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The product of rat gene 33 was identified as an ErbB-2-interacting protein in a two-hybrid screen employing
the ErbB-2 juxtamembrane and kinase domains as bait. This interaction was reproduced in vitro with a
glutathione S-transferase fusion protein spanning positions 282 to 395 of the 459-residue gene 33 protein.
Activation of ErbB-2 catalytic function was required for ErbB-2-gene 33 physical interaction in living cells,
whereas ErbB-2 autophosphorylation was dispensable. Expression of gene 33 protein was absent in growth-
arrested NIH 3T3 fibroblasts but was induced within 60 to 90 min of serum stimulation or activation of the
ErbB-2 kinase and decreased sharply upon entry into S phase. New differentiation factor stimulation of
mitogen-deprived mammary epithelial cells also caused accumulation of gene 33 protein, which could be found
in a complex with ErbB-2. Overexpression of gene 33 protein in mouse fibroblasts inhibited (i) cell prolifer-
ation driven by ErbB-2 but not by serum, (ii) cell transformation induced by ErbB-2 but not by Ras or Src, and
(iii) sustained activation of ERK 1 and 2 by ErbB-2 but not by serum. The gene 33 protein may convey
inhibitory signals downstream to ErbB-2 by virtue of its association with SH3-containing proteins, including
GRB-2, which was found to associate with gene 33 protein in living cells. These data indicate that the gene 33
protein is a feedback inhibitor of ErbB-2 mitogenic function and a suppressor of ErbB-2 oncogenic activity. We
propose that the gene 33 protein be renamed with the acronym RALT (receptor-associated late transducer).

Protein-protein interactions play a crucial role in the regu-
lation of signal transduction pathways activated by receptor
tyrosine kinases (RTKs) (58). SH2 (Src homology 2) and PTB
(phosphotyrosine [PTyr] binding) domains recognize PTyr res-
idues in the context of specific peptide sequences and can
therefore bind to autophosphorylated receptors or to tyrosine-
phosphorylated RTK substrates (58, 74). Modules based on
PTyr-independent molecular recognition such as EH, PDZ,
SH3, and WW domains (58, 74) are also involved in signaling
downstream to activated RTKs. In general, protein-protein
interaction modules are found both in polypeptides possessing
intrinsic catalytic properties and in adapter-scaffold proteins.
In the former case protein-protein interactions may modulate
the function of a given enzyme by simply regulating its subcel-
lular distribution or by allosteric activation (58). Adapter-scaf-
fold proteins, on the other hand, are essentially made up of
protein-protein interaction domains that allow for the assem-
bly of multiprotein complexes in which the functions of differ-
ent enzymes are integrated both spatially and temporally (57).
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Upon ligand activation, RTKs target not only positive effec-
tors but also enzymes involved in negative regulation of re-
ceptor signaling, such as tyrosine phosphatases (39), the Ras
GTPase-activating protein (15), and c-Cbl (8, 37, 44). Adapter
proteins such as Slap (67) and the SOCS gene family products
(55) are also implicated in negative regulation of signaling by
both receptor and nonreceptor tyrosine kinases.

It is likely that coordinated activation of positive- and neg-
ative-effector pathways tunes the magnitude and duration of
signals evoked by RTK activity. The fact that quantitative dif-
ferences in the outputs of RTK signals can have a dramatic
impact on the execution of distinct cellular programs is dem-
onstrated by the finding that graded ERK activation by Torso
leads to different cell fates in embryonic termini of Drosophila
melanogaster (26). In a remarkable analogy, RTKs are able to
instruct mammalian cells to either proliferate or differentiate
depending on the temporal profile of ERK 1 and 2 activity that
they induce (48). Furthermore, it is becoming increasingly
clear that the execution of developmental programs initiated
by RTKs requires the function of inhibitory signaling mole-
cules, which are expressed in the context of transcriptional
responses activated by the RTKs themselves (60). Hence, the
study of the regulatory circuitry which grades signaling by
RTKs in time and space is receiving increasing attention.

The ErbB-2 receptor is a member of the epidermal growth
factor (EGF) receptor (EGFR) subfamily of RTKs, whose
direct ligand is still to be identified. The available evidence
indicates that ErbB-2 acts as a coreceptor for a number of
ErbB ligands in the context of heterodimers with EGFR,
ErbB-3, and ErbB-4 (1, 66). It is thought that this network of
combinatorial receptor interactions provides for signal diver-
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sification, as ErbB heterodimers have signaling competence
distinct from that of homodimers (56). Remarkably, ErbB-2
plays a fundamental role in this process, since it emerges as the
favorite partner for each of the other ErbB receptors and
therefore dictates the hierarchy of ligand-driven heterodimer-
ization among members of the ErbB family (30, 76). The rel-
evance of ErbB-2 function in mammalian organisms is under-
scored by the severe developmental defects observed in
ErbB-2 nullizygous mice (2, 7, 22, 41, 52). Furthermore, un-
abated ErbB-2 function leads to cell transformation in differ-
ent model systems (21) and is associated with a poor clinical
outcome in about 30% of human breast and ovary carcinomas
(21).

We have searched for novel regulators of ErbB-2 signaling
using the ErbB-2 juxtamembrane and tyrosine kinase domains
as bait in a yeast two-hybrid screen. We now report the iden-
tification of the previously described gene 33 protein (13, 42)
as an inhibitor of ErbB-2 mitogenic signaling.

MATERIALS AND METHODS

Two-hybrid system. A fragment of the erbB-2 cDNA spanning nucleotides (nt)
2197 to 2646 (amino acids [aa] 682 to 832) was obtained by PCR amplification
and cloned in the pBTM116 vector (78) to generate the LexA-ErbB-2 A832
fusion. The Sacll site at position 2589 of the erbB-2 cDNA was used to generate
the LexA—ErbB-2 bait by subcloning a SacIl-Mlul fragment from the LTR-
ErbB-2 A1050 vector (18) in the SacII-Sall sites of the LexA-ErbB-2 A832 clone
(Sall and Mlul overhangs were rendered blunt with Klenow polymerase). A stop
codon corresponding to position 715 of the ErbB-2 product was generated by
cloning an adapter oligonucleotide in the LexA-ErbB-2 bait at the BamHI site
located at position 2289 of the erbB-2 cDNA. A mouse embryo cDNA library
expressed by the pVP16 vector (78) was transformed in L40 cells containing the
LexA-ErbB-2 bait; growth, selection, and screening of yeast transformants have
been described previously (78). pVP16-Raf and pLexA-RasV!? (78) were used as
positive controls for the His*/LacZ™ phenotype in L40 cells, and LexA-lamin
was used as a control for nonspecific interactions of clone 52.

Expression of recombinant gene 33 proteins in Escherichia coli and mamma-
lian cells. The coding sequence of the rat gene 33 cDNA (nt 264 to 1664) (13) was
amplified by reverse transcription-PCR using total RNA extracted from rat liver
as the source of the template, sequenced, and cloned in the pcDNA3 vector
(Invitrogen). Retroviral vectors expressing RALT and green fluorescent protein
(GFP) were generated by cloning the gene 33 cDNA in the PINCO plasmid (32);
in this vector expression of RALT c¢cDNA is driven by promoter-enhancer se-
quences of the Moloney murine leukemia virus 5’ long terminal repeat, whereas
GFP expression is controlled by an internal cytomegalovirus promoter. Frag-
ments of RALT were expressed in E. coli as fusion products with glutathione
S-transferase (GST) using pGEX vectors (Pharmacia). The GST-RALT 1-262
and GST-RALT 263-459 fusion proteins were generated using the EcoRV site at
position 1063 of the RALT ¢cDNA in order to clone EcoRI-EcoRV and EcoRV-
Sall fragments, respectively, from pcDNA3-RALT into pGEX 4T1. A GST-
clone 52 fusion was generated by cloning a BamHI-EcoRI cDNA insert from the
pVP16-c152 vector into pGEX-3X. GST fusion proteins were expressed in the
BL21 E. coli strain and purified as described previously (73).

Antiserum generation and immunochemical procedures. The S1 antiserum
was generated by immunizing rabbits with purified GST-clone 52 fusion protein.
Purified anti-RALT immunoglobulin G fractions were obtained by sequential
affinity chromatography of S1 sera onto GST and GST-clone 52 resins. The
19C5/4 monoclonal antibody (MADb) was obtained by immunizing BALB/c mice
with purified GST-RALT 263-459 fusion protein. Conditioned supernatants
were obtained from subclones of hybridomas and were shown to recognize a
single band in Western blots of quiescent PINCO-RALT cells. Such reactivity
was absent in control lysates of PINCO cells. Immunoprecipitation, Western
blotting, and subcellular fractionation procedures have been described previ-
ously (65). Polyclonal antibodies to PTyr and phospholipase C-y (PLC-y) (UBI)
and to GRB-2 (Transduction Laboratories) and rabbit polyclonal antisera to
SHC (Transduction Laboratories) and to the ErbB-2 kinase domain (18) were
used as previously described (65). The anti-cyclin D1 MAb 72-13G and poly-
clonal anti-ERK 1 and anti-ERK 2 antiserum (Santa Cruz Biotechnology) and
anti-P-ERK antibodies (New England Biolabs) were used at 0.2 pg/ml; affinity-
purified S1 antibodies were used at 1 pg/ml. Anti-EGFR MAb (Abl; Oncogene
Science), anti-ErbB-2 MAb W6-100 (65), and affinity-purified S1 were used at 2
to 3 wg per mg of cell lysate for immunoprecipitation. Polyclonal anti-RET
(where RET stands for rearranged during transfection) and anti-EGFR antibod-
ies (Santa Cruz Biotechnology) were used in Western blotting procedures at 1
pg/ml. Procedures for binding assays with GST proteins have been described
previously (65). Assays for binding to PTyr-agarose (Sigma) were like those for
binding to glutathione-agarose (65). For blot overlay assays, recombinant RALT
proteins were labeled with biotin as described previously (65) and used at 5
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pg/ml to probe nitrocellulose filters containing recombinant GST-SH3 domains.
Incubation and washing procedures were like those used for Western blots.
RALT proteins captured by the filter were detected by horseradish peroxidase
(HRP)-conjugated streptavidin (Pierce) (0.1 pg/ml) followed by enhanced
chemiluminescence (ECL).

Cell culture and gene transfer procedures. NIH-ErbB-2, NIH-ErbB-2 A1050,
NIH-ErbB-2 5F, and NIH-EGFR/ErbB-2 cells were derived by transfection of
NIH 3T3 fibroblasts (18, 71). To induce quiescence, subconfluent monolayers
of NIH 3T3 and NIH-EGFR/ErbB-2 cells were cultured in mitogen-free medium
(MFM; a 1:1 mixture of Dulbecco’s minimal essential medium and Ham’s F-12
medium containing 0.2% [vol/vol] serum, 1077 M Na,SeOs, and 2 pg of trans-
ferrin/ml) for 24 to 36 h. For transient-transfection experiments, 293 cells were
transfected with plasmid DNAs using a calcium phosphate procedure (12). For
flow cytometry studies, cells were resuspended in phosphate-buffered saline
(PBS) containing 0.1% Triton X-100, 20 pg of RNase A/ml, and 50 pg of
propidium iodide/ml and analyzed with an Epics XL cytometer (Coulter).

Cell proliferation and cell transformation assays. Phoenix packaging cells (32)
were transfected with PINCO and PINCO-RALT plasmid DNAs, selected with
puromycin (1 wg/ml) and used as a source of recombinant retrovirus stocks. For
cell growth assays, NTH-EGFR/ErbB-2 cells were seeded at 5 X 10 cells/well in
24-well plates coated with gelatin. After 16 h, medium was replaced with condi-
tioned medium obtained from PINCO and PINCO-RALT packaging cell lines;
this procedure was repeated after 12 h. Following two rounds of infection, cells
were washed with PBS and either MFM or MFM containing EGF (UBI) or
serum was added. Cells were cultured under these conditions for 40 h and pulsed
with 1 pCi of [methyl-*H]thymidine (Amersham)/ml for 3 h before being har-
vested. Incorporated radioactivity was measured as described previously (72). To
measure a single round of synchronous DNA replication, cells were cultured in
serum-containing medium for 16 h after retroviral infection, switched to MFM
for 24 h to induce quiescence, and then challenged with mitogens for 24 h before
being harvested; [methyl->H]thymidine was added to the culture medium for the
last 12 h.

For cell transformation studies, NIH 3T3 cells transduced with either PINCO
or PINCO-RALT retroviruses were used as targets for infection with replication-
defective retrovirus stocks generated by transient transfection of Bosc23 cells
(59) with LTR-2, LTR-erbB-2 (17), LTR-erbB-25"%%° (70), or zip-v-ras (20);
stocks of v-src were obtained as described previously (23). Foci were scored after
10 to 12 days by staining dishes with methylene blue.

Northern blots. Total cellular RNA was extracted from cells using Trizol
reagent (Life Technologies), according to the manufacturer’s instructions. RNA
samples were size fractionated by agarose electrophoresis, transferred onto ni-
trocellulose filters, and processed for Northern hybridization. cDNA probes were
labeled with [3?P]dCTP using a random priming procedure (Ready-To-Go; Am-
ersham Pharmacia Biotech) as indicated by the manufacturer. Inhibition of
mRNA or protein synthesis was obtained by adding to the culture medium
actinomycin D (1 pg/ml) or cycloheximide (10 pg/ml), respectively.

Immunofluorescence and confocal microscopy analysis. Cultures of PINCO-
RALT cells in 35-mm-diameter plastic dishes were brought to quiescence by a
24-h serum deprivation and then challenged with 10% newborn calf serum or 10
ng of EGF/ml for different lengths of time. Cells were fixed in 4% (vol/vol)
paraformaldehyde in PBS at 20°C for 10 min and permeabilized with 0.25%
(vol/vol) Triton X-100 in PBS for 10 min. Incubation with anti-RALT 19C5/4
MAD was carried out at 4°C for 16 h. After being washed with PBS, dishes were
incubated with affinity-purified goat anti-mouse antibody (Jackson Immunore-
search) at 4 pg/ml to enhance the RALT signal along with diluted M6 rabbit
antiserum against the ErbB-2 COOH terminus for 1 h at 20°C. After being
washed with PBS, dishes were incubated with tetramethyl rhodamine isocyanate-
conjugated donkey anti-goat serum and Cy5-conjugated donkey anti-rabbit se-
rum (Jackson Immunoresearch) for 1 h. After a final washing, nuclei were
counterstained with Hoechst 33258 (Calbiochem) and mounted in Gelvatol.
Samples were routinely examined with a Zeiss microscope equipped with x40
and x50 water immersion objectives. Confocal analysis was carried out with a
Leica TCS-NT system equipped with 40X (1.00 to 0.5) and 100X (1.3 to 0.6) oil
immersion lenses and an acousto-optical tunable filter (AOTF) to correct for
channel cross talk.

RESULTS

Identification of the gene 33 protein as a protein interacting
with the kinase domain of ErbB-2. A LexA-ErbB-2 bait (aa
682 to 1049 of ErbB-2) lacking the major ErbB-2 autophos-
phorylation sites (47, 71) was used to screen a murine embryo
cDNA library expressed as fusion products with the VP16
activation domain (78). One cDNA clone (clone 52) generated
a fusion protein which showed strong interaction with the
LexA-ErbB-2 bait but not with a LexA-lamin fusion protein
(Fig. 1A). The strength of the ErbB-2—clone 52 interaction was
comparable to that of Ras-Raf complexes (Fig. 1A). Trunca-
tion of the COOH-terminal half of the ErbB-2 bait (residues
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FIG. 1. Physical interaction of RALT with ErbB-2. (A) Physical interactions between the indicated LexA-ErbB-2 baits and VP16 fusions were detected in colonies
of yeast transformants by assaying B-galactosidase activity on replica filters. Three independent colonies expressing VP16-clone 52 (cl. 52) and ErbB-2 baits were tested.
The Ras-Raf interaction was used as positive control for B-galactosidase detection, whereas LexA-lamin was coexpressed with VP16-clone 52 as a negative control. (B)
Lysates from NIH-ErbB-2, NIH-ErbB-2 5F, and NIH-EGFR/ErbB-2 transfectants were analyzed for receptor expression (top left blot) and receptor PTyr content
(middle blot) by immunoblot analysis; EGFR-ErbB-2 receptors were activated by stimulation with 50 ng of EGF/ml for 5 min at 37°C. Solubilized ErbB-2 and
EGFR-ErbB-2 receptors were tested for their ability to bind to the indicated GST fusion proteins immobilized onto glutathione-agarose beads (bottom left and top
right blots). Proteins bound to agarose beads were immunoblotted with anti-ErbB-2 antibodies and detected with ECL reaction. WB, Western blot. (C) (Left) Bacterial
lysates containing recombinant GST-SH2 Src, GST-clone 52 (GST-RALT), and GST were incubated with either glutathione-agarose or PTyr-agarose beads for 30 min
at 4°C. After being washed, bound proteins were resolved by SDS-PAGE, transferred onto a nitrocellulose filter, and stained with Ponceau’s red (blotting with anti-GST
antibodies gave identical results; not shown). (Right) GST-clone 52 (GST-RALT) and GST-SH2 Src proteins were bound to glutathione-agarose beads and incubated
for 30 min with either buffer alone (control) or the indicated phosphoamino acids. Resins were then assayed for the ability to bind to ErbB-2 solubilized from
NIH-ErbB-2 transfectants, as described for panel B. P-Ser, phosphoserine (D) 293 cells were transiently transfected with the indicated expression vectors for RALT
and/or various ErbB-2 alleles. Anti-ErbB-2 immunoprecipitates (IP) were analyzed by immunoblotting for receptor content (anti-ErbB-2 blot), receptor autophos-
phorylation (anti-PTyr blot), and the presence of coprecipitated RALT (S1 blot); expression of transfected RALT in each sample was assessed by Western blot analysis
of 50 pg of total cell protein with affinity-purified S1 antibodies (bottom). Primary antibodies were detected with HRP-labeled secondary antibodies and the ECL
reaction.

833 to 1049 of gp185F™P2) did not impair the ErbB-2—clone 52
interaction. However, deletion of aa 715 to 1049 (ErbB-2
A714), leaving intact only the ErbB-2 juxtamembrane region,
abolished the ErbB-2—clone 52 interaction (Fig. 1A).

The clone 52 insert encodes 114 aa, which have 99% identity
with residues 282 to 395 of the predicted product of rat gene 33
(13, 42) and 97% identity with residues 284 to 395 of the
human Mig-6 protein (80). We conclude that clone 52 contains
a partial cDNA clone corresponding to the murine orthologue
of the widely expressed rat gene 33 (51) and, most likely, of the
human mig-6 gene. Both gene 33 (13, 42) and mig-6 (80) have
been described as mitogen-induced genes, and their products
are 81% identical (87% overall homology) (80).

The 459-aa sequence of the gene 33 protein (Fig. 2A) does

not have significant homologies with other proteins in the
database with the exception of the noncatalytic portion of
ACK, a nonreceptor type tyrosine kinase (46) (see Discussion).
However, it reveals previously unnoticed features (shared with
Mig-6) which make this polypeptide a candidate for a signal
transducer (Fig. 2A): (i) several Pro-rich sequences, which may
serve as recognition motifs for SH3 domain-containing pro-
teins (49); (ii) two blocks of PEST sequences (aa 150 to 191
with a PEST score of 6.7 and aa 269 to 278 with a PEST score
of 14.35) often found in labile proteins involved in cell cycle
regulation (64); (iii) a potential nuclear localization signal
(KRKH) at positions 449 to 452; (iv) a PLTP consensus se-
quence for phosphorylation by ERK 1 and ERK 2 (28); (v) a
potential binding site for 14-3-3 proteins (82); and (vi) several
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1 MSTAGVAAQD IRVPLKTGFL HNGQALGNMK TCWGSRNEFE KNFLNIDPIT
51 MAYNLNSPAP EHLTTLGCAS PSAPGSGHFF AERGPSPKSS LPPLVIPPSE
101 SSGQREEDQV ~ LCGFKKLSVN GVCASTIQSCSSPFP CAAPCDRSSR
151 PLPPLPTSED PSLDEADCEV EFLISADTDF LLEDCVPSDF KYDVPGRRSF
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251 GPAGSFNKPA IRTSSCTHRA SPSSDEDKPE BAKPDYRRWS
*x
301 AEVTSNTYSD EDRPPKVEPR EPLSRSNSRT PSPKSLPSYL NGVMPPTQSF
351 APDPKYVSSK ALQROSSEGS AKAPCILPII ENGKKVSSTH YYLLPERPPY
401 LDKYEKYFRE AEEANPSTQI QPLPAACGMV SATDKLASRM KMDVGGHGKR
451 KHLSYVVSP
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mig-6 279  DKPEVPPRVPIPPRPVKPDYRR---WSAEVTSSTYSDEDRPPKVPPREPLSPSNSRTPSP
ack 789  DKPQVPPRVPIPPRPTRPHVQLSPAPPGEEETSQWPGPASPPRVPPREPLSPOGSRTPSP
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gene33 334  KSLP---------- SYLNGVMPPTQSFAPDPKYVSSKALQRQSSEG-SAKAPCTLPITEN
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FIG. 2. Structural features of RALT. (A) The 459-amino-acid sequence of
RALT is shown. The sequence corresponding to that of the clone 52 insert is
boxed; PEST sequences (as scored by the PEST-FIND program) are in boldface;
candidate SH3 binding sequences are underlined, as is the nuclear localization
signal (NLS) KRKH. Grey box, PLTP consensus sequence for phosphorylation
by ERK 1 and ERK 2; asterisks, a putative binding sequence for 14-3-3 proteins.
Note the presence of several consensus sequences for Thr or Ser phosphorylation
by PKA (R/K,-X-S/T), PKC (S/T-X-R/K), and CKII (S/T-X,-D/E). (B) Align-
ment of the RALT homology region of human ACK (ack) with RALT (gene33)
and Mig-6 (mig-6) homologous sequences, as defined by the CLUSTAL W
program; asterisks, double dots, and single dots, identities and conserved and
semiconserved substitutions, respectively. (C) Schematic representation of
RALT as a multidomain protein.

potential sites of phosphorylation by protein kinase (PKC)
(81), protein kinase A (PKA) (27), and casein kinase IT (CKII)
(62). As we propose to rename the gene 33 protein with the
acronym RALT (see Discussion), the two designations are
used interchangeably hereafter.

Analysis of the interaction between RALT and ErbB-2 in
vitro and in intact cells. A GST-clone 52 fusion protein readily
bound constitutively active gp185%™°% (Fig. 1B) solubilized
from NIH-ErbB-2 transfectants (17), whereas no ErbB-2 bind-
ing to GST beads (Fig. 1B) and GST-clone 52 beads incubated
with NIH 3T3 lysates (data not shown) was observed. The
region of RALT spanning residues 282 to 395 (i.e., those cor-
responding to the polypeptide encoded by the clone 52 cDNA
insert) is the only one involved in ErbB-2 recognition, since
a longer GST fusion protein (RALT 263-459) bound to
gp185%™B-2 as efficiently as GST-clone 52 and since specific
binding to gp185%™52 was not observed with a GST-RALT
1-262 recombinant protein (Fig. 1B).

Transient expression of gene 33 cDNA in 293 cells produced
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a protein resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) as a 53- to 54-kDa doublet,
which was recognized in immunoblot analysis by affinity-puri-
fied antibodies raised against either GST-clone 52 (S1) (Fig.
1D, bottom) or a synthetic peptide spanning positions 443 to
455 of RALT (S3; data not shown). This immunoreactivity is in
agreement with the predicted molecular weight of RALT and
was absent in 293 cells transfected with the empty parental
expression vector. The doublet is likely to reflect different
extents of Ser and Thr phosphorylation of RALT, as predicted
by the presence of consensus sequences potentially targeted by
PKA, PKC, CKII, and ERKs. Indeed, we have found that in
living cells *?P incorporation into RALT is dramatically in-
creased by activation of PKC, PKA, and ErbB-2 (data not
shown). Anti-ErbB-2 immunoprecipitates from lysates of 293
cells cotransfected with expression vectors for gp1855™%2 and
RALT contained the 53- to 54-kDa gene 33 polypeptide; this
was observed only upon coexpression of ErbB-2 and RALT
(Fig. 1D). Complex formation between RALT and ErbB-2 in
293 cells was not affected by the SF mutation (Fig. 1D), which
inactivates major ErbB-2 autophosphorylation sites (71); this
was confirmed in in vitro binding assays (Fig. 1B). Likewise,
the A1050 mutant, which lacks the ErbB-2 COOH tail (18),
bound RALT efficiently in intact cells (Fig. 1D) and in vitro
(data not shown). That tyrosine phosphorylation does not tag
ErbB-2 for molecular recognition by RALT was confirmed by
the in vitro experiments whose results are shown in Fig. 1C.
Soluble PTyr, unlike phosphoserine, effectively competed out
in a dose-dependent fashion the ability of GST-SH2 Src to
bind to ErbB-2, whereas it had no effect on the interaction of
GST-clone 52 with ErbB-2 (Fig. 1C, right). Furthermore PTyr-
agarose efficiently bound GST-SH2 Src but neither GST nor
GST-clone 52 (Fig. 1C, left). All three recombinant proteins,
however, were bound by glutathione-agarose with comparable
efficiencies, as expected (Fig. 1C). Coimmunoprecipitation of
RALT with ErbB-2 was abolished by the R753 mutation (Fig.
1D), which ablates tyrosine kinase activity of gp1855™5-2 (71).
The requirement for ErbB-2 catalytic activation in the gener-
ation of RALT-ErbB-2 complexes in intact cells was further
investigated in 293 cells stably expressing RALT and the
EGFR-ErbB-2 recombinant receptor (which is silent unless
activated by EGF [24]). Anti-RALT immunoreactivity could
be recovered only in antireceptor immunoprecipitates from
EGF-stimulated cells and was contingent on EGFR-ErbB-2
and RALT coexpression (Fig. 3A). This was confirmed by the
in vitro binding assay shown in Fig. 1B.

Activation of the ErbB-2 kinase regulates expression of
RALT in growth-arrested NIH 3T3 cells. Expression of gene 33
and mig-6 mRNAs is not detected in growth-arrested fibro-
blasts but is induced by serum stimulation (50, 51, 80). Con-
sistently, expression of RALT was absent in growth-arrested
NIH-EGFR/ErbB-2 and NIH 3T3 fibroblasts (Fig. 4A and B),
whereas it was readily detectable in cycling cells (Fig. 6B) and
quiescent fibroblasts stimulated with serum for 3 h (Fig. 4A
and B).

Activation of the ErbB-2 kinase by EGF induces a mitogenic
response in NIH 3T3 fibroblasts expressing an EGFR-ErbB-2
chimera (24). As shown in Fig. 4C, expression of RALT pro-
tein could be detected in growth-arrested NIH-EGFR/ErbB-2
cells within 1 h of EGF stimulation, peaked between 3 and 9 h,
and declined thereafter; this effect was dose dependent (Fig.
4A). EGF stimulation of parental NIH 3T3 cells induced nei-
ther progression to S phase (not shown) nor detectable expres-
sion of RALT (Fig. 4B).

Induction of RALT protein expression upon EGF stimula-
tion of EGFR/ErbB-2 transfectants followed transcriptional
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FIG. 3. Activation of the ErbB-2 kinase drives formation of RALT-ErbB-2 complexes and causes relocation of RALT to the membrane compartment. (A) 293 cells
were transfected with expression vectors for RALT and/or EGFR-ErbB-2, as indicated. Lysates were prepared either before or after stimulation with EGF (50 ng/ml)
for 5 min at 37°C. Antireceptor immunoprecipitates (IP) were analyzed for EGFR-ErbB-2 content (anti-ErbB-2 blot), EGFR-ErbB-2 autophosphorylation (anti-PTyr
blot), and the presence of coprecipitating RALT (S1 blot, bottom). Expression of transfected RALT was assessed by Western blot (WB) analysis of 50 pg of total cell
protein with S1 antibodies. (B) 293 cells expressing either EGFR-ErbB-2 or EGFR-ErbB-2 and RALT were stimulated for 2 or 15 min with 50 ng of EGF/ml at 37°C;
lysates were subjected to immunoprecipitation with antibodies against RALT or SHC followed by Western blot analysis with anti-PTyr antibodies. The indicated bands
correspond to tyrosine-phosphorylated EGFR-ErbB-2 molecules, as also proved by their reactivity with anti-ErbB-2 antibodies and their absence in IP prepared with
lysates of 293 RALT cells (data not shown). (C) Expression of endogenous RALT protein was induced in quiescent NIH-EGFR/ErbB-2 cells by stimulation with 10
ng of EGF/ml or 10% serum for the indicated times. Antireceptor IP (prepared with a MADb against the extracellular domain of human EGFR) were analyzed by
immunoblotting with anti-ErbB-2, anti-PTyr, and S1 antibodies. Expression of RALT was monitored by immunoblotting 50 wg of cell lysate with S1 antibodies. (D)
NIH-EGFR/ErbB-2 transfectants infected with PINCO or PINCO-RALT retroviruses (see the legend for Fig. 8 for details) were serum starved for 24 h; cells were
lysed either before (—) or after (+) stimulation with 10 ng of EGF/ml, 10% serum, or 50 ng of PMA/ml for the indicated times (minutes). Cytosolic (S100) and
membrane fractions (P100) were prepared and analyzed by immunoblotting with S1 antibodies. Under these conditions the S1 antibody detects only ectopically
expressed RALT; similar results were obtained with anti-RALT MAb 19C5/4 (not shown). (E) Expression of endogenous RALT protein was induced in quiescent
NIH-EGFR/ErbB-2 cells by a 3-h stimulation with 10 ng of EGF/ml or 10% serum; cytosolic and membrane fractions were analyzed by immunoblotting with S1
antibodies. In all panels primary antibodies were detected by incubation with HRP-labeled secondary antibodies and the ECL reaction.

activation of gene 33, as indicated by Northern blot experi-
ments shown in Fig. 4D. RALT mRNA expression was almost
undetectable in quiescent cells but was promptly induced by
EGF stimulation, peaking after 60 to 90 min of EGF triggering
and returning to baseline by 6 h. The kinetics of RALT mRNA
induction is reminiscent of that of immediate-early genes. In-
deed, induction of RALT mRNA by EGF was unaffected by
treatment of cells with the protein synthesis inhibitor cyclohex-
imide, whereas actinomycin D abolished RALT mRNA accu-
mulation induced by EGF stimulation (Fig. 4D).
Endogenous RALT protein expressed in EGFR/ErbB-2

transfectants could be found in a complex with the ErbB-2
kinase (Fig. 3C). Serum-starved NIH-EGFR/ErbB-2 fibro-
blasts were either left untreated or stimulated with mitogens;
EGFR-ErbB-2 molecules were immunoprecipitated, and im-
mune complexes were probed with S1 antibodies. RALT could
be coimmunoprecipitated with EGFR-ErbB-2 only in EGF-
stimulated samples, whereas no RALT-ErbB-2 complexes
were detected in serum-stimulated cells. However a brief ex-
posure to EGF was sufficient to activate the ErbB-2 kinase in
serum-induced cells and to produce coimmunoprecipitation
between EGFR-ErbB-2 and RALT (Fig. 3C, bottom right).
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FIG. 4. Expression of RALT is regulated during the cell cycle. Quiescent NIH-EGFR/ErbB-2 (A) and NIH 3T3 cells (B) were lysed either before (—) or after (+)
stimulation for 3 h at 37°C with 10% serum or EGF at the indicated concentrations. Samples were normalized for protein content and analyzed by immunoblotting
with S1 affinity-purified antibodies. A lysate of 293 and RALT transfectants was used as control for S1 reactivity in panel A. (C) Quiescent EGFR/ErbB-2 cells were
stimulated at 37°C for the indicated times with 10 ng of EGF/ml. Lysates were normalized for protein content and analyzed by Western blotting with S1 antibodies.
(D) NIH-EGFR/ErbB-2 cells were made quiescent and then challenged with EGF as in panel C. Total RNA from each sample was subjected to Northern hybridization
with a RALT ¢cDNA probe and exposed for autoradiography (top). The same filter was subsequently stripped of radioactivity and hybridized to a human B-actin probe
(bottom). When indicated, actinomycin D (ACT-D) or cycloheximide (CHX) was added to medium along with EGF to inhibit de novo mRNA or protein synthesis,
respectively. (E) Quiescent EGFR/ErbB-2 transfectants were lysed either before or after stimulation with 10 ng of EGF/ml for the indicated times; lysates were analyzed
by blotting with the indicated antibodies. Detection of primary antibodies in Western blots shown in panels A to C and E was with the ECL reaction.

Next, we investigated the relationship between the expres-
sion of RALT protein and the kinetics of progression of qui-
escent EGFR/ErbB-2 transfectants into S phase. In the exper-
iment shown in Fig. 4E, EGFR/ErbB-2 transfectants, made
quiescent by serum deprivation, entered S phase 10 to 12 h
after EGF stimulation and reached a peak of DNA synthesis
between 16 and 20 h; by 24 h most of the cycling cells had
completed DNA duplication and accumulated in G,/M (data
not shown). Under these conditions cyclin D1 expression was
faint after 4 h of EGF stimulation, peaked between 8 and 12 h,
and declined thereafter. RALT expression was undetectable in
quiescent cells, peaked between the 4- and 8-h time points, and
dropped significantly upon progression into S phase. In con-
trast SHC and PLC-y expression did not change over the 24-h
interval examined (Fig. 4E). Similar kinetics was observed
when cells were stimulated with serum (not shown). Thus,
mitogenic stimulation of quiescent murine fibroblasts induces
expression of RALT protein, which is maintained throughout
most of the G, phase of the cell cycle and which declines
sharply upon transition into S phase.

Regulation of RALT in normal and malignant breast epi-
thelial cells. We next addressed whether expression of RALT
protein is also regulated by ErbB-2 signaling in cells in which
ErbB-2 is naturally expressed as a coreceptor for new differ-
entiation factor (NDF) (1, 66). We also assayed whether
RALT expression is controlled by transforming growth factor
alpha (TGF-a).

The murine HC11 cell line is derived from normal mammary
gland epithelium and is known to respond mitogenically to
ErbB ligands such as TGF-a and NDF (4). Stimulation of
quiescent HC11 cultures with either TGF-a or NDF-B, in-
duced a robust increase of RALT expression, as assessed by
immunoblot analysis of samples stimulated with these mito-
gens for 2 and 6 h. RALT immunoreactivity returned to base-
line levels by 24 h (Fig. 5A). By contrast, no changes in the
expression of the 46- and 52-kDa SHC isoforms were detected
in the same samples (Fig. 5A).

We extended our analysis to the T47D, MDA-MB 361, and
SK-Br3 breast carcinoma cell lines, which display increasing
levels of expression of ErbB-2 (40). NDF stimulation of these
cell lines prominently activates ErbB-2-ErbB-3 heterodimers,
while TGF-a binds to EGFR and possibly transmodulates
ErbB-2 (4). Stimulation of T47D, MDA-MB 361, and SK-Br3
cells with either NDF-B, or TGF-a led to increased expression
of RALT protein, whereas anti-SHC immunoreactivity was not
affected by either treatment (Fig. 5B and C). Interestingly,
serum stimulation did not induce RALT expression in these
epithelial cell lines, at variance with what we observed in mu-
rine fibroblasts (not shown). Noticeably, stimulation of RALT
expression by NDF in these breast tumor cell lines did not
require abnormal levels of ErbB-2 receptors: T47D cells ex-
press quasinormal levels of ErbB-2 and yet NDF induced as
much RALT protein in these cells as in the SK-Br3 cell line,
which contains an amplified ErbB-2 gene (40). We conclude
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FIG. 5. Specificity of regulation of RALT expression and RALT-ErbB-2 interaction. Subconfluent cultures of HC11 normal mammary epithelial cells (A) and T47D
and MDA-MB 361 (B) and SK-Br3 (C) breast carcinoma cell lines were kept in MFM for 36 h and then either lysed or stimulated for the indicated lengths of time
with NDF-B1 or TGF-a (each at 20 ng/ml). Equal amounts of total cell protein were analyzed by immunoblotting with anti-RALT antibodies. Filters were subsequently
stripped and reprobed with anti-SHC antibodies. Note that the ECL reaction mixtures corresponding to the anti-RALT blots of T47D, MDA-MB 361, and SK-Br3
samples were exposed for the same times, thus allowing for a fair comparison of relative levels of expression of RALT. (D) T47D and MDA-MB 361 cultures were
kept in MFM for 36 h and then stimulated for 3 h with the indicated ligands (each at 20 ng/ml). Lysates were subjected to immunoprecipitation (IP) with the anti-ErbB-2
MAD and immunoblotting with the anti-RALT antibody. The band below RALT in each lane corresponds to the MAb heavy chain. WB, Western blotting; IgG,
immunoglobulin G. (E) Quiescent monolayers of NIH 3T3 transfectants expressing EGFR, TRK-A, or the chimeric EGFR-RET receptor were stimulated with either
carrier or the indicated ligand for 5 min at 37°C. After lysis, equal amounts of cellular protein were assayed in binding reactions with the indicated GST fusion proteins
immobilized onto glutathione-agarose beads. Precipitated proteins were analyzed by immunoblotting with the indicated antireceptor antibodies. Antireceptor
immunoreactivity in 5% of the input lysate in corresponding binding reactions is shown.

that in normal and malignant breast epithelial cells RALT
expression is controlled by signals propagated by either EGFR
(upon TGF-a stimulation) or heterodimers containing ErbB-2
(upon NDF stimulation). Our data do not rule out, however,
that transmodulation of ErbB-2 by TGF-a-activated EGFR
contributes to the induction of RALT expression in breast
epithelial cells.

Anti-ErbB-2 immunoprecipitates prepared from T47D and
MDA-MB 361 cells stimulated with NDF-B, contained anti-
RALT immunoreactivity (Fig. 5D). This immunoreactivity was
absent in anti-ErbB-2 immunoprecipitates prepared from ei-
ther carrier-stimulated cultures or TGF-a-treated cells (Fig.
5D). In breast tumor cells which do not overexpress EGFR,
such as T47D and MDA-MB 361, TGF-a-driven ErbB-1-
ErbB-2 heterodimers are not detected in coimmunoprecipita-
tion assays (53); therefore our results indicate that in cells
derived from breast epithelium RALT is recruited by ErbB-2
in the context of NDF-driven ErbB-2-ErbB-3 heterodimers.

Finally, we assessed whether RTKs bearing different degrees
of structural homology to ErbB-2 were able to interact with
RALT in vitro. GST-clone 52 fusion protein interacted with
EGFR solubilized from NIH-EGFR transfectants (Fig. SE).
This binding was dependent to some extent on EGF stimula-
tion. At variance with EGFR, ErbB-2, and the EGFR-ErbB-2

chimera, neither TRK-A, the high-affinity NGF receptor, nor
the EGFR-RET chimera (69) was able to bind to GST-clone
52 (Fig. 5E). In control experiments, however, both TRK-A
and EGFR-RET bound efficiently to GST-SHC PTB (58)
upon ligand stimulation (Fig. S5E).

RALT binds to SH3 domains. The presence of several Pro-
rich sequences in RALT suggests that it may complex with
proteins containing SH3 domains (49). This hypothesis was
tested by assaying the ability of recombinant SH3 domains to
interact with RALT protein solubilized from 293 transfectants.
Poor binding or no binding at all was detected with GST-c-Crk
and SH3 domains from Abl, Ras GAP, Src (Fig. 6A), Eps 8§,
and Nck (data not shown; Fig. 6C). A significant fraction of
RALT protein bound to GST fusion proteins containing the
SH3 domain of the p85 subunit of phosphatidylinositol 3-ki-
nase, Fyn, and PLC-yl; GST-GRB-2 bound RALT with the
highest affinity, and this interaction was accounted for entirely
by the NH,-terminal SH3 domain of GRB-2 (Fig. 6A). Con-
sistently, the P49L substitution in the GRB-2 NH, SH3 module
(68), which is homologous to a loss-of-function mutation in
Caenorhabditis elegans Sem-5 (14), caused a dramatic reduc-
tion in the GRB-2-RALT interaction (Fig. 6B). On the other
hand the G203R mutation (68), which disrupts the function of
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FIG. 6. RALT binds to SH3 domains. (A) Lysates of 293-RALT transfectants were incubated with the indicated recombinant GST fusion proteins immobilized onto
glutathione-agarose beads. Proteins bound to resins were analyzed by immunoblotting with anti-RALT antibodies and the ECL reaction. Lysate in the left lane
represents 5% of the input lysate in the binding reaction. (B) GST-GRB-2 fusions expressed from either wt GRB-2 cDNA or ¢cDNA encoding the indicated GRB-2
mutant proteins were purified onto glutathione-agarose beads in similar amounts and used as affinity reagents for the capture of RALT solubilized from 293
transfectants; lysate in the left lane corresponds to 5% input in the binding reaction. Proteins bound to resin were subjected to immunoblot analysis with S1 anti-RALT
antibodies. (C) Each of the indicated recombinant proteins (2 wg; purified by affinity chromatography on glutathione-agarose resin) was run on SDS-PAGE gel and
transferred to nitrocellulose filters. After the proteins were stained with Ponceau’s red to ensure that equal amounts of protein were present in each lane, independent
filters were probed with biotin-labeled GST-RALT 1-262 or GST-RALT 263-459; detection was with HRP-conjugated streptavidin followed by the ECL reaction. No
specific reactivity was observed with RALT 1-262, and therefore only the filter probed with GST-RALT 263-459 is shown. (D) Lysates from 293 cells transfected with
RALT or RALT and GRB-2 expression vectors were analyzed for RALT and GRB-2 expression by immunoblotting (upper two panels). Anti-RALT immunopre-
cipitates from these lysates were blotted with anti-GRB-2 antibodies along with lysates representing 10% of the input protein in the immunoprecipitation reaction
(lower two panels). ECL exposure of the third panel from top was 90 s, while that of the bottom panel was 45 s. WB, Western blotting; Tx, transfection.

the COOH SH3 domains of Sem-5 and GRB-2 (14), had no
effect on GRB-2 binding to RALT (Fig. 6B).

Binding to recombinant SH3 domains was direct and en-
tirely confined to the RALT COOH-terminal half, as demon-
strated by blot overlay assays (Fig. 6C). Purified GST-RALT
1-262 and GST-RALT 263-459 proteins were labeled with bi-
otin and used to probe nitrocellulose filters containing a bat-
tery of recombinant SH3 domains expressed as GST fusions.
Soluble RALT 263-459 interacted with filter-bound GST-
GRB-2 and also with SH3 domains from p85, Fyn, PLC-v, and
Src, albeit less efficiently than with GRB-2 (Fig. 6C). GST itself
and other SH3 domains did not react with RALT 263-459.
Soluble RALT 1-262 did not bind to any of the recombinant
proteins tested in Fig. 6C. Ponceau’s red staining of the blots
shown in Fig. 6A to C indicated that the inputs of recombinant
proteins in all lanes were comparable (not shown). Collectively
these experiments indicate that RALT binds with the highest
affinity to the NH,-terminal SH3 domain of GRB-2 and to a
weaker extent to the PLC-y, p85, Src, and Fyn SH3 modules.

The RALT-GRB-2 interaction was also detected in intact
cells. No anti-GRB-2 immunoreactivity was found in anti-
RALT immunoprecipitates prepared from 293 cells trans-
fected with the GRB-2 expression vector (not shown), due to
very low expression of endogenous RALT in 293 cells (see Fig.
1D and 3A). Anti-RALT immunoprecipitates from 293 cells
expressing ectopic RALT contained GRB-2 (Fig. 6D, third
panel from top). Anti-GRB-2 immunoreactivity in anti-RALT
immunoprecipitates was markedly increased by concomitant
transfection of RALT and GRB-2 expression vectors, as shown
in the bottom panel of Fig. 6D.

Spatial regulation of RALT by activation of the ErbB-2
kinase. RALT may complex with ErbB-2 because it is either a
substrate of the ErbB-2 kinase or a regulator of ErbB-2 cata-
lytic function. RALT phosphorylation on tyrosine residues was
not detected upon ligand activation of EGFR-ErbB-2 (data
not shown). This is consistent with the observation that there
are no tyrosine residues in the RALT sequence embedded in a
context canonically suitable for catalytic recognition by ty-
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rosine kinases. Expression of ectopic RALT altered neither the
constitutive level of tyrosine phosphorylation of gp1855°52 in
293 cells (Fig. 1D) nor the rate of ligand-dependent autophos-
phorylation of EGFR-ErbB-2 in 293 and NIH 3T3 transfec-
tants (data not shown). Finally, EGFR-ErbB-2 molecules pre-
cipitated by anti-RALT antibodies were readily labeled by
anti-PTyr antibodies (i.e., they belonged to the pool of acti-
vated receptors) at a stoichiometry comparable to that of re-
ceptors coprecipitated by anti-SHC antibodies (Fig. 3B shows
an anti-PTyr blot of anti-SHC and anti-RALT immunoprecipi-
tations containing similar levels of EGFR-ErbB-2). These data
argue against RALT being either an ErbB-2 substrate or a
negative regulator of ErbB-2 intrinsic kinase function.

As RALT protein lacks membrane-targeting sequences, we
surmised that RALT resides in the cytosol and may transit to
cellular membranes upon interaction with ErbB-2. Such a be-
havior would be consistent with RALT being an adapter pro-
tein able to relocate cytosolic effectors containing SH3 do-
mains (Fig. 6) via its conditional interaction with ErbB-2 (Fig.
1 and 3).

Immunoblotting analysis of cytosolic and membrane frac-
tions prepared from quiescent NIH-EGFR/ErbB-2 cells ex-
pressing ectopic RALT (PINCO-RALT cells; see below for
more details) indicated that RALT was localized exclusively in
the cytosol. Upon EGF stimulation a rapid and sustained re-
location of RALT to the membrane fraction was observed,
whereas serum and phorbol myristate acetate (PMA) were
ineffective (Fig. 3D). Likewise, when synthesis of endogenous
RALT was induced in NIH-EGFR/ErbB-2 cells by a 3-h stim-
ulation with either serum or EGF, RALT relocation to cell
membranes was observed only in the EGF-treated sample (Fig.
3E).

We also performed immunocytochemistry experiments to
obtain structural information on the subcellular localization of
RALT. As the S1 antibody performed poorly in immunofluo-
rescence assays, we used PINCO-RALT cells and detected
ectopic RALT by a MAD specific for the rat RALT species (see
Materials and Methods). The use of PINCO-RALT cells also
allowed us to study RALT location in a cell not subjected to
mitogenic stimuli necessary to induce synthesis of endogenous
RALT. In mitogen-deprived PINCO-RALT cells, staining for
ectopic RALT was finely granular and diffuse throughout the
cytoplasm (Fig. 7A). Upon EGF treatment at 37°C, RALT
staining accumulated in a time-dependent fashion to the peri-
nuclear region and yielded a coarsely granular pattern indica-
tive of RALT being relocated to membranous structures (Fig.
7D and G). In EGF-stimulated cells, EGFR-ErbB-2 molecules
relocated from the plasma membrane (Fig. 7B) to intracellular
structures (Fig. 7E and H), most likely identifiable as endo-
somes (45). Merging of images indicated extensive colocaliza-
tion of RALT and EGFR-ErbB-2 in EGF-treated cells (Fig.
7F and I). On the other hand, serum stimulation of PINCO-
RALT cells for 60 min did not cause relocation of either
RALT or EGFR-ErbB-2 molecules (Fig. 7J to L). Similar
results were obtained when cells were stimulated with serum
for either longer or shorter lengths of time (data not shown).

Collectively, the experiments discussed above prove that ac-
tivation of ErbB-2 kinase is necessary to relocate RALT from
cytosol to membrane compartments and therefore suggest that
spatial control of RALT is implemented by the ErbB-2-RALT
physical interaction.

Biological analysis of RALT in mitogenic signaling activated
by ErbB-2. We addressed the possible function of RALT in
ErbB-2 mitogenic signaling by overexpressing RALT in NIH-
EGFR/ErbB-2 cells. The PINCO vector (32) was used to gen-
erate high-titer recombinant retrovirus stocks expressing either
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GFP or both GFP and RALT. Infection efficiencies of target
NIH-EGFR/ErbB-2 cells (hereafter designated PINCO and
PINCO-RALT cells, respectively) were routinely greater than
95%, as determined by flow cytometry assessment of GFP-
positive cells (Fig. 8A). In cycling cells, ectopic RALT was
overexpressed about threefold over the levels of the endoge-
nous protein (Fig. 8B). In quiescent PINCO-RALT cells, ec-
topic RALT was detected at levels comparable to those of the
endogenous protein expressed by quiescent PINCO cells after
4 h of EGF stimulation (Fig. 8B). Expression of ectopic RALT
was high throughout G, phase. For biological experiments,
PINCO and PINCO-RALT cells were switched to MFM sup-
plemented with either serum or EGF soon after infection.
DNA synthesis was assessed after 40 h. EGF-treated PINCO
cells showed a dose-dependent increase of thymidine incorpo-
ration over control cultures kept in MFM; optimal responses
were obtained at 1 ng/ml EGF (Fig. 8C). By contrast, EGF-
treated PINCO-RALT cells grew poorly at suboptimal to op-
timal EGF concentrations (Fig. 8C), their thymidine incorpo-
ration being reduced by 68.3 and 74.8% at 0.3 and 1 ng/ml,
respectively (Fig. 8D). At high EGF concentrations (5 ng/ml)
the RALT inhibitory effect was partially alleviated (57.2% av-
erage inhibition; Fig. 8D), and indeed optimal responses of
PINCO-RALT cells were routinely obtained at 5 ng of EGF/
ml. RALT overexpression was not toxic per se, since the via-
bilities of PINCO and PINCO-RALT cells in MFM and EGF-
containing media were comparable and PINCO-RALT cells
grew as efficiently as PINCO cells in media containing either
serum (Fig. 8C) or PMA (data not shown).

PINCO cells grown for 40 h in either serum or EGF-con-
taining media showed a profile of cell cycle distribution typical
of exponentially growing cells and similar to that of PINCO-
RALT cells growing in serum-supplemented media (note that
the slightly reduced growth fraction of PINCO-RALT cells in
serum reported in Fig. 8E was not observed in other experi-
ments). PINCO-RALT cells cultured in EGF-containing me-
dia, however, accumulated in G,/G, (Fig. 8E). Hence, RALT
overexpression appears to antagonize ErbB-2-driven cell pro-
liferation by inducing G, arrest. This conclusion was reinforced
by experiments in which we measured the influence of RALT
overexpression on the ability of quiescent EGFR/ErbB-2 trans-
fectants to undergo a synchronous round of DNA replication.
RALT overexpression exerted a robust inhibitory effect on
EGF-driven DNA synthesis (Fig. 8D), whereas comparable
responses to serum stimulation were observed in PINCO and
PINCO-RALT cells (not shown).

Since cell transformation experiments accommodate the
complexity of chronic deregulation of mitogenic signals, we
assayed whether RALT overexpression was also able to antag-
onize ErbB-2 function under these stringent conditions. NIH
3T3-PINCO and NIH 3T3 PINCO-RALT fibroblasts were su-
perinfected with replication-defective recombinant retrovi-
ruses expressing v-src, v-ras, erbB-2, and erbB-2°"%%°, Foci of
transformed cells were scored after 10 to 12 days (Fig. 9A).
RALT overexpression did not affect focus formation by v-src
and v-ras, whereas cell transformation by retroviruses express-
ing either wild-type (wt) erbB-2 or the gain-of-function erbB-
261639 mutant (70) was significantly inhibited (Fig. 9A).

RALT regulates the kinetics of ERK 1 and 2 activation by
ErbB-2. Sustained activation of ERK 1 and 2 is crucial to
ErbB-2 mitogenic and transforming function (5) and is a major
consequence of ErbB-2 recruitment into heterodimers be-
tween ErbB family members (31). We therefore assessed
whether RALT overexpression alters the profile of activation
of ERK 1 and 2 by ErbB-2. Quiescent PINCO or PINCO-
RALT cells were stimulated with either EGF or serum for
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FIG. 7. Immunofluorescence imaging of RALT in EGFR/ErbB-2 transfectants. Subconfluent monolayers of PINCO-RALT cells (see legend for Fig. 8A and B for
details) were kept in MFM for 24 h. Dishes were processed for immunocytochemistry either before (A to C) or after (D to I) stimulation with EGF (10 ng/ml) for 15
(D to F) and 60 min (G to I). Samples shown in panels J to L were stimulated with 10% serum for 60 min. Samples shown in panels A, D, G, and J were stained with
anti-RALT MADb 19C5/4; those shown in panels B, E, H, and K were stained with anti-ErbB-2 M6 antiserum. (C, F, I, L) Merged images. Bar (L), 20 pm.

different times. Activated ERK 1 and 2 molecules were de-
tected by Western blot analysis of cell lysates with antibodies
against phosphorylated ERK 1 and 2 (29). Serum activated
ERK 1 and 2 with comparable strengths and durations in
PINCO and PINCO-RALT cells (Fig. 9B). EGF-dependent

activation of the ErbB-2 kinase also produced rapid and sus-
tained activation of ERKs in PINCO cells. RALT overexpres-
sion did not affect the initial activation of ERKs by ErbB-2,
whereas late ERK 1 and 2 activation (>1 h) was significantly
reduced by RALT overexpression (Fig. 9B), despite compara-
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FIG. 8. RALT overexpression inhibits ErbB-2 mitogenic activity. (A) NIH-EGFR/ErbB-2 cells were infected with replication-defective PINCO and PINCO-RALT retroviruses; transduction efficiency was monitored
by flow cytometry assessment of GFP-positive cells. Background fluorescence of parental cells is indicated by the left peak in each graph. (B) RALT expression in PINCO and PINCO-RALT cells was assessed by
immunoblot analysis of lysates prepared either from cycling (left two lanes) or from quiescent cells stimulated for the indicated times (hours) with 5 ng of EGF/ml. WB, Western blotting. (C) NIH-EGFR/ErbB-2 cells
were plated in 24-well plates, subjected to two rounds of infection with PINCO and PINCO-RALT viruses, and then switched to either MFM or MFM supplemented with serum or EGF. DNA synthesis was assessed
after 40 h by pulse-labeling quadruplicate wells with [*H]thymidine. Data are expressed as fold increases of thymidine incorporation in mitogen-treated wells over that in mitogen-free wells. A typical dose-response analysis
for EGF stimulation is shown. Open circles, PINCO; solid circles, PINCO-RALT. Bars at right, mitogenic response to 5% serum. Open bar, PINCO; solid bar, PINCO-RALT. (D) Open bars, average inhibition of
ErbB-2-driven DNA synthesis in PINCO-RALT cells grown in EGF-supplemented MFM compared to that in PINCO cells; data were obtained from five experiments performed as detailed in the legend to panel C; solid
bars, average inhibition of DNA synthesis in growth-arrested PINCO-RALT cells stimulated to enter S phase by EGF compared to that in PINCO cells. Assays were performed in quadruplicate, and data were obtained
from four experiments. Error bars, standard deviations. (E) After infection, PINCO and PINCO-RALT cells were grown for 40 h either in MFM or MFM supplemented with 5 ng of EGF/ml or 5% serum. Distribution
of cells in the cell cycle was assessed by staining with propidium iodide and analysis with an Epics flow cytometer. Percentages of cells in G,, S, and G, phases are indicated.
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FIG. 9. RALT overexpression inhibits ErbB-2-driven cell transformation and late ERK activation. (A) NIH 3T3 fibroblasts were infected with either PINCO or
PINCO-RALT retroviruses; >95% of target cells were transduced as indicated by GFP expression. PINCO or PINCO-RALT NIH 3T3 cells were superinfected with
the indicated replication-defective recombinant retroviruses. Dishes were stained with methylene blue after 10 to 12 days. (B) NIH-EGFR/ErbB-2 fibroblasts
transduced with PINCO or PINCO-RALT retroviruses were made quiescent and then challenged with either 10% serum or 5 ng of EGF/ml for the indicated times
(hours). Lysates were analyzed by immunoblotting with anti-ERK 1 and 2 and anti-P-ERK antibodies, followed by the ECL reaction.

ble levels of ERK 1 and 2 (Fig. 9B) and receptor expression
(data not shown).

DISCUSSION

Rat gene 33 (13, 42) and its likely human orthologue, mig-6
(80), were previously cDNA cloned as genes whose expression
is induced in quiescent cells by mitogenic stimulation. How-
ever, those studies did not provide clues to either the structure
or the function of the gene products. We report here that the
gene 33 protein is a modular protein consisting of two blocks of
PEST sequences in its NH,-terminal half, in addition to func-
tional SH3 binding motifs and an ErbB-2 binding domain in its
COOH-terminal portion (Fig. 2C). We also identify the gene
33 protein as a signal regulator able to complex with the kinase
domain of the ErbB-2 receptor and to antagonize mitogenic
signals propagated by gp185=™%2, Expression of the gene 33
protein and formation of its complexes with ErbB-2 occur in
G, phase at a stage when biochemical responses which imme-
diately follow RTK triggering have already attained their peak.
Hence we propose to rename the gene 33 protein RALT (re-
ceptor-associated late transducer).

Physical interaction between RALT and gp185* -2, Unlike
most of the RTK signal transducers identified so far, RALT
contains neither an SH2 nor a PTB domain and binds to
ErbB-2 in a PTyr-independent fashion via a region between aa
282 and 396 (Fig. 1). The minimal EBR (ErbB-2 binding re-
gion) of RALT can be narrowed down to a 59-aa stretch which

spans positions 313 to 372 (our unpublished data). The EBR is
located within a region of homology of RALT and Mig-6 with
the noncatalytic COOH-terminal portion of ACK (Fig. 2B), a
nonreceptor tyrosine kinase also containing a CRIB domain
and an SH3 module (46). RALT and ACK are 80.6% homol-
ogous (53.7% identical) in this 134-aa stretch, which we pro-
pose to name RALT homology region (RHR). It has been
suggested that the portion of ACK containing the RHR is
involved in ACK regulation (46, 83). In light of our findings we
propose that it may bind via its EBR-like module to the cata-
lytic domain of RTKs (ErbB receptors would be likely candi-
dates) or, alternatively, to the kinase domain of ACK itself.
Given their conservation, it is likely that RHR sequences which
flank the EBR module may regulate a function(s) integrated
with that of the EBR itself. Remarkably, all of the SH3 binding
motifs present in the RALT COOH-terminal half are con-
served in the RHR of ACK; thus, it appears that EBR modules
cosegregated with adjacent SH3 binding motifs during evolu-
tion (see below for further discussion).

Integrity of aa 715 to 832 of ErbB-2 is required for the
RALT-ErbB-2 interaction to occur (Fig. 1A). This sequence
spans the NH,-terminal lobe of the ErbB-2 kinase domain, as
defined by the molecular model of the ErbB-2 catalytic domain
(54). Our observation lends support to the contention that this
region is relevant for signal diversification (72) and expands
the functional relevance of the ErbB-2 kinase domain.
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RALT-ErbB-2 complex formation is contingent on receptor
activation. In principle, signaling by ErbB-2 could induce rapid
posttranslational modifications of RALT, which would allow
RALT itself to be bound by ErbB-2. This is unlikely, however,
as the RALT-ErbB-2 interaction can be reconstituted in vitro
using E. coli-expressed RALT fragments. It is more plausible
that receptor activation unmasks a cryptic RALT binding site
in the ErbB-2 kinase domain. This may be caused by ErbB-2
phosphorylation on Ser and Thr residues, which is enhanced by
receptor signaling, or by the precise rotational coupling of
ErbB-2 monomers which is required for productive dimeriza-
tion of ErbB-2 (9, 36).

Despite its interaction with the ErbB-2 kinase domain,
RALT is neither a substrate of gp185¥"52 nor a direct regu-
lator of ErbB-2 catalytic activity. Rather, RALT’s interaction
with ErbB-2 apparently allows it to be translocated from cy-
tosol to the membrane compartment. Spatial regulation of
RALT may be pertinent to its functioning as an adapter/scaf-
fold protein (see below) and its ability to inhibit cell prolifer-
ation. Indeed, in PINCO-RALT cells stimulated with serum or
PMA, we observed neither RALT relocation to the membrane
compartment nor inhibition of proliferation.

RALT is an inhibitor of ErbB-2 mitogenic function and
transforming activity. Overexpression of RALT in NIH 3T3
fibroblasts inhibited ErbB-2-dependent cell proliferation and
caused cells to accumulate in the G,/G, phase of the cell cycle.
Ectopic expression of RALT was also capable of antagonizing
the transforming activity of overexpressed gp185=™5-2, RALT,
however, does not seem to behave as a general inhibitor of
mitogenic signaling and cell transformation. The oncogenic
activity of Ras and Src were not affected by ectopic RALT, nor
did we observe adverse effects of RALT overexpression on cell
proliferation driven by serum. The available data indicate that
the function of RALT in the context of mitogenic signaling
may be restricted to receptors of the ErbB family, as its over-
expression in the same cellular context inhibits cell prolifera-
tion driven by EGFR, ErbB-4, and several ErbB heterodimers,
but not by platelet-derived growth factor receptor (PDGF-R)
and fibroblast growth factor receptor 1 (FGF-R1) (our unpub-
lished data). The promiscuity of RALT within the ErbB family
is not surprising, since ErbB receptors and their ligands form
an integrated signaling network driven by combinatorial ho-
modimeric and heterodimeric receptor interactions (1, 66).
Biochemically, this correlates with the finding that EGFR
binds in vitro to RALT.

An apparent paradox, however, resides in the observation
that mitogens such as serum, PMA, basic FGF, and PDGF
induce RALT expression in NIH 3T3 cells and yet ectopic
expression of RALT does not antagonize their mitogenic pro-
grams (Fig. 4 and 8) (our unpublished observations). One
possibility is that RALT is involved in the control of cellular
functions other than ErbB-2-driven proliferation. Alterna-
tively, RALT function may be required in the context of a wide
range of mitogenic stimuli, due to the fact that ErbB family
members are cross-activated by a number of receptors, includ-
ing integrins (10), interleukin-6 receptor (63), and G protein-
coupled receptors (GPCRs) (33). RALT may also provide a
safeguard mechanism, which allows cells stimulated by non-
ErbB ligands to resist perturbation by concomitant and inap-
propriate activation of ubiquitously expressed ErbB receptors.
In either of the last two scenarios, transcriptional activation of
RALT could be envisaged, at least in fibroblasts, as a stereo-
typed genetic response devoted to specific regulation of ErbB
signaling.

RALT can be categorized as a cell-autonomous feedback
inhibitor of gp185¥™B-2, whose physiological function is that of
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tuning the strength and duration of ErbB-2 mitogenic signals.
This may be particularly relevant in light of (i) the hierarchical
privilege enjoyed by gpl185%™B2 in the assembly of het-
erodimers between members of the ErbB family (30) and (ii)
the sustained signaling activity afforded to heterodimers con-
taining ErbB-2 by their decelerated rates of ligand dissociation
(38) and internalization (3, 43). Given the relevance of ErbB-2
function in development (2, 7, 22, 41, 52) and the expression of
RALT in embryonic tissues, it is also possible that fine regu-
lation of ErbB-2 signaling by RALT plays a role in morpho-
genic processes. Indeed, developmental studies have indicated
that transcriptionally activated inhibitors of Drosophila EGFs,
and FGF receptor, such as Kekkon 1 (25) and Sprouty (11), act
in a cell-autonomous fashion to restrain RTK function, in
order that patterning can be induced properly (60).

Structural determinants of RALT implicated in signaling
downstream to the ErbB-2 receptor. How does RALT exert its
regulatory function on ErbB-2 signaling? Neither steady-state
expression nor catalytic activation of gp185°™°%2 and EGFR-
ErbB-2 seems to be altered by RALT overexpression. Further-
more, overexpression of RALT inhibited with comparable ef-
ficiencies both wt ErbB-2 and ErbB-29"“%%°  two receptor
species endowed with markedly different rates of internaliza-
tion (45). In addition, we did not observe significant conse-
quences of RALT overexpression on the rate and kinetics of
ligand-induced EGFR-ErbB-2 down-regulation (our unpub-
lished observations). These experiments indicate that RALT is
unlikely to inhibit ErbB-2 mitogenic function by altering re-
ceptor trafficking and suggest that RALT may function as a
bona fide signal transducer which affects mitogenic pathways
downstream to ErbB-2. Its ability to bind to SH3 domains and
its property of being spatially regulated by virtue of interaction
with gp185F™B2 are consistent with RALT behaving as an
adapter/scaffold protein which links activated ErbB-2 receptors
to effectors containing SH3 domains. This may be a fundamen-
tal function of RALT since, as discussed above, its EBR and
SH3 binding motifs appear to be evolutionarily linked and
possibly functionally connected to each other. The NH,-termi-
nal SH3 domain of GRB-2 bound RALT in vitro with the
highest affinity, and RALT-GRB-2 association was detected in
intact cells. Although it has not been determined as yet
whether the RALT-GRB-2 interaction is relevant to the
growth-suppressive function of RALT, we note an intriguing
analogy between the ErbB-2-RALT-GRB-2 interaction and
the c-Kit/SOCS-1/GRB-2 pathway. SOCSI is a scaffold protein
whose expression is induced in the hematopoietic lineage by
c-Kit signaling. SOCS1 binds in turn to c-Kit in a ligand-
dependent fashion, recruits GRB-2 by binding to GRB-2 SH3
domains, and inhibits mitogenic signaling by the Kit receptor
without affecting its intrinsic catalytic activity (16).

Temporal regulation of RALT expression. In quiescent NIH
3T3 cells, ralt mRNA is induced by mitogens with kinetics
similar to that of immediate-early genes (this study; 51). There-
fore RALT belongs to an expanding class of mammalian reg-
ulators of tyrosine kinase signaling, whose expression is tran-
scriptionally controlled by receptor activation (6, 16, 55, 60,
75).

The presence of PEST sequences in the RALT protein sug-
gests that RALT may be labile. Consistently, proteasome in-
hibitors induce accumulation of RALT protein (our unpub-
lished observations). These findings indicate that accumulation
of RALT is governed at several levels, including gene tran-
scription and protein stability. Such a biochemical lability may
provide RALT with the property to rapidly fluctuate in G, and
timely tune ErbB-2 signaling. The eventual loss of RALT ex-
pression upon entry into S phase is likely needed to avoid a
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priori inhibition of ErbB-2 mitogenic signaling in cycling cells
which reenter G;.

The temporal profile of ERK 1 and 2 activation by ErbB-2 is
shortened in cells overexpressing RALT. Although the molec-
ular mechanisms linking RALT overexpression to inhibition of
ERK activity have not been detailed, this finding is relevant for
two reasons. Given the importance of ERK 1 and 2 activity in
ErbB-2 mitogenic signaling (5), we suggest that the inhibitory
function of RALT is funneled, at least in part, via down-
regulation of this pathway. The kinetic experiments shown in
Fig. 9B also indicate that overexpressed RALT intercepts
ErbB-2-activated pathways only in a temporal window in which
endogenous RALT is expressed. Hence, the phenotype ob-
served upon RALT overexpression (at least at the levels ob-
tained in our experimental conditions) seems to be caused by
a gene dosage effect, rather than by the temporally inappro-
priate expression of RALT.

Spatial determinants of RALT function. Immunofluores-
cence imaging indicated that RALT colocalizes with EGFR~-
ErbB-2 in what appeared to be endosomal structures (Fig. 7).
Although it is entirely possible that some RALT molecules
may interact with ErbB-2 at the plasma membrane, our data
suggest that the endosomal compartment may be a privileged
site for RALT-ErbB-2 complexes. It is noteworthy that RALT
protein expression is detected in different cell types after pro-
longed ErbB-2 or EGFR activation, at a time when a signifi-
cant fraction of receptors has undergone internalization. A
growing body of literature indicates that this pool of internal-
ized receptors has signaling competence and may contribute to
spatial regulation of signaling complexes activated by RTKs
(19, 34, 35, 77). For instance, EGFR internalization is coupled
to Ras activation (34), whereas PLC-y molecules bound to
internalized EGFR do not promote phosphatidylinositol hy-
drolysis, despite being efficiently phosphorylated on tyrosine
residues by EGFR itself (35). Consistently, internalization was
shown to be required for efficient ERK activation by EGFR,
under conditions in which EGFR triggering depended on ei-
ther direct ligand stimulation (77) or transmodulation by
GPCRs (61). An attractive hypothesis could therefore hold
that RALT molecules bound to internalized gp185™5 are
involved in tuning ERK activation carried out by trafficking
ErbB complexes.

Concluding remarks. We have shown that the triggering of
ErbB-2 induces expression of RALT, which in turn may func-
tion as a feedback inhibitor of ErbB-2 mitogenic activity. Sig-
nals of different strengths and durations are generated by li-
gand-receptor complexes of the ErbB family as a function of
their stability at the plasma membrane and their relative pro-
pensities for either being degraded or recycled back to the cell
surface once internalized (79). This study adds a novel level of
complexity to the network which modulates in time the output
of ErbB mitogenic signals. Given the pathogenic role of de-
ranged ErbB-2 activity in human cancer (1, 66), it will be of
interest to determine whether there is as a selection for genetic
or epigenetic disruption of RALT expression and/or function
in human tumors.
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