-binding the GAP domain function (Fig. 5c). The regulatory mode
domain (Fig. 5a). of CdGAP presents an example of the involvement of

In addition to tyrosine phosphorylation by Src, p190 is protein-protein interaction in GAP activity regulation.
phosphorylated on Ser/Thr residues in Src-transformed The complex formed by intersectin recruitment of
cells, which could be mediated by protein kinase C (PKC) additional factors, including mSosl, Cdc42 and WASP
1171. Activation of PKC correlates with the phosphoryl- [56], in addition to CdGAP, might constitute a highly
ation and translocalization of p190 from the cytosol to sophisticated small G-protein signalling network in the
membrane ruffles. This mechanism could provide another regulation of cell actin structure.
layer of p190 regulation.

RhoGAPs as signal convergent or divergent points
Regulation by lipid binding: chimaerins Aside from the RhoGAP domain, RhoGAP family members
The Rac-specific GAP activity of chimaerin can be typically contain other functional motifs including cataly-
regulated in vitro by phospholipids through the CR tic domains such as protein kinase, Rho GEF and Arf GAP
cysteine-rich domain, which might also act as a phorbol domains as well as protein-protein and protein-lipid
ester/diacylglycerol (DAG) receptor site [51-53]. Full- adaptor modules such as SH2, SH3, PH and CR domains
length chimaerin expressed in mammalian cell lysates (Fig. 4). RhoGAPs might thus catalyse enzymatic reactions
failed to stimulate Racl intrinsic GTPase activity, whereas other than the stimulation of GTP hydrolysis of Rho
GAP activity was detected when the CR domain of proteins, and sometimes seemingly facilitate Rho protein
chimaerin was deleted. These observations suggest that signalling.
an autoinhibitory mechanism might be involved, presum-
ably through N-terminus interference with the C-terminal As Rho guanine nucleotide exchange factors
GAP domain function. Interestingly, the Rac GAP activity Both BCR and ABR contain a DH and a PH module - a
of n-chimaerin was increased by phosphatidylserine (PS) combination that might activate Rho proteins as a GEF - as
http:i/ticb.trends.com
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well as aRac-specific RhoGAP domain. Therefore potentially vitro supports the notion that p85 might be an effector, not
they can activate and inactivate Rho GTPases simul- a downregulator, of Rho protein signalling [63,66,671.
taneously [57], although the GEF activity of these molecules Recent identification of a small GTPase-responsive
has yet to be demonstrated in cells. In BCR-deleted mice, domain in p85 sequences further reinforces this possibility,
neutrophil reactive oxidant generation was markedly although the RhoGAP domain is not involved [68]. Another
elevated and the amount of membrane-associated Rac2 piece of evidence that a RhoGAP domain-containing
increased, strongly suggesting that BCR acts as a Rac- molecule might act as an effector to potentiate Rho
specific negative regulator in vivo [581. GTPase function came from studies of n-chimaerin, a

Further insights about the role of proteins with both Rac-specific RhoGAP [69]. Microinjection experiments
RhoGEF and RhoGAP domains have been gained from have clearly demonstrated that whereas the RhoGAP
studies of Dictyostelium discoideum DRG (DdRacGAP) domain alone inhibited Rac-stimulated lamellipodia
[59,601. DRG-null cells have impaired motility towards formation, full-length n-chimaerin cooperated with Racl
chemoattractant stimuli and are defective in the con- to mediate lamellipodia and filopodia formation. For
tractile vacuole system that normally pumps water out this activity, the binding to Racl is indispensable but
of cells in a hypotonic environment. When either the the GAP catalytic activity is not required. One logical
RhoGEF or RhoGAP domain was introduced into DRG- conclusion from these cases is that certain RhoGAPs might
null cells, the RhoGEF activity was able to restore potentiate, rather than downregulate, Rho signalling
chemoattraction, whereas the RhoGAP activity rescued events.
the contractile vacuole system. In addition, overexpres-
sion of the RhoGAP domain of DRG caused defects in Concluding remarks
cytokinesis. Further in vitro analysis showed that the RhoGAP family proteins are established as the major class
RhoGEF domain preferably interacts with Racl where- of molecules that negatively regulate the biological
as the RhoGAP domain interacts with RhoE and Rab activity of Rho GTPases. The multifunctional features
GTPases [60]. Because all three small GTPases are of many RhoGAPs make them logical candidates for
involved in the distinct cellular processes affected by signal convergent or divergent points of Rho GTPases
DRG deficiency - that is, Racl in cell motility, RhoE in and other classes of signalling molecules. Whereas most
cytokinesis and Rab in the contractile vacuole system RhoGAPs appear to serve primarily to downregulate their
- DRG might regulate multiple signalling pathways
via individual GTPases through each specialized cognate Rho GTPase substrates, some may facilitate thedomain structure. Future studies might reveal main- effective cycling of Rho GTPases between the GTP- and

doman srucure Futre tudes ightreval am- GDP-bound conformational states by accelerating GTP
malian counterparts of DRG that have a similar ability hDrols. Wihtecmtiona oy mltip gher
to regulate diverse signalling pathways. hydrolysis. With the completion of multiple higher

eukaryotic genome analysis in sight, a systematic survey

As Arf GTPase-activating proteins (GAPs) of the tissue distribution, the Rho GTPase substrate

Another example of RhoGAPs that shows cooperative specificity, the subcellular localization patterns, and the

interplay of multifunctional domains is the ARAP organ- or organism-specific roles of RhoGAP family

subfamily of RhoGAPs, members of which contain an members is the next step towards a comprehensive

ArfGAP domain that is active towards the Arf GTPases, understanding of their function. How each RhoGAP

an RA domain that might interact with Ras, five collaborates with its Rho protein partner in a tightly

PH domains that serve as the binding elements for the regulated manner to terminate or emanate signals in

PI 3-kinase product, PI(3,4,5)P 3 (phosphatidylinositol physiologically relevant pathways poses another major

3,4,5-trisphosphate), as well as a RhoGAP domain challenge in this field.

[61,62]. The ArfGAP activity of ARAPs can be activated
by PI(3,4,5)P 3 binding, and the RhoGAP and ArfGAP Acknowledgements
domains appear to cooperate in mediating cytoskeleton We thank Drs X. Huang, M. Jansen, H. Zang and D. Williams for

rearrangement and cell morphological changes in critical reading of the manuscript. Work in the authors' laboratory
was supported by National Institutes of Health and US Army breast

response to PI 3-kinase. Thus, ARAPs are potential tar- cancer program.

gets for multiple signals and might affect the activities of
three different classes of small GTPases. References

1 Bishop, A.L. and Hall, A. (2000) Rho GTPases and their effector

As positive signal transducers of Rho proteins proteins. Biochem. J. 348, 241-255

The presence of a RhoGAP domain in the regulatory 2 Van Aelst, L. and D'Souza-Schorey, C. (1997) Rho GTPases and

subunits of PI 3-kinase, p85a and p853, allows them to signaling networks. Genes Dev. 11, 2295-2322
3 Hall, A. (1998) Rho GTPases and the actin cytoskeleton. Science 279,

interact specifically with Racl and Cdc42, but they do not 509-514

have detectable GAP activity [63]. Although several 4 Zheng, Y (2001) Dbl family guanine nucleotide exchange factors.

attempts have been made to explain the lack of GAP Trends Biochem. Sci. 26, 724-732

activity of p85 based on the structural information, the 5 Lamarche, N. and Hall, A. (1994) GAPs for rho-related GTPases.
queTremains open whether the RhoGAP domain truly Rends Genet. 10, 436-440

question Olofsson, B. (1999) Rho guanine dissociation inhibitors: pivotal

functions as a GAP or simply serves as a Rho GTPase molecules in cellular signalling. Cell. Signal. 11, 545-554

interactive motif [64,651. The fact that interaction of Rac or 7 Symons, M. and Settleman, J. (2000) Rho family GTPases: more than

Cdc42 with p85 could stimulate PI 3-kinase activity in simple switches. Trends Cell Biol. 10, 415-419

http://ticb.trends.com



TRENDS in Cell Biology Vol.13 No.1 January 2003 21

8 Diekmann, D. etalt (1991) Bcr encodes a GTPase-activating protein for 35 Nakashima, S. et al. 11999) Small G protein Ral and its downstream
p2lrac. Nature 351, 400-40022 molecules regulate endocytosis of EGF and insulin receptors. EMBO J.

9 Bax, B. (1998) Domains of rasGAP and rhoGAP are related. Nature 18, 3629-3642
392, 447-448 36 Sahai, E. and Marshall, C.J. (2002) Rho-GTPases and cancer. Nat. Rev.

10 Rittinger, K. et al. (1998) Support for shared ancestry of GAPs. Nature Cancer 2, 133-142
392, 448-449 37 Yuan, B.Z. et al. (1998) Cloning, characterization, and chromosomal

11 Gamblin, S.J. and Smerdon, S.J. (1998) GTPase-activating proteins localization of a gene frequently deleted in human liver cancer (DLC-1)
and their complexes. Cur,: Opin. Struct. Biol. 8, 195-201 homologous to rat RhoGAP. Cancer Res. 58, 2196-2199

12 Nassar, N. et al. (1998) Structures of Cdc42 bound to the active and 38 Borkhardt, A. et al. (2000) The human GRAF gene is fused to MLL in a
catalytically compromised forms of Cdc42GAP. Nat. Struct. Biol. 5, unique t(5;ll)(q31;q23) and both alleles are disrupted in three cases of
1047-1052 myelodysplastic syndrome/acute myeloid leukemia with a deletion 5q.

13 Li, R. et al. (1997) Structural determinants required fbr the interaction Proc. Natl Acad. Sci. USA 97, 9168-9173
between RhoA and the GTPase-activating domain of p190. J. Biol. 39 Shtivehnan, E. et al. (1985) Fused transcript of abl and bcr genes in
Chem. 272, 32830-32835 chronic myelogenous leukaemia. Nature 315, 550-554

14 Longenecker, K.L. et al. (2000) Structure of the BH domain from graf 40 McDonald. ,J.D. et al. (1994) Physical mapping ofchromosome 17pl3.3
and its implications for Rho GTPase recognition. J. Biol. Chiem. 275, in the region of a putative tumor suppressor gene important in
38605-:38610 medulloblastoma. Genomics 23, 229-232

15 Luo, L. (2000) Rho GTPases in neuronal morphogenesis. Nat. Rev. 41 Wang, D.Z. et al. (1997) The GTPase and Rho GAP domains of pl 9
0, a

Neurosci. 1, 173-180 tumor suppressor protein that binds the Mr 120,000 Ras GAP,
16 Billuart, P. et al. (1998) Oligophrenin-1 encodes a rhoGAP protein independently function as anti-Ras tumor suppressors. Cancer Res.

involved in X-linked mental retardation, Nature 392, 923-926 57, 2478-2484
17 Brouns, M.R. et al. (2000) The adhesion signaling molecule p

1 9 0  
42 Sekimata, M. et al. 11999) Morphological changes and detachment of

RhoGAP is required for morphogenetic processes in neural develop- adherent cells induced by p122, a GTPase-activating protein for Rho.
ment. Development 127, 4891-4903 J. Biot. Chemn. 274, 17757-17762

18 Brouns, M.R. et al. (2001) p190 RhoGAP is the principal Src substrate 43 Taylor, J.M. et al. (1999) Cytoskeletal changes induced by GRAF, the
in brain and regulates axon outgrowth, guidance and fasciculation. GTPase regulator associated with focal adhesion kinase, are mediated
Not. Cell Biol. 3, 361-367 by Rho. J. Cell Sci. 112, 231-242

19 Billuart, P el al. (2002) Regulating axon branch stability: the role of 44 Roof, R.W. et al. (1998) Phosphotyrosine (p-Tyr)-dependent and -
p190 RhoGAP in repressing a retraction signaling pathway. Cell 107, independent mechanisms of p190 RhoGAP-p120 RasGAP interaction:
195-207 Tyr 1105 of p190, a substrate for c-Src, is the sole p-TIyr mediator of20 W ong, K . et al. (2001) Signal transduction in neuronal m igration: rolesco p e f rm t n.M .C l .Bi .18 70 2 06
of GTPase activating proteins and the small GTPase Cdc42 in the Slit- cp for man. M .Cell. Bio de 18, 7052-7063Robo pathway. Cell 107, 209-221 45 Hu, K.Q. and Settleman, J. (1997) Tandem SH2 binding sites mediate
21 pathwayA. Celal 107,20900 21 Nthe RasGAP-RhoGAP interaction: a conformational mechanism for21 Harada, A. et al, 120001 Nadrin. a novel neuron-specific GTPase- SH3 domain regulation. EMBO J. 16, 473-483
activating protein involved in regulated exocytosis. J. Biol. Chem. 275, 46 Haskell, M.D. ei al. (2001) Phosphorylation ofp190 on TyrIOS by c-Src
36885-36891 is necessary but not sufficient for EGF-induced actin disassembly in

22 Reczek, D. and Bretscher, A. (2001) Identification of EP164, a TBC/ C3H1OT1I2 fibroblasts. J. Cell Sci. 114, 1699-1708
rabGAP domain-containing microvillar protein that binds to the first 4 Bucciantini, M. et al. 11999) The low Mr phosphotyrosine protein
PDZ domain of EBIP50 and E3KARP. J. Cell Biol. 153, 191-206

23 Sordella, R. et al. (2002) Modulation of CREB activity by the Rho phosphatase behaves differently when phosphorylated at T7r131 orGTPase regulates cell and organism size during mouse embryonic Tyr132 by Src kinase. FEB.S Leti. 456, 73-78
development. Dev. Cell 2. 553-565 48 Chiarugi, P. et al. (2000) The low M(r) protein-tyrosine phosphatase isdeveopmnt. ev.C'el 2,553565involved in Rho-mediated eytoskeleton rearrangement after integrin24 Hirose, K. et al. (2001) MgcRacGAP is involved in cytokinesis through involedirh-ediate ctostorerangmn t aB.er itrnwithmitticspidleandmidbdy.S. io/ Chm. 76, and platelet-derived growth factor stimulation. J. Biol. Chem, 275,
associating with mitotic spindle and midbody. J. Biol Che. 276,646
5821-5828

25 Mishima, M. et al. (2002) Central spindle assembly and cytokinesis 49 Tatsis, N. et al. (1998) The function ofthe p190 Rho GTPase-activating
require a kinesin-like protein/RhoGAP complex with microtubule protein is controlled by its N-terminal GTP binding domain. J. Biol.
bundling activity. Dev. Cell 2, 41-54 Chem. 273, 34631-34638

26 Jantsch-Plunger, V. etol. (2000)CYK-4: a Rho family gtpase activating 50 Roof, R.W. ct al. (2000) Phosphorylation of the p190 RhoGAP N-
protein (GAP) required for central spindle formation and cytokinesis. terminal domain by c-Src results in a loss of GTP binding activity.
J. Cell Biol. 149, 1391-1404 FEBS Lett. 472, 117-121

27 Madaule, P. ct al. (1998) Role of citron kinase as a target of the small 51 Caloca, M.J. et al. (1997) Beta2-chimaerin is a high affinity
GTPase Rho in cytokinesis. Nature 394, 491-494 receptor for the phorbol ester tumor promoters. J. Biol. Chem.

28 Ellis, S. and Mellor, H. (2000) Regulation of endocytic traffic by rho 272, 26488-26496
family GTPases. TRends Cell Biol. 10, 85-88 52 Caloca, M.J. ct al. (2001) Phorbol esters and related analogs regulate

29 Cantor, S.B. et al. i 1995) Identification and characterization of Ral- the subcellular localization of beta 2-chimaerin, a non-protein kinase C
binding protein 1, a potential downstream target ofRal GTPases. Mol. phorbol ester receptor. J. Biol. Chem. 276, 18303-18312
Cell. Biol. 15. 4578-4584 53 Caloca, M.J. et al. (1999) Beta2-chimaerin is a novel target for

30 Park, S.H. and Weinberg, R.A. (1995) A putative effector of Ral has diacylglycerol: binding properties and changes in subcellular localiz-
homology to Rho/Rac GTPase activating proteins. Oncogene 11, ation mediated by ligand binding to its CI domain. Proc. Nail Acad.
2349-2355 Sci. USA 96, 11854-11859

31 Jullien-Flores, V. et al. (1995) Bridging Ral GTPase to Rho pathways. 54 Wang, H. and Kazanietz, M.G. (2002) Chimaerins, novel non-protein
RLIP76, a Ral effector with CDC42/Rac GTPase-activating protein kinase C phorbol ester receptors, associate with Tmp21-1 (p23).
activity. J. Biol. Chern. 270, 22473-22477 Evidence for a novel anchoring mechanism involving the chimaerin C1

32 Ikeda, M. et al. (1998) Identification and characterization of a novel domain. J. Biol. Chem. 277, 4541-4550
protein interacting with Ral-binding protein 1, a putative effector 55 Jenna, S. et al. (2002) The activity of the GTPase-activating protein
protein of Ral. J. Biol. Chem. 273, 814 -821 CdGAP is regulated by the endocytic protein intersectin. J. Biol. Chem

33 Yamaguchi, A. et al. (1997) An Eps homology (EH) domain protein that 277, 6366-6373
binds to the Ral-GTPase target, RaIBP1. J. Biol. Chem. 272, 56 O'Bryan, J.P. et al. (2001) Mitogenesis and endocytosis: what's at the
31230-31234 INTERSECTIoN? Oncogene 20, 6300-6308

34 Jullien-Flores, V. et al. (2000) RLIP76, an effector of the GTPase Ral, 57 Chuang, T.H. et al. (1995) Abr and Bcr are multifunctional regulators
interacts with the AP2 complex: involvement of the Ral pathway in of the Rho GTP-binding protein family. Proc. Nail Acad. Sci. USA 92,
receptor endocytosis. J. Cell Sci. 113, 2837-2844 10282-10286

http://ticb.trends.com



22 TRENDS in Cell Biology Vol.13 No.1 January 2003

58 Voncken, J.W. et al. (1995) Increased neutrophil respiratory burst in molecular switch in the phosphoinositide 3-kinase regulatory subunit.

bcr-null mutants. Cell 80, 719-728 Cancer Cell 1, 181-191

59 Ludbrook, S.B. et al. (1997) Cloning and characterization of a rhoGAP 69 Kozma, R. et al. (1996) The GTPase-activating protein n-chimaerin

homolog from Dictyostelium discoideum. J. Biol. Chem. 272, cooperates with Racl and Cdc42Hs to induce the formation of

15682-15686 lamellipodia and filopodia. Mot. Cell. Biol. 16, 5069-5080

60 Knetsch, M.L. et al. (2001) The Dictyostelium Bcr/Abr-related protein 70 Heisterkamp, N. et al. (1993) Human ABR encodes a protein with

DRG regulates both Rac- and Rab-dependent pathways. EMBO J. 20, GAPrac activity and homology to the DBL nucleotide exchange factor

1620-1629 domain. J. Biol. Chem. 268, 16903-16906

61 Krugmann, S. et al. (2002) Identification of ARAP3, a novel P13K 71 Hall, C. et al. (2001) alpha2-chimaerin, a Cdc42/Racl regulator, is

effector regulating both Arf and Rho GTPases, by selective capture on selectively expressed in the rat embryonic nervous system and is

phosphoinositide affinity matrices. Mot. Cell 9, 95-108 involved in neuritogenesis in N1E-115 neuroblastoma cells.

62 Miura, K. et al. (2002) ARAP1: a point of convergence for Arf and Rho J. Neurosci. 21, 5191-5202

signaling. Mo!. Cell 9, 109-119 72 Saras, J. et al. (1997) A novel GTPase-activating protein for Rho

63 Zheng, Y. et al. (1994) Activation of phosphoinositide 3-kinase activity interacts with a PDZ domain of the protein-tyrosine phosphatase

by Cdc42Hs binding to p85. J. Biol. Chem. 269, 18727-18730 PTPL1. J. Biol. Chem. 272, 24333-24338

64 Musacchio, A. et al. (1996) Crystal structure of the breakpoint cluster 73 Ren, X.R. et al. (2001) Regulation of CDC42 GTPase by proline-rich

region-homology domain from phosphoinositide 3-kinase p85 alpha tyrosine kinase 2 interacting with PSGAP, a novel pleckstrin homology

subunit. Proc. Natl Acad. Sci. USA 93, 14373-14378 and Src homology 3 domain containing rhoGAP protein. J. Cell Biol.

65 Barrett, T. et al. (1997) The structure of the GTPase-activating domain 152, 971-984

from p50rhoGAP. Nature 385, 458-461 74 Richnau, N. and Aspenstrom, P. (2001) Rich, a rho GTPase-activating

66 Tolias, K.F. et al. (1995) Rho family GTPases bind to phosphoinositide protein domain-containing protein involved in signaling by Cdc42 and

kinases. J. Biol. Chem. 270, 17656-17659 Racl. J. Biol. Chem. 276, 35060-35070

67 Bokoch, G.M. et al. (1996) Rac GTPase interacts specifically with 75 Hildebrand, J.D. et al. (1996) An SH3 domain-containing GTPase-

phosphatidylinositol 3-kinase. Biochem. J. 315, 775-779 activating protein for Rho and Cdc42 associates with focal adhesion

68 Chan, T. et al. (2002) Small GTPases and tyrosine kinases coregulate a kinase. Mo!. Cell. Biol. 16, 3169-3178

http://ticb.trends.com



THE JOURNAL OF BioL(cicAL CHEMISTRY Vol 278, No. 16, Issue of April 18, pp. 14414-14419, 2003
0 2003 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

p19nA-p53 Tumor Suppressor Pathway Regulates Cell Motility by
Suppression of Phosphoinositide 3-Kinase and Racl GTPase
Activities*

Received for publication, January 13, 2003, and in revised form, February 4, 2003
Published, JBC Papers in Press, February 10, 2003, DOI 10.1074/jbc.M300341200

Fukun Guo, Yuan Gao, Lei Wang, and Yi Zheng*

From the Division of Experimental Hematology, Children's Hospital Research Foundation, University of Cincinnati,
Cincinnati, Ohio 45229

The plgA"-p53 tumor suppressor pathway plays a crit- Although much of the attention in tumor suppressor studies
ical role in cell-cycle checkpoint control and apoptosis, has been focused on their roles in cell cycle control and/or
whereas Rho family small GTPases are key regulators of apoptosis, preliminary evidence has become available suggest-
actin structure and cell motility. By using primary ing a potential functional linkage between p53 and cell mor-
mouse embryonic fibroblasts that lack Arf, p53, or both, phological effect/cell motility. For example, p53 has been shown
we studied the involvement of the plgA9'-p53 pathway in to regulate the transcription of a number of genes involved in
the regulation of cell motility and its relationship with cell morphology and/or movement, including that of smooth
Rho GTPases. Deletion of Arf and/or p53 led to actin muscle a-actin (8), collagens Hal and Vlal (9), vascular epi-
cytoskeleton reorganization and a significant increase dermal growth factor (10), metalloproteinase-1 (11), and fi-
in cell motility. The endogenous phosphoinositide (P1) 3- bronectin (12). Moreover, overexpression of p53 seems to cause
kinase and Racl activities were elevated in Arf- and
p53-1- cells, and these activities are required for p19A,- a partial reversion of Ras-induced morphological transforma-

and p53-regulated migration. Reintroduction of the wild tion (13) and to inhibit cell migration (14). A recent study

type Arf or p53 genes into Arf- orp53-- cells reversed further suggests that p53 may have a role in Cdc42-mediated

the PI 3-kinase and Rho GTPase activities as well as the filopodia formation and cell polarization (15).

migration phenotype. These results suggest a functional To investigate the functional connection between the tumor

relationship between an established tumor suppressor suppressors and Rho GTPase-regulated cytoskeleton events,

pathway and a signaling module that controls actin we have examined the actin cytoskeletal structure and migra-

structure and cell motility and show that p 1 9 Ar1 and p53 tion capability of p19A'f-, p53-, p27'p''-, or pRb-deficient pri-
negatively regulate cell migration by suppression of mary mouse embryonic fibroblast (MEF)l cells. We report that
PI 3-kinase and Racl activities, the p 1 9 Af _p5 3 tumor suppressor pathway, but not the related

p27'Kpl-pRb pathway, negatively regulates cell motility
through suppression of the PI 3-kinase-Racl signaling module.

The p53 and pRb cell cycle inhibitors and their regulators, EXPERIMENTAL PROCEDURES
including p19Arf and p271`Pl, are well established tumor sup-
pressors that are components of a complex signaling network DNA Constructs--Site-directed mutagenesis of Racl, Cdc42, RhoA,

and p53 was performed by the polymerase chain reaction-based, oligo-
central to tumor suppression (1). Deletion or mutation in these nucleotide-mediated method (16). The retroviral constructs expressing
tumor suppressors or their regulators occurs in the majority of p19A`f p53 wild type or mutant, and dominant negative Rho GTPases
tumor cases and correlates with the onset of a wide spectrum of (RaclNl7, Cdc42N17, and RhoAN19) were generated by ligating the
cancer (2). Specifically the p19A-p53 tumor suppressor path- corresponding cDNA fragments into the BamHI and EcoRI sites of the
way is thought to be involved primarily in monitoring prolifer- retroviral GFP bicistronic vector, MIEG3 (17).

ation signals to prevent cells from uncontrolled growth (3). Rho Cell Culture, Retroviral Infection, and Cell Imaging-Primary MEFs
from pl9Arf-' , p53-' , pl9Arf' /p53 /-, p27Kipl '-, and pRb-'

family small GTPases, on the other hand, are molecular mice (all of the C57BL/6 X 129/sv background) were generous gifts from
switches that transduce diverse intracellular signals leading to Dr. Martin, Roussel (St. Jude, Memphis, TN) and were generated as
cell proliferation, gene induction, apoptosis, and in particular, described previously (18). Recombinant retroviruses were produced us-
cytoskeleton remodeling and migration (4). Accumulating evi- ing the ecotropic Phoenix packaging cell system (17). The primary
dence has implicated the Rho GTPases, RhoA, Racl, and MEFs were infected with the retroviruses and harvested 48-72 h after
Cdc42, in many aspects of tumor development, including tumor infection. GFP-positive cells were isolated by fluorescence-activated cell

sorting.cell migration and proliferation (5). Many mitogenic signals, sPrimary MEFs were seeded onto coverslips at 3 x 10' cells/slip
including those from growth factor receptors and integrins, can density. The cells were serum-starved for 12 h prior to fixation. The
promote the exchange of GDP for GTP on Rho GTPases, ena- F-actin structure of the cells was visualized by rhodamine-phalloidin
bling them to interact with an array of effector targets to elicit staining, and the stained cells were analyzed by using a conventional
cytoskeletal changes (6, 7). fluorescence microscope (Zeiss).

Cell Motility and Migration Assays-Single cell motility assays using
the colloidal gold particles were carried out as described (19). The

* This work was supported by grants from the National Institutes of wound healing assays to semi-quantitatively determine the migration
Health (GM53943) and the Department of Defense Breast Cancer Pro-
gram (BC990290) (both to Y. Z.). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must 'The abbreviations used are: MEF, mouse embryonic fibroblast;
therefore be hereby marked "advertisement" in accordance with 18 GST, glutathione S-transferase; PAK, p21-activated kinase; PI 3-ki-
U.S.C. Section 1734 solely to indicate this fact. nase, phosphoinositide 3-kinase; GFP, green fluorescent protein; PIP1 ,
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distance were performed following a scratch of the confluent monolayer
of cells as described (20). The migration distances of cells were moni-

tored at various times and were measured at 9 h after the introduction
of the wound under low serum (0.5%) conditions.

PI 3-kinase Assay, Chemical Inhibitors, and Immunoblotting-The
endogenous PI 3-kinase activities of Arf-'-, p53 ', Arf--p53`, and
Arf - or p 5 3 -- cells reconstituted with Arf or p53 were assayed
according to a described protocol (21). Briefly the cells were lysed in
buffer A containing 20 mm Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA,
0.3 mm dithiothreitol, 0.5 mm phenylmethylsulfonyl fluoride, 1% Triton
X-100, 10 Ag/ml aprotinin, 10 pg/mI leupeptin, 0.1 mm sodium or- B
thovanadate and 25 mm NaF. After centrifugation at 4 oC for 30 min at
14,000 rpm, the protein contents in the supernatant of cell lysates were
measured by the Bradford method. An equal amount of proteins was
incubated with anti-p85 polyclonal antibody coupled to protein A-aga-
rose (Upstate Biotechnology) overnight or subjected to anti-p85 or anti-
p110 Western blot analysis. The immunoprecipitates were washed
twice with buffer C containing 20 mm Tris-HCl, pH 8.0, 100 mm NaCl,and 10 MM MgCl2 and washed once with a kinase assay buffer (20 rm ls

Tris-HCI, pH 7.6, 10 mM MgCI2 ). 5 pg of sonicated phosphatidylinositol FIG. 1. The effect of the deletion of pl9Arf, p5 3, p27, or Rb on
together with [y-_2PIATP (200 jiCi/ml) in 45 Al of the kinase assay actin structure and cell motility of primary MEF cells. 2X 10' of
buffer were incubated with the washed beads at 25 °C for 10 min. The wild type (WT) or knock-out MEF cells (Arf -, p53 -'-, p27 '-, RbI )
reactions were terminated by the addition of 100 Al of 1 N HCI. The were cultured overnight on coverglass. Subconfluent cells were starved
reaction products were extracted by 200 Al of CHCI/ýMeOH (1:1) and in medium containing 0.5% serum for 12 h. After fixation in 3.7%
resolved on a TLC silica plate coated with potassium oxalate in a formaldehyde, cells were permeabilized with 0.1% Triton X-100 and
solvent containing CHC1,JMeOHINH 4OH, 4 M (9:7:2). The PI 3-kinase stained for F-actin by using rhodamine-conjugated phalloidin (A). Sin-
reactions were analyzed by autoradiography. gle cell-based motility was observed 9 h after the cells were plated on

Prior to Western blotting, the protein contents of the cell lysates were colloidal gold-coated culture dishes (B).

normalized by the Bradford method. Anti-phospho-Akt(Ser47 3 ) and
anti-PTEN antibodies were obtained from Cell Signaling, Inc., anti-p85 low serum (0.5% fetal bovine serum) conditions (Fig. 2, A and
and the anti-p10 ofPI 3-kinase antibodies were obtained from Upstate B), at which time the difference in cell growth was less than
Biotechnology, Inc., and the PI 3-kinase inhibitors wortmannin and 10%. Similar results were also obtained when the cells were
LY294002 were obtained from Sigma.

Endogenous Rho GTPases Activity Assay-GST-PAK1, GST-Rhote- serum-starved over a 16-h period (data not shown). When
kin, and GST-WASP, which contain Racl, RhoA, and the Cdc42- p19Arf and p53 were reintroduced intoArf- andp53 /- cells,
interactive domains of PAKI, Rhotekin, and WASP, respectively, were respectively, by retroviral induction, the migration phenotype
used to probe the endogenous Racl-GTP, RhoA-GTP, and Cdc42-GTP of these cells was fully reversed (Fig. 2, C and D). The expres-
activities as described (20). sion levels of p19Arf or p53 in the reconstituted cells were

comparable with or slightly higher than that of the respective
RESULTS AND DISCUSSION wild type cells (Fig. 2E). Thus, p19h and p53 negatively reg-

pl9A.rf p53, p27'•p', and pRb are well recognized cell cycle ulate cell migration.
regulators that are critical to checkpoint control. p19A~f' in p19A and p53 display both interdependent and independent
response to oncogenic signals, stabilizes p53 by sequestering activities in the regulation of cell cycle progression and in
Mdm2, a negative regulator of p 5 3 (3), whereas p271"Pl, on its response to DNA damage (3). Deletion of both Arf and p53
way through pRb, regulates G 1 transition by modulating alleles led to an equally mobile cell phenotype as pl9Arf-/ or
growth-essential E2F transcription factors (1). All four are p53 / cells in the single cell-based motility assay and in the
important components of a complex tumor suppressor network. wound healing assay (Fig. WA). Furthermore, introduction of
To examine their potential involvement in the regulation of cell p19h into the Arf- -/p53-'- cells did not affect cell migration
actin structure and motility, we have generated the p19h`l, (Fig. 3A). It appears that p19A~r acts upstream of p53 in the
p53-, p 2 7Ki"pL, or pRb-deficient primary MEFs from the respec- regulation of cell motility.
tive tumor suppressor knock-out mice. To avoid possible alter- p53 functions as a DNA-binding dependent transcription
ation of cell properties under tissue culture conditions, only low factor in mediating multiple gene activation that is critical to
passages (<6 passages) of the primary cells were used and at its tumor suppressor activity (22). In addition, p53 is also
least two independent p53- or p19A`fdeficient MEF prepara- known for a role in negatively regulating the transcription of
tions were examined, an array of genes by repression of their transcription. To begin

In subconfluent culture and serum-free conditions, a signif- to address the issue of what function of p53 is required for the
icant percentage of the p19h'! or p53-deficient cells appeared regulation of cell motility, we examined the ability of two p53
to be in a round shape and displayed intense cortical actin mutants, Gln 2 2/Ser 2 3 and His 175 , to suppress the migration
staining, whereas the p27r'P- or pRb-deficient cells were sim- phenotype of p53 - cells. Although both mutants are defec-
ilar to wild type MEFs in morphology and actin structure (Fig. tive in transcriptional regulation of p53-positive genes includ-
WA). To determine whether the altered actin structures might ing that of p 2 lwaficip, (23-25), the Gln2 2/Ser 2 1 mutation is

be associated with cell motility modulation, the cells were located in the N-terminal transcription activation domain,
plated onto colloidal gold-coated plates, and the motility of which has also been shown to be critical for the binding of
single cells was traced by the trails left behind their movement TATA-binding protein-associated factors (26, 27), whereas the
paths. As shown in Fig. 1B, in the absence of serum stimula- His"'7 mutation resides in the central DNA binding domain of
tion, both p1 9Arf- and p53-deficient cells produced long trails, p53, which is the site of a majority of mutations seen in tumors
whereas the Kip1 and Rb knock-out cells were similar to the (28). We observed that the Gln 2 2/Ser 2 3 mutant was able to
wild type cells, showing no sign of movement, rescue the migration phenotype of p53-/- cells similar to wild

To further quantify cell migration rate, we measured the type p53, but the His' 75 mutant was inactive (Fig. 3B). These
migration distance of these cells in a wound healing assay. The results suggest that specific transcription activity controlled by
Arf / and p53 / cells migrated about 2-fold faster than p53 is responsible for the regulation of cell migration by the
the wild type, Kip1 / , or Rb / cells at 9-h intervals under p19gA-p53 tumor suppressor pathway.
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FIG. 2. MEFs deficient in pl9Arf or 1.5

p53, but not p27 or Rb, display signif-
icantly enhanced migration. A, equal 1.0
numbers of wild type (WT) and knock-out
cells were seeded on 35-mm dishes and 0.5
cultured to confluency. Migration into the
wound is shown 10 h after the wound was I t
introduced under low serum conditions. WT ARFJ4- p534- p274- Rb4-
B, migration distances were determined
by taking three independent measure-
ments from each dish. Each experiment
was conducted in triplicate, and the C 1.0
mean t S.D. was calculated. The relative
migration distance is normalized to that 0.8
of wild type. C and D, the effect of rein-
troducing p19"'f or p53 to Arf - or 0.6
p53-' cells on migration. Arf ' or
p53-'- cells were infected with retrovirus PO
expressing GFP, Arf and GFP, or p53 and 02
GFP as indicated. GFP-positive cells were
isolated by fluorescence-activated cell r

sorting and assayed for their relative mi- A Rd4ssye frtereliv -
gration distances. E, the expression of ARF44GFP A4ARF-FP
pl9Arf or p53 in the reconstituted Arf

/IArf or p53' /p53 cells was probed D 10
by anti-p53 or anti-p l9Arf Western blot.
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PI 3-kinase has previously been implicated in the regulation hanced PI 3-kinase activities are apparently required for the
of cell migration (29). To investigate whether PI 3-kinase con- migration phenotype observed in these cells, because inhibitors
tributes to pl9A- and p53-regulated cell motility, the endoge- of PI 3-kinase (wortmannin or LY294002) caused complete
nous PI 3-kinase activity and phospho-Akt(Ser 4 7 3 ) content, reversion of the migration phenotype without affecting the
which is indicative of the endogenous PI 3-kinase activation basal movement of the cells (Fig. 4C). Under these conditions,
status of Arf -1-, p53-'-, and Arf -'/-p53-1- MEFs, were ex- wortmannin or LY294002 potently inhibited PI 3-kinase activ-
amined, and the requirement of P1 3-kinase in pl9A'-f and ity (Fig. 4C and data not shown). On the other hand, the
p53-mediated cell migration was assessed by using specific expression level of PTEN, a PIP 3 phosphatase that could be
pharmacological inhibitors wortmannin or LY294002 at de- transiently regulated by p53 transcriptional activity (30), was
fined concentrations. As shown in Fig. 4, A and B, genetic not altered in the Arf/-, p53- ', or Arf- -/p53 -- cells nor
deletion of Arf, p53, or Arf and p53 led to 3-5-fold increases in in Arf'- or p53-- cells that were forced to express Arf or p53
PI 3-kinase activity and phospho-Akt(Ser4 7 3 ), which were (Fig. 4D). We conclude that Arf and/or p53 deletion up-regu-
readily reversed by the reintroduction of Arf or p53. The ex- lates PI 3-kinase activity, resulting in increased cell motility.
pression levels of p85a and p110, as well as that of Akt, were Rho family members Racl, RhoA, and Cdc42 are down-
not altered in these cells (Fig. 4B; data not shown). The en- stream signaling components of PI 3-kinase and have been
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Fmo. 3.A, p19A acts upstream of p53 in the regulation of cell migration. Single cell motility and wound healing migration of pl9Arf -' p53-'
cells transduced with GFP or GFP with p19`a were compared with that of the wild type MEFs (WT). B, a specific transcriptional event(s) is
required by p53 to modulate migration. Two mutant forms of p53, p53(Gln 2 2/Ser2 ') and p53(His1 7... were compared for their ability to rescue the
migration phenotype of p53' cells with that of wild type p53.

A c
SoP3P

Ft;. 4. PI 3-kinase is required for
the p193.- and p53-regulated cell mi-
gration. A, the PI 3-kinase activities of
the knock-out or reconstituted cells were
assayed. The cells were starved in a me-
dium containing 0.5% serum for 12 h and
harvested for anti-p85 immunoprecipita-
tion. The PI 3-kinase activities in the im-
munoprecipitated fractions were meas-
ured by an in vitro lipid kinase assay

using exogenous phosphatidylinositol as 'k, %t-. -ki. a
substrate. WT, wild type. B, log phase
cells were starved in 0.5% serum for 12 h. ad
The relative amounts of total Akt and 3 D

phospho-Akt (P-A/it (S4 73)) in the cell ly- B 2*5 Worimannin
sates containing equal amount of proteins -2. aLY240
were measured by Western blotting. C, PI 2.0
3-kinase inhibitors reduced the PI 3-ki- PAkt (S473)
nase activity and blocked the migration s- 1.
phenotype of pB9,- and/or p53-deficient AM 0.5
cells. The cells were treated with 50 nd
womannm, 2,or W om

~4alone for 10 h before the migration dis- A
tances and the PI 3-kinase activities were
measured. D, the amount of PTEN and
13-actin in the cell lysates containing D
equal amount of proteins was determined
by Western blotting.

PTENI M lE
beta-actiIE EE

implicated in the regulation of cell migration (31). To deter- tus of these Rho proteins .nArf 'and p53-/ cells by specific
mine whether these Rho proteins might be involved in e1 9 `fý effector domain pull-down assays. As shown in Fig. 5A, in the
and p53-regulated migration, we examined the activation sta- absence of serum stimulation, the endogenous levels of GTP-
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FIG. 5. Rael is an essential mediator of p19Ar- and p53-regulated cell migration. A, endogenous Racl, RhoA, or Cdc42 activities in the
knock-out cells were assayed by using log phase cells that were serum-starved for 12 h prior to lysis and subject to GST-PAK1, GST-Rhotekin, or
GST-WASP pull-down analysis. The amount of Racl-GTP, RhoA-GTP, or Cdc42-GTP was detected by Western blotting of the respective
co-precipitates with anti-Racl, anti-RhoA, or anti-Cdc42 antibody and was normalized to that of the total amount of Racl, RhoA, or Cdc42 in
respect to that in wild type MEFs (WT). The results shown in the lower panels are means ± S.D. from three experiments. B, dominant negative
Racl, but not RhoA or Cdc42, inhibited the migration phenotype of the knock-out cells. GFP or GFP together with RaclDN-, RhoADN-, or
Cdc42DN-expressing primary MEFs was generated by retroviral induction. The amount of the three Rho GTPase mutants (N-terminal hemag-
glutinin (HA)-tagged) expressed in p53- /- cells was probed by anti-hemagglutinin Western blot.

bound active Racl and RhoA in p19Arf -/- or p53-/- cells damage. Moreover, p53 is known to be a critical factor in
increased by 2- and 6-fold, respectively, compared with those in maintaining genomic stability and in eliciting DNA repair re-
wild type cells, whereas Cdc42-GTP increased by less than actions (22, 32). Some earlier evidence also pointed to a regu-
20%. The Racl, RhoA, or Cdc42 expression levels were not latory role of p53 in transcriptionally activating a number of
affected by p19Arf or p53 deletion. When pl9Arf or p53 was genes that could be involved in modulating cell movement
reintroduced into the knock-out cells, the active Rho protein (8-12). Two recent studies have begun to address the possibil-
contents were decreased to the level of wild type cells or lower ity that p53 might contribute to the regulation of cell move-
(Fig. 5A), indicating that p19Af and p53 suppress the Rho ment and polarity (14, 15). By genetic deletion of the tumor
protein activities. Furthermore, among the dominant negative suppressors, we show that p19A' and p53, but not p27'"p 1 or
mutants of Racl (RaclN17), RhoA (RhoAN19), and Cdc42 pRb, have a profound negative effect on cell motility and mi-
(Cdc42N17), only RaclN17 was able to completely reverse the gration. p19A likely depends on p53 for migration regulation,
migration phenotype in both Art' and p53-/ cells, reducing and specific transcriptional activity, or specific target genes
their migration rates to that of the wild type MEFs, similar to controlled by p53, may serve as the link between the nuclear
the effect of reintroducing the Arf or p53 gene (Fig. 5B). The events and the cytoskeleton, focal adhesion contacts, or extra-
three Rho GTPase mutants were expressed equally well in the cellular matrix components to promote the migration pheno-
cells (Fig. 5B). These results indicate that Racl is a specific type. We are currently examining the candidate gene products
mediator of p19'rf- and p53-regulated cell migration, whose expression profiles are altered by the p19A' and p53

The p53 and Rb genes and their regulatory molecules are deficiencies in an effort to identify the molecule(s) responsible
central to the growth malfunction of most tumor cells (1). The for the observed cellular effects.
p19A`-p53 pathway, specifically, constitutes a checkpoint in The PI 3-kinase-Racl signaling module has been known to
cell cycle progression that is responsive to the proliferative mediate growth factor-stimulated cell motility (31). Activation
signals normally required for cell proliferation (3). Mostly of PI 3-kinase (similar to deletion of the PTEN tumor suppres-
through its transcriptional activity, p53 can inhibit cell cycle sor, which is a PIP 3-specific phosphatase that counter-reacts
progression or induce apoptosis in response to stress or DNA with many PI 3-kinase effects) can cause activation of both
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Raci and Akt and contributes to enhanced cell motility and In summary, we have demonstrated that the p19Ar'-p53 tu-
invasion (20, 29). The cell morphological and actin structural mor suppressor pathway negatively regulates cell motility, re-
changes we have observed in Arf' and p53-/- MEFs, i.e. a vealing an interesting connection between the established tu-
round appearance and intense cortical actin staining, are rem- mor suppressor pathway and the PI 3-kinase-Racl signaling
iniscent of what was observed in the case of PTEN-/ cells module that is known to modulate cell migration. The results
(20), suggesting that elevation of the PIP3 level in the cells may provide insights into a previously under-appreciated cellular
be significant to increased cell movement. Indeed, Racl and function of the tumor suppressor pathway and may have im-
Akt appear to be important contributors to the migration phe- portant implications in developing strategies that target Rho
notype in PTEN deficiency (20, 29). A few previous reports proteins in anti-cancer therapy.
support the assumption that Rac may act independently of Akt
in signaling to mammalian cell migration (33, 34), but a recent Acknowledgments-We thank members of Zheng laboratory for help
study employing constitutively active and dominant negative with retroviral production and cDNA constructs and Dr. Martine

Akt in fibroblasts shows that Akt is an essential mediator of Roussel for the gift of MEFs and Arf cDNA.
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The Rho family GTPases Racl, RhoA, and Cdc42 function as molecular switches that transduce intracellular
signals regulating gene expression and cell proliferation as well as cell migration. p19Ar` and p53, on the other
hand, are tumor suppressors that act both independently and sequentially to regulate cell proliferation. To
investigate the functional interaction and cooperativeness of Rho GTPases with the p19Ar-p53 pathway, we
examined the contribution of Rho GTPases to the gene transcription and cell proliferation unleashed by
deletion of p9Arf or p53 in primary mouse embryo fibroblasts. We found that (i) p1 9A'f or p53 deficiency led
to a significant increase in PI 3-kinase activity, which in turn upregulated RhoA and Racl activities; (ii)
deletion of p19Arf orp53 led to an increase in cell growth rate that was in part dependent on RhoA, Racl, and
Cdc42 activities; (iii) pl9Ah or p53 deficiency caused an enhancement of the growth-related transcription factor
NF-KB and cyclin DI activities that are partly dependent on RhoA or Cdc42 but not on Racl; (iv) forced
expression of the activating mutants of Racl, RhoA, or Cdc42 caused a hyperproliferative phenotype of the
pl9Arf-'- and p53-'- cells and promoted transformation of both cells; (v) RhoA appeared to contribute to
p53-regulated cell proliferation by modulating cell cycle machinery, while hyperactivation of RhoA further
suppressed a p53-independent apoptotic signal; and (vi) multiple pathways regulated by RhoA, including that
of Rho-kinase, were required for RhoA to fully promote the transformation of p53/ cells. Taken together,
these results provide strong evidence indicating that signals through the Rho family GTPases can both
contribute to cell growth regulation by pl9Arf and p53 and cooperate with pl9Arf orp53 deficiency to promote
primary cell transformation.

Rho family small GTPases are molecular switches that trans- pression (13, 18, 43). Deletion or mutation in p53 or its regu-

duce diverse intracellular signals leading to cell proliferation, lators occurs in many tumor cases and correlates with the onset

gene induction, and survival as well as cytoskeleton remodeling of a wide spectrum of cancers. p53 is a key transcription factor
(7, 46). Many mitogenic signals, including those from growth essential for the response to cellular stress from DNA damage,

factor receptors and integrins, can promote the exchange of hypoxia, and oncogene activation. When activated, p53 can

GDP for GTP on Rho GTPases (56), enabling them to interact trigger cell cycle arrest or apoptosis (2, 18), whereas p1 9 ARE

with an array of effector targets to elicit specific cellular effects may serve as a sensor to oncogenic insult to stabilize p53 by

(4). Accumulating evidence has implicated Rho GTPases in sequestering Mdm2, a negative regulator of p53 activity (43).
many aspects of tumor development (5, 37). RhoA, Racl, and The p 19ARV-p53 tumor suppressor pathway therefore is

Cdc42 are proto-oncogene products themselves that when hy- thought to be primarily involved in monitoring proliferation
peractivated can transform fibroblast cells (31-33). Activation signals to prevent cells from uncontrolled growth (43). For
of these Rho proteins can stimulate transcriptional activation example, it has been well documented that excess of mitogenic
of some of the critical genes involved in cell growth regulation, signals can turn on Ras, which in turn transiently stimulates
such as nuclear factor KB and cyclin D1 and leads to cell cycle p53 activity to induce cell cycle arrest, apoptosis, or senescence
progression (49-52). These Rho family members are required (8, 22, 42).
for Ras transformation (3, 17, 23, 58), and their deregulation With appreciation of a central role of the p53 pathway in
correlates with poor cancer prognosis in some cases (37). tumor suppression and the critical involvement of Rho GT-
Moreover, the Rho GTPases appear to be intimately associ- Pases in cell cycle progression, it seems logical to envision a
ated with morphological changes of tumor cells and have been functional connection and/or cooperation between the p53
linked to tumor cell migration and invasion through their abil- pathway and Rho GTPase-mediated signaling processes in tu-
ity to regulate actin cytoskeleton, cellular-extracellular matrix morigenesis. In particular, we are interested in determining the
adhesion, and cell-cell communication (7, 15, 41). contribution of Rho family members to cell behaviors in a

The p53 cell cycle inhibitor and its regulators, including genetic background bearing defects of p53 or its regulators that

p 19 ARF, are well-established tumor suppressors that are com- might better represent that of tumor cells. Previously, we have
ponents of a complex signaling network central to tumor sup- shown that the p19A1(-p53 pathway negatively modulates PI

3-kinase and Rho GTPase activities and regulates actin cy-
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terized the relationship between the pl 9 A`r-p 5 3 tumor sup- cells were lysed in buffer A, containing 20 mM Tris-HCI (pH 8K0), I(M mM NaCI,
pressor pathway and Rho proteins in regulating cell prolifer- I mM EDTA, 0.3 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 1%
ation and gene expression. The possible cooperative nature of Triton X-100, 10 ltg of aprotinin/ml. 10 j.g of leupeptin/ml, 0.1 mM sodiumorthoranadate, and 25 mM NaF. After centrifugation at 4VC for 30 min at 14,0()1
the p1 9A` -p5 3 pathway defect with hyperactive Rho GTPases rpm, the protein contents in the supernatant of cell lysates were measured by the

in inducing cell hyperproliferation and transformation was ex- Bradford method. Equal amounts of protein were incubated with anti-p85 poly-

amined in p19Arf- or p53-null mouse embryo fibroblasts clonal antibody coupled to protein A-agarose (Upstate Biotech., Inc.) overnight

(MEFs). Moreover, we have examined the contribution of or subjected to anti-p85 Western blot analysis. The immunoprecipitates were
washed twice with buffer C, containing 20 mM Tris-HICI (pH 8.() 100 mM NaCI,distinct effector pathways emanating from active RhoA to the and 10 mM MgCI, and washed once with a kinase assay buffer (20 mM Tris-HCI

transformation of p53 ` cells. Our findings strongly indicate [pH 7.6]. 10 mM MgCI,). Five micrograms of sonicated phosphatidylinositol (PI)
that the Rho family GTPases, Racl, RhoA, and Cdc42, con- together with [,y-3 P]ATP (200 liCiiml) in 45 t.l of the kinase assay buffer was

tribute to cell growth regulation through p19Arf and p53 and incubated with the washed beads at 25'C for 10 min. The reactions were termi-
nated by the addition of 100 p.

1 
of I N HCI. The reaction products were extractedthat mitogenic activation of the Rho proteins may further by 200 p.l of CHCI5-MeOH (1:1) and resolved on a thin-layer chromatographic

cooperate with p19Arf or p53 deficiency to promote cell trans- silica plate coated with potassium oxalate in a solvent containing CHCI,-

formation. MeOH-4 M NH 4OH (9:7:2). The PI kinase reactions were analyzed by autora-
diography. The anti-p85 of PI 3-kinase antibody was obtained from Upstate
Biotechnology, Inc., and the PI 3-kinase inhibitor wortmannin was obtained from

MATERIALS AND METHODS Sigma.
DNA constructs. The Racl, RhoA, and Cdc42 dominant negative mutants Cell proliferation assay. Cell growth rates were measured by a [

3
Hithymidine

(RaclN17, RhoANI9, and Cdc42N17), fast-cycling mutants (RaclL2S, incorporation assay. Cells were cultured in a medium containing 2% serum for
RhoAL30, and Cdc42L28), and constitutively active mutants (RacIL61, the assays. The cell cultures were assayed at 0, 1, 2, 3, and 4 days after the
RhoAL63, and Cdc42L61) and the effector domain mutants of RhoA in the addition of I pCi of l

3
H]-thymidine/ml to the medium followed by an incubation

constitutively active backbone (RhoAL63-V39, RhoAL63-T40, RhoAL63-L40, for 4 h at 37°C. The cells were harvested by trypsinization, and the [
3
'Il-thymi-

and RhoAL63-C42) were generated by site-directed mutagenesis based on oil- dine incorporated into the cells was quantified by scintillation counting.
gonucleotide-mediated PCR (19). For retroviral expression, cDNAs encoding Luciferase reporter assay. To detect endogenous NF-KB and cyclin D1I gene
the dominant negative, fast-cycling, and constitutively active forms of Racl, expression, the luciferase reporter constructs fused with the promoter of NF-KB
RhoA. and Cdc42, the effector domain mutants of RhoA, and ROCKI were orcyclin DI (Stratagene) that contain the promoter response elements of NF-KB
ligated into the BamH1 and EcoRl sites in frame with the nucleotides encoding and cyclin DI were used to report transiently the relative activities of NF-KB and
a three-hemagglutinin (HA3 ) tag at the 5' end of the retroviral vector MIEG3 cyclin DI. Transient transfection of these reporter plasmids into primary MEFs
that expresses enhanced green fluorescent protein bicistronically. The constructs was carried out using LipofectAMINE reagents (invitrogen) according to the
expressing pliArf and p53 were described previously (57). manufacturer's protocols. Twenty-four hours prior to harvesting, the cells were

Cell culture and retroviral induction. Primary wild type, p53- - and switched to a medium containing 0.5% serum. Analysis of luciferase and p-ga-
p1.94rf MEFs were kind gifts from Martine Roussel (St. Jude. Memphis, lactosidase activities of the transfected cells was performed by using a luciferase

Tenn.) that were derived from mouse embryos of the C57BL/6 X 129/sv genetic assay kit (Promega). Transfection efficiencies were routinely corrected by ob-
background (57) and were cultured in Dulbecco's modified Eagle's medium with taining the ratio of the luciferase and the I3-galactosidase activities observed in
10% fetal bovine serum, 2 mM glutamine, 0.1 mM nonessential amino acids, 55 the same sample, as previously described (26).
p.M 1-mercaptoethanol. and 10 ;.g of gentamicin/ml. Recombinant retroviruses Cell cycle progression and apoptosis analysis. Cell cycle progression of the
were produced using the Phoenix cell packaging system (11, 12). Primary MEFs p53 " MEFs was monitored by cell cycle marker staining (propidium iodide
were infected with the respective retroviruses and harvested 48 to 72 h postin- labeling and Cytofix/Cytoperm fixation) followed by flow cytometry (phosphati-
fection. The enhanced green fluorescent protein-positive cells were isolated by dylethanolamine-conjugated anti-BrdU antibody) to examine whether dominant
fluorescence-activated cell sorting (FACS). negative or constitutively active RhoA could affect the GI/S phase and/or G2i/M

lmmunoblotting. Whole-cell lysates were prepared by extraction of the MEF phase transition in a p53-independent manner (11). The effects of RhoA mutants
cells by the lysis buffer containing 20 mM Tris-HCI (pH 7.6), 100 mM NaCI, 10 on p53-independent apoptotic response were tested by apoptosis staining of the
mM MgCI2, 1% Triton X-100, 0.2% sodium deoxycholate, 2 mM phenylmeth- p53 MEFs after DNA damage induction by gamma irradiation (2(1 (y). The
ylsulfonyl fluoride, 1I0 pg of leupeptin/ml, 10 l•g of aprotinin/ml, and 0.5 mM apoptotic cell population was revealed by 7AAD and allophycocyanin-conju-
dithiothreitol for 30 min. The nuclear proteins were purified by the method gated Annexin V staining followed by flow cytometry analysis on a FACSCaliber
described before (14). Briefly, cells were washed in a hypotonic buffer (HB; 25 machine (11).
mM Tris-HCI [pH 7.6], 1 mM MgCI,, 5 mM KCI) and lysed in HB containing Cell transformation assay. To determine the transforming activity of the
0.25%Nonidet P-40,2 mM phenylmethylsulfonyl fluoride, 10p.gofleupeptin/ml, p53-' or pl9Arf-' MEF cells. 5,00(, cells that stably express various fast-
and 10 lig of aprotinin/ml for 30 min. The lysates were centrifuged at 500 x g for cycling or constitutively active mutants of Racl, RhoA. or Cdc42 were combined
5 min. The nuclear pellet was washed with HB containing 2 mM phenylmethyl- with 5 x l0 parentalp53 orpl9Arf ý cells. The cell cultures were fed every
sulfonyl fluoride, 10 pLg of leupeptin/ml. and 10 jig of aprotinin/mI, resuspended 2 days with fresh culture medium. Fourteen days postplating, foci were scored
in a solution containing 20 mM Tris-HCI (pH 8.0), 0.42 M NaCI, 1.5 mM MgCI2. after fixation and staining of the cells on the plates.
and 25% glycerol, vortexed, and incubated at 4°C for 30 min. The extracts were
centrifuged at 900 X g for 5 min. and the supernatants were taken as the nuclear
protein lysates. Protein contents in the whole-cell lysates and nuclear lysates were RESULTS
normalized by the Bradford method. The lysates were separated by 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. The ectopic expres-
sion of the dominant negative, the fast-cycling, or the constitutively active forms lates Rho GTPase activities. Previously, we found that the
of Racl, RhoA, and Cdc42 were probed by using an anti-HA antibody (Boehr- endogenous PI 3-kinase, RhoA, and Rac I activities were ele-
inger Mannheim). NF-KB and cyclin DI from the nuclear extracts were probed vated in theArfv- and p 5 3- primary MEF cells and that the
by using the anti-NF-KB p65 and anti-cyclin Dl antibodies (Santa Cruz Biotech- PI 3-kinase and Racl activities were required for a fast-migra-
nology), respectively.

Endogenous Rho GTPase activity assay. Glutathione S-transferase (GST)- tion phenotype of the Arfi and p53 -'- cells. Reintroduction
PAKI, GST-Rhotekin, and GST-WASP, which contain Racl, RhoA, and Cdc42 of the wild-type Arf or p53 gene into A-f / or p53 /- cells
interactive domains of PAKI, Rhotekin, and WASP, respectively, were used to reversed the PI 3-kinase and Rho GTPase activities as well as
probe the endogenous Racl-GTP, RhoA-GTP, and Cdc42-GTP activities by the the migration phenotype, indicating that p19Arr and p53 neg-
affinity precipitation method as previously described (20).

Pi 3-klnase assay. The endogenous PI 3-kinase activities of Arf , atively regulate cell migration by suppression of P/ 3-kinase
and Arf` or p53 ' cells reconstituted with Arifp53, or Rho protein mutants, and Racl activities (12). To further dissect the relationship
respectively, were assayed according to a described protocol (12). Briefly, the between PI 3-kinase and Rho GTPases in the pl9Arf ' and
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p53 /- cells, we measured the Ract, RhoA, and Cdc42 activ- ments of NF-KB, and the relative luciferase activities were
ities in the Arf'- and p53 ' MEFs with or without the PI compared with that of wild-type MEFs and that of Arf " or
3-kinase inhibitor (wortmannin) treatment. As shown in Fig. p53-1- cells reconstituted with the respective tumor suppres-
IA, wortmannin (50 nM) treatment of the Arf'"- and p53-'- sor genes. The NF-KB transcriptional activity was upregulated
MEFs resulted in markedly decreased Racl-GTP and RhoA- by pl9Arf and p53 deletions by -3.5- and -5.5-fold, respec-
GTP species, to a level similar to that in the Arf- or p53- tively, and the observed activity changes were completely re-
reconstituted cells or the wild-type cells (Fig. IA). As we have versed when the Arf or p53 gene was reintroduced into the
observed previously, the Cdc42-GTP level was not significantly knockout cells (Fig. 3A). These results demonstrate that p19Arf
affected by the deletion of the Arf or p53 gene, nor was it and p53 negatively regulate NF-KB activity. To address
changed upon wortmannin treatment orArf orp53 reconstitu- whether the Rho proteins contribute to NF-KB regulation in
tion (Fig. IA). On the other hand, the elevated endogenous PI Arf- andp53- - cells, we transduced the dominant negative
3-kinase activity in the p53- cells (compared with that of the mutants of Racl, RhoA, and Cdc42 (RaclN17, RhoAN19, and
wild-type MEFs) was not significantly altered by the expression Cdc42N17, respectively) as well as the GFP marker into the
of dominant negative RaclNI7, RhoANI9, or Cdc42N17 or by mutant cells and assayed the NF-KB reporter activities of these
the fast-cycling RaclL28, RhoAL30, or Cdc42L28 mutant, cells. Rac1N17 and Cdc42N17 had no detectable effect on the
contrary to the effect of the reconstitution of wild-type p53 elevated reporter activities of NF-KB in Arf-r- and p53-"-
(Fig. 1B). Similarly, the dominant negative Rho protein mu- cells (Fig. 3B), nor did they show significant inhibition of the
tants had no effect on the PI 3-kinase activity of the Arf- - cells increased nuclear expression level of NF-KB in these cells (Fig.
(data not shown). These results indicate that PI 3-kinase acts 3C). In comparison, RhoAN19 attenuated the NF-KB activity
downstream of p19Arf or p53 but upstream of Rho proteins to and its nuclear expression level in p53-deficient cells but not in
regulate cell behaviors. p19Arf-deficient cells (Fig. 3B and C). The dominant negative

Rho GTPases contribute to the growth phenotype of RaclNt7, RhoAN19, and Cdc42 N17 mutants were expressed
pl9Arf-l- and p53-1- cells. p1 9A^f and p53 are checkpoint similarly in these MEFs (12) and displayed various degrees of
molecules that upon overexpression can induce cell cycle arrest inhibition on the respective Rho protein activity and cell
or apoptosis (43). Deletion of Arf or p53 resulted in a signifi- growth (Fig. 2). Moreover, RaclN17 reversed the migration
cant increase in cell growth rate and saturation density (Fig. 2). phenotype of these cells (14), indicating that these dominant
Since the Arf ' and S3/ cells contained elevated levels of negative Rho mutants were functionally expressed. These re-
active Rho GTPase species (Fig. IA), we examined whether sults suggest that RhoA participates in NF-KB regulation by
Racl, RhoA, or Cdc42 might contribute to the proliferative p53 but that Racl and Cdc42 do not contribute to the upregu-
phenotype of these cells. As shown in Fig. 2, the increased cell but that aci d C o n oributedtoeth r
growth rates due to pI9Arf or p53 deletion were partially in- lation of its activity, due to pl9Arf or p53 defects.hibited by the dominant negative RaclNl7, RhoANI9, and Cyclin DI has been suggested as one of the key downstream
Cdc42N 17 mutants to various degrees under conditions at effectors that mediate cell growth control by the Rho GTPases

which the growth rate of wild-type MEFs was not significantly (49, 50, 51, 58). Deletion ofpl9Arf and p53 resulted in signif-
affected by these mutants. The expression levels of the domi- icaetupelan occlia Di atity (- and C-11-fold,nant negative Rho mutants were comparable in these cells (12; respectively) and nuclear expression (Fig. 4A and C). Recon-

nantnegtiv Rh muant wee coparblein hes cels 12; stitution of pl9Arf and p53 into the respective mutant cells
data not shown), and the dominant negative inhibitory effects rtauiln of te9ArD andp vito the respective tat
of RacIN17, RhoAN19, and Cdc42N17 were specific toward readily reversed the cyclin Dt activity (Fig. 4A), indicating that
the respective Rho proteins, as assayed by the effector domain both pI 9 Arf and p53 negatively regulate its activity. Since Racl,

pull-down assays (Fig. 2B). Although Cdc42 activity was not RhoA, and Cdc42 can each stimulate cyclin Dt activation and

detectably upregulated by the Arf or p53 deficiency (Fig. IA), deletions of p19Arf and p53 result in activation of the Rho

the fact that Cdc42N17 could partially inhibit the growth phe- protein activities, we examined the possible involvement of the

notype of the Arf'- and p53 -'- cells suggests either that the Rho GTPases in cyclin DI regulation by Arf and p53. Trans-

effector probe (the p21-binding domain of WASP) used in the duction of dominant negative RhoA and Cdc42 in Arf-'- and

activity assay was not sensitive enough or that basal Cdc42 p53-'- cells partially inhibited cyclin D1 at both the activity

activity is required for the Arf or p53 defect-mediated growth. and the nuclear expression levels, whereas dominant negative
These results indicate that part of the growth stimulatory sig- Racl had no detectable effect (Fig. 4B and C). These results

nals unleashed byp53 orpl9Arf deletion are mediated through provide evidence that RhoA and Cdc42 but not Racl are
the Rho family members, involved in cyclin Dl regulation by p19A" and p53. It is there-

Involvement of Rho GTPases in NF-KB and cyclin D1 acti- fore possible that RhoA and Cdc42 work through NF-KB
vation induced by pl9Arf or p53 deficiency. Transcription fac- and/or cyclin D1 modulation to contribute to the growth phe-
tor NF-KB has been shown to be functionally interconnected notype of thepl9Arf-' andp53-'- cells, while Racl adopts a
with p53 (36, 48). Since NF-KB is regulated by the Rho family distinct, NF-KB- and cyclin DI-independent pathway to influ-
GTPases and could mediate cell growth regulation by the Rho ence pI9Arf-- and p53 -' cell growth.
proteins (14, 29, 52), we determined the effect ofpl9Arf orp53 Active Rho GTPases cooperate with pl9Arf or p53 deletion
deletion on the activity and expression of NF-KB and examined to promote hyperproliferation and transformation. Since
the contribution of Racl, RhoA, and Cdc42 to its modulation Racl, RhoA, and Cdc42 appear to contribute to the growth
in the Arf- or p53-null background. The pl9Arf ' and p53-' regulation of pl9Arf / and p53 /- cells, we next asked if
cells were transiently transfected with the NF-KB-luciferase hyperactive Rho proteins could further stimulate the prolifer-
reporter plasmid that contains the promoter response ele- ation of these cells. For this purpose, we introduced a set of
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FIG. I. Activation of Racl and RhoA by the p19Arf or p53 defect is dependent on elevated P1 3-kinase activity. (A) The endogenous Racl,
RhoA, or Cdc42 activities in the Arf or p53 knockout and reconstituted cells with or without wortmannin (50) nM) treatment were assayed by using
log phase cells that were serum starved for 12 h. The lysates were subject to GST-PAKI, GST-Rhotekin, or GST-WASP pull-down analysis. The
amount of Racl-GTP, RhoA-GTP, or Cdc42-GTP was detected by Western blotting of the respective glutathione-agarose coprecipitates with
anti-Racl, anti-RhoA, or anti-Cdc42 antibody and was normalized to that of Racl, RhoA, or Cdc42 in wild-type (WNT) MEFs. The results are
shown as the means -+ the standard deviations of three experiments. (B) The P1 3-kinase activities of the Ar! or p53 knockout and reconstituted
cells of the log phase cells were assayed. The cells were starved in a medium containing 0.5% serum for 12 h and harvested for anti-p85
immunoprecipitation. The PI 3-kinase activities in the immunoprecipitates were measured by an in vitro lipid kinase assay using exogenous P1 as
the substrate. The P13P signals of various MEFs were normalized to those of the p53-' MEFs in the quantification.
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FIG. 2. Racl, RhoA, and Cdc42 contribute to the growth regulation of plArf- or p53-null cells. The dominant negative mutants of Rho
proteins were expressed in the Arjf or p53-"- MEFs by retroviral induction, and the Rho mutant-expressing cells were isolated by FACS.
(A) Five thousand cells/well of the indicated cells were plated in I-ml culture medium containing 5% fetal bovine serum on 24-well plates. At the
time points of day 0, 1, 2, 3, and 4, incorporation of [- H]thymidine into the cells was measured. Data are representative of three independent
experiments and are expressed as the fold of growth relative to the respective value at day 0. Error bars represent the standard deviations of four
repeats of one experiment. (B) Western blots of the endogenous Racl, RhoA, and Cdc42 in the GTP-bound state were performed after the
respective GST-effector domain pull-downs in the wild-type (WT) MEFs, p53-deficient MEFs, and p53-deficient MEFs expressing various
dominant negative mutants of Rh proteins. The amounts of each Rho protein in the respective cell lysates and in the GTP-bound form were
normalized to that of Raci, RhoA, or Cdc42 in WT MEFs.
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FIG. 3. Involvement of Racl, RhoA, and Cdc42 in NF-KB activation induced by p19Arf or p53 deletion. The NF-KB promoter-driven luciferase
reporter was transiently expressed in the indicated MEF cells together with a vector expressing Arf, p53. or dominant negative mutants of Rho
GTPases (A and B). After a 30-hour recovery followed by a 12-hour starvation, the luciferase activities in the cells were measured. The luciferase
activities were expressed as the fold of activation relative to the activity induced by the empty vector alone in the wild-type (WT) cells and were
normalized to an internal transfection control ([3-galactosidase coexpressed with pCMV vector). To detect NF-KB protein levels (C), nuclear
extracts containing 20 p~g of proteins were separated by 10% SDS-polyacrylamide gel electrophoresis and the amount of NF-KB present was probed
by anti-NF-KB p65 antibody. Anti-beta actin blotting was carried out in parallel as a loading control.

fast-cycling mutants of Racl, RhoA, and Cdc42 (RaclL28, the hyperactive Rho proteins could be sufficient to promote

RhoAL30, and Cdc42L28, respectively), which possess an in- Arf- and p53-• cell transformation. For this purpose, in

creased intrinsic rate of exchange of GDP by GTP-mimicking addition to the fast-cycling Rho protein mutants, we generated
mitogenic stimulation (21, 53), into the p19Arf-/ or p53-/- Arf- - and p53 / primary MEFs expressing the constitutively

cells. The expression of RaclL28, RhoAL30, and Cdc42L28 active forms of Racl, RhoA, and Cdc42 (Racllbt, RhoAL63,

were confirmed by Western blot analysis (Fig. 5A). As shown and Cdc42L61, respectively). These mutants expressed equally
in Fig. 5B, these fast-cycling Rho GTPase mutants were able to well in the p53 /cells (Fig. 6A) and in the pIQArf /- cells

further enhance the growth rates of plgArf'j and p53-'- cells (data not shown). Both forms of the activating Raci, RhoA,

to various extents under conditions in which they had only and Cdc42 mutants, i.e., the fast-cycling and the constitutively
minor effects on wild-type MEF growth, suggesting that active active forms, displayed various foci-forming activity in p53/

Rho proteins can cooperate with p19Arf and p53 defects to MEFs as well as in pl9Arf•- MEFs (Fig. 6B). Some of these

promote hyperproliferation of the cells. mutants, e.g., RhoAL63, displayed activities as potent as that
Oncogenic Ras was able to cooperate with pl9Arf or p53 of oncogenic Ras, while others, such as RaclL61, was only

deletion to promote MEF transformation in vitro and in vivo weakly transforming (Fig. 6B). Thus, like oncogenic Ras, active
(16). Because Raci, RhoA, and Cdc42 are all important down- Raci, RhoA, or Cdc42 can cooperate with p53 or p19Arf de-

stream mediators of Ras signaling (17, 31-33), we wondered if letion to promote primary cell transformation.



1432 GUO AND ZHENG MOL. CELL. BIOL.

A

12

a 4

3.5 i14

.S 1 .1

O1 0\\\ ,\\1-1,4 Ant'cclnD

m AntI-beta-actln

Western blot

FIG. 4. Contribution of Raci, RhoA, and Cdc42 to cyclin D1 regulation in pI9Arf- or p53-deficient MEF cells. One microgram of c'yclin
Dl-lucifcrase reporter plasmid was cotransfected with a vector expressingArf,p53, or the dominant negative mutants of the Rho proteins into thc
indicated cells. The tuciferase activities in the cell lysates were measured to determine the relative cyclin Dl transcriptional activities (A and 13)

and were normalized to those of a 13-galactosidase transfection control. To directly compare the protein levels of cyclin DI, nuclear extracts
containing 20 •g of proteins were separated by 10% SDS-polyacrylamide gel electrophoresis and the amount of cyclin Dl was probed with an

anti-cyclin DL antibody (C). Anti-beta actin blotting was done in parallel. W[, wild-type.

RhoA signaling modulates cell cycle progression and apo- cell proliferation by modulating cell cycle progression and that
ptotic response of p53-null cells. To further address the role of RhoA activation may cause hyperproliferation of p53-'- cells

Rho in p53-mediated cell proliferation, we carried out a set of by further suppressing a p53-independent apoptotic signal.

experiments comparing the cell cycle and apoptotic properties Multiple pathways regulated by RhoA are involved in pro-

of p53- MEFs expressing the fast-cycling active mutant of moting transformation of p53-/ MEFs. To begin to unveil

RhoA or dominant negative mutant of RhoA. As shown in Fig. the molecular pathways regulated by Rho GTPases that are
7A, when the cell cycle progression of wild-type and p53-/- important for promoting transformation of p53'• cells, we

MEFs was analyzed by PI staining followed by FACS, the next examined the involvement of a key effector of RhoA,

dominant negative RhoA mutant was found to effectively ex- ROCK, in RhoA-mediated transformation. As shown in Fig.

tend the G1 phase and suppress the G,/M phase of p53-' 8A, treatment of the RhoAL63-expressing p53 MEFs with

MEFs that were altered due to a p53 defect, whereas the active a ROCK inhibitor, Y27632, led to a partial inhibition of the

RhoA mutant did not significantly alter the relative phases of foci-forming activity elicited by RhoAL63, and ectopic expres-
the cell cycle. Moreover, p53 deficiency led to a decrease in the sion of ROCKI in p 5 3 -/- cells was able to only partially reca-

cellular apoptotic response to gamma irradiation compared pitulate the transforming activity. To confirm the contribution

with that of wild-type cells, which could be further suppressed of ROCK to RhoA-mediated transformation and to assess the

by the expression of the active RhoA mutant (Fig. 7B). These involvement of additional effector pathways downstream of

results indicate that RhoA may contribute to p53-regulated RhoA, we further tested a set of effector-domain mutants of
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FIG. 5. The active Racl, RhoA, and Cdc42 mutants can stimulate hyperproliferation of pl9Arf- or p53-null cells. (A) Expression of the

fast-cycling mutants of Racl, RhoA, and Cdc42 that carry an N-terminal HA tag in pl9Arf- or p53-null cells was probed by anti-HA Western
blotting. (B) The indicated cells were plated in a culture medium containing 5% fetal bovine serum. At the indicated time points, the amount of
incorporated [3Hithymidine was quantified by scintillation counting. The data are representative of three independent experiments and are
presented as the fold of growth relative to the respective cells at day 0. Error bars represent the standard deviations of four repeats. WT, wild type.

RhoA for their ability to induce transformation of p53-S - suggest that the RhoA-ROCK pathway is required for the
primary MEFs. As previously characterized in vitro (10, 38) RhoA-induced transformation of primary p53-'- MEFs, cor-
and depicted in Fig. 8B, RhoA-F39V is defective in PKN roborating previous findings with NIH 3T3 cells (39). Interest-
binding but retains ROCK binding, RhoA-E40L is defective ingly, the RhoA mutant that retained ROCK and PKN binding
for ROCK recognition, RhoA-E40T retains ROCK and PKN but was defective for kinectin and inDia and possibly other
binding but is defective in kinectin and mDia binding, and effector pathways (RhoAL63-E40T) was partially active in
RhoA-Y42C is selectively defective in PKN binding. Consis- transforming p53 / cells, whereas the RhoA mutants that
tent with the partial loss of transforming activity in the case of have lost PKN-binding ability (RhoA-F39V and RhoA-Y42C)
ROCK inhibitor-treated cells, RhoAL63-L40 that is defective remained partially or fully active (Fig. 8C). Therefore, addi-
in ROCK binding suffered partial loss of foci-forming activity tional effector pathways other than ROCK that emanated from
(Fig. 8C). Since ROCK was found to be significantly upregu- active RhoA but not PKN appear to also be involved in the
lated in the mRNA level in the RhoA-transduced p 53 -` cells RhoA-mediated transformation of p53-1- cells. These results
in a gene array assay (unpublished data), these results strongly provide clues on the contribution of RhoA-regulated signaling
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FIG. 6. The active Rac 1. RhoA, and Cdc42 mutants cooperate with pI9Arf or p53 deletion to promote cell transformation. (A) Expression of

the constitutively active mutants of Racl, RhoA, and Cdc42 containing an N-terminal HA tag in pl9Arf- or p53-null cells was probed by anti-HA
Western blotting. (B) Five thousand MEF cells expressing the indicated proteins were mixed with 5 X 104 parental pl9Arf-'- orp53- ' cells and
cultured in 100-mm plates. The cell cultures were fed every 2 days with fresh culture medium. Fourteen days postplating, the foci were fixed,
stained, and quantified under a microscope. The data are representative of two independent experiments. WT, wild type.

cascades to the transformation phenotype of a primary cell of p53'- cells. Although more detailed mechanisms of the
system. connection and cooperativeness between the Rho proteins and

the pl9Arf-p53 tumor suppressor pathway remain to be ex-
DISCUSSION plored, these results help establish an important functional

relationship of Rho GTPases with the pl9Arf-p53 pathway,
In the present study, we demonstrate that Rho family GT- defects of which occur in many cases of human cancer (13, 43).Pases Racl, RhoA, and Cdc42 contribute to p19ArfL and p5 3 - The findings may have important implications for strategies

regulated gene transcription and cell growth and that activa- that target Rho proteins in anticancer therapy.

tion of these Rho GTPases can cooperate with pl9Arf or p53

defects to promote hyperproliferation and transformation. The Previous studies have shown by genetic disruption of the
contributions of RhoA and Cdc42 to the growth phenotype of tumor suppressor genes that p19 "' and p53 but not p27KP'

pI9Arf- andp53-deficient cells may come in part through mod- or pRb have a profound negative effect on cell motility and
ulation of the transcriptional activities of a few key cell growth migration (12). p19ARF likely depends on p53 for cell migra-
regulators, including the transcription factor NF-KB and the tion regulation, and a specific transcriptional activity or specific
cell division kinase regulator cyclin DI, whereas Racl appears target genes controlled by p53 may serve as the link between
to be involved in pl9Arf- p53 mediated cell growth indepen- p53 and actin cytoskeleton to promote the migration pheno-
dently of NF-KB and cyclin D1. Significantly, we show that type. In particular, we found that the endogenous PI 3-kinase
RhoA is involved in p53-regulated cell proliferation by modu- and Rho GTPase activities were significantly elevated in
lating the cell cycle and a p53-independent apoptotic signal Arf-'- and p53-'- cells and that both PI 3-kinase and Racl
and that multiple RhoA-regulated pathways, including that of were required for the pl9Arf- and p53-regulated migration
ROCK, appear to be important for promoting transformation (12). In the present study, we further determined the relation-
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A transformation appears to be at least twofold: activation of cell

100- cycle promoting regulators such as cyclin D1 (49, 50) and
o- G21M inhibition of negative regulators of cell cycle progression such

80- ES as p21('t 1 and p27Ki (28, 47). We found that Arf and p5 3

T70- 0G1 deletion caused a markedly increased cyclin DI activity which
0 is in part dependent on RhoA and Cdc42, suggesting that these

so- Rho proteins contribute to the growth phenotype of the Arf /

4 and p53 '- cells by transducing signals to stimulate cyclin DI
S30- activity. Surprisingly, Racl does not appear to be involved in

i20- the cyclin D1 regulation by p1 9 Arf or p53, but it must employ
10- another mechanism to affect the proliferation of these cells,

0 because Racl is required for the increased proliferation of the
40 P,, oArf / and p53 cells.

o - A number of mechanisms have been proposed for cyclin DI

49 4," • 9activation and growth regulation by Rho GTPases. Racl and

RhoA can activate NF-KB, which in turn activates cyclin Dt

3 DWT (14, 29). Racl and Cdc42 might promote extracellular signal-
p534- nregulated kinase I and 2 activation by means of PAKs, which

3 p•- can directly phosphorylate and activate Raf and MEK (51). In
addition, Racl-mediated activation of c-Jun NH 2-terminal ki-

25 nase and p38 mitogen-activated protein kinase cascades can
T -. lead to increased phosphorylation and activity of the AP-1

"20. components Jun and ATF (58), and the recently identified
Cdc42-Par6 atypical protein kinase C pathway may also stim-

15 ulate NF-KB, causing cyclin Dl activation (7). We have ob-
served that RhoA but not Racl or Cdc42 plays a role in NF-KB

10 upregulation by Arf or p53 deletion, raising the possibility that
the contribution of RhoA to the growth phenotype of the cells

5 may be due partly to activation of NF-KB, which in turn stim-
ulates cyclin D1. The differential regulation of NF-KB and

0 cyclin D1 activities by RhoA, Racl, and Cdc42 in the
GFP RhoAL30 RhoAN19 pl9Arf--'- and p53 -- cells suggests that each member of Rho

FIG. 7. Dominant negative RhoA affects cell cycle progression of family GTPases may utilize a distinct mechanism to contribute
p53 ' MEFs, while active RhoA suppresses gamma irradiation-in- to the growth phenotype. The finding that Racl does not
duced apoptosis. (A) p53' - cells transduced with GFP alone or with appear to contribute to the pl9Ati- or p53-mediated NF-KB or
retrovirus expressing RhoAL30 or RhoAN 19 were analyzed by FACS
for cell cycle progression after PI staining in a culture medium con- cyclin D1 regulation is somewhat surprising, since previous

taining 5% fetal bovine serum. The data are representative of the work by a number of laboratories using cloned fibroblast cell
results of two independent experiments. (B) Various retroviral trans- lines have implicated Racl as one important regulator of
duced MEF cells were analyzed by FACS for apoptotic cell population NF-KB and cyclin DI activity (29, 50, 52). It is likely that the
after gamma irradiation (20 Gy). Wild-type (WT) MEFs transduced involvement of Racl in these transcription processes is cell
with GFP alone were compared in parallel, context and pathway specific. Furthermore, our observations

that individual Rho proteins may be involved differentially in
pl9Arf- and p53-regulated gene induction and cell prolifera-

ship between PI 3-kinase and Racl/RhoA activities in p19Arf- tion add further evidence that p19Art and p53 have overlapping
and p53-deficient MEFs and revealed that activation of Racli and interdependent as well as independent functions in the
RhoA by a pl9Arf or p53 defect depended on the elevated PI regulation of cell growth (24. 34, 43).
3-kinase activity and did not occur if PI 3-kinase activity was Whether the Rho proteins, Racl and Cdc42 in particular,
not elevated. Therefore, a pathway initiated from p1 9AI or p53 can further regulate cell growth through suppression of cell
deficiency could lead to PI 3-kinase activation, which in turn cycle inhibitors such as p2l1CPJ or p27Kip, in the Arf ' and
activates Racl and RhoA (Fig. 9). We are currently examining p53 /- background remains to be examined further. It is clear,
the candidate genes whose expression profiles are altered by however, that RhoA could have an impact on cell proliferation
p19AR" and p53 deficiencies in an effort to identify the mole- in both a p53-dependent and a p53-independent manner
cule(s) responsible for PI 3-kinase and Rho GTPase activation, through modulation of cell cycle and apoptotic machineries,
One possibility is that the gene(s) controlled by p53 (55) pro- given our observation that the dominant negative RhoA mu-
vides an autocrine mechanism that feeds back to stimulate the tant could effectively extend the G, phase and suppress the
cells leading to PI 3-kinase activation and subsequently to Rho G2/M phase of p53 -' MEFs, while the active RhoA mutant
GTPase activation. could suppress the gamma irradiation-induced apoptosis inde-

Aberrant activation of Rho GTPases can promote cell hy- pendently of p53.
perproliferation and growth transformation (3, 5, 25, 58). The Constitutively active or fast-cycling Rho GTPase mutants, as
mechanism of Rho protein-stimulated cell growth leading to well as many of their GEFs, can induce foci formation or
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FIG. 8. Multiple effector pathways regulated by RhoA contribute to the transformation phenotype of p53 MEF cells. (A) Involvement of
ROCK in the RhoAL63-elicited transformation of p53 -/' MEFs. Colony-forming activities of p53- -MEFs transduced with the RhoAL63 mutant
or ROCKI in the presence or absence of Y27632 (20 jiM) were determined 14 days postplating. (B) Effector domain mutants of RhoA allow
selective uncoupling of RhoA with ROCK, PKN, or other effectors. Single-point mutants made in the switch I domain of RhoA impair or retain
specific effector binding as depicted. (C) The effect of effector domain mutations on active RhoA-induced transformation of p53-J cells.
Expression of the respective RhoAL63 mutants in the p5¶3 -- cells was detected by anti-HA Western blot. The data shown are representative of
two independent experiments. WT. wild type.

anchorage-independent growth of NIH 3T3 cells (21, 35, 52, effectors of Ras other than the Rho proteins, including PI
56, 58). We found that the activating mutants of Racl, RhoA, 3-kinase and Raf, combine to contribute to the transforming
and Cdc42 can induce a hyperproliferative and transforming phenotype of oncogenic Ras (3), the potency of some of the
phenotype in both the Ari/- and p53-/- primary MEFs to an Rho members suggests that they may turn on distinct signaling
extent similar to that caused by oncogenic Ras in certain cases components from Ras or may be more efficient in turning on
(e.g., active RhoA) (Fig. 6). Since a number of downstream the same set of growth-promoting factors as Ras in inducing



VOL. 24, 2004 Rho GTPascs AND p19Arf-p53 TUMOR SUPPRESSOR PATHWAY 1437

Rat1
p19ARF or p53 deletion -- P13 kinase -* RhoA -P Cel proliferation - Tansformation

Cdc42

Racl 11-

Mitogenic signals - RhoA
Cdc42

FIG. 9. A model depicting the relationship between the p19Ad-p53 tumor suppressor pathway and the Rho GTPase signaling module in the
regulation of cell proliferation and transformation. In addition to malfunction in checkpoint and apoptosis control, deficiency of p 19Artand/or p53
may alter transcriptional balance and promote cell growth by upregulating PI 3-kinase and Rho GTPase activities. Mitogenic signals that cause
activation of RhoA, Racl, or Cdc42 could further modulate cell cycle and apoptotic machineries and cooperate with p53 deficiency to promote
cell hyperproliferation and transformation.

cell transformation. In this regard, we have tested the latter regulation, or rearrangement of RhoA, RhoC, Racl, Rac2,
possibility, that further enhancement of NF-KB and cyclin D1 Rac3, Cdc42, and RhoH have been detected in human tumors
activities by the active Rho mutants could be responsible for ranging from colon, breast, lung, and myeloma to head and
the efficient induction of transformation in the Arf-- and neck squamous-cell carcinoma (6, 9, 26, 30, 40, 45). Due to
p53'- cells. We found that both the luciferase reporter activ- their recognized roles in Ras transformation (58), growth fac-
ities and the nuclear expression levels of NF-KB and cyclin D1 tor and integrin signaling (41), cell cycle control (27), apoptosis
remain unchanged with or without the expression of the active (1, 44), and invasion and metastasis (54), Rho GTPases have
Rho protein mutants (data not shown). It is therefore possible been proposed as potential anticancer therapeutic targets (37).
that the active Rho GTPases stimulate additional factors that Interestingly, to date no activating mutations like those found
cooperate with the p53 pathway defects to promote cell trans- in oncogenic ras have been discovered in Rho family members,
formation. It is also worth noting that the two different forms suggesting that Rho proteins might primarily serve as signaling
of active Rho GTPases, i.e., the fast-cycling and constitutively links from upstream mitogenic signals to play a modifier role in
GTP-bound forms, may have distinct transcription profiles, as tumor induction. Our studies demonstrating a role of Rho
we have observed in a gene array study (unpublished data), proteins in p19 Ar` and p53-controlled cell growth and migra-
which could help explain the quantitative differences of these tion and a synergistic effect of active RhoA, Racl, and Cdc42
mutants in promoting pl9Arf-/- or p53-'- MEF transforma- with p19Arf or p53 deletion on cell transformation further
tion. strengthen the view that these Rho GTPases may contribute to

In an attempt to further dissect the requirement of RhoA and/or cooperate with p53 deficiency in tumorigenesis and
downstream effectors for the transforming phenotype of active tumor progression. It remains to be seen if upregulation of
RhoA, we utilized ROCKI and the ROCK inhibitor, Y27632, Rho GTPase activities in the p19Arf-H or p53 / genetic
as well as a set of the effector domain mutants of RhoA that background could result in a shortened latency in tumorigen-
impair or retain coupling with specific effectors in the trans- esis in an animal model. Should that be the case, targeting
formation assay. Our results confirm an important role of the individual Rho GTPases would be a worthy endeavor among
ROCK pathway in RhoA-mediated transformation of p53- / future anticancer strategies.
cells, while also implying that multiple effectors downstream of
RhoA may collaborate to allow the optimal effect of RhoA. ACKNOWLEDGMENTS
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Na,K-ATPase is a key enzyme that regulates a variety of transport functions in epithelial cells. In
this study, we demonstrate a role for Na,K-ATPase in the formation of tight junctions, desmo-
somes, and epithelial polarity with the use of the calcium switch model in Madin-Darby canine
kidney cells. Inhibition of Na,K-ATPase either by ouabain or potassium depletion prevented the
formation of tight junctions and desmosomes and the cells remained nonpolarized. The formation
of bundled stress fibers that appeared transiently in control cells was largely inhibited in ouabain-
treated or potassium-depleted cells. Failure to form stress fibers correlated with a large reduction
of RhoA GTPase activity in Na,K-ATPase-inhibited cells. In cells overexpressing wild-type RhoA
GTPase, Na,K-ATPase inhibition did not affect the formation of stress fibers, tight junctions, or
desmosomes, and epithelial polarity developed normally, suggesting that RhoA GTPase is an
essential component downstream of Na,K-ATPase-mediated regulation of these junctions. The
effects of Na,K-ATPase inhibition were mimicked by treatment with the sodium ionophore
gramicidin and were correlated with the increased intracellular sodium levels. Furthermore,
ouabain treatment under sodium-free condition did not affect the formation of junctions and
epithelial polarity, suggesting that the intracellular Na+ homeostasis plays a crucial role in
generation of the polarized phenotype of epithelial cells. These results thus demonstrate that the
Na,K-ATPase activity plays an important role in regulating both the structure and function of
polarized epithelial cells.

INTRODUCTION the passage of molecules across the paracellular pathway
(gate function) and passively separate molecules into the

Junctional complexes such as tight junctions, adherens junc- apical and basolateral plasma membrane domains (fence
tions, and desmosomes play a fundamental role in maintain- function). A functional tight junction is crucial to maintain
ing the polarized phenotype and vectorial transport func- the polarized phenotype of epithelial cells (Rodriguez-Bou-
tions of epithelial cells. The tight junction (zonula occludens) lan and Nelson, 1989; Mitic and Anderson, 1998; Stevenson
forms a continuous belt at the boundary between the apical and Keon, 1998). The adherens junction (zonula adherens) is
and lateral plasma membrane domains of neighboring epi- localized below the tight junction and consists of cell adhe-
thelial cells (Farquhar and Palade, 1963). Structurally char- sion and signaling molecules and may regulate events that
acterized by the fusion of the exoplasmic leaflets of contig- mediate adhesion between epithelial cells (Yap et al., 1997).
uous plasma membranes, tight junctions selectively regulate Desmosomes are focal points of intercellular contact at

which neighboring cells are tightly bound to one another
S Corresponding author. E-mail address: arajasekaran@mednet. and provide resilience and tensile strength to the epithelial

ucla.edu. monolayer (Garrod et al., 1996). The mechanisms that regu-
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late the formation and maintenance of these junctions in that increased intracellular sodium levels may play a role in
epithelial cells are not well understood. the inhibition of the formation of tight junctions, desmo-

The Na,K-ATPase is an oligomeric transmembrane pro- somes, and polarized epithelia. Our results for the first time
tein consisting of two noncovalently linked a- and P3-sub- provide evidence that the Na,K-ATPase plays an important
units. It catalyzes an ATP-dependent transport of three so- role in regulating both the structure and function of polar-
dium ions out and two potassium ions into the cell per ized epithelial cells.
pump cycle, thereby generating a transmembrane sodium
gradient across the plasma membrane. The sodium gradient MATERIALS AND METHODS
generated by the enzyme provides the primary energy for
uptake and extrusion of a variety of solutes by epithelial Ca 2 +-Switch Assay
cells and is crucial for efficient functioning of other Na - Confluent MDCK monolayers (clone II, passage 4; kindly provided
coupled transport systems (Katz, 1988; Lingrel et al., 1994). by Dr. Enrique Rodriguez-Boulan, Weill Medical College of Cornell,
The Na,K-ATPase is localized to the basolateral plasma New York, NY) were subjected to calcium switch assay as described
membrane in most epithelial cells and has been widely used previously (Rajasekaran et al., 1996). Brieflv, the cells were
as a marker for epithelial polarity (McNeil et al., 1990). trypsinized until single cell suspensions were obtained and plated
However, a role for the Na,K-ATPase itself in the induction onto Costar Transwells with 0 .4 -gm pore size (Corning, Corning,
of epithelial polarity has not been shown. NY) (3 x 106 cells/24 mm) or glass coverslips in a 12-well tissue

Previous studies have implicated E-cadherin function in culture plate (4 X 10- cells/well). The cells were allowed to attach in
formation and maintenance of junctional complexes and normal Ca2 '-containing DMEM (1.8 mM Ca 2l). Thereafter, the cellsthe fwere rinsed gently in SMEM (minimum essential medium for sus-

the polarized phenotype of epithelial cells (Imhof et al., 1983; pension culture) (Invitrogen, Carlsbad, CA) containing <5 kiM Ca2 '
Gumbiner et al., 1988; Watabe et al., 1994). E-Cadherin is a (low Ca2l medium) and 5% dialyzed fetal bovine serum (FBS) and
basolateral transmembrane protein that mediates cell-cell incubated for -16 h at 37°C. Before transfer of the cells to medium
contact between epithelial cells by homophilic interaction containing normal Ca2 levels (1.8 mM), the MDCK monolayers
(Nose et al., 1988). However, expression of a dominant neg- were pretreated with either ouabain (50 jiM; Sigma Chemical, St.
ative mutant of E-cadherin in Madin-Darby canine kidney Louis, MO), gramicidin (1 AiM; Molecular Probes, Eugene, OR), or
(MDCK) cells did not affect tight junctions or desmosomes valinomycin (50 AM; Molecular Probes) for I h in low Ca2 ' medium

at 37°C. Dimethyl sulfoxide (DMSO), used as a solvent for these(Troxell et al., 2000), indicating that other factors are in- drugs, was added to control cells. For the switch, the low Ca 2 '
volved in the maintenance of these junctions in MDCK cells. medium was replaced by normal culture medium containing the
Recently, we have shown that in Moloney-sarcoma virus corresponding drugs and the cells were incubated at 37'C for indi-
transformed MDCK (MSV-MDCK) cells expression of E- cated times. Sodium-free conditions were obtained as described in
cadherin alone was not sufficient to induce tight junctions Fernandez and Malnic (1998). For this purpose single cell suspen-
and desmosomes. Coexpression of Na,K-ATPase 13-subunit sions of MDCK cells were plated onto Transwells, allowed to attach,
and E-cadherin was required to induce these junctions and a and incubated in low Ca2l medium as described above. The switch
polarized phenotype in MSV-MDCK cells (Rajasekaran et al., was performed with the use of N-methyl-D-glucamine (NMD)

2001). We also found that MSV-MDCK cells contain about buffer in which NaCI was substituted with NMDG (Sigma Chemi-
cMom- cal) (5 mM KC1, 1.8 mM CaCI2, 1 mM MgCI2 , 30 mM HEPES, 147

threefold higher intracellular sodium levels ([Na' ]) com- mM N-methyl-o-glucamine, 10 mM glucose, pH 7.4). Before the
pared with wild-type MDCK cells. Forced expression of experiment the cells were rinsed twice with Ca 2 '-free NMDG buffer
both the Na,K-ATPase 13-subunit and E-cadherin but not (NMDG buffer lacking CaCI. and FBS) and then incubated in Ca 2 '-
E-cadherin alone significantly reduced the [Na I]l (Rajaseka- free NMDG buffer containing 5% dialyzed FBS and either DMSO or
ran et al., 2001). These studies suggested that [Na' l regu- ouabain as described above. For the switch the Ca2 -free NMDG
lated by the Na,K-ATPase may play a role in the formation buffer was replaced with NMDC buffer containing DMS0 or
of epithelial tight junctions and desmosomes and the induc- ouabain, respectively, and the cells were incubated at 37°C for up to
tion of a polarized phenotype of epithelial cells. 4 h. Potassium-free conditions were obtained as described in Le et al.(1999). For this purpose, the Ca2l -switch was performed with the

RhoA GTPase, a Ras-related small GTP-binding protein, is use of a K÷-free buffer (140 mM NaCI, 1.8 mM CaCI, 1 mM MgCl2,
involved in the formation of stress fibers in Swiss 3T3 cells 20 mM HEPES, 10 mM glucose, pH 7.4), which contained 5% FBS
(Ridley and Hall, 1992; Van Aelst and D'Souza-Schorey, dialyzed against the K'-free buffer. Before the experiment the cells
1997; Mackay and Hall, 1998). Recent studies have indicated were rinsed twice with Cal' - and K*-free buffer (K' -free buffer
a role for RhoA GTPase in the assembly and function of tight lacking CaCl2 ) and preincubated in Ca 2' /K'-free buffer/5%, FBS
junctions in epithelial cells (Nusrat et al., 1995; Takaishi et al., for 1 h. For the K' repletion the cells were incubated in normal
1997; Jou et al., 1998). However, mechanisms that regulate medium at 37°C for 3-5 h. The Ca 2'-switch assays for MDCK-
RhoA function in polarized epithelial cells are not known. In RhoA,, cells were performed as described previously (Leung et al.,

this study, we demonstrate that inhibition of Na,K-ATPase 1999).

during epithelial polarization prevents the formation of tight Immunofluorescence and Confocal Microscopy
junctions and desmosomes and suppresses the endogenous
RhoA activity in MDCK cells. Na,K-ATPase inhibition in Immunofluorescence was performed on cells fixed with methanol as
cells overexpressing wild-type RhoA GTPase does not affect described previously (Rajasekaran et al., 1996). Antibodies against
the formation of tight junctions and desmosomes, indicating ZO-1 and occludin (Zymed Laboratories, South San Francisco, CA),
that RhoA GTPase is a downstream effector of Na,K-ATPase desmocollin (DC7G6; gift from Dr. Margaret Wheelock, University

of Toledo, Toledo, Ohio), desmoplakin (gift from Dr. Manijeh Pas-
and is crucial for the formation of tight junctions and des- dar, University of Alberta, Alberta, Canada), and E-cadherin
mosomes in MDCK cells. Gramicidin, a sodium ionophore (DECMA; Sigma Chemical) were used. To detect filamentous actin
that specifically increases the intracellular sodium levels, the cells were fixed in paraformaldehyde and labeled with fluores-
mimicked the effects of Na,K-ATPase inhibition, suggesting cein isothiocyanate (FITC)-phalloidin (Sigma Chemical). Epifluores-
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cence analysis was performed with the use of an Olympus AX 70 buffer once before lysis in a buffer containing 50 mM Tris-HCl, pH
microscope. Confocal microscopy to monitor polarized distribution 7.4, 100 mM NaCl, 10 mM MgCl 2, 1% Triton X-100, 1 mM dithio-
of domain-specific markers was performed with the use of a Fluo- threitol, 10 gig/ml each of leupeptin and aprotinin, and 1 mM
view laser scanning confocal microscope (Olympus America, phenylmethylsulfonyl fluoride at 4°C. Cell lysates were clarified by
Melville, NY). To detect FITC-labeled antigens, samples were ex- centrifugation at 13,000 X g at 4°C for 10 min. To load the endog-
cited at 488 nm with an Argon laser and the light emitted between enous small G proteins with GDP or guanosine-5'-O-(3-thio)triphos-
525 and 540 nm was recorded. Images were generated and analyzed phate (GTPyS), aliquots of lysates were incubated for 10 min at
with the use of the Fluoview image analysis software (version ambient temperature in the presence of 10 mM EDTA and 0.5 mM
2.1.39; Olympus America, Melville, NY). GDP or GTPyS. The loading reactions were stopped by the addition

of 20 mM MgCI2 and switching the temperature to 4'C. Equal
volumes of lysates were incubated with GST-PAK1 or GST-Rho-

Immunoblot Analysis tekin (10 ag/lysate sample) immediately for 40 min at 4'C under
For immunoblot analysis, monolayers were lysed in a lysis buffer constant agitation. The lysate-incubated beads were washed three
(95 mM NaCI, 25 mM Tris pH 7.4, 0.5 mM EDTA, 2% SDS, 1 mM times with the lysis buffer, and the bound RhoA and Racl were
phenylmethylsulfonyl fluoride, and 5 ag/ml each of antipain, leu- detected by anti-RhoA and anti-Racl antibodies (Santa Cruz Bio-
peptin, and pepstatin). The lysates were briefly sonicated and cen- technology, Santa Cruz, CA; Upstate Biotechnology, Lake Placid,
trifuged at 14,000 rpm in a Microfuge for 10 min. The supernatants NY) and visualized by enhanced chemiluminescence (PerkinElmer
were used for further analysis. Protein concentrations of the cell Life Sciences). Quantification of the immunoblots was performed
lysates were determined with the use of the Bio-Rad DC reagent with the use of Alphalmager system (Alpha Innotech, San Leandro,
(Bio-Rad Laboratories, Hercules, CA) according to manufacturer's CA). For comparison of the level of the active RhoA and Racl, the
instructions. Equal amounts of protein (100 jig) were separated by amount of GST-Rhotekin or PAK-bound small GTP-binding protein
SDS-PAGE and transferred to nitrocellulose membrane (Schleicher was normalized to the total amount of RhoA and Racl in cell lysates
& Schuell, Keene, NH). The blots were blocked with 10% nonfat dry in each sample.
milk in phosphate-buffered saline (PBS) and then incubated for 2 h
at room temperature with primary antibody diluted in 10% milk/
PBS. After incubation the blots were washed three times with PBS/ Atomic Emission Spectrometry
0.3% Tween 20 and then incubated for 1 h at room temperature with Subconfluent monolayers of MDCK cells treated without or with 50
horseradish peroxidase-conjugated secondary antibody (1:4000 in AiM ouabain, 1 jiM gramicidin, or 50 jAM valinomycin for 2 h or cells
10% milk). Bound antibody was detected by peroxidase-catalyzed incubated in K+-free buffer for 2 h were rinsed three times with 10
enhanced chemiluminescence (PerkinElmer Life Sciences, Boston, ml each of 0.25 M sucrose. The cells of five 100-mm dishes each were
MA). Densitometric analysis and quantification of the intensity of pooled in 0.25 M sucrose, digested with HNO3 (Ultrex II; J.T. Baker,
the individual bands was carried out with an ImageQuant software Phillipsburg, NJ) at a final concentration of 40%, at 65°C for 15 h and
package (Molecular Dynamics, Sunnyvale, CA). diluted 1:2 with Millipore (Bedford, MA) Milli-Q UF plus filtered

water. The ion concentrations were measured with the use of an

Transepithelial Electrical Resistance (TER) inductively coupled plasma atomic emission spectrometer (Vista
Axial 730; Varian, Walnut Creek, CA). The concentrations for Na'

Measurements (588.995 nm), K' (766.941 nm), and Mg 2 ' (285.213 nm) were deter-
To measure the transepithelial electrical resistance, the cells on mined and the Na I and K` concentrations were normalized to the
Transwell filters were subjected to the Ca 2 '-switch assay as de- total Mg 2 - content (internal control).
scribed above, and at the indicated time points the resistance of the
monolayers was determined with the use of an EVOM epithelial
voltohmeter (World Precision Instruments, Sarasota, FL). The val- RESULTS
ues were normalized for the area of the filter after subtracting the
background resistance of a filter without cells. Na,K-ATPase Inhibition by Ouabain Prevents

Formation of Functional Tight junctions,
Electron Microscopy Desmosomes, and Establishment of Epithelial

Confluent monolayers grown on Transwells (see above) were fixed Polarity
in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, To understand the role of Na,K-ATPase in the formation of
for 2-4 h at room temperature and processed for transmission tight junctions and desmosomes we used a Ca2 -switch
electron microscopy as described previously (Rajasekaran et al., assay which is commonly used to monitor the development
1996). Ultrathin sections were contrasted with uranyl acetate and of junctional complexes in MDCK cells (Gonzalez-Mariscal
lead citrate and examined with a Joel (1200EX) electron microscope. et al., 1985). In the Ca 2 ' -switch assay, MDCK monolayers
The presence of tight junctions and desmosomes was quantified in ed In the Ce olwicali M ) meduare
-- 50 randomly selected cell-cell contact sites in each experiment. In formed in the presence of low calcium (<5 AM) medium, are

MDCK cells adherens junctions were not easily discernible when transferred to medium containing normal calcium levels (1.8
tight junctions were present and therefore they were not quantified. mM), which increases cell-cell contact and initiates assembly
However, when tight junctions were absent, like in ouabain-treated of junctional complexes. To test whether Na,K-ATPase en-
cells, adherens junctions were clearly observed and quantified. Rep- zymatic activity is necessary for development of junctions,
resentative results are shown, we pretreated MDCK monolayers maintained in low cal-

cium medium with ouabain to specifically inhibit Na,K-
Endogenous RhoA/Racl Activity Assay ATPase for 1 h before transfer to normal calcium-containing

The glutathione agarose-immobilized GST-PAK1, which contains medium. At selected times, cells were fixed and the presence

the Racl interactive domain of human PAK1 (residues 51-135), and of tight junctions was monitored by immunofluorescence
GST-Rhotekin, which contains the Rho binding domain of Rhotekin localization of tight junction proteins, transmission electron
(residues 1-89), were expressed and purified in Escherichia coli by microscopy (TEM), and by measuring the TER. Desmosomes
with the use of the pGFX-2T vector as described previously (Ren et were visualized by immunofluorescence of desmosomal
al., 1999; Zhu et al., 2000). The cells were washed with ice-cold PBS proteins and TEM.
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Figure 1. Inhibition of NaK-ATPase activity prevents the formation of tight junctions and desmosomes and the induction of polarity in
MDCK cells. (A-D) Immunofluorescence localization of ZO-1. At 0 h in both control (A) and ouabain-treated cells (C), the ZO-1 staining is
intracellular. At 3 h ouabain-treated cells show incomplete ZO-1 rings (arrows in D) compared with the complete ring-like staining revealed
by control cells (B). (E) Transepithelial electrical resistance measurement. O�iabain-treated cells did not show an increase in the TER over time.
(F-I) Immunofluorescence localization of desmocollin. Note that in ouabain-treated cells the desmocollin staining is predominantly
intracellular (I) compared with control cells (G). At 0 h in both control (F) and ouabain-treated cells (H) the desmocollin staining is
intracellular. (J and K) Transmission electron microscopy. Tight junctions (arrows), adherens junctions (arrowheads), and desmosomes
(asterisks) were formed in control cells (J), whereas ouabain-treated cells (K) had no tight junctions and desmosomes. Inserts are the higher
magnification of the tight junction regions in I and K. (L-O). Confocal microscope X-Z sections. Note the polarized localization of (3-catenin
(L) and GP135 (N) in control cells and nonpolarized distribution of these markers in ouabain-treated cells (M and 0). Bars in A-D and F-I,
10 Mm; I and K, 500 nm; and L-0, 5 Mm.

Before the Ca 2 -switch (0 h), the tight junction protein trol cells showed a continuous staining pattern (Figure IB),
ZO-1 showed cytoplasmic staining in both control and indicating that the tight junctions were established. In con-
ouabain-treated cells (Figure 1, A and C). At 1 and 2 h after trast, in ouabain-treated cells, the ZO-1 staining remained
the Ca2 4 -switch, ZO-1 was localized to the plasma mem- discontinuous with a beaded appearance and with regions
brane with a discontinuous staining pattern. A visible dif- clearly lacking ZO-1 (Figure 1 D, arrows). Prolonged incuba-
ference in the ZO-1 staining pattern between control and tion did not change the discontinuous staining pattern of
ouabain-treated cells was not detected at these time points ZO-1. Instead, ZO-l became even more intracellular. Other
(our unpublished results). At 3 h, the ZO-1 staining in con- tight junction proteins such as occludin showed a similar
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staining pattern (our unpublished results). Ouabain treat- though adherens junction-like structures were clearly seen
ment did not affect the protein levels of ZO-1 as revealed by (Figure 1K). Quantitative analysis of the TEM data was
immunoblot analysis (our unpublished results). These re- performed by scoring the number of tight junctions and
sults showed that in the presence of ouabain tight junction desmosomes in -50 cell-cell contact sites. Control cells re-
proteins translocate to the plasma membrane but fail to form vealed tight junctions and desmosomes in 96 and 100% of
a complete ring-like pattern like in control cells. cell-cell contacts, respectively. In contrast, ouabain-treated

A functional tight junction is required to maintain the cells showed putative tight junctions in only 14% and des-
polarized distribution of distinct apical and basolateral mosome-like structures in 15% of the cell-cell contacts.
markers. In MDCK cells the TER measurement during the Ouabain-treated cells showed typical adherens junctions in
Cal -switch assay has been used to monitor formation of 54% of the cell-cell contacts. Taken together, these results
functional tight junctions (Gonzalez-Mariscal et al., 1985; Jou demonstrate that inhibition of Na,K-ATPase by ouabain pre-
et al., 1998). Cells grown on Transwell filters were subjected vents formation of functional tight junctions and desmo-
to a Ca2 -switch assay and the development of TER was somes and the polarized phenotype in MDCK cells.
measured. The TER in control cells gradually increased after
the Ca 2 '-switch and within 3 h reached -200 flcm 2, a value
reported for MDCK clone II (Gonzalez-Mariscal et al., 1985; Effect of Na,K-ATPase Inhibition on Formation of
Jou et al., 1998) (Figure 1E). In contrast, the TER in ouabain- Tight Junctions, Desmosomes, and Establishment of
treated cells reached only -50 1-cm2 , and this value did not Polarity Is Reversible
increase over 4 h of ouabain treatment. Moreover, confocal As an independent means to test the role of Na,K-ATPase in
microscope vertical (X-Z) sections revealed a polarized dis- the formation of tight junctions and desmosomes we used
tribution of (g-catenin (a basolateral marker) (Rajasekaran et K` depletion to inhibit Na,K-ATPase (Pollack et al., 1981;al., 1996) (Figure 1L) and GP135 (an apical marker) (Ojakian Pressley 1988; Buffin-Meyer et al., 1996). In this assay, theand Schwimmer, 1988) (Figure s N) in control cells, whereas pump function can be restored by the addition of K' and
inonpolarized manner (Figure 1, M and ). These results thus the reversibility of the effect of Na,K-ATPase inhibition

can be tested. MDCK cells maintained in low calcium me-
indicate that ouabain-mediated inhibition of Na,K-ATPase dium were preincubated in K'- and Ca2l -free buffer for 1 h
activity prevents formation of functional tight junctions and to inactivate the Na,K-ATPase and the Ca 2'-switch assay
the establishment of polarization in MDCK cells, was performed in K-'-free medium. Immunofluorescence

To monitor the assembly of desmosomes we used anti- staining of ZO-1 after 3 h of switch to K'-free medium
bodies against desmoplakin, a peripheral membrane protein containing Ca 2l showed ZO-1 localized to the plasma mem-
and desmocollin, a transmembrane protein localized to des- brane although without forming a continuous ring-like
mosomes (Garrod et al., 1996). Both markers showed iden- structure (Figure 2A). This pattern was similar to that of
tical patterns. The results obtained from the anti-desmocol- ouabain-treated cells (Figure 1D). Subsequent incubation of
lin antibody staining are shown (Figure 1, F-I). In both these cells for 5 h in K÷-containing medium resulted in a
control and ouabain-treated cells, at 0 h of the Ca2+-switch, complete ZO-1 ring circumscribing the cells (Figure 2B). The
desmocollin was distinctly localized intracellular with TER of MDCK cells in K÷-free buffer did not increase up to
barely detectable levels on the plasma membrane (Figure 1, 3 h after the Ca 2l-switch (Figure 2E). However, upon trans-
F and H). Desmocollin and desmoplakin were predomi- fer of the cells from K'-free to K '-containing culture me-
nantly cytoplasmic at 1 and 2 h after the Ca2+-switch (our dium, the TER increased dramatically and reached a value
unpublished results). After 3 h of Ca 2 '-switch the desmo- of -400 fl.cm 2 (Figure 2E) within 2 h, indicating formation
collin staining in control cells revealed a distinct dot-like of functional tight junctions. Confocal microscope vertical
pattern circumscribing the cells, typical of the desmosome (X-Z) sections of cells maintained in K' -free medium re-
staining pattern in MDCK cells (Figure 1G). In contrast, in vealed a nonpolarized distribution of 3-catenin (Figure 2H)
ouabain-treated cells, after 3 h of Ca 2' -switch, desmocollin and GP135 (Figure 2J). Subsequent transfer of these cells to
was predominantly intracellular with barely detectable K'-containing culture medium resulted in the polarized
staining at the cell-cell contacts (Figure 11). This pattern was distribution of these markers (Figure 2, I and K). The assem-
maintained after prolonged incubation with ouabain. Immu- bly of desmosomes in K÷-free buffer was similar to ouabain-
noblot analysis of desmoglein (a membrane component of treated cells. In K'-free buffer the translocation of desmo-
the desmosome) and desmoplakin did not show significant collin to the plasma membrane was inhibited and the
changes in the levels of these proteins in ouabain-treated staining was predominantly intracellular (Figure 2C). Sub-
cells (our unpublished results). These results demonstrate sequent incubation of these cells in K'-containing culture
that inhibition of Na,K-ATPase activity largely affects trans- medium for 5 h resulted in a dot-like desmocollin staining at
location of desmosomal proteins to the plasma membrane, the sites of cell-cell contact (Figure 2D), indicating formation
whereas it does not affect translocation of tight junction of desmosomes. Electron microscopy studies confirmed the
proteins to the plasma membrane. absence of tight junctions and desmosomes in MDCK cells

To further confirm the effect of ouabain on the assembly of maintained in K'-free buffer (Figure 2F), whereas a subse-
tight junctions and desmosomes we performed TEM of con- quent transfer to K' -containing culture medium resulted in
trol and ouabain-treated cells after 3 h of Ca 2 '-switch. TEM the formation of tight junctions and desmosomes (Figure
revealed the presence of typical tight junctions, adherens 2G). Quantitative TEM analysis of cells maintained in K'-
junctions, and desmosomes in cell-cell contact sites in con- free buffer showed the presence of tight junctions and des-
trol cells (Figure 1J). In contrast, in ouabain-treated cells mosomes in only 2 and 3% of cell-cell contacts, respectively.
tight junctions and desmosomes were rarely detected, al- After K' restoration tight junctions were detected in 90%
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Figure 2. Na,K-ATPase-mediated inhibition of formation of tight junctions and desmosomes is reversible. Immunofluorescence localization
of ZO-1 (A and B) and desmocollin (C and D). Cells incubated in K+-free medium show an incomplete ZO-1 ring at the plasma membrane
region (A) and intracellular localization of desmocollin (C). Replenishment of K' results in a complete ZO-1 ring (B) and plasma membrane
localization of desmocollin (D). (E) Measurement of TER. Note an increase in the TER as soon as the cells are shifted to K'-containing
medium. (F and G) Transmission electron microscopy. Note the absence of tight junctions (arrow) and desmosomes (asterisk) in K'-free
medium (F) and their presence in K -containing medium (G). Insets in F and G are the higher magnifications of tight junction regions. (H-K)
Confocal microscope X-Z sections. Note the nonpolarized distribution of 0-catenin (H) and GP135 (J) under K'-depleted condition and the
polarized distribution of O-catenin (I) and GP135 (K) after K' repletion. Bars in A-D, 10 Ain; F and G, 500 nm; and H-K, 5 Am.
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and desmosomes in 85% of cell-cell contacts. These results Sodium Ionophore Gramicidin Treatment Affects
further demonstrate that Na,K-ATPase enzymatic activity is Formation of Tight functions, Desmosomes, and
necessary for formation of tight junctions and desmosomes Establishment of Polarity
in MDCK cells. To further test whether increased [Na' ], affects formation of

tight junctions and desmosomes we treated MDCK cells
with the sodium ionophore gramicidin and a potassium

Inhibition of Na,K-ATPase in Na+-free Medium ionophore, valinomycin. Sodium ionophores have been
Does not Affect Formation of Tight Junctions, used widely to test the involvement of intracellular sodium
Desmosomes, and Epithelial Polarity on cell functions (Harber et al., 1987; Yamamoto et al., 1993;

Liu et al., 2000). Gramicidin A is an ion channel-forming
Inhibition of Na,K-ATPase results in an increased intracel- antibiotic that greatly facilitates Na' entry into cells (Roth-
lular sodium concentration (Pollack et at., 1981; Rayson 1989; stein and Mack, 1990), and specifically increases the intra-
Yamamoto et al., 1993; Rajasekaran et al., 2001) and sodium cellular Na' concentration. Valinomycin is a cyclic dodec-
measurements with the use of atomic emission spectrometry adepeptide that transports KI through the plasma
revealed that the intracellular sodium levels [Na']i of membrane, inducing a potassium leak (Vaaraniemi et al.,
MDCK cells (-12 mM) (Rajasekaran et al., 2001) increased 1997). Intracellular sodium measurements revealed a >12-
>10-fold upon ouabain treatment or sevenfold by KI deple- fold increase in [Na' ]i in gramicidin-treated cells, whereas
tion. The intracellular K' level of MDCK cells was 148 mM. valinomycin-treated cells did not reveal a significant change
Inhibition of sodium pump by ouabain or K` depletion in the intracellular sodium levels compared with untreated
decreased the intracellular potassium concentration to 12 MDCK cells. Treatment of MDCK cells with gramicidin
and 50% of the control, respectively. To test whether in- during the Ca 2 *-switch showed an effect similar to that of
creased [Na' ]i is involved in the inhibition of tight junction ouabain. Three hours after the Ca 2 ' -switch, ZO-1 was
and desmosome formation we first treated MDCK cells with clearly localized on the plasma membrane, although without
ouabain in Na '-free medium to prevent the increase of a continuous ring pattern (Figure 4A). The immunofluores-
[Na ], after ouabain treatment. Cells maintained in low cence staining of occludin showed identical results (our
calcium medium were subjected to a Ca 2 '-switch in a Na'- unpublished results). In the presence of gramicidin, 3 h after
free medium with or without ouabain as described in MA- the Ca 2 ' -switch, immunofluorescence of desmocollin (Fig-

TERIALS AND METHODS. After 3 h of Ca2 '-switch, the ure 4B) and desmoplakin (our unpublished results) showed

cells were fixed and stained for tight junction and desmo- a predominantly cytoplasmic staining pattern similar to
ouabain-treated cells (compare Figures 4B and 11). In con-somal proteins. As shown in Figure 3, both control (Figure trast to gramicidin-treated cells, valinomycin-treated cells

3A) and ouabain-treated cells (Figure 3B) clearly showed a resembled control cells. Three hours after the Ca2 -switch
complete ZO-1 ring on the plasma membrane, indicating ZO-1 formed a continuous ring at the plasma membrane
that tight junctions are formed in these cells. Immunofluo- (Figure 4C). Occludin showed a similar staining pattern (our
rescence of desmocollin (Figure 3, C and D) and desmo- unpublished results). Both desmocollin (Figure 4D) and des-
plakin (our unpublished data) revealed a distinct dot-like moplakin (our unpublished results) showed a punctate
staining pattern circumventing the cells in both control (Fig- staining pattern at cell-cell contact sites. Consistent with the
ure 3C) and ouabain-treated cells (Figure 3D). Control and localization of tight junction proteins, valinomycin-treated
ouabain-treated cells showed high TER values within 4 h of cells had TER values of -250flcm 2 within 4 hours. In con-
Ca 2 ' -switch in Na '-free medium (Figure 3E). Under Na '- trast, gramicidin-treated cells did not develop TER with time
free conditions the control cells had a higher TER resistance (Figure 4E). Confocal microscope vertical (X-Z) sections of
compared with cells maintained in normal medium (coin- gramicidin-treated cells revealed nonpolarized distribution
pare Figures IE and 3E), possibly due to decreased tight of 3-catenin (Figure 4F) and GP135 (Figure 4H), whereas in
junction permeability. Confocal microscope vertical (X-Z) valinomycin-treated cells these markers were distributed in
sections confirmed the polarized distribution of /3-catenin a polarized manner (Figure 4, G and 1). Furthermore, TEM
and GP135 in both control and ouabain-treated cells (Figure revealed tight junctions and desmosomes in valinomycin-
3, H-K). In contrast to the effect of ouabain on junction treated cells but showed a significant decrease in junctions in
formation in Na -containing medium ouabain treatment in gramicidin-treated cells (our unpublished results). TightNa t -free medium did not decrease the number of tight junctions and desmosomes were present in 100% of thecell-cell contacts in valinomycin-treated cells, whereas gram-junctions or desmosomes in both control (Figure 3F) and icidin-treated cells showed putative tight junctions in only
ouabain-treated cells (Figure 3G). Cell-cell contacts of cells in 23% and desmosome-like structures in 14% of the cell-cell
Na '-free medium showed tight junctions and desmosomes contacts. Taken together, these results demonstrate that the
similar to control cells in Na'-containing medium. Because intracellular Na' homeostasis regulated by Na,K-ATPase is
in Na '-free medium ouabain treatment did not affect the involved in the assembly of functional tight junctions, des-
formation of tight junctions, desmosomes and establishment mosomes, and the induction of polarity in MDCK cells.
of polarity these results are consistent with the idea that
increased [Na']i after inhibition of Na,K-ATPase may be
involved in the inhibition of the formation of tight junctions Inhibition of Na,K-ATPase Prevents Formation of
and desmosomes in MDCK cells. Furthermore, these results Bundled Stress Fibers
also establish that the observed effect of ouabain is not due Recent studies have implicated a role for filamentous actin
to a toxic side effect. in regulation of tight junctions (Nusrat et al., 1995; Jou et al.,
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Figure 3. Ouabain treatment under sodium-free conditions does not affect the formation of tight junctions and desmosomes. A and B and
C and D are the immunofluorescence localization of ZO-1 and desmocollin, respectively. Note the comparable staining pattern in control (A
and C) and ouabain-treated (B and D) cells. (E) Measurement of TER. (F and G) Transmission electron micrographs of control (F) and
ouabain-treated (G) cells show tight junctions (arrow) and desmosomes (asterisk). Insets are the higher magnification of the tight junction
region in F and G. (H-K) Confocal microscope X-Z sections. Note the polarized distribution of 0-catenin and GP135 in control and
ouabain-treated cells. Bars in A-D, 10 /im; F and G, 500 nm and 1 jim, respectively; and H-K, 5 Jim.

1998) and desmosomes (Vasioukhin et al., 2000). Therefore, 5B). These bundles of stress fibers gradually disappeared
we tested whether Na,K-ATPase plays a role in the organi- and were not detected after 48 h of Ca2 -switch (our unpub-
zation of the actin cytoskeleton during the formation of tight lished results). In contrast, in ouabain-treated cells the bun-
junctions and desmosomes in MDCK cells. Organization of died stress fibers did not form (Figure 5, C and D). However,
the actin cytoskeleton was monitored by FITC-phalloidin these cells showed a distinct cortical actin cytoskeleton more
labeling and epifluorescence microscopy. In control cells, at close to the bottom of the cells (Figure 5D). Like in ouabain-
0 h stress fibers were not detected at the bottom of the cells treated cells, K' depletion also inhibited the formation of
(Figure 5A). After 1 h of Ca 2 ' -switch stress fibers began to bundles of stress fibers and induced a distinct cortical actin
appear at the bottom of the cells (our tmpublished results) closer to the base of the cells (Figure 5E). Adding K' to
and after 3 h bundles of stress fibers were apparent (Figure the cells maintained in low K` resulted in bundles of

3724 Molecular Biology of the Cell



Na,K-ATPase in Epithelial Cell Structure

ZO-1 Desmocollin stress fibers as seen in control cells (compare Figure 5, B
and F). Formation of bundled stress fibers was markedly

C: inhibited by gramicidin but not by valinomycin (our un-
published results). These results indicate that the tran-

.2 sient formation of bundled stress fibers correlates with the
E assembly of tight junctions and desmosomes and that

inhibition of Na,K-ATPase prevents the formation of bun-
dled stress fibers.

"0 Endogenous RhoA Activity Is Highly Reduced in

E Na,K-ATPase Inhibited or Gramicidin-treated Cells
G The RhoA GTPase has been implicated in regulation of actin

--5 stress fiber formation in fibroblasts and in epithelial cells
> (Ridley and Hall, 1992; Mackay and Hall 1998; Jou and

Nelson, 1998; Jou et al., 1998). Moreover, both RhoA and
Racl, a closely related family member, are essential for the
assembly and function of tight junctions in MDCK cells (Jou

E et al., 1998). Therefore, we tested the possible involvement of

-00 these GTPases in the Na,K-ATPase-mediated formation of
1Contro junctional complexes. For this purpose, we determined the

250 5lM Gramicidin endogenous levels of active RhoA in control cells and
5 -- i-M Valinolycin 'oabain-treated cells with the use of an in vitro biochemical

E -.-250ltM Valinomycin assay (Ren et al., 1999; Zhu et al., 2000). In this assay, GST-
Rhotekin, a GST-fusion protein containing the Rho binding

150 .domain (which binds active RhoA bound to GTP) is incu-
I- 100 bated with cell lysate and the bound, active RhoA is detected

by immunoblot analysis. The specificity of this assay is
s0 • demonstrated by loading the cell lysate with a nonhydro-
0 lyzable analog of GTP, GTPyS (total RhoA), and by replac-

0 1 2 3 4 ing GTPyS with GDP that inactivates Rho and therefore does
not bind to GST-Rhotekin (Figure 5G, compare lanes 9 and

hours 10). Consistent with the formation of stress fibers, control

cells showed high levels of active RhoA (Figure 5G, lanes
5-8, and G') compared with ouabain-treated cells in which

E the level of active RhoA gradually decreased and became
T_ undetectable after 2 h of treatment (Figure 5G, lanes 1-4,
"0 and G'). The protein levels of RhoA remained unchanged in

both control and ouabain-treated cells (Figure 5G, labeled as
0 _total, lanes 1-10). Like in ouabain-treated cells, depletion of

K' resulted in the inhibition of RhoA activity (Figure 5H,
lanes 1-3, and H') and addition of K' resulted in the reac-
tivation of RhoA activity (Figure 5H, lanes 4 and 5, and H').
These results indicate that the Na,K-ATPase activity has a

_direct impact on the activation state of RhoA. Gramicidin-
E treated cells showed reduced RhoA activity compared with
T valinomycin-treated cells (Figure 51, compare lanes 2-4 and

- 5-7, and I'), indicating that increased intracellular sodium
0.. _may either directly or indirectly inhibit the activity of RhoA.

0We also measured the endogenous Racl activity in response
__to modulation of Na,K-ATPase activity and found that nei-

ther the expression level nor the activation state of Racl was
affected by ouabain or K' depletion (our unpublished re-

Figure 4. Treatment of MDCK cells with the sodium ionophore sults). Thus, Na,K-ATPase appears to be a specific upstream
gramicidin inhibits the formation of tight junctions. (A and C) regulator of RhoA GTPase.
Immunofluorescence localization of ZO-1 and desmocollin (B and
D), respectively, of gramicidin- (A and B) and valinomycin (C and
D)-treated cells. (E). TER measurement of gramicidin- and valino- Overexpression of Wild-Type RhoA GTPase
mycin-treated cells. (F-I) Confocal microscope X-Z sections. Bars in Abolishes Effects of Na,K-ATPase Inhibition on
A-D, = 10 jim; F-1, 5 pur. Junction Formation and Epithelial Polarity

Both the dominant negative and active forms of RhoA GT-
Pase have profound effects on tight junctions in MDCK cells
(Jou et al., 1998). Therefore, to further validate the specific

Vol. 12, December 2001 3725



S.A. Rajasekaran et al.

0 hours 3 hours

0

.GG
Total 120 0 Control N Ouabain

Toe o <i C 1
Ouabain + + + + 16 -90 D 0

05 182 3

Active • At 60 -
t• 40

Total Cc Ta .

Lane 1 2 3 4 5 6 7 8 9 10 0 1 2 3
hours

H' 120 *5 - 120 * Gramicidin M Valinomycin

100 'E100

H0 I
Time 6 0 1 3C 60 ioyi Gaii

00 02 LmL1~ 0 IrE
20~ ~ 0

0 1 3 1 3hours 0 1 3
- - - + + K+ hours

Figure 5. Inhibition of Na,K-ATPase prevents the formation of bundled stress fibers and inhibits RhoA CTPase activity. (A-F) FITC-phalloidin
staining of filamentous actin. At 0 h no stress fibers were detected in control cells (A) and cells treated with ouabain (C). Bundled stress fibers were
present at 3 h in control cells (B, arrows) but were not detected in ouabain-treated cells (D). Phalloidin labeling of cells maintained under K-free
condition (E) and cells transferred to K '-containing medium (F) are shown. Note the presence of bundled stress fibers (arrows) after transfer to
K -containing medium. Bars in A-F, 10 jim. (G and C') Effect of ouabain treatment on RhoA activity. (G) Inimunoblot showing active and total
RhoA in ouabain-treated and control cells. The results shown are the representative data obtained from three independent experiments. (G')
Quantification of the immunoblot data represents the average of three independent determinations done in duplicate. Bars indicate the SE. For
control the error bars are, so small that they are not seen in the figure. (H and H') Effect of K' depletion and repletion on the RhoA activity.
Immunoblot of active and total RhoA (H) and quantification of the immunoblot data (H') representing the mean of two independent determina-
tions done in duplicate. (l and F') Effect of gramicidin and valinomycin on RhoA activity. Immunoblot of total and active RhoA (1) and quantification
of the immunoblot data done in duplicate (F').
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role of RhoA in formation of tight junctions and desmo- (Figure 7E). Coimmunoprecipitation showed no detectable
somes we used MDCK cells expressing wild-type RhoA differences in the levels of a-, P3-, and y-catenin associated
GTPase (MDCK-RhoAJ,) under control of the tetracycline with E-cadherin in control and ouabain-treated cells (our
repressible transactivator. In MDCK-RhoAwt cells, the levels unpublished results). In addition, ouabain-treated cells re-
of RhoA increased severalfold after withdrawal of the tran- vealed adherens junctions (Figure 1K), the formation of
scription repressor doxycycline (DC) (Figure 6A) (Leung et which requires functional E-cadherin (Gumbiner et al., 1988;
al., 1999). In induced cells (-DC) the level of active RhoA Watabe et al., 1994; Yap et al., 1997). These results indicate
was 2.7-fold more than that of control cells maintained in the that E-cadherin is functional in ouabain-treated cells and
presence of doxycycline (+DC). Three hours after ouabain that inhibition of Na,K-ATPase function does not affect ex-
treatment, induced cells showed 2.1-fold more active RhoA pression or localization to the plasma membrane of E-cad-
GTPase than uninduced cells (Figure 6B). Consistent with herin and catenins in MDCK cells.
the presence of active RhoA in induced cells, bundled stress
fibers were distinctly seen after 3 h of ouabain treatment, DISCUSSION
whereas these fibers were scarcely present in uninduced
cells (Figure 6, C and D). On ouabain treatment RhoA- Distinct Signaling Mechanisms May Regulate
induced cells revealed an uninterrupted ZO-1 staining pat- Formation of Tight Junctions and Desmosomes
tern, whereas uninduced cells showed a disrupted staining
pattern (Figure 6, E and F). The TER of ouabain-treated We used two independent methods, ouabain treatment or
induced cells was significantly higher than that of unin- K' depletion, to show that inhibition of Na,K-ATPase pre-

duced cells (p < 0.01) (Figure 61). Furthermore, confocal vents the formation of functional tight junctions and desmo-

microscope vertical sections revealed a polarized distribu- somes and the induction of polarity in MDCK cells. Rapid

tion of /3-catenin and GP135 in induced ouabain-treated cells restoration of tight junctions, desmosomes, and epithelial

(Figure 6, J and L). In contrast, in uninduced cells these polarity upon K` repletion demonstrated that the effects of

markers were distributed in a nonpolarized manner (Figure Na,K-ATPase inhibition were reversible and that Na,K-

6, K and M). These results demonstrate that functional tight ATPase function is involved in the formation of these junc-

junctions are formed even in the presence of ouabain in tions in MDCK cells. In a previous report we suggested that

RhoA-overexpressing cells. Desmocollin revealed a distinct the tight junction formation may involve two independent

plasma membrane localization in induced, ouabain-treated events i.e., E-cadherin-dependent initial translocation of

cells (Figure 6G), whereas uninduced cells showed an intra- tight junction proteins to the plasma membrane and an

cellular staining pattern (Figure 6H). TEM revealed tight E-cadherin-independent assembly of functional tight junc-

junctions and desmosomes in 88% of the cell-cell contacts in tions (Rajasekaran et al., 2001). Na,K-ATPase function ap-

induced, ouabain-treated cells, whereas uninduced cells pears to be involved in the latter event because tight junction

showed putative tight junctions in only 12% and desmo- proteins were clearly seen on the plasma membrane in

some-like structures in 18% of the cell-cell contacts (Figure 6, Na,K-ATPase inhibited cells yet these cells did not develop

N and 0). These results are consistent with the idea that TER and had a highly reduced number of tight junctions

Na,K-ATPase mediates its action through RhoA and that compared with control cells. E-cadherin-dependent signal-

RhoA function is essential for the formation of tight junc- ing events have been suggested to mediate the translocation

tions and desmosomes and to maintain the polarized phe- of tight junction proteins from the cytoplasm to the plasma

notype of MDCK cells, membrane (Balda et al., 1996; Rajasekaran et al., 1996). Be-
cause ouabain-treated MDCK cells express functional E-
cadherin, the localization of tight junction proteins at the

Levels and Localization of E-Cadherin and Its plasma membrane suggests that E-cadherin-mediated sig-
naling was not affected in these cells. Therefore, functional

Associated o•-,I3-, and y-Catenins Are not Affected in E-cadherin might be essential for initial events that trigger
Na,K-ATPase-inhibited Cells the translocation of ZO-1 to the plasma membrane, whereas

The cell adhesion molecule E-cadherin has been implicated Na,K-ATPase function is crucial for events that regulate the
in formation and maintenance of tight junctions and desmo- formation of an undisrupted ZO-1 ring, functional tight
somes (Gumbiner et al., 1988; Watabe et al., 1994). Therefore, junctions, and consequently, the polarized epithelial pheno-
we tested whether ouabain treatment of MDCK cells affects type.
expression or localization of E-cadherin in these cells. In It has been suggested that tight junctions and desmo-
control cells, at 0 h E-cadherin showed a predominant intra- somes are formed in a coordinate manner after E-cadherin-
cellular staining. At this time point the plasma membrane mediated cell-cell contact in epithelial cells (Gumbiner et al.,
localization of E-cadherin was barely detectable (Figure 7A). 1988). We found a distinct difference in the staining pattern
After 3 h of Ca 2 '--switch the intracellular staining of E- of tight junction and desmosomal proteins in Na,K-ATPase
cadherin decreased dramatically, whereas the plasma mem- inhibited cells. In contrast to tight junction proteins the
brane staining increased (Figure 7B). In ouabain-treated cells localization of desmosomal proteins to the plasma mem-
at 0 h E-cadherin was localized intracellularly similar to that brane was substantially reduced and desmosomes were
of control cells (Figure 7C). At 3 h after Ca 2 '-switch, like in poorly assembled in the presence of ouabain and during K'
control cells, the intracellular E-cadherin staining decreased repletion. These results suggest that signaling events that
and the plasma membrane staining increased at cell-cell mediate the translocation of desmosomal proteins to the
contact sites (Figure 7D). Immunoblot analysis of total cell plasma membrane and the formation of desmosomes re-
lysates of control and ouabain-treated cells showed no dif- quire the function of Na,K-ATPase and might be regulated
ferences in the levels of E-cadherin, a-, /3-, and y-catenin in part by E-cadherin-independent mechanisms.
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Figure 6. Formation of tight junctions, desmosomes and the induction of polarity in ouabain-treated MDCK-RhoA,t cells overexpressing
RhoA. -DC and +DC represent ouabain-treated induced and noninduced MDCK-RhoA_, cells, respectively. (A) RhoA immunoblot
showing induced high molecular mass Myc-tagged (*) and endogenous RhoA after the withdrawal of DC. (B) Relative levels of active RhoA
GTPase. The results shown are the representative data obtained from two independent experiments. (C and D) FITC-phalloidin staining of
filamentous actin. Note the presence of bundled stress fibers in C and their absence in D. (E and F) Immunofluorescence of ZO-1.
Ouabain-treated induced cells show a complete ring-like staining compared with the incomplete ZO-1 ring in noninduced cells. (G and H)
Immunofluorescence of desmocollin. In ouabain-treated induced cells desmocollin is localized to the plasma membrane compared with the
intracellular staining in noninduced cells (1). Measurement of TER (J-M). Confocal microscope X-Z sections. Note the polarized distribution
of 03-catenin and GP135 in ouabain-treated induced cells. (N and 0) Transmission electron microscopy. Tight junctions (arrow) and
desmosomes (asterisk) are present in ouabain-treated induced cells. Inserts are the higher magnification of the tight junction region in N and
0. Bars in C-H, 10 Arm; J-M, 5 gm; and N and 0, 500 nm.
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Figure 7. E-Cadherin and catenin expression in ouabain-treated MDCK cells. (A-D) Immunofluorescence of E-cadherin. At 0 h E-cadherin
was localized intracellular in both control (A) and ouabain-treated (C) cells. At 3 h E-cadherin was localized on the plasma membrane in
control cells (B) and in ouabain-treated cells (D). (E) Immunoblot analysis of E-cadherin, a-catenin, j3-catenin, and y-catenin. Ouabain
treatment of MDCK cells during Ca2 ' -switch did not significantly alter the expression levels of E-cadherin, a-catenin, fI-catenin, or y-catenin.
Bar, 10 jtm.

Despite functional E-cadherin expression in ouabain- ducer through protein-protein interactions (Liu et al., 2000).
treated cells, the absence of functional tight junctions and We conclude that signaling mechanisms mediated by both
desmosomes indicates that E-cadherin function is not suffi- E-cadherin and Na,K-ATPase are likely involved in the for-
cient for formation of these junctions in MDCK cells. Po- mation of functional tight junctions and desmosomes in
tempa and Ridley (1998) have shown that hepatocyte epithelial cells.
growth factor treatment of MDCK cells did not affect tight
junctions and desmosomes but specifically affected adherens Regulation of RhoA GTPase Activity by Na,K-
junctions the formation of which requires functional E-cad-
herin. Furthermore, we have shown that tight junction and ATPase and Its Role in Tight Junction and
desmosome formation is not stimulated by ectopic expres- Desmosome Formation
sion of E-cadherin alone in MSV-MDCK cells, but requires The large reduction of stress fibers in Na,K-ATPase-inhib-
coexpression of the 3-subunit of Na,K-ATPase (Rajasekaran ited cells prompted us to test whether RhoA GTPase, which
et al., 2001). In view of these recent results, we suggest that has been implicated in the formation of stress fibers (Ridley
E-cadherin-mediated cell-cell contacts have a role in the and Hall, 1992; Mackay and Hall, 1998), is affected by Na,K-
signaling events that mediate translocation of tight junction ATPase inhibition. Ouabain treatment and K' depletion
proteins to the plasma membrane, an essential early event consistently reduced levels of endogenous active RhoA in
required for the assembly of tight junctions in epithelial wild-type MDCK cells and of exogenously expressed RhoA
cells. Thus, E-cadherin function is necessary but may not be in the MDCK T23 clone, indicating that inhibition of Na,K-
sufficient for formation of functional tight junctions and the ATPase specifically inhibits RhoA activity. Reactivation of
induction of polarity in MDCK cells. Formation of functional the Na,K-ATPase by K' repletion resulted in an increase in
tight junctions and desmosomes additionally requires E- the levels of endogenous active RhoA GTPase and concom-
cadherin-independent mechanisms that depend on normal itant formation of bundled stress fibers, suggesting that
functioning of Na,K-ATPase. Once these junctions are Na,K-ATPase function reversibly regulates the activity of
formed and polarity is established, epithelial cells should RhoA GTPase and formation of stress fibers. The levels of
maintain these junctions to perpetuate their polarized phe- active Rac I remained the same in control and ouabain-
notype. Expression of a dominant negative mutant of E- treated cells (our unpublished results), indicating that Na,K-
cadherin in polarized MDCK cells did not affect tight junc- ATPase might mediate its action specifically through RhoA
tions or desmosomes, indicating that E-cadherin function GTPase. Reduced RhoA activity correlated with highly re-
may not be necessary to maintain tight junctions and des- duced number of tight junctions, desmosomes, and lack of
mosomes in polarized epithelial cells (Troxell et al., 2000). polarity in Na,K-ATPase-inhibited cells. Moreover, cells
Contreras et al. (1999) suggested that prolonged treatment of overexpressing wild-type RhoA GTPase can bypass the in-
MDCK monolayers with ouabain resulted in the loss of hibitory effect of Na,K-ATPase on the formation of tight
viability of -60% of cells and reduced cell-cell and cell- junctions, desmosomes, and induction of epithelial polarity,
substratum contact and suggested the existence of a link indicating that RhoA GTPase is an essential component
between the pump and attachment. Recent studies in cardiac downstream of Na,K-ATPase function linking Na,K-ATPase
myocytes have implicated Na,K-ATPase as a signal trans- to the formation of functional tight junctions, desmosomes,
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and induction of polarity in MDCK cells. Whether the mod- E-cadherin Na,K-ATPase
ulation of RhoA activity by Na,K-ATPase is through a direct signaling function
or indirect effect on RhoA GTPase activity remains to be | ,
clarified. -

Previous studies with the use of inhibitors and mutant
forms of RhoA GTPase have implicated RhoA GTPase in the Translocation of tight 9 Translocation of
assembly and function of tight junctions. Nusrat et al. (1995) junction proteins to RhoA 1d desmosomal proteins
have shown that inhibition of Rho in T84 cells causes dis- plasma membrane to plasma membrane
persion of ZO-1 to the cytoplasm and concomitant decrease I
in the TER. In MDCK cells expressing a dominant negative +
mutant of RhoA, ZO-1 was localized to the plasma meme- Actin polymerization

brane and the tight junction structure was preserved yet (Stress fibers)
TER was low in these cells, indicating that altering RhoA
activity affects the function of tight junctions (ou et al., 1998).
Na,K-ATPase inhibited cells did not develop TER, showed
discontinuous ZO-1 staining on the plasma membrane, and Tight junctions
revealed highly reduced numbers of tight junctions, indicat- Desmosomes
ing that Na,K-ATPase-mediated RhoA GTPase inhibition
affects both the assembly and function of tight junctions in
MDCK cells. However, inhibition of the Na,K-ATPase re-
duced TER even in cells overexpressing RhoA (Figure 6),
suggesting that other factors are also important in the alter- Polarized epithelia
ation in tight junctional permeability when intracellular Na F
is increased. Although the TER was consistently affected in Figure 8. Schematic model of the formation of tight junctions and
all these reports (Nusrat et al., 1995; Jou et al., 1998; this desmosomes in epithelial cells (see text for details).
study), the difference between our results and others regard-
ing the localization of ZO-1 to the plasma membrane and
tight junction assembly is not clear. We suggest that actin with the absolute concentration of Na-' in the cell than with
polymerization mediated by RhoA GTPase might be neces- the Na÷ gradient across the plasma membrane. Removal of
sary for the molecular reorganization and association of extracellular Na' will also collapse the gradient but did not
tight junction proteins to the actin cytoskeleton to assemble prevent formation of tight junctions or induction of polarity.
tight junctions and to regulate their permeability function. Thus, aspects of cell function such as cytoplasmic pH or

Plasma membrane localization of desmosomal proteins Ca+2 concentration, which depend on the transmembrane
and the formation of desmosomes in ouabain-treated cells Na-+ gradient, are probably not involved. The simplest in-

overexpressing wild-type RhoA demonstrated that Na,K- terpretation of the results is that the normal intracellular

ATPase-regulated RhoA function is essential for both the Na' homeostasis primarily regulated by Na,K-ATPase is

translocation of desmosomal proteins to the plasma mem- involved in the modulation of RhoA activity. It is also pos-

brane and the formation of desmosomes in MDCK cells. sible that the effects might be mediated by a decrease in cell

These events may require active actin polymerization medi- K or depolarization of the plasma membrane potential
ated by active RhoA GTPase. In fact, a recent study demon- rather than by Na÷ itself. Finally, although there were no
strated a role for stress fibers in the assembly of desmosomes obvious differences in cell size between control and Na,K-in keratinocytes (Vasioukhin et a s., 2000). ATPase-inhibited cells, we cannot rule out small cell volume

The polarity of apical and basolateral markers was con- changes that might have led to the observed phenotype. We

sistently altered in Na,K-ATPase-inhibited cells. Further- recognize that alteration of the intracellular sodium ho-

more, polarized distribution of domain-specific markers in meostasis by the inhibition of Na,K-ATPase may induce
ouabain-treated wild-type RhoA overexpressing MDCK multiple biochemical changes in cells. However, rapid re-ouabain-treated wild-ty RhoK-AT ve-rexpratesin MDCK Gversibility of effects induced by Na,K-ATPase inhibition
cells indicates that Na,K-ATPase-regulated RhoA CTPase such as formation of tight junctions, desmosomes, bundled
function is essential to maintain the polarity in MDCK cells. actin stress fibers, restoration of RhoA activity, and induc-
Although the loss of polarity in Na,K-ATPase-inhibited cells tion of polarity by K' repletion strongly suggests that Na,K-
largely appears to be due to the lack of tight junctions, we ATPase function plays an important role in the assembly of
cannot rule out that Na,K-ATPase inhibition might also junctions and induction of polarity in epithelial cells through
affect mechanisms involved in the polarized sorting of pro- a RhoA-mediated pathway.
teins in epithelial cells (Yeaman et al., 1999).

How Na,K-ATPase inhibition affects the formation of tight
junctions, desmosomes, induction of polarity, and nega- Model for Formation of Tight functions and
tively regulates RhoA GTPase function is currently not Desmosomes in Polarized Epithelial Cells
known. The effect does not appear to be a simple degener- Based on our results, we propose a model for formation of
ation of cellular function because it is readily reversible, tight junctions and desmosomes in epithelial cells. Accord-
Moreover, translocation of tight junction proteins to the ing to this model tight junctions and desmosomes are
plasma membrane under Na,K-ATPase-inhibited conditions formed in parallel by two independent pathways (Figure 8)
suggests that other aspects of epithelial polarization are not yet linked by RhoA GTPase. E-Cadherin-mediated signaling
impaired in these cells. The phenomena are better correlated events translocate tight junction proteins from the cytoplasm
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to the plasma membrane. Formation of functional tight junc- Imhof, B.A., Vollmers, H.P., Goodman, S.L., and Birchmeier, W.
tions then requires active polymerization of actin mediated (1983). Cell-cell interaction and polarity of epithelial cells: specific
by RhoA. The desmosomal assembly is mediated by signal- perturbation using a monoclonal antibody. Cell 35, 667-675.
ing events regulated by Na,K-ATPase. These signaling Jou, T.-S., and Nelson, W.J. (1998). Effects of regulated expression of
events might be directly involved in the translocation of mutant RhoA and Racl small GTPases on the development of
desmosomal proteins to the plasma membrane. Altema- epithelial (MDCK) cell polarity. J. Cell Biol. 142, 85-100.
tively, RhoA-mediated actin polymerization could be in- Jou, T.-S., Schneeberger, E.E., and Nelson, W.J. (1998). Structural
volved in the translocation of desmosomal proteins to the and functional regulation of tight junctions by RhoA and Racl small
plasma membrane and the final assembly of desmosomes. GTPases. J. Cell Biol. 142, 101-115.
Thus, we propose that Na,K-ATPase function, mediated at Katz, A.I. (1988). Role of Na-K-ATPase in kidney function. In: The
least in part by RhoA, plays an important role in formation Na' ,K* Pump. Part B. Cellular Aspects, ed. J.C. Skou, J.G. Norby,
of tight junctions and desmosomes and thus in the biogen- A.B. Maunsbach, and M. Esmann, New York: Alan R. Liss, 207-232.
esis of polarized epithelia. Le, T.L., Yap, A.S., and Stow, J.L. (1999). Recycling of E-cadherin: a

potential mechanism for regulating cadherin dynamics. J. Cell Biol.
146, 219-232.
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Genetic deletion of the Pten tumor suppressor gene promotes
cell motility by activation of Racl and Cdc42 GTPases
Joanna Liliental*t, Sun Young Moon*, Ralf Lesche*§, Ramanaiah Mamillapallifl,
Daming LiII, Yi Zheng*, Hong Sun¶ and Hong Wu*§

Pten (Phosphatase and tensin homolog deleted on and Pten deficient (Pten-/-) mice, using the 3T9 protocol [8].
chromosome 10)is a recently identified tumor Similar to primary mouse embryonic fibroblasts [4], the
suppressor gene which is deleted or mutated in a immortalized Pten-1 cell lines showed increased levels of
variety of primary human cancers and in three cancer phosphorylation of protein kinase B/Akt compared to their
predisposition syndromes [1]. Pten regulates wild-type counterparts and were resistant to serum-depriva-
apoptosis and cell cycle progression through its tion induced apoptosis. In contrast to our observation with
phosphatase activity on phosphatidylinositol (PI) wild-type and Pten-/- embryonic stem cells [41, however, no
3,4,5-trisphosphate (PI(3,4,5)P 3), a product of PI significant differences in the rates of cell proliferation and
3-kinase [2-5]. Pten has also been implicated in the levels of the cyclin-dependent kinase inhibitor p 2 7 KIPI

controlling cell migration [6], but the exact mechanism could be detected between log-phase growing wild-type
is not very clear. Using the Isogenic Pten+l+ and and Pten-/- fibroblast cells (data not shown).
Pten-l- mouse fibroblast lines, here we show that Pten
deficiency led to increased cell motility. Reintroducing Pten-/- fibroblasts have an increased cell motility, as shown
the wild-type Pten, but not the catalytically inactive by a classic 'wound healing' assay (Figure la, left panels)
Pten C124S or Iipid-phosphatase-deficient Pten G129E [9]. They were able to completely close the wound within
mutant, reduced the enhanced cell motility of Pten- 15 hours, whereas wild-type cells took almost 30 hours. Tro
deficient cells. Moreover, phosphorylation of the focal demonstrate that the increase in cell migration is an indi-
adhesion kinase pl25FAK was not changed in Pten-1 - vidual cell based and cell division-independent event, we
cells. Instead, significant increases in the endogenous employed a colloidal-gold based motility assay [101. This
activities of Racl and Cdc42, two small GTPases assay revealed that Pten-/- fibroblasts could produce longer
involved in regulating the actin cytoskeleton [7], were trails' than wild-type cells in a defined time period, indi-
observed in Pten-'- cells. Overexpression of dominant- cating that Pten-/- cells indeed migrate faster than the
negative mutant forms of Racl and Cdc42 reversed the wild-type cells (Figure la, middle panels). In order to
cell migration phenotype of Pten-1 - cells. Thus, our obtain more quantitative measurements of the migration
studies suggest that Pten negatively controls cell distance, we employed a modified 'wound healing' assay.
motility through its lipid phosphatase activity by In this assay, cells are first seeded on coverslips, and then
down-regulating Racl and Cdc42. transferred to a new plate coated with fibronectin. Upon

Addresses: *Howard Hughes Medical Institute, tDepartment of transfer, cells migrate from the rim of the coverslip out-

Microbiology and Molecular Immunology, and §Department of wards onto the new plate. As shown in Figure la (right
Molecular and Medical Pharmacology, University of California at Los panels) and quantified in Figure lb with independent cell
Angeles School of Medicine, 650 Circle Drive South, Los Angeles, lines, Pten-/- cells migrate almost twice as fast as wild-type
California 90095-1735, USA. *Department of Biochemistry, University cells. Moreover, careful observation of cell morphology
of Tennessee, Memphis, Tennessee 38163, USA. IDepartment of revealed that Pten-/- fibroblasts appeared rounded and had
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Haven, Connecticut 06520, USA. intense cortical F-actin staining (Figure 1c). Together,

these results suggest that Pten negatively regulates signal-
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Received: 23 November 1999 In order to determine whether increased cell migration in
Revised: 4 January 2000 Pten-/- cells is due to lack of the Pten phosphatase activity
Accepted: 21 January 2000 or if other structural motifs may play a role, we re-intro-

Published: 24 March 2000 duced either wild-type Pten or Pten C124S, a catalytically
inactive mutant, into the Pten-/- cells by retrovirus infec-

Current Biology 2000,10:401-404 tion [11]. We used a retroviral vector that expresses the

0960-9822/00/$ - see front matter gene of interest and the green fluorescent protein (GFP)
C 2000 Elsevier Science Ltd. All rights reserved, as a bicistronic mRNA. GFP-positive, thus Pten-express-

ing, cells were sorted by fluorescence activated cell sorting
Results and discussion (FACS) following retroviral infection. Wild-type Pten and
To test the role of Pten in cell migration, we established the C124S mutant were expressed in comparable levels in
independent immortalized fibroblast lines from wild-type the sorted populations (Figure 2c). As shown in Figure 2a
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Pten-deficient fibroblasts migrate faster than wild type. (a) An equal Increased cell motility in Pten-1- cells is due to the lack of lipid
number of wild-type (WT) or Pten-'- fibroblasts were seeded on a phosphatase activity of Pten. (a) Pten-/- cells were infected with
fibronectin-coated plate and cultured for 24 h. Migration into the retroviral GFP vectors containing wild-type Pten (WT), G1 29E (GE), or
wound is shown 15 h after the wound was introduced (left panels; C124S (CS) Pten mutants. Control wild-type or Pten-1- cells were
open arrowheads point to the boundaries of the wound at time = 0). infected with viruses containing GFP only. 48 h later, GFP positive
In the middle panel, 2 x 103 cells per well were seeded on colloidal cells were sorted by fluorescence-activated cell sorting (FACS),
gold-coated 6-well dishes in duplicates. Migration of wild-type or seeded onto glass coverslips in triplicate, and grown for an additional
Pten-'- fibroblasts is shown at 24 h. The scale bar represents 10 lim. 5 h. Cells on coverslips were then replaced onto a fibronectin-coated
In the right panels, wild-type or Pten-1- fibroblasts grown on glass surface and incubated for 15 h. (b) Quantitative representation of (a).
coverslips were placed onto 5 hg/ml fibronectin-coated dishes and Cell migration is normalized so that 100% represents the migration
cultured for 15 h. (b) Cell motility was assessed and compared using distance of Pten-1- cells infected by empty vector. (c) Pten protein
independent cell lines. Migration distances were determined by taking levels in uninfected and infected cells after FAGS sorting. Western
seven independent measurements from each coverslip. Each blots of total protein extracts were probed with an affinity-purified anti-
experiment was conducted in triplicate, and mean ± SD was Pten antibody. Blots were reprobed with anti-FAK antibody (Santa
calculated. The migration distance is normalized so that 100% Cruz Biotechnology) to confirm equal loading.
represents migration distance of Pten-1- cells. (c) Pten-1- cells
exhibited increased cortical actin polymerization as compared to the
wild-type cells. Briefly, log-phase growing fibroblasts were cultured
without serum for 20 h. After fixation in 4% paraformaldehyde, cells It has been suggested that Pten negatively regulates cell
were permeabilized with 0.2% Triton X-100 and stained for F-actin migration by directly dephosphorylating p1 25 FAK and
using rhodamine-phalloidin (Molecular Probes). changing mitogen-activated protein (MAP) kinase activity

[6,13]. In order to test whether p1 2 5 FAK phosphorylation
and MAP kinase activation are also affected by the loss of

and quantified in Figure 2b, wild-type Pten, but not the Pten, we examined the tyrosine phosphorylation status of
C124S mutant, could fully reverse the migration pheno- these proteins. Whole cell lysates from log-phase growing
type of Pten-/- cells, confirming that the enhanced motility wild-type or Pten-r- fibroblasts were immunoprecipitated
is directly due to the lack of Pten phosphatase activity, with 4G10 anti-phosphotyrosine antibody and western

blotted with anti-FAK antibody (Figure 3a, upper panel), or it
Recent studies suggested that PI(3,4,5)P 3 is a major sub- were immunoprecipitated with anti-FAK antibody and
strate for Pten both in vitro [2] and in vivo [3,4]. Interest- western blotted with 4GI0 (Figure 3b, lower panel). In con-
ingly, Pten G129E is deficient for the phosphatase activity trast to what would be predicted if Pten could directly
towards PI(3,4,5)P 3, while its activity towards synthetic dephosphorylate p12 5 FAK, no difference in tyrosine phos-
protein substrates is unaffected [12]. Using the Pten phorylation of p12 5 FAK could be detected in Pten-/- fibro-
G129E mutant, we further tested whether Pten controls blast lines compared to wild-type cells. The activation status
cell migration through its lipid phosphatase activity or its of MAP kinases was not affected by the Pten deletion either,
protein phosphatase activities. Pten G129E behaved simi- but the level of Akt phosphorylation was significantly
larly to the C124S mutant as they were both unable to increased in Pten-/- fibroblast cell lines (data not shown),
rescue the migration phenotype in this assay. This experi- similar to what we have observed previously in Pten-/-
ment suggests that the enhanced motility of Pten-/- cells is embryonic stem cells [4]. These results suggest that the
a result of the loss of Pten phosphatase activity, in particu- enhanced cell motility caused by Phen deficiency may be
lar, its lipid-phosphatase activity, mediated by effectors other than p12 5 FAK and MAP kinases.
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Current Biology Activation of Cdc42 and Raci has been implicated in pro-

moting cell migration 171 and their GDP/GTP exchange
Pten deletion results in activation of Racl and Cdc42, but not FAK. factors (GEFs) can be activated in a PI(3,4,5)P 3-depen-
(a) FAK phosphorylation is not affected by Pten deletion. Upper panel, dent manner [14,15]. We therefore examined whether
equal amounts of proteins were immunoprecipitated with
anti-phosphotyrosine antibody (4G0, Upstate Biotechnology). Pten deficiency leads to changes in the Racl and Cdc42

Western blots were probed with anti-FAK antibody. Bottom panel, activities. In this assay, the p21-binding domain of PAKI
anti-FAK immunoprecipitates were western blotted with 4Gh (for was expressed as a GSt-fusion protein. GST-PAK1 can
phosphorylated FAK, FAK-P) or an anti-FAK antibody. rlgG indicates i p ro
immunoprecipitation with a rabbit isotype control antibody.d GP
(b) GST-PAK binding is specific for GTP. Ptend fibroblast lysates but not GDP-bound forms, suggesting that the affinity

were loaded with GTPyS or GOP prior to affinity precipitation with precipitation assay is specific and effective in assessing the
GST or GST-PAK( immobilized on 10 ,g glutathione-agarose beads. activation states of Racl and Cdc42 (Figure 3b). We then
The precipitated proteins were analyzed by western blot with anti- examined the level of endogenous GTP-bound forms of
Raci (Upstate Biotechnotogy) or anti-Cdc42 (Santa CruzBiotechnology) antibody, respectively. Results are representative of Racil or Cdc42 in Pten/- cells and wild-type cells. As

three independent experiments. (c) The GST-PAK precipitates from shown in Figure 3c, there are marked increases of the

wild-type (+) and P ien cif (-) fibroblasts under log phase growing GTP-bound forms of Rac, and Cdc42 in logarithmically
conditions, along with total cell lysates, were analyzed by western blot prowitatin-/-saylls c and eoewive cess, the
with anti-Racl or anti-Cdc42 antibodies. (d) Wild-type or Pten-d- gron ste s o mpared to w i-ye cels althog
cells, either in suspension or adherent, were lysed and subjected to the total protein levels are not affected by the Ptren status.
GST-PAK affinity precipitation analysis. The Racl-GTP (upper graph) As PI(3,4,5)P3 levels were highly sensitive to growth con-
or Cdc42-GTP (lower graph) activities detected by western blot were ditions [4], we also examined the Racl and Cdc42 activi-
normalized to the amount of Racil or Cdc42 in whole cell lysates. ties in unfavorable confluent culture conditions. There is a
Results are means e SD from three experiments. (e) Sten-/- cellsnotabls-30%mncreas in rae marked c eand a -50
were treated with 20 liM LY294002 (shown here, +), or 50 nM ntbe-0 nraei alGPcnetada-0
wortmannin (not shown), or DMSO vehicle control (-) for 6 h before increase in Cdc42-GTP content compared to the wild-

harvesting. Cell lysates were precipitated with GST-PAK and blotted type cells (Figure 3d). When similar assays were per-
with anti-Racl or anti-Cdc42 antibodies, respectively. In parallel, formed using suspended cell cutures which lack the
aliquots of cell lysates were analyzed with anti-phospho-Akt antibody adherent stimuli, -60% and -130% increases of
(New England Biolabs). Rae I-GTP and Cdc42-GTP forms, respectively, were

observed (Figure 3d, suspension). The extent of elevation
in the endogenous Cdc42 and Racl activities in Pten-/-

As increased cell motility is associated with a deficiency in cells were consistent when independent cell lines were

Pten lipid-phosphatase activity, and cells in which Pten is used, and reintroducing wild-type Pten into Pten-I- cells
genetically deleted contain elevated levels of PI(3,4,5)P 3  led to a decrease in the GTP-bound forms of Racn and

[3,41, we next examined whether activation of known Cdc42 (data not shown).
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The Rho family GTPases RhoA, RhoB, and RhoC reg- positive regulators, the Dbl family guanine nucleotide ex-
ulate the actin cytoskeleton, cell movement, and cell change factors (GEFs)1 that catalyze the release of bound GDP
growth. Unlike Ras, up-regulation or overexpression of and facilitate the binding of GTP (4), whereas deactivation of
these GDP/GTP binding molecular switches, but not ac- Rho proteins is achieved through their intrinsic GTP-hydro-
tivating point mutations, has been associated with hu- lytic activities that are further stimulated by a class of negative
man cancer. Although they share over 85% sequence regulators, the GTPase-activating proteins (GAPs) (5). A third
identity, RhoA, RhoB, and RhoC appear to play distinct class of regulators of Rho GTPases, the Rho GDP-dissociation
roles in cell transformation and metastasis. In NIH 3T3 inhibitors, can negatively impact Rho protein activities by se-
cells, RhoA or RhoB overexpression causes transforma- questering them in the GDP-bound state and preventing effec-
tion whereas RhoC increases the cell migration rate. To tive cycling between the two conformational states (6). Upon
specifically target RhoA, RhoB, or RhoC function, we binding to GTP, Rho GTPases may further interact with an
have generated a set of chimeric molecules by fusing the I bidn o GtP, Rho mTlases ma eriiter withon
RhoGAP domain of p190, a GTPase-activating protein aray of potential effector nmlecules to elicit cellular responses
that accelerates the intrinsic GTPase activity of all (7).
three Rho GTPases, with the C-terminal hypervariable It has become increasingly clear that Rho proteins play im-

sequences of RhoA, RhoB, or RhoC. The p190-Rho chi- portant roles in many aspects of cancer development, and each
meras were active as GTPase-activating proteins to- member of the Rho family may he involved to a different extent
ward RhoA in vitro, co-localized with the respective ac- at different tumor progression stages (8-10). For example, it
tive Rho proteins, and specifically down-regulated Rho was shown that constitutively active RhoA has oncogenic po-
protein activities in cells depending on which Rho tential 111), and RhoA acts as a critical signaling component in
GTPase sequences were included in the chimeras. In Ras-induced transformation (12). Furthermore, RhoA promotes
particular, the pl90-RhoA-C chimera specifically inhib- the invasiveness of rat hepatoma cells (13) and induces metas-
ited RhoA-induced transformation whereas p190- tasis of NIH 3T3 fibroblasts (14), whereas RhoC was revealed
RhoC-C specifically reversed the migration phenotype as a key regulator of migration and metastasis in a human
induced by the active RhoC. In human mammary epithe- melanoma cell line (15). Upon introduction into normal mam-
lial-RhoC breast cancer cells, pl90-RhoC-C, but not malian epithelial cells, RhoC readily caused transformation
p190-RhoA-C or p190-RhoB-C, reversed the anchorage- and invasion, leading to an inflammatory breast cancer cell
independent growth and invasion phenotypes caused by phenotype (16). On the other hand, RhoB is required for the
RhoC overexpression. In the highly metastatic A375-M apoptotic responses induced by farnesyltransferase inhibitors
human melanoma cells, p190-RhoC-C specifically re- or DNA damaging agents and may have a suppressor or neg-
versed migration, and invasion phenotypes attributed ative modifier function in cancer progression (17). Unlike Ras,
to RhoC up-regulation. Thus, we have developed a novel there are no reports of mutation-caused constitutive activation
strategy utilizing RhoGAP-Rho chimeras to specifically of Rho proteins in tumors. Recent studies of primary human
down-regulate individual Rho activity and demonstrate tumors Red ent many o pary hudinthatthi aproac ma beappled o mltipe hman tumors (18-21) revealed that many Rho GTPases, includingthat this approach may be applied to multiple human

tumor cells to reverse the growth and/or invasion phe- RhoA and RhoC, are highly expressed in a variety of cancer
notypes associated with disregulation of a distinct sub- types such as colon, lung, testicular germ cell, head and neck
type of Rho GTPase. squamous cell carcinoma, pancreatic ductal adenocarcinoma,

and inflammatory breast cancer, and in some cases, the Rho
protein up-regulation and/or overexpression correlates with

The Ras-related Rho family of small GTPases regulates the poor prognosis (22). These observations help put Rho proteins

actin cytoskeletal organization, cell to cell or cell to extracellu- in a lineup of potential molecular targets for anti-cancer ther-
lar matrix adhesion, intracellular membrane trafficking, gene apy (8).
transcription, apoptosis, and cell cycle progression (1-3). Like Currently available molecular tools to target Rho GTPase
Ras, they exist in an inactive, GDP-bound and an active, GTP- pathways at the small G-protein level include the dominant
bound conformations. Rho GTPases are activated by a class of negative mutants of Rho proteins (23), the p21-binding domain

of effectors (24) and a class of bacterial toxins that can modify
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Rho GTPase functions (25). Although they have been widely Construction of p190-Rho Chimeras-p190-Rho chimeric cDNAs
used in cell biological studies, each of these reagents has its were generated by fusing the eDNAs encoding the RhoGAP domain of

own drawbacks. The dominant negative forms of Rho proteins rat p190 and the cDNAs encoding the C terminus of human RhoA,
RhoB, or RhoC after PCR amplification of the respective sequences. The

act by sequestering the upstream GEF activators of endoge- primer sequences are as follows: for RhoA C terminus, 5' GCGAATT-
nous Rho GTPases and tend to be nonspecific among closely CTCACAAGACAAGGCAACCAGAOr1 CTTCCCACGTCTAGCTT-
related Rho family members (23). Further, because of their GCAGAGAAGACAACTGATfTTCCfTGC 3'; for RhoB C terminus, 5'
non-catalytic nature, a 3-5-fold overexpression versus the en- GCGAA'FrCTCATAGCACC'PrGCAGCAGTI'GATGCAGCCGTTCTG-
dogenous Rho protein level is typically needed for effective GGAGCCGTAGCTTCTGCAGAGAAGACAACTGATTTTCCTGC 3';
blockage ofthe endogenous activity, and this nmy not be desir- and for RhoC C terminus, 5' GCGAATTCTCAGAGAATGOGACAGCC-CCTCCGACGCTTGTTCTTGCGGAC CTGGAGAGAAGACAACTGAT-
able in many in vivo situations. Similarly, the limited specific- TTTCCTGC 3'. The ligation products of cDNAs encoding p190RhoGAP
ity of eflfctor p21-binding domains and bacterial toxins such as domain, and the respective Rho sequences were cloned into the MIEG-
Clostridium botulinuin C3-transferase is worrisome in terms of 3-HA). and SF91-EMCV-IRES-GFP retroviral vectors that express the
differentiating the roles of highly homologous isoforms such as chineras as (HA),- or FLAG-tagged fusions, together with the enha-
RhoA, RhoB, and RhoC Furthermore, very little is known nced green fluorescent protein (EGFP) bicistronically (36, 57, 58), as

R GTPases well as the pCEFL-GST vector for transient expression in mammalianabout the anti-cancer potential of' these Rho cells.scells.
inhibitors. Cell Culture and Transfection-NIH 3T3 cells were cultured in

Because RhoGAPs have been established as the major class DMEM supplemented with 10'% calf serum (CS) in a 5% CO. incubator
of negative regulators of Rho GTPase signaling (5), and some of at 37 'C. COS-7 cells, and the retroviral packaging Phoenix cells were
them are actually known for their tumor suppressor function cultured in DMEM with 10'S fetal bovine serum (FBS). The A375 and
(26, 27), another possible approach for inhibiting Rho GTPase HME tumor cell lines were maintained as described (15, 16). To gener-

ate stable transfectants, NIH 3T3 cells were seeded in 6-well plate at a
activities in tumor cells is to employ RhoGAPs as antagonists density of 1.5 X 10' cells in DMEM medium supplemented with 10%
for Rho activities. The conserved GAP domain in RhoGAPs cS These cells were transfected with the pCEFL-GST-Rho constructs

contains the necessary and sufficient structural determinants n the next day using LipofectAMINE Plus (Invitrogen) following the
for Rho protein recognition and GTPase catalysis but displays manufacturer's instructions. Selection of stable transfectants was car-
limited substrate specificity (5). For example, the RhoGAP tied out by adding 0.35 mg/ml of G418 to the culture medium 48 h after
domain of p190 RhoGAP can catalyze GTP hydrolysis of RhoA, transfection. After -2 weeks culturing in the selection medium, the

surviving cells including over 100 colonies were examined for the ex-
RhoB, and RhoC equally well but works weakly on Rae or pression of GST fusion proteins by anti-GST inmmunoblotting.
Cdc42 (28, 29). It depends on other regulatory domains in the GTPase Activity Assay-The intrinsic and pI90GAP-stimolated
RhoGAP to direct and regulate substrate selection and cataly- GTPase activities of RhoA were measured as described (34) by the
sis in vivo (30, 31). Conversely, although Rho proteins may nitrocellulose filter-binding method. Briefly, recombinant RhoA were
share up to 9013 sequence identity, each Rho subtype appears preloaded with [,y-3"2PIGTP 10 I.Ci, 6000Ci/mmol; PerkinElmer Life
to play distinct roles in cellular transformation and metastasis. Sciences) in a 100-pl buffer containing 50 mm HEPES, pH 7.6, 0.2
The differences in Rho GTPase functions may come in part mg/mi bovine serum albumin, and 0.5 mm EDTA for 10 min at ambient

temperature before the addition of MgC12 to a final concentration of 5
from their distinct subcellular localization patterns that are num. Ani aliquot of the Iy-

32
P]GTP-loaded RhoA was mixed with GAP

mostly determined by the unique C-terminal hypervariable assay buffer containing 50 mM HEPES, pH 7.6, 100 mm NaCI, 0.2 mg/ml
sequences in each case (32, 33). bovine serum albumin, and 5 mm MgClI in the presence or absence of

In the present study, we have developed a novel strategy various GAPs. At different time points the reaction was terminated by

combining the RhoGAP domain of p190 RhoGAP with the C- filtering the reaction mixture through nitrocellulose filters. The radio-

terminal hypervariable sequences of Rho proteins to specifi- activity retained on the filters were then subjected to quantitation by
scintillation counting.

cally target RhoA, RhoB, or RhoC activity in human tumor R-troviral Gern Trcinsfer-Various p190-Rho chimeras were ex-
cells. We show that although RhoA, RhoB, and RhoC are pressed in NIH 3T3 cells or tumor cells by the retroviral infection
equally effective in stimulating actin stress fiber formation and method Production of recombinant retrovirus in the retroviral packag-
focal complex assembly in NIH 3T3 cells. RhoA and RhoB are mog Phoenix cells and subsequent host cell infection were carried out
capable of transforming cells whereas RhoC induces cell migra- according to the described protocols (36, 37). The infected cells were

tion. The chimera made of p190 and the C terminus of RhoA harvested 72 h post-infection. EGFP-positive cells (typically 10-50%)
were isolated by fluorescence-activated cell sorting and were used for

specifically inhibited RhoA-induced cell transformation further analysis.
whereas the pl90-RhoC chimera specifically reversed RhoC- Rho Eflector Pull-down Assay-To determine the RhoA, RhoB, or
mediated migration phenotype by down-regulating RhoC activ- RhoC activity in cells, the effector pull-down assay (38) was carried out
ity. Moreover, when applied to the HME-RhoC human inflam- in the respective cells that have been serum-starved for 20 h. The
matory breast cancer cells or to the A375-M human nmlanonma effector probe for Rho-GTP. recombinant (His)6-Rhotekin. was ex-
cells, the p90-RhoC chimera was effective in reversing the pressed and purified from Esch/richia coli and immobilized on the

Ni-NTA-agarose beads. The bead-associated (His)6-Rhotekin (about 1
anchorage-independent growth and/or the invasion phenotypes jig/sample) was incubated with the respective cell lysates expressing
that were attributed to RhoC up-regulation. Our results sug- various GST-Rho proteins for 45 mmn at 4 °C, and the co-precipitates
gest that such a RhoGAP-based approach targeting specific were analyzed by Western blotting with anti-GST or anti-Rho mono-
Rho GTPase activity could be useful in reversing tumor cell clonal antibody.
phenotypes associated with disregulation of a distinct subtype Truns/brnoation Assay-Measurements of the anchorage-independ-
of Rho GTPase. eat girowth of mutant Rho protein expressing cells or tumor cells were

carried out as described (38, 39). Briefly, 2 X 10' cells were suspended
in the 10%S FBS-supplemented Hiam's F-12 complete medium with

EXPERIMENTAI, PROCEDURES growth factors and 0.3'% agarose and were plated on top of a solidified,

Site-directed Mutagenesis-Site-directed mutants of human RhoA, 0.61X agarose. The cells were fed weekly by the addition of 1 ml of
RhoB, and RhoC were generated by polymerase chain reactions using medium. Three weeks after plating, the colonies grown larger than 50
the P/iu polymerase. with primers that contained the desired mutations .; m in diameter were scored under a microscope. To measure cell
following the published protocols 134). The mutant cDNAs were sub- transforning activity, 5 X 10.1 cells transfected with various Rho con-
cloned into the BamHI and EcoRI sites of mammalian expression vector structs were mixed with 5 Y l0' wild type NIH 3T3 cells and were
pCEFL-GST, and the mutants were expressed as glutathione S-trans- plated in 100-mm dishes in a medium containing DMEM supplemented
ferase (GST) fusions (35). The sequences of inutagenized DNA inserts with 10% CS. The cells were fed every other day, and the visible foci
were confirmed by automated sequencing. All point mutants used are were scored 14 days post-plating.
described by single-letter amino acid denominations. Wound Healing and Migration Assays-For wound healing assays,
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cells were plated at 2 X 10`'/dish density int 60-iam diameter dishes A A , 0- 00 1 •- , ,
plastic pipette tip was drawn across the center of the plate to producea a,- • ÷ ,' •
clean I-mm-wide wound area after the cells have reached confluency.
After a 12-h culturing in DMEM supplemented with 0.5', CS, cell .STAho
movement into the wound area was examined at different time points
using a phase-contrast microscope. The distances between the leading A,,..R, W

edge of the migrating cells and the edge of the wound were compared R

(40). ........
Cell migration was also measured by using a Transwell plate in- -

serted with a 6.5-mm polycarbonate membrane (8.0-mni pore size;
Costar Corp,), Briefly, 5 x 10' cells were suspended in 0.2 ml of culture ________

medium and were added to the upper chamber. 10% FBS in culture Anm-asTso.
medium was used as chemnoattractant in the lower chamber. The cells
were incubated for 16 h in a humidified CO. incubator at 37 *C. The
cells that traversed the 8.0-yin membrane pores and spread to the lower B C
surface of the membrane were stained with 5% Giemisa solution, and
the cells retained in the membrane were counted in at least six different
fields. Each experiment was carried out in triplicate, and the error bars aST aSr * cs c

represent the mean standard error.
Invasion Assay--Cell invasion assays were performed using the

6.4-mm Biocoat Matrigel invasion chambers equipped with the 8.0-grn -
pore sized PET membrane filters (BD Biosciences) according to the
manufacturer's instructions. Briefly, 25 × 10' cells were suspended in oA L R, RoA.a6M

0.5 ml of culture medium and were added to the upper chamber. 10 -
FBS in the culture medium was plated ii the lower chamber as che-
moattractant. Cells in the invasion chambers were incubated in a

humidified incubator. The cells that traversed the Matrigel matrix and
the 8-Mm membrane pores and spread to the lower surface of the filters Rhu Ro.

were stained with 5% Giemsa solution for visualization. Each data
point of the invasion test was derived from triplicate chambers, and
error bars represent the mean standard error.

Inmrunofluorescence--Cells grown on coverglasses were fixed wt3.7% formaldehyde in phosphate-buffered saline for 15 imin and washed RFoC4
with phosphate-buffered saline once followed by permeabilization with RhoC-OUL
0.1% Triton X-100 for 20 min. The cells were then blocked with 21r

bovine serum albumin for 20 min. For actin staining, the cells were
incubated with rhodamine-phalloidin. For vinculin staining, the cells Fit;. 1. The expression of two active mutant forms of RhoA,
were labeled with anti-vinculin monoclonal antibody (Sigma) followed RhoB, and RhoC and their effects on the actin structure and
by incubation with a rhodamine-conjugated goat anti-mouse secondaiy focal adhesion complex in NIH 3T3 cells. A, the two active forms
antibody. To determine the intracellular localization of various Rho (F30L and Q63L) of RhoA, RhoB, and RhoC proteins were expressed as
proteins and p190-Rho chimeras, the fluorescence-activated cell sort- GST fusions in NIH 3T3 cells by using the pCEFL-GST vector. The
ing-isolated. EGFP-positive cells were labeled with anti-HA monoclonal expression level of the GST fusions in the stably transfected clones was
antibody or with anti-GST polyclmnal antibody fillowed by rhodamine- determined by Western blotting using anti-Rho (top panel, whole cell
or cy5-conjugated secondary antibody staining. The stained cells were lysates) and anti-GST (lower panel, glutathione-beads enriched) anti-
mounted onto slides in Aqua-mount and viewed with a Zeiss LSM510 bodies. B, the effects of these two active forms of RhoA, RhoB, and RhoC
confocal microscopy or a Leica fluorescence microscopy equipped with on cell actin structures were visualized by staining cells with rhodam-
the deconvolutiun software (Improvision, Inc.). ine-conjugated phalloidin after a 24-h period of serum starvation. C. the

focal adhesion plaques of the cells were visualized by anti-vinculin
RESULTS staining and fluorescence microscopy under similar conditions as in B.

Distinct Roles of RhoA, RhoB. and RhoC in Cell Transformna- CS, 10% of calf serum was present.

tion and Migration-Among the three closely related Rho pro-
teins, RhoA, RhoB, and RhoC, RhoA is the best characterized ditions, both active forms of RhoB and RhoC stimulated the
one and has been shown to regulate actin stress fiber and focal actin stress fiber and focal adhesion plaque formation, effects

complex formation (41), to promote cell growth (39) and to similar to that induced by the active RhoA mutants or by 10%
transform NIH 3T3 fibroblasts (42). By contrast, the function of CS stimulation (Fig. 1, B and C). Because the amino acid
RhoB or RhoC in fibroblasts has not been examined in detail sequences of the three Rho proteins are over 85% identical
and has not been directly compared with that of RhoA. To make overall and are almost 100% identical in the switch I effector
comparisons of the cellular roles of RhoA. RhoB, and RhoC, we domain, it is likely that they utilize the same set of effector
have generated two sets of activating mutants for each of the targets to mediate actin structural changes and focal adhesion
Rho proteins: the fast-cycling Rho-F30L and the GTPase-defec- assembly.
tive Rho-Q63L. Both types of the mutants result in the net Although RhoB has been suggested to be involved in Ras-
enhancement of the active Rho-GTP species in cells but involve mediated oncogenic transformation [43), RhoA is the only one
distinct mechanisms; Rho-F30L proteins contain significantly among the three that has been shown to possess transforming
increased intrinsic GDP/GTP exchange activity and remain activity (42). When the transformation ability of the RhoA,
responsive to RhoGAP stimulation to cycle between the GDP- RhoB, and RhoC mutants were directly compared in a foci-
and GTP-bound states (39), whereas the Rho-Q63L mutants forming assay, we found that RhoB displayed a potent trans-
cannot hydrolyze bound GTP and are locked into the GTP- forming activity similar to RhoA in both RhoB-F30L and RhoB-
bound active conformation (42). We introduced these mutants Q63L forms. In contrast, neither active forms of RhoC were
into NIH 3T3 cells and generated the mutant expressing stable able to transform cells (Fig. 2A). RhoA was shown previously
clones. Western blots show that the two mutant forms of all (44) to be involved in fibroblast cell movement by mediating cell
three Rho GTPases were expressed in the cells but at a lesser body contraction. When the migration rates of the cells express-
level than the endogenous Rho (Fig. MA). ing the active mutants of RhoA, RhoB, or RhoC were compared

Staining of the cells with fluorescently labeled phalloidin or in a wound healing assay, we found that RhoC, but not RhoA or
anti-vinculin antibody revealed that under the serum-free con- RhoB, was able to significantly increase migration of the cells
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GST F•Fu. 3. A schematic diagram of the Rho targeting constructs of
p190GAP fused with the C-terminal sequences of RhoA, RhoB,
or RhoC. The amino acid sequence numbers of p190GAP and the
sequences of the respective Rho proteins in the chimeras are indicated.

known to be critical for their distinct intracellular distribution
i ~(32, 33).

RhoA-F30L RhoA-Q63L Targeting Individual Rho GTPase Activities by p190-Rho
- Chimeras-The commonly used biochemical tools to implicate

the involvement of a Rho protein in a particular signaling
'i" e ..... pathway include the dominant negative mutant of the Rho

protein and certain bacterial toxins that can modify the Rho
protein function. These reagents are limited by their nonspe-

RhoB-F30L •; 4 RhoB-Q63L cific nature in interfering with Rho GTPase functions (23, 25)
and may have limited therapeutic value in targeting specific

-... Rho proteins. To specifically inhibit individual Rho protein
function, we hypothesize that the negative regulatory role of
RhoGAPs, the RhoGAP domain in particular, could be ex-

.. i..ploited to down-regulate Rho protein activity if it is directed to
where the active Rho GTPase substrates reside in cells. TheRhoC-F30L •; ....... • RhoC-Q63L

... . RhoGAP domain of p190 has been demonstrated previously

(28, 29) as a catalyst to specifically stimulate GTP-hydrolysis of
Rho. not Rac or Cdc42, but it cannot distinguish among the

Fie;. 2. Direct comparison of the transformation and migration RhoA. RhoB, and RhoC subtypes. When introduced into cells by
activities of the two active mutant forms of RhoA, RhoB, and microinjection, it is mostly cytosolic and readily disassembled
RhoC.A, 5,000 mutant RhoA, RhoB, RhoC, or GST expressing NIH 3T3 the actin stress fiber structure (45). In cells the RhoGAP do-
cells were combined with 50,000 wild type cells and were grown for 2 min is likely to be tightly regulated by other structural motifs
weeks. The resulting foci were quantified by Giemisa staining. B, cell mi
migration was measured by the wound healing assay. Cells were seeded in full-length p190, and both of its catalytic activity and intra-
on the 60-mm-diameter dishes and grown in the presence of 10% CS to cellular location may be altered by phosphorylation and pro-
confluence. A wound was introduced by scraping with a 1-2 0-Al pipette tein-protein interaction in response to extracellular stimuli (30,
tip across the center of the dish. The serum concentration in the me- 31). On the other hand, the C-terminal polybasic hypervariable
dium was reduced to 0.5% after cell wounding, and the cells were
incubated for 12 h before the photos were taken. The arrowheads region of Rho proteins, including the CAAXisoprenylation mo-
indicate the cell edges immediately after wounding. tif, appears to determine the subcellular distribution of respec-

tive Rho GTPases (32, 33). It seemed therefore logical that by
from the edge of the wound to the open space in the middle of fusing the RhoGAP domain with the C-terminal region of indi-
the wound (Fig. 2B). These results indicate that individual Rho vidual Rho protein we would provide the catalytic, GTP-hydro-
proteins have unique functions in the two aspects related to lyzing domain with a specific Rho targeting signal. When ex-
tumorigenesis, transformation and migration. RhoA, in partic- pressed at a low level in a controlled manner, such a GAP-Rho
ular, is important for cell growth control and transformation, chimera might constitute an effective and specific inhibitor of
whereas RhoC might be a key player in mediating cell move- individual Rho activity. Thus, we have generated a set of p190
ment. Although RhoB is capable of transforming cells under GAP domain and the C terminus of RhoA, RhoB, or RhoC
the overexpression conditions, it may serve as a sensor for DNA chimeric constructs to test this hypothesis (Fig. 3).
damage signals and mediate apoptotic responses of the cells To ensure that the C-terminal sequences of various Rho
based on the genetic evidence (17). The functional differences of proteins fused to the GAP domain of p1 9 0 do not interfere with
these Rho proteins might be attributed to the sequence diver- the GAP function of p19 0 , we expressed the GST-tagged p190
gence in their C-terminal hypervariable region, an area that is and p190-Rho chimeras in COS-7 cells, purified them by glu-
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A -to RhoC-F30L and co-localized with anti-GST signals with aA -uniquely diffused but punctuated pattern around the perinu-
S-clear region (Fig. 4C). These results suggest that the different

4O" •'i C-terminal sequences of the Rho proteins can direct the p190-
9 9@ Rho chimeras to distinct locations similar to the Rho GTPases

M 1,10 1& themselves.
Anti-GST blot •, To evaluate the efficacy and specificity of the chimeric con-

20- structs in cells, we employed the above described fast-cycling
0 mutant Rho-F30L and GTPase-defective mutant Rho-Q63L ex-

0 ,pressing cells as testing systems, taking advantage of the facts
Time (mno) that the F30L mutant form of the Rho GTPases is fully respon-

sive to GAP stimulation whereas the GTPase-defective Rho-
C An,-A AnI-GST mme Q61L mutants would not be affected by the RhoGAP treatment,

but both mutant forms behave similarly in eliciting cellular
effects such as induction of transformation or migration. We

OT-Rh"a + chose two retroviral expression vectors, SF91-EMCV-IRES-HA-904"-CtU. GFP and MIEG3, for delivery of the constructs, because the
former one allows high copy number insertion of the chimeras
into the host cell genome whereas the latter typically intro-

dues a single or low copy number of gene of interests, and both
GST-Rho•il contain a bicistronically expressed EGFP as a marker that
HA-plSO-RhoB-C permits quick and semi-quantitative isolation of the p190 ex-

pressing cells base on the EGFP fluorescence (36, 37, 57, 58).

When the fluorescence-activated cell sorting-purified EGFP-
positive cells were examined for the expression of Flag (by
SF91-EMCV-IRES-GFP)- or HA (by MIEG3)-tagged p190-Rho

aST-RhoC' chimeras by Western blotting, all constructs were found to be
"A-990-Rhi-cC expressed at a similar level (data not shown).

To examine whether the p190-Rho chimeras can be used to
specifically target individual Rho GTPase activities, the GTP-

Fio. 4. The pl90-Rho chimeras are active GAPs in vitro and bound form of RhoA-F30L or RhoC-F30L in cells co-expressing
target to the intracellular compartments where respective ac- RhoA-F30L or RhoC-F30L, together with p190, p190-RhoA-C,
tive Rho proteins reside. A, various p1g0GAP and pW90-Rho chime- pl90-RhoB-C or pl90-RhoC-C, were probed by affinity precip-
ras were expressed in COS-7 cells by using the pCEFL-GST vector and itation with immobilized His-Rhotekin. As shown in Fig. 5A
were purified from the transfected cells by glutathione-agarose affinity ad Fig. 6A, pl90-RhoA-C and p190-RhoC-C specifically down-
chromatography. The GST-p190 and chimera proteins were detectedby an
anti-GST Western blotting. B, the GAP activities of the respective regulated the RhoA-F30L and RhoC-F30L activity by -50 and
proteins were assayed on recombinant RhoA-ly-'•P]GTP by a filter -60%, respectively. Moreover, in cells expressing the GTPase-
binding assay. Closed circles, GST; open squares, p190 GAP domain; defective form of RhoA or RhoC, i.e. RhoA-Q63L or RhoC-Q63L,
open triangles, pl90-RhoA-C: closed triangles, pl90-RhoB-C; closed
squares, p190-RhoC-C. C, co-localization of the p190-Rho chimeras with pl90-RlioA-C and p190-RhoC-C did not affect the amount of
that of the F30L mutant form of RhoA. RhoB, or RhoC. The GST-Rho- RhoA-Q63L-GTP and RhoC-Q63L-GTP precipitated from the
F30L expressing cells were infected with the respective retrovirus ex- cell lysates by Rhotekin (data not shown). Thus, the pl90-Rho
pressing HA-tagged p190-Rho chimeras, and the EGFP-positive cells chimeras, pl90-RhoA-C and pl90-RhoC-C in particular, can
were isolated and imaged after anti-GST and anti-HA imniunoflUores-
cence staining. The anti-GST and anti-HA staining patterns, as well as specifically down-regulate individual Rho protein activity de-
the overlay of the images, are shown, pending on the C-terminal sequences of the Rho protein fused

to the RhoGAP domain.

tathione-agarose affinity beads, and compared their GAP ac- To demonstrate the functional outcome of p190-Rho chimera

tivities in vitro (Fig. 4A). Under similar doses, p190-RhoA-C, application, the transformation and migration phenotypes
pl90-RhoB-C, and pl90-RhoC-C displayed comparable GAP caused by expression of RhoA-F30L or RhoC-F30L (Fig. 2) were

activities as p190 GAP domain alone on the RhoA substrate to examined in cells co-expressing RhoA-F30L or RhoC-F30L and
stimulate I-Y,,-PIGTP hydrolysis in a time-dependent manner various chimeras. Fig. 5B and Fig. 6B show that the RhoA-
(Fig. 4B), indicating that all four p190 and p190-Rho chimera F30L-induced transformation can be specifically inhibited by
proteins are functional. To further determine whether the C- expression of p190-RhoA-C using the high copy number retro-
terminal sequences of Rho proteins in the chimeras could in- viral vector, SF91-EMCV-IRES-GFP, whereas the RhoC-F30L-
deed dictate intracellular localization of the fused p190 GAP stimulated cell migration can be specifically reverted by p190-
domain, we next examined the localization patterns of p19O_ RhoC-C but not by p1 9 0 , p190-RhoA-C, or p190-RhoB-C, by
RhoA-C, p190-RhoB-C, and pl90-RhoC-C by immunofluores- using the low copy number vector, MIEG3. Moreover, the pl 9 0-
cence and made comparisons with those of the respective Rho- Rho chimeras had no effect on the RhoA-Q63L- or RhoC-Q63L-
F30L proteins expressed in these cells. As shown in Fig. 4(C, induced cell transformation or migration (data not shown).
pl90-RhoA-C was found mostly in the cytosol with a small These results further suggest that the p190-Rho chimeras are
proportion localized at the plasma membrane. This was similar useful tools to functionally revert cellular phenotypes caused
to that of the GST-RhoA-F30L distribution pattern revealed by by elevation of individual Rho activity.
anti-GST immunostaining and appeared to co-localize with the Reversal of Tumor Cell Transformation and/or Invasion by
anti-GST immunofluorescence (Fig. 4C0. pl90-RhoB-C was p190-RhoC-C Chimera-We next asked whether the p190-Rho
found in the intracellular vesicles reminiscent of endosomes, chimeras could be applied to human cancer cells that show
similar to the RhoB-F30L locations (see Fig. 4C and Ref. 33). characteristics of transformation and/or invasion because of
Likewise, pl90-RhoC-C displayed a similar localization pattern overexpression or up-regulation of specific Rho GTPase. It has
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Fin. 5. The pl90-RhoA-C construct specifically down-regu- •& .'
lates RhoA biochemical activity and RhoA-induced transforma-

tion in cells. A, determination of the cellular activity of RhoA after RhoC-FUL RhoC-F30L RhoC-F30L
treatment with various p190-Rho chimeras by the Rho-effector pull- p1g0-RhoA-UGFP p190-RhoB-GFP pl20-RhoC-ClGFP
down assay. The GST-RhoA-F30L expressing cells infected with retro-
viruses containing various p190-Rho chimeric constructs expressed by Fir. 6. The pl90-RhoC-C construct specifically down-regu-
SF91-EMCV-IRES-GFP vector were lysed, and the cell lysates were lates RhoC biochemical activity and RhoC-induced cell migra.
incubated with His-tagged Rhotekin immobilized on Ni-NTA beads. tion. A, determination of the cellular activity of RhoC after treatment
The co-precipitated RhoA-F30L-GTP were analyzed by Western blot- with various p190-Rho chimeras by the Rho-effector pull-down assay.
ting with anti-GST monoclonal antibodies lupper panel). The total The GST-RhoC-F30L expressing cells infected with retroviruses con-
amount of GST-RhoA-F30L in each sample were shown in the lower taining various p190-Rho chimeric constructs expressed by MIEG3
panel. B, inhibition of the RhoA-induced cell transformation by p190- vector were lysed, and the cell lysates were incubated with His-tagged
RhoA-C. The foci formation induced by F30LRhoA expression in NIH Rhotekin imnmobilized on Ni-NTA beads. The co-precipitated RhoC-
3T3 cells were quantified as in Fig. 2 after transduction with retrovirus F30L-GTP and total amount of RhoC-F30L in the lysates were analyzed
containing the SF91-EMCV-IRES-GFP vector alone, p190, or various by Western blotting with anti-GST monoclonal antibodies. B, reversal
p190-Rho chimeras. of the RhoC-induced cell migration by p190-RhoC-C. The motile RhoC-

F30L expressing NIH 3T3 cells were transduced with retrovirus con-
taining the MIEG3 vector alone, p190GAP, or various p190-Rho chime-

been demonstrated previously (16) that the HME acquire the ras. 'rhe effects on the cell migration over a 12-h period were examined
by wound healing assay. Arowheads indicate the cell edges immedi-

transformation and invasion activities by overexpression of' ately after the wounds were iitroduced.
RhoC, resulting in phenotypes similar to that of inflammatory
breast cancer cells. In the soft agar-based growth assay, very detectable effect on the migration or invasion property of the
few colonies were seen gr-own in the control retrovirus-treated tumor cells (Fig. 8, A and B). Thus, it appears that the p190-
HME cells (Fig. 7A). Upon introduction of RhoC. the colony- Rho chimeras can be applied to human tumor cells to specifi-
forming activity of the cells (HME-RhoC) increased dranmati- cally down-regulate individual Rho GTPase activities and to
cally. As shown in Fig. 7A, the colony-foirming activity of HME- reverse the growth and/or invasion phenotypes associated with
RhoC cells was inhibited by --5-fold upon treatment with the overexpression of a distinct subtype of Rho GTPase.
retrovirus expressing pl90-RhoC-C whereas it was not affected
by the control EGFP expressing virus or virus expressing p190, DISCUSSION

pl90-RboA-C, or p190-RhoB-C. Moreover, the invasive activity The genes encoding H-, N- and K-Ras GTPases were among
of HME-RhoC was also specifically inhibited by pl90-RhoC-C the first human oncogenes identified and have been found to be
but not by EGFP alone or by p190, pl90-RhoA-C, or p190- mutated in about 30% of human cancers (46). These mutations
RhoB-C (Fig. 7B). typically result in constitutively active Ras proteins that are

In a previous gene array screening, the mRNA level of RhoC GTPase-defective and unresponsive to Ras GAP stimulation.
was found to be significantly elevated in the highly metastatic To target oncogenic Ras in cancer, several strategies have been
human melanoma A375-M cells compared with the non-inva- developed. Farnesyltransferase inhibitors inhibit Ras function
sive parental A375 cells (15). The invasive and metastatic by preventing its post-translational modification by farnesyl
properties of A375-M were attributed in part to the increased isoprenoid (47), and the intracellular antibody capture technol-
RhoC activity (15). When the set of p190-Rho chimeras were ogy was effective in generating intrabodies that bind to the
applied to the A375-M tumor cells, the p190-RhoC-C chimera oncogenic Ras protein (48). Another approach was the genera-
was found to reduce both the migration and the invasion ac- tion of a set of peptides derived from mutated Ras to act as
tivities of A375-M significantly (Fig. 8, A and B), similar to the antigens for cytotoxic and helper T-cell recognition for immu-
extent caused by forced expression of excess amount of doini- notherapy (49). Antisense technology has also been applied to
nant negative RhoA (15). Again, p190, pl90-RhoA-C, or p190- specifically inhibit the expression of pathogenic Ras to reverse
RhoB-C, as well as the retrovirus-expressed EGFP, had no Ras-induced tumor proliferation (50. Recent progress in small
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ent growth and invasion properties of the human breast cancer cells and the metastatic A375-M cells transduced with the retrovirus
cells HM4E-RhoC. A. the abilities of HIME, HME-RhoC, and lIME- encoding the MIEG3 vector alone, p190GAP, or various p190-RhJo chi-

RhoC transduced with various p190-Rho chimeras with MIEG3 vector mneras was assayed in a transwell. The cells that moved into the pore of

to grow on soft agar were compared 3 weeks aftcr plating the cells on the iranswell membranes after a 16-h incubation were quantified. B,

0.3% of soft agar. B, the invasive activity of the HME-RlhoC cells and the cells were induced to invade the inatrigel-coated membranes by 10%

those transduced with various p190-Rho chimeras were assayed in a FBS in a transwell for 48 h. The number of cells invaded into the

Matrigel-coated transwell, The cells that succeeded in invasion into the matrigel was counted. The quantitative results were derived from ex-

Matrigel were quantified 16 h after plating. periments carined out in triplicate.

interference RNA technology may present additional means to phological transformation, gene induction, apoptosis, and cell

specifically target signaling molecules whose overexpression or cycle p~rogression (1-3). Moreover, RhoA, Racl, and Cdc42 have

elevated activity is associated with cancer development (59, been implicated as essential components for Ras-induced

60). However, some of these strategies are still at an infant transformation (11). Accunmulating evidence points to specific

stage of development or have encountered difficulties at the cell roles of individual members of Rho family in different aspects

biology stage or when applied to clinical cases, and it remains of the tumor development, such as increased proliferation, loss

a challenge to develop novel approaches that may effectively of contact inhibition, transformation, invasion into the adjacent

alter the Ras-associated tumorigenic proper-ties by interfering tissues, and metastasis to the distant organs (8-10). Similar to

with Ras or Ras-pathway related signaling molecules. Ras, Rho GTPases and the signaling pathways controlled by

Rho GTPases are key regulators of multiple cell functions them may therefo~re make attractive targets for therapeutic

related to cancer development 18). They affect cell-to-cell or intervention in cancer.

cell-to-extracellular matrix adhesion, cell movement and mnor- Unlike Ras, no constitutively at-tivating mutations of Rho
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proteins have been found in human tumors so far, Extensive vitro and indeed co-localized to the distinct intracellular loca-
screening has revealed that up-regulation or overexpression, tions specified by the Rho C-terminal sequences. This differen-
rather than mutation, of specific Rho GTPases often associates tial localization may also partly explain the differential func-
with tumorigenesis and sometimes correlates with poor prog- tions displayed by different Rho subtypes. Further cellular
nosis (18-22). Currently proposed methods of interfering with assays revealed that p190-Rho chimeras specifically down-
Rho GTPase function include designing geranylgeranyltrans- regulated Rho protein activities in cells depending on the
ferase inhibitors for Rho proteins similar to the farnesyltrans- C-terminal sequences in the chimeras when expressed in a
ferase inhibitors for Ras, inhibiting the GEF activity or Rho- controlled manner by retroviral induction. Moreover, p190-
GEF interaction to suppress endogenous Rho activity, blocking RhoA-C and p190-RhoC-C specifically inhibited the RhoA- or
the interaction between a Rho GTPase and its specific down- RhoC-stimulated cell transformation or migration. Although it
stream effectors, and inactivating effector functions (8). Al- was effective in specifically down-regulating RhoA or RhoC
though these approaches are reasonable and may yield useful activity and in reversing the transformation or migration phe-
reagents for blocking Rho GTPase pathways (e.g. compound notype induced by the respective fast-cycling mutant, p190-
Y35674 specifically inhibits Rho kinase activity; see Ref. 51), RhoA-C and p190-RhoC-C had no effect on the activity of or
most have not evolved to a stage where a specific inhibition of phenotype induced by the GTPase-defective mutant RhoA-
selected Rho functions can be achieved. At the Rho activity Q63L or RhoC-Q63L. These results validate the RhoGAP-based
level, dominant negative mutants of Rho GTPases and Rho approach to specifically down-regulate the biochemical and
GTPase-modifying bacterial toxins remain the predominant biological activity of individual Rho subtypes in cells.
reagents of choice for the cell biological studies of Rho protein To examine the efficacy of this approach in tumor cells, we
function (23, 25). However. concern over their specificity and applied the p190-Rho chimera constructs to two different hu-
efficacy in many situations limits their value, and whether they man tumor cells of which the oncogenic and invasive properties
can be applied to the study of human diseases or be used for have previously been attributed to elevated RhoC expression
therapeutic purposes remains to be tested. (15, 16). In both the breast cancer HME-RhoC cells and the

The RhoGAP family regulatory proteins of Rho GTPases melanoma A375-M cells, p190-RhoC-C, but not other p190-Rho
include over 70 mammalian members (5). The GAP activities of constructs, had a potent inhibitory effect on the anchorage-
RhoGAPs are tightly controlled in cells via complex protein- independent growth and/or migration and invasion. Thus, the
protein or protein-lipid interactions so that the Rho GTPases p190-Rho-based method appears to work exceptionally well at
would not be in the off-state all the time. Many RhoGAP do- the tumor cell level in specifically down-regulating the activity
mains, however, appear to represent a constitutively active of an individual Rho subtype and in reversing the tumor cell
structural module and display limited specificity toward the phenotypes. It remains to be seen whether this approach can be
Rho GTPase substrates. Under overexpression or microinjec- used in other cancer cell types and whether the reversal of
tion conditions, RhoGAP domain alone could cause Rho phenotypes of the cancer cells will hold in an animal model.
GTPase down-regulation and disruption of certain Rho-medi- Like other cases of retrovirus-based gene transfer approach,
ated cellular functions (45, 52, 53). This likely is because of the copy number of the introduced p190-Rho chimeras in the
partial saturation of intracellular compartments by the intro- host cells will likely to be critical for the efficacy of their
duced RhoGAP domain and may not be desirable in studies to application. Although pl90-RhoC-C was effective in down-reg-
extract more specific function of individual members of Rho ulating the biochemical activity and migration phenotype of
GTPases. In this context, the concern for specificity when uti- RhoC when expressed with the low copy number vector MIEG3
lizing RhoGAP domain alone for down-regulation of Rho pro- (Fig. 6), we have found that expression of p190-RhoA-C or
teins is similar to the use of dominant negative Rho GTPases or pl90-RhoB-C with MIEG3 is insufficient for down-regulating
bacterial toxins, the biochemical activity or transforming activity of RhoA-F30L

In the present studies, we hypothesize that the negative or RhoB-F30L (data not shown). However, expression of p190-
regulatory role of the RhoGAP domain could be exploited to RhoA-C with the high copy number retroviral vector, SF91-
specifically down-regulate individual Rho protein activity, pro- EMCV-IRES-GFP, which has been in use for human gene ther-
vided that it could be expressed at a level in a controlled apy trials (57, 58), can specifically decrease both the
manner and could be directed to sites where active Rho GTPase biochemical activity of F30LRhoA and the RhoA-F30L-induced
substrates are localized by means of the C-terminal intracellu- transformation under conditions in which p190-RhoB-C, pl 9 0-
lar targeting sequences of the Rho protein. In particular, RhoC-C, or p190 alone expressed by using the same vector did
p190GAP fused with the RhoA, RhoB, or RhoC C-terminal not affect RhoA-F30L activity or the RhoA-F30L-induced trans-
sequences might be useful for specific down-regulation of the formation (Fig. 5). These results highlight the importance of
respective cellular Rho GTPase activities. This is an attractive dose dependence in effectiveness and specificity when applying
model system, because as we demonstrated in NIH 3T3 cells, this method to future animal and human trials.
RhoA, RhoB, and RhoC play different roles in mediating cell In addition to p190, which is active GAP toward RhoA, RhoB,
transformation and migration (Fig. 2). Previous gene targeting and RhoC, the GAP domain of Bcr has been shown to be specific
studies of RholB function have shown that distinct from the for Rac but cannot distinguish among Racl, Rac2, and Rac3
positive influence on tumor growth or metastasis by RhoA or subtypes (54), whereas Cdc42GAP favors catalyzing the GTP
RhoC (11, 15), RhoB may act as a negative modifier or suppres- hydrolysis of Cdc42 but remains quite active toward other Rho
sor in cancer development, mediating cellular responses to proteins (55). Like that of RhoA, RhoB, and RhoC, the C-
DNA damage or farnesyltransferase inhibitors (17). Thus, terminal sequences of Racl, 2, and 3 and Cdc42, including the
achieving specific targeting of different subtypes of Rho pro- lipid modification CAAX motif, have been known to direct their
teins would be highly desirable in the treatment of tumor cells distinct intracellular localization patterns (33). Given the
to reverse the growth and/or invasion phenotypes caused by strong evidence of a role of various Rac subtypes and Cdc42 in
overexpression of RhoA or RhoC while preserving the tumor tumorigenesis and other human diseases (8, 56), it will be of
suppressor function of RhoB. interest to test whether the BcrGAP fused with the respective

As a demonstration of principle, we showed that the p190- Rac C-terminal sequences and the Cdc42GAP fused with the
Rho chimeras were biochemically active as GAPs for RhoA in corresponding Cdc42 sequences would work as nicely to specif-
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ically down-regulate their respective Rho GTPase substrates 27. Wang, D. Z., Nur-E-Kamal, M. S., Tiklo, A., Montague. W., and Maruta. H.
)(1997) Cawer Res. 57, 2478-2484

when expressed in cells in a controlled manner as the p190 - 28. Zhang, B., and Zheng, Y. 1998) Bicothemniary 37, 5249-5257

RhoA-C and p190-RhoC-C chimera toward RhoA or RhoC 29 Srttleman, J., Narasinhan, V., Foster, L. C.. and Weinberg, R. A. (1992) Cell

shown in the current studies. These RhoGAP-based constructs 69, 539-549
30ý Brouns, M. R., Matheson, S. F., Hu. K. Q., Delalle, I., Caviness, V. S., Silver,

may also provide valuable tools for the cell biological studies of J , Bronson, R. T., and Settleman, J. (2000) Development 127, 4891-4903

individual Rho protein functions that might not have been 31. Brouns, M. R., Matheson. S. F., and Settleman, J. (2001) Nat. Cell Biol. 3,
361-367appreciated previously by the dominant negative mutant ap- 32. Adamson, P., Paterson, 11. F., and [ail, A. (1992) J, Cell Biol. 119, 617-627

proach or the toxin treatment. 33, Michaelson, D, Silletti, J., Murphy, G., D'Eustachio, P., Rush. M., and Philips.
M. W. (2001) J. ('ell Btio. 152, 111-126
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One sentence summary: The Na,K-ATPase a- and 0-subunits suppress cell motility

in a P13-kinase and Racl dependent manner via protein-protein interactions.
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Abstract

Cell motility is an important event during normal development and cancer

metastasis. The mechanisms controlling cell motility are poorly understood. In this study,

we demonstrate a novel mechanism involving cross talk between XI - and P3, -subunits of

Na,K-ATPase in P13-kinase signaling and suppression of cell motility. The a, - associates

with the regulatory subunit of P13-kinase and the P3I- binds to annexin II and locally

activates P13-kinase and Rac I at the lamellipodia. Pharmacological inhibition of Na,K-

ATPase neither affected a,- association to P13-kinase nor annexin II binding to P31-

indicating that Na,K-ATPase ion transport function and suppression of cell motility are

independent events.
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The Na,K-ATPase, consisting of cx and P3 subunits regulates the intracellular ion

homeostasis. Na,K-ATPase function is important for the regulation of epithelial cell

structure and transport functions (1-4). Dysfunction of Na,K-ATPase has been implicated

in various epithelial cell diseases such as polycystic kidney disease (5) hypertension (6),

hypomagnesaemia (7) ischemia (8) and cancer (1, 9-11). While both the subunits are

required for the function of Na,K-ATPase, the specific role of P3 ]-subunit remains

unclear. However, recent studies indicate that the P1I-subunit might have additional

functions in epithelial cells. The levels of P13-subunit protein were low in tumor tissues of

an aggressive form of kidney cancer (9) and in highly motile Moloney Sarcoma Virus

transformed Madin-Darby canine kidney (MSV-MDCK) cells (1). Repletion of 13-

subunit in MSV-MDCK cells suppressed their motility (1). The transcription factor Snail

reduces the expression of proteins involved in suppression of cell motility in epithelial

cells, both during normal development as well as the progression of carcinoma (12). The

P -subunit expression was transcriptionally suppressed by Snail indicating that normal

13 1-subunit expression is involved in the suppression of cell motility in epithelial cells

(11).

To study the mechanism by which the 131-subunit of Na,K-ATPase controls cell

motility, we used MSV-MDCK cells ectopically expressing the 13 1-subunit. Expression of

untagged (MSV-Na,K-P1 I) or GFP-tagged 13 I-subunit (MSV-Na,K-[31 -GFP) decreased the

motility (13) by 50 ± 1.7 % and 45 ± 4.5 %, respectively compared to MSV-MDCK

vector cells. Cells expressing a cytoplasmic tail deletion mutant of 0 -subunit (MSV-
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Na,K-P13ACD-GFP) did not show a reduction in the motility (Fig. IA), suggesting that the

cytoplasmic tail of P I-subunit is essential for the suppression of cell motility.

Immunofluorescence analysis revealed that in MSV-Na,K-Pj cells, the P1 -subunit

was concentrated at the actin rich lamellipodia whereas in MSV-Na,K-P I ACD-GFP cells,

lamellipodia were sparsely present and showed abundant stress fibers like in parental

MSV-MDCK cells (Fig. 1B). The (xi-subunit co-localized with the PI-subunit at the

lamellipodia (Fig.S 1). These results indicated that the ectopic expression of full length

P1I-subunit induced lamellipodia by the reorganization of the actin cytoskeleton.

The formation of lamellipodia requires remodeling of the cortical actin

cytoskeleton, which is governed by the activity of Rac 1 in fibroblasts and epithelial cells

(14, 15). To test whether Racl is involved in the P I-subunit mediated lamellipodia

formation, we used an in vitro biochemical assay to determine the endogenous levels of

active Rac . MSV-MDCK cells expressing full length PI -subunit showed 7-8-fold

increase in the levels of active Rac 1 compared to MSV-MDCK vector and MSV-Na,K-

P 1ACD-GFP cells (Fig. 1C ). The total Racl levels were similar in all these cell lines. To

further substantiate the role of Rac I in the suppression of motility, we generated MSV-

MDCK cells expressing constitutively active L61 Rac 1, a mutant that is defective in

GTPase activity and is thought to exist constitutively in the GTP-bound form (MSV-

L61Rac 1) (14). If Rac I is involved in the suppression of cell motility, then over

expression of constitutively active Rac I in MSV-MDCK cells should induce lamellipodia

and reduce their motility. As expected, a 45% reduction in the motility was observed in

MSV-L61Rac I cells compared to the vector transfected MSV-MDCK cells (MSV-

MIEG3) (Fig. ID). MSV-L61 Rac I cells displayed large lamellipodia with Rac I
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localized to the lamellipodia and revealed highly reduced stress fibers (Fig. S2). These

results demonstrated that increased Rac 1 activity is associated with the suppression of

motility in MSV-MDCK cells expressing the [I-subunit.

Although the precise mechanism is still not known, previous studies have

demonstrated that P13-kinase is involved in the activation of Rac 1 (16, 17). To test

whether the activation of RacI is mediated by P13-kinase, we treated MSV-Na,K-f3 1 cells

with specific pharmacological inhibitors of P13-kinase such as Wortmannin and

LY294002. Treatment with these P13-kinase inhibitors drastically reduced the

lamellipodia and increased stress fibers in MSV-Na,K-13 1 cells compared to the untreated

cells (Fig. 2A). Removal of Wortmannin reinduced the lamellipodia indicating that the

effect of P13-kinase on the induction of lamellipodia is reversible (data not shown).

Reduced amount of lamellipodia correlated with diminished levels of active Rac 1

whereas the levels of total Racl remained unchanged in these cells (Fig. 2B).

Furthermore, inhibition of P13-kinase activity resulted in an increased motility of MSV-

Na,K-13 cells (Fig. 2C). We then designed experiments to test whether P13-kinase is

activated in MSV-Na,K-P1 cells. The Class I P13-kinase is composed of two subunits, a

110 kDa catalytic subunit, and a 85 kDa regulatory subunit. The tyrosine phosphorylation

of the p85 subunit is coupled to the activation of this subunit, which in turn activates the

catalytic subunit (18). Although the total levels of p85 remained similar, the MSV-Na,K-

13, cells showed 1.8-fold higher levels of tyrosine phosphorylated p85 subunit as

compared to the MSV-MDCK cells (Fig. S3). Furthermore, PH-Akt-GFP a probe that can

indicate local activation of P13-kinase (19, 20) co-localized with the P1 I-subunit at the

lamellipodia in MSV-Na,K-31 cells, whereas in MSV-MDCK cells it was present mostly

5



in the cytoplasm (Fig.2D). Taken together, these results demonstrated that P13-kinase is

involved in the activation of Rac I and suppression of cell motility in MSV-MDCK cells

expressing 13P-subunit. Furthermore, the colocalization of PH-Akt-GFP with the 13'-

subunit at the lamellipodia indicated the presence of products of P13-kinase activation at

the lamellipodia together with the 13P-subunit.

The requirement of the cytoplasmic domain of the 13,-subunit to suppress cell

motility suggested that this domain might interact with protein/s involved in the

suppression of motility in MSV-MDCK cells. To test this possibility we used the

cytoplasmic domain of the 13P -subunit fused with glutatione S-transferase (Na,K-[3 ICD-

GST) to identify associated proteins by MALDI-Toff (13). A candidate binding protein

identified by MALDI-Toff was annexin II. Annexin II binds anionic phospholipids such

as PIP 3, a product of P13-kinase activation, is found in the preparations of lamellipodia

and is known to suppress cell motility (21-24). The Na,K-13,CD-GST pulled down

annexin II in a concentration dependent manner from MSV-Na,K-P3I cell lysates (Fig.

3A). To further characterize the association of annexin II with the P3 I-subunit, canine

annexin II was cloned (25) and expressed as a GST-fusion protein in E. coli. The GST-

annexin pulled down 13 I-subunit from MSV-Na,K-13, cell lysates (Fig.3B). To test

whether P3 I-subunit association with annexin II occurs in vivo, we used co-

immunoprecipitation analysis (13). Considerable amounts of annexin II co-

immunoprecipitated with anti-13 -subunit antibody but not with the anti-otI-subunit

antibody (Fig.3C). In addition, anti-P3 -subunit antibody did not coimmunoprecipitate

annexin II from MSV-NaK-P3IACD-GFP cells (Fig. 3C) demonstrating that the

cytoplasmic domain of the P3,-subunit mediates the association with annexin II in vivo.

6



We then tested whether the 13i-subunit association with annexin II is dependent on the

activation of P13-kinase. In order to examine this possibility, MSV-Na,K-13 1 cells were

treated with LY294002 and the amount of annexin II coimmunoprecipitated with the P3j-

subunit was quantified. While the LY294002 treatment did not affect the total levels of

annexin II, there was a 80% reduction in the amount of annexin II coimmunoprecipitated

with the 13P-subunit in LY294002 treated cells compared to the control cells (Fig. 3D).

These results demonstrate that annexin II binding to the 13P-subunit is markedly dependent

on the activation of P13-kinase.

Previous studies have shown that the p85 subunit of P13-kinase associates with

the cl 1-subunit of Na,K-ATPase and activates P13-kinase (26). Immunoprecipitates of p85

in MSV-Na,K-13, cells contained 3-fold more co,-subunit compared to parental MSV-

MDCK vector and MSV-Na,K-13 I ACD-GFP cells (Fig.4A). Immunoprecipitation with

anti-cLI-subunit antibody followed by immunoblotting with anti-phosphotyrosine

antibody revealed increased amounts of tyrosine phosphorylated p85 associated with the

x I-subunit in MSV-Na,K-131 cells compared to MSV-MDCK vector and MSV-Na,K-

13IACD-GFP cells (Fig. 4B). This result indicated that increased association of p85 with

the oxI-subunit is involved in the activation of P13-kinase signaling (26). MSV-Na,K-131

cells contain 2-fold more ct,-subunit than MSV-MDCK vector and MSV-Na,K-13,ACD-

GFP cells (27) indicating that increased levels of (x -subunit is involved in the activation

of P13 kinase. To further confirm this notion, we ectopically expressed oxi-subunit in

Na,K-P 1ACD-GFP cells. These cells showed increased tyrosine phosphorylation of p85

associated with cc,- subunit (Fig.4C) but did not reveal lamellipodia or reduced motility

7





formation or Rac 1 activation, we suggest that the suppression of motility by Na,K-

ATPase is primarily mediated by protein-protein interaction of the Na,K-ATPase a1 - and

1- subunits rather than its ion transporting function.

P13-kinase dependent Rac 1 activation is also involved in E-cadherin mediated

cell-cell adhesion (29-33). However, MSV-Na,K-031 cells lack E-cadherin (1) and

therefore, Rac 1 activation in MSV-Na,K-f3 1 cells is independent of cadherin mediated

adhesion and is dependent on the expression of the P 1-subunit in these cells.

Reexpression of either E-cadherin or the PI1-subunit reduced the motility of these cells

whereas coexpression of both these proteins suppressed the motility even further

indicating that the functions of both these proteins synergistically suppress the motility of

carcinoma cells (1). Therefore, the loss of either E-cadherin or the P I-subunit in

carcinoma cells might be associated with their increased motility and invasive behavior

and ability to increase the expression of both these proteins in carcinoma cells should

have significant therapeutic value to impede cancer cell invasion and metastasis.
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Figure Legends

Fig. 1. Na,K-ATPase P3 -subunit expression suppresses cell motility by reorganization of

the actin cytoskeleton in a Rac 1-dependent manner. (A) Migration of MSV-MDCK cells

expressing either GFP (1), Na,K-ATPase 13 i-subunit (2), GFP tagged Na,K-ATPase [3i-

subunit (3) or GFP tagged Na,K-ATPase P3 1-subunit ACD (4) across trans-well filters. (B)

Confocal three-dimensional (3D)-reconstructions showing actin organization (red) of

MSV-MDCK-GFP (a), MSV-Na,K-p3i-GFP (b), MSV-Na,K-P3IACD-GFP (c) and

colocalization of Na,K-P3 I-GFP with filamentous actin (yellow) at the lamellipodia (d).

The GFP fluorescence in a and c is not shown to reveal stress fibers clearly. (C)

Immunoblot showing active and total endogenous Rac 1 in MSV-MDCK-GFP (1), MSV-

Na,K-13 1 (2), MSV-Na,K-13 1-GFP (3) and MSV-Na,K-3IACD-GFP (4) cells. The graph

shows quantification of the immunoblot data. (D) Migration of MSV-MDCK cells

transfected with MIEG3 vector (mn) or L61Racl (o). Bar, 25 pim

Fig. 2. P13-kinase is required for the Na,K-ATPase P3 1-subunit mediated suppression of

cell motility and enhancement of Rac I activity. (A) Phalloidin staining showing actin

organization of MSV-Na,K-P31 cells treated with DMSO, wortmannin or LY294002. (B)

Immunoblot showing active and total levels of endogenous Rac I in DMSO or LY294002

treated MSV-MDCK and MSV-Na,K-P, cells. (C) Migration of MSV-Na,K-13 1 cells

treated with DMSO or wortmannin across trans-well filters. (D) Immunolocalization of

Na,K-ATPase 131-subunit and PH-Akt-GFP in MSV-MDCK and MSV-Na,K-31 cells.

Bar, 25 ptm.
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Fig. 3. Na,K-ATPase P31-subunit cytoplasmic tail interacts with annexin II in a P13-kinase

dependent manner. (A) 10 or 20 ýtg of GST-Na,K-P3ICD was incubated with I mg of

MSV-Na,K-13 1 cell lysate and the annexin II pulled down by GST-Na,K-[31CD was

determined by immunoblotting. (B) GST-annexin II pull down MSV-Na,K-/31 cell lysate

showing Na,K-ATPase P3 I-subunit interaction with annexin (C) Na,K-ATPase aoI-subunit

or P3 I-subunit from MSV-Na,K-3 1 and MSV-Na,K-3 1 ACD-GFP cell lysates was

immunoprecipitated (IP) using corresponding antibodies and analyzed by

immunoblotting (IB) for the presence of annexin II. (D) MSV-Na,K-3 1 cells were treated

with DMSO or LY294002 and lysed. 1 mg of total protein was used for

immunoprecipitating Na,K-ATPase P3 I-subunit. The amount of annexin II bound to Na,K-

ATPase P3 -subunit was detected by immunoblotting. The graph shows the quantification

of the immunoblot data.

Fig. 4. Analysis of the role of Na,K-ATPase ao-subunit and enzyme activity in P13-

kinase signaling and Racl activation. (A) After immunoprecipitation (IP) of p85 subunit

from ling of MSV-MDCK, MSV-Na,K-13 1 and MSV-Na,K-3IACD-GFP cell lysates co-

precipitating cc-subunit was detected by immunoblotting (IB). (B) MSV-MDCK, MSV-

Na,K-[31 and MSV-NaK-[3jACD-GFP cells were lysed and NaK-ATPase cx1-subunit was

immunoprecipitated. The precipitate was analyzed by immunoblotting for tyrosine

phosphorylated p85 subunit by using anti-phosphotyrosine antibodies. The blots were

stripped and reprobed for p85 subunit to confirm the presence of p85 (data not shown).

(C) MSV-Na,K-P3IACD-GFP cells expressing cl-subunit showing increased levels of
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tyrosine phosphorylated p85. The amount of tyrosine phosphorylated p85 subunit in the

parental and the transfected cells was determined by immunoprecipitating p85 subunit

from lmg of cell lysates, followed by blotting with anti-phosphotyrosine antibodies. (D)

MSV-MDCK and MSV-Na,KpI cells showing actin organization after treatment with

ouabain. For E, F and G, MSV-Na,K-P31 cells treated with DMSO or ouabain were used.

(E) Immunoblot showing the active and total levels of endogenous Rac 1, (F) annexin II

bound to Na,K-ATPase [I-subunit and (G) p85 subunit bound to xC-subunit. Bar, 25 p4m
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