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Summiary

The docking protein FRS2a functions as a major medi-
ator of signaling by FGF and NGF receptors. Here we
demonstrate that, in addition (o tyrosine phosphoryla-
tion, FRS 20 is phosphorylated by MAP kinasse on multi-
ple threonine residues in response fo FGF stimulation
or by insulin, EGF, and POGF, extracellular stimuli that
do not induce tyrosine phosphorylation of FES20. Pre-
vention of FAS20 threcnine phosphorylation results
in constitutive tyrosine phesphorylation of FRS2a in
unstimulated calls and enhanced tyrosine phosphong-
lation of FRS2:, MAPK stimulation, esll migratben, smd
proliferation in FGF-stimulated cells, Expression of an
FAS2: mulant deliclent in MAPK phosphorylation
sites induces anchorage-independent cell growth and
colony formation in soft agar. These expariments re-
veal a novel MAPKE-mediated, negative feedback
mechaniam for centrol of signaling pathways that are
dependent on FRS2 and a mechanism for heterolo-
gous contral of signaling via FGF recaptors.

Introduction

Fibrobdast growth factors (FGFRs) constitute a lange fam-
ily of grewth factors that play important roles in multiple
cellular processes critical for thae normal functions of
rany tlesues in both invertebrates and vertebrates (re-
virwend in Goldfark, 1998), Genefic studies demon-
elrated the crucsal role of FGFe during the early stages
of embryopenasis, when ambryonic cells depend on
FGF signaling for gene expression, mormphological iden-
tity, migration, and axis dovelopment (fuman et al,, 1998;
Beddington and Roberison, 1909: Ciruna et al., 1997
Crossley and Martin, 18895; Deng o al., 1994; Feldman at
al., 1985; Nask and Cmitz, 1998; Nissandar and Martin,
1842, Sun et al., 1888 Yamaguechi et al., 18984),

FEFs madiate thesr pleiotropic responses by binding
to and schivaling a Family of receplor tyrosine Kinases
(ATKs) designated FGF receptors (FGFR) 1-4 (reviewsd in
Schiessnger, 2000). Many ol the colular responses of
FGFs are madiated by the membane-Inked docking pro-
teing, FRS2x and FRE2P (Kouhara et al, 1907 Xu of &l
1998; Hadari et al., 1988, 2001), Both FRS2: and FRSZ[

CorTeapondencg; [osaph schlpssinganiyalasdu

'Presant acddress: Depamment of Collulsr Blochamistry and Bio-
physics, Mameial Shoan-Rattering Cantar Canter, New York, M
ok 10024

"Prasant address: The Skimal Instiute, MU Medical Sohool, Mes
¥k, Maw York 10016

contain mynstyl anchors and phosphotyrosine binding
(PTE] domains in their N lemini and mullipe tyrosine
phosphorylation sites in their G termini that serve as
binding sites for the sdaptor protesn Gea? and the pro-
tein iyrosine phosphatase Shp? (Kovhara et al., 1987;
Hedan at al,, 1958}, Although both FRSZ family members
are highly homaologous, thelr differantial pattern of ax-
prossion points io specifio roles for cach member. While
FRS52n is ubkguatously expressed and can be detected
al every developmental stage of the mouse, the sxpres-
sion of FRS2E begins at day 9 to 95 and is primarily
confined to tissues of neurcnal cngin (MeDowgall ot al.,
2001; M. Goloh & al., unpublished dala). ndeed, the
nerve growth factor {NGF) and glial cell ling-derved neas-
rotrophic facter (GONF) families of neurstrophing also
signal through FRS2e and FRE2H and regulabe the activ-
ity of FR52-dependant signaling pathways (Kurokewa
ol al., 2004 ; Melllo et al, 2001).

Wi have demonstrated that disruplion of the FRS 2
gena results in embryonic lathality a1 approxirmately E
=15 due 1o severs delects in gastrulation (Hadan et
al, 2001; our unpublished data), Expenments using
FRS52r-deficient mouse embryo fibroblasts (MEFs) and
MEFs reconstiuled wilh either wild-Type or vanous
FRE2n matants revealed that FRS20 (1) links the ach-
vated FGFA with the Ras-MAPK cascade, (2) has a criti-
cal rale in FGF-dependent cell prolderation and migra-
tion, and {3) functions as a focus of assembly of &
multiprotein complex that controls the Ras-MAPK cas-
cade and the Pl-3 kKinase-dependent survival pathway.
Upon FGF or MGF stimadation, FASZa recruits fowr Grbd
molecubes directly and two indirectly wia Shp2 (Hadan
et al., 1008 Rescue experimants using vamnous FRS2:
mutanis revealed the differential importanoe of Grb2
and Shp? binding sites m mediating FR52n-depandant
responges. In addbon 1o its role in recretment of the
nuscleatide exchange tactor Sos by tyrosine phosphary-
lated FRSEZ2:, Grkd funclions as a nk botween FRES2:
mnd the docking protesn Gabl, FGF stimulation lsads to
Gabd recruitment, which = followed by recruitment of
Fi-3 kinase and aclivalion of a cell survival pathway
(O et al,, 2001; Hadari et al,, 2001]. The Shp? binding
sites play a pemary robe in FGF-nduced activation of
MAPK, cell probferation, and cell migration (Hadan ot
al., 200 | Ther Grb2 binding sites of FHS2: are essential
for activation of P1-3 kinasa (Ong &t al., 2001} and the
ubiguitin higass Col (Weoeng et al., 202 and have a sec-
ondary role in MAPK stmulation (Hadar et al., 2004}

In this report we demonsiraie that in adddion o en-
hancement of tyrosine phosphondation, FGF stimulation
induces MAF kinsse-gdependent phosphorylation of
FRS2x on al least eight threanine reshdues resulling in
a large shift in its electrophoretic mobility. Threonine
phosphorglation of FRS2x s accompaned by reduced
tyrosme phosphorylation of the docking peotain, de-
creasad recruitment of Grb?, and attenuation of the MAP
kinasa response. & =milar FRS20 threonine phosphony-
Iation is induced in response to PDGF, insuling or EGF
treatments, growth factors that do not induce tyrosine
phospharylation of FRS2a and do net stirmislate the bo-
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legecal responses of FGFs, These axperiments demon-
strate that in addition to #s major role as . madialor of
signaling via FOFHz, FAS2n participates in a negative
feedback mechani=m and an intesreoeplor conirol
miechanism for requlation of FOF-receptor signaling.

RAesults

We have proviossly domonstraled that in addition (o
tyrosine ploaphonytation, PRS2 undergoes an electro-
phoratic mobility shift that = probably caused by phos-
phorglation of FRS2e on sannefthrecnine residuas in
response to FGF stirmudation (Kaouhara et al., 18997; Figue
148). Indeed, the FGEF-induced efectrophorete mobility
shill was reversed by treatment of FES2: immunopre-
cipitates with alkaline phosphatase (Figure 145 In con-
trasl, reatment of The calls with Okadale acid, a protein
phosphatase imhikitor, induced a proncunced slecim-
phosetic mobility shift of FRS2q that le stronger than that
induced by FGF stimulaton (Figura 18], Taken together,
these expenments suggest that the shift in the electro-
phoratic mobidity of FRS2x mduced by FGF stimulation
i= caused by profein phosphoryfation,

Electrophoretic Mobility Shift of FRS2w s Caused
Primarily by MAPK-Mediated Phosphorylation

of FRE2x

To examine the poossdbility that the mobility shift of
FRS2x is caused by kinaseis) lying downstream of Ras,
we ave axarmined the effect of o gaton of a
dominant interfering rmasant of Bas-Aas N-17 {Ras DN)
on FGF stimubation of FRS2x electrophortic mobility
shiff, The expariment presented in Figure 18 shows thai
apression of Ras DM abmost antirely peesvents the mobil-
ity shilt of FRSZ2: mduced by FGF stemulation. The ex-
prassion of Ras DN also inhibatad tha activation of MAPK
in FGF-stimulated cells (Figure 1B} and comespandingly
mereased the tyrosing phosphonydatson of FRS2: and its
interaction with Grb2, even in matmulated cells (Figens
1B} Tha affact of Ras-DM on the mobility shift of FRS2:
induced by FGF stimulation was incomplete becauss
fyrosine phosphorylation also causes a small, but de-
lectable, alectrophoratic mobility shift of FR52:. Basad
on these results, we propese that the bulk of the eleciro-
phoratic mobdity shift of FRS52e oocurs 85 a result of
phosphorylation by FGF-nduced protein knasais) thai
e downstream of Ras,

Baquance analysis revealed the presence of sight ca-
nomcal MAPK phosphorylation stes (PXTP motifs) in
FASZx thal are clustersd in three separale regons of the
docking protain (Fgune #8), One cluster containing thres
patential MAPE phosphorylation sites (PRTPRTETIR} lies
batwaan amino ackds 13 io 133 m a region that links
the FTE domain to the rest of the protein, The second
clusier {amino acids 374-3/ 7} containing a single poten-
tial MAPE phosphorylation site (PKTF} s located toward
the G terminus of the protesn. The third cluster containing
four potential MAPK phosphorgiation sites (aming acids
450-454, POTPETFTTIPLPOTF] is Hanked by the two
Ship-2 banding sites in the C terminus of FRS20. To stedy
their funchonal rde in FRS2n, we have eplaced the
thregnme residuas of the PRTP clesters with valing resi-
duies using site-dinecled mulagenesis n vanous combi-
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Figuie 1. PGF-|deted Becirophorelic Moty S of FRSS: B
Mt by Knaseds) Depercien] upon A Aclivation

1) FRSE: © MEFE srpresaing wili-Type FRSE wone sl 167 un-
trated oF inealed ernsrmbgng Wi 130 mk cladalc acid, Lyaaies from
st it or FOF-aiimiilatid ol widn sl b Do rmmmin-
clpfation with anti-FRSS: antinedos. Om-na of e sample wis
anakyred iy SOE-PFAGE, wihllp the sesind hall was incubabsd with
& pip'rampio of akalne-phosphabase (8P e 1 b & 3770 beforn
SDO-PACE analysls, and Dotl Rampkic wers subjected bo imdms-
nxbiosting with seti-FS s antibocdses,

[H)] FC1 2 colls Mnnsieciad with o degamediarde-| nuced fas B-17
il wuie kel wedroated oF wene rasted ceasmight with 2 M
douamathansng [Dex), Lysates from wstimidaiosd or FOF-simas-
Lt colls wane mrremopnecipiaied with aedl-FREZ. anibodies
fodlowed by SDS-PAGE and Immunobicding with sanous anfbodics
as Indicaied. Ao shown, Immunoblois with anrtl-Ras, and-MAPK,
and anS-p-MAFK anfinodies of bolal ool lysates [TCLL.

nations (kach chster is numbered according o its order
of agpearancea along the FRS2a molecula), or all eight
combined {FRE:-BV]), The effect of the subsiifutions
on the electrophoratic mobelity of the FRS2: mutants
wias detlermined by SOE5-PAGE analysis ofl FRE2n immu-
noprecipitates isclated from lysates of instmulsted or
FOF stimulated 293 calls exprossing either wild-type
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Figue & The Beclrophoretic Mebiity Shill & Caosed by Phoaphonyalicn of Eight Threening Fiesitess on FRE by MAPE

() & schematk: prosenstalion of mouse PG 20 ecluding the fyrosine phosphorplation slies and the putalive BMAPK heeoanise (Thry phosphorga-
thorh wiles. Aled shown ang Comparsons of e sming ol sequences of e hnee clusies conlalng The petatine Sveonine phosghorgtation
fefies, [0 P, ik, i froeg FRSSe, o5 well i the comespanding seduancs in fume PRI

(0] HER 288 calls wond iranskendy Manstecied with sifes FRS2a-WT oF vaiows FRS2a mudents & which e pilalive MAPE mmcilne
plaphoryation s in Be Broee separsie diuslen sone mskied mdhddualy to valines (M1, 882, B oF ol combined (5% Lysabes Tram
unstinilabed of FGF-slimulibec] colls wans subbecisd fo mmunapacipliabon with anti-FRSS antibedis frlcaed By iImmunctaotiing with
anti-FRS3 atiadies,

(G} HER 285 cols transfocied with FIS2e-WT of with the FRS2e-8 mutant ond FAS2x © MEFS sxpressing FRER-WT of B FRS20-8Y
mistand ware stimulitied sith FGF or wiste 8 unstimedated. FRED mmunopicipliohes wons imimsnobiodiod with anll-p-Thi, and-FRES:, @
anti-Grog amibeiaes.

([} HEK 2435 calts wora franstociod with the folowing FLAG-tagged protsins: wikl-type FRES. j=), wikd-fype FREZS (), & chimaic protein in
witch @ myrisbolation signal and fha PTE domeain of FRE30 sene stiached o @ il of FRE2R [FRE2Y and o chimen comporsad of the
myrisiolation shgeal and PTE domain of FREX lnkod 1o the el of FRES. [FRENVL) Lysaies of wetmulaied or FOF-stmaiated colls worn
Immunoprecipiaied with anti-FLAD aptibodis fowed Dy Immunobiofiing with ant-FLACGL anti-p-Thr, or antl-p-Tyr anibodies.

(B} HEX 203 cals wonn oolrarsfected with FREZ: and willh etthar an axpeession sechor o activabad Myc iagged MER-MAPE (A0 or with
SEpreSSon wooior for wilkd-type Byc-MEK-MAPK WT). Coll jsatos of unstimulsted or FGF-stimulated calls wore frst Immunoprecipitated amd
ez ierereumahbortticd with anil- FREZw anlbodies. Also shoswn ks an anll-Syc-tegg immunobiol of falal coll sades [TCL), bo reveal the cxprossion
lerwal of tha activated and witd-type MEK -MAFE probeins.

{F} i witro prhosphonyiation of FREZ. by purified acthmbed MAFK. FREZa and e FREZ:-BY mulant wers immmumopreci pHabed fnom unstimuisiod
of FGF-simulaiod MEFs. The ImmunoprecipEates waere washod once wih a kinase batlor and then elther left unireased or incubabed weh
activaiod ERED for 30 min at 30rC. Tho samples wons analyrod by mmancbiotting wath antl-pThr or an$-FAS2. anlibodics. Acfmled EAKZ
was immunobicfiod weh anll-p-MafH anlibodics.

arf various FRS2n mutants, Only mutation of all eight
putatrvs MAPE phosphondation sites i the three clus-
ters prevented the electrophoretic mobility shift of
FRZZn induced by FGF stimadation (Figure 2B). Similar
results were obtamed when all esght thresnines wera
subsstitiled by slaning residuss (data not shown). In ad-
dition, by using antibodies raised against the canomecal
BUAR Kirase - Th sbes (anki-p-The amiedies) fos -

noblottng anti-FRS2: immunoprecipitates from lysates
of 233 colis or from hysates of FRS2: " MEFs express-
ing esther FRS2a-WT or the FRS22-8V mutant, we dem-
onsirated thalt FGF stimulation enhances threonine
phosphorglation of FRSZ:-WT but not threonine phos-
phorylation of FRSZ20-8V (Figure 2G).

In order to shed further light on the robe played by the
three threonime-rich clusiers in medialing the cellular
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response of FRS2q., we have generated chimenc FRS2
pradeing in which the cartoxy termini of FRS2a {contains
8 PHpTP eites) and FRS2p (lacks consensus MAPK
phosphorylation sites) were swapped. The chimenc
FASZ proteins are designated FRSZoE or FRS2E .
Maxt, 283 cells were transfected with ex pression vectors
that dwact the synthesis of FGFRT together with expres-
sion wecbors for FLAG-tagged FRS2:, FASIE, FRSHE, or
FRE2E . The expenment presented in Figure 20 depicts
EDS-PAGE analysis al lysabes Irom unstimulated or FGF
stimulated calls that were subjected to Immunoprecipita-
tion with anti-FLAG antibodies fallowed by imrmunobloting
with eitheranti-FLAG or anti-p=-Thr antibodies. This expeari-
rment demonstrates that endowment of the amino temmi-
nus of FRE2 with the carboxy terminus of FASE: an-
ables the molecule to becoms threonine phosphorylated
and its mobility shifted in S05-PAGE, By contrast, the
FRSZ20/ | protein was not phosphondated on threonine
rasiclues nor was the electrophoretio mobility of the chi-
menc protem altered in response to FGF stimulation.
The imegrity of bath chimeric FRSZ0/8 and FRS2RM
proteins was similar to that of FRS2: and FRS2E sinca
bath prateing wers ynosine phosphorylated in responss
to FGF stirmdation (Figure 200, These results further
suppor the notion thal the thres threonine-rich clusiers
in FRS2u are the targets of MAP kinase-dependant thre-
arlne phosphardation.

To further confirm that the electrophoretic mohility
sheft of FRS2x is cawsed by MAPK phosphoryation, 203
cells were cotransiecied with an expression vector for
FAS2x togethar with expression vectors that dvact the
synthesis of chimerio proteins composed of ERKZ fused
1o edther wikd-type MEK1 or activated MEK1 [results in
consfitutive activation of MAPEK). Lysates from thess
FGF-stirmulated or unstimulated calls ware subjectad to
SDS-PAGE lollowed by immunobdotting with anti-FRS20
antibodies. The expemment presantad in Figeras 2E dem-
ansirates that the elecirophonatic mobdity of FRSZ2: was
shified in cells cosypressing activated MAPK togethar
with FES2: even n the absence of FGF stimulation,
aexhibiting a migration pattern similar to that of FRS30
immunoprecipitated from FGF-stimuated cealls.

We have also analyzed the in witro phosphorylation
of FRS2n by purified activated MAPK (Figure 2F). In
this experiment, FRS2n or the FRS2:x-8Y mutant was
immunoprecipitated from lysates of wnstimulated or
FGF-stirmulaled colls and then miced with purified acti-
wated MAPK m the presence of MgATF. The samplas
were subsequently subjected to SDE-PAGE followed by
immunoblotting with anti-FAS2x or ant-pThr anbibod-
ies. The experiment presented in Figure 2F shows
MAPK-induced threoning phosphorylation of FRS2n in
witre and a ehift in the slectrophoretic mability of FRS20
similar to the shift induced by FGF stimulation, Howewver,
the FRS2:-8V mutant was not phespharylated by MAPEK
or in mesponse to FGF stimulaticn.

Tyrosine Phosphorylation of FR%2x |s Enhanced

by Blocking lis Threonine Phosphorylation

Te further delineate the role of theeonine phosphoryla-
tion of FRZZn, we performed immunoblotting analysis
of anti-FRS I immunoprecipitates with anti-p-Tyr anti-
bodies and observed thal tyrosine phosphorylation of

the FRS2n-8Y mutant is incressed in companson 1o tyro-
sing phosphorylation of wild-type FRE20 expressed in
MEFs (Figure 38). Moreover, enhanced tyrosane phos-
phorgdation of the FES2:-8 mutant could be detected
even n unstimulated cells and resulted in a parallal in-
orease in compéex fermation betwesn GribZ and FRS2:.,
In contrast, wikd-type FRS2: was found 1o be constitu-
tively phosphorylated on threonine but ned on tyrosma
residuas m unstemulated MEFs, After FGF stimulation,
FASZn becams heavily tyrosine phosphorylated and
formed & complex with Geb2 In addiion, upon FGF
stirmutation, threonine phosphondation of FRS2n is en-
hanced and, a5 & consequence, its electrophoretic mo-
bility |= alterad. Pretroatment of the cells with U0126, a
MEK inhititor, prevented threonine phosphorylation of
FARS2n and conseguantly lengthened its electrophoretic
migration on SOS-PAGE relative fo that of FRS2n from
cedts that woare not treated with the MEK inhibitor (Figure
3A), Furthermore, freatment of the cells with U01295 in-
creasad the tyrosine phosphordation of FRS2x, which
paralleded an norease in complex lormation betwesn
FRS&n and Girb2 (Figure 34). In contrast, the MEK inhsbi-
tor did not afect the elecirophoretic mobility and the
tyrosing phosphondation of the FRE2:-BY mastant nor
did it influanee complax lormation with Grb2 (Figune ).
The: bullk of the alectrophoratic mohility shift is caused
by threanine phosphorylation of FRS2: whils tyrosine
phosphorylation mduces a small shift in the efectropho-
retss mability of the protein. The effects of the MEK
inhibitor on FRS20 and its downstream responses ane
gpecific because samilar responses ware not ebcited
by treatments with the protein kinase-C  inhibitor
GF108203% (Figure 3B, the PI-3 kingse inhibitor, Wort-
mannin (Figure 58], or with the protein kinase-A inhibitor
PKI {data not shown).

FGF-lInduced Cellular Responseas Are Augrmenbed

in Celks Exprassimg the FRSE-8Y Mutant

W have shown that treatmenis that augment threonine
phosphorylation of FRS2a (e.g., Okadaic acid) come-
epondingly decrease FGR-induced tyrosine phosphory-
laticn of the docking proten, Conversaly, treatments
that atteneate threonine phosphorylation (e.g., MEK in-
hibitor} of FRE2n result in moreased tyrosing phosphony-
lation of FRS2w. Similarly, FGF-induced tyrosine phos-
phorgdation of FRS2:-BY, a mutant defective in threoning
phosphorylation, is enhancad relative 1o tyrosine phos-
phorgdation of wild-type FHS2:, Morsover, tyrosine
phosphorylaton of FR5Z0-BY is detecied avan m un-
slirmdaled MEFs. Collectively, these sxperments indi-
cate that MAP kinase-dependent phosphorndation of
FASZn may lunclion as a swilch thal negatively regu-
lates FGF-depandant signalng pathways that are medi-
ated by FRS2n. Indeed, the esxpedment presented in
Figure 44 shows that the duration of byrosine phosphaor-
ylation of the FRS2z-3Y mutant is prolonged as com-
pared to that of wild-type FRS20 expressed in the same
cells, Furthermorns, the interaction between FRS2: and
Grb? alzo follows a sirkingly similar patiern [Figure 44),
suggesting that the recruitment of the guanine nuclao-
tide exchange feclor, 505, by Grb2 s also enhanced
in cells expressing the FRS2e-8Y mutant,  tyrosine
phosphorylation of FRE2n is enhanced by blocking its
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threcning phasphorylation, it follows that FGF-depen- ovar, These expanments demonsirate that FGF-induced
dent signabng pathways that are dependeni upan threanine phosphorylation of FRE2re negatively regu-
FRS5Z2n will be potentiated in MEFs expressing the Iatas tyrosmne phosphorylaton of the docking protesn, &
FHSZa-8Y mutant. Indeed, the MAPE responss |5 more slep crucial for recrufiment and activalion of multiple
sustained m FR3Z0-8Y expressing cells as compared signal transduction pathways.

with MAPK slimidation in cells expressing wibd-type

FRS3: (Figurs 48). By contrast, tyrosine phosphoryla- Multiple Growih Factors Induce MAPK-Dependent
thon of phosphohpase Gy was smilar in FAS2a-WT and Threonine Phosphondation of FRS 2

FR320-BV axpressing calls (Figure 4G} To further understand the specificity of FRS2: threonine

phosphorgation in growth factor signaling, we studied
Enhanced Mitogenic Reaponse of Cells Expressing the phosphorylation profile of FRS20 in reeponse to
the FRS20-BW Matant different growih factors, The expariment presented in

W neat examined the biological conssquences of the Figure & shows that the electrophoretic mobility shift
disnepticn of FR3Zn fhreonine phosphorylation in and threonine phosphordation of FRSZn are induced in
FRSZs " MEFs expressing ethar wild-type or mutant reaponse to insuling EGF, or POGF stenulation. These
FRSZn. Using the Boyden chambser assay, we obsarved exirscallular stimuli do not induce brasine phosphaonyla-
that the mobility of unstimulated ceils expressing tion of FASEZx and, so far, there is no ewdence that

FHRSZa-BV is enhanced, and thal FGF-stimulalion in- FREZn plays a rode in medialing their infracelular re-
duced strongar cell megration of MEFs axprassing sponsas, The sectrophoretic mobsity shift of FRES2:
FRSZn-BV as compared lo MEFs sxpressing wikd-type induced by EGF stimulation was blocked by sxpression

FRS2n (Figure BAL In addition, BEFs expressing of a dominant mterfaring mastant of Ras (Ras N 17, thus
FRSEn-BY grew faster than wild-type MEFs and exhib- condirmang that knasee thal act downetream of Ras are
ited anchorage-mdependent growth in responsa to FEF responsibde for the EGF-induced response (Figure G4
slirmstation [Figure 58). The fransformed-like phanotype Additionally, mmunobloting of anti-FRS2e irmmunspre-
of the FRS2a-8V cefls was also refiected in the akility cipitates with anti-p-Thr antibodies showed that EGF-
of these calls to form colonies in soft agar (Figure SC), inducad threonime phosphorylation of FRS2x 18 strongly
This anchorage-independent growth and the ability of reduced by expression of Has N-17 m PC12 colis, Sime-
MEFs axprassing the FRS2:-8Y mutant to grow n eofl laaty, the alectrophorete molbdity shift of FRSZx mduced
agar demonsirates thal the stronger milogonic signal by EGF, insulin, or PIEF stimulation was oomplobely
exparted by the FRSZ:-8% muient protein is capable of blocked by treating MEFs with the MEK inhibitor, LIC 26
initiating certan hallmarks of cell translornation. Mare- [Figure BB} Ornierall, thisses expariments demonsirate that
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MAP kinase-dependent phosphordation of FRS2q s en-
hanced by stimuli that nduce tyrosine phosphonylation
of FRSZ: (i.e., FGF) and by stimuli that do not induca
tyrosine phosphondation of the docking protein (Le.,
insulin, EGF, and PDGFL

Complex Formation betwesn FAS2e and MAPE

m FGF Stimulated Cells

W were intaresied in the machanizm of MAPE-dapan-
dant phesphondation of FRS20 and how tha attenuation
of tyrosine phosphordation = caused by threonine
phosphonylation of the dockng prodein, In cosmmuno-
precipitaton expenments, wea have noticed compbex for-
mation betvean MAPK and FRS2« upon FGF treatment
(Figure TA). We subseguently analyzed the in vivo asao-
ciabion between MAPK and FRS2: in FRE2x ' MEFs
axpressing eithar FRSZa-WT or the FRS2n-8Y mutant,
In this axperiment, lysates Trom unstmulated or FGF
stamulated cealls were subjected to iImmunoprecipitation
with anti-FHS2 antibodias lollowed By immmunoidating

with anti-MAPK antibodies, anti-p=-RMAPE, or anti-p=Tyr
antiodies. The cgpersment presented in Fgure TB
shows complax formaton batwean FRS3y and the acti-
vated form of MAPE in lysates from FGE-stimutated
cefs, while complex formation betwesn the FRS 2068y
madant and MAPK was strongly redueced.

Ty turther analyze the mteraction between FRS 2 and
MAPK, 253 cells wore cotransfected with an expression
vectar lor FRSE: together with expression vectors that
direct the expression of activated MAPK or wild-type
MAPK chimeric profeins. Lysates from enstimulated or
FGF-stimulated calls were subjected to mmunoprecipi=
tathon with ani-MAPK anfibodes followed by immu-
noblotting with ant-FR52z antibodies. Only the acti-
vated form of MAPK formed a complex with FRS20
(Fagure TCL In addition, complex formation Delsessn
FRE2n and MAPK was disnupted by treating the cefis
with the MEK nhibitor U013 (Fagure 70} Collectively,
thase results show that actvated BAAPK forms & com-
plex with FRS2: in response 1o FOF stimulation and



;&ﬂa“ﬂdmt Hhisfjatte Pascihach Moacfoiism

]

g 1

a7

Asfaive Gk Migeation

[ ]

Dl Mumipss (i)

Toma (days)

Monalayer (RS
| F |
A e L
| .
- [ [
! Wil by

A
fid |
12
io )

Crolony T ming EMicsanay %)
m

L U R ]

Flijure 5. Enhainced Cofl MoShy and Colony Foematien In Boft Agar of Colls Eapressing the FRE M-SV Moksed

[A) Watimilaiod or FOF-sSmdated MEFS cipissieg FREL.-WT of FREIN-EY weia subjocind o call migratkon asiays wing tha Boydaoi
chambar. UinsSmadated fopan squares); FOF stimudated [osed squarss| celis, Tha rasdts an the avamge of thres

[H] FOF-Indiced ol prolliorason of MEFS from FRA2." [closed circles), MEFS capressing PRS2, WT (opon squarcs], of B FREML-EV
mitart jolosed squanes). Call numbers wone counbed over The course of Bva days. The resulls am ha asemge of feo sipaimants psrionmed

In dupdoans.

(5] Tha growths of FR3Zn © MEFs and FREZn ' MEFs amprassing FREZa-WT or Bva FRERZ.-EY mutant aitached 1o monolayers or in 0.3%

soft agar. Anchorage-Indopendant growth of macroescopic colonios was soorod aflor 14 days of FGF siimulstion. Tho diagram dopiols
qanittation of the colony iomming séficiency of Ba FRSE: ' MEFs or tha MEFS exprussing FRSEa-WT of a FREZ:-BY mutant.

is Bkely responsible for threonine phosphorgdation of
FAS2n and perhags also for the attenuation of tyrosse
phosphorylateon of the docking protesn,

Discussion

The dockng protesn FRS2n i5a key mediator of signaling
wia FGF recaptors as wall a5 wia membears of the NGF
and GOMNF Families of nesmirophic factor recspbors
(Kouhera et al, 1#97; Hadan et &l., 1988; 2001; Ong et
al., 2000, 2001; Dhalluin et o, 2000 Yan et al., 200,
In this report we damonstrate that m addibon to its
posibve regulatory robes, FRE20 upclions as a key com-
ponent of a MAP kinese-dependant negative feedback
mechanksm thal ensures controlled dosage of shgnaling
wia FGF recepiors (Figure fE). Ferthermore, the ahility
of msulin, EGF, ar PDGF to mduce threomine phosphony-
lation off FAS2q may add an additional layer of reguiation
to thés system by providing & mechansm that ensures
the balanced actvation of a commaon signaling patheay
thiat is stirmutated by mutbple recopton tyrosine kineses
(Fupure TE). Sinoe tyrosine phosphondation is aruceal for
recruitmant and activation of FRS2n-depandant signal-
ing palkiways, it s expacted thal yrosine phosphanyla-

tion of the docking proteen will be under tight control
especially in a situation when the key mediator {le.
FR&2n) is constitutively associated with the FGF recep-
tor ({Ong ot al, 20001 To prevent inadvertent activation
of FaF-depandant signaling pathways by random, non-
ligand-dependent  dirmerization of FGFA moleculss
[EFchlessinger, 2000}, addibonal contral mechanisms of
kay mtarmadiates sre essential, Exparimants prasanted
in this repor demonsirate thal FRE2a = a Bwrget of
MAPK phosphonglation, actested by FGF or by other
growih factors. Phosphorylation of FRSZ2n by MAPK oc-
cars at eight specific thraoning ressdheas {within consen-
sus PETP molils) that are dusterad in three ssparale
mgons of the FRS3Zn mofeculs. Afthough thmeonine
phosphorglation of FAS2: can be observed In unatiom-
lated cells, growth factor stimudation further enhances
thés process. Comversaly, blocking threoaine phosphor-
ylation of FRS 20 resuits in enhanced tyrosine phosphor-
ylation of the doching protein and a parallel mcrease in
complex formatson with Grb2 oven in unstimdaied colls.
Consequently, FRS2n-dependent signalimg pathavays
awrer i Shromgly activated under conditions in which
theacnine phosphorylation of FAS 2 is prevanted. Phos-
phorylation ol all thres threonine chustens appears to be
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(R PC12 colls saprassiog Fag N-17 In an inducibin vectod wan Waated with dexamathanons [Dex] of wers it unireated, Cols wan then
stimulzing with EGF () or FGF (7} Tolcred Dy col solublization, Coll irastas won suijacie] to immunoprecipltaion i s FRss snsbodies
tollawd by nermnabibatting with antl-FRS8., aml-p-Tyr, antl-p-The, of anll-Gihd antibooios. Also shown, @l-Aas, ani-MAPK, @ ans-p-

MAPK lmenunobkls of iokasl cell kst [TOL

(B} MEFs nuprassing FREZ3:-WT wermn kft unfraated or fraabad with tha MEK Infibitar U026, Tha oels wors then stimulaied with insdin [,
EGF [EL FOGF [Pl or FGF [Fl, followed by ool sokdbdlaation. Coll kysatos wans subjpoied to mmanaprecipliation with anll-FRE s anibodies
tolinwad by Immunobiobling wih anfl-FAS2a, antl-p-Tyr, anll-p-Thr, or anS-Grh? antbodies. Ao shimn, an anS-MAPK and anb-p-MAFRK

immunabdogs of bolal ool ysales (TCL).

necassany for preventing madwvertent tyrosine phosphor-
ylation of FAS2x in quiescent cells. Thus, in FGF stimu-
lated cefls, threonine phosphorylatien of FREZ: func-
tionsz as part of a negative feedback mechanism.

Thir second mamber of the FES2 fenily of docking
proteing, FRS2E, is also tyrosme phosphonytated in re-
sponsa o FGF stimudation, Howover, unlike FRS2n, the
closaly related FRS2E protein |acks the putative MAPK
oonsansus phosphorylation sites; it = nol phosphony-
lated on threcnsne ressdues and does not endergo an
elecirophoretic mobiliy shilt in response be FGF stimu-
lation, The lack of MAPK phosphondation sites on FRS2RE
rray indicate thal FRS2A is subjected to diffsrent regula-
fory processes as comparad to FRS2q, Whils the neu-
ranally restricted expression pattern of FRS20 may sug-
gesd its iveohremant in signafing by newrctrophic factors,
FRS2, on the other hand, exhibits a broader expression
pattem {inchuding expression m the nenous system)
highlighting its more pleptropes mwohement in growth
facior signaling. In addiion, analysis of FRS2: " mice
dermonstrated thet FRS2 plays a crteal rela in ambry-
onio development as a key mediator of FGF receptor
signalng. FRS52x is ikely to function a5 & key elemant
in the control of signaling by both FGF and neurotrophic

factors in mudtipda cells, tissues, and organs. The close
association of FR52n with insclive FOF receplons may
require stringent contrel mechanisms for regulation of
tyrasine phosphoryiation of FRES2q. in unstimulated calls.
Grosvth factor induced threonine phosphorylaton of
FRS2m by MAPE may provide a molecular swatch that
adjusis the degres lo which FRE: is tyrosine phosphor-
vlated and mesociated with downsiraam affector pro-
tedns, Tha interaction between FRE2R and receptors lor
neacirophic fectors involves & more conventional
msachanism. FFIE'EEI- binds anly 1o activated TrkfA; com-
plax formatson is madiated by hinding of tha FTH domain
to a sanonical byrasine phosphorydated NPLY modif in
the pxctamembrane domain of TriA, Comples formation
batvwesn FRS2A and Trich followed by subssguent tyro-
sing phosphorylation of FREZH are confrolled by activa-
tion and autophosphorglation of Trkd. This well-con-
trolled process may not reguire an additional level of
regulation by MAP Kingse phosphoryation to control
thaz leveel of tyrosine phosphorylation of FAS2E inunstm-
ulated calls, ard &5 such, FRS2E may have evolvad
without the nesed o become threonime phosphorylaled
by MAPE,

Ap important guiestion is haw threonne phosploeylation
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Figuie 7, Complag Formation betwesn FRESy and Astivased MAPH in FGF-Somudate Celts

) Urssimadatid or FGF-stimulaied FRERs - MEFs 0f MEFS axgiassing FRERs-WT wam subijsciod 1o inimescprecipiiation with - FRE2:
antibocion fodlowoa by Ememmnoblotting with anti-FRESy of anti-MaFK anlibodies

{B] Unstmulsind o FGF-ssmulaied MEFs axpeassing FRES-WT 0r FREZ-8V woe subjected to immunaprecipliaton with s FRE2
antibodies Todlowad by Ememunoblaitng wih anti-FREZ., ant-MAPK, anth-p-MAPK, or st-p-Tyr aibodies.

(3] HEK 203 colls colransfectod wilh auprassion sechors for FRES logathor wilh axpression wacbors for elther wild-ypa Myco-1agged-MEK-
MAFE W) or acivatod Byc-laggen- MEK-MAPK [AC). Lysabos trom unstimuiabed or FOF-simdatod calls wern subjpoind fo mmunonnscipiia-
tion with anti-FREZ. antibodies Toownd by immunchiotting wish antl-FRE%m or ani- Mys-txg antibodios. Also shown, aetl-Myc-1ag Immunobiobs
of 1otad coll ysatos (TCL).

O Unstrmudaiod or FGF-simulaied MEFs exprassing FRE2-WT wera lolt unirested or reated wish B MEK Inhiblor U0 26. Coll lysatos
weara subijector bo immmanotiloting with anti-FREZn, anil-p-Thr, anll-MAPK, or anll-p-84FPK anlibodos.

B} A schoms dapicting MAPK-modialod phosphanyiation and atienualion of signaling via the docking profoin FREZa. FGF-Indscod activation
of FGFR loads ba tyrosing phosphorglation of FRS2a lolloend by Grb@Eos-motiatod activalion of Ras, Actvalod Ras sSmuatos 2 kinaso
cascase composed of Ral, MAPKE [MEX], and MAPK (ERKL MAFK actvalod by FGF recopbor or in response ko insulin, POGF, o EGF
stimulaicn phosphongalos FAEZ: on at keasl & hrooning. residuos resuling in rodecod hyosine phosphorglation of FREZ, diminishad
recrusimont of Gria2, and othor efiscior profoins et function downsinsm of FRS2a,

negatively regulstes FGFA-madiated fyrosine phosphany- plex formation with FGFH is not influsnced by threonine
lation of the docking protein. Doas thresnine phosghory- phosphorglation of the docking proten.
lation make FRSIn a poorer substrate for activation We have demonsirated in this report that in response

(tyroaine phosprhorylation), or a better subateate for mnac- to FOF stirmulation, the sctivaled form of MAPK forms
tivation [dephosphorylation)? One possible axplanation a complex with FRE2n, Alkhough the molecular details
i that cormples larmation beteesn FGFA and the thheo- ol the mode of interaction bebsean aclivalesd MAFE and
ning phosphordated form of FRS2e interferes with the FRS52x ramain 1o be determinad, the complex formed
intrinsic calalylic activily of the FGFR prolsin tyrosine batwern activated MAPK and FRS2n may interfore with
lonasa (FTE) domain. Allemativaly, thraonine phosphor- tha capacity of FGFH to intaract with and tyrmosimna phos-
ylation may interfere with complex formation betwean phorylate FES20, This machanism resembles the direct
FAS20 and FGFR, resultng in decreased tyrosine phos- interacton batween the mating-specific MAPK and the
phondation of the docking protein, Howewer, we wera pheromone-responsive G protein o (Go) of yeast re-
unable ta detect any change in aulophesphorylation of sulting in downregulation of the pheromone-induced
FGFA, tyroaine phosphonylation of She (data not shown), Go-MAPK pathway (Metodiey ot al, 2003, fn additional
or phospholpasa Cy, teo wall-known substrates of FGFR, non=-mutually sxclesive possibility = that theeonine
in MEFs exprossing cither wild-type or the FRS2:-BV miu- phosphondalion induces a struclural change in FAS2:
tant profein, thus ruling out the possibility that the intrin- renadering the docking protesn a poorer subkstrate toweand
saz PTH activity of FGFR is negatively regulated by thren- tha FGFR. It showld ba noted that seweral p-Thr sites
nine phosphorylation of FRS20. Furthermone, we werne lis in close proximedy o the p-Tyr sites in the primary
dlso unable to detect changes in complax formeation afructure of FRS2:. Threonsne phosphonylation may
batwaen FGFR with eithar FRE20-WT or tha FRS20-8Y conder a local changas in the struciure of the docking
mutant protein, indscating thal the PTE-medisled com- pratesn proximal 1o the tyrosine phosphordation silas.
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This together with the presence of bound MAPE protein
in close progmity may mierfers with FGFR-mediated
tyroaine phosphorylation of FRS20. An additional non-
mirtually exclesive mechanism s that threonine phos-
phorglation will tigger binding of proteins) that bind 1o
their targets in a phosphorylation-dependent manner by
means of their 14-3-3, WW, or FHA domains (Yaffe and
Elia, 2001 ; Sudal, 1996; Trivion at al., 2007; Trivion and
Syruch, 2000, Phospho-threonine-mediated compleax
lormation with other proteinis) may inlerfere with the
interaction betweesn the catalytic domein of FGFR and
FAS2x, a step necessary for tyrosine phosphorylation o
take place, Furthermore, if the bound protein is endowead
with intringic prolein tyrosine phosphatase aclivity,
compdex formation may reduce tyrosine phosphorga-
tion of FRS20 by a phosphothreonine-dapandent phos-
photyrosine dephosphorylatson.

Phosphorylation on SenThr residues is a wall-known
muzchanism for the regulation of activity of profeins in-
wolved in growth factor receptor signaling. It hes been
shown that phosphosylation of the EGF recepior on
Thri5d by PEC leads to modulation of the EGF receptor
ligand binding actvity and changes n intracedhdar tral-
ficking of EGF receptor following endocytosis (Cochet
el al., 1884; Livneh at al., 18838). n addition, phosphoryla-
tion of IRS1 {insulin receptor substrate 1) by PKC, Erk,
and Akt resulls in redused complex fammaton with PI-3
kinase (Do Fea et al, 19973, 1997b; Li «f al,, 1999}, |
was also shown that hyperphoaphonydation of Gabl on
Ser/Thr residues negalively regulates  hepatocyte
growth factor-mediated biologicsl responses (Gual ot
al., J001). Howeeer, another stedy reported that phos-
phorylation of Gab1 by MAP kinase enhances comples
lormation with P1-3 kinase resuling in stimulation af F1-3
kinase activity (Yu ot al, 2001), Another example of a
negative regulatony role of MAP kinase = Bustrated by
the phosphorylation of Smadi to prevent nuclear accu-
rmidation end transchptional sctrerty in response to BMP
stanulation (Kretzschmar et al., 18407).

In summary, cxperiments presented in this moepord
damaonstrate that the same molecue responsible for the
racrstrment of posithve regulators can e slements of
the sama pathway for a negative feedback mechanism
resulting in signal attenuaton. MAPK response induced
by FOF and other growth lactess contrals multiple intra-
cellular msponses as well as the tuning of its own activity
by negatively regulating & key element required for its

own activation,

Exparimental Procedurss

Cadl Lings

Moz omiryonic fbroblysts MEFE) and HEE 293 colls wore cul-
Turindd I T s of DMEM containing 10% felal Boviss somim
(FES), 2 mbd L-glitamine, snd ponscilinhmeplomycn, PC12 oslls
e RO i DREM- FELS sapphimieanted with 10% hadal-inacivated
hoesa saum [RIBCO/ERL). Ganarations of FRE3 ' cols axgiess-
Ing the dfterent FRSZn mutant wers priviously described (Hadard
ot al., ). Frior o growth factor sSmaation, colls won staoed In
s Fross mccium overmighl. PCIZ colls oxpressing 2 condlional
Fas-M17 mutant vy reabed with Dosameonons (Do) = pre-
wioniely described (Kouhara 1 al., 1957

ool Factors, inhibliors, Anfibodies, and Plasmids
EGF, PONEF [InyiRrogand, and insulin (Sigma) were wsed a1 i follow-
Ing conceniralions: EQF, 100 ng/ml PDOF, 35 ng'ml Insulln: 100

il FGF [Spreak-Era@man of al,, 188d4; 100 ngtmi) s hagarin
(B, 15 i) wiee ik togeatie for stimulition of FGF fscap-
bos. Prrcai kinase INhInIes wie used &1 e Rilowing concentra-
tiona: MEK (UCZ6, Promaga, 10 mMj; PR JGF 0205, Bomal,
3 mid); PEA, (PRI, Bicmcd, 3 mb): and FI-3K (Wommannin, Sigma,
01 M}, Dikcactaic ci {Rigma, 20 i, Akl phosghainss [Sigma,
5§ pgisampld), and Daxamathancs (Sigma, 2 M. &nbbodis
agakst FREZ, Gik?, p-Tyr, and fas were previously dostriboed
[Kouham &t al., 1997]. AnSbodies again Myo-tag, MAPK, Phospnal-
pasa C [PLCy), and ani-mousa HAP wer purckased from Santa
Crue Blotechnoioghss. Anlibodies directed against S p-Thr phos-
phoryiation sHa of MAPE JPXRTF) wers chitainad from Coll Signaing.
Antl-FLAG antibodies [M2) wers cilained from Skgma. Al anbbodks
wern dissohiod In 1XTBE/G S BAA tor Immunoblotiing cxparimants.
Tha viral exprossion plasmids were consinucied In pEABE/pU a5
desoribod fHadar ot 2., 2001). Al plasmids used In irarslent expros-
Sion aEperiments were construciod In pRES Fouhara o al., 1987,
Tho Myc-tag MEK-MAFE plasmids woro oblaind from Molanic
Cobé, Purilied activaled ERKE cxprossed a5 a GST kusion probein
was parchased from Upstalo Blolochnology (UBTL. Tho invitro kinso
asmay was porfommed according 1o e mameaciuror s prolocol us-
ing MAF larasn assay ke [UBI).

Imemunupreciplitation ard Immuncbicing dnakpsis

Gl weornr by In 20 Ml Hopaos, 150 mk NaGl, 1 mi8 EDTHA, 1%
Trilan X-100, 6% Cpeseol, 10 mM pyrophosphabe, 1 mbd Mavio,, 1
mbd PRSP, & pgrd apeolinin, and & pafml leupeptin oM 7.6), The
procedunes appiied for cul seublization immunoprecpitalion and
immunetioiing wilh the @ferenl anlibodes wene provicisly oe-
sirined (Baizer o Al 198; Mol o al, 1908

Corll Migramian, Cell Pralfesalian, and Coleny Famastion

In Saf Agar

Coll MIgraion assays wies pormanmad using Boyden chambers
[Costark, In Doisl, Chambers wans precoaied with 10 mgimi colagen
for 1 b al 37°C, Chaemoateacians 1,5 mi PBS or contral solution
warn added o the botiom chambssr, MEFs wers stansd owsmight,
harsusind with buffer containing 25 ms HEFES and § mb EOTA
[pH 7.5), peadbatied, s thin resuspendod to S % 10° callsiml in PES,
Coll suspansion (0.5 mi) was placed on the top membeana, and
chambars wans Incubated for 4 hr at 37°C. Colls wara than remosed
from tha fop part of e membrass and the odlls aftachad 1o tha
bottom membirars sans fsed with maothanal, stalned with hamatos-
i, amd coarited Fadar of al., ). Coll proflaration sssays wen
periommed acconding o published procsduna (Spivak-Krolmman of
al.. 1994). For soft agar oolony assays, colls wern plated on 2 yor
of .75% soff agarose at different ool densities {104, 109, 10°) In

0.3%: 50t aganss. Anchorage:independent growih of macrosoopic
colonies was sconed alter 14 days.
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