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SUMMARY

Paxillin is a focal adhesion scaffolding protein which was negative regulator of Src PTKs, csk but does not bind to
originally identified as a substrate of the oncogenic tyrosine the adaptor protein Crk. Like paxillin, localization of this
kinase, v-src. Paxillin has been proposed to be involved in protein to focal adhesions is mediated primarily by the LIM
regulation of focal adhesion dynamics. Two alternatively domains; however, sequences outside the LIM domains also
spliced mouse paxillin cDNAs were cloned and in the play a minor role in focal adhesion targeting. These results
process, a paxillin-related protein, Hic-5, was also suggest that Hic-5 like paxillin could be involved in
identified. Cloning and characterization of Hic-5 indicates regulation of focal adhesion dynamics and raise the
that this protein shares extensive homology with paxillin.  possibility that Hic-5 and paxillin could have overlapping
Although Hic-5 was originally characterized as a TGH3- or opposing functions in the overall regulation of cell
inducible gene and proposed to be a transcription factor growth and differentiation.

involved in senescence, the studies here demonstrate that

Hic-5 is localized to focal adhesion in REF52 cells and can

interact with the focal adhesion proteins, Fak, Frnk, and  Key words: Paxillin, Integrin, Focal adhesion, LIM domain, Fak,
vinculin. In addition, like paxillin, Hic-5 can bind to a  Vinculin

INTRODUCTION Paxillin is one such scaffolding protein which provides
binding sites for cytoplasmic tyrosine kinases, adaptor
Adhesion of cells to the extracellular matrix is mediated by g@roteins, and structural proteins. Paxillin is a 68 kDa
class of heterodimeric receptors called integrins. Engagemephosphoprotein which was originally identified as a tyrosine
of these receptors initiates a cascade of signaling evenpdiosphorylated protein in chick embryo fibroblasts infected
including changes in protein phosphorylation, alterations in thevith the retrovirus, Rous Sarcoma Virus. Paxillin has leucine
cytoskeletal architecture and changes in gene expressiaich motifs (LD repeats) in the N-terminal half, tyrosine
These events allow integrins to regulate cell survivalphosphorylation sites, proline rich sequences, and four LIM
migration, growth, and differentiation (Clark and Brugge,domains in the C-terminal half of the molecule (Turner, 1994).
1995; Schwartz et al., 1995). Although a variety of cytoplasmic There are five LD repeats in the N-terminal-half of paxillin
molecules that mediate integrin signal transduction have beemd three of these LD repeats are likely to be important for
identified a subgroup of these proteins are found in thpaxillin’s interaction with the focal adhesion tyrosine kinase,
specialized structures which mediate a cell’s attachment to theak and the structural focal adhesion protein, vinculin (Brown
extracellular matrix, focal adhesions. Focal adhesion proteiret al., 1996). The LD repeats have also been shown to be
have been divided into two groups, structural proteins anonportant for paxillin’s interaction with the papillomavirus E6
regulatory proteins. The structural proteins are fairly abundarrotein (Tong and Howley, 1997; Tong et al., 1997; Vande Pol
and include proteins such as tensin, vinculin@zttinin. The et al., 1998).
regulatory proteins are less abundant and have been propose®axillin has both tyrosine and serine phosphorylation sites
to be involved in regulating focal adhesion dynamics(Bellis et al., 1995, 1997; De Nichilo and Yamada, 1996;
Examples of regulatory proteins include focal adhesion kinasgchaller and Parsons, 1995). At least three tyrosine
(FAK), p130CAS, and paxillin. Many of these proteins servephosphorylation sites are present and these include Y31, Y40,
as scaffolding molecules and thus serve as signaling nucleatiand Y118 (Bellis et al., 1995; Schaller and Parsons, 1995). The
centers by providing binding sites for different proteinstyrosine phosphorylation sites are important for mediating
(Jockusch et al., 1995). paxillin’s interactions with the SH2 domains of the cytoplasmic
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tyrosine kinases Src and Csk and the adi A

g;or:g::;rcg‘ngB“ggrseén?” 1199995331 S_I?r?: %tr éﬂﬁel' 1 MDDLDALLADLESTTSH SKRPVFLSEEPPYSYPTGNHTYGEI AVPPPV 49
; 29). 1S 'ine 50 PPPPSSEALNGTVLDPLDQAQPSGSRYAHQQPPSPLPVYSSSAKNSSAS 98

stretches also are involved in mediating bindin 99 NTCDGVGSLCSRAGEEEHVYSFPNKQKSAEPSPTVIVBSSLGSNLSELDR 147
Src and Crk via the SH3 domains of th 148 LLLELNAVQHSPPGFPADEAESSPPLPGALSPLYG PENNTPLGGKAGP 196
molecules (Birge et al., 1993; Weng et al., 1¢ 197 LVKEKPKRNGGRG.EDVRPSVESLLDELESSVPSPVPAI TVNQGEMBSP 245
While the precise roles of these interactions ggg (SFWSSQDXS?K" cgf?SAQSJ ﬁgkmgémmpm gig
unclear, the ability of these proteins 55 e TN PE GSRNFFERDGGPYCEKDYHSLFSPROYYONGR! L 391
communicate - with other signaling pathw 395 py\\TAl DRIWHPEHFFCAQOGAFFGPEGFHEKDGKAYCRKDYFDVEAP 440
suggests that they may link paxillin to differ 441 koGGECARAI LENYI SALNTLWHPECFVORECFTPFVNGSFFEHDGHPYC 489
signal transduction cascades. For example, C 490 EVHYHERRGSLCSGOKPI TGRC TAMAKKFHPEHFVCAFCLKQLNKGT 538
able to interact with a Ras activator, SOS, w 539 FKEQNDKPYCQSCFVKLFC 557
exchanges GDP for GTP (Okada and Pessin, 1 *Beta insert: MG EQRVDGERPWAASWPPSSRQSSPEGRDEGG
Thus, binding of paxillin to Crk and recruitment
SOS to focal adhesions could regulate
activation.

LIM domains are cysteine rich regions compc
of two zinc fingers. These domains were origin B
identified in homeodomain proteins, but have |
subsequently found in both CcytoplasmiC  \ouse \opLOALLAD LESTTSH SK RPVELSEEPP YSYPTGWHTY GEI AVPRPVP PPPSSEALNG

nuclear proteins. LIM domains mediate prot Himan MDDLDALLAD LESTTSHI SK RPVFLSEEt P YSYPTGNHTY QEI AVPPPVP PPPSSEALNG
protein interactions. This includes blndlng to o Chi ck VDDLDALLAD LESTTSHI SK RPVFLt EEt P YSYPTGNHTY QEI AVPPPVP PPPSSEALNG

LIM domains as well as different protein mo ot

60

TVLDPLDOWQ PSGSRYAHQQ PPSPLPVYSS SAKNSSASNT QDGVGSLCSR AGEEEHVYSE 120

Ti LDPLDQWQ PSGSRY i HQQ PgSssPVYgS SAKt SSASNp QDs VGSpCSR v GEEEHVYSF

(Dawid et al., 1995; Schmeichel and Becke TVi DPLDQWQ PSvSRYGHQQ PqSqs Pi YSS SAKsSSASvp r DA sSpsSR AsEEEHVYSF
1994). Two of the LIM domains of paxiliin & 121 PNKQKSAEPS PTVMSSSLGS NLSELDRLLL ELNAVGHSPP - GFPADEAES SPPLPGALSP ©/°
important for mediating paxillin localization to t PNKQKSAEPS PTVMSt SLGS NLSELDRLLL ELNAVQHNPP - GFPADEANS SPPLPGALSP
focal adhesions (LIM 2 and 3), but the protei PNKQKSAEPS PTnt St SLGS NLSELDRLLL ELNAVQHNPP sGFSADEvsr SPsLPnvt gP
that these LIM domains interact with have not k 180 | v PENNTP L GGKAGPLVK EKPKRNGGRG LEDVRPSVES LLDELESSVP SPVPAI TWNQ 239
identified (Brown et al., 1996). Thus, paxillin | LYGVPEt NsP LGGKAGPLt K EKPKRNGGRG LEDVRPSVES LLDELESSVP SPVPAI TVNQ

. A . . . . hYvl PEssSs aGGKAaPpt K EKPKRNGGRG i EDVRPSVES LLDELESSVP SPVPAI TVsQ
multiple binding domains which target paxillin 240

298

; o CGEMBSPQRVT SSQQQUTRI SA SSATRELDEL MASLSDFKFM AQGKTG- SSS PPGGL SKPGS
its proper subcellular localization and prov GEMBSPQRVT STQQQTRI SA SSATRELDEL MASLSDFKFM AQGKTG- SSS PPGGPPKPGS
docking sites to link this focal adhesion proteil GEVSSPQRVN ASQQQTRI SA SSATRELDEL MASLSDFKFM AQGKAGYSSS PPSTTPKPGS
a variety of signaling pathways. 299 4 DSMLGSLQ SDLNKLGVAT VAKGVOGACK KPI AGOWTA MEKTWHPEHE VCTHCQEEI G 508
As indicated above, paxilin is tyrosi QLDSM_GSLQ SDLNKLGVAT VAKGVCGACK KPI AGQWTA MEKTWHPEHF VCTHOGEE! G
. QLDTM_GSLQ SDLNKLGVAT VAKGVCGACK KPI AGQVWTA MEKTWHPEHF VCTHCQEE! G
phosphorylated in v-src transformed cells (Gler .4 418
' < SRNFFERDGQ PYCEKDYHSL FSPRCYYCNG PI LDKWWTAL DRTWHPEHFF CAQUGAFFGP
and quas’ 1989) SUbseque.m studies have < SRNFFERDGQ PYCEKDYHNL FSPRCYYCNG PI LDKVWTAL DRTWHPEHFF CAQCGAFFGP
that this protein is also tyrosine phosphorylate SRNFFERDGQ PYCEKDYHNL FSPRCYYCNG Pl LDKWWTAL DRTWHPEHFF CAQUGVFFGP
BCR-ADI transformed cells and becomes tyro 419 ¢ pnaen vorKoYFDVE APKCGGCARA | LENYI SALNTLWHPECFVC RECFTPEVNG +78
phosphorylated in response to a variety EGFHEKDGKA YCRKDYFDVF APKCGGCARA | LENYI SALN TLWHPECFVC RECFTPFVNG

EGFHEKDGKA YCRKDYFDMVF APKCGGCARA | LENYI SALN TLWHPECFVC RECFTPFI NG

479 538

extracellular stimuli including engagement

integrins,  G-protein-coupled  receptors, SFFEHDGHPY CEVHYHERRG SLCSGCQKPI  TGRCI TAMAKKFHPEHFVCA FCLKQLNKGT
; . . SFFEHDGQPY CEVHYHERRG SLCSGOQKPI  TGRCI TAMAK KFHPEHFVCA FCLKQLNKGT

receptor tyrosine kinases (Salgia et al., 19 SFFEHDGQPY CEVHYHERRG SLCSGOQKPI TGRCI TAMGK KFHPEHFVCA FCLKQLNKGT

Turner, 1994). Paxillin is also subject 539 L ENDKPYC QBCRVKLEC 557
serine/threonine phosphorylation in respons FKEQNDKPYC QNCFLKLFC
engagement of certain integrin receptors (Bell FREQNDKPYC QNCFLKLFC

al., 1997’ De N'Chllo. and Yamad_a, 1996) Wh"e. Fig. 1. Sequence of mouse paxillin isoforms and mouse Hic-5. (A) The amino
protein functions In- many dlfferent. Sl_gnah acid sequence of the alpha paxillin isoform is shown. The * denotes the
pathways, the precise role of paxillin in fo  position of the 34 aa insert present in the beta isoform and the sequence of the
adhesion dynamics or other signaling eveni insert is listed below the alpha sequence. (B) An alignment of the mouse
uncertain. One potential approach to understar  (upper), human (middle) and chicken (lower) paxillin proteins is shown.

paxillin function is the use of embryonic stem Dashes represent a gap in the sequence. Small bold letters indicate differences
technology and homologous recombination Whil_e cgpital letters indicgte identity: Mapped_ tyr_osine p_hosphqryl_ation sites
generate paxillin deficient cells. For this purpos ~ are indicated by an asterisk. Potential SH3 binding motifs are indicated by a
mouse paxillin cDNA was isolated. In the proc solid _Ilne.‘(’i. Alignment of the mouse Hic-5 (|OV\‘I'(’EI’) a‘r]d paxillin (upper) _

of isolating this gene, a paxilin-related gene  FTERS TgP et SN 200 TN S Criginal Hie-6 clone. =
also_ identified which was previously callédt-5 represent tyrosine phosphorylation sites identified in paxillin. Sequences in
(Shl_banuma et al'f 1994).' . bold are the amino acids in paxillin that have been shown to bind Fak and

~ Hic-5 was originally identified as a TGE-  \inculin. The dashed line is the peptide sequence of Hic-5 used to make the
inducible gene in the mouse osteoblastic cell Hic-5 specific antibody. (D) A diagram showing the overall domain structures
MC3T3 (Shibanuma et al., 1994). Hic-5 has t  of paxillin and Hic-5. The tyrosines denoted are known sites of

proposed to be a transcription factor based o/ phosphorylation in paxillin.
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C does bind to the negative regulator of Src PTKs, Csk.

Paxi | |in 1 MDDLDALLADLESTTSH SKRPVFLSEEPPYSYPTGNHTYGEI AVPPPVP 50 Tak_erj togethe;r, these results raise the pOSSIbIII_ty_ _that

L DL L L Loy paxillin and Hic-5 may modulate each others activities
iR 33 by competing for focal adhesion binding sites.

51 PPPSSEALNGTVLDPLDQAQPSGSRYAHQQPPSPLPVYSSSAKNSSASNT 100

. MATERIALS AND METHODS

101 QDGVGSLCSRAGEEEHVYSFPNKQKSAEPSPTV. . . MBSS. . . LGSNLSE 144
23 GTGSEESSTTEOKDHL YSTVCkPRSPKPVAPVAPPFSSSSOVLBNALCE g7 cDNAs

For cloning of the mouse paxillin cDNASA&'ES (Stratagene)

LDRLLLELNAV( PPG-PADEAESSPPLPGALSPLYG PENNTPLGGKA . . . .
145 e O P e 104 library constructed with ES cell cDNAs (kindly provided by Dr

93 LDRLLQELNATGFN. . . . | TDEI MS. . GFPS. . SK@Eﬁ%ED%émf 134 Zhi Chen, University of Michigan) ws screened at low
stringency with a full length chicken paxillin cDNA by standard
195 GPLVKEKPKRNGGRGL EDVRPSVESL L DELESSVPSPVPAI TVNQGENSS 244 ; e
O 1L methods (Sambrook et al., 1989). Two partial paxillin cDNAs
135 SPTV... PPSPFPA.......... 145 were obtained and these were used to re-screen the library at
245 PORVTSSQQQTRI SASSATREL DELMASLSDFK. . . . FMAQG . .. . . .. 282 higher stringency. Positives were sequenced with forward and

I INE S reverse primers using an ABI automated sequencer. For cloning
146 - ovveee PSKPSATSATQEL DRLMASL SDFRVQNHLPASGPPQPPAAS - 186 of the mouse hic-5 cDNA, a hic-5 cDNA was isolated from a

283 . . KTGSSSPPGGL SKPGSQLDSM_GSL QSDLNKLGVATVAKGVCGACKKP 330 kidney RT PCR reaction (kindly provided by Dr Brian
Sl T LD T T Tl et Zambrowicz, Lexigen) (Zambrowicz et al., 1997) using primers
187 PTREGCPSPPGQTSK. GS. LDTM.GLLQSDLSRRGVPTQAKGLOGSCNKP 234 that were generated to thé 6ntranslated region of hic-5

331 | AGQVVTAMGKTWHPEHFVCTHOGEE! GSRNFFERDGQPYCEKDYHSLFS 380 (acatcccctecttcccaaactc) and theegjion of hic-5. An internal
TN primer was used to confirm the identity of the clone. This

235 | AGQUVTALGRAVHPEHFL CSCCSTTL CGSSFREKDGAPFCPECYFERFS 284 cDNA was then used to probe an E12.5 cDNXES cDNA

381 PRCYYONGPI LDKWWTAL DRTWHPEHEFCAQOGAFFGPEGEHEKDGKAYC 430 library (kindly provided by Dr Zhi Chen, University of

(L] | Michigan) using standard methods (Sambrook et al., 1989).
285 PRCGFCNQPI RHKMVTAL GTHWHPEHFCCVSCGEPFGEEGFHEREGRPYC 334

Resulting clones were fully sequenced with both forward and

431 RKDYFDMFAPKCGGCARAI LENY! SALNTLWHPECFVCRECFTPFVNGSF 480 reverse primers on an ABI automated sequencer.
[ AN AR N A S AR R R A R AR AN
335 RDFL QL FAPRCQGCQGPI LDNYI SAL SALWHPDCFVCRECLAPFSGGSF 384 GST fusion proteins
481 FEHDGHPYCEVHYHERRGSL CSGOOKP! TGRC TAMAKKFHPEHFEVCARC 530 The paxillin, crk, and csk fusion proteins are described

N R e AN e s A A e n ey previously (Birge et al., 1992; Songyang et al., 1994; Turner
385 FEHEGRPLCENHFHAQRESLCATCALPVTGRCVSALGRREHPDHFTCTIC 434 and Miller 1994). For generation of GST-Hic-5Ned-Stu

531 LKQLNKGTFKEQNDKPYCQSCFVKLFC 557 fragment (encodes aa 1-226), was cloned intdStilesite of
I I pPGEX2TK. Junctions were confirmed by sequencing. Fusion
435 LRPLTKGSFQERASKPYOQPCFLKLFG 461 protein was made as previously described (Weng et al., 1993).

GFP fusion proteins

The green fluorescent protein (GFP) contains a modified GFP
D protein kindly provided by Dr Akira Imamoto (University of

Chicago) (Chalfie et al., 1994). The fusions of paxillin and
L* * . .* L.* L LL HIC-5 with GFP were made by PCR amplification of the mouse
paxillin or HIC-5 cDNAs. All primers contained a¢hd linker
for cloning into the GFP vector. All of the GFP proteins are N-

Hic-5 _. terminal fusions. For generation of the NH2 Hic-5 GFP fusion
|L . *.L .L.L the forward primer used was ‘cccgctcgagcgga-

ccgccatggaggacctggatt and  the reverse primer was

Paxillin

L: LD motifs ‘ccgctcgageggggcetccacagacccctttgge’.  The  NH2 - paxillin
construct  was made using the ' 5 primer,
.: Pro-rich sequences ‘ccgctcgagcggggaccagcecatggacgacctc’ and  the pBmer,
. ) ) ‘ccgctcgagceggggcetccacagacccectttgge’. For generation of the
* . tyrosine phosphorylation sites Hic-5 LIM GFP fusion, the forward primer used was

‘ccgetcgageggctecagecgtegtggtgtccee’ and the reverse primer

used was ‘ccgctcgagcggtcageccgaagagctticaggaa’. The paxillin-
presence of the LIM domains and immunolocalization studiesiM GFP was made using the forward primer,
(Shibanuma et al., 1997). Additionally, Hic-5 inducesccgctcgagcggctgaacaagctaggggtcgee’ and  the  reverse  primer,
senescence when overexpressed in human diploid fibroblasiesgctcgagegggeaggtggtagggacaagaga’. All products were cloned into
and hic-5 expression is lost karastransformed cells and in the pbluescript vector (Stratagene) and sequenced before cloning them
several human tumor cell lines. These results have led to t#{§° the GFP vector.
proposal that this protein may be involved in growth arrest Ogjnding assays
cell senescence (Sh|banur_na et al., 1994). The studies preseq% ing assays were done as previously described (Brown et al.,
here demonstrate that Hic-5 is closely related to the focalgge) “For binding assays with paxillin or Hic-5 fusion proteins,
adhe_S|0n protein, an'_”m and _that Hic-5, like paxillin, is chicken gizzard lysates were prepared by lysing the tissue in lysis
localized to focal adhesions and interacts with Fak, FRNK, angluffer (1% NP40, 100 mM NaCl, 1 mM EDTA, 1 mM vanadate, 1%
vinculin. Hic-5 does not bind to the adaptor protein Crk buffrasylol and 10QuM leupeptin) and then spun at 10009@or 20
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minutes at 4°C. Cell lysates were incubated at 4°C wijtg 6f each  1994). A partial cDNA was obtained and used to reprobe the
GST fusion protein coupled to glutathione beads. Beads were washg& cell library. Two full length clones were isolated and
5 times with lysis buffer and bound proteins eluted by boiling inseveral partial clones encompassing both thansl 3 ends
sample buffer. A similar procedure was used for binding assays witht paxillin. One of the full length clones is the mouse

Crk and csk fusion proteins except that lysates were prepared froﬁbmolog of the human alpha isoform of paxillin and the
REF?Z cells expressing pp&Y-. Eluted proteins were separated on second clone is the beta isoform which was originally
an 8% gel using SDS-PAGE. identified in HeLa cells (Mazaki et al., 1997; Salgia et al.,
Western blots 1995b) (Fig. 1A). A gamma isoform may also exist but has
Immunoblot analysis was performed as described previously (Werigot been identified yet in the mouse. An alignment of the
et al., 1993). Briefly, following SDS-PAGE analysis, proteins weremouse, chicken, and human alpha paxillin proteins is
immobilized on nitrocellulose filters. Filters were blocked in 5% milk depicted in Fig. 1B. Paxillin appears to be conserved
in TBST (10 mM Tris, pH 7.4, 100 mM NaCl, 1% Tween-20). Theythroughout evolution as a blast search revealed a potential
were then incubated with paxillin 165 (Turner et al., 1990), Hic-5, Falkhomologue in Caenorhabditis elegansand Drosophila
(BC3, kindly provided by Tom Parsons, University of Virginia), melanogaster The murine paxillin protein has a 91% and
vinculin antibodies (Vin 11-5, Sigmay), or myc (9E10) antibody (Evansgge, amino acid identity, respectively, with chicken and
et al., 1985). Following four washes in TBST, immunoblots Were. | man paxillin. This ideniity includes t’he LD motifs, LIM

incubated with horseradish peroxidase-conjugated secondar . d the th K ¢ . h horviati it
antibodies (1:10,000; Jackson Immunochemicals). Filters were th crmains an € three known tyrosine phosphorylation sites.

washed four times in TBST and developed by chemiluminescenddot all of the proline rich regions, which can mediate

(NEN Dupont). interactions with SH3 containing proteins, are completely
o conserved between species (e.g. 81-86).
Immunoprecipitations A blast search using the mouse paxillin protein sequence

REF52 cells were transfected with vector or myc-tagged Hic-5 usingevealed a highly related protein, Hic-5. The homology
Lipofectamine according to the manufacturer's recommendationpetween these proteins was not restricted to the carboxyl LIM
(Gibco-BRL). 293T cells were transfected by standard calciumyomains, but included sequences in the amino terminal half
phosphate precipation (Chen and Okayama, 1987). 48 hours aftgfiy 1¢). To begin to understand the functional relationship

transfection, lysates were prepared as described above. Cell lysa Stween paxillin and hic-5, a hic-5 cDNA was isolated from

were normalized for protein levels and then incubated with Protein . -
purified Fak antibody (kindly provided by Tom Parsons, University ofd Mouse embryonic day 12.5 (E12.5) cDNA library. One full

Virginia)  control  IgG~ (Rabbit ~ anti-mouse,  Jackson Ienth clone and three partial overlappmg. clones were
Immunochemicals), or a Hic5 specific antibody followed by Proteirobtained and sequenced. The full length hic-5 clone and
A Sepharose. Beads were washed 5 times with lysis buffer and boup@xillin clone were used to map the mouse chromosomal
protein eluted by boiling in sample buffer. Eluted proteins werdocations using the 94 N2 DNAs from the Jackson Laboratory
separated on an 8% gel using SDS-PAGE. BSS cross, (C57BL/6jEix SPRET/Ei)F1 x SPRET/Ei
backcross panel (Rowe et al., 1994). The allele type data was
compared to over 2000 other loci previously mapped in the
&loss and linkage was found to markers on the distal end of

paraformaldehyde for 10 minutes, permeablized for 2 minutes Witﬁlhromosome_ 7 for Hic-5. .Slmllar'studles were also done to
2% Triton rinsed 3 times 5 minutes in PBS and then blocked for 182P the paxillin locus Wh'Ch, resides on Chromosome S at
minutes with 2% BSA in PBS. Coverslips were incubated with Hic-Offset 71.7. There are no obvious mouse mutants which map
5 antibody (1:50), vinculin antibody (1:300), or paxillin antibody t0 these regions. The Hic-5 locus has been given the name
(Transduction Laboratories) for 45 minutes, washed 3 times 1pxnr (paxillin-related) and the paxillin locus is designated
minutes in PBS and then incubated with fluorescently tagge@xn. The data are available from the Jackson Laboratory
secondary antibodies at a 1:400 dilution (Jackson Immunochemicalgackcross DNA Panel Mapping Resource web site
In some cases, cells were also co-stained with rhodamine-conjugatgitp://www.jax.org/resources/documents/cmdata).

phalloidin (Molecular Probes). Cells were washed 3 times 10 minutes The sequence of the full length hic-5 cDNA was identical to
in PBS and then mounted onto glass slides using Mowiol. Fofye griginal hic-5 clone except at theehd. In particular an
experiments with the GFP fusions, REF52 cells were transientl dditional 17 amino acids was encoded by the cDNA isolated

transfected using LIPOfectmine according to the recommende; ) N
protocol (Gibcc?—BRL) or  Fugene (B%ehringer Mannheim Tom the E12.5 cDNA library. This difference could be due to

Biochemicals). 12-16 hours following transfection, cells were platec@/ternative splicing since we were able to isolate the cDNA
on fibronectin-coated coverslips overnight. Cells were then fixed angloned by Shibanuma et al. (1994) by RT PCR using a primer
mounted or in some cases, stained with vinculin antibody beforthat is unique to this clone.
mounting. Cells were visualized on a Nikon immunofluorescence The sequences surrounding the potential new initiator
microscope and images processed using a Photometrics digital camenathionine provide a strong consensus Kozak sequence
and phase3 imaging software (Phase3 Imaging). suggesting that this is, in fact, a true translational start site. In
addition, in vitro transcription/translation of the cDNA produced
a 51 kDa protein, the predicted molecular mass of Hic-5 (data

Immunofluorescence

Immunofluorescence was done as described previously (Thomas
al., 1995). Briefly, cells were fixed in freshly prepared 4%

RESULTS not shown). These 17 amino acids contain the first LD repeat

. o . ) and extends the homology between paxillin and Hic-5 (Fig. 1C).
Isolation and characterization of the paxillin and hic- Interestingly, this LD repeat has been shown to be critical for
5 cDNAs mediating paxillin’s interaction with the bovine papillomavirus

A chicken paxillin probe was used to screen a mousprotein E6 (Tong et al., 1997; Vande Pol et al., 1998).
embryonic stem (ES) cell cDNA library (Turner and Miller, Overall, there is 57% amino acid identity and 72% similarity
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between Hic-5 and paxillin. As indicated above the homologysrc or Crk since residues which are critical for interaction with
between these proteins is not restricted to the carboxyl LINMhe SH2 or SH3 domains of these signaling proteins are not
domains, but also includes sequences in the amino-terminal hatbnserved between paxillin and Hic-5 (Rickles et al., 1994;
In particular, four of the five LD repeats as well as sequencedongyang et al., 1993). Thus, paxillin and Hic-5 may have both
surrounding these motifs are conserved between paxillin aralerlapping and unique binding partners.
Hic-5. Two of these repeats lie within sequences that are required ) ) ) S
for paxillin's interaction with the focal adhesion proteins, Faklnteraction of Hic-5 with Fak and vinculin
and vinculin (Brown et al., 1996). Paxillin also has SH2 and SH8lic-5 was originally proposed to be a nuclear protein and
binding motifs in the amino-terminal half (phosphotyrosine angotential transcription factor (Shibanuma et al., 1994, 1997).
proline rich sequences, respectively) (Schlessinger, 1994). TheGéven the overall homology with paxillin, it was of interest to
sites mediate interactions with signaling molecules such as Cdetermine whether Hic-5 may play a role in focal adhesions. To
and Src (Birge et al., 1993; Schaller and Parsons, 1995; Turnagdress this question, GST fusion proteins were generated to
1994; Weng et al., 1993). Only one of the mapped tyrosindetermine if Hic-5, like paxillin, could interact with Fak, the Fak-
phosphorylation sites in paxillin is conserved in Hic-5 (Y118)related protein, FRNK, and vinculin (Hildebrand et al., 1995;
but the overall SH2 binding motif is not conserved. Thus whil&urner and Miller, 1994). FRNK is an alternatively spliced form
Hic-5 contains proline-rich sequences and potential tyrosinef Fak that contains the paxillin binding site (Hildebrand et al.,
phosphorylation sites, it is unlikely that Hic-5 will interact with 1995; Schaller et al., 1993). GST fusion proteins containing
amino acids 1-226 of Hic-5 were incubated with chicken gizzard
lysates or REF52 lysates and the precipitated proteins were
A separated by SDS-PAGE and immobilized on nitrocellulose
filters. Immunoblotting with antibodies to Fak showed that Hic-
5 could associate with Fak and FRNK. Immunoblotting with
antibodies to vinculin showed that Hic-5, like paxillin, also
Vinculin bound to vinculin and metavinculin (upper band, Fig. 2A)
(Turner and Miller, 1994). In contrast, under conditions where
Fak bound to the paxillin or Hic-5 fusion proteins, Talin binding
FAK was essentially undetectable (Fig. 2B).
To determine if Hic-5 can bind to Fak in vivo, 293T cells
were transfected with a myc-tagged full length Hic-5. Lysates
— were incubated with Protein A purified Fak antibody, purified
rabbit 1gG, or Hic-5 specific antibody. The precipitated
proteins were separated by SDS-PAGE and immobilized on
B nitrocellulose. The immunoblots were incubated with the myc-
tag antibody or with a Fak antibody (Fig. 2C). The myc-tagged
Hic-5 was detected only in cells transfected with this construct
£ (data not shown) and only in lysates precipitated with the Fak
. antibody or Hic-5 antibody. In addition, a significant amount
p - Fak of Fak could also be co-precipitated with the Hic-5 antibody.
& ‘ . _ . Bt Thus, consistent with the in vitro binding data, Hic-5 can
associate with Fak in vivo.

GST Paxillin Hic-5 TCL

i
'

2

TCL

GST
Paxillin

icS

' ; E‘“: Generation of a Hic-5 specific antibody and
© localization of Hic-5 in vivo

C While these studies suggest that Hic-5 is localized to the
TCL ® Fak HicS cytoplasm and potentially focal adhesions, Shibanuma et al.
(1997) have suggested that the subcellular localization of Hic-

5 is nuclear. The Hic-5 specific antibody was used to stain
. .- . Myc-tag Blot REF52 cells. This antibody recognizes the GST fusion protein
described above and a 50-51 kDa doublet present in REF52
cells but does not recognize paxillin (data not shown, Fig. 3A).

b _ i . Fak Blot To determine the subcellular localization of Hic-5 in REF52
_ _ _ _ o cells, cells were co-stained with the Hic-5 specific antibody
Fig. 2. Hic-5 can interact with Fak, Frnk and vinculin. (A) GST, and phalloidin or the Hic-5 antibody and a paxillin antibody.

GST-paxillin N-terminal (aa 54-331) or GST-Hic-5 N-terminal (a2 1- Hjc-5 js |ocalized to focal adhesions in REF52 cells (Fig. 3B
oroins probed with antbodies (o Fak. wneulr o Frnk. A total cel 1 C)- No_nuclear staining was observed under these
p b ; : conditions. Co-staining of REF52 cells with paxillin and Hic-

lysate (TCL) has also been included. (B) GST Hic-5 N-terminal - . . L o
fusion protein was used in a binding assay and the bound proteins 5 antibodies revealed that Hic-5 and paxillin_co-localize in

probed with antibodies to Fak or Talin. (C) Cell lysates from 293T focal adhesions. In addition, myc-tagged Hic-5 also localizes
cells transfected with myc-tagged Hic-5 were incubated with rabbit to focal adhesions (data not shown).

Ig (), Fak antibody, or Hic-5 antibody and the bound proteins Localization of paxillin to focal adhesions is mediated by

probed with the myc-tag antibody, 9E10 or Fak. the 2nd and third LIM domains (Brown et al., 1996). To
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A C

Paxillin Hic-5

&3 *‘ | Paxillin
50-
Hic5
Merge

Fig. 3. Expression of Hic-5 in REF52 cells and localization to focal adhesions. (A) REF52 cell lysates immobilized on nitrocellelose we
probed with a Hic-5 specific or paxillin-specific antibody. Paxillin is a broad doublet and is indicated by the asteriskatlotblet and is
indicated by the two arrowheads. The sequence to which the antibody was made is indicated by the dashed line in C. (B3 BEESR ce
overnight on fibronectin-coated coverslips were co-stained with the Hic-5 specific antibody and phalloidin. (C) REF52 deliephtégéat on
fibronectin-coated coverslips were co-stained with the Hic-5 specific antibody and a paxillin antibody. Focal adhesiorg staimuebwith
the Hic-5 specific antibody.

determine which domains of Hic-5 are important for focalboth the Hic-5 and paxillin LIM domains. This was confirmed
adhesion localization, green fluorescence protein (GFP) wdy co-staining with DAPI (data not shown). Nuclear
fused to an N-terminal fragment, containing the Fak andbcalization was not observed with either the vector control or
vinculin binding sites, or a C-terminal fragment containing theN-terminal-GFP fusion. These results suggest that the primary
four LIM domains. REF52 cells were transiently transfectedsequences important for localization of Hic-5 to focal
with the GFP constructs and, following fixation, localizationadhesions reside in the LIM domains. Based on the homology
of the fusion proteins was assessed (Fig. 4). Cells expressibgtween Hic-5 and paxillin, this is likely to be mediated by the
GFP show a punctate perinuclear staining as well as diffustnd and third LIM domains (Brown et al., 1996). In addition,
cytoplasmic localization. 80% of cells expressing the N-the N-terminal region of Hic-5 may also play a minor role in
terminal Hic-5 fusion (GFP-NH2) show a similar pattern offocal adhesion localization since the GFP-N-terminal fusion
staining as cells transfected with the vector control (Fig. 4Acould also localize to focal adhesions in some cells. These
NH2*). 20% of the cells, however, show some focal adhesionesults support the binding studies and indicate that Hic-5 can
staining (Fig. 4A,B GFP-NH2). This was confirmed by co-localize to focal adhesions in vivo. The nuclear localization of
staining with vinculin (Fig. 4B). Similar results are also seerthe LIM domains, raises the possibility that paxillin and Hic-
with the paxillin N-terminal-GFP fusion (data not shown). In5 could reside in the nucleus; however, additional studies are
contrast, no focal adhesion staining is observed with the GFétearly necessary to prove this hypothesis.
control. Interestingly, GFP-NH2 co-localized with vinculin in o ) )
the membrane cytoskeleton at potential focal contact sites (Figssociation of Hic-5 with csk but not Crk
4B). As indicated above, Hic5 has been proposed to be involved in
Consistent with previous studies on paxillin, GFP fused taell senescence and, in general, thought to negatively regulate
the Hic-5 LIM domains or paxillin LIM domains localized to cell growth while paxilin may be a positive regulator
focal adhesions (Brown et al., 1996) (Fig. 4A,B). In addition(Shibanuma et al., 1994; Turner, 1994). Further support for this
the GFP-LIM domain fusions localized along stress fibers imypothesis comes from analysis of the aligned sequences. As
some cells. Interestingly, there was also nuclear localization ehentioned above, the previously mapped tyrosine
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and vinculin; (3) Hic-5 is localized to focal adhesions in
A REF52 cells; and (4) localization of Hic-5 to focal adhesions
is mediated primarily by the LIM domains although the N-
terminal region also plays a minor role. (5) Hic-5 cannot bind

. j ' to the adaptor protein Crk, but can bind Csk. These results
Paxillin Blot . suggest that Hic-5 may play a role in regulation of focal
, J—— adhesions and raise the question of what is the functional

TCL GST  Crki relationship between Hic-5 and paxillin. At least three potential

e models can be proposed. (1) Hic-5 and paxillin could be
: redundant; (2) Hic-5 and paxillin could have unique and
Hic5 Blot e " overlapping functions; (3) Hic-5 and paxillin could regulate
; each other.
The overall homology between Hic-5 and paxillin suggest
that these proteins could have overlapping functions. Although
Hic-5 was found in the nucleus in MC3T3 cells, Hic-5 can
interact with the focal adhesion proteins Fak and vinculin and
B is localized to focal adhesions in REF52 cells (Fig. 2 and 3).
Like paxillin, this localization is mediated primarily by the
LIM domains (Fig. 4). However, the N-terminal half of Hic-5
or paxillin can localize GFP to focal adhesions. Interestingly,
the N-terminal domain co-localized with vinculin to the focal
contacts. This localization is likely due to the LD motifs which
bind to the focal adhesion proteins, Fak and vinculin (Brown
GST Csk TCL et al., 1996). Deletion of these sequences or use of Fak and

Fig. 5. Association of csk but not Crk with Hic-5. GST (A and B), vinculin deficient cells should help to address this issue.

GST-Crk (A) or GST-Csk (B) were used in binding assays as While the LIM domains of '__"C'S and paxillin_ C'ea”y
described in Materials and Methods. Following immobilization on ~localized GFP to the focal adhesions, nuclear localization was

nitrocellulose, the bound proteins were probed with antibodies to ~ also observed. In addition, upon closer examination, constructs
Hic-5 (A and B) or paxillin (A). Hic-5 binds to csk but not Crk. containing the four LIM domains exhibited a higher level of
nuclear staining than the other constructs (Brown et al., 1996).
Precedence for dual localization of LIM domain containing
phosphorylation sites in paxillin are poorly conserved in Hicproteins includes the actin filament associated proteins CRP
5. In particular, two sites which would allow binding of the and MLP (Arber and Caroni, 1996). In addition, recent studies
positive signaling proteins, Src (Y40) and Crk (Y31 and Y118pn zyxin have also suggested that this LIM domain containing
are absent in Hic-5 while the site which would allow bindingprotein can localize to both focal adhesions and the nucleus
of the negative regulator, Csk, is present in Hic-5. Binding ofNix and Beckerle, 1997). Since nuclear localization of Hic-5
paxillin to Crk provides a potential mechanism for paxillinhas been observed (Shibanuma et al., 1997), it is possible that
activating the Ras-MAP kinase pathway, since Crk can intera¢tic-5, and potentially paxillin, may localize to both focal
with an exchange factor for Ras, SOS. To determine whethadhesions and the nucleus depending on the cell type or signals
Hic5 can interact with Crk or Csk, GST fusion proteins for Crkthat the cell is receiving. Additional studies on paxillin and
and Csk were incubated with REF52 lysates that had bedtic-5 should help to distinguish these possibilities.
infected with v-src. As shown in Fig. 5, Crk can interact with Paxillin’s localization to focal adhesions, its association with
paxillin but is unable to bind Hic-5. In contrast, Csk canthe focal adhesion proteins, Fak, FRNK, and vinculin, and its
interact with Hic-5 as well as paxillin. These results raise thenodification in response to integrin engagement has led to the
possibility that Hic-5 may have a negative regulatory functiorsuggestion that paxillin may be involved in focal adhesion
in focal adhesion signaling. dynamics (Jockusch et al., 1995; Turner, 1994). Whether or not
Hic-5 is phosphorylated in response to integrin engagement is
unclear. Thus far, we have been unable to see any changes in
DISCUSSION tyrosine phosphorylation of Hic-5 in response to integrin
engagement in REF52 cells (S. M. Thomas, unpublished).
In the process of cloning the mouse paxillin cDNA a paxillin-Since integrin engagement can also induce serine/threonine
related protein, Hic-5 has been identified. Two other groupphosphorylatin of paxillin it is possible that Hic-5 may be
have also noted this homology (Brown et al., 1996; Shibanumaodified primarily on these residues in response to integrin
et al., 1997). Hic-5 was originally identified as a T@GF- engagement (Bellis et al.,, 1997; De Nichilo and Yamada,
inducible gene and has been suggested to be a transcriptibt®96). Regardless, the ability of Hic-5 to localize to focal
factor because of the presence of four LIM domains in thadhesions and to interact with Frnk, Fak and vinculin, suggests
COOH-terminal half and because of its nuclear localization inhat Hic-5 may be involved in regulation of focal adhesion
the MC3T3 osteoblastic cell line (Shibanuma et al., 1994). Thdynamics.
studies presented here show that: (1) Hic-5 shares a high degreélic-5s ability to localize to focal adhesions and to interact
of homology with the focal adhesion protein, paxillin; (2) Hic- with Frnk, Fak, and vinculin, suggests that paxillin and Hic-5
5 can associate with the focal adhesion proteins Fak, FRNKyay have overlapping or redundant functions. It is interesting

Hic5 Blot
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to note, however, that Hic-5 and paxillin are proposed to be Adhesion of fibroblasts to fibronectin stimulates both serine and tyrosine
involved in opposing biological responses. Hic-5 has been phosphorylation of paxillinBiochem. J325 375-381. ,
associated with growth arrest and cell senescence since: @%¢: R.B., Fajardo, J. E., Mayer, B. J. and Hanafusa, H1992). Tyrosine-

; _ . i . . . hosphorylated epidermal growth factor receptor and cellular p130 provide
Hic-5 was originally identified as a TG-inducible gene; (2) high affinity binding substrates to analyze Crk-phosphotyrosine-dependent

overexpression of Hic-5 induces cell senescence; (3) 0SS Ofinteractions in vitroJ. Biol. Chem267, 10588-10595.
hic-5 is observed in ras-transformed cells; and a number of célrge, R. B., Fajardo, J. E., Reichman, C., Shoelson, S. E., Songyang, Z.,
lines derived from different human tumors (Shibanuma et al., et al.(1993). Identification and characterization of a high-affinity interaction

T : : between v-Crk and tyrosine-phosphorylated paxillin in CT10-transformed
1994). In contrast, paxillin has been associated with cell fibroblasts Mol. Cell Biol13, 4648-4656,

growth because of: (1) it's identification as a tyrosinegown, M. C., Perrotta, J. A. and Tumner, C. E. (1996). Identification of
phosphorylated protein inv-sre, BCR-Abl-, and v-crk- LIM3 as the principal determinant of paxillin focal adhesion localization
transformed cells, and (2) its ability to associate with proteins and characterization of a novel motif on paxillin directing vinculin and focal
which are linked to the Ras-MAP kinase pathway (Birge et al., adhesion kinase binding. Cell Biol. 135 1109-1123.

. . . Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W. and Prasher, D. C(1994).
1993; Glenney and Zokas, 1989; Salgia et al., 1995a). The§ reen fluorescent protein as a marker for gene expreSsimce263, 802-

results raise the possibility that paxillin and Hic-5 may act in ggs,
opposition to each other and may regulate each others functiathen, C. and Okayama, H.(1987). High efficiency transformation of
Consistent with this model, Hic-5 was unable to bind to a Crk mammalian cells by plasmid DNMol. Cell. Biol.7, 2745-2752.

fusion protein in vitro, but could interact with a csk fusionC""“k'h E. A. ?}”d Brggglfé;-.S-(ggg)'z?!gt;%gns and signal transduction
. . ! . . pathways: the road takeBcienc -239.
protein. Thus, Hic-5 localization to focal adhesions anq)awid, I. B., Toyama, R. and Taira, M.(1995). LIM domain proteinsCR

association with Fak and vinculin could displace paxillin and Acad. Sci. lii318 295-306.
prevent paxillin from interacting with proteins such as Crk.De Nichilo, M. O. and Yamada, K. M. (1996). Integrin alpha v beta 5-
Disruption of this interaction, in turn, could alter Ras/MAP dependent serine phosphorylation of paxillin in cultured human

; PR : macrophages adherent to vitronecfinBiol. Chem271, 11016-11022.
Kinase activation which could affect cell growth andEvans, G., Lewis, G., Ramsey, G. and Bishop, J1985). Isolation of

diﬁe_r?ntiation- An ad'ditional possibility is tha't Hi?‘5 and  Monoclonal Antibodies specific for human c-myc proto-oncogene product.
paxillin could have different effects on cell migration. Crk Mol. Cell. Biol.5, 3610-3616.
associates with the focal adhesion protein CAS which has be&tenney, J. R. and Zokas, L(1989). Novel tyrosine kinase substrates from

implicated in promoting cell migration. Thus, it is possible that ?C’ézlIsaBrig?Tga"i;‘i%'{r_gqggrmed cells are present in the membrane skeleton.
the 'nteraCt|On of paxillin with Crk.COUI,d be |mportant_ for Hildebrand, J. D., Schaller, M. D. and Parsons, J. T(1995). Paxillin, a
regulation of cell movement. If Hic-5 is the predominant tyrosine phosphorylated focal adhesion-associated protein binds to the

protein in focal adhesions then migration might be impaired. carboxyl terminal domain of focal adhesion kinadel. Biol. Cell6, 637-
It is interesting to note that an example of family members, 647-

: : : ; : : {lic, D., Damsky, C. H. and Yamamoto, T(1997). Focal adhesion kinase: at
acting in opposing pathways is seen with the focal adhesidtf; 2 2am9: C signal transductianCell Sci.110, 401-407.

protein Fak and the related protein, Pyk-2 (llic et al., 1997;,ckysch. B. M., Bubeck, P., Giehl, K., Kroemker, M., Moschner, J., et al.
Xiong and Parsons, 1997). Although Fak and Pyk2 are closely(1995). The molecular architecture of focal adhesiénsu. Rev. Cell Dev.
related proteins, they may function in opposing biological Biol. 11, 379-416.

responses in fibroblasts. Fak has been associated with c¥gzaki. Y., Hashimoto, S. and Sabe, H1997). Monocyte cells and cancer

. . . . .. cells express novel paxillin isoforms with different binding properties to
survival while overexpression of Pyk2 induces apoptosis in ¢/ . 2dhesion proteins. Biol. Chem272, 7437-7444.

fibrc?blaStS (Xiqng and .ParSO'HS, 1997). Thus, it iS' possible thafx, b. A. and Beckerle, M. C.(1997). Nuclear-cytoplasmic shuttling of the
paxillin and Hic-5, while being related by protein sequence focal contact protein, zyxin: a potential mechanism for communication
may act to regulate each other. This model requires co- between sites of cell adhesion and the nucléuSell Biol.138 1139-1147.
expression of these proteins which is clearly observed f kada, S. and Pessin, J. E1996). Interactions between Src homology (SH)

it . . i . 2/SH3 adapter proteins and the guanylnucleotide exchange factor SOS are
paxillin and Hic-5 (Shibanuma et al., 1994; Turner and Miller, differentially regulated by insulin and epidermal growth facforBiol.

1994) (Fig. 3C). Studies are currently underway to understandchem.271, 25533-2558.
the functional relationship between Hic-5 and paxillin. Rickles, R. J., Botfield, M. C., Weng, Z., Taylor, J. A,, Green, O. M., et al.
(1994). Identification of Src, Fyn, Lyn, PI3K and Abl SH3 domain ligands
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