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Cloning of a Grb2 lsoform with 
Apoptotic Properties 

Isabelle Fath, Fabien Schweighoffer, Isabelle Rey, 
Marie-Christine Multon, Janine Boiziau, Marc Duchesne, 

Bruno Tocque* 
Growth factor receptor-bound protein 2 (Grb2) links tyrosine-phosphorylated proteins to 
a guanine nucleotide releasing factor of the son of sevenless (Sos) class by attaching to 
the former by its Src homology 2 (SH2) moiety and to the latter by its SH3 domains. An 
isoform of grb2 complementary DNA (cDNA) was cloned that has a deletion in the SH2 
domain. The protein encoded by this cDNA, Grb3-3, did not bind to phosphorylated 
epidermal growth factor receptor (EGFR) but retained functional SH3 domains and in- 
hibited EGF-induced transactivation of a Ras-responsive element. The messenger RNA 
encoding Grb3-3 was expressed in high amounts in the thymus of rats at an age when 
massive negative selection of thymocytes occurs. Microinjection of Grb3-3 into Swiss 3T3 
fibroblasts induced apoptosis. These findings indicate that Grb3-3, by acting as a dominant 
negative protein over Grb2 and by suppressing proliferative signals, may trigger active 
programmed cell death. 

W e  screened 500,000 recombinant phages to the grb2 sequence; however, we identi- 
carrying DNA from human placenta with fied one clone with a deletion in the SH2 
an oligonucleotide probe derived from the domain (2). Analysis of the remaining se- 
human grb2 sequence ( I ) .  Nine of ten quence revealed an identity with grb2, even 
clones contained inserts that were identical in the 5' and 3' noncoding regions. The 

oDen reading frame of the cloned DNA 
Rhane-Poulenc Rorer, Centre de Recherche de Yitry- e"Oded a acid sequence with 
Alfortville, 13 auai Jules ~ u e s d e - ~ ~ 1 4 , 9 4 4 0 3  ~ i t r v  sur two SH3 domains flanking the incomplete 
Seine Cedex, 'France. SH2 domain (Fig. 1). The amino &ids 
'To whom correspondence should be addressed. deleted in the SH2 domain (amino acids 60 
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,= Fig. 1. Structure of Grb3-3. (A) Predicted 
a a . I . . *I aminoacidsequenceof thegrb3-3cDNA 
n . n . ,, ,,, (GenBank accession number L29511). 

V N ~ ~ V  ,n The SH3 domains (thin line) and the re- 
maining part of the SH2 domain (thick line) 

are indicated. (B) Schematic representation of the domain structure of Grb2 and Grb3-3. The SH3 
regions are shown as open boxes and the SH2 regions as solid boxes. Abbreviations for the amino acid 
residues are as follows: A, Ala; C, Cys; D. Asp; E, Glu; F, Phe; G, Gly; H. His; I, ile; K, Lys; L. Leu; M. Met; 
N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W. Trp; and Y, Tyr. 

Fig. 2. Tissue expression of Grb3-3. (A) North- A - a U) 

ern analysis of human tissues with poly(A)+ 2 r g  ' + E p g  RNA of indicated origin (Commercial Multiple kb 2 
Northern Blot Clontech, MTN7760-1). The grb3 4.4-P- 9w .r - 
3-specific oligonucleotide ATC GTT TCC AAA a- 4 
CGG ATG TGG TTT, complementary to nucle- 2.4- 
otides 201 to 225, was radiolabeled (2, 26). 
Size markers are shown and the 1.5-kb Grb3-3 
mRNA is indicated with an arrow. (B) PCR 
analysis of the relative expression of Grb2 and B cDNA (Pg) 
Grb3-3 mRNAs in human tissues. Poly(A)+ RNA 0 7 

O ' l , d  
(1 pg) from the various tissues (Clontech) was , + Grb2 + 

reverse transcribed with a cDNA synthesis kit 
(Boehringer Mannheim). We then subjected cGrb3-3- p--=J 
10% of the cDNA product to PCR with two 
different pairs of primers described below. The figure depicts 10% of the PCR products separated 
on a 1.5% agarose gel. To estimate the proportion of Grb3-3 mRNA, we subjected cDNA to PCR 
with the 5' oligonucleotide 192 to 216, ATA GAA ATG AAA CCA CAT CCG TTT, and the 3' 
oligonucleotide 11 (2). A 370-base pair (bp) fragment was amplified in all samples. These primers 
were shown to be specific for Grb3-3 mRNA because no band was amplified when grb2 cDNA at 
concentrations ranging from 100 to 0.1 pg was used as template. To estimate the proportion of Grb2 
mRNA, we performed the PCR experiments with the 3' oligonucleotide 11 (2) and the 5' 
oligonucleotide TGG TTT TTT GGCAAAATCCCCAGA. This 5' oligonucleotide is specific for Grb2 
mRNA as it hybridizes with the portion of the SH2 domain deleted in Grb3-3 (1). A 470-bp fragment 
was amplified in all samples. A titration curve (right panel) was also drawn to quantitate the ratios 
of Grb3-3 mRNA to Grb2 mRNA. The grb2or grb3-3 cDNAs at concentrations ranging from 100 to 
0.1 pg were amplified by PCR, with the pairs of primers described above. The resulting products 
reflected the relative proportions of Grb2 and Grb3-3 in mRNA samples. 

Fig. 3. Effect of Grb3-3 and Grb2 on EGF-dependent 
transactivation of an RRE from the polyoma virus 
enhancer. The cDNA sequences corresponding to the 
different proteins indicated were inserted into a pSV2 
expression vector, downstream of the SV40 early 
promoter and enhancer (29). These plasmids were 
transfected into ER22 cells (16) with another vector 
containing the cat gene under the control of a Py-TK 
promoter (Py-TK-CAT). This synthetic promoter con- 
tains four head-to-tail copies of the PEA1 binding site 
of the polyoma enhancer upstream of the TK promot- 
er. Transactivation of the RRE was measured after 

ii l U U  

EGF stimulation. Columns represent CAT activity in $ g g . ~ $  
cells transfected with Py-TK-CAT alone (Py), se- O Z z +  
quences encoding Grb2 (2 pg), Grb3-3 (2 kg), Grb2 (U g l l (G203R) (2 pg), or Grb3-3 (G162R) (2 kg), or both 
Grb3-3 (2 pg) and Grb2 (2 pg). Cells at 40% conflu- g s 
ence were transfected for 4 hours in serum-free me- 
dium with Py-TK-CAT (0.5 pg) and 2 pg of the appropriate expression vector. Total DNA was 
adjusted to 5 pg with expression vector without insert. Lipospermine (Transfectam, IBF-Sepracor) 
was used as the transfecting agent. After 24 hours of transfection, cells were stimulated with EGF 
(100 nglml). The CAT activity was determined as described (30) 48 hours after transfection and 
culture in Dulbecco's modified Eagle's medium supplemented with fetal calf serum (0.5%). Data 
were recorded in arbitrary units; the basal signal due to activity of the reporter gene alone in cells 
not stimulated with EGF was assigned a value of 1. 

to 100 in Grb2) were the conserved residues 
that participate in the binding of phospho- 
tyrosine-containing peptides (3). 

By Northern (RNA) blot analysis o f  
human tissues, mRNAs o f  3.5 and 1.5 kb 
were detected wi th a full-lengthgrb2 cDNA 
probe (1, 4). An oligonucleotide probe 
specific for grb3-3 (complementary to nu- 
cleotides 201 to 225) hybridized wi th a 
single 1.5-kb mRNA species (Fig. 2A). 

Because a specific grb2 probe (corre- 
sponding to the SH2 sequence deleted in 
Grb3-3) detected mRNA of both sizes (4), 
it i s  likely that an mRNA of about 1.5 kb 
encodes GrbZ and that another mRNA of 
the same size encodes Grb3-3. We used 
quantitative polymerase chain reaction 
(PCR) experiments to evaluate the relative 
abundance of GrbZ and Grb3-3 mRNA in 
various tissues (Fig. 2B). As suggested from 
the results of Northern blot analysis, 
Grb3-3 i s  widely expressed, and under the 
PCR conditions used, the ratio of GrbZ to 
Grb3-3 mRNAs ranged from 10 to 50 (Fig. 
2B). I t i s  noteworthy that the deleted SH2 
sequence corresponds to one exon in both 
the Cmrhabdit is elegans sem5 and Dro- 
sophila drk genes (5, 6). The Grb3-3 mRNA 
i s  likely to be a splicing product o f  the grb2 
gene, because the remaining coding se- 
quence and the noncoding sequences of 
both cDNAs are identical (Fig. 1) (1). 

The SH2 domain of GrbZ binds to the 
phosphorylated receptor, and the SH3 do- 
mains interact with hSos (6-1 1). In contrast 
to Grb2, Grb3-3 failed to bind tyrosine-phos- 
phorylated EGFR (12). Both Grb2 and 
Grb3-3 bound to a proline-rich peptide de- 
rived from hSosl (12). These proteins failed 
to interact with another proline-rich peptide 
derived from 3BP1, which binds to the SH3 
region of Abl and Src (13, 14). A mutation 
(G203R) that affects a highly conserved resi- 
due in the SH3 domain of Grb2 impairs the 
binding of this protein to hSosl (9) and i t s  
ability to activate Ras in a DNA synthesis 
reinitiation assay (1). In our binding assay, 
Grb3-3 (G162R), containing the equivalent 
mutation, failed to interact with the hSosl 
peptide, indicating that the interaction be- 
tween Grb3-3 and hSosl required the SH3 
domains (1 2). 

T o  study if GrbZ and Grb3-3 both con- 
nect the EGFR to the Ras pathway, we 
overexpressed these proteins and measured 
EGF-dependent transactivation of Ras-re- 
sponsive element (RRE) contained in the 
polyoma enhancer (Py) (1 5). Chinese ham- 
ster lung fibroblasts overexpressing the hu- 
man EGFR (ER22 cells) (16) were cotrans- 
fected wi th a plasmid containing the chlor- 
amphenicol acetyltransferase (CAT) gene 
under the control of the Py-thymidine ki- 
nase promoter (Py-TK-CAT) and wi th ex- 
pression vectors containing grb2 or grb3-3 
cDNAs under the control of the SV40 early 
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promoter (Fig. 3). Grb2 enhanced the re- 
sponse to EGF by 40%. In contrast, Grb3-3 
reduced by 50% the CAT expression stim- 
ulated by EGF. Cotransfection of an excess 
of Grb2 overcame the inhibitory effect of 
Grb3-3 (Fig. 3). In the absence of EGF, 
neither Grb2 nor Grb3-3 induced CAT 
expression (1 7). 

To further characterize the involvement of 
the SH3 domains in the dominant negative 
effect of Grb3-3, we transfected cells with the 
mutant encoding Grb3-3 (G162R). Th' IS mu- 
tant had no effect on EGFR-mediated signal 
transduction (Fig. 3). In contrast, the mutant 
Grb2 (G203R) did inhibit stimulation of 
CAT expression by EGF, probably by com- 
peting with cellular Grb2 for binding to phos- 
phorylated EGFR. The coexistence of two 
complexes in the cytosol, Grb2-Sos and 
Grb3-Mas, can be proposed. Upon EGF 
stimulation, only the Grb2-Sos complex 
would be able to mediate EGF signaling by 
means of a specific SH2dependent interac- 
tion; the Grb3-330s complex would remain 
insensitive to EGF. Depending on the ratios 
of Grb2 to Grb3-3 and on the relative a h i -  
ties of these proteins for Sos or other targets, 
Grb3-3 might serve as a suppressor of Grb2 
function. 

The mutations Su(SevS")R1 and E(seu)ZB 
in the SH2 domain of the Drosophila grb2 
homolog, drk, cause recessive lethality (6). 
Such mutations can be rescued by ubiquitous 
expression of drk cDNA, suggesting a critical 
balance between the wild-type and the mu- 
tant adaptors. The relative abundance of 
Grb3-3 and Grb2 might affect cell signaling 
and viability. However, in adult tissues, 
Grb3-3 mRNA is much less abundant than 
Grb2 mRNA (Fig. 2). We therefore com- 
pared expression of rnRNAs encoding Grb3-3 
and Grb2 durine ontoeenv of the rat thvmus. 
Expression of Gib3-3 kRkl~ varied wiih the 
age of the thymus, whereas expression of Grb2 
mRNA remained constant (Fig. 4). Quanti- 
tative PCR analysis showed that the amount 
of Grb3-3 mRNA reached a peak at 5 weeks. 
At this stage of development, the ratio of 
Grb3-3 mRNA to Grb2 mRNA was 1 to 1 
(Fig. 4). Grb3-3 seems therefore to be present 
in sufficiently large amounts to compete with 
Grb2 at a time when maturation and cell 
death occur (18). Expression of Grb2 and 
Grb3-3 did not vary during the same period in 
brain or heart where Grb3-3 was barely ex- 
pressed (19). The Bclx-s mRNA, which en- 
codes a protein involved in thymocyte and 
lymphocyte apoptosis (20), is most abundant 
in rat thymus at the same time during devel- 
opment (Fig. 4). Our results reveal similarities 
between the grb2 and the bch gene families. 
Expression of the bcLc gene, a bcl2-related 
gene, results in two distinct mRNAs, Bclx-1 
and Bclx-s. The two products result from 
alternative splicing and have opposite effects 
on cell survival (20). 

We tested whether Grb3-3 was able to 
trigger apoptosis when present in excess 
over Grb2. Recombinant Grb3-3 was mi- 
croinjected into confluent Swiss 3T3 fibro- 
blasts. Grb3-3 was toxic to the cells, induc- 
ing extensive cell death within 5 to 12 
hours (Fig. 5). Microinjection of Grb2 or 
Grb3-3 (G162R) at the same concentration 
had no effect (21). Time-lapse video re- 
cording showed that cells injected with 
Grb3-3 underwent a death process highly 
reminiscent of apoptosis, with progressive 
condensation of the cytoplasm around the 
nucleus and intense cell shrinkage (Fig. 5, 
A through C). The cells eventually round- 
ed up and detached from the dish. Propid- 
ium iodide staining of the DNA showed 
that a number of cells injected with Grb3-3 
displayed a small, brightly stained and high- 
ly condensed nucleus. Chromatin was ag- 
gregated into dense masses at the periphery 
of the nucleus (Fig. 5D) and, in some cases, 
fragmented as evidenced by patches of con- 
densed chromatin underlying the nuclear 
membrane (Fig. 5E). Under phase contrast, 

these cells appeared shrunken (2 1 ) . Consis- 
tent with the CAT assays, Grb2, but not 
Grb2 (G203R), microinjected in a 10-fold 
excess over Grb3-3 overcomes the effect of 
Grb3-3 in apoptotic response (2 1). 

Grb3-3 could act as a mediator of apop- 
tosis bv formine an inactive heterodimeric 

u 

complex with the Sos protein or other 
alternative partners and thus act as a dom- 
inant inhibitor of Grb2 function. However, 
Grb3-3 could also act by triggering a specif- 
ic apoptotic signal within the cells. The 
fact that a dominant negative Ha-Ras 
Asn17 mutant (22). which has been shown . ,, 

to act by sequestering Ras exchange factor 
(23), does not induce apoptosis (24) sug- 
gests that titration of Sos is not sufficient for 
inducing apoptosis and that Grb3-3 has 
other targets besides Sos. 

Our findings indicate that Grb3-3 may 
function in the regulation of programmed cell 
death in the thymus and possibly in other 
tissues. Other SH2-containing adaptors, such 
as Nck and Shc (25), have been described. If 
altered forms of these proteins also exist, 

Fig. 4. Analysis of relative proportions of Grb2 and Grb3-3 Rat thymus 
mRNAs expressed during development of the rat thymus. 
Total RNA was prepared with RNA zol (Bioprobe system) 
from whole thymuses of rats at various ages, as indicated. _ ci (3 In Total RNA (20 pg) was reverse transcribed and 10% of - . - 
the cDNA product was then subjected to PCR as de- +Grb2 

scribed (Fig. 28). Also shown are the relative amounts of 
grb2and grb3-3that were produced with known amounts mu- - +Grb3-3 
of rat grb2 and grb3-3 cDNAs as templates (31). In 
addition, 10% of the cDNA product was used for PCR with 
bclx-s-specific primers derived from the published se- mx7--- + Bctx-s 
quence (20). Cloned bclx-s cDNA was used as template 
for the titration experiments. As a control to ensure that 
the same amount of cDNA was used in all experiments, 

- +&Actin 

the cDNA encoding p-actin was amplified by PCR with specific oligonucleotides (32). 

Flg. 5. Induction of apoptosis in qui- 
escent SWISS 3T3 c'ells by Grb3-3. 
Purlfied Grb3-3 was Injected Into 
cells (1 to 3 rnglrnl) with an automatic 
Eppendorf rnicrolnjector. Cells were 
then incubated at 34°C. and photo- 
graphs were taken at regular inter- 
vals. Pictures taken 4.5. 5, and 5.3 
hours after injection are shown In (A). 
(B), and (C), respectively (magnlfica- 
t~on, x78). To assess the effect of 
Grb3-3 on DNA, we grew cells on 
glass coverslips and coinjected them 
with Grb3-3 along with rat immuno- 
globulin (2 mglml) as a marker. They 
were flxed 6 to 7 hours after Injection 

anc oo~ble-s~a~ned w In propldlum Iodide as described (33) and 
antlbody to ra' fluorescein isothiocynate (Plerce) to allow speclfic 
local~zat~on of injected cells. Representative fields are shown In 
(D) and (E) (rnaanlflcation, ~ 3 9 0 ) .  GST fusion Droteins were - 's; .!-q c,;.-; >p-, --"p#: . .. ~urlf led (27) and cleaved bv addltlon of human thromb~n (0 25%) - . t a  -j. - -  - F , 

, - (Slgma) (34) The Grb2 and ~ r b 3 - 3  proterns were further purlfled 
,- ,*-?-' .-,< , " I 

by Mono Q Ion exchange chromatography The fract~ons contaln- 
Ing the purlfled protelns were concentrated In Mlcrosep mlcro- 
centrators (Flltron) In 20 mM phosphate buffer (pH 7) contalnlng 
100 mM NaCl 
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deletion within the SH2 domain might rep- 
resent a general mechanism by which cells 
regulate signaling and the cascade of connec- 
tions that occur by means of phosphotyrosine- 
containing proteins and adaptors. 
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Activity-Dependent Changes in the Intrinsic 
Properties of Cultured Neurons 

Gina Turrigiano,* L. F. Abbott, Eve Marder 
Learning and memory arise through activity-dependent modifications of neural circuits. 
Although the activity dependence of synaptic efficacy has been studied extensively, less 
is known about how activity shapes the intrinsic electrical properties of neurons. Lobster 
stomatogastric ganglion neurons fire in bursts when receiving synaptic and modulatory 
input but fire tonically when pharmacologically isolated. Long-term isolation in culture 
changed their intrinsic activityfrom tonic firing to burst firing. Rhythmic stimulation reversed 
this transition through a mechanism that was mediated by a rise in intracellular calcium 
concentration. These data suggest that neurons regulate their conductances to maintain 
stable activity patterns and that the intrinsic properties of a neuron depend on its recent 
history of activation. 

T h e  outputs of neural circuits depend both 
on synaptic connections and on the intrin- 
sic electrical properties of individual neu- 
rons (1). Activity-dependent modification 
of synaptic strengths contributes to pro- 
cesses such as developmental segregation of 
inputs and learning (2) and has been well 
described. Less extensively studied has been 
the role of activity in shaping the intrinsic 
electrical properties of neurons [but see 
( 3 ) ] .  These properties are determined by 
the balance of a neuron's ionic conduct- 
ances, and modification of this balance can 
substantially change the output of the cir- 
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cuits in which a neuron participates (1, 4). 
Here we show that activity can alter the 
intrinsic electrical properties of neurons, 
which suggests that a neuron's physiological 
identity is influenced by the synaptic input 
it receives. 

We studied stomatogastric ganglion 
(STG) neurons from the spiny lobster, Pan- 
ulirus interruptus, that participate in two 
motor programs producing rhythmic move- 
ments of the teeth and foregut. This rhyth- 
mic activity depends both on modulatory 
and rhythmic inhibitory synaptic drives 
that cause STG neurons to fire bursts of 
action potentials when released from inhi- 
bition. When pharmacologically isolated, 
STG neurons do not fire in bursts but fire 
tonically (Fig. 1A) (4). 
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