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Human p63RhoGEF, a novel RhoA-specific guanine
nucleotide exchange factor, is localized in cardiac
sarcomere
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Summary

The Rho small GTPases are crucial proteins involved induces RhoA-dependent stress fiber formation in
in regulation of signal transduction cascades from fibroblasts and in H9C2 cardiac myoblasts. Moreover, we
extracellular stimuli to cell nucleus and cytoskeleton. It has show that p63RhoGEF activation of RhoA in intact cells is
been reported that these GTPases are directly associated dependent on the presence of the PH domain. Using a
with cardiovascular disorders. In this context, we have specific anti-p63RhoGEF antibody, we have detected the
searched for novel modulators of Rho GTPases, and here p63RhoGEF protein by immunocytochemistry in human
we describe p63RhoGEF a new Dbl-like guanine nucleotide heart and brain tissue sections. Confocal microscopy shows
exchange factor (GEF). P63RhoGEF encodes a 63 kDa that p63RhoGEF is located in the sarcomeric I-band
protein containing a Dbl homology domain in tandem with  mainly constituted of cardiac sarcomeric actin. Together,
a pleckstrin homology domain and is most closely related these results show that p63RhoGEF is a RhoA-specific
to the second Rho GEF domain of Trio. Northern blot and GEF that may play a key role in actin cytoskeleton
in situ analysis have shown that p63RhoGEF is mainly reorganization in different tissues, especially in heart
expressed in heart and brain. In vitro guanine nucleotide cellular morphology.

exchange assays have shown that p63RhoGEF specifically

acts on RhoA. Accordingly, p63RhoGEF expression Key words: GEF, RhoA, Cardiac sarcomere

Introduction domain of about 180 residues based on sequence homology

The Rho family of small GTPases act as molecular switches ith the central portion of the Dbl oncogene, the first identified
control a wide range of cellular processes in eukaryotic cell§tho GEF active on Cdc42 and RhoA (Hart et al., 1994). In
such as normal growth, transformation, gene regulation arf@ndem with the DH domain is invariably found a pleckstrin
actin cytoskeletal organization (Hall, 1998). Each member dfiomology (PH) domain, generally recognized as a membrane
the Rho family has a different influence on the cytoskeletdiargeting module by its capacity to bind to phosphoinositides
structure and on cellular morphology. In fibroblasts, RhoALemmon and Ferguson, 2000). More recently, PH domains
induces the formation of stress fibers associated with foc&lave been shown to directly link PH-containing proteins to the
adhesions, Racl produces lamellipodia or membrane rufflingictin cytoskeleton, by binding to actin (Yao et al., 1999) or to
and Cdc42 evokes filopodia (Nobes and Hall, 1995; Ridley eétn actin-binding protein such as filamin in the case of Trio
al., 1992; Ridley and Hall, 1992). In other cell types, thesé¢Bellanger et al., 2000). PH domains have also been proposed
Rho-like GTPases trigger tissue-specific responses by thdi modulate the DH-mediated catalytic activity, depending on
action on the actin cytoskeleton. The Rho GTPases atbe nature of the phosphoinositides they bind (Han et al., 1998).
molecular switches that cycle between an inactive (GDP- The invariable association of a DH with a PH domain within
bound) and an active (GTP-bound) conformation. They arthe Rho GEF family suggests that the DH-PH tandem
regulated by guanine nucleotide exchange factors (GEFs) thapresents the functional unit responsible for activation of the
activate them by accelerating the GDP/GTP exchange, whilRho GTPases. In addition to this tandem module, Rho GEFs
the GTPase-activating proteins (GAPs) stimulate GTRften present other structural or functional domains, predicted
hydrolysis (Stam and Collard, 1999). To date, more than 3t play regulatory roles in the localization or the control of the
mammalian GEFs of the Dbl family have been identified GEF activity (Stam and Collard, 1999) and in the involvment
These proteins are characterized by a Dbl homology (DH)f Rho GEFs in specific signal transduction networks.
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Several 3D structures of GEF-DH domains have beeBE913522, BE656230, AlI596069, BE310842, AA2686609,
resolved (Liu et al., 1998) and indicate that the DH domain i8A612007, AA048218, AW146362, AL362651, AA171122,
entirely composed af helices. PH domains show amino acid Al747537, AA119224, W98059, BE371560, AA119606, Al877153,
sequences with very low similarity although they share #U014694, AW226613, AI663076, AIS74348, AA170980,
common 3D scaffold (Lemmon and Ferguson, 2000). Outsi 1115767, AA198251); mouse cDNA (BAB26951); bovine ESTs
the DH/PH tandem, the Rho-GEFs do not display structur V611879, BF043452, BE667062, AV608536, AV605397,

similarity (Whitehead et al., 1997). B\égilé]é8270%,).AV608537, AV605398); and porcine ESTs (BE030495,

Most of the Rho GEFs isolated so far display activity on Rho gjginformatic or computational searches of both public and private
GTPases, at least in vitro. Some Rho GEFs appear to exhigi§T and genomic databases (collaboration with Human Genome
in vivo selectivity for a specific GTPase (e.g. Lbc for Rho,Sciences, Rockville, MD) were used to identify various sequences that
Tiam1 for Rac, and FGD1 for Cdc42), whereas others seem émcode structural characteristics of putative GEFs.
act on several GTPases (e.g. Vav, Dbl and Trio) (Stam and SMART method (Schultz et al., 2000) was used for identification
Collard, 1999). Interestingly, the Rho GEF Trio possesses twand cartoon representation of the tandem DH-PH domain. Low
GEF domains: the N-terminal (Triol) shows a RhoG/Racgompositional complexity was determined by the SEG program
specificity inducing ruffles formation whereas the secon vailable with SMART. Multiple alignments have been obtained with

. . . . lustal W 1.7 method (Thompson et al., 1994) and other more
:‘joc;mgltri]o(n-rg?argsinﬁ%)gza(rlljgeeb;cttgt f;)lr I:\;-Z%%)and induces thsophisticated methods such as hydrophobic cluster analysis (Callebaut

- 8 et al., 1997). The evolutionary trace method (Lichtarge et al., 1996)
In the cardiovascular field, Rho GTPases play a key role if}as ysed to generate a sequence identity dendrogram and is available

several signaling pathways activated by G-protein-couplegiom Binding Site Analysis module implemented in Insightll 2000

receptors such as lysophosphatidic acid (LPA) (Blomquist grogram (Molecular Simulations Inc., San Diego, CA).

al., 2000), endothelin-1 (Gohla et al., 2000; Shome et al.,

2000), angiotensin Il (Aoki et al., 1998) and phenylephrin (Sah . )

et al., 1996). It has been demonstrated that Rho is requiré¢@smid constructions N

for al-adrenergic receptor-mediated hypertrophy in;QSRﬁggéFSg(geuFerEggo%#l'ﬁo baﬁgﬂd;hda;fi?gzgt).nfgn;glnlggcr.pt

cardiomyocytes with an increase of gene expression for AN _ : 1dS) W n uescri

MLC-2, yB-I\)//IHC, skeletal a-actin (Sgah et gl., 1996). In KS(+) plasmid (StratagenefcaRV-Xhd digested to give BSKS-

~. - . .. p63RhoGEF plasmid.
addition, the Rho family of small G proteins plays a critical™ ¢, perform mammalian cell transfection, the 187&bgi-ECoRV

role in mechanical stress-induced hypertrophic responses pfgment encoding p63RhoGEF was subcloned into pCDNA3-HisB
cardiac myocytes (Aikawa et al., 1999). expression vector (Invitrogen) linearized MBcoRV to generate

In the present study, we report the identification of a neWyCDNA3-p63RhoGEF plasmid. This plasmid contains Xpress and
member of the Rho GEF subfamily, called p63RhoGEF, frontis tags in frame with p63RhoGEF at the N-terminal. To perform
a proprietary database of human sequences. P63RhoGEFanine nucleotide exchange assay, the 663BapHI-EcoRI
encodes a 63 kDa protein (580 amino acids) containing tHeagment encoding p63RhoGEF-DH domain (amino acids 149-374)
conserved structural feature of a DH domain in tandem with §as subcloned into pGEX-6P3 GST-fusion vector (Pharmacia)
PH domain. P63RhoGEF is most closely related to the RhgaTHI-ECORI digested to give GST-p63RhoGEF DH plasmid.

. . . . . The mutant p63RhoGEF L301E was constructed using the Quick
0,
GEF Trio2 with an identity score of 70%. Northern blot and 'r.]change site-directed mutagenesis kit from Stratagene according to the

Situ' hybridization .analysis have shown that p63RhoG'EF Ihanufacturer’s instructions. This mutation was performed both on
mainly expressed in heart and brain. P63RhoGEF functions &s,mmalian expression vector pCDNA3-p63RhoGEF and on GST-

a GEF for RhoA in vitro and its expression induces an increagg&3rhoGEF pGEX plasmid and the constructs were verified by
in stress fiber formation in REF-52 cells and H9C2 embryonigequencing.

cardiac cells. Moreover, we show that the PH domain is

necessary for p63RhoGEF-mediated RhoA activation in intact .

cells. Using a specific anti-p63RhoGEF antibody, we hav&NA hybridization o .
detected the p63RhoGEF proteln by Immunocytochemlstr uoman MTN b|0t (C|OnteCh) was prE'hybrldlzed fOr 30m|nutes at
experiments performed in human heart and brain tiss C in 5 ml of ExpressHyb buffer (Clontech), then hybridized for 1

- - . ur at 65°C in the same buffer containing denatune#?®] dCTP-
sections. Interestingly, p63RhoGEF protein was detected éﬁ)eled probe (1-210° cpm/ml). The filter was then washed twice for

confocal microscopy in the sarcomere of the cardiac fiber§g L inutes at 65°C in 50 ml okBSC. 0.1% SDS. and washed once
more precisely located in the I-band mainly constituted ofyr 15 minutes at 52°C in 50 ml of ®5SSC, 0.1% SDS. It was

cardiac sarcomeric actin. sequentially hybridized with p63RhoGEF awdctin cDNA probes.
Materials and Methods C3 exoenzyme production and purification
Database search and protein sequence analysis C3 exoenzyme was expressed in the pET prokaryotic expression

The complete p63RhoGEF sequence has been scanned againstubetor (generous gift of P. Bocquet, INSERM U452, Nice, France)
collection of mammalian databases and the following sequences widnd purification of the recombinant protein was performed by anion
significant relatedness were identified as human ESTs (Al677902xchange chromatography as previously described (Dillon and Feig,
Al338780, Al684570, Al141311, Al928887, AW264299, Al366527, 1995).

AW136644, AA463333, Al089627, Al298483, U47343, Al372875,

AW129570, AA463846, BE677351, W26816, AW305132,

Al374899, AW134722, AA611831, AA031465, Al652923, Cell culture, transfections and immunofluorescence

AW204313, Al654427, BE773133, AW205086, D81166, Al217285,MICroscopy

D80712, AI382756, AA906309); mouse ESTs (AW412210,REF-52 cells and H9C2 were maintained as described elsewhere
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(Gauthier-Rouviere et al., 1998; Kimes and Brandt, 1976). Both celind incubated for 30 minutes ik 8SC, 50% formamide, 10 mM
lines were transfected with the lipofectamine plus reagent accordin@TT at 65°C. Before autoradiography, the tissues were rinsed in
to Life's technology instructions. After fixation in 3.7% formaldehyde 2x SSC and 0.4 SSC at room temperature and dehydrated in
and permeabilization in 0.1% Triton in PBS for 3 minutes, cells weran ethanol series containing 0.3 M ammonium acetate.
stained with the appropriate primary antibodies followed by FITC-Autoradiography was performed by dipping the slides in llford
coupled anti-mouse immunoglobulins and with rhodamine-K5 nuclear track emulsion and exposing the slides in the dark
conjugated phalloidin for F-actin staining. Cells were observed unddor 28 days at 4°C. After development, the sections were
a DMR Leica microscope using a*4@lanapochromat lens. All counterstained with toluidine blue and mounted in Pertex (Microm,
transfections were repeated at least three times, and an average of E@@nce).

cells were examined each time.

Peptide synthesis and polyclonal antibody production
Guanine nucleotide exchange assays The deduced amino acid sequence of p63RhoGEF protein was

Recombinant GST-fusion proteins for p63RhoGEF DH domairgnalyzed for highly antigenic regions using the Jameson-Wolf
(amino acids 149-374), Dbl and the Rho GTPases were producédtigenic index and checked for the absence of sequence homology
using standard procedures. GDP release and GTP binding assays w&ié other proteins. Peptide 699, comprising amino acids 428 to
performed as described elsewhere (Debant et al., 1996; Vignal et ##42 (CRFALTSRGPEGGIQ) of p63RhoGEF, was synthesized

2000). Experiments were repeated at least three times, and each pdfgptide Synthesizer Model 431A, Applied Biosystems), purified
was done in duplicate. and conjugated to keyhole limpet hemocyanin using

maleimidobenzoyl-N-hydroxysuccinimide as the coupling agent.
Two 14-week-old New Zealand rabbits were injected with
In situ hybridization pe_ptide-carrier conjugate (15@y/injection) in complete F_reund’s_
] adjuvant on day 0 and every two weeks with peptide-carrier
Probe synthesis _ conjugate (50 pg/injection) in incomplete Freund's adjuvant.
RNA probe synthesis was carried out by means of a RNAanimals were bled 7 days after boosts (J39, J69 and J95) and their
transcription Kit (Stratagene, La Jolla, CA). Plasmid (pBluescriptsera were tested at various dilutions on the unconjugated peptide
Stratagene) containing p63RhoGEF-DH domain (amino acids 14%opated ELISA plates. The immunoglobulins fraction from the anti-
374) was linearized to give rise to the antisense and sense probe6BRhoGEF immune serums (Ab699) were obtained by affinity
Hg of the linearized DNA template was incubated for 2 hours at 37° hromatography on protein A_Sepharose and used for
in a solution containing transcription buffek,1dithiothreitol (30 jmmunocytochemistry. The antibody Ab699 was validated by
mM), rATP (0.4 mM), rGTP (0.4 mM), rCTP (0.4 mMpf°SJUTP  western immunoblot using a GST-p63RhoGEF fusion protein;
(5 pCi/ul), RNAse inhibitor (1.6 Udl) and RNA polymerase (0.4 |mmunocomplex was abolished in presence of the 699 peptide (from

U/ul) T7 (sense) and T3 (antisense). The DNA template was thep.5 ig/ml to 50ug/ml) in a concentration-dependent manner (data
digested with RQ-1 DNAse (10 U) for 15 minutes at 37°C. Afternot shown).

incubation, 10ug yeast tRNA were added to the sample. Probe
isolation was achieved on a sephadex G50 column. After
precipitation, the probe was dissolved in hybridization mix (50%Immunohistochemistry
formamide, 0.3 M NaCl, 20 mM Tris-HCI, pH 8.5, 5 mM EDTA, wax human sections were obtained from Novagen (Hybrid-Ready
10% dextran sulfate,xLDenhardt’s solution, 0.fig/ul yeast tRNA  Tissues). After treatment with xylene and rehydratation through an
and 10 mM DTT) at a final concentration of 22pmful and stored  ethanol series and PBS, the specimens were heated in target
at —70°C until hybridization. retrieval solution, pH 9.9 (Dako), 40 minutes at 95°C and then left
to cool for 20 minutes on the bench. Competition was performed
) by overnight incubation of the primary antibody (1:750 and 1:20
Slide treatment dilutions for p63RhoGEF an@-myosin heavy chainptMHC)
Wax sections (brain and heart) were obtained from Novagedetection, respectively) with or without related 699 peptide (three
(Hybrid Ready Tissues). Radioactive in situ hybridization wastimes in excess compared with antibody concentration) used to
performed on paraffin sections as previously described (Mazuraigenerate anti-p63RhoGEF rabbit polyclonal antibody Ab699.
et al., 1999). After treatment with xylenex(8 minutes) to remove After two washes of 2 minutes in TBS solution (Dako), sections
paraffin and rehydratation through an ethanol series, sections wewere incubated for two hours at room temperature with primary
rinsed in 0.85% NaCl and PBS (0.1 M, pH 7.4), postfixed in 4%antibody. Secondary antibody and the tyramide signal
paraformaldehyde and then treated with proteinase Ku(fthl) amplification peroxydase immunohistochemistry detection kit
diluted in TE buffer (50 mM Tris-HCI, 5 mM EDTA, pH 8). After (Dako) were used according to the manufacter’s instructions with
a rinse in PBS, the sections were refixed in 4% paraformaldehydéaminobenzidine as a substrate. Stained immunocytochemical
to stop proteinase K activity and then rinsed in PBS beforesections were analyzed on a Nikon (Eclipse E800, Sony camera
acetylation with acetic anhydride (0.25% in triethanolamine 0.1 MPXC-950P) microscope.
pH 8). Finally, sections were rinsed in distilled water before Immunofluorescence studies were performed on confocal
dehydration through ethanol series. After air drying, tissue sectionmicroscope (Olympus Fluoview 1X70) using primary antibodies:
were hybridized under coverslips with radioactive probe diluted ireither Ab699 (1:750 dilution), monoclonal antibody §ifAHC at
hybridization buffer (2.19cpmiil) overnight at 55°C in a humid 1:20 dilution (Chemicon International) and monoclonal antibody anti-
chamber. After hybridization, coverslips were removed m 5 vinculin at 1:250 dilution (Sigma-Aldrich). For detection of
standard saline citrate (SS&:itrisodium citrate 15 mM, NaCl p63RhoGEF, biotin-SP-conjugated AffiniPure Fjab fragment
150 mM, pH 7), 10 mM DTT at 55°C for 15 minutes and the slideDonkey anti-Rabbit IgG (H+L) (Jackson ImmunoResearch
were washed (30 minutes) withk ZSC, 50% formamide, 10 mM Laboratories) at 1:200 dilution followed by Cy2-conjugated
DTT at 65°C. After a rinse (10 minutes) in NTE buffer (10 mM streptavidin (1:360 dilution) were used. For detection3B-dfIHC,
Tris-HCI, 0.5 mM NaCl, 5 mM EDTA, pH 8), sections were treatedRhodamine (TRITC)-conjugated AffiniPure F (@b fragment
with RNAse A (20pg/ml in NTE) for 30 minutes at 37°C. Slides Donkey anti-Mouse IgG (H+L) (Jackson ImmunoResearch
were than washed in NTE for 15 minutes at room temperaturkaboratories) was used at 1:50 dilution.
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h_p63RhoGEF 161 SM\L:SELVETE-K MYVDIRGQI VEGYMATIVAA-—  QGVPESLRGRDRI VEGNIQQ! YEWHRDYF:
h_tri ol 1234 KEFI MAELIQ TE-K AYVRDURECMDTYLVEMISG-- VEB PPGl VNKELII FGNVIGE! YEFHNN F-
h_dbl 497 KNHVLNELIQ TE- RvYVREL YTVLL GYRAENDNPEMFDLVPPLLRNKKDI LEGNVAE! YEFHNDI F LSSLENCAHAPE--- RVGPCFLERK-- DDFQUYAKYCONKPRS-- ETI WRKYSE
h_tri o2 1911 RHYVLQELVETE- RDYVRDUGYVVEGYMALMKE--—  DGYPDDVKGKDKI VG| HQI YDVHRDFF- LGELEKCLEDPE--K LGSLFVKHE- RRLHWYI AYCONKPKS— EH VSEYI D

h_ti aml 1043 K- VI CELLETE- RTYVKDUNCLMERYLKPLQK--—-  ETFLTQDELDVLFGNL TEMVEFQVEFLKTLEDGVRL VPDLEKL EKVDGFKKVLFSLGGBFLY YA~ DRFKLYSAFCAI HTKV--- PKVLVKAKT

LQELQRCLKDPD--- WEAQLFI KHE- RRLHWYVVAYCONKPKS-— EHVVSEFGD
LKELEKYEQLPE-- DVGHCFVTWA- DKF CKNKPDS—T - QLI LEHAG

h_pi x 94 YNVVLQN LETE- NEYSKELQTVLSTYLRPLQT---  SEKLSSANI SYLMGNLEH CSFQQULV---rr-verer QSLEECTKLPEAQ(RVGGJ:LNLNP-Q\A( TYCANHPSA- VVLTEHSE
h_duet 233 RVFVLNELVQTE-K DYVKDUG VVEGENKRI EE-—K  GVPEDVRGKDKI VFGN! HQI YDVEKDFF ~ EYI VAEY-D
h_vavl 199 RCCEREIQQTE- EKYTDTLGSIQQHFLKPLQR - FLKPQDI Ell FI Nl EDLLRVHTHFL---rrreee - SKHLDRVAA
h_sos1 200 TYYDLVKAFMAE! RQYI RELNLII KVFREPFVS-+—  NSKLFSANDVEN FSR! VDI HELSVKLLG - HI EDTVEMTDEGSP- HPLVGSCFEDL AEEL AFDPYESYARDI LRPGFHDRFLSQ_SK
h_p63RhOGEF -~ SYFEELRQG- LGHRLQUN Qs KDFLKY YNRAGVDTADL EQUVEVNCRYPKRONDMM T LGRLRG- FEGKLTAQ Gk LLGQDTPWTEP-oee E
h_ti ol e SYFDEIQQR- HALANSI'S QULLKELLTCGE- EGKGEI KDGLEVM. SVPKRANDAM- HLSM.EG- FDEN| ESQ GE--rrrvrr LI LQESFQUD---er e

h_dbl G- AFFQECQRK-- LKHRLRLDS QULLKELLKYSKDC- EGSALL KKALDAMLDLLKSVADSM- HQIA! NG- Y1 GNLNEL- GK---rr--- M MOGEFSW GH--KK  GATK
hti o2 —T  FFEDLKR- LGHRLQLT QL KDFLKYSKKASLDTSEL ERAVEVAC! VPRRONDMM- NVGRLQG- FDGKI VAQ: GK-rrrrveme LLLQTFLVID-e Q
h_ti ami DT AFKAFLDAQPK-- QGASSTLES PLLU REL FAL TDAESEEHYHL DVAI KTANKVASHI NEMQ-K | HEEFGAVFDQLI AEQTGEKKEVADLSNEDLLLHTTVI WN--rrmees P
h_pi x E-LG- EFMETKGAS- SPG LVLTT KEL ERHVEDYHTDRQDIQ KSNAAFKNLSAQUGEVR--K RKELELQI LTEA| RVEGD-+----- DI KTLGWTYMS s QY
h_duet e AYFEEVKQE— | NQRLTLS! QUL KDFLRYSEKAGLECSDI EKAVEL NCLVPKRCADMI- NLGRLQG— FEGTLTAQ: GK-rrrreeer LLQ@TFYM EL-wee D
h_vavl AREDVQVKLEECSQRA- NNGRFTL HLLL QEL VKHTQEA- MEQRNL RLAL DANRDLAQCVNEVKRONETLRQI TNFQLS! ENLDQS++---- LAHYGRPK DGr-orre- EL
h_sos1 P-- GAALYLQS! GEGFKEAVQY\LP FELKQUEEKSEDQ: EDKECL KQA TALL NVQSGVEK CSKSLAKRRLSESACREYSQQWKGKQ: LAI KKMNEIQ KNI DGAEGKDI GQCONEFT M

h_p63Rho GEF AGGQ.LSS RGRERRELFEQIII FSEALGGGR--- G- GTQPGYVYKNSI KVSCLA.EG\L- QGDPCR-- FALTSRGPEGGQ RYVLQAADPAI SQAW KHVAQILESQ-- 468

h_tri ol PKTLI R-K GRERHLFLFEM3.VFSKEVKDSS -~ G- RS-K YLYKSKLFTSELGVTEHV- EGDPCK--- FALW/GRTPTSDNKI VLKASS ENKCDW KH REVIQER--- 1534
h_dbl MKDLARF-K PMORHLFL YEKAI VFCKRRVESGE-—  GSDRYPSYSFKHCVKNMDEVG TEYV-K GDNRK--- FEI WGEK~- EEVYI VQASNVDVKMIMVLKE! RNI LLKQGEL 814
h_tri 02 DAGLLP-- RCRERR FLFEQIVI FSEPLDKKK----- G- FSMPGFLFKNSI KVSCLCLEENV- ENDPCK--- FALTSRTG- DVVETFI LHSSSPSVRQTW HEI NQILENQ-- 2214
h_ti antl PASL GKWKKEPEL AAFVFKTAVVLY YKDGSKQKKKLVGSHRLSI YEDWDPFRFRHM PTEAL- QVRALA---  SADAEANA- VCEI VHVKSES- EGRPERVFHL.CCSSPES - 1382
h_pi x L1Q CAGSEEKNERYLLL FPNVLLM.SASPRMS-—-- G-~ FI YQGKLPTTGMII TKLE- DSENHR-— NAFE! SGS-- M ER LVSCNNQQ@LQEW/EHLQKQTKVTS-- 403
h_duet AGNQ S—RTKERR/FLFEQIVI FSELL RK------ GS- LTPGYMFKRSI KMNYLVLEENV- DNDPCK--- FALMNRE—T S- ERVVL QAANADIQQAVWQDI NQVLETQ-- 5 31
h_vavl KI TSVERRSKVDRYAFLL DKALL | CKRRGDSY------- DLKDFVNLHSFQVRD DSSGORDNKKVIBHM-- FLLI EDQG--  AQGYELFFKTRELKKKWVEQFEMAI SNI Y-- 5 07

h_sos1 EGTLTRVGAKHERH FLFDGLM CCKSNHGQPR-- LPG- ASNAEYRLKEKFFVRKVQINDKD- DTNEYK--- HAFEIl LK~ DENSVI FSAKSAEEKNNAWAALI SLQYRSTL- 55 0

C

h_p63RhoGEF
h_trio2

h_dbl

h_triol
h_tiam1

h_pix

h_duet

h_vavl
h_sosl

. & & &8 0 8 0 &

16.15 2455 32495 41.35 49.75 5615 6655 7495 B3.35 91.75
Percentage Sequence Identity
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Results also detected to a small extent in human small intestine but not
Identification of p63RhoGEF, a novel guanine nucleotide N colon, thymus, spleen or peripheral blood leukocytes (data
exchange factor for Rho proteins not shown).

We set out to identify new GEF candidates for the Rho family

of small GTPases. To that end, using in-house bioinformati . Lo o
software we searched proprietary databases (SmithKIin;%EgihOGEF displays in vitro exchange activity towards

Beecham Pharmaceuticals) for a consensus amino : .
sequence motif derived from the DH domain of known GEFO identify the Rho GTPase targets of p63RhoGEF, we
performed in vitro guanine nucleotide release assays using

for Rho-related GTPases (Boguski and McCormick, 1993): ; ; ;
This search revealed the existence of a number of characteriZ&gcterially expressed GST-p63RhoGEF DH domain (amino

or uncharacterized proteins exhibiting DH-like domains thaf¢ldS 149-374), GST-Dbl as a positive control and GST-Rho-
are putative GEFs for Rho-like small GTPases. One of then.| Pases. The guanine nucleotide exchange activity of
corresponding to Project Id ESTs: HFTCU45, HHFTC16 and®®3RNOGEF was measured on various recombiisfjGDP-
HCE3W04 (HGS, Human Genome Science), was of particuldp@ded GTPases in the presence of GTP. As described
interest and was further characterized. The cDNA containin§/S€Where, Dbl preferentially stimulated guanine nucleotide
an open reading frame encoding a protein of 580 amino acidg/éase on RhoA, Cdc42, and RhoG, and to a lesser extent on
called p63Rh0GEF (GenBank accession number AX00222432¢ (Hart et al.,, 1994). As shown in Fig. 3A, p63RhoGEF
was obtained by merging overlapping fully sequenced EsTsSPecifically _displayed exchange activity towards RhoA.
Protein sequence analysis performed on p63RhoGEF led R3RhOGEF did not promote nup!eotlde exch'ange on the other
the identification of the characteristic GEF tandem domaifieSted GTPases, but rather stabilized GDP binding on Rac and
composed of the DH and PH domains (Fig. 1A). P63RhoGE dc42. This observation suggests that p63Rho-GEF may

was then compared with well characterized GEFs (Fig. 1B ind ineffectively to these two GTPases in vitro, therefore
ART Preventing GDP release.

Moreover, the DH domain was classified with SMAR ; . i
(Schultz et al., 2000) as Rho GEF domain and thus, w: p63RhoGEF stimulated complete GDP dissociation from
- ’ aighoA within 20 minutes (Fig. 3C) and consistently stimulated

putatively considered as an upstream regulator of the R - .
GTPases family. The evolutionary trace method, which allows -S1G TRYS binding on the GDP-loaded GTPase (Fig. 3D). We
Iso produced a p63RhoGEF protein containing a point

partitioning of groups of sequences (Lichtarge et al., 199 utation on leucine 301, residue located in arfeelix of the

highlighted the high identity score of 70% between - . .
; ; ; ; H domain facing the GTPase partner (Liu et al., 1998) and
63RhoGEF and Trio2 (Fig. 1C). Th It h d thg . .
P 0 and Trio2 (Fig ) 15 resull smphasize hly conserved among the known Rho GEFs. This mutation

putative linkage between p63RhoGEF and Rho GTPases, - - :
Trio2 has been reported to be a RhoA-specific GEF (Debant &t prgdlcted to strongly affect exchange activity leading to an
inactive protein (Alberts and Treisman, 1998). Indeed, the

al., 1996).

P63RhoGEF is expressed in human brain and heart

We next examined the pattern of expression of p63RhoGE
MRNA. Hybridization of a 1.9 Kb p63RhoGEF probe to &
northern blot membrane from multiple human tissues revealt
the presence of a single mMRNA product of about 2.6 Kb main
in heart and brain tissues (Fig. 2). P63RhoGEF mRNA we

Pancreas
Kidney

Skeletal Muscle
Placenta

Liver

Lung

Brain
| Heart

Fig. 1. P63RhoGEF protein. (A) The human protein p63RhoGEF

(GenBank accession number AX002224) and identification by

SMART method of the characteristic tandem domain, DH (for Dbl  p63RhoGEF
homology domain annotated by SMART as Rho GEF) and PH

(pleckstrin homology domain). Segments in purple represent zones

of low compositional complexity determined by the SEG program

implemented in SMART (Schultz et al., 2000). (B) Multiple

alignment of human p63RhoGEF DH-PH domains with other well-
characterized human GEFs. Stars, double and single points indicat )
conserved residues, conservative substitutions and similar residues f-actin
respectively. Numbering indicates positions of start and end residue

for each fragment of sequences used in the alignment. The DH

domain is indicated by a solid line, while the PH domain is indicateu

by a dotted line. The two GEF domains of the protein Trio are Fig. 2. P63RhoGEF mRNA distribution in human tissues. Human
displayed as h_triol and h_trio2 (AAC34245) (Debant et al., 1996). multiple tissue northern blot (Clontech) containing approximately 2
h_dbl (CAA21955; C. Bird, direct submission). h_tiam1 ug of poly(A)+ RNA per lane from eight different human tissues was

(NP_003244) (Habets et al., 1995). h_pix (NP_003890) (Nagase et sequentially hybridized witP?P-labeled full-length p63RhoGEF and
al., 1995). h_duet (AB011422) (Kawai et al., 1999). h_vav (P15498)B-actin (control for the amount of RNA loaded) cDNA probes.
(Katzav et al., 1989). h_sos (Q07889) (Chardin et al., 1993). Membranes were exposed for 16 hours (p63RhoGEF) and for 6
(C) Sequence identity dendrogram of DH-PH tandem domains hours B-actin). The arrow indicates the size of the p63RhoGEF
obtained with the evolutionary trace method (Lichtarge et al., 1996).transcript.
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mutation L301E in p63RhoGEF complet
abolished its exchange activity on RhoA (| RhOA RhoG Cdd2 Racl
3B).

1 100 -

=
o
o

P63RhoGEF induces stress fiber formation
via RhoA activation in fibroblasts

In fibroblasts, Cdc42 and Rac induce filopc
and lamellipodia formation, respectively, wt
RhoA promotes stress fiber formation (H
1998). We then measured the effect
p63RhoGEF expression on the a
cytoskeleton reorganization of REF-52 c¢
REF-52 cells present basal stress fiber form
as illustrated by phalloidin staining of ne
transfected cells. The expression of p63Rho
strongly induced cell retraction and
enhancement of stress fiber formation in 70
the transfected cells, as did an activated for
RhoA (RhoAV14) (Fig. 4A,B). This effectw  C
shown to be dependent on the p63RhoGEF
activity, since the L301E p63RhoGEF mut:
expressing cells do not exhibit enhanced s
fiber formation. Indeed, only 20% of t
transfected cells by the p63RhoGEF mu
presented the p63RhoGEF wild-type phenot
Similarly, treatment of the cells with the RI
specific inhibitor exoenzyme C3 dramatici
inhibits the induction of stress fiber format
by the wild-type p63RhoGEF. In additic
deletion of the PH domain abrogates
capacity of p63RhoGEF to induce an increa
stress fiber formation, suggesting that 0 5 10 15 20 0 5 10 15 20
domain is absolutely required for p63RhoC Time (min) Time (min)

Iﬁg?t"&nhg]p\vwig A”ILL?Eettf;er,btehe?ﬁedatt:rén;lc Fig. 3. P63RhoGEF specifically displays in vitro exchange activity towards RhoA.

S (A) [3H]GDP nucleotide release assays on different recombinant Rho GTPases (0.4
P63RhOGEF in vivo. HM) in absence (control) or in presence of GST-p63RhoGEF DH domaipN®,8

or GST-Dbl (1.2uM). The exchange activity is expressed ag3r@GDP remaining

. . . on the GTPases after 15 minutes of reaction. The experiment presented here is
P63RhoGEF induces stress fiber formation representative of at least three independent assays. Means and standard deviations
in cardiac myoblasts are shown. (BJ®H]GDP nucleotide release assays on RhoA |(84%in absence
In order to further investigate the putative rol (control) or in presence of GST-Dbl (1u&1), GST-p63RhoGEF DH (2.8M), or
p63RNoGEF in cardiac tissue, we investig (CéS)T—pGIBRhoGEF LgOlE (2i8M). The Iexch(;;mge a;}ctivity is representhed aﬁ inAC\;.
the effect of p63RhOGEF expression on Time_course study o guanine nucleotide exchange activity on the RhoA GTPase
actin cytoskelerz)ton reorganizar'é)ion of the (0.4pM) in absencem) or in presence®) of GST-p63RhoGEF DH (AM). The
cardiomyocytes-derived cell line H9C2. exchange activity is exprgssed asinA. (D) Kinetic of associatip¥iiG TPYS to
it was observed in REF-52 fibroblasts, GDP-loaded RhoA (uM) in absencel) or in presence®) of p63RhoGEF DH

. : (10 uM). Means and standard deviations are shown.
expression of p63RhoGEF strongly induce
increase of stress fiber formation in
transfected cardiac myoblasts, as did an activated form of Rhd#e expressed in brain and in heart. No specific signal could be
(RhoAV14) (Fig. 5). These data suggest that p63RhoGEF majetected in the liver, lung and kidney (data not shown).
be able to promote RhoA activation in intact cardiac myoblasts. In the brain, the expression was detected in cell bodies of
astrocytes and oligodendrocytes localized in the cerebellar

) o cortex (Fig. 6Aa,b,e). Absence of labelling on adjacent sections
Detection of p63RhoGEF transcript in human heart and hybridized with the sense probe consistently demonstrated the
brain by in situ hybridization specificity of the p63RhoGEF probe (Fig. 6Ac,d,f).
Sections of human cerebellar cortex and heart were subjectedin the heart, the results obtained by light microscopy showed
to an in situ hybridization using a p63RhoGEF antisense probthat the p63RhoGEF mRNA had a widespread distribution
The expression pattern was remarkably consistent from omethin the left ventricle but that the labeling was restricted to
experiment to the other. In all cases, with respect to ththe cardiomyocytes (Fig. 6Ba,b,e) as no specific signal could
northern blot analysis, the p63RhoGEF mRNA was shown tbe detected in vessels and fibroblasts (data not shown). The
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Fig. 4.P63RhoGEF induces RhoA-mediated stress fiber formation. (A) REF-52 cells were transfected with the different construatsds indic
and, 15 hours later, cells were fixed and permeabilized as described in Materials and Methods. The expression of p63Rtei&EEdvins d

an anti-His monoclonal antibody followed by FITC-coupled anti-mouse immunoglobulins, whereas F-actin was detected by rhodamine-
conjugated phalloidin. Expression of GFP-RhoAV14 was visualized directly. When indicated, purified C3 exoenzyme was aldded in cel
medium (0.51g/ml) 15 hours before fixation. This experiment is representative of at least three independent experiments, and 100 cells were
examined each time. Transfected cells are indicated by white arrows. (B) Quantification of enhancement of stress fibeinf&Efatian

cells transfected as indicated.

specificity of the signal was confirmed by the absence of signgbpulations was detected in the section using rabbit control
on the control slides (Fig. 6Bc,d,f). nonspecific IgG.

P63RhoGEF protein is detected in human brain tissue
sections

Analysis of human cerebellar cortex using Ab699 polyclona
antiserum revealed that p63RhoGEF protein is present

relatively high levels in the different cell populations (Fig. 7A).
The staining was strong and uniformly distributed through thi
sections. Homogenous punctuated staining was observed in 1
external hypocellular layer containing astrocytes and proxime
dendrites, in the intermediate Purkinje cell layer (Fig. 7Ab
arrow) and in the deep hypercellular granular cell layer
By contrast, no appreciable staining in the different cel

anti-His

p63RhoGEF

Fig. 5.P63RhoGEF induces RhoA-mediated stress fiber formation in
cardiac myoblasts. After 48 hours of transfection, HOC2 cells
expressing His-tagged p63RhoGEF (A) or GFP-RhoAV14 (B) were
directly fixed and permeabilized as described in Materials and
Methods. The expression of p63RhoGEF was detected by the anti-
His antibody followed by FITC-coupled anti-mouse
immunoglobulins, whereas F-actin was detected by rhodamine-
conjugated phalloidin. This experiment is representative of at least
three independent experiments.

RhoAV14
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Fig. 6. Detection of p63RhoGEF mRNA by in situ hybridization in human heart and brain tissue sections. (A) Light microscopy of
p63RhoGEF in situ hybridization in human brain. Brightfield (a,e) and darkfield (b) illuminations show the specific hybrisiigasibn
observed in body cells localized in the cerebral cortex. Control serial sections were incubated with the sense prolargc20fimB

(B) Light microscopy of p63RhoGEF in situ hybridization in human heart left ventricle. Brightfield (a,e) and darkfield (Imgitions

show the weak but specific hybridization signal observed in cardiomyocytes. Control sections were incubated with the sénskfprobe

Bar, 10pm.

P63RhoGEF protein is detected in human heart tissue present at high levels in the vast majority of cardiomyocytes,
sections when observing the fibers in transversal and longitudinal
Analysis of human heart left ventricular section using Ab69%rientations (Fig. 7Ba,b), whereas a control rabbit IgG showed
polyclonal antiserum revealed that p63RhoGEF protein waso appreciable staining (Fig. 7Bc). Most of the signal was



Human p63RhoGEF 637

abolished by pre-incubation with the immunogenic 699 peptideonfirmed the RhoA specificity for p63RhoGEF. This is
that was used to generate the anti-p63RhoGEF rabhibnsistent with the fact that p63RhoGEF is highly homologous
polyclonal antibody (Fig. 7Bd). to Trio2, which has been shown previously to be a RhoA-

Moreover, at the transversal incidence, a homogenouspecific GEF (Debant et al., 1996). However, we cannot
dotted staining was detected (Fig. 7Ba). Interestingly, théormally exclude the possibility that p63RhoGEF catalysed
p63RhoGEF staining depicted in longitudinal fibersguanine nucleotide exchange activity on other C3-exoenzyme
was represented by a brown repetitive striated stainingubstrates such as the GTPases RhoB and RhoC.
consistent with a sarcomeric organization (Fig. 7Bbfe). Heart and brain-specific expression of p63RhoGEF was
MHC monoclonal antibody used as a control of theshown by northern blot analysis and confirmed by results
endogenous sarcomeric striated pattern exhibited a similflom in situ hybridization and immunohistochemistry.
arrangement (Fig. 7Bf). Different layers of blood vesseldnterestingly, the distribution pattern of the p63RhoGEF
showed faint or no detectable staining with Ab699 (Fig. 7Baprotein in heart was found to be organized in characteristic
asterisk). striated doublets in the sarcomere of cardiac cells. Confocal

The striated pattern of immunolabelling exhibited byanalysis of p63RhoGEF pattern with bofRMHC and
p63RhoGEF led us to analyze its sarcomeric distribution byinculin patterns (specific markers of the cardiac sarcomeric
means of double immunostaining. Confocal microscopistructure characterizing the A-band and the Z-disk,
analysis was performed using rabbit p63RhoGEF polyclonakspectively) was performed. From dual channel scan, we
antibody and either mouse afitMHC or mouse anti-vinculin  could conclude that p63RhoGEF is located in the sarcomeric
in human left ventricle (Fig. 7C). Myosin, the principal I-band mainly constituted of cardiaesarcomeric actin. This
component of the thick filaments, and vinculin localized in theesult, together with the formation of F-actin stress fibres in
extrasarcomeric cytoskeleton are good markers of the cardi®f9C2 myoblasts and REF-53 cells, suggests that p63RhoGEF
sarcomeric structure (Chen and Chien, 1999). may be connected directly or indirectly to actin thin

Fluorescence immunohistochemistry demonstrated thdilaments. Indeed, Rho GEFs have been shown to be linked
p63RhoGEF exhibit striated labelling organized in doublet$o actin or to actin-binding proteins. For example, Trio PH1
(Fig. 7Ca). Moreover, with respect to myosin distributign, binds to the actin binding protein filamin (Bellanger et al.,
MHC immunolabelling was detected in doublets in transvers2000), and the Rho GEF frabin possesses an actin-binding
A-bands on both sides of the M-line (Fig. 7Cb, labeled as domain (Umikawa et al., 1999). The human Trio-like protein
and m, respectively). To determine potential colocalizatioDuet, a close analog of human p63RhoGEF (63% identity),
between myosin and p63RhoGEF, dual immunostaining ofvas localized to actin-associated cytoskeletal elements
p63RhoGEF an3-MHC in the double channel scan was (Kawai et al., 1999). It would be of interest to investigate
performed. This experiment shows the alternative localizatioputative binding of p63RhoGEF via its PH domain to such
of the two proteins in the sarcomere indicating potentiaktructural proteins, given the fact that the p63RhoGEF PH
localization of p63RhoGEF in the I-band (Fig. 7Cc). domain is absolutely required for p63RhoGEF-mediated

To confirm this hypothesis, double immunolabelling usingRhoA activation in fibroblasts and H9C2 myoblasts (data not
anti-vinculin antibody was performed. With respect toshown). Other cytoskeletal proteins found in the Z-disk at the
extrasarcomeric cytoskeleton organization, vinculin was foungroximity of I-band, such as talin, vinculin, titin arcd
to be localized in Z-disks and at the level of the intercalatedctinin, may also contribute to the p63RhoGEF function.
disk (Fig. 7Ce). Double immunostaining analysis revealed thdhterestingly, a myosin-M protein carrying a putative Rho
vinculin  signal is found between p63RhoGEF GEF domain has been identified Dictyostelium(Oishi et
immunolabelling (Fig. 7Cf). These results could indicate thaal., 2000). Such findings suggest that an association of a Rho
p63RhoGEF is localized in the I-band of human cardiacGEF with a contractile protein might be required to execute
sarcomeres. appropriate function, and may be a way of regulating

p63RhoGEF activity.

_ _ Indeed, it is of crucial importance to determine how the
Discussion activity of these Rho-GEFs is regulated. Several Rho-GEFs
To identify novel GEFs of the Rho small GTPases we havhave been directly involved in coupling heterotrimeric G
screened databases of mammalian sequences using a consepsoi®in to Rho. Cell surface receptors that transmit signal
profile derived from DH domains and retrieved several putativehrough heterotrimeric G protein activate Rho pathways (Sah
Rho GEF genes from human cardiac sources. One of theseal., 2000) mainly by stimulating the activity of members
candidate genes (termed p63RhoGEF) was characterizefithe Gx-12 family, which in turn, activate a GEF acting on
further. Interestingly, we have retrieved from the GenBanlRho. These GEFs contain & &/Ga13-binding region such
database a mouse cDNA clone (AK010452) that corresponds a LH and/or PDZ domains (Mao et al., 1998). These
to the mouse counterpart of human p63Rho-GEF (Kawai et abpecific domains were not found in p63RhoGEF, suggesting
2001). that there is no direct evidence of its activation by

We demonstrated that p63RhoGEF is a RhoA-specific GEBa12/Ga13. This may indicate an alternative pathway for the
by in vitro guanine nucleotide exchange assays. Moreoveregulation of p63RhoGEF activity, such as a phosphorylation
p63RhoGEF activated the formation of stress fibers imvent, as in the case of vav (Lopez-Lago et al., 2000) or such
fibroblasts and cardiomyocyte-derived H9C2 cells, indicatingas a cytoskeletal targeting mediated by its PH domain. This
that p63RhoGEF can stimulate RhoA activity in intact cellslatter hypothesis is reinforced by the observation that the
The inhibition of p63RhoGEF-induced stress fiber formation irPH domain of p63RhoGEF is absolutely required for its
fibroblasts treated by the Rho-specific inhibitor C3-exoenzyméunction.
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Considering that overexpression of p63RhoGEF irprocess of cardiac cells. However, the precise functional
H9C2 cardiac myoblasts resulted in the cytoskeletatole of p63RhoGEF at the sarcomeric level in cardiac
reorganization of the F-actin filaments, it is tempting tocells and in other tissues such as brain remains to be
postulate that p63RhoGEF is involved in the contractiledetermined.
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Fig. 7.Immunolocalization of p63RhoGEF in human heart and brainBoguski, M. S. and McCormick, F.(1993). Proteins regulating Ras and its
tissue sections. (A) Detection of p63RhoGEF protein in human brain relatives.Nature 366, 643-654.

sections. (a) Normal human cerebellum section using non-specific Callebaut, 1., Labesse, G., Durand, P., Poupon, A., Canard, L., Chomilier,
rabbit 1gG atx40 magnification. (b) Normal human cerebellum J., Henrissat, B. and Mornon, J. P(1997). De(:lpherlng protein sequence
section ax40 magnification stained with Ab699 antiserum. (c) information through hydrophobic cluster analysis (HCA): current status and

. . perspectivesCell Mol. Life Sci53, 621-645.
Enlarged and_f_ocu_sed view of the normal h“ma“ cerebellum SeCt'(wbhelrdin, P., Camonis, J. H., Gale, N. W., van Aelst, L., Schlessinger, J.,
atx100 magnification stained with Ab699 antiserum. The arrow Wigler, M. H. and Bar-Sagi, D.(1993). Human Sos1: a guanine nucleotide
shows one Purkinje cell surrounded by numerous round shaped exchange factor for Ras that binds to GRB@ience260, 1338-1343.
cerebellar granular cells. (B) Detection of p63RhoGEF protein in  Chen, J. and Chien, K. R.(1999). Complexity in simplicity: monogenic
human heart sections. (a) Transversal section of normal human heartdisorders and complex cardiomyopathigsClin. Invest103 1483-1485.
atx40 magpnification stained with Ab699 antiserum. The asterisk ~ Debant, A., Serra-Pages, C., Seipel, K., O'Brien, S., Tang, M., Park, S. H.
indicates the location of a blood vessel. (b) Longitudinal section of ~ and Streuli, M. (1996). The multidomain protein Trio binds the LAR
normal human heart a0 magnification stained with Ab699 Lransmembrane tyrosme'?hospgatﬁse, cor};_alns a protein k||nas_<(ei doma;]n, and
antiserum. (c) Normal human heart section using rabbit Ig@aat as separate rac- specific and rho-specific guanine nucleotide exchange
magpnification. (d) Normal human heart section4Q magnification factor domainsProc. Natl. Acad. Sci. USBG, 5466-5471.

: . X . . . Dill T Feig, L. A.(1995). Purificati f i
stained with Ab699 antiserum pre-incubated with the peptide 699 |Co§ 'trinsfef;sdm;'ﬁg)ds En(zj’r?,§}25a“§'7'ﬁ?{'{§’2_ and assay of recombinant

used to generate the anti-p63RhoGEF rabbit polyclonal antibody.  gauthier-Rouviere, C., Vignal, E., Meriane, M., Roux, P., Montcourier, P.

(e) _Longit_udinal cardiag fibers from (b) _ShoyvnanO r_nagr_]ification and Fort, P. (1998). RhoG GTPase controls a pathway that independently
stained with Ab699 antiserum. (f) Longitudinal cardiac fibers shown activates Racl and Cdc42Hdol. Biol. Cell9, 1379-1394.

atx100 magnification stained wifMHC-specific monoclonal Gohla, A., Schultz, G. and Offermanns, $(2000). Role for G(12)/G(13) in
antibody. (C) Double immunostaining using rabbit p63RhoGEF agonist-induced vascular smooth muscle cell contradfivo. Res87, 221-
polyclonal antibody and either mouse #fiAHC (a,b,c) or mouse 227.

anti-vinculin (d,e,f) in human left ventricle. The tissue sections were Habets, G. G., van der Kammen, R. A., Stam, J. C., Michiels, F. and
then analyzed by confocal microscopy. (a,d) p63RhoGEF exhibits a Collard, J. G. (1995). Sequence of the human invasion-inducing TIAM1

- : - f P gene, its conservation in evolution and its expression in tumor cell lines of
striated pattern of immunolabelling. Arrows in panel a indicate different tissue originOncogenel0, 1371-1376.

labelling organized in doublets. (B)MHC immunolabelling is Hall, A. (1998). Rho GTPases and the actin cytoskeleSoience279, 509-

found in transverse A-bands (marked as ‘a’) on both sides of the M- 514

line (marked as ‘m’), which is devoid of labelling. (c) Double Han, J., Luby-Phelps, K., Das, B., Shu, X., Xia, Y., Mosteller, R. D.,
immunostaining analysis reveals that the immunolabelled Krishna, U. M., Falck, J. R., White, M. A. and Broek, D.(1998). Role

p63RhoGEF doublets are intercalated between A-bands (potentially of substrates and products of Pl 3-kinase in regulating activation of Rac-
in the I-band; marked as ‘i"). (e) Vinculin immunolabelling is found  related guanosine triphosphatases by Baence279, 558-560.

in Z-disks (marked as ‘z’) and at the level of the intercalated disk (¥)Hart, M. J., Eva, A., Zangilli, D., Aaronson, S. A., Evans, T, Cerione, R..

(f) Double immunostaining analysis reveals that vinculin signal is A. and Zheng, Y.(1994). Cellular transformation and guanine nucleotide

localized between immunolabelled p63RhoGEF doublet (see exchange activity are catalyzed by a common domain on the dbl oncogene
arrows). Bars, 1Qim product.J. Biol. Chem269, 62-65.

Katzav, S., Martin-Zanca, D. and Barbacid, M.(1989). vav, a novel human
oncogene derived from a locus ubiquitously expressed in hematopoietic
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