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Adherens Junction Dynamics in the Testis 
and Spermatogenesis 

Review 

WI:'\G-YEE LCI.* DOLORES D. \IRL"K.* 
WILL :vt. LEE. 7 A:'\D C YA:'\ CHE:'\Gx 

From the *Popularion Council. Cn!ter j/1r Biomniical 
Rest>arch. St'H" York .\T 10021: and T-/)t·partmem r~f 

Zoology. The Cnit·ersity of Hong Konr._:. Hon!.{ 1\ma:. 
China. 

Anchoring or adhering junction" are poinh at which L·c-11 ... 
attach to neighboring celh. The: pia: an important rok 
in determining and maintaining ti..;..;ue nrgani.1ation 1 for 
reYiews. <.,ee Yap eta!. 1997: Tsukita eta!. 2tXll: Cheng 
and \lruk . .:::!002l. In the testis. unique cell-cell ;tL·tin-ha..,t:d 
adherens junction<., ( AJ-. l between Sertoli ~o:elh. a" \\e-ll a" 
between Sertuli and gem1 celb. and cell-cell intermediate 
filament-based de:-.mo..,ome-like junction" hct\\ een Sertnli 
and germ cells (for re,·ic\\ s. •\ee Ru..,..,ell and Peterson. 
1985: Rus:-.ell et al. 1YYO: B:ers et al. 1443: Ruv .. ell. 
1993) nm only provide mechanical aJhe..;ion of germ u:ll.., 
onto Sertoli cells. they also pia: a crucial role in germ 
cell morphogenesis and Jifferentiatitm (Qzaki-KunlJa d 
al. 2002). In addition. the turnoYer of the..;e junction' in 
the testis is important for permitting genn cell tran~lo
cation from the basal compartment to the adluminal com
partment of the seminiferou.;, epithelium to complete ..;per
marogenesis. In this reYiew \\t' limit our Ji..,cus,inn w the
recent and crucial development of the stud~ of A1" in
'>tead of desmosome-like anchoring junction.., becau..;e the 
latter t~ pe has been re\ iewed el..;ewhere ( Ru..;,eJI and Pe
terson. 19S5: Ru:-.-.ell et al. 1990: B:er" et al. 1993: Rth
'ell. 19931. 

Struc!Jre anc Molecular Corrpcsr/!an 
Four <.;tructurally and functionall~ different form ... of an
choring junction" exist: I) AJ..; hetween eel].., 21 fncal 
contact;;, between cells and the e_\tr:.h.:ellular matri\ 
( EC~t L 3) desmo<.,omes bet\\ een cell.... and -+ 1 ht:rniJe..,-

Th1~ \~llr~ \\as <.upp.-,ncJ m pant-: gr.tnh ir1>n11hc CO."\R_·\D Pr~·~r.ml 
1CICCR. CIG-YHl:"A and CfG-!J!-~: t" C YC .md CJG-111---.l t<• 

D.D.\L1.the .'\ationalln<.titute 0! Chi!J Health .mJ Hum.m De\;>l•')rncnt 
il":"-.l-HD-~994(!. PwJeCI :::to C. IT'· the l" S -\;:en-:~ !t>r lnt~·mJ.li<'n.d 
De\·ek,pment rHR."\-A-(){1-lj{j-((M_I!U;, anJ the ''"lP.,'I!' f-pundaunn 
W_YL \\a~ ... upponed in part h~ a P'''tgraJu:.He re~e.u-:h <-h,•I.Jr ... hir !rum 
the Ln!\er~it~ of Hong K.1ng 

Cnrre .. pondence to: CYan Chen~. p,,ru·:att<'ll C'ttn<-'li. 12~( 1 y,,rk -\\ · 
enue . ."\e>\ York. ;..·y J(_)(J2l•e-m.:ul ;.-..:hen~"~r,,r,:hrr•'-'.:kefeller_eJu• 

Recel\ed for puhhcdtl<m Attgu,t -. 2002. accept.:J lor ruhlkat!nn Ser-
temher :.-. ~no~ 

tno'>omc-" het\\t"t"n ,:('\].., anJ the EC\1 •f,,r ..1 ft'\1;.;'\\. '<:'-' 

A.lhcn.., et al. ~002 1 .. -'\n ... -htlrlllf: _lll!k'lli>n" ..±ft' ... u~ii\ tdc ... ! 
int<J t\\tl categ.)rie ... ha ... ed ,,n their ,:,>nne,_·tl•'n ... !!:> B•'th 
..:ell-cell .-\1:-. ~tnJ ..:dl-rnatrl\ t.~..:.d ..:l,nt..:..:• .... trc ,:,,nrJ..•..:t .. ·li 
w <Ktin til;nnt.~nt .... \\hert.."J ... de ... nh'"•'lll'-'' .tnJ !'h::nlJ..: .. -
rno..,ome..., are ._·,,nnc ... ·kJ ttl !lltt:rmt:Jiate rii.uncnr... !t'' ·' 
re\ iew .... t·e AI he-n" e! .tl. 21102 '- The .• _-e\1-~·,·! .. h.·un-t~.l"'-',_1 
AJ j.., h: far the he"t ... tuJit:d .tJh,·nn~ JUTktl<'n ::r"--' 111 :h._, 
rc ... ti:.... <mJ induJc ... Cd•'rl.t ... mh: "~'-''·:J.dii..:U••n ·I-_\· .• t t•>
ti._,_..,pt.'ciliL· .-\1 hel\\l'l'll St:rt•'ll .IIlli ;crm .. :c:J, Ir. th._· t,_.,_ 
ti .... .-'\J.., confer aJhe ... iPn ht:t'-'ecn ,:elk \\h;..:h t, \...Jh'"n 
(\l ht_· mediated h: three _·\1-llltt"~r~tJ Jlh'Tllt'--Ltno.' rr•'t-.•tn 
cnmpk'-e": name- I: . ._·:.~dhenn ..._·,nentn. n-.·..:t;n .tr'.t<-iu . .11hi 
intc-grin/Jaminin (for rc\ IC\\ .... ..,;:;: T.~:-:-~ .:n,_: s,,~'.il.tfll\. 

JllYX: Ro\danJ ... c-t .tl. ~1)0(1: y,,~! t.'l .11. 21lO'l. Ch ... n:; .l!1d 
\1mk. 2002' 1 F\::urc l anJ T.thl.: ),_ Thc"e 
thrt:t: L·omplext: ... m turn arc ..._·llnnc, _ _.tc-J h' tilt: .t..:tln .. :: tt•
"kekton !fPr rc\iC\\'> .... c-e 1\.,.'mler. I~N_-::. CJumbmcr. JlNh. 

Y:.tp et al. JtJ<r: \fi~J.h...tr4 t't ,~1_ 2,ilillo. T.1-:!nb.tn.~ \.'t .d. 
2000\ !Figure l. Tahk ~~- h1r in ... t.m,._·c. E- •'~ \:-.,_·Jllh-.·nn 
~-.:atcnin nm1pk'- inter:.td" \\ nh the ..iLIIfl rk"!V•>~'r\... \1,1 •t

\.'Jtt?nin. \\hcrt?:.t_.., aL.tJm j ... .1 pulatl\e F-Jdln-bmJin~ pr,,
tein that aJ..,~.) link. ... the- ne.:rin .tf~1J1n ,:.•mrL·\ 111 rh;.: .1..:ltn 

L'!lo..,kdetPn nemnrJ... (Fi~ure !1. HP\\'..'\\.'L ~;.>,_-.:nt ... tuJit', 
h;ne "hm\11 that afaJin ..:an J] ... tl intc-ra ... ·t \\!th ZO-l. ~~n
,jn !an afaJin- anJ \in .... ·ulin-hmJm~ prPt.:-m• .• mlltt-..:.t
tcnin in the cywpla ... m at the ... Itt' 11f ·\1 .. 'Y;>k,•:Jm.t cr 
al. 20011 .... ug-.::e ... tm~ th:.~t the· ne....-tm ..ir"..tJ;n ._·.·mt'k\ ..._·.tn 

aJ:...tl Jink {{l the cyiP'>kCJcton I1C!\\1.lfk \1.1 •t<.i:('!lHJ. J ru
t:.t!I\C actJn-hindin& pnotein. lf1 JJJJI!•'T1 !•' :l, ln:..:r.ktl<'!l 
With actin \-iJ :.tfaJin_ funht:nllPft'. u<.ilt'rll:l ..1),,, pr1.>· 
\ iJe:... a _..,truL·wral hl.H1J th.11 lmk, ... h'~ctht:r :h-.· .... tJhcrm 
L·atenin and ne;.:tin/afaJm L.t,mpk'-t:' · p, ,k_ua.i -.·r .:i. 21 ~ 1.: • 

inJicatin~ that ....-ro.., ... -u.Ik. t?\l"t' f'•t't\\._ • .:r; t:l:: r-..\,• ,_·,qn
plcxt:..,. In the te..,th .• mnther -\1 ... ·~.•mpk\ h.1 ... ._·J ,,n .thJ I 
integrin ha.., h-cen ... htl\\ll 111 ht: the m..±il'r ~·-.·Ji .tJh._•,J<lrl 
con..,tituent prnte1n ~ . .-.~mplr:\ pf tht' ES 1\l':::: c: .d._ .:~~1(1) 

Btx:.tu ... e t:pitht:!ial L·t:IJ.., are nnt lil-.:el: (tl u,._. mt..·~nn-Jn

tet:rin imt:r<h.:tinn ttl mt'Jiatc .... -c!! .~Jhe ... l•'n · \\';.'lllm.ul .:r 
al. IYY5J. anJ lx-.:au ... :: cd,j31 1:1tq::nn re._'t'ptl'f' ..irt: L!.r==C"l~ 
re•aricteJ ll' Scn{1h .... ·elh 1f,1~ .1 re\lt'\\ . ... c;: \-,,gJ et .. d. 
20001 !\\e <tl"t' failed t•' Jetc..:t lflle~nn :..1 lrlf"\;"nn ..:i-?11 ... 
j..,n!JrcJ frPm :.~Juh r..tt t("'>lt? .... SJU et .1L :on_:·. 1: :-- .tr
parent thai laminin. the ~inJin-; partner ,,f l!lte;nn m ~~!h
er epithelia t(nr a f("\1('\\, '>Le D~m. ju<.q,_ > :ik' rutJ.ti\-.· 

hinding partner tlf nhj31 lntt't:nn anJ ... th 1uU re .. JJc m 
germ L·elh. Yet thi" p<_h ... ibilit: rcm.J.m ... I•· ~ ... ruJJt'J_ R.:-
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Figure 1. A diagrammatic drawing that illustrates the current structural units of adherens junction::; m the testis. Adherens junctions are cell-cell actin

based anchonng junctions and are found between Sertoli cells as well as between Sertoli and qerm celts. The cadherin-catenin and nectin-afadin 

complexes are the basic structural units of adherens junctions between Sertoli cells as well as b·9tween Sertoli and germ cells. The integrin-laminin 

based AJ complex is largely restricted between Sertoli cells and elongated spermatids at the s1te of ectoplasmic specialization. SG indicates sper

matogonia; pSP, preleptotene/leptotene spermatocyte: SP, pachytene spermatocyte: rSp. round :opermatid; Sp, elongated spermatid; SC, Sertoli cell; 

AJ, adherens junction; ILK, integrin-linkecl kinase: FAK. focal B:dhesion krnase. 

cent studies have shown that laminin "/3, a potential non

basement membrane binding panner of integrin, is local

ized to AJ sites between round and elongated spermatids, 

and Sertoli cells in the testis (Koch et a!, 1999). which is 

consistent \)i/ith its localization at the apical ES. Its pattern 

of localization is also in sharp contrast to cd /(31 /')' 1 lam

inin, which is restricted to the basement membrane in the 

seminiferous epithelium (Koch et a!. 1999). These results 

collectively seem to suggest that the hinding partner of 

a6(31 integrin in the testis at the site of the ES i" com

posed of at least laminin ')'3. and possibly may he laminin 

12 (Koch et al, 1999). 

The Cadherin/Catenin Complex 

Cadherin-Classical cadherins. such as epithelial cad

herin (E-cadherin), neural cadherin (N-cadherin), and pla

cental cadherin (P-cadherin) are AJ-integral membrane 

proteins (for re\·icvvs, see Takeichi, 1990; Takeichi et al, 

2000). Each cadhcrin molecule consists of a highly con

served cytoplasmic domain. followed by a single-pass 

tran~mernhrane region, and one extracellular domain of 

approximately :')50 residues (for reviews s.ee Takeichi, 

1990, 1995: Mivatani eta\, 1992: Kemler, 1993: Herren

knecht. !996: P<itter ct al. 1999) (Figure I). lntracellular

ly, each cadheri11 molecule interacts with (3- or "(-catenin 

and pl2()ctn to fmm the cadherin/catenin complex, which 

is the most extensively studied AJ functional unit. pi2Qcm 

binds to the jw .. tamcmbrane domain of cadherin (Finne

mann et al, 1997: Yap et al, 1998), whereas !3- or 'Y

catenins associate with the catenin-binding domain of 

cadherin (Nagafuchi and Takeichi, 1989; Ozawa et al. 

I n9: Stappen and Kemler, 1994). Recent studies have 

confirmed the presence of this complex in the testis 

(Chung et a!. ]')'.ISa: Wine and Chapin. 1999; Chapin et 
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Abstract 

Rho GTPases. such as Rho. Rae and Cdc-1-2. are known to regulate man~ cellular processes including cell n1\"~\Cment J.nJ ..:::llaJf.~t,,r. 
While the cellular events of genn cell mo\'ement are cnlCtal to spermatogenesis smce dc\·elopmg germ cell 5o must mt~r.He rr,,~rr;,.-..;_.;t\ d:- frr>r:l 

the basal to the ad luminal compartment but remain anached to the semmiferous epithelium. the ph~ swlogK.J.] ;,Jgntti..:.JI1..:e ,-..f Rh,-. (/TP l'.;:" :n 

spermatogenesis remains largely unexplored. This paper reviews some recent findings on Rh0 GTPas.es m the field ;~ nr. :.:m;-h~"l" ,1n the 

studies in the testis. upon which future studies can be designed to delmeate the role of Rho GTPa..~ m spot..~3h1 gene-:-1~ 
e 1001 Else\·ier Science 8.\'. All rights resened. 

Ke:-words: Rho GTPase: Spermatogenests: Senoh cell: Germ cell: RCX"K: Ll\tK: Stgnal tranM:luc!ll1n 

1. Introduction 

Throughout spermatogenesis. developing germ cells 
must translocate across the seminiferous epithelium while 
differentiating into haploid spermatids. However. how are 
these intriguing events of cell movement pertinent to sper
matogenesis being regulated remain largely unknown (for 
reviews. see Refs. [ 1 -3 ]). Recent in vitro studies have 
shoY.'Tl that cytokines. such as TGF-fQ and TGF-~3. can 
perturb the assembly of the Senoli cell tight JUnction iTJI 
permeability barrier in vitro [4]. Such TGF-11-induced 
effects are possibly mediated by prohibiting the timely 
expression of TJ-associated molecules such as occludin 
and ZO·I [4]. which might be needed for assembling TJs 
(5-8]. A more recent study has shown that TGF-~-\3 utilizes 
the MEKKs p38 signal transduction pathway to regulate the 
Sertoli cell TJ-barrier [9]. Emerging evidence has shmm 
that the effects of growth factors. such as TGF·JI. and other 
molecules. such as n6fJd integrins. \Vhich constitute the 
ectoplasmic specializations 1 a modified testis-specific cell
cell actin-based adherens junction ( AJII [I OJ that regulate 
the cytoskeleton nem·ork and junction dynamics are medi
ated by Rho GTPases (for reviews. see Refs. [1.3.11-13]1. 

• Corresponding author. Tel.. -1-~1~-3~--8-38: 
fa.x: -1-~1~-3~'"'-8 733. 

E-mail address: Y-Cheng~ popcbr_rockefelle-r.edu iC.Y Cheng I. 

This review summarizes an imponant and mnely de\·elor-
ment in the field. It also provide-:- some ~nh:lJI hJ..:kgwunJ 
information on these regulatory molecules m the te:"th 

2. \folecular structure and members of Rho GTPases 

Rho GTPases are monorneri.: G proteins. \\ ah .\/. rangmg 
bern·ccn 20 and 40 kDa i for re\ ie\\ s. :<.e-.: R.?f.., [ l: .1 ~ ]1 
Rho GTPases are also members of the Ras :mpcriarml: 1 ti..1r 
reviews. see Ref. [ 14] 1. The mamma han Rh,, GTPa..;e !arm!\ 
consisL.;;; of at least J(J distincti\e protein5-. Tb.~ in.:lude 
Rho (A. Band C isoforms). Rae t 1 and: ls.ofL"~ml5l. Cd.:~: 
iCdc42Hs and G25K 1sotorms1. RhoD. RnJl Rh,,. Rnd: 
Rho7. Rnd3 RhoS. RhoG. TCIO and TTF 1f0r rC\lCW:'. ''"~ 

Refs. [ 11.12.14 J 1. Like other members oi the Ra> ;uper
family. Rho proteins act as molecular :'\\ Jt.:hD lL"~ .:tmtfl)\ 
various cellular processes by cyclmg bet\\een GTP-bounJ 
(active) and GOP-bound linactiYet s.tates. mediated h: 
several regulatory protems. I see Fig_ I 1 ii0r n.'\!CWS. s.ee 

Refs. [12.14]1 Both RhoA [15]. Rh,,B :1o]. R:1cl [\-]. 
Rae~ [Q]. and Cdc-C [9.1-] ha\e been po~mvciy idcntttied 
in the testis by RT-PCR and or tmmunohisto..:hcmtstry. FL1r 
in~tance. RhoB. Rae~ and C de~: are knl'wn tl1 ~..: e'-rn::-;-.cJ 
by Senoli and germ cells [11".1_]_ FurthefTTl0re. ~e-Yer.l! 

effector proteins that regulate Rho GTPa..-.C':' ha\ e a!-.~._1 ~en 

identified in the testis by northems and or RT-PCR hee 

Table I). These results thu:. illustrate that the t:~5tb 1"-

0167-4889 0~ S- ..e-e front maner .;_- ~00~ Elsev1er Setencc B \" .-\11 nghb reser\"cd 
doi: I 0.1016 SOJ6: -4889i0~ i00348-8 
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Affects cellular functions 

t 
~...-. 

0 
Pi 

GTP 

Fig. 1. Cycling of Rho GTPases between GTP- (activated) and GOP

( inactivated) bound state to regulate diversified cellular function. This event 

is made possible via the intemetions of Rho GTPases with different 
regulators and effector proteins. Rho GDI dissociates fTom the GOP-bound 

Rho GTPasc, and GEF stimulates the exchange of GDP to CITP facilitating 

the activation of Rho GTPase. The GTP-bound Rho GTPase interacts with 

different cfTeetors to affect different cellular functions. Furthermore, GAP 

intcmcts with GTP-bound Rho GTPase and catalyzes the hydrolysis ofGTP 

from the complex. GDI, guanosine nucleotide dissociation inhibitor: GEF, 

guanosine nucleotide exchange factor: GAP, GTPase activating protein. 

equipped with the needed GTPases to regulate different 
intracellular functions pertinent to junction dynamics and 

cell movement. 

3. Functions of Rho GTPases 

Studies performed in the past two decades on Rho 
GTPases using fibroblasts and keratinocytes in vitro have 

shown that Rho GTPases are molecular switches that 
regulate diversified cellular functions (for reviews, see Refs. 
[ 12,14]). These include: (i) actin reorganization, (ii) junction 

dynamics, (iii) cell movement, (iv) cell cycle, (v) cell 
transformation, and (vi) gene transcription. Several recent 
studies have shown that Rho GTPases are crucial molecules 
that are pertinent to spermatogenesis. These results, in 

context with the general functional role of Rho GTPases, 
will be reviewed herein. 

4. Regulatory proteins of Rho GTPases 

The cycling between the GTP- and GOP-bound states in 
Rho GTPases is regulated by three types of cellular proteins. 
which include guanosine nucleotide exchange factors 

(GEFs), GTPase-activating proteins (GAPs), and guanosine 

nucleotide dissocialron inhibitors (GDls) (Fig. 1). GEFs 

facilitate the exchange of GOP for GTP, which promotes 
the binding of GTP Jo Rho GTPases activating the Rho 
protein [II ,18,19]. ( iAPs stimulate the intrinsic rate ofGTP 
hydrolysis of Rho G TPases converting their GTP-bound 
state to GDP-hound state, inactivating Rho GTPases 

[20,21]. GDls appear to sequester GOP-bound Rho 
GTPases in the cytoplasm and inhibit the dissociation of 

GOP from Rho GTPases [22-24]. Ironically, the interplay 
of these three regulatory· proteins determines the level of 
activated Rho GTPas(~S within a cell, which in tum affects 
the cytoskeleton network. A number ofGEFs and GAPs that 
regulate Rho GTPa~:es have been identified, whereas only 
three Rho GD!s arc known, which include Rho GDla, Rho 

GOH\ and Rho GDI'Y (for reviews, see Ref. [II]) [24-27]. 
These regulators wr•rk synergistically, spatially and tempo
rally to determine the level of GTP-bound Rho GTPases at 

specific sites within a cell to regulate cellular function [11]. 
To date, at least one ( iDI called GDI-a [27] and five GAPs 
[28-35] haye been Identified and characterized in the testis 

(see Table 2). Most of these regulatory proteins, such as fl
chimaerin, are largdy associated with germ cells. These 
observations are somewhat intriguing since earlier studies 
have implicated Sertoli cells are largely responsible for the 
events of junction dynamics pertinent to cell movement in 

the seminiferous epithelium (for reviews, see Refs. [1,2]). 
The exclusive presence of these GTPases in germ cells 
seemingly signifies that germ cells play a more active role 

than originally anticipated to regulate their movement in the 
seminiferous epithelium (see Tables 1 and 2). For instance, 
[:)-chimaerin, a GAP. is a stage-specific protein largely 
restricted to developing spermatids in the rat testis [31 ]. 
However, lts precist.: role in spermatogenesis is not entirely 

knmvn since inhibitors specific to these GAPs are not yet 
available. Furthennore. how these GAPs interact with Rho 
GTPase to affect cellular function between Sertoli 1md germ 
cells remains obscure. 

5. Rho GTPase effector proteins 

Using yeast twn·hybrid system, affinity chromatography, 
and ligand overlay assays, a number of Rho-interacting 
proteins have been identified; their interactions with Rho 
GTPases in turn regulate the functional status of the Rho 
proteins [II j. To date, at least 15 Rho effector proteins have 

been identified, such as ROCK I, ROCK2, Rhotekin, Rho
kinase, and PIP 5-k inasc (see Table I). Recent studies have 
identified both ROCK and pl40m0ia in the rat testis [16]. 
Once a Rho GTPase interacts with its corresponding effec
tor, this complex ;:an induce changes in actin polymer
ization, focal adh1!sion, stress fiber formation, smooth 

muscle contraction. neurite retraction, cytokinesis and other 
cellular processes (see Table 1 ). Amongst these effector 
proteins, at least seven have been positively identified in the 

testis, some of which :Jrc putative protein kinases and lipid 



Table I 

Effector proteins for Rho 

Effector -~{, 

protem (kDal 

ROCK!, 160 
ROCK2 

Pl40mDia 140 
PK~ 1~0 

PRKI. 1~0 

PRK2 

Cmon 183 
kmase 

\IBS n.k. 

Rhophilin "I 
Rhotekin 61 
Kinectin 160 
PLD ~5 

D.-\G kinase 78 
PI 4.5- n.k. 

kmase 

PI 3-kinasc n.k. 

lnteracung Type of protein 

Rho protem 

Rho A Ser Thr kmase 

RhoB 

Rho A ~catlold 

Rho.-\ Ser Thr kma.~.: 

Rho A Ser Thr kma.se 

RhoB 

n.k. SerThr kma....:-

Rho A phosphatase 

Rho A scatl"tlld 

Rho:\ ">Cafl"old 

Rho A scall"old 

Rho.-\ lipase 

Rho A hp1d kma"'-' 

n.k. lip1d kina.;e 

Rho.-\ hp1d kma.·'l! 

11 J actin orgamzatwn. 

1 i1 1 stress tiber !0m1J.tk•c. 

nlll t"cll mot1hty. 
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kinases (Table 1 ). Recent findings that demonstrate the 
crucial roles of kinases and phosphatases in the regulation 
ofSertoli cell TJ dynamics [36] further strengthen the notion 
that these molecules are essential for cell movement. 

6. Regulation of junction dynamics by Rho GTPases 

6.1. Effects on tight junction tTl) dynamics 

;-.;umerous studies have implicated the significance of 
Rho GTPases in the regulation of TJ dynamics in ditTerent 
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organization, thereby affecting TJ permeability. Nonethe

less, the mechanism by which Rho GTPases regulate actin 

organization is not fully characterized [40,41]. Yet, it is not 

of interest to note that F-actin staining was shown to be 

weak at the site of cell-cell contacts in MDCK cells 

expressing dominant negative RaclNI 7, but it was strong 

in constitutively active Rac1Vl2 cells [42], whereas F-actin 

staining was more intense at cell-cell contacts of overex

pressed Rac1Vl2 and RacN17 cells versus control cells 

[40]. These studies thus implicate the role of Rho GTPases 

in actin reorganization in TJs. Cdc42 was also shown to play 

an important role in the regulation of actin organization and 
TJ function. For instance, MDCK cells expressing dominant 

negative Cdc42Nl7 and dominant active Cdc42Vl2 are 

having significantly lower resistance across the TJ-barrier, 

suggesting Cdc42 regulates the gate function of T.J [43]. 

However, Rho GTPases, such as RhoB, Rac2 and Cdc42, 

apparently are not involved in the assembly of Sertoli cell 

TJ-barrier in vitro since an induction of their expression was 
not detected during TJ-barrier assembly [9]. Yet, these 

proteins may still be crucial to TJ dynamics in the testis 
by affecting the actin cytoskeleton network. 

6.2. Effects on cell-cell actin-based adherens junction (AJ) 

dynamics 

6.2.1. Rho GTPases found in AJs can affect cell 
adhesiveness 

Small Rho GTPases including Rae and Rho have been 

found at the site of cell-cell contacts [40,42,44-46] and are 

known to be involved in the regulation of cell adhesion 

[47,48]. In keratinocytes, Rho and Rae are required for the 

establishment and stabilization of cadherin-dependent cell

cell adhesion and actin reorganization. Stable cadherin 

adhesion failed to form when confluent patches of kerati
nocytes microinjected with C3 exoenzyme or dominant 

negative Rae (Nl7Rac) causing E-cadherin to move away 

from the site of cell-cell contacts [47]. However, micro
injection of constitutively active Rho (L63Rho) and Rae 

(L6l Rae) into confluent keratinocytes after AJs were 

assembled did not perturb cadherins and failed to induce 

cadherin recruitment to the site of cell-cell contacts. These 

results thus suggest that the activation of Rho and Rae is 

required for the establishment, but possibly not the main
tenance, of stable cadherin-mediated cell adhesion [ 4 7]. It 

was reported that the inhibition of endogenous Rho and Rae 

can effectively remove P-cadherin from keratinocytes, how
ever, it took a considerably longer incubation to remove E

cadherin from the site of AJs [48]. These results seemingly 

suggest that the ability of Rho and Rae in regulating cell 
adhesiveness is dependent on the maturation status of the AJ 

and the cell, as well as the class of cadherins [48]. Fur
thermore, studies using human epidermal keratinocytes have 

shown that cells having constitutively active Rae] can 

disrupt cell-cell contacts via clathrin-independent endocy

tosis of E-cadherin and the ability of Rae I to regulate AJ 

disassembly is dependent on colony size [49,50]. Recent 

studies have shown that AF-2364 [l-(2,4-dichlorobenzyl)
indazole-3-carbohydr:izide]-induced AJ disruption in the 

testis, which causes premature release of germ cells from 

the seminiferous epithelium [51,52], mediates its effect via 

r'l-, f'>2-integrin and .\4-integrin [16,53] and testin [51,52] 

(note: integrins were shown to be the putative cell adhesion 

molecules in apical ectoplasmic specializations, a modified 

testis-specific cell- cell actin-based AJ [l 0] that functionally 

links to testin, an ,\J-signaling molecule (for review, see 

Ref. [3]) through a yet-to-be defined pathway). These 

observations are cntC"ial to the potential use of AF-2364 
for male contraception because they explain why would AF-
2364 limit its effects in the testis inducing germ cell from 

the seminiferous cp;thelium without damaging AJ structure 

in other organs, such as liver and kidney [51,52] since the 

a6r11 integrin/testin complex is unique to the ectoplasmic 

specialization in the testis (for review, see Ref. [3]) and is 

likely the target structure of AF-2364. Nonetheless, the 

downstream signaling pathway mediated by intebrrin was 

shown to be RhoBIROCK/ LIMK [16] (Fig. 3). Taking 
these results collectively. they clearly illustrate the pivotal 

role of GTPases in .<\J function in the testis. 

6.2.2. Effects qlRho GTPases on AJ dynamics are cell 

type-spec(fic 
The effect of GTPases on cell adhesion is also cell type

specific. For instanc,.-:. the activation of Rae can increase the 

level of immunoreactive cadherin, ~-catenin, and actin at 

cell-cell borders in MDCK cells, suggesting that Rae may 

strengthen cadherin-hased adhesion [42,54,55]. However, 

Rae activation failed to induce recruitment of cadherin to 

AJs in human keratinocytes and HaCat cells (a keratinocyte 

cell line) in contrast to MDCK cells [56]. More intriguingly, 

sustained Rae activmion in MDCK cells can specifically 

remove cadherin from newly formed and stable cell-cell 
contacts dose- and time-dependently [56]. Numerous studies 

have revealed the complex roles of Rae 1 in regulating AJ 

dynamics, possibly mediated by two distinct regulatory 
mechanisms [42,55.561. Such a postulate is supported by 

the observation that dominant active Rae expressed in 
MDCK cells can l~ither enhance or prevent E-cadherin

mediated cell adhe<ion [57]. More research is needed to 

resolve some of the')e apparently conflicting results that the 
effects of Rho GTPases on AJ-protein recruitment are cell

specific. Using Sertol i-gcrm cell cocultures in vitro to study 

the events of Serloli-germ cell AJ assembly, we have 
demonstrated an induction of RhoB, Rac2 and Cdc42 

mRNA levels whc11 genn cells attach onto the Sertoli cell 
epithelium, suggestmg the potential role of Rho GTPases in 

Sertoli-gem1 cell A.l aS>embly in the testis [16] (Lui and 
Cheng, unpublishc<l observations). 

6.2.3. Mechanism 1.{action 

Regulation of A.r dynamics can be achieved through the 
direct interaction of Rho GTPase and its effector proteins. 
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ing the cadherin-catenin complex [59]. Taking these results 
collectively, it is clear that Rae and Cdc42 are important 
regulators of cell adhesion. Using an in vivo model and 
Sertoli-germ cell AJ disruption induced by AF-2364 [1-
(2,4 )-dichlorobenzyl)-indazole-3-carbohydrazidc l r 51,52], it 
was shown that the cascade of events leading to germ cell 
loss from the epithelium involves an initial activation of 
integrins and RhoS GTPase, which is followed by the 
downstream activation of ROCK and UMK [ 16]. This in 
tum perturbs the actin cytoskeleton network that disrupts the 
Sertoli-germ cell AJs. 

7. Regulation of cell movement by Rho GTPases 

Several studies have shown that Rho GTPases can be 
regulated by growth factors and neurotransmitters [61-64]. 
This also provides the link between growth factor signaling 
and the events of cell adhesion and cell movement via 
reorganization of the actin filament network (for reviews, 
see Rek [65,66]). 

Reorganization of actin filament, cell-substratum con
tacts, and cell--cell adhesion are involved in cell movement. 
Accumulating evidence has indicated that the Rho GTPase 
family is involved in the reorganization of actin filament, 
which in turn regulates cell movement. The functional roles 
of Rho, Rae, and Cdc42, however, are different. For 
instance, Rho regulates stress fiber formation [62]. Lamelli
podia extension is regulated by Rae [ 61], and the activity of 
filopodia is controlled by Cdc42 [63,67]. 

To understand how Rho GTPases regulate actin reorgan
ization, intensive investigations were conducted to identify 
specific effectors for Rho GTPases (Fig. 3). ROCKs, mDia 
and PTP5-K ·are three crucial effectors that regulate Rho
induced stress fiber assembly (for reviews_ see Refs. 
[11,24]). And both ROCKs and mDia are found in the rat 
testis [16]. ROCKs (ROCKland ROCK2) are putative Serf 
Thr protein kinases, which contain a coiled--coiled region, a 
ROK-kinectin homology (RKH) Rho-binding domain, a PH 
domain, and a Cys-rich region [68,69]. ROCK has been 
shown to phosphorylate the myosin-binding subunit (MBS) 
of the myosin light chain (MLC) phosphatase [69,70]. 
LIMK, is another ROCK target protein. When LIMKs are 
phosphorylated by ROCKs, the activated UMK can inhibit 
cofilin by phosphorylation, which in tum stabilizes the 
filamentous actin structures [24,71 ,72]. 

mDia is the mammalian homologue of diaphanous in 
Drosophila and a member of the formin-homology (FH) 
family of proteins. Tt consists of three FH domains and a 
small GTPase-binding domain (GBD) [73]. Multiple pro
line-rich motifs in the FH 1 domain bind to the G-actin
~inding protein known as profilin, their interactions lead to 
the dissociation of actin from profilin that promotes actin 
polymerization (for review, see Ref. [74]). 

Rho also stimulates PIP 5-kinase and causes an elevation 
of PIP2 levels [75]. High level of PIP2 dissociates gelsolin 

and profilin from <lCtin that contributes to actin reorganiza
tion [76,77]. Besides, elevated PIP2 causes conformational 
changes of vinculin, this enhances its binding ability to actin 
and talin [78]. 

Apparently, thc~c Rho downstream effectors are impor
tant in actin reor!;anization, which in turn regulate cell 
movement However, very few studies have been done to 
investigate the rok~ of these effectors in the testis. Under
standing the mechanism by which Rho GTPases regulate the 
cellular cytoskclct(·•n nenvork will provide a useful guideline 
of how to study th:: role of Rho GTPase effectors and their 
functions in the tc-;tis. 

8. Other biological functions of Rho GTPases 

lt is apparent that Rho GTPases also play a crucial role in 
regulating other cellular processes that arc dependent on the 
actin cytoskeleton. >uch as phagocytosis [79,80], pinocyto
sis [ 61]. morphogenesis [81], cytokinesis [82,83], G 1 cell 
cycle progression [~4] and cell transformation [18] (for 
review, see Ref. [=~41). "\!onetheless, very few studies were 
performed to explore their physiological functions in the 
testis. For instance .. Sertoli cells are the phagocytotic cells in 
the testi~ that engulf residue bodies cast away from sperma
tids during spermiation, and that eliminate apoptotic germ 
cells during spermatogenesis [85,86]. Needless to say, Rho 
GTPases may play a critical role in these events because 
these processes an_. tightly integrated to the reorganization of 
the cytoskeleton netvi.'ork. It is obvious that a thorough 
understanding of Rho GTPases in these cellular events will 
yield new insights in understanding their role(s) in sperma
togenesis. 

9. Current status uf research in the testis 

Studies by immunohistochemistry analysis have shown 
that there is a strong staining of Rac·1 at the basal compart
ment of the semrniferous epithelium and its localization 
appears to be predominant in stage Vlll [17], Cdc42. how
ever, is largely a~sociated with spermatocytes and Sertoli 
cells, and the most intense staining was detected surrounding 
the heads of the climgated spennatids, still, it is not known if 
Cdc42 is stage-speci flc [ 17]. These results seemingly suggest 
that Rho GTPases arc possibly involved in spermatogenesis, 
yet, the mechanism or pathway by which they mediate their 
effects are not ktwwn. An early study using C3 exoenzyme 
has identified RheA in the membrane of bovine sperm tail, 
interestingly, its inactivation can lead to a decrease in sperm 
motility [15]. To elucidate the function of Rho in the testis, 
studies were pert-Ormed to identify the downstream effector(s) 
for Rho in the testis. Toshima et al. [87] reported the 
identification of a novel protein kinase in the testis, TESKl, 
which shares 50% homology with LIMK, is largely expressed 
by round sperma1 ids. TESKI was shown to stimulate the 
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formation of integrin-mediated actin stress fibeni and focal 
adhesions via phosphorylation of cofilin [88]. Rhophilin is an 
effector protein found in the testis associated with germ cells 
undergoing meiosis, but not with somatic cells [89]. Rho 
effectors, such as citron kinase and PKJ\. are also found in 
testis, but their role(s), tf any, is not known [90,91]. Other 
studtes were also performed to investigate the function of 
Rho GTPase regulators, such as GAPs and GDis. For 
instance, cx0-chimaerin, 1>-<:himaerin. and MgcRac are three 
testis-specific GAPs largely restricted to germ cells and are 
responsible for cytoskeleton reorganization [31.33.92] (Table 
2). The significance of Rho GDlcx in the testis has been 
demonstrated i:n Rho GDio.- - mice since - - male mice 
were infertile with impaired spennatogenesis. the seminifer
ous epithelium was devoid of spennatids and spermatocytes. 
and vacuoles were ~ound in the epithelium representing 
degenerating germ cells [93]. Also, Limk2-deficient mice 
were having impaired spennatogenesis and the Limk2 -
testes were smaller in size compared to normal rruce [94]. The 
seminiferous epithelium of Limk2- - testis contained few 
spermatocytes m their early stage of development and the 
number of germ cells beyond the pachytene stage were 
greatly reduced versus normal mice [94]. 

Acknowledgements 

This work was supported in part by grants from the 
CONRAD Prognun (CICCR. CIG-96-0SA and CIG-0 1-7~ to 
CYCl. National Institutes of Health (NICHD. U54-HD-
29990, Project 3 to CYC). USAID (HRN-A-00-99-00010). 
and the Noopolis Foundation. WYL was supported in part by 
a Postgraduate Research Scholarship from the Uniwrsitv of 
Hong Kong and a fellowship from the Noopolis Foundatwn 
during her stay in the Laboratory ofCYC m !999-200~. 

References 

[ J J D.~. de Kretser. J 8 Kerr. The Phys10log;. of Reproducw:m. Ra\ en 
Press. SeY. York. 1988. pp 837-932. 

[:!) L.D RusselL R.A_ Enlm. A_P_ Sinha Hikim. E J Clegg. Hts!OlogJCal 
and HistopalhologJcal Evaluation of The Testi~. Cache R1ver Press. 
Clearwater. Flonda. 1990. 5~ pp 

[3] C.Y_ Cheng. D \fruk. Phys10l Rev 821200:1825 
{4] W.Y LUI. W.M Lee. CY Cheng. Endocnnolog:- !·C 1:001 l 1865 
[5] SS.W Chung. W_\f. Lee.C.Y Cheng.J Cell Phys1ol 1:0:1 114'NJ 

:258 
{6'- C.C.S Wong. S.S.W. Chung. J Grima. LJ Zhu. D \1ruk. W \f 

Lee. C.Y. Cheng. J. Androl :1 120001 .:::~ 
[7] '\'.PY. Chung. C Y Cheng. Endocnnolo~· 1~: 1:0011 p;:~s 
[8} ~.PY_ Chung. D \1ruk. \.f y_ \to. W\L Lee. C Y Cheng. B1ol 

Reprod. 65 120011 !340 
[9] W.Y. Lui. W \f. Lee. C.Y Cheng. Bml Reprod 1submmed for pub

licatmn l 
[10] D.J ~ulholland. S Dedhar. A_W \'Og!. Btol Reprod 64 (.=:0011 

396 
(I!] K. Ka1buch!. S- Kuroda. ~1 Amano. Ann. Re\ Bwchem I)R 1 ]QQQ\ 

459 

[!:!] A Hall. CD. Nobes. Philos Trms R Soc Lood. 8 Btol. S...-: 3~5 
120001 965 

[13] M.A. Schwanz. S.J Shantl Trmd:s Btocbem Sn :5 ~:1:011 ~SS 
{14] Y Taka1. T Sasalu. T \iatoz:ak.i. Phystol Re. SJ ;:0011 :53 
I 151 KD. Hmsch. B Habmnarm. I Just. E l!msdL S PI"'=. V. B 

SchlJL K Aktones. FEBS Lett 3}4 119931 32 
[16] WY Lu1. W.~- Ltt. C Y Chrng.. Bwl Reprod rsubrmtttd ior ~b-. 

hcanonl 
[17] R E Chapm. R_;'\ Wme. M W Hams. C H Bon:-bers.. 1 K. H~· 

man. J_ Androl :!:2 t200il 1030 
[18] 0 \"anAdstC o·s.ouza~Schorey.Genesl)e-o.-_ lltl9'Q~t:._::Q~ 
[19] L K_1oller. A Hall. Exp Cell Res :53 1!~1 166 
[20] \f.S Boguskt. F \fcCormJcl. :"\arure 366 1 1993 t M3 
[~I] ~-Lamarche.:\ HaU. Trend5 ~ 10 tl~1 43-6 
:::::::] \f J Hart. Y \faru. D Leonard. T ha.ns R A. C~n.."'nt. S..:•~-= 

25f' { 199.::) ~!2 
[23] 8 Oloisson. Cell S1gn.al II d9941 5--l5 
[~4] A_l B1shop. A Hall. 81ochem J 34~ ~~ooo, :-H 
[:51 Y Fukumoto. K K.at!:>ticiu. Y Hon. H Fupok.a. S .-\..-n:.-;' l~. 

A Kikucht. Y Taka1. OnC"Ogene 5 ri'N01 !3:21 
[26] T Leffers. \f S '\1els.en. A H _-\ndi!TSO(l. B Honore. P ~!..kkn .. ' 

\"andekerd:hov;:. JE leiJS. Exp Cell Res 2CN •IW3, Ito~ 
In C " Adm. D \lono<. J l Ko S Zho. T Honoch•. L \"' "'''· R .\ 

L1m. B l1m. Proc ~atl _·\cad Sc1 l" S A ~ r ]Qo:i-' ~:~., 
[2R] \f Agnel. L Roder. C \Oia. R Gnffin.Sbea. \to: C d! Brol ;.: 

ti9Q21 5111 
[29j E Bergeret I PJgnot·Pamtrand. :\ GU!chani ;.;. R.a:m.~- \! 0 

Fau\'arque. \f Cazema.FOr. R Gnffin-She3. \fol ~...~e!: 810: :: 
12001 ~ 6280 

[JO] C Hall. WC Sm. \f Teo. G J \ftcbaei, P Smnh. 1 \! Don-f. H H 
L1m. E \lanser.' K Spurr. T :\ Jone-s. \to! Celi Brol !~ :~~. 
4~86 

[JI] T Leung. BE Ho ..... E \tanser.L Lun.~ B1Qi Crrem :t.>. ;w~, 
.•R 13 

[32] A Tour-e. 0 Dor.oeud. L \tonn. P TJmrncms. B Je-goo. L R!"1t'<'i 
G Gacon. J Bml Chern ,::~.~ iJ'Nj\,1 NOlo;; 

[33} :\ Toun:. L \fc>nn. ( Pme.au. F Be.:.::;. 0 D.._v.-;...~Ji. G G~,~::.: 
8101 Chern :~t. r2L)I'IJ 1 20)0Q 

[34] E \h1eregam. A Gartne. HE Swf.le"!' \f Ba.hl~. j C!"~! S..:: l;, 
1 J<N)(I ;s•r 

[3~· R T \1uller. l- Honne:1. J RemharC. \f Bahk-:". ~k< B:,:, .,__·e;[" 
1I<N .. r _::O)Q 

[.~f.} 1 C H L1. D \truk. C Y Cheng. J An..:in.'·l _::: .:1)1<! 1 .......:.· 
[~"') A ....-usrat \f Gt~. J R Turne-r. S P Colgan. C A Pa.').:o;_ ~ C.1..Cl-e-s 

E Lemtehez. P Boquet. J L \bJ.ara_ Prrx 'J:: _-\.:-.h:: S,:, L ' -\ 
4211'-195! 1%24 

[3R] H Hasegawa. H FUJita. H 1\..atoh. J -\0l1. h ~'mrr:l. -\ ~~,:· 
ka\,a. \1 Segr>h:. J Bt(•l Chern:-.!·;~. :•:~'><H: 

[3'-~) H FuJtta. H K.atoh_ H Ha-.efa"":l. H Yas1..0:_ .l .-\~:. :- 't.L-or.J._g'..L..:h: 
\f SegtshL 8K..::hem .l ~.l-h , >~-~-~· "'!-

~.lO} TS Jou. WJ '::Jsvn. J Cel! Brol ].;: '!'N!'o ~~ 
>-+I: J L \ladara. Ad\ D:-'t.1g Delt> Re-. .li ·2,.,.-M:ll 2~1 
~42; K Takats.ht. T Sa<; .. al;. H 1\.n:.a..,:. H '\tshroU. Y Tai.>:.; Cei: 810: 

I ~Q I]'N~I 104-
:43: R Ro1as. \\'(i Rut!.:;; \1 Let..:n~- T 5 J .. ~~.. G AX!o.ia.:.a. \f.:>: 8k~: 

Cd! 1.:: ,_::noi, ::~-
[+( P :\damson. H F Pa!t:""'-"'n. A Hall. J C ei: Bwl l :-:. !¥~> "i
~45: K Tahtstu. T S-asak:. T KAme~am.a. 5 T.;uJ.:n.:.. Y ;a_..;x. (1:1...:<.'-

gmc \ l 1 !'N~1 :'" 
[46: TS Jou.EE Schneet">e-r!!er.\\'.1 '\eis.c>n . .l Cei:BK< ;.!: :w<\, 

!01 
\"\! \! Brag.l. L \! \1.h:he-~i::- -\ H.JL '\A H0:.::-u:-.. ", C!":; B!~'i 
:~- ']'-N-1 !.!2i 

[4\l:: \"\f \I 8rag:z . .-\ Dd \la~h1c• L \la.:~e'i..~. E J::·r-1. \L': 3;..:< 
Cei!IO!IW9~'} 

[44; ' :\khtar. K R Huds.or.. 'A H~"'!O:~I:-.. Cel: A.:fue-s C~~r:' ... "C\l....~. -



128 W-Y Lui eta/_/ Biochimicu et Biophysica Acta 15Y3 r200.i) 121-129 

[50] N. Akhtar, N.A. Hotchin. Mol. Bioi. Cell 12 (200 I) 847. 

[51] C.Y. Cheng, B. Silvestrini, J. Grima, M.Y. Mo. LJ. Zhu, E. Johans

; son. L.: S<tso, M.G. Leone, M. Palmery, D. Mruk, Bioi. Reprod. 65 

(2001) 449. 

[52] J. Grima, B. Silvestrini. C.Y. Cheng, Bioi. Reprod. 64 (2001) 1500. 

[53] M.K.Y. Siu, W.M. Lee, C.Y. Cheng, Endocrinology. in press. 

[54] A.J. Ridley, P.M. Comoglio, A. Hall, Mol. Cell. Bioi. 15 (1995) 

1110. 

[55) P.L. Hordijkc, J.P. ten Klooster, R.A van der Kammen, F. Michiels, 

L.C. Oomen, J.G. Collard, Science :278 (1997) 1464 

[56] V.M.M. Braga, M. Betson, X. Li, N. Lamarche-Vane, Mol. Bioi. Cell 

II (2000) 3703. 

[57] E.E. Sander, S. van Delft, J.P. ten Klooster. T. Reid, R.A. van 

iels Kammen, F. Michiels, J.G. Collard, J. Ceil Bioi 143 (1998) 

1385. 

[58] M. Fukata, K. Kaibuchi, Nat. Rev., Mol. Cell Bioi. 2 {200\) 887. 

[59) M. Fukata, S. Kuroda, M. Nakagawa, A. Kawajiri, N. ltoh, I. Shoji. 

Y. Matsuura, S. Yonehara. H. Fujisawa, A. Kikuchi, K. Kaibuchi, J. 

Bioi. Chern. 274 ( 1999) 26044. 

[60] S. Kuroda, M. Fukata, M. Nakagawa. K. Fujii, T Nakamura, T. 

Ookubo, l. lzawa, T. Nagase, N. Nomum. H. Tani, \. Shoji, Y. 

Matsuura. S. Yonehara, K. Kaibuchi, Science 281 (1998) 832. 

[6\] A.J. Ridley, H.F. Paterson, C.L. Johnston, D Diekmann, A. Hall, 

Cell 70 (1992) 401. 

[62] AJ. Ridley, A. Hall, Cell 70 (1992) 389. 

[63] R. Kozma, S. Ahmed, A. Best, L. Lim, Mol. Cell. Bioi. 15 (1995) 

1942. 

[64] O.A. Coso. H. Teramoto, W.F. Simonds. J.S. Gutkind, J. Bioi. Chern. 

271 (\996) 3963. 

[65] LM. Machesky, A. Hall, Trends Cell Bioi. 6 (1996) 304. 

[66] S.H. Zigmond, Curr. Opin. Cell Bioi. 8 (19961 66. 

[671 C. D. Nobes, A. Hall, J. Cell Bioi. 144 (1999) 1235. 

[68] T. lshizaki, M. Naito, K. Fujisawa, M. Maekawa. N. Watanabe. Y. 

Saito, S. Narumiya, FEBS Lett. 404 (19971 118 

[69] T. Matsui, M. Amana, T. Yamamoto, K. Chihara. M. Nakafuku, M 

Ito, T. Nakano, K. Okawa, A. hvamatsu, K. Kaibuchi. EMBO J. 15 

(1996) 2208. 

[70] T. lshizaki, M. Maekawa, K. Fujisawa, K. Okawa, A Iwamatsu, A. 

Fujita. N. Watanabe, Y. Saito, A. Kakizuka. N. \1orii. S Narumiya, 

EMBO J. IS (1996) 1885. 

[71] M. Maekawa, T. lshizaki, S. Boku, N. Watanabe, A. Fujita, A 

lwamatsu, T Obinata, K. Ohashi, K. Mizuno, S. Narumiya, Science 

285(1999) 895. 

[72] J.R. Bamburg, A. McGough. S. Ono. Trends Cell Biol. 9 (1999) 

364. 

[73] S. Wassennan, Trends Cell Bioi 8 ( 1998) Ill 

[74] K. Burridge. M. Chrzanowska-Wodnicka. Annu. Rev. Cell Dev. 

Bioi. l2 (1996) 463. 

[75] L.D. Chong, K.A. Traynor, G.M. Bokoch. M.A. Schwartz, Cell 79 

(1994 1 507 

[76] I. Lassing, U. Lindberg. Nature 314 (1985) 472. 

[77] P.A. Janmey, T.P. Stossel, Nature 325 (1987) 362 

[78] A.P. Gilmore, K. Burridge, Nature 325 {1996) 531 

[79] D. Cox, P. Chang, Q. Zhang, P.C. Reddy. G.M. Bokoch, S. Green-

berg, J. Exp. Med. 186 (1997) 14H7. 

[80] E. Caron, A. HalL Science 282l\998) !717 

[8\] J. Settleman, Prog. Mol. Subcell. Bwl. 22 (1999) 201. 

[82] D.N. Drechsel. A.A. Hyman, A. Hall, \1. Clotzcr, Curr. Bioi. 7 

(19971 12. 

[83] S.N. Prokopenko, R. Saint, H.J. Sellen, J. Cell Bioi. 148 {2000) 843. 

[84] M F. Olson, A. Ashworth, A. Hall. Science 9 (19951 261270. 

[85] H. Chemes, Endocrinology 119 (1986) 1673. 

[86] J. 8\anco~Rodriguez, C. Martinez-Garcia. Bioi. Reprod. 61 (1999) 

1541. 

[87] J. Toshima. K. Ohashi, I. Okano, K. Nunoue, M. Kishioka. K. Kuma, 

T. Miyata, M. Hirai, T. Saba, K. Mizuno. J. Bioi. Chern. 270 (\995) 

31331 

[8S] 1. Toshima. J.Y. Toshima, T. Amana, N. Yang, S. Narumiya, K. 

Mu.uno, Mol B10l. Celll2 (2001) 1131. 

[89] 'K. Nakamura. 11. Fujita. T. Murata·, G. Watanbe, C. Mori, J. Fujita, 

N. Watanabe. T Ishizaki, 0. YOshida, S. Narumiya. FEBS Lett. 445 

(1999) 9 

[90] M. Kitagawa. H Mukai, H. Shibata, Y. Ono, Biochem. J. 310 { 1995) 

657. 

[9\] G. Watanabe, Y. Saito, P. Madaule, T. lshizaki, K. Fujisawa, N. 

Morii, H. Mukai, Y. Ono, A. Kakizuka, S. Narumiya, Science 271 

(1996) 64S 

[92] E. Manser. T Leung, C. Monfiies, M. Teo, C. Hall, L Lim, J. Bioi. 

Chern. 267 (";992) 16025. 

[93] A. Togaw:~, .1. Miyoshi, H. lshizaki, M. Tanaka, A. Takakura, H. 

Nishioka, H. Yoshida, T. Ooi, A MizoguChi," N:· Matsuui-a, Y. ~iiho, 

Y "\Jishimunl:, S Nishikawa, Y Takai, Oncogene 18 '(1999) 5373. 

[94] H. Takahashi. lJ Kosh1mizu, J. Miyazaki, T. Nakamura, Dev. Bioi. 

241 {2002) 25~'-. 

[95] K. Kaibuchi S. Kuroda, M. Fukata, M. Nakagawa, Curr. Opin. Cell 

Bioi. II (19;)9:, 591. 

[96] K. Kimura. 1'.1. Ito. M. Amana, K. Chihara, Y. Fukata, M. Nakafuku, 

B. Yamamori, J. Feng, T. Nakano, K. Okawa, A. lwamatsu, K. 

Kaibuchi. S<:iene~ 273 (1996) 245. 

[97] T Leung. X.Q. Chen, E. Manser, L. Lim, Mol. Cell. Bioi. 16 (1996) 

5313. 

[98] M Amanu, \1. Ito, K. Kimura, Y. Fukata, K. Chihara, T Nakano, Y 

Matsuura. lC Kaibuchi, J. BioL Chern. 271 {1996) 20246. 

[99] K Fujisawa, A Fujita, T. lshizaki, Y Saito, S. Narumiya, J. Bioi. 

Chern. 271 ;1996) 23022. 

[1001 Y Kurcishi. S. Kobayashi, M. Amana, K. Kimura, H. Kanaide, T 

Nakano, K. Kaibuchi, M. Ito, J. Bioi. Chern. 272 p997) 12257. 

[101] M. Amano. K. Chihara, K. Kimura, Y. Fukata, ~- Nakamura, Y 

Matsuura. f.: Kaibuehi, Science 272 ( 1997) 1308. 

[102] H Katoh. J A.t.ki, A. Ichikawa, M. Negishi. J. Bioi. Chern. 273 

( 1998) 248'.1. 

[!03] M. Hirose. T lshizaki, N. Watanabe, M. Uehata, 0. Kranenburg, 

\V.l-1. Moolenaar, F. Matsumura, M. Bito, H. Maekawa, S. Naru

miya, J. Cell Bioi. 141 (1998) 1625. 

[104] V. Yasw. M. Amana, K. Nagata, N. lnagaki, H. Nakamura, H. Saya, 

K. Kaibudn. \1. lnagaki, J. Cell Bioi. 143 (1998) 1249. 

[105] M. Amano. K. Chihara, N. Nakamura, Y. Fukata, T. Yano, M. Shi

bata, M. lk~bc, K. Kaibuchi, Genes Celis 3 (1998) 177. 

[106] N. Watanahe. T Kato, A. Fujita, T. lshizaki, S. Narumiya, Nat. Cell 

Bioi. 1 (1Ci99) 136. 

[107] A.X. Liu, \.;. Rane. J.P. Liu, G.C. Prendergast. Mol Cell. Bioi. 21 

(2001) 6906 

[108J N. Watan<1bc. P Madaule, T. Reid, T. lshizaki, G. Watanabe, A. 

Kakizuka. Y Smto, K. Nakao, S.M. Jockusch, S. Narumiya, EMBO 

J. 16 {199'1) 3()44 

[1091 S.M. Zhang, S.Y. Miao. L.F. Wang, S.S. Koide, Arch. Androl. 6 

(2001) 42'1 

[110] 1-1. Mukai. M. Kitagawa, H. Shibata, H. Takanaga, K. Mori, M. 

Shimakaw1. \1. Miyahara, K. Hirao, Y. Ono, Biochem. Biophys. 

Res. Commun. 204 (1994) 348. 

[Ill] M. Aman11, H. Mukai, Y. Ono, K. Chihara, T Matsui, Y. Hamajima. 

K. Okawa. A. lwamatsu, K. Kaibuchi. Science 271 (1996) 648. 

[112] S. Vincen:. J. Settlement, Mol. Cell. Bioi. 17 (1997) 2247 

[113] H. Mellor. P. Flynn, C. D. Nobes, A. HalL P.J. Parker, J. Bioi. Chern. 

273 (19%) .. 1,1.;] 1. 

[1141 P. Madaulc. T. Furuyashiki, T. Reid, T. lshizaki, G. Watanabe, N. 

Mori1, S. Narumiya. FEBS Lett. 377 (1995) 243. 

[l\5] P Madm:le, M. Eda, N. Watanabe. K. Fujisawa, T Matsuoka, H. 

Bito. T. I".hli'.aki. S. Narumiya, Nature (London) 394 (1998) 491. 

[116] T. Reid .... Furuyashiki, T lshizaki, G. Watanabe, N. Watanabe, K. 

Fujisawa !\J. Morii. P. Madaule, S. Narumiya, J. Biol. Chern. 271 

(19961 L:s:.6 

[117] T.M. Sea,.holtz. T. Zhang, M.R. Morissette, A.L. Howes, A. H. Yang, 

lH. Brown. Cm:. Res. 89 (2001) 488. 



W-Y LuJ er al 8JOdHmJca et 810physJcu Acta 1593 1]0031 I:J-J_~y 

[118] L Toyoshima. H Yu. E.R Steuer. M.P. Sheetz. 1 Cell B10L I 18 
tl992)1121. 

[ 119] K. Hotta, K. Tanaka. A. ~1ino. H_ Kohno, Y Takai, B1ochem. Blo
phys. Res_ Commun. 225 119%1 69 

[120] E Leung. CG Print. D.A. Parry. 0_'\'_ Closey. PJ. Lockhan. S1 
Skmner. D.C Batchelor. G.W. Knssansen. Immunol Cell B10! "'4 
11996)421. 

[121] L launtzen. H.S. Hansen. Btochem B10phys Res. Commun_ 21~ 
1 1995) ;.r·. 

[122] K_C \-1alcolm. C.M Elhott. l_H_ Exton, 1 810l Chern 2"'1 1 1996! 
13135 

[123] J.A_ Hess. A.H. Ross. R_G_ Qm. \f_ Symons. 1.H Exton. 1 B1ol 
Chern. 2.,2 (19971 1615 

[ 124] 1.5. Han. H.C Kim. J.K_ Chung. H.S Kang. J Donaldson. 1 K Koh. 
\-1ol. 810L Int. 45 1 19981 I 089 

[1:.5: CD. Bae. D.S \-fm. IS Flemmg. 1_H Exton. 1_ 810!. Chern 2~3 
( 1998) 11596 

[1:6] A_\f_ Strand. L Launtzen. A.M \'mggaard. H.S Han;;en. \lol Cell 
Endocnnot. 152 ( 19991 99 

[12.,] $_ Ca1. 1_H Exton. B1ochem 1 355 1:((11, ~-.-. 

[128} H Kanoh. H Komioh. T Ono.J Bwl (herr; :s~ ,;.:)~} ·-t>
[129] K_F Tohas. AD Cou\JlJon. L C Ca.:o:le~. C :__ Ca..~.:;:r. \L>: 

Cell 8101. 18JI998l~62 
[ 130) 1 P Walsh. R Suen. R 'S Lernau:-e. J A Gi.:<:-r&'_ } 81~': Che:-r. 

26911994121155 
[ 131 J B Houss.a. J de W1dt 0 Kranrn"r>lZg. \\ H \1~-...,k-:-.u:. \\ : ·. J:-t 

Bhtters-...l)k. J 810! Chern ::-..; • ]~. ,..;;;2f• 
[ !32] X D Rcn. G \f Bokoch. A Trayn0~-K.a;la:.. G H Je-:-.J..::-;.,, R A 

.-\nderson. \fA Sch~.~.aru. \tol 81-0! Ce!:- 1~- ~:~ 
: 13n K.F To has. 1 H Hmv.-1g. H ls.illha.""J.. Y 5:J.J~: :_ c : ~:::~ 

C L Carpenter. CurT B1ol ](1 ,21)1(1, :"'~ 

[L'-'J 1 Zhang. WG Kmg. S Dillon. A Hall.:.. t'e:g:. 5 E R:=~:--_-:..__,~x 
Bwl Chern 26-' , I <N}1 2::~ i 

~IJ~) PWang.K'S Btt.ar.:\m .' Ph~s10! :-~.Jw,;,.G;~~..:. 
:!31i] LX Feng. 'S R\md:-a.n.uh. \f ~rr .. J Bw: Ch-~. :-, >••' 

[P-.j L We1. W Zhou. L Wang:. R J S.::h...,a:-.L -\rr . .' P~~':-· H:.-.J.: 
C1rc Ph~~wl ~-).. ,:r_l(l(ll Hl-:--t-


