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Characterization of Grb4, an adapter protein interacting with Ber-Abl

Sunita Coutinho, Thomas Jahn, Marc Lewitzky, Stephan Feller, Peter Hutzler, Christian Peschel, and Justus Duyster

We report here the characterization of an
adapter protein identified in a yeast
2-hybrid screen with the use of Ber-Abl as
the bait. Grb4 bound to Bcr-Abl in a
variety of systems, both in vitro and in
vivo, and is an excellent substrate of the
Bcr-Abl tyrosine kinase. The association
of Grb4 and Bcr-Abl in intact cells was
mediated by an src homology (SH)2-
mediated phosphotyrosine-dependent in-
teraction as well as an SH3-mediated
phosphotyrosine-independent interac-
tion. Grb4 has 68% homology to the

adapter protein Nck and has similar but
distinct binding specificities in K562 ly-
sates. Subcellular localization studies
indicate that Grb4 localizes to both the
nucleus and the cytoplasm. Coexpres-
sion of kinase-active Bcr-Abl with Grb4
resulted in the translocation of Grb4 from
the cytoplasm and the nucleus to the
cytoskeleton to colocalize with Bcr-Abl.
In addition, expression of Grb4 with
kinase-active Bcr-Abl resulted in a redis-
tribution of actin-associated Bcr-Abl. Fi-
nally, coexpression of Grb4 and onco-

genic v-Abl strongly inhibited v-Abl—
induced AP-1 activation. Together, these
data indicate that Grb4 in conjunction
with Ber-Abl may be capable of modulat-
ing the cytoskeletal structure and nega-
tively interfering with the signaling of
oncogenic Abl kinases. Grb4 may there-
fore play arole in the molecular pathogen-
esis of chronic myelogenous leukemia.
(Blood. 2000;96:618-624)
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Introduction

Adaptor proteins are an emerging class of proteins that contgiathway$8and has been implicated in SOS-activated Ras signaling,
functional src homology (SH) domains, the SH2 and SH3 domairthe p21 Cdc42/Rac-activated kinase cascade, Rho, and human
and lack intrinsic enzymatic functidhThey play a critical role in  Wiskott-Aldrich syndrome protein—-mediated actin cytoskeleton
the formation of multimeric protein complexes and conneghanged®!2 During the preparation of this manuscript, 3 groups
signaling molecules to upstream and downstream signaling evenigdependently reported the cloning and identification of Grb4 (also
Grb2, one of the first adapter proteins studied, exists in a complgfown as Nckg/Nck-2). The first group screened a human
with a second protein, Son of Sevenless (SOS), which catalyzgsmplementary DNA (cDNA) library with a partial mouse Nck
Ras GTP/GDP exchangeGrb2 is known to bind to Ber-Abl, the cpNAzs the second identified Grb4 as a protein interacting with
chimeric oncogene of chronic myeloid leukemia, at an autophoge LIM-only protein PINCH% and the third performed polymer-

phorylation site in Ber and has been suggested as being involved,ity, chain reaction with the use of anchor primers and Grb4-specific
Bcr-Abl-mediated oncogenesié Ber-Abl was also shown to bind fimers on a human-brain—ready cDNA librafyWe identified

to oth_er agapter_molecules SUCh. as Grb10, She, Crk, and C_rkLt b4 as 2 C-terminal fragments of the protein that interacted with
were implicated in Ber-Abl-mediated transformatfohScreening Bcr-Abl in a yeast 2-hybrid screen. Ber-Abl and Grb4 interacted

for_ ?‘dapter molecu_les |_nt§ract|ng with B.CFAbl thu_s SCeMS aliih each other both in vitro and in vivo, and the interaction
efficient method of identifying molecules important in Bcr-Abl—

. - involved both a phosphotyrosine-dependent and a phosphotyrosine-
induced transformation. independent interaction. The nuclear localization of Grb4, its
In order to identify adapter molecules that interact with Ber-Abf9€P ’ Y '

in a phosphotyrosine-dependent manner, we established a modifl@gslocation from the nucleus to the cytoskeleton to colocalize

version of the yeast 2-hybrid screen using the DNA binding domaith wild-type (WT) Ber-Abl, and its inhibition of AP-1 induction

of the LexA transcription factor fused to the baiThe LexA DY oncogenic Abl kinases suggest a role for this adapter protein in
protein has the inherent ability to dimerize and so allowed tH@€ neégative modulation of pro-mitogenic nuclear signals elicited
dimerizaton of Ber-Abl and, consequently, its autophosphorylatioRY ©ncogenic Abl tyrosine kinases.
Using this system, we identified several known and novel interac-
tions of proteins with Bcr-Ab?.

We report here the identification of an adapter protein, GroMaterials and methods
that shares 68% homology with Nck, an adapter protein with an )
SH3-SH3-SH3-SH2 configuration. Nck links receptor tyrosindcast 2-ybrid system
kinases, such as the epidermal growth factor (EGF) and platelefe cDNA for Ber-AbASal was cloned into the yeast expression vector
derived growth factor (PDGF) receptors, to downstream signaliJM1168 A cDNA library prepared from K562 cells was used (Clontech,
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Heidelberg, Germany) as the prey. Various Bcr-Abl mutants were usedvirere used. Cells were cultured for 3 days in DMEM 10% FCS and then

the screen as described previously. lysed in luciferase lysis buffer. Luciferase activity was measured by means
) of a luciferase assay kit (Promega, Mannheim, Germany) and a luminom-
Cell culture and DNA transfection eter (Berthold, Pforzheim, Germany).

We maintained 293 and Cos7 cells in Dulbecco modified Eagle mediumtracellular localization of Grb4-EyFP and Ber-Abl-ECFP

(DMEM) (Gibco-BRL, Karlsruhe, Germany) containing 10% fetal calf 0 - ) )

serum (FCS). K562, Jurkat, Mo7e, and Mo7e/p210 cells were maintainediie EGFP cDNA® was modified with the use of the QuikChange
RPMI 1640 (Gibco-BRL) with 10% FCS (Seromed, Berlin, Germany)Site-directed mutagenesis kit (Stratagene) to change its emission to make 2
Ba/F3 cells were grown in media supplemented with 1.5 ng/mL of murirfdfferent forms of the protein, EYFP (yellow) and ECFP (cyan), that emit at
recombinant interleukin-3R & D Systems DPC Bierman, Wiesbaden,different wavelength3: The fusion proteins were expressed in Cos7 cells
Germany). Mo7e cells were grown in media supplemented with granulocyfdlltured in DMEM 10% FCS and plated on gelatin-coated Permanox
macrophage colony—stimulating factd®® @ D Systems DPC Bierman). chamber slides (Nunc, Wiesbaden-Biebrich, Germany). At 72 hours
Transfections were performed with the DOTAP transfection reagefﬁllowing transfection, cells were fixed with 3.7% paraformaldehyde for 15

(Boehringer, Mannheim, Germany). minutes. Cells were then washed twice with phosphate-buffered saline,
overlayed with mounting medium (Molecular Probes, Leiden, The Nether-
Glutathione-S-transferase fusion proteins and binding assays lands), covered with a cover slide, and visualized by means of fluorescence

microscopy (Zeiss Axioskop, Oberkochen, Germany) and an imaging

The Grb4 cDNA was cloned in frame into the vector pGERTK to make system from TILL Photonics (Munich, Germany).

glutathione-S-transferase (GST) fusion protéfhBifferent Ber-Abl pro-

teins (aal-63, aal-242, aal-509 representing varying lengths of Bcr) were

in vitro translated in the presence oP$abeled methionine with the use of

the transcription and translation (TNT) system (Promega, Madison, WI) g%eSUHS

described previousB/Then, 5 pg of GST-fusion proteins were added anq:Ioning of 2 C-terminal fragments of the adapter protein Grb4
incubated for 1 hour at 4°C. Protein complexes were collected on

glutathione agarose beads (Pharmacia, Freiburg, Germany), washed thocDNA encoding Bcr-AbASal (which deletes the actin-binding
oughly with lysis buffer, and subjected to sodium dodecyl sulfatedomain to avoid selection of actin-encoding clones) was fused to
polyacrylamide gel electrophoresis (SDS-PAGE). In vitro translated prghe DNA-binding domain of the transcription factor LexA in the
teins were visualized by autoradiography. bait vector This allowed dimerization and subsequent autophos-
phorylation of Bcr-Abl in the yeast 2-hybrid systénmf K562
cDNA library (Clontech) was screened with Bcr-Abl in this
Immunoprecipitations and immunoblotting were done as previously dgyodified yeast 2-hybrid system. Among adapter proteins already
scribed!’ Briefly, 1 X 107 cells were solubilized in lysis buffer containing known to bind to Bcr-Abl, such as Grb2, Crk, or Grbl0, the
10 mmol/L Tris-HCI (pH 7.4), 5 mmol/L EDTA, 130 mmol/L NaCl, 1% ~_ ; ; ; i
Triton, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L B0, and hgotr(taigmnlr:]:l ;r;d r?1fu?ir?:vglrt?fipetslzsrrlgteel\ri]v’a(jrgld;é:/c?; ;gegtgrlgjérﬁ(

Immunoprecipitation and immunoblotting

10 mg/mL each of phenantroline, aprotinin, leupeptin, and pepstatin. After . .
clarification by centrifugation, antibody-protein complexes were broug fccession no. 113161) and was referred to as Grb4; therefore, the

down with 30 L of protein A-Sepharose (Pharmacia). Xpress-tagged Gr8#ginal nomenclature was adherecttdhe cDNA lacked the very

was precipitated with an anti-Xpress antibody (Invitrogen, Groningen, Tie €nd of the gene and was referred to as Grb4/F16. Grb4/F16 (aa
Netherlands), enhanced yellow flourescent protein (EYFP)-tagged Grb34-380) possessed a portion of an SH3 domain, a middle SH3
and EYFP-tagged Nck were detected with an anti-enhanced green fluogsmain, and a single SH2 domain at the C-terminal end (Figure 1).
cent protein (EGFP) antibody (Clontech), and endogenous Grb4 w@sh4/F16 interacted with Ber-Abl in a phosphotyrosine-dependent
precipitated and detected with a polyclonal rabbit serum raised againgi@nner in yeast; ie, Grb4/F16 interacted with WT Ber-Abl but not
GST-Grb4 fusion protein. Ber-Abl and Abl were detected with antibodyith kinase defective (KD) Bcr-Abl (Table 1). A second cDNA

8E9 (Pharmingen, Hamburg, Germany), and tyrosine phosphorylation Wag e - Grh4/F20 (a82-380), that possessed additionakBquences
detected with the monoclonal antiphosphotyrosine antibody 4G10 (Upste\t&s iéientified (Figure 1) U’nlike Grb4/E16. Grba/F20. by virtue of
Biotech, Lake Placid, NY), as previously descriBétfBandswere visualized 9 ) ! DY

with the use of the ECL system (Amersham, Braunschweig, Germany). its N-ter_minal SH3 Sequences'_imeraded with Ber-Abl m_mSphOt_y_
rosine-independent manner in yeast (Table 1). The interactions of

Far Western analysis Grb4/F16 and Grb4/F20 with Ber-Abl were specific as the control

|ryotein lamin showed no binding to either construct (Table 1).

Far Western analysis was performed according to the method revioug . . . o
Y P 9 P A polyclonal rabbit antibody raised to Grb4/F16 could specifically

described? Radiolabeled Grb4 was used as a probe on blotted precipitates
of K562 lysates, and dried membranes were analyzed by autoradiography.

c-Jun, Elk1, CREB, and AP-1 activation reporter assays Nck

PathDetect In Vivo Signal Transduction Pathway Trans-Reporting Systems NH2== SH3 i SH3|— SH3 < SH2 —COOH
(Stratagene, Heidelberg, Germany) were used according to the manufactur-
er's directions. Then, 293 cells were transfected with a fusion transcription 87% 94% . 78% T72%

factor encoding the DNA activation domain of Jun, Elk, or CREB and the 9_2 % - Homology
DNA binding domain of GAL4 and the luciferase GAL4 reporter construct
together with 0.5 pg of Grb4 and 100 ng pfgalactosidase cDNA to
normalize for transfection efficiency. Cells were cultured for another 3 days
in DMEM 10% FCS and then lysed in luciferase lysis buffer (Stratagene).
AP-1 activation was examined with the use of a luciferase reporter gen€lone F16
driven by a basic promoter element (TATA box) joined to 7 tandem repeats

of the AP-1 binding element. Then, 1 ug of the AP-1/luciferase expressiorClone F20
construct and 1 of 3 ug Of_Grb4 CDNA were Co-tran_SfeCted_Wlth 1ug Q-'figure 1. Homology of Grb4 and Nck. Two interacting clones of Grb4 were
PCDNA3.1/v-Abl or v-Abl kinase defective together with varying amountSyentified in the yeast screen: F16 (aa 154-380) and F20 (aa 32-380). Bars indicate
of empty-vector DNA so that in each experiment equal amounts of DNf\e level of homology in different regions at the amino acid level.

NH2— SH3 |—] SH3|—| SH3 |- SH2 —COOH
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Table 1. Grb4 and Bcer-Abl interaction in yeast

Constructs —TL* —THLT
F16/Grb4 + WT Ber-Abl + +
F16/Grb4 + KD Bcr-Abl + -
F20/Grb4 + WT Ber-Abl + +
F20/Grb4 + KD Bcer-Abl + +
F16/Grb4 + lamin (control) + -
F20/Grb4 + lamin (control) + -

Interaction of the 2 clones Grb4 F16 and F20 with WT Bcr-Abl, KD Bcer-Abl, or (as a
control) lamin in the yeast 2-hybrid screen.

*Growth under tryptophan and leucine selection and reflects the transfection efficiency.

TGrowth under additional histidine selection and reflects the specificity of interaction.
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performed in 293 cells transfected with a temperature-sensitive (ts)
Ber-Abl mutant. GST-Grb4/F16 bound to the kinase-active Bcr-
Abl at the permissive (32°) but not at the restrictive temperature
(39°) (Figure 4B). GST-Grb4/F16 also bound v-Abl in a pull-down
experiment using 293 cells transiently expressing v-Abl (Figure
4C) while a Grb4 SH2 mutant failed to bind to v-Abl in 293 cells
(unpublished data). This further strengthens the hypothesis that
Grb4 binds the Abl part of Ber-Abl.

To determine if Grb4 and Bcr-Abl interacted with each other in
the context of intact cells, coimmunoprecipitation experiments
were performed in 293 cells transiently transfected with Bcr-Abl
and Xpress-tagged Grb4/F16. The Xpress antibody was used to
immunoprecipitate Grb4/F16. Grb4/F16 and Bcr-Abl showed a

detect tagged Grb4 on Western analysis, and sensitivity was costrong association with each other in these cells (Figure 4D, lane 4,
parable to the Xpress antibody that recognized the tagged sequenmgeermost and lowest left panels). This interaction was dependent
(Figure 2A). This antibody showed minimal cross-reactivity witton the kinase activity of Ber-Abl and occurred with WT Ber-Abl or

Nck (Figure 2B, right panel). Grb4 is expressed as a 47-kd protein
in all cell lines tested (Figure 2C) as well as in Bcr-Abl—positive
patient samples (data not shown). The double bands may represe
different phosphorylated forms of Grb4, as it was reported by Chel o)
et al that the slower migrating forms were no longer detectable
following alkaline phosphatase treatment of the c¥lIsSThe
polyclonal serum could also immunoprecipitate Grb4 albeit with 4 Grbd
low efficiency (Figure 2D).

+Grb4
+Grb4

Similar but distinct binding patterns of Nck and Grb4 o-Grb4 a-Exp.

The high homology between Grb4 and Nck prompted us to examin:
the pattern of proteins joined in a complex to each molecule. FaB  Grb4 Nck Grb4 Nck

Western analysis was performed with the use of metabolically
labeled GST-Grb4 on the bound fraction of K562 lysates precipi-
tated by a panel of GST fusion proteins, including Grb4, Nck, e | et < 75kD
Grb2, Crk, and CrkL (Figure 3). The quantity of each GST-fusion
protein was determined by coomassie staining of the gel and foun oEGFP aGrb4
to be equal (data not shown). The binding patterns of Grb4 and Nc
in K562 lysates were mostly similar although significant differ- C \ X ,fv
ences could be observed. Solid arrows indicate proteins boun ,\9 Qb; e@' ¢$’ @° \Q Q
strongly by Grb4 and either weakly or not at all by Gst-Nck. Open e& 50 ®° Q’\» e
arrows indicate proteins that bind to both Grb4 and Nck. The solic
circle indicates the migration of GST-Nck, which leads to a faster M < Grb4
migration of a band also seen with Grb4. Significantly, Grb4 bounc - 47kD
strongly to Ber-Abl when compared with the binding by Nck or a-Grb4
Grb2. Thus, despite their high overall similarity, there are differ-p >
ences in both the specificity and the strength with which Grb4 anc o~ .g‘ “
Nck join in a complex to proteins in K562 lysates. ch (}‘ QQ
& S

In vitro association of Grb4/F16 and Bcr-Abl

In vitro—translated %-labeled Bcr-Abl was tested for interaction w— < Grb4

with Grb4/F16 (Figure 4A). Three different Bcr-Abl constructs
were used with internal deletions of Bcr, namely, 1-63 Bcr-Abl,
1-242 Bcr-Abl, and 1-509 Bcr-Abl, the numbers representing a-Grb4

different lengths of amino acids in Berlt was observed that

Grb4/F16 bound to all mutants including 1-63 Bcr-Abl. Thigigure 2. Grb4 encodes for a 47-kd protein.  (A) We lysed 1 107 293 cells
indicated that bindina occurs at an autophosphorviation site wit overexpressing Xpress-tagged Grb4 and performed an anti-Xpress immunoprecipita-
Inaica 3 9 ’ . p p Yy h(”;]n Bound proteins were resolved with the use of SDS-PAGE, and an anti-Grb4
Abl as the first 63 amino acids of Bcr have no known majolestern blot was performed with the use of a polyclonal rabbit antiserum (left panel)
autophosphorylation site. This distinguishes Grb4 from Grbrgf, an anti-Xpress agi)bt,)\ldy (right FaEnflp)l-jBflot_s were visualizedf tgyLnAeanz 0;‘ tlle ECL
which binds to Tyr 177 in the Bcr part of Ber-Abl and from otheffstecion system. terminal usion constructs of Grb4 and Nek were

. " . “'transiently expressed in Cos7 cells. After 3 days, 1 X 107 cells were lysed and
known SH2 adapter proteins, which all bind to phosphorylatiogparated by SDS-PAGE and probed with an anti-EGFP antibody (Clontech) (left

sites in the Bcr part of Bcr-Abl# panel) and the anti-Grb4 serum (right panel). Bands were visualized by means of the
ECL system. (C) Then, 1 X 107 293 (overexpressing Xpress-tagged Grb4), Jurkat,
The interaction of Grb4/F16 and Bcr-Abl is Mo7e, Mo7e expressing p210/Bcr-Abl, and K562 cells were lysed and resolved on

SDS-PAGE, and Western blotting was performed with the Grb4 antibody. Native Grb4
migrated at 47 kd and is indicated by the arrow. Tagged Grb4 migrates slightly more

. . . . lawly (lane 1). (D) Then, 2 X 107 293 cells overexpressing Grb4 were lysed, and an
To confirm the phOSphOIerSIne'dependent interaction of Grb4/Fﬁ-r%nunoprecipitation (Grb4 Ip) followed by immunoblotting was performed with the

and Bcr-Abl observed in yeast, a GST-binding experiment wase of the rabbit polyclonal Grb4 antibody or a control rabbit antibody.

phosphotyrosine dependent
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Figure 3. Far Western analysis using metabolically labeled S 35-GST-Grb4. We
precipitated 5 mg of K562 RIPA protein extract at 4°C overnight with 10 ug of GST or
equimolar amounts of various GST fusion proteins as indicated. Bound proteins were
resolved on SDS-PAGE before being blotted, blocked, and renatured at room
temperature. The membrane was probed with S35-GST-Grb4 and analyzed by
autoradiography. Solid arrows indicate proteins bound strongly by GST-Grb4 and
either weakly or not at all by Gst-Nck; open arrows indicate proteins that bind both to
Gst-Grb4 and to Nck but show marginally stronger binding to Grb4. The solid circle
indicates GST-Nck.

ts Ber-Abl at the permissive temperature for the Bcr-Abl kinase
(32°) but not (or only minimally) at the restrictive temperature

(39°) (Figure 4D, lanes 4, 5, and 6, upper and lowest left panels)
Additionally, Grb4/F16 was phosphorylated efficiently when coex-C
pressed with kinase-active Bcr-Abl (Figure 4D, middle left panel,

lane 4). This is most likely a direct effect of an active Bcr-Abl
kinase since Grb4/F16 phosphorylation occurred with ts Ber-Abl

only at the permissive temperature (32°) (Figure 4D, middle leftv-Abi]
panel; compare lanes 5 and 6). Thus, Grb4/F16 forms a comple

only with kinase-active Bcr-Abl and is an efficient substrate of the

Bcr-Abl kinase.

Two types of interaction are responsible for the formation of
the Grb4/Bcr-Abl complex in vivo

GRB4, AN ADAPTER PROTEIN INTERACTING WITH BCR-ABL 621

with these data, it was observed that Grb4 bound strongly to both
Ber-Abl and Abl in K562 cells in a GST pull-down experiment,
K562 cells constitute a cell line derived from a patient with chronic
myeloid leukemia in blast crisis (Figure 5A, right panel). However,

a coimmunoprecipitation experiment with endogenous protein in
these cells could not be done because the Grb4 antibody precipi-
tates the Grb4 protein very poorly (Figure 2D).

v-Abl induced—AP-1 activation is suppressed by Grb4

Nck and Bcr-Abl were shown to activate the JNK signaling
pathway in a promoter activation ass$ay® Braverman and Quil-
liam,*> when reporting the identification of Grb4, described en-
hanced Elk1 activation when Grb4 was coexpressed with v-Abl. In
addition, Abl kinases have been reported to activate the CREB
signaling pathway? and there are reports of cross-talk between the
Jun/Fos/AP-1 pathways and the CREB signaling patti#agere-
fore, we wished to test the ability of Grb4 to activate the JNK,
CREB, and EIk1 signaling pathway. Using a transactivating fusion
transcription factor containing the DNA-activation domain of a
pathway-specific transcription factor fused to the DNA-binding
domain of GAL4, we assessed the ability of Grb4 to activate either
the INK, the Elk-1, or the CREB signaling pathway by means of a
luciferase-based reporter assay (see “Materials and methods” for
details). Using this assay, we were unable to see any activation by
Grb4 itself of the INK, the Elk1, or the CREB signaling pathways
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Figure 4. Complex formation of Grb/F16 and Bcr-Abl. (A) Grb4/F16 and Bcr-Abl
form a complex in vitro. Ber-Abl mutants with internal deletions of Bcr resulting in
varying lengths of Bcr as indicated were in vitro translated and S°° labeled. We
allowed 50 pL of the translation mix to autophosphorylate in vitro and then incubated it
with 5 pg purified GST or GST-Grb4/F16. Bound fractions were separated by

The association of Bcr-Abl with full-length Grb4, unlike thatsps-pAGE, and Bcr-Abl mutants were visualized by autoradiography. (B) The
between Grb4/F16 and Bcr-Abl, was a constitutive interaction thagisociation of Grb4/F16 and Bcr-Abl is kinase-dependent. We transiently transfected

. . - _ . : X 106 293 cells with a ts mutant of Ber-Abl and grew these at either 32° (permissive
occurred irespective of the activity of the Ber-Abl kinase (Flgur%amperature) or 39° C (restrictive temperature) for 8 hours before harvest. Cell

5B, upper panel, lanes 5‘8)- Interaction of fu”'length Grb4 With}sates were incubated with 5 pg of GST or GST-Grb4/F16, and bound fractions were
KD Bcr-Abl (Figure 5B, upper panel, lane 5) and with ts Bcr-Abl atesolved on SDS-PAGE. Western blotting was performed with the anti-Abl antibody,

the restrictive temperature (390) (Figure 5B upper pane| lane 8@9 (C) Grb4/F16 binds to v-Abl. We transiently transfected 1 X 106 293 cells with
’ ’ v-Abl. Cells were harvested 48 hours after transfection, and lysates were incubated

indicated that an additional non—phosphotyrosine-dependent intgfs s g of GST or GST-Grba/F16. Bound fractions were run out on SDS-PAGE.
action was occurring between the 2 proteins. This phosphotyrosingstern blotting was performed with the anti-Abl antibody 8E9. (D) Grb4/F16 and
independent interaction with Bcr-Abl is due to sequences in tfper-Abl coimmunoprecipitate in vivo. In this experiment, 1 X 10% 293 cells were
first N-terminal SH3 domains, as Grb4/F16, which lacks these Sigransiected with either WT Ber-Abl or the ts variant and Grb4/Fi6. Cells
. X o transfected with the ts mutant were shifted to the permissive temperature, 32°, or the

sequences, showed no phosphotyrosine-independent binding (Ri@rictive temperature, 39°, for 8 hours before harvest. A coimmunoprecipitation
ure 1), The most Iikely target of this interaction is a proline-richxperiment(IP) was performed on cell lysates with the use of an anti-Xpress antibody
stretch in the C-terminal end of AE?.PhosphoryIation of Grb4 by to detect tagged Grb4 (Ianes 5-7) or a rabbit antimouse (RaM) antibody as cor\trol
. . ., (lapes 1-4). Bound fractions were resolved on SDS-PAGE and immunoblotted with a

Ber-Abl remained, however, a process dependent on the aCtIVItyrmgsphotyrosine antibody (3-PY) (4G10) (upper 2 left panels), an anti-Xpress

the Ber-Abl kinase (Figure 5B, lower panel, lanes 5-8). In keepingjtibody to detect Grb4 (lowest left panel), or an anti-Abl antibody (8E9) (right panel).
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Figure 5. Full-length Grb4 interacts with Bcv-Abl. (A) Grb4 interacts with Bcr-Abl
and Abl in a chronic myeloid leukemia cell line. Cell lysates from 3 x 107 K562 cells
were incubated with 5 pg of GST or GST-Grb4 (full length), and the bound fraction
was resolved on SDS-PAGE and then blotted with an anti-Abl antibody (8E9). Bands
indicated as Bcr-Abl and Abl correspond to 210 kd and 145 kd, respectively. (B)
Full-length Grb4 interacts with Bcr-Abl in vivo. Then, 1 X 108 293 cells were
transfected with KD Bcr-Abl (BA KD), WT Bcer-Abl (BA WT), or ts Ber-Abl (BA TS)
together with Grb4. Cells transfected with the ts mutant were shifted to 32° or 39° 8
hours before harvest. A coimmunoprecipitation experiment was performed with the
use of a rabbit antimouse antibody (RaM) as control (left panels) or an anti-Xpress
antibody to detect tagged Grb4 (right panels). Bound fractions were resolved on
SDS-PAGE and immunoblotted with an anti-Abl antibody (8E9) (upper panels) or a
phosphotyrosine antibody (4G10) (lower panels). In the upper panel, lanes 1 to 4 and
7 to 8 were exposed 3 times longer than lanes 5 and 6. Levels of Grb4 immunoprecipi-
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Figure 6. Grb4 expression does not activate the JNK, Elk1, or the CREB
signaling pathway but inhibits v-Abl-induced AP-1 activation. (A-C) JNK, Elk1,
and CREB pathway. We transiently transfected 1 x 10° 293 cells with a plasmid
expressing Grb4, a beta-galactosidase construct to normalize for transfection
efficiency, and a construct for the expression of a fusion transcription factor encoding
the DNA-activation domain of Jun, Elk, or CREB and the DNA-binding domain of
GALA4. The luciferase gene was under the control of the GAL4 promoter. As a positive
control, mitogen-activated protein kinases (MEKK in panel A, MEK1 in panel C) and
protein kinase A (PKA in panel B) were used. Results are representative of at least 3
independent experiments. (D) AP-1 activation. We transiently transfected 293 cells
with 1 pg of a plasmid expressing v-abl or kinase-inactive v-abl together with
increasing amounts of a plasmid expressing Grb4 as indicated, beta-galactosidase,
and a reporter construct with 7 AP-1 sites upstream of the luciferase gene. In each
reaction, equal amounts of DNA were transfected. Results are the mean and SD
determined from an experiment done in triplicate reproduced at least 3 times.

tated in all lanes were equal (not shown).

. ) ) was coexpressed with WT Bcr-Abl, the distribution of Ber-Abl
(Figure 6A-C). However, it has been shown that Ber-Abl itself Cafiself was significantly altered (compare 7C, left panel, with 7A

activate AP-1 at a low Iev_el _antzjgthat v-Abl is a strong activator %iddle panel): most of the Ber-Abl appeared in punctate aggregates
AP-l—depgndent transcriptiéh? 'Therefore, 'We tgsteq Whetherthat were no longer predominantly juxtanuclear, and no WT
coexpression of Grb4 and v-Abl interferes with activation of AP-Ig . ap| was visible along the stress fibers of the cytoskeleton. In
We were able to demonstrate that v-Abl-induced activation gttjdition, cytoplasmic and nuclear Grb4 colocalized with kinase-

AP-l was inhipited by Grb4 in aconcentration-depen(_jent maniltive Ber-Abl in these punctate aggregates, and only a small
in 293 cells (Figure 6D). The level of v-Abl expression in every set

of transfected cells was determined and found to be equal (data not

shown). This inhibitory effect of Grb4 on v-Abl-induced AP-1 A Kd-Ber-Abl ~ Wt-Ber-Abl

activation was detectable in several additional cell types (Cos1 an

NIH 3T3; data not shown). Thus, Grb4 is an inhibitor of an

oncogenic Abl-induced pro-mitogenic pathway.

Subcellular localization of Grb4

Grb4-EYFP (red) and WT or KD Bcr-Abl-ECFP (green) were Ber-Abl Grb4 Overla

created to examine the intracellular localization and colocalizatior

(yellow) of Grb4 and Bcr-Abl simultaneously in the context of

intact cells?%2130The detection of these fusion proteins is possible Kd-Ber-Abl

with no or only mild fixation of the cells and for the first time +Grb4

allows Bcr-Abl localization in intact cells. KD Ber-Abl (Figure 7A,

left panel) localized to the actin filaments and stress fibers in th¢C

cytoskeleton whereas WT Bcr-Abl, in addition, accumulated in

. . . . Wt-Ber-Abl

juxtanuclear punctate aggregates, which probably contain F-acti +Grb4

(7A, middle panel), confirming previous data by McWhirter et al

using immunofluorescenéés3! Grb4-EYFP showed cytoplasmic

and nuclear staining; within the nucleus, Grb4 Staining excludégure 7. Subcellular localization of Ber-Abl and Grb4. Cos7 cells transiently

P : _ ransfected with KD or WT Bcr-Abl-ECFP and Grb4-EYFP were visualized by means

the nucleoli (Flgure A, I’Ight panel)' _\Nhen K_D Ber-Abl and Grb‘fof fluorescence microscopy. KD Bcr-Abl and WT Bcr-Abl appear in green; Grb4

were coexpressed, the cytoplasmlc fraction of Grb4 Show@gpears in red; and the colocalization of both proteins appears in yellow. (A) Cells

distinct colocalization with Bcr-Abl in the cytoskeleton while aexpressing KD Ber-Abl (left panel), WT Bcr-Abl (middle panel), or Grb4 (right panel).

significant amount of Grb4 remained in the nucleus (7B midd@ (C) Cells coexpressing KD Bcr-Abl (panel B) or WT Bcer-Abl (panel C) together
. L . . ’ with Grb4. Left panels show distribution of KD Ber-Abl and WT Bcr-Abl; middle panels

and ”ght panEIS)' The distribution of KD Ber-Abl did not Chang%how the distribution of Grb4 with either KD Bcr-Abl or WT Ber-Abl; and the right

(compare 7A, left panel, and 7B, left panel). In contrast, when Grlpénels show merged pictures of the localization of the 2 proteins
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amount of Grb4 remained in the nucleus (compare 7C, middiieis mutant caused an even more pronounced inhibition of v-Abl—
panel, and 7B, middle panel and 7A, right panel). This redistribinduced AP-1 activation (data not shown), implying that the
tion is specific for Grb4, as expression of EYFP alone showsiwghibition of the AP-1 pathway is an SH3-mediated response. Thus,
diffuse cytoplasmic and nuclear staining that is not altered by ti@th the SH2 and the SH3 domains of Grb4 seem to be involved in
coexpression of Ber-Abl (data not shown). Thus, coexpression @fe inhibition of pro-mitogenic signals elicited by growth factors or
Grb4 with WT Bcr-Abl leads to translocation of the nuclear pool Oéncogenic Abl.
Grb4 to colocalize with WT Ber-Abl in the cytoplasm and t0  These data are somewhat contrary to those of Braverman and
redistribution of actin-bound Ber-Abl itself, which may reflectqijliam reporting enhanced activation of the pro-mitogenic Elk1
reorganization of the cytoskeleton. signaling pathway when Grb4 was expressed with v-&lHow-
ever, the increase in activation measured with Grb4 was low, and
the authors report that growth of cells in bovine calf serum from
various sources can result in significant differences in the magni-
We describe here the identification of Grb4 as a Bcr-AbIt—uoIe of adapter-protein—induceq tr_a_nscriptiona_l agtivaﬁ'oWe
interacting adapter protein. Grb4 has an overall homology of 689/£"€ not able to measure any significant coactivation of the Elkl
on the amino acid level to the adapter protein Nck and, like NckePorter used in this study by coexpression of v-Abl and Grb4 in
consists of 3 SH3 domains and 1 SH2 domain. Nck has beggveral cell lines. Thus, differences in both studies may be due to
described as binding in a phosphotyrosine-independent manner!{}@ reporter assay and the culture conditions dsed.
its SH3 domain to proline-rich sequences in the C-terminal end of Cellular localization studies indicate that Grb4, like Nck,
Ber-Abl. The functional consequence of this interaction is urocalizes to both the nucleus and the cytopld@mogether with
known32 Similarily, Grb4 also showed this phosphotyrosineKD Bcr-Abl, only the cytoplasmic pool of Grb4 colocalized with
independent binding to Ber-Abl via its SH3 domains. However, th€D Bcr-Abl to actin filaments and stress fibers of the cytoskeleton.
SH2 domain of Grb4 mediated an additional phosphotyrosinglowever, when coexpressed with WT Bcr-Abl, cytoplasmic and
dependent interaction with Bcr-Abl in yeast, in vitro, and in vivonuclear Grb4 colocalized with WT Bcer-Abl and redistributed into
Grb4 interacted with both Bcr-Abl and Abl and is an efficienpunctate aggregates containing F-actin, indicating reorganization
substrate of the Ber-Abl kinase. of the cytoskeletoi! Thus, Grb4-complex formation with kinase-
Binding experiments with Bcr-Abl deletion mutants and v-Abhctive Ber-Abl leads to a redistribution of actin-bound Ber-Abl. It
indicated that the phosphotyrosine-dependent binding to Bcr-Agl possible that tyrosine phosphorylation of Grb4 by Bcr-Abl
occurred at an autophosphorylation site in the Abl portion @éads to the observed changes in the cytoskeleton structure by
Ber-Abl. A Grb4/F16 mutant in which the FLVR region within yrecruiting other integrin- or actin-modulating proteins. Indeed, Tu
the SH2 domain of Grb4 was mutated failed to bind to v-Abl (datg: 31 described Grb4 as a molecule interacting with PINCH, a
not shown). This raises the interest_ing possibility that Grb4, il_’_‘IM-onIy protein interacting with integrin-linked kinase (ILK}:%
contrast to other SH2 adapter proteins (eg, Grb2), is a potenyialyas suggested that through its interaction with PINCH, Grb4
mediator not only of Ber-Abl but also of c-Abl, v-Abl, or Tel-Abl 4 jink growth factor receptors with integrin signaling. Together

induced signals. with our data, this may suggest a role for Grb4 in cytoskeletal and
Far Western analyses on K562 lysates showed that Nck aiﬂ?egrin regulation

Grb4 had similar protein-binding specificities although some "t oo hinition of v-Abl kinase—induced AP-1 activation by
S|gn|f|cant_d|fferences could be found. Interestingly, we dEteCt%’rM expression makes it unlikely that Grb4 expression contributes
stronger binding of Bcr-Abl to Grb4 than to Nck or to Grb2, thr:i0

other SH2-mediated binding adapter of Bcr-Abl in this pull-down a pro-mitogenic signal iin the course of chronic myeloid

assay. In addition, we determined that Grb4 and Nck cigukemia. However, we obtained experimental evidence that the

precipitated with an individual set of phosphorylated proteins iﬂuclear .po_ol Qf_ Qrb4 is mediating the AP-1 irlhibition ob§er\{ed
293 cells (S.C. and J.D., unpublished results, October 1999). since this inhibition could also be detected with AP-1 activation

Stein et al reported that Nck is a central molecule linking Ephgifrough MEKK and JNK (unpublished data). Therefore, it could be
signaling to JNK24 Nck also binds NIK, a Ste20-related kinase thaypothesized that inhibition of AP-1 activation through nuclear
activates the SAPK/INK casca#éIn addition Ber-Abl has been Grb4 is blocked by sequestering Grb4 in the cytoplasm by Ber-Abl
shown to activate the JNK signaling pathw#&y®35To test whether OF V-Abl, thus leading to a growth advantage of the cell.

Grb4 represents a potential link between Ber-Abl and JNK, we Progenitor cells in chronic myeloid leukemia are known to have

examined the effect of Grb4 on JNK activation. We were unable fi¢fects in cell adhesion, and recently accumulated evidence
demonstrate any JNK activation in several cell types tested. $Hggests that Ber-Abl may contribute to transformation not by

addition, JNK kinase assays showed no significant activation by theomoting mitogenic signals but by the inhibition of apoptosis and

expression of Grb4 (unpublished data). dysregulation of adhesion signdfs®® Given that Grb4 influences

Additionally, we examined AP-1 activation as both Bcr-Abl andhe distribution of Ber-Abl to the cytoskeleton and associates with
v-Abl have been shown to activate this signaling path#&§. integrin-interacting proteins, it seems reasonable to speculate that
Interestingly, we could demonstrate that concomitant Grb4 expreSeb4 may link the chimeric oncogene to integrin-signaling path-
sion consistently inhibited v-Abl-induced AP-1 activation inways, thus playing a role in Bcr-Abl—induced dysregulation of
several cell types tested. These data suggest that overexpressiagepfdhesion.

Grb4 is capable of inhibiting an Abl-induced pro-mitogenic

pathway. In line with these data, Chen et al demonstrated that GrbZ

expression inhibited EGF- and PDGF-st'imuIated DNA SynthJéSis'ACknOWbdgmentS

Chen et al showed that an SH2-domain mutant of Grb4 did not

inhibit EGF- and PDGF-stimulated DNA synthesis, suggesting théte thank Petra Seipel for technical assistance and Jean Wang,
this effect is mediated by the SH2 domain of G#B4n contrast, Donald Kohn, and Michael Hallek for cDNAs and cell lines.

Discussion
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