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ABSTRACT

Id3, a member of the Id multigene family of dominant
negative helix—loop—helix transcription factors, is in-
duced sharply in murine fibroblasts by serum growth
factors. To identify relevant targets of Id3 activity, the
yeast two—hybrid system was used to identify proteins
that dimerize with 1d3. Four murine cDNAs were
identified in the screen, all of which encode helix—loop—
helix proteins: E12, E47, ALF1 and Id4. Co-immuno-
precipitation assays confirm that Id3 interacts with
E12, E47 and two alternative splice products of ALF1
in vitro. 1d3 disrupts DNA binding by these proteins
in vitro and blocks transcriptional activation by these
factors in cultured murine cells. Additionally, Id3 shows
evidence of interacting with the related proteins E2-2
and MyoD, but not c-Myc. These results suggest that
Id3 can function as a general negative regulator of the
basic-helix—loop—helix family of transcription factors
exemplified by the ‘E’ proteins and MyoD. Al
was previously suspected that E2A is constitutively
expressed, our data indicate that E2A is induced in
quiescent fibroblasts, by growth factor withdrawal but
not by contact inhibition of cell proliferation. These
observations extend the role of Id3 in the functional
antagonism of E2A-class transcription factors, and
suggest that E2A proteins may mediate growth
inhibition.

INTRODUCTION

though it

462, was identified as an anonymous transcript induced in
serum-starved BALB/c 3T3 murine fibroblasts by stimulation
with fetal bovine serum6j. The mRNA is also induced by
platelet-derived growth factor, phorbol esters and calcium
ionophore. It was observed that clone 462 encodes a protein
bearing a helix-loop—helix motif, a dimerization interface
common to a family of transcription factors, and it was renamed
HLH462 (7,8). Subsequently, two groups have identified human
homologs. Heirl has been identified as a CpG island gene in a
region of chromosome 1p deleted in human neuroblast@®ma (
The human homolog also has been isolated as a phorbol
ester-inducible transcript, called HLH 1R210) After the
identification of Id1 and Id2, it was recognized that HLH462
constitutes an additional member of this multigene family, and the
name Id3 was proposetilj. An additional family member, 1d4,

has been recognizetid).

The Id proteins share with each other considerable amino acid
sequence homology in the HLH domain. However, outside this
domain of 40 amino acids, their sequences diverge sharply. They
form a subclass of a larger HLH family that includes basic-helix—
loop-helix (bHLH) transcriptional activatord3-17). Such
proteins dimerize via the HLH to bind to specific DNA sequences
recognized by the paired basic regidts-£0). Since Id proteins
lack a basic motif, their dimerization with bHLH proteins inhibits
DNA bindingin vitro, and this results in loss of transcriptional
activation by the bHLH factoin viva Two classes of bHLH
proteins have been distinguished. The first class, termed E proteins,
includes nearly ubiquitously expressed bHLH proteins that can
bind DNA as either homodimers or heterodimers. This class is
exemplified by E12 and E47, alternative splice products of the
E2A gene, as well as the closely related genes E2-2 and

The investigation of genes induced by mitogenic growth factosLF1/HEB (13,21-24). The second class includes bHLH
has led to the identification of many genes that mediate the growitoteins with a restricted expression pattern, for example MyoD
response. Most of the genes transcribed in the first 1-3 h afteiskeletal muscle?f), TAL1/SCL in hematopoietic cell&§,27)
growth factor stimulation, called the immediate early responsmd MASHL1 in neural tissu€&). Proteins in this second class
genes, encode transcription factors. These factors directly regulafgear to require heterodimerization with an E protein to assume
subsequent programs of gene activation important to cell cydienctional activity {4,29,30).

progressioni=3). Many of these growth-promoting transcription  The function of Id1 on bHLH proteins has been well investigated,
factors are proto-oncogenes whose mutational activation contributeg much less is known about the function of the other Id proteins.

to neoplastic transformation,).

In general, the 1d genes are highly expressed during embryogenesis

Id3 is one representative of the immediate early response classl in undifferentiated cells, decreasing during tissue differentiation
of genes in fibroblasts. The murine cDNA, originally called clon€8,11,12,31-36). Overexpression of Id1 inhibits tissue-specific
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gene transcription in many cultured cell types, including skeletatethods have been previously descrid&d). (Library plasmids
muscle, cardiac muscle, myeloid cells, lymphocytes, pancfeaticencoding 1d3 binding proteins were characterized by partial DNA
cells and osteoblastdt43). In addition, enforced Id1 expression sequencing (Sequenase kit, USB Biochemical) or restriction
actually blocks differentiation in skeletal muscle, myeloid ananapping of characteristievul sites in E2A cDNA clones.
murine erythroleukemia cell8¥,44,45). Finally, enforced express-
ion of Id1 targeted to B lymphocytes of transgenic mice interfergasmid constructs
with normal B lymphocyte maturatiof). Thus Id proteins appear ] ] ] )
to regulate cell fate in a variety of tissue types. Plasmids were gifts as folloyvlng: pBSKSI1462-3 murine d3
The expression pattern of Id3 is even more extensive than t§&NA (8), pBS-HLH31-5 murine 1d4 cDNA, murine c-Fos and
of I1d1. Murine 1d3 mRNA is readily detectable in brain, lung,c-Jun expression vectors, pColl-CAT collagenase promoter-CAT
thymus, intestine, muscle, spleen and liggrExpression of the ~ reporter 61), pPC86 and pPC62 two-hybrid plasmids and pPC67
human homolog also has been found in pancreas, kidnﬂ)?us_e 14.5d embryo cDNA librarp(, D. Nathans (Johns
placenta, adrenal medulla and he&fi@). The widespread Hopkins University); pEMClIs murine MyoD cDNAR), pE:ld
expression of Id3 mRNA suggests that the Id3 protein may serfurine Ild1 cDNAg7) and pTK-MCK-4R-CAT reporteQ),
a genera”zed function important to many cell types. H. Weintraub (FrEd Hutchinson Cancer_ Center); partlal and full
Because Id expression follows a pattern similar to othdgngth human E12 and E47 plasmids3)( D. Baltimore
immediate early response genes, it is likely that Id proteins also plgockefeller University); pCDM8-HEB1A and pBSATG-HEBr
a regulatory role in cellular proliferation. Id1, Id2 and Id3 transcripté?4). R. Kingston (Harvard Medical School); p44tot ALF1A and
are abundant in proliferating fibroblasts, but are undetectable fd-1tot ALF1B murine cDNAZ3), P. Jargensen (University of
quiescent or senescent fibroblastg ,48). The Id3 gene is highly Aarhus, Denmark); pTE2-2 cDNA and p(5+2LAT reporter
responsive to diverse mitogenic pathways, including growth factofg ), T. Kadesch (University of Pennsylvania), pGAL4-MyoD
protein kinase C, adenylate cyclase and calcium f)x As  (54), G. Tomaselli, (Johns Hopkins University); pSP65Myc, C.
discussed above, Id genes are highly expressed in proliferatiffing (Johns Hopkins University), pYN3214 lacZ expression
undifferentiated cells, declining with differentiation and loss ovector, PcCDER expression vector, and pcDEMBleo expression
proliferative potential. Thus, Id gene expression is consistent§gctor, Y. Nakabeppu (Kyushu University, Fukuoka, Japan).
linked with cell proliferation. In further support of this model,Inserts from the 1d3, E12 and GALA4-MyoD plasmids were
antisense expetiments demonstrate that the expression of Id protéigcloned in frame downstream of the GAL4 transcriptional
is critical for cell cycle progression into S phasé48). A direct ~ activation domain (TAD) in the pPC86 plasmid and downstream
role for 1d2 in antagonizing the growth suppressive function of tHef the GAL4 DNA binding domain (DBD) in the pPC62 plasmid.
retinoblastoma gene product has been propd@d ( Inserts encodlng 'the full Iength E12, E47, ALFlA and ALFlB
Although itis likely that 1d3 might share known targets with thavere subcloned into the pcDBEBleo mammalian expression
other Id fam||y memberS, Id targets have never been Soug\fﬂctor. |nse.rt3 enCOdlng full Iength |d3 and mUtantld3R72P were
systematically. According to the current model of Id-class proteftbcloned into the pcDEBmammalian expression vector.
function, we hypothesized that 1d3 exerts its function through
protein—protein interaction via its HLH domain. It is likely thatCo-immunoprecipitation assays

such a target would exist in the cell prior to the onset of grovvtg ing the above plasmids as templates, supercoiled or linearized
factor-induced Id3 gene transcription and translation. We cho . X ’ Lo
g b asmid DNA was transcribed and translaiedvitro in the

the two-hybrid system of expression cloning to identify potentiaﬁ 3 L ; .
physiological targets, followed by evaluation of other relateglgesence ofSJmethionine (DuPont NEN) using the TnT kit

; P ; ; ; . 1d3, 1d3R72P, HEBr, E47, MyoD and Id1 were
proteins for similar interactions with Id3. The following datal "omega). 1d3, ’ ' ,
characterize 1d3 as a general negative regulator of E2A-clas@nscribed with T3 RNA polymerase. ALF1A, ALF1B, E12, 1d4

bHLH transcription factors. In addition, we find that E2A gené'jlnd E2-2 were transcribed with T7 RNA polymerase. SP6 RNA
expression is upregulated during @rrest by withdrawal of polymerase was used to transcribe c-Myc. Aliquots were run on

serum growth factors and downregulated duripgeGentry by ~Sodium dodecyl sulfate polyacrylamide gel electrophoresis
growth%actor stimulation. 9 g y by (SDS—PAGE) and activity was quantitated by phosphorimager

(Molecular Dynamics) to allow usage of approximately equal
counts/min of radiolabeled proteins. Aliquots of each radiolabeled

MATERIALS AND METHODS protein were mixed with radiolabeled Id3 or buffer control, and
then incubated at 3T for 20 min. Precipitations were performed
cDNA library construction and two-hybrid screening in 150 ul immunoprecipitation buffer as describegb) The

o ] reactions were precleared with dlGf rabbit serum and protein
BALB/c 3T3 murine fibroblasts were grown as describgdAfter  A—_Sepharose, then precipitated withul6f rabbit Id3 antiserum
3 days in low serum medium as described, MRNA was harvesigfift of D. Nathans) and protein A-Sepharose. The precipitated
and purified by oligo-dT affinity (Fast-Track Kit, Invitrogen). Ten proteins were boiled in 1% SDS, 50 mM Tris—HCI pH 6.8, 100 mM
micrograms of mRNA were used to generate and clone cDNATT, and fractionated on 12% SDS—PAGE gels. The gels were

(Superscript plasmid cloning system, Gibco-BRL), which wageated with EnHance (DuPont NEN), dried and autoradiographed
ligated directionally between ti&al andNot sites of pPC8650). gt —85C.

This library was screened in yeast bearing a gene encoding the yeast

GAL4 DNA-binding domain (amino acids 1-147) fused to muring horeti ilitv shi EMSA
Id3 amino acids 33-119, inserted by homologous recombinationectr0p oretic mobility shift assays (EMSA)
into the LEU2 locus, and verified by Southern blotting. ThdProteins were translat@uvitro without isotopic label in parallel
two-hybrid plasmid vectors, initial yeast strains and screeningith the above reactions. Efficiency of the reactions was
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monitored by radioactive incorporation in the isotopic translatiorAnti-E2A antibody production and immunoblot analysis

The oligonucleotide probe was labeled with-3gP]dATP _ _ .
(DuPont NEN) using Klenow fragment. Dilutions of translation! N€ following PCR primers were used to generate a 281 base pair

reactions equivalent to 0.15glwere incubated with £.p.m. fragment of murine E2A coding sequence, corresponding to amino
of prObe in 1qu| of 12% glycerOI, 12 mM HEPES—NaOH (pH 79)’ acids 444-529 of human E2A; CGCGGATCCTGGGCGGG-C-

4 mM Tris-HCI, 60 mM KCl, 1 mM EDTA and L mM DTT with GGCATGCC and CCCGGATCCGTTAACTGGTGCGCGTG-

1 ug poly(di-dC) at 25C for 15 min, and then loaded on a 5%CCGTGGGA. The fragment was subcloned into pDS-MCS (a gift
polyacrylamide gel (60:1 bis) Tris-borate—EDTA and run at 200 @f F. Rauscher, Wistar Institute), expressing a hexahistidine fusion
for (B h. The gel was dried and autoradiographed &1G-85ing protein in Eschenc_hla colt_hat was purlfled_as descnbe‘ﬁ?{. _

an intensifying screen. 1d3 blocking reactions receiveqileg ~NéWw Zealand white rabbits were immunized with the fusion
in vitro translated 1d3. All such reactions received unprogrammejCtein (Hazelton Research Products). The resulting antiserum
reticulocyte lysate to keep the total amount of lysate constant{fS affinity purified on a column of the fusion protein conjugated

each reaction, to control for background DNA binding activitied? activated CH Sepharose 4B (Pharmacia), eluted as described
(58). BALB/c 3T3 fibroblasts were serum starved for 3 days, and

the stimulated with 20% fetal bovine serum for various times. The
cells were lysed in 1% SDS and heated to°@fbr 10 min.
A mutational oligonucleotide primer, TGGAAATCCTGCAGCCT- Protein concentration was determined by the BCA assay (Pierce).
GTCA, was used in conjunction with a downstream antisend&venty micrograms of whole cell extract per lane was fractionated
primer, GGTCAGTGGCAAAACCTCCTC, and the Id3 cDNA on a 10% SDS-PAGE, and electroblotted to a nitrocellulose-nylon
plasmid template to amplify an internal 164 nt fragment. This wagembrane. Nuclear extracts were prepared by incubating the
cleaved withPst and Sa¢ and inserted into similarly cleaved cells on ice for 5 minin 10 mM Tris—=HCI pH 7.4, 10 mM NacCl,
pBSKSII1462-3. The desired mutation was confirmed by dideoxyd MM MgCh, 0.5% Nonidet P-40, Opgy/ml pepstatin A, 0.ag/ml
nucleotide sequencing of both strands. The full length insert carryiteypeptin, 1. mM PMSF, followed by centrifugation for 5 min at
the R72P mutation was subcloned into the pa®ERpression 6000g. The nuclear pellet was washed with the same buffer,
vector. Primers were produced on an Applied Biosystems 38@@ntrifuged, then suspended in 1% SDS as above. One hundred
oligonucleotide synthesizer as recommended by the manufacturgticrograms of nuclear extract were loaded per lane. The blots
were probed with a 1:1000 dilution of E2A antibody and
Transcriptional activation assays developed by enhanced chemiluminescence as recommended by
the manufacturer (Amersham).
All transient transfections were carried out by calcium phosphate
precipitation in NIH-3T3 murine fibroblasts as descriliéi). Each RESULTS
transfection included jag p(5+2)CAT reporter plasmid and 7.5
PYN3214 lacZ expression vector. Each transfection included eittehe murine E12, E47, ALF1 and ld4 HLH proteins are
10ug of ALF1A or ALF1B expression vectorp§ E12 expression jdentified in the two-hybrid system as potential 1d3 targets
vector or 0.5ug E47 expression vector. Each transfection also ] . ] .
included either: (i) 2Qug pcDEBA empty vector, (i) Sug 1d3  We hypothesized that mductlor_l of_Id3 expression from very I_ow
expression vector plus [ pcDER), (iii) 20 ug 1d3 or (iv) 20ug ~ background levels leads to its interaction with pre-existing
Id3R72P mutant. The negative control transfections inclugied 5 Protein factors. Since 1d3 mRNA is induced rapidly after growth
c-Fos and %ug c-Jun expression vectorg pColl-CAT, and the factor stimulation, it seemed likely tha_t the I_dS targets would be
indicated amounts of 1d3 or pcDBBplasmids.p-galactosidase expressed before growth factor stimulation. Using vectors
assays were performed as descriﬁ@j end the results were used preV|0ust descrlbed, we screened a cDNA Ilbrary_ derived from
to normalize CAT assays, performed as describgd Quantita- Whole mouse embryos with a construct expressing the GAL4
tions were performed by phophorimager or analysis of scannBiNA binding domain (DBD) fused with nearly full length murine

autoradiograms on Image Quant software (Molecular Dynamicsjd3 (amino acids 33-119). In order to specifically seek 1d3
associated proteins existing before 1d3 induction, we constructed

Northern blots a GAL4 transcri_ptional activation domain-fus_ion CDNA library

from mRNA derived from serum starved, quiescent fibroblasts.
Total RNA was extracted from serum starved and serum stimulat€llis oligo-dT primed library contains 1x6.0° recombinants, of
BALB/c 3T3 fibroblasts as describef).(Aliquots of each sample average size 1 kb and size range 0.6-3.4 kb (data not shown).
(10—20pg) were electrophoresed on a 1.2% agarose—formald8ereening of the two libraries yielded a total of 74 clones.
hyde gel, and transferred to nitrocellulose membranes. ProNecleotide sequence analysis revealed three classes of cDNAs.
fragments were prepared from the library murine cDNA isolateSeventy-two isolates are murine homologs of the human E2A
the 2.0 kb ALF1 and the 0.9 kb E8@l-Not inserts. The murine gene transcripts E12 and E47. Of 18 isolates selected for further
Id3 0.9 kb insert was prepared from pBSKSII462-3. The humammalysis, 12 are identical to murine A39) encoding E47
glyceraldehyde-3-phosphate dehydrogenase (GAPD) cDNA fraemologs, and four encode E12 homologs. An additional isolate
ment was cleaved from pGD-P-25A, obtained from the American identical to murine ALF1, a cDNA derived from a distinct gene
Type Culture Collection. The fragments were labeled witlvery closely related to E2A8). A final isolate encodes 1d4, an
[a-32P]dCTP by the random primer method (Gibco-BRL) andidditional Id family member1@). Additionally, the protein
purified on NICK columns (Pharmacia). Blots were hybridized agroducts of these isolates all can associate with a minimal HLH
described &) and washed inX2SSC, 0.2% SDS at 42 for 1.5 domain from Id3 (amino acids 33-88) fused to the GAL4 DBD,
h, followed by 0.4 SSC, 0.1% SDS at 3G for 1.5 h, followed but not with the GAL4 DBD alone (data not shown). Lastly,
by autoradiography with intensifying screens at&35 GAL4 DBD/Id3 was found to interact with a GAL4 TAD/MyoD

Id3 mutagenesis
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Figure 1.1d3 associates with bHLH proteiimsvitro. Various radiolabeled bHLH proteins were produceit bitro transcription and translation. These proteins were
mixed within vitro translated 1d3, electrophoresed and autoradiographed (left panel). Duplicate reactions with and without added Id3 were immunoprecipitated v
anti-1d3 antiserum. The precipitated complexes were electrophoresed and autoradiographed (center and right panels).

fusion in the two-hybrid system (data not shown). A high degrgeerformed using the electrophoretic mobility shift assay
of specificity was observed in the screening; all isolates encod@eMSA). Although some bHLH proteins can bind to DNA as
HLH proteins, and none encoded nonspecifically interactingomodimers, some bind DNA only as heterodimers with certain
proteins. These results imply that E2A gene transcripts constitygeteins (4). Where feasible, the activity of Id3 was evaluated on
the most abundant mRNAs encoding dimerization targets of Idth homo- and heterodimers of the E proteins. E47 and HEB
protein in murine embryos and fibroblasts. Furthermore, the HLRomodimers readily bind to the muscle creatine kinase (MCK)
motif provides a very high level of specificity in the yeastenhancer site (Fig). E12 homodimers bind only poorly to DNA,
two-hybrid screen. We conclude that 1d3 can interact with E12pnsistent with previously published dafd)( Due to homo-

E47, ALF1, 1d4 and MyaoD in yeast. dimerization of E2-2 translation products of heterogeneous
length, the resulting DNA—protein complex is diffuse and barely
1d3 protein binds to E2A-class HLH proteinsin vitro visualized by EMSA. In each case, any observable binding was

inhibited by the addition of 1d3 protein (F&). In vitro translation
To confirm the above results obtained with fusion proteins iof ALF1A and ALF1B yielded many different products, apparently
yeast, further studies were condudtedtro. Full lengthin vitro  due to internal initiation, and were unsuitable for EMSA analysis
translated proteins were used in coimmunoprecipitation assaygata not shown). HEBr, the truncated human homolog of
The translation product of each of the library isolates wa&LF1A, was used for EMSA analysis instead. In agreement with
evaluated, along with several closely related HLH cDNAs: E1yrevious data, the following proteins were found to bind as
E47, ALF1A, ALF1B (alternative splice products of &l  heterodimers with MyoD to the MCK enhancer: E12, E47, HEBr
gene), HEB (a truncated human homolog of ALF1), E2-2 (thand E2-2. Titration of Id3 protein into the binding reactions
product of another E2A multigene family member), MyoD, Idlinhibited DNA binding by these heterodimers (FR). This
and 1d4 (Fig.1). c-Myc, a member of a structurally distinct indicates that the functional consequence of 1d3 heterodimerization
bHLH-ZIP family, was chosen as a negative control. Thesgith an E protein is inhibition of DNA binding.
family members possess a bHLH motif contiguous with a leucine
zipper motif. Such bHLH-ZIP family members have never beepys innibits transcriptional activation by E proteins
shown to interact with E2A-class bHLH proteii8,60). When
the above proteins are mixed with Id3 protein, antiserum directde determine whether this inhibition of DNA binding resulted in
against 1d3 efficiently coimmunoprecipitates E12, E47, ALF1Aloss of transcriptional activation by E proteins, transfection
ALF1B, HEB and E2-2 (for convenience, the products of thiexperiments were performed in cultured cells. E proteins have
multigene family will be referred to here collectively as E proteinsjpreviously been demonstrated to activate transcription from the
MyoD and Id4 coimmunoprecipitate with 1d3 less efficiently. IdIMCK andp immunoglobulin heavy chain enhancét$24,62).
and c-Myc show no detectable coimmunoprecipitation with Id3By transient transfection of appropriate expression constructs
These data suggest that Id3 protein will heterodimerize withith a CAT reporter construct, E12, E47, ALF1A and ALF1B are
E2A-class bHLH proteins, but not with some other HLH proteinfound to activate transcription through the MCK enhancer (data

and not with Myc-class bHLH-ZIP proteins. not shown). For further analysis, CAT constructs linked to the
MESHIE2 enhancer were chosen, because this yielded greater
1d3 blocks DNA binding by E2A-class bHLH proteins sensitivity than the MCK enhancer. Expression of any of these

bHLH proteins yielded significant transcriptional activation of
To evaluate the functional consequences of heterodimerizati@AT through theydE5HIE2 enhancer. Titration of increasing
with Id3, DNA binding analysis of dimers of bHLH proteins wasamounts of Id3 expression plasmid resulted in progressive loss of
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Figure 2.1d3 blocks DNA binding by bHLH proteins vitro. Unlabeled bHLH and Id3 proteins were produicedtro in parallel reactions to those from Figure 1.
Minimal amounts of bHLH proteins were mixed with 0, 1, 2 ptdf 1d3 translation mix, and then with radiolabeled oligonucleotide containing the MCK enhancer,
followed by fractionation by polyacrylamide gel electrophoresis and autoradiography. Reactions also contained 4pBofluamidyrammed reticulocyte lysate

as a control. Lanes are marked as follows: P, probe DNA without added proteins (lanes 1, 20, 29 and 38); R, unprogrammed reticulocyte lysate (lanes 2, 21, 3
., 4l of Id3 translation mix (lanes 3, 22, 31 and 40). The wedge indicates 1, @larfidtd8 added (lanes 5-7, 9-11, 13-15, 17-19, 26-28, 35-37, 44-46 and 49-51).
The left panel shows the effect of increasing amounts of Id3 on DNA binding by homodimeric HEBr (lanes 4—7), E12 (lanes 8-11), E47 (lanes 12—-15) and E2-2 (|
16-19). The remaining panels show the effect of increasing amounts of 1d3 on DNA binding by heterodimeric complexes of MyoD with HEBr (lanes 24-28), E
(lanes 33-37), E12 (lanes 42—46) and E2-2 (lanes 47-52). The binding reactions containing added MyoD are indicated (lanes 23, 25-28, 32, 34-37, 41, 43-46 and

transcriptional activation (Fi§). To provide a negative control, a fibroblasts, constituting abundant, pre-existing potential targets
point mutant was designed with a helix-breaking proline substitdier mitogen-induced 1d3 protein. The level of E2A transcript and
tion in the second helix of Id3. This mutant, referred to as Id3R72R,otein is regulated in association with proliferative status. Higher
would not be predicted to dimerize with other proteins due tB2A mRNA levels are associated with cellular quiescence,
structural disruption of the HLH dimerization interface. Asconsistent with the observation that enforced E2A expression
expected, this mutant was ineffective in inhibiting transcriptionatauses growth arre€t3). We performed a second analysis of the
activation by E12, E47, ALF1A and ALF1B (FR). In addition, expression of E2A to more closely evaluate the period of S phase
this mutant protein failed to coimmunoprecipitate E#¥%itro  entry[l2 h. No additional significant regulation of E2A proteins
(data not shown). As expected, Id3 was ineffective in inhibitingevel was seen (Fi$B).
transcriptional activation of a collagenase promoter by c-Jun aloneAlthough under normal conditions, E2A proteins disappear as the
or c-Fos with c-Jun, transcriptional activators not belonging to tieRNA declines, the protein synthesis inhibitor cycloheximide
bHLH class (Fig3). These data show that I1d3 acts as a dominaithibits the degradation of existing E2A proteins (Bi@). This
negative regulator of transcriptional activation by E proteins. indicates that a serum-induced or labile protein factor is required for
the turnover of E2A proteins. Finally, E2A expression is negatively
E2A gene expression is regulated during cell cycle re-entry  regulated by serum growth factors, but not by contact inhibition of
. . . cell proliferation (Fig.5D). Thus E2A induction coincides with
We carried out northern blot analysis out in order to document thgndrawal of serum, suggesting that E2A transcription factors may

expression of the E2A and ALF1 genes in the murine fibroblagieiate cellular quiescence due to absence of growth factor.
population from which they were isolated. Serum starved and

serum stimulated BALB/c 3T3 cells express transcripts of siz%s

similar to those reported previousB3(59). The results confirm ISCUSSION

high Ieyel expression of E2A transcripts in _quiesqent c_ells. E2Q and E proteins in cell proliferation

transcripts are also detectable after serum stimulation, with marked

downregulation seen at 2—4 h, rising again as the cells approadbata accumulating over the last several years increasingly point

second cell cycle (FigtA). 1d3 transcripts are induced at 1-2 hto a role of the HLH transcription factor family in cellular growth

(Fig. 4A), as previously described)(We also investigated regulation. These data implicate Id family proteins as growth-

whether I1d3 is also induced around the time of S phase enftf¥ at promoting factors expressed in a wide variety of cells. The

h, as previously described for Id1 and 1d2)(We did not detect expression of their transcripts is associated with proliferative

a second peak of I1d3 transcription, although a brief rise between #iates and their downregulation is associated with differentiation

times of our sample collection cannot be excluded §BY.The and loss of proliferative potentiall37,44,45,64). The wide

rise of E2A and Id3 transcripts at 16—24 h in Figérés seen only  distribution of Id family expression suggests a general and

when conditions are permissive for a second cell division (data riotportant role for Id proteins.

shown). Transcripts of ALF1 were detected at all time points at ald3 mRNA is undetectable in quiescent fibroblasts, but is

very low level (data not shown). No clear changes in ALF&harply induced by mitogenic stimuli such as serum growth

expression were seen following serum stimulation. factors or protein kinase C stimulation by phorbol esters, with
Immunoblot analysis shows that E2A proteins accumulate superinduction of 1d3 mRNA in the presence of the protein

quiescent cells, falling with serum stimulation (F4). These synthesis inhibitor cycloheximid&,8,10). Since Id class proteins

results confirm that E2A proteins are expressed in quiesceappear to exert their effect primarily by interactions through the
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Figure 4.E2A mRNA expression is regulated during cell cycle re-entry.
(A) Northern blot analysis of E2A and 1d3 expression during cell cycle re-entry.
Northern blots were prepared using.@0per lane of total RNA derived from
BALB/c 3T3 fibroblasts. P, proliferating (lane 1); Q, quiescent (lane 2) or
stimulated with 20% FBS for 0.5, 1, 2, 4, 8, 16 or 24 h (lanes 3-9) as indicated.
Two additional samples were treated with cycloheximidpgithl for 2 h in
the presence (2CF, lane 10) or absence (2C, lane 11) of 20% FBS. Blots were
hybridized with radiolabeled E2A, 1d3 or GAPD cDNA probes, and
autoradiographedB] No additional regulation of Id3 mRNA is seen at S phase
entry. A similar blot was prepared usingper lane of total RNA to evaluate
1d3 expression focused at later time points. Q, quiescent (lane 1); 3C, treated
} : with cycloheximide for 3 h (lane 2); 3CF, treated with cycloheximide and 20%
1 i 3 o FBS for 3 h (lane 3); or stimulated with 20% FBS for 2.5, 5, 7.5, 10, 12.5, 15,
E1z Fos 18, 21 or 24 h (lanes 4-12).

+Juin

ALFia  ALFIE

Figure 3.1d3 blocks reporter gene transactivation by bHLH prote#is. ( These results also show that Id3 binds to a third E protein, E2-2,

Autoradiogram of CAT assay. Plasmids expressing ALFLA, ALF1B, E12 of g at least one additional bHLH protein, MyoD. These assays were
E47 were transiently transfected in varying amounts along with a reporter of d with full | th tei H ible. i trast
plasmid responsive to these bHLH proteins, E(#3&]. As a control, similar periormead wi ull lengtn proteins wnere possible, in contras

amounts of 1d3 or 1d3R72P plasmid were cotransfected with c-Fos and c-Juvith much of the published data investigating dimerization and

expression vectors and the c-Fos/c-Jun responsive reporter plasmid Coll-CADNA binding by these proteins. The use of full length proteins is

Cytoplasmic extracts were assayed for CAT activit}4@chloramphenicol, \AfOtentially important due to published data showing that occasional-
i

and analyzed by thin layer chromatography and autoradiography. Data sho ; : :
are representative of three to six transfection experiments for each data po 9 truncated bHLH proteins become more promiscuous with

(B) Quantitation of CAT assays. Autoradiograms from multiple experiments"'€SPect to their dimerization or DNA bindir@@(61). In fact, the
from above were quantitated and normalized, with the activity of each activatointeraction of 1d3 with 1d4 detected in the two hybrid screen using
without added 1d3 defined as one. Dark bars indicate no added Id3, light shadg#iuncated fusion proteins was not strongly supported in our
bars indicate fig Id3 plasmid, dark shaded bars indicata@@i3 plasmid, and  coimmunoprecipitation studies using full length protiinatro.
white bars indicate 2g mutant Id3R72P plasmid. . - . .
There has been no published evidence to suggest that interaction
between Id proteins is important physiologically, although the
potential for Id1 homodimerization has been describéd (
HLH domain §5), it seems likely that the newly induced 1d3 The molecular consequence of I1d3 binding to E proteins is the
protein must interact with a protein that exists in serum-starvédrmation of inactive heterodimers. Evidence of loss of E protein
fibroblasts prior to mitogenic stimulus. Previously, the targets déinction is provided by DNA binding assays vitro and
Id proteins had been determined only in a candidate proteiranscriptional activation assays in transfected cells. This effect is
approach, testing bHLH proteins cloned for other reasondependent upon the integrity of the 1d3 HLH motif. These
Because of this, and because it seemed possible that the diverdedings are similar to data obtained for Id1 in many previous
determinants outside the HLH motif might contribute to differingnvestigations 7,43,67). In fact, no published data has docum-
activity or regulation, we undertook this library screen withouented any clearly defined functional difference between any
preconceived notions. However, the limitations of this study amember of the Id protein family, despite their marked amino acid
those of the two hybrid technique, and this may be characterizeglguence divergence outside the HLH motif. It is not clear what,
as an empiric, rather than exhaustive, investigation. if any, function is served by the nonconserved regions outside the
The results of this investigation primarily implicate theHLH. It has been proposed that the Id genes originally evolved by
products of two E protein genes, E2A and ALF1, as physiologigene duplication, followed by mutational drift in regions of the
targets of 1d3. Interaction of Id3 with two alternative spliceproteins nonessential for Id functiof8). According to this
products from each of these genes is confirmed in the yeasbdel, the sequence divergence outside the HLH indicates that
two-hybrid assayn vitro and in cultured mammalian cells. Our these regions of the proteins serve no essential function.
data show that E2A transcripts and proteins are upregulated irSeveral lines of published evidence suggest that the balance
quiescent cells, further implicating E2A proteins as pre-existingpetween Id and bHLH proteins is critical to cell proliferation.
potential targets for growth factor induced 1d3. First, expression of Id1 mRNA declines with the induction of
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A (63,69,70). Peveraliet al. have previously shown that induced
P O12 4716 24 hre overexpression of E2A proteins inhibits-S cell cycle progression
(63). However, ours is the first published evidence that E2A

- +215 kDa : . . ;
& - <108 protein levels are na_ltu_rally re_gulated_ according to proliferative
csdoes = - status of the cell. This is consistent with the proposed regulatory
+70 role of E2A in cell proliferation (FigtB). Thus far we have no data
12346678 to indicate that 1d3 or E2A directly regulate one another’s

promoters, although this remains a possibility.

Following serum stimulation, E2A steady state protein levels
decline significantly. If E2A proteins had an intrinsically short
half-life, then the rate of decline should be the same in
cyclohemixide treated cells. However, our finding that the half
1 2 3 4 5 6 7 8 life is dramatically prolonged in the absence of new protein

synthesis indicates that E2A is a very stable protein, and that a
— . newly synthesized protein factor must be responsible for its
i L A Dcnnnmn. - k& degrz\da)t/ion followin% serum stimulation. We bglieve that this
Hours: @1 2 4 B0 z 40 Fes: +- + - mechanism may involve the ubiquitin—proteasome pathway, as
BTk =i = we have cloned a novel murine ubiquitin conjugating enzyme that
binds to E2A proteins in the yeast two hybrid assay (D.A.L., T.
1234 S. Schaefer, M.B.S. and G.J.K., manuscript in preparation).
1235 4 8T B 8 Our findings regarding E2A expression in untransfected
fibroblasts demonstrate two important points. First, E2A mRNA

Figure 5. Regulation of E2A protein expression in fibrobla#t3.E2A protein and protein levels vary with proliferative status, suggesting that

expression is downregulated during cell cycle re-entry. Immunoblots WereEZA plays anormal rolein regulatln_g cell growt_h. This S_’hOWS that
prepared using nuclear extract from fibroblasts that were proliferating (P, lane 1jhe results of Peveradt al.are not simply an artifact of induced
quiescent (0, lane 2), or stimulated with 20% FBS for 1, 2, 4, 7, 16 or 24 h (lanegverexpression of E2A proteins. Second, the downregulation of
3-8) as indicated. The blot was probed with anti-E2A antilBpiMd significant E2A proteins involves complex multifactorial mechanisms. The
regulation of E2A occurs at S phase entry. Whole cell extracts were analyzed a;__( . . )
immunoblot from fibroblasts that were serum starved (lane 1), or stimulated witt=2A Steady state mRNA level is downregulated, either at the level
serum for 2, 4, 8, 10, 12, 14 or 16 h as indicated (lanes Z)}&J2f protein of transcription or mRNA stability; E2A activity is antagonized

degradation is dependent upon new protein synthesis. Fibroblasts were serugy the induction of Id proteins; and very interestingly, E2A
starved for 72 h (lanes 1 and 6) and then stimulated with 20% FBS for 1, 2, 4

8 h in the absence (lanes 2-5) or presence (lanes 7-10) of cycloheximide. WhgngOteln _IS degraded t_hrOUQh a pathwa_y reqylrlng new protein
cell extracts were analyzed by immunoblot for E2A contBhERA expression  Synthesis. Accumulation of E2A proteins with growth factor

is induced by serum starvation but not by contact inhibition of cell proliferation. withdrawal suggests that E2A might directly mediate cell cycle

Subconfluent (lanes 1 and 2) and confluent (lanes 3 and 4) fibroblasts wergrrast due to absence of mitogen. Conversely. in tumorigenesis
incubated in media containing 10% FBS (lanes 1 and 3) or 0.5% FBS (lanes 2 anJ gen. y: 9 ’

4). Whole cell extracts extracts were assayed by immunoblot for E2A conten#.(JSS of f.unCt'onal E2A gen'es m'ght form part of a pathway TOI‘
Note that degree of exposure differed for each luminogram. developing growth factor independence, and thus E2A might
therefore constitute a tumor suppressor gene. In support of this
idea, translocations of the E2A locus in human leukemia interrupt
quZA function in at least one allel&l74). In addition, E2A null

L ! . nice that survive the newborn period have an extremely high
poietic cell lines §7,44,45). Second, enforced expression of 1d1 ropensity to develop Iymphomag (C. Murre, personal comymugi-

;naﬁq'\é'?srﬁiglg g:]flgrscsegﬁgl'ﬁ:)zggg;gg tgég?:gtgeél IiyrqneF)SH(;I;:h eFaéion). These findings suggest that the contribution of E2A
of transgenic micel@). Third, enforced expression of Id2 causes omosomal translocations in human cancer may be more

accelerated S phase entry and cellular proliferation by caomplex than prewou_sly suspected. .

mechanism that appears to involve direct association with Rb, thén summary, all available da.ta suggest that opposing moleqular
product of the retinoblastoma locus9d) Fourth, antisense and biological roles are occupied by Id HLH proteins on one side,
inhibition of Id1, Id2 and 1d3 prevents S phase enti/4g). and by E proteins and other relatgd bHLH proteins such as MyoD
Fifth, overexpression of E2A or MyoD proteins (id targeton the other. These bHLH proteins exert a grovvt_h suppressive
proteins) slows cell cycle progression or elicits frank growtf§ffect upon the cell, presumably mediated at least in part by their
arrest 63,69,70). Lastly, the data in this paper demonstrate thdfanscriptional activation of growth suppressive genes. For
the E2A and 1d3 genes are inversely regulated by soluble grovgkample, MyoD has been shown to transactivate the gene
factors. encoding the p21 cyclin-dependent kinashikitor, causing
growth suppression/§). It is conceivable that E2A exerts its
growth suppressive effect by a similar mechanism, activating the
p21 and potentially other growth suppressive genes. Although
It is an important and novel finding in this paper that E2AE2A homodimers are known to be able to bind and transactivate
expression is regulated significantly upon cell cycle re-entry gfnhancers of the immunoglobulin heavy chain gene and the
serum starved fibroblasts. The activities of other bHLH proteinsuscle creatine kinase gene, relevant growth regulatory targets
such as MyoD previously have been implicated in cell cycle arragmain to be identified.

B 0 2 4 B 10 12 14 16 hrs

EZA —-——- — . —

EZ2& - ma re— I

Regulated expression of E2A proteins



2820 Nucleic Acids Research, 1996, Vol. 24, No. 14

ACKNOWLEDGEMENTS 35

We gratefully acknowledge the support and contributions 6%
Daniel Nathans, in whose lab these studies were initiated.
thank Laura Sanders for technical assistance, John Williams for
a blot of RNA samples, and Timothy Schaefer, Pierre Chevrayg
Lian Fong and Chi Dang for their thoughts and advice. G.J.K. has
been supported by Public Health Service grants CA01622 froff
the National Cancer Institute and HD27799 from the Nationé"‘l[l)
Heart, Lung, and Blood Institute, and by the Parker Hughes Trust.
M.B.S. is an ASCO Young Investigator, and is supported bye
Public Health Service grant HLO7525 from the National Heart3
Lung and Blood Institute. D.A.L. is supported by Public Healti)l4
Service grant CA60441 from the National Cancer Institute.

45

REFERENCES 46

1

o~NO O N w N

©

10

11

12

21
22

23

24
25

26

27

28

29

30

31
32

33
34

47
Lau,L.F. and Nathans,D. (1991) In Cohen,P. and Foulkes,J.G\Vi(@eslar
Aspects of Cellular RegulatioBlsevier, Amsterdam, Vol.1st. pp. 257-293. 48

Herschman,H. (1998nnu. Rev. Biochen60, 281-319.

Bravo,R. (1989) In Habenich,A. (ejowth Factors, Differentiation 49
Factors, and CytokineSpringer-Verlag, Berlin, Vol.1st.

Bishop,J.M. (1991Cell, 64, 235-248. 50
Lewin,B. (1991)Cell, 64, 303-312.

Lau,L.F. and Nathans,D. (1985MBO J, 4, 3145-3151. 51
Lau,L.F. and Nathans,D. (1987oc. Natl. Acad. Sci. US84, 1182-1186.
Christy,B.A., Sanders,L.K., Lau,L.F., Copeland,N.G., Jenkins,N.A. and 52

Nathans,D. (1991proc. Natl. Acad. Sci. US88, 1815-1819.
Ellmeier,W., Aguzzi,A., Kleiner,E., Kurzbauer,R. and Weith,A. (1992) 53
EMBO J, 11, 2563-2571.

Deed,R.W., Bianchi,S.M., Atherton,G.T., Johnston,D., Santibanez- 54
Koref,M., Murphy,J.J. and Norton,J.D. (199¥)cogene8, 599-607.
Sun,X.H., Copeland,N.G., Jenkins,N.A. and Baltimore,D. (1981) 55

Cell. Biol, 11, 5603-5611.

Riechmann,V., van Cruchten,l. and Sablitzky,F. (1B@4)eic Acids Res.

22, 749-755. 56
Murre,C., McCaw,P.S., Vaessin,H., Caudy,M., Jan,L.Y., Jan,Y.N.,
Cabrera,C.V., Buskin,J.N., Hauschka,Sdbal.(1989)Cell, 58, 537-544. 57

Kadesch,T. (1993)ell Growth Differ, 4, 49-55. 58
Weintraub,H. (1993Fell, 75, 1241-1244.

Olson,E. (1992pymp. Soc. Exp. Bipli6, 331-341. 59
Jan,Y.N. and Jan,L.Y. (199Ggll, 75, 827-830.

Murre,C., McCaw,P.S. and Baltimore,D. (1988)|, 56, 777—783. 60
Murre,C., Bain,G., Van Dijk,M.A., Engel,l., Furnari,B.A., Massari,M.E.,
Matthews,J.R et al. (1994)Biochim. Biophys. Actal218 129-135. 61
Ellenberger,T., Fass,D., Arnaud,M. and Harrison,S.C. (198dgs Dey. 62

8, 970-980.

Henthorn,P., Kiledjian,M. and Kadesch,T. (1996ence247, 467-470. 63
Henthorn,P., McCarrick-Walmsley,R. and Kadesch,T. (1986)eic Acids
Res, 18, 678. 64
Nielsen,A.L., Pallisgaard,N., Pedersen,F.S. and Jorgensen,P.Nb292)
Cell Biol,, 12, 3449-3459. 65
Hu,J.S., Olson,E.N. and Kingston,R.E. (1998). Cell Biol, 12, 1031-1042. 66

Lassar,A.B., Davis,R.L., Wright, W.E., Kadesch,T., Murre,C., Voronova,A.,

Baltimore,D. and Weintraub,H. (199Ckll, 66, 305-315. 67
Begley,C.G., Aplan,P.D., Denning,S.M., Haynes,B.F., Waldmann,T.A. and
Kirsch,l.R. (1989Proc. Natl. Acad. Sci. USR6, 10128-10132. 68
Chen,Q., Cheng,J.T., Tasi,L.H., Schneider,N., Buchanan,G., Carroll,A.,
Crist,W.,et al. (1990)EMBO J, 9, 415-424. 69
Guillemot,F., Lo,L.-C., Johnson,J.E., Auerbach,A., Anderson,D.J. and
Joyner,A.L. (1993Fell, 75, 463-476. 70
Hsu,H.L., Huang,L., Tsan,J.T., Funk,W., Wright, W.E., Hu,J.S.,
Kingston,R.E. and Baer,R. (1994pl. Cell Biol, 14, 1256-1265. 71
Johnson,J.E., Birren,S.J., Saito,T. and Anderson,D.J. @&82)Natl.

Acad. Sci. US89, 3596-3600. 72
Wang,Y., Benezra,R. and Sassoon,D.A. (18@2) Dyn, 194, 222-230.
Neuman,T., Keen,A., Zuber,M.X., Kristjansson,G.l., Gruss,P. and 73
Nornes,H.O. (1993pev. Biol, 160 186-195.

Evans,S.M. and O’Brien,T.X. (1993gv. Biol, 159 485-499. 74
Duncan,M., DiCicco-Bloom,E.M., Xiang,X., Benezra,R. and Chada,K.
(1992)Dev. Biol, 154, 1-10. 75

Nagata,Y. and Todokoro,K. (19%®lipchem. Biophys. Res. CommuS9,
1355-1362.

Le Jossic,C., llyin,G.P., Loyer,P., Glaise,D., Cariou,S. and Guguen-
Guillouzo,C. (1994ancer Res54, 6065-6068.

Benezra,R., Davis,R.L., Lockshon,D., Turner,D.L. and Weintraub,H.
(1990)Cell, 61, 49-59.

Cordle,S.R., Henderson,E., Masuoka,H., Weil,P.A. and Stein,R. (1991)
Mol. Cell Biol, 11, 1734-1738.

Jen,Y., Weintraub,H. and Benezra,R. (199&)es Dey6, 1466—-1479.
Pongubala,J.M. and Atchison,M.L. (19849I. Cell. Biol, 11, 1040-1047.
Sartorelli,V., Hong,N.A., Bishopric,N.H. and Kedes,L. (199@x. Natl.
Acad. Sci. US/89, 4047-4051.

Sawada,S. and Littman,D.R. (1988)I. Cell Biol, 13, 5620-5628.
Wilson,R.B., Kiledjian,M., Shen,C.P., Benezra,R., Zwolletrl (1991)

Mol. Cell Biol, 11, 6185-6191.

Kreider,B.L., Benezra,R., Rovera,G. and Kadesch,T. (Ba9ehce255
1700-1702.

Shoji,W., Yamamoto,T. and Obinata,M. (19948Biol. Chem.269
5078-5084.

Sun,X.H. (1994Fell, 79, 893-900.

Barone,M.V., Pepperkok,R., Peverali,F.A. and Philipson,L. (F284)
Natl. Acad. Sci. USA1, 4985-4988.

Hara,E., Yamaguchi,T., Nojima,H., Ide,T., Campisi,J., Okayama,H. and
Oda,K. (1994). Biol. Chem.269 2139-2145.

lavarone,A., Garg,P., Lasorella,A., Hsu,J. and Israel,M.A. (128dés
Dev, 8, 1270-1294.

Chevray,P.M. and Nathans,D. (19P4)c. Natl. Acad. Sci. USA9,
5789-5793.

Angel,P., Baumann,l., Stein,B., Delius,H., Rahmsdorf,H.J. and Herrlich,P.
(1987)Mol. Cell Biol, 7, 2256-2266.

Davis,R.L., Cheng,P.F., Lassar,A.B. and Weintraub,H. (X380)60,
733-746.

Weintraub,H., Davis,R., Lockshon,D. and Lassar,A. (198f). Natl.
Acad. Sci. USA87, 5623-5627.

Finkel, T., Duc,J., Fearon,E.R., Dang,C.V. and Tomaselli,G.F. (1993)
Biol. Chem, 268 5-8.

Ausubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., Seidman,J.G.,
Smith,J.A. and Struhl,K. (1998)urrent Protocols in Molecular Biology
John Wiley & Sons, New York.

Sambrook,J., Fritsch,E.J. and Maniatis,T. (18838gcular Cloning: A
Laboratory Manual Cold Spring Harbor Laboratory Press, Plainview, NY.
Kato,G.J., Lee,W.M., Chen,L.L. and Dang,C.V. (195&)es Dey6, 81-92.
Harlow,E. and Lane,D. (1988)tibodies: A Laboratory ManuaCold
Spring Habor Laboratory, Cold Spring Harbor, NY.

Walker,M.D., Park,C.W., Rosen,A. and Aronheim,A. (19@®)leic Acids
Res, 18, 1159-1166.

Hu,Y.F., Luscher,B., Admon,A., Mermod,N. and Tjian,R. (192&)es
Dev, 4, 1741-1752.

Sun,X.H. and Baltimore,D. (199C¢ll, 64, 459-470.

Schlissel,M., Voronova,A. and Baltimore,D. (19G&nes Dey5,
1367-1376.

Peverali,F.A., Ramqvist,T., Saffrich,R., Pepperkok,R., Barone,M.V. and
Philipson,L. (1994EMBO J, 13, 4291-4301.

Ogata,T. and Noda,M. (199BR)pchem. Biophys. Res. Comma80,
1194-1199.

Pesce,S. and Benezra,R. (19¢8). Cell Biol, 13, 7874—7880.
Springhorn,J.P., Singh,K., Kelly,R.A. and Smith, T.W. (19948jol.
Chem, 269, 5132-5136.

Fairman,R., Beran-Steed,R.K., Anthony-Cahill,S.J., Lear,J.D.,
Stafford,W.F.et al (1993)Proc. Natl. Acad. Sci. USA0, 10429-10433.
Deed,R.W., Hirose,T., Mitchell E.L., Santibanez-Koref,M.F. and
Norton,J.D. (1994%ene 151, 309-314.

Sorrentino,V., Pepperkok,R., Davis,R.L., Ansorge,W. and Philipson,L.
(1990)Nature 345 813-815.

Crescenzi,M., Fleming,T.P., Lassar,A.B., Weintraub,H. and Aaronson,S.A.
(1990)Proc. Natl. Acad. Sci. USB7, 8442-8446.

Dedera,D.A., Waller,E.K., LeBrun,D.P., Sen-Majumdar,A., Stevens,M.E.,
Barsh,G.S. and Cleary,M.L. (1993¢ll, 74, 833-843.

Nourse,J., Mellentin,J.D., Galili,N., Wilkinson,J., Stanbridge,E.,
Smith,S.D. and Cleary,M.L. (199Ckll, 60, 535-545.

Inaba,T., Roberts,W.M., Shapiro,L.H., Jolly,K.W., Raimondi,S.C.,
Smith,S.D. and Look,A.T. (1998cience257, 531-534.

Hunger,S.P., Ohyashiki,K., Toyama,K. and Cleary,M.L. (18&2)es

Dev, 6, 1608-1620.

Suda,K., Nornes,H.O. and Neuman,T. (19¢)rosci. Lett.177, 87—90.



