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Cell growth and differentiation are usually antagonistic. Proteins of the basic helix-loop-helix (bHLH) family 

bind DNA and play important roles in the differentiation of specific cell types. Id proteins heterodimerize 

with bHLH transcription factors, blocking their activation of lineage-specific gene expression and thereby 

inhibiting cellular differentiation. To examine the effect of Id-2 on cell proliferation, we overexpressed Id-2 in 

the human osteosarcoma cell line U2OS. Id-2 expression in U2OS reduced the serum requirement for growth 

and stimulated cellular proliferation by shortening the doubling time and increasing the percentage of cells in 

S phase. We demonstrated that Id-2 expression was able to reverse the inhibition of cellular proliferation and 

the block in cell cycle progression mediated by the product of the retinoblastoma tumor suppressor gene pRB. 

This effect was not associated with changes in the state of pRb phosphorylation in transfected cells. In vitro, 

unphosphorylated pRb from cell lysates specifically bound Id-2 but was not able to bind a mutated form of 

Id-2 lacking the HLH domain that also did not antagonize the growth arrest by pRb. In vitro-synthesized pRb 

containing mutations within the E1A/large T-binding pocket did not bind Id-2. However, wild-type pRb was 

able to bind to a region of Id-2 corresponding to only the HLH domain. In vivo, a physical association between 

Id-2 and pRb was seen in cross-linked extracts from SAOS-2 cells transfected with Id-2 and pRb. Our data 

identify a role for Id-2 in the regulation of cellular proliferation and suggest that the interaction between Id-2 

and pRb is a molecular pathway over which synchronous changes in growth and differentiation are mediated 
in vivo. 
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In virtually all eukaryotic tissues cell differentiation is 
associated with decreased proliferation (Alema and Tato 
1987; Li and Olson 1992). During normal development, 
the acquisition of differentiated cellular characteristics 
is associated with a loss in proliferative potential 
(Baserga 1985). In addition, the most aggressive and fast- 
est growing neoplasms are characterized by anaplasia, 
the loss of differentiated features (Robbins 1989). How- 
ever, the molecular mechanisms responsible for linking 
together the maintenance of the undifferentiated state 
and high proliferative capacity are unknown. 

Id proteins belong to a class of nuclear proteins known 
as helix-loop-helix (HLH) proteins (Benezra et al. 1990). 
The distinguishing feature of this class is an amino acid 
sequence motif predicted to form a HLH structure 
through which proteins dimerize (Murre et al. 1989a, b). 
Members of the HLH family acting as transcription fac- 
tors typically contain a domain of basic amino acids 5' to 
the HLH motif (Tapscott et al. 1988). The basic domain 
of such transcription factors mediates their binding to 
DNA when these proteins dimerize (Davis et al. 1990; 
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Voronova and Baltimore 1990). Id proteins lack the basic 
amino acid domain necessary for DNA binding. Conse- 
quently, Id proteins inhibit binding to DNA and tran- 
scriptional activation by heterodimerization with other 
bHLH proteins (Benezra et al. 1990; Sun et al. 1991). This 
mechanism is considered responsible for the inhibition 
of cell differentiation attributed to Id proteins in several 
systems (Jen et al. 1992; Kreider et al. 1992; Wilson et al. 
1991). In agreement with this model, Id expression de- 
creases in a variety of cell lines when they are induced to 
differentiate (Benezra et al. 1990; Biggs et al. 1992; 
Kawaguchi et al. 1992; Murray et al. 1992). Conversely, 
cell differentiation is inhibited by overexpressing Id (Jen 
et al. 1992; Kreider et al. 1992; Murray et al. 1992). 

Three members of the Id family have been identified 
in the mouse and in humans: Id-1 (Benezra et al. 1990; 
W. Zhu and M. Israel, pets. comm.), Id-2 (Sun et al. 1991; 
Biggs et al. 1992), and Id-3 [identified as HLH462.3 

(Christy et al. 1991) in the mouse and as heir-1 (Ellmeier 
et al. 1992) or 1R21 (Deed et al. 1993) in humans]. All 
three members have a high degree of conservation in the 
HLH domain, and the proteins encoded by these genes 
have been shown to complex with other bHLH proteins, 
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preventing them from binding to DNA and from activat- 
ing tissue-specific transcription. There is also indirect 
evidence that Id genes can contribute to cellular growth 
regulation (Christy et al. 1991; Deed et al. 1993). Id genes 
are highly expressed during early development while 
proliferation is occurring and are typically not expressed 
in most mature tissues (Biggs et al. 1992; Ellmeier et al. 
1992). In addition, the expression of some members of 
the Id family can be rapidly induced by growth factor 
treatment of responsive cells (Christy et al. 1991; Deed 
et al. 1993). Enhancement of Id expression has been re- 
ported in osteoblastic cells after growth stimulation 
with bone morphogenetic protein-2 (Ogata et al. 1993). 
Furthermore, the muscle determination factor, MyoD, 
whose function is known to be inhibited by Id, is able to 
arrest cell growth in a number of cell lines (Crescenzi et 
al. 1990; Sorrentino et al. 1990). Although members of 
the HLH family, particularly the Id proteins, have been 
extensively implicated in protein-protein interactions 
responsible for the control of cell type-specific transcrip- 
tion, the demonstration of functional associations of 
these same HLH proteins with key regulators of cell cy- 
cle and cell proliferation has been limited. 

The retinoblastoma gene (RB) is a tumor suppressor 
gene and the protein encoded by this gene (pRb) func- 
tions as a negative growth regulator (Lee et al. 1987a; 

Huang et al. 1988). Three DNA tumor virus-transform- 
ing proteins, including SV40 T antigen, adenovirus E1A, 
and human papillomavirus E7, bind to pRb and reverse 
its growth suppressive function (De Caprio et al. 1988; 
Whyte et al. 1988, Munger et al. 1989). Only the unphos- 
phorylated form of pRb binds to these viral oncoproteins 
(Weinberg 1991). This form of pRb acts physiologically 
to maintain the cells in the Go/G1 phase of the cell cycle 
(Buchkovich et al. 1989; Goodrich et al. 1991). The cel- 
lular proteins with which pRb interacts include the prod- 
uct of the proto-oncogenes c-myc (Rustgi et al. 1991) and 
c-abl (Welch and Wang 1993), the transcription factor 
E2F (Chellappan et al. 1991; Helin et al. 1992; Kaelin et 
al. 1992), D-type cyclins (Ewen et al. 1993; Dowdy et al. 
1993), and myogenic factors like MyoD and myogenin 
(Gu et al. 1993). The interaction between MyoD and pRb 
mediates not only the induction of myogenic differenti- 
ation but also cell cycle arrest, which is induced by this 
bHLH factor (Gu et al. 1993). 

In this report we examine the hypothesis that the Id-2 
protein plays a role in regulating cellular proliferation, in 
addition to its well-characterized effect in maintaining 
the undifferentiated state. We demonstrated an enhance- 
ment of cellular proliferation by overexpressing the pro- 
tein Id-2 in a human cell line. Id-2 was also able to re- 
verse the growth inhibition caused by pRb, and a specific 
binding was demonstrated between Id-2 and the active, 
unphosphorylated form of pRb. 

Results 

Id-2 enhances cell proliferation in the human 

osteosarcoma cell line U20S 

When cells are forced to re-enter the cell cycle after re- 

lease from serum starvation, Id-2 mRNA peaks twice 

corresponding to the Go/G1 transition and late G1 phase 
of the cell cycle (W. Zhu and M. Israel, pers. comm.). To 
study the role of Id-2 in cell proliferation and in cell cycle 
progression, human Id-2 cDNA was cloned in the vector 
pMEP4 (Invitrogen) in which a metallothionein pro- 
moter regulates Id-2 transcription. This recombinant 
molecule [pMEP4(Id-2)] was transfected into the osteosa- 
rcoma cell line U2OS (Lee et al. 1987b; Diller et al. 
1990). This cell line is particularly well suited for the 
study of cellular proliferation because it encodes func- 
tional pRB and p53 and exhibits a serum dependency for 
proliferation (see below). Several independent clones 
of U2OS cells transfected with pMEP4(Id-2) or pMEP4 
were isolated. Id-2 protein from nine of these clones and 
one pool of transfectants was immunoprecipitated with 
rabbit polyclonal antibodies raised against bacterial 
Id-2 protein (Fig. 1). All the clones transfected with 
pMEP4(Id-2) expressed higher amounts of Id-2 protein 
than the level of Id-2 found in the human neuroblastoma 
cell line SMS-KCNR, which exhibited the maximal en- 
dogenous level of Id-2 among numerous human cell lines 
that we examined (Fig. 1; data not shown). The 15-kD 
overexpressed Id-2 protein corresponded to the predicted 
molecular size of human Id-2 and comigrated with human 
Id-2 produced from the same cDNA in an in vitro tran- 
scription/translation system (data not shown). The band 
corresponding to the endogenous Id-2 protein from U2OS 
is barely visible after immunoprecipitation. U2OS cells 
overexpressing Id-2 have been continuously maintained in 
culture for 1 year without any reduction in cell viability. 

We determined the effect of constitutive Id-2 expres- 
sion on the proliferation of U2OS osteosarcoma cells 
(Fig. 2A). Two independent clones [U2OS(Id-2) clones 2 
and 13] and a pool of -100 clones overexpressing Id-2 
grew faster than individual clones [U2OS(pMEP4) clones 
8 and 9] and a pooled population of cells transfected with 
vector alone (Fig. 2A, data not shown). The average pop- 
ulation doubling time of the two clones transfected with 
pMEP4(Id-2) was 1.01 -+ 0.35 days, considerably shorter 
than 2.49 + 0.51 days for the two clones transfected with 
pMEP4. Similarly, the saturation density achieved by 
U2OS transfected with Id-2 [U2OS(Id-2)] was, on aver- 
age, 2.5 times higher than that of U2OS(pMEP4) 
(35.4 + 9.3x 10 4 cells/cm 2 versus 14.1 + 1.3x104 cells/ 

cm 2, respectively). To study the potential effects of Id-2 
on the serum dependency of U2OS cells, the growth rate 
of U2OS(pMEP4) and U2OS(Id-2) was determined in dif- 
ferent concentrations of fetal calf serum (FCS; Fig. 2B). 
At the FCS concentration of 0.1%, U2OS(pMEP4) did not 
grow, whereas in these same conditions U2OS(Id-2) cells 
retained 20-30% of the proliferative capacity of cells 
growing in 10% FCS. The effect of Id-2 overexpression 
on the distribution of cells in the cell cycle was deter- 
mined by flow cytometric analysis of cells that had been 
labeled with bromodeoxyuridine (BrdU; Fig. 2C). Cell 
populations expressing Id-2 showed an increased number 
of cells in S phase and a decreased number in G1. These 
results demonstrate that Id-2 expression can enhance the 
growth potential of U2OS cells. 

GENES & DEVELOPMENT 1271 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Iavarone et  al. 

Figure 1. Constitutive overexpression of 
Id-2 in the human osteosarcoma cell line 
U2OS. Cells (10 6) from nine clones of U2OS 
transfected with Id-2 (ID-clones) and one pool 
of Id-2 transfectants (ID-pool) were metaboli- 
cally labeled with [35S]methionine and 
[aSS]cysteine, lysed, and immunoprecipitated 
with rabbit polyclonal antibodies raised 
against bacterially synthesized human Id-2 
(Anti-ID-2) or with preimmune serum (Pre). A 
similar immunoprecipitation was performed 
from a clone of U2OS transfected with 
pMEP4 DNA (Vector) and from the human 
neuroblastoma cell line SMS--KCNR (KCNR). 
Protein samples were electrophoresed in a 
15% SDS-polyacrylamide gel. The migration 
of the Id-2 protein is indicated. (MW) 14C-La- 
beled molecular mass markers (in kD). 
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Biological effects of Id-2 expression on pRb-mediated 

growth arrest 

A common feature of p53 and pRb, two well-character- 
ized tumor suppressor gene products, is their ability to 
inhibit cell proliferation (Huang et al. 1988; Baker et al. 
1990). An assay used to demonstrate this effect measures 
the ability of tumor suppressor genes such as RB to re- 
duce the number of G418-resistant colonies when trans- 
fected in the presence of the neomycin-resistance gene 
(Qin et al. 1992; Zhu et al. 1993). The osteosarcoma cell 
line SAOS-2 lacks both functional pRb and p53, and the 
introduction of either pRb or p53 into these cells has 
been shown to reduce the proliferative potential of 
SAOS-2 cells (Chen et al. 1990; Diller et al. 1990; Shew 
et al. 1990; Qin et al. 1992). We tested whether the effect 
of Id-2 on cell proliferation seen in U2OS was associated 
with a perturbation of the growth-suppressing effect of 
pRb or p53 in SAOS-2. High expression of Id-2 in SAOS-2 
cells was obtained when Id-2 cDNA was driven by a 
cytomegalovirus (CMV)promoter. In two experiments, 
the overexpression of pRb in SAOS-2 in the presence of 
an antisense construct of Id-2 (pCMVId-2AS) suppressed 
the colony-forming efficiency of these cells by 63%-73% 
{Table 1). However, the coexpression of sense Id-2 (pC- 
MVId-2) relieved the growth suppression produced by 
pRb: In the presence of Id-2, pRb expression caused only 
a 15-30% reduction in colony-forming efficiency when 
compared with the clonogenic efficiency of SAOS-2 
transfected without RB. Id-2 expression did not affect the 
growth inhibition produced by p53 in this assay {data not 
shown). 

To analyze the pattern of expression of Id-2 and pRb in 
transfected cells, SAOS-2 cultures were examined 48 hr 
after transfection by double-immunofluorescence stain- 
ing using the anti-pRb monoclonal antibody pMG3-245 
followed by a fluorescein-conjugated anti-mouse anti- 
body and polyclonal anti-Id-2 antibodies followed by a 
rhodamine-conjugated anti-rabbit antibody. Under the 
experimental conditions used in this immunoassay, en- 

dogenous pRB and Id-2 in SAOS-2 were undetectable 
(Fig. 3B, C). Cells transfected with expression vectors en- 
coding either Id-2 or pRB showed strong nuclear staining 
for the exogenous proteins {Fig. 3A,D). Id-2 positive cells 
also had detectable cytoplasmic staining {Fig. 3A, E). In 
cultures cotransfected with Id-2 and pRb, staining of 
these two proteins was localized in the same cells {Fig. 
3E, F). However, a decreasing fraction of cells expressing 
pRb was observed during the 18 days following transfec- 
tion and selection in G418 and cell lines ultimately es- 
tablished from such experiments expressed Id-2, but they 
did not express pRb (data not shown). This indicates that 
although Id-2 and pRb are expressed in the same cells, 
Id-2 by itself is not sufficient to overcome the selection 
for pRb-negative variants that develop into stable trans- 
fectants of SAOS-2. These findings are concordant with 
experiments reported previously in which SAOS-2 cells 
transfected with RB give rise to permanent cell lines that 
do not express pRb (Qin et al. 1992). This has been ob- 
served regardless of the coexpression of pRb-associated 
proteins, for example, cyclin D2, that are known to func- 
tionally antagonize the pRb-mediated growth suppres- 

sion (Ewen et al. 1993). 
To examine whether the increase in colony-forming 

efficiency of RB-transfected cells in the presence of Id-2 
is simply attributable to the ability of Id-2 to enhance 
cell proliferation, SAOS-2 cells transfected with pCM- 
VId-2, pCMVId-2AS, or pCMV vector were isolated and 
expanded as stable cell lines. Clones and pools of SAOS-2 
transfected with pCMVId-2 expressed Id-2 protein in 
amounts comparable with those found in U2OS cells 
transfected with pMEP4(Id-2), as determined by immu- 
noprecipitation and immunofluorescence staining (data 
not shown). However, they did not show a faster growth 
rate when compared with cells transfected with pCM- 
VId-2AS or pCMV vector (Fig. 4A). These data are con- 
sistent with similar colony-forming efficiencies found 
following transfection of SAOS-2 with either 1(t-2 or Id- 

2AS in the absence of pRb (Table 1). Taken together, 
these findings indicate that the increase in colony-form- 
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Figure 2. Effect of constitutive Id-2 ex- 
pression on cell proliferation of U2OS. (A) 
Cell growth kinetics of U2OS(pMEP4) and 
U2OS(Id-2) transfectants. (Left) l0 s or 
(right) 6x 104 cells from individual clones 
of U2OS transfected with pMEP4 (open 
symbols) or pMEP4 (Id-2, solid symbols) 
were seeded into six-well plates on day 0, 
and total viable cell numbers were deter- 
mined at the indicated days (1-8). Each 
point represents the mean + the standard 
deviations of triplicate samples. (B) Serum 
dependence for growth of U2OS(pMEP4) 
and U2OS(Id-2) transfectants. Duplicate 
cultures of cells transfected with pMEP4 
(left) or cells transfected with pMEP4(Id-2, 
right) were cultured in medium containing 
the indicated concentrations of serum and 
counted on the indicated days. Note the 
different scales displayed on the y-axes to 
compare the effect of serum withdrawal on 
populations of cells with different growth 
rates. (C) Flow cytometric analysis. Con- 
trol cells transfected with pMEP4 vector 
DNA (left) and cells transfected with Id-2 
(right) were plated at 1 x 106 cells per 100- 
mm dish in media containing 10% serum. 
Two days later, cells were incubated in 10 
t~M BrdU for 2 hr, and stained with a fluo- 
rescein-conjugated monoclonal antibody 
to BrdU. FACS analysis for total DNA con- 
tent and BrdU incorporation was per- 
formed on cells fixed in ethanol, treated 
with RNase, and stained with propidium 
iodide. Cells (2x104) were analyzed by 
FACScan with LYSYS II software. The 
windows show relative DNA content (x- 
axis) and fluorescence intensity (y-axis) of 
stained cells (dots). Cells with low DNA 
content and negative for fluorescent stain- 
ing represent the Go/G 1 population (R1). 
Cells with double amount of DNA content 
and negative for fluorescent staining repre- 
sent the G2/M population (R3). Cells with 
an intermediate amount of DNA content 
and positive for fluorescent staining repre- 
sent the S-phase population (R2). 

ing efficiency produced by Id-2 in cells cotransfected 

wi th  RB is not the result  of a nonspecific enhancement  

of cell proliferation by Id-2, which  might  obscure an in- 

dependent growth inhibi tory effect by pRb. The expres- 

sion of exogenous pRb in SAOS-2 results in the synthesis 

of pRb that  is present exclusively in the active, unphos- 

phorylated form (Qin et al. 1992). To determine whether  

Id-2 expression could reverse the growth-inhibitory ef- 

fect of pRb by modifying its expression or its phospho- 

rylation state, we examined the newly synthesized pRb 

in SAOS-2 in the presence or in the absence of Id-2 ex- 

pression (Fig. 4B). Western blot analysis of pRb in 

SAOS-2 cells 48 hr after transfection showed that Id-2 

expression in these cells did not affect pRb expression or 

pRb phosphorylation, pRb appears as a single band of 

similar  intensi ty  in the presence or in the absence of 

Id-2, comigrating wi th  the unphosphorylated form ob- 

served in parental U2OS. These data demonstrate  that 

Id-2 does not inhibi t  pRb expression in SAOS-2 cells and 

that the rescue of pRb-mediated growth arrest is not de- 

pendent on a detectable phosphorylation of pRb in Id-2- 

transfected cells. 

Expression of pRb in proliferating SAOS-2 blocks cell 

cycle progression and inhibi ts  entry into S phase (Goo- 

drich et al. 1991). We evaluated pRB activi ty in the ab- 

sence and in the presence of Id-2 coexpression in a tran- 

sient transfection assay. SAOS-2 cells were transfected 

wi th  expression vectors encoding pRb and Id-2, as well  as 
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T a b l e  1. Reversal of pRB growth suppression by Id-2 

Average number of colonies 

SAOS-2 cells transfected with experiment 1 experiment 2 

p[3Actvector + pCMVId-2AS 
p[~ActRB + pCMVId-2AS 
pf~Actvector + pCMVId-2 
p~ActRB + pCMVId-2 

442 174 

121 (73%) a 65 (63%) a 

372  202 

259 (300/o) a 171 (15%) a 

SAOS-2 cells were transfected with the indicated expression 
constructs, split 1:8, incubated in the presence of G418 for 18 
days, and stained. In these experiments, RB expression was un- 
der the control of a f~-actin promoter and Id-2 under the control 
of a CMV promoter. The percentage of inhibition by pRB was 
calculated according to the formula: % inhibition = 100 - 
[(nr/nc) x 100], where nr = number of colonies in pRB dishes 
and nc = number of colonies in dishes without pRB. 
aCalculation of percent reduction in colony-forming efficiency. 

an expression plasmid for the cell surface marker CD20 

to identify the transfected cells (Zhu et al. 1993). Follow- 

ing transfection, the cells were incubated in growth me- 

dium containing BrdU. The percentage of transfected 

cells progressing through S phase was determined by a 

double immunofluorescence assay in which the fraction 

of CD20-positive cells that were also positive for BrdU 

staining was calculated. In two independent experi- 

ments, pRb expression reduced the percentage of cells in 

S phase from 40% to 16% and from 26% to 5% (Table 2). 

The coexpression of Id-2 increased the fraction of the 

transfected cells that were positive for BrdU staining up 

to 39% and 18%, respectively. A mutant construct of 

Id-2 lacking the HLH domain [pCMVId-2(AHLH)] did not 

modify the block of progression through S phase caused 

by pRB (Table 2). These results demonstrate that Id-2 can 

transiently antagonize the arrest of proliferation medi- 

ated by pRb, and they are consistent with the data from 
the colony formation assay presented in Table 1. 

plex with pRb, we incubated GST-Id-2 or GST-Id- 

2[AHLH] with lysates prepared from the human osteosa- 

rcoma cell lines U2OS and SAOS-2. Bound proteins were 

separated by SDS-PAGE, and the presence of pRb was 

detected by Western blot analysis. GST-Id-2 but not 

GST-Id-2[AHLH] bound a l l0-kD protein from the 

U2OS lysate that was recognized by the anti-pRb anti- 

body C-15 (Fig. 5). This protein comigrated with pRB 

immunoprecipitated with the anti-pRb monoclonal an- 

tibody C36 from the same cell lysate (Fig. 5) and was not 

bound by GST or GST-p53 (data not shown). In addition, 

both GST-Id-2 and GST-Id-2[AHLH] did not bind a 110- 

kD protein when the experiment was done with lysates 

from SAOS-2 cells, which are known to lack a normal 

retinoblastoma protein (Fig. 5). Taken together, these 

data indicate that GST-Id-2 can form a specific complex 

with pRb in vitro and that the HLH domain contained in 

the Id-2 protein is required for this interaction. 

We next asked whether the binding of pRb to GST- 

Id-2 was specific for its unphosphorylated form. Lysates 

from the SAOS-2 and U2OS cell lines were prepared in 

anti Id-2 anti pRB 

Specific binding of human Id-2 
to the unphosphorylated form of pRb 

Id proteins suppress differentiation by forming het- 

erodimers with bHLH transcription factors (Benezra et 

al. 1990; Sun et al. 1991). To study the possibility that 
protein-protein interactions could be responsible for the 

effects of Id-2 on cell proliferation and pRb growth inhi- 

bition described above, we prepared glutathione-S-trans- 

ferase (GST) fusion proteins of human Id-2 (GST-Id-2) 

and of modified Id-2 lacking the entire HLH domain 

[GST-Id-2(AHLH)]. Whereas the GST-Id-2[AHLH] fusion 

protein did not complex with the bHLH proteins El2 or 

MyoD, GST-Id-2 bound with comparable efficiency to 

both El2 and MyoD in vitro (data not shown). Therefore, 

the human Id-2 protein expressed as a GST fusion prod- 
uct was able to interact through its HLH domain with 

two bHLH proteins known to be physiologic partners of 
Id-1 and Id-2. 

To test whether GST-Id-2 could form a specific com- 

B 

=. F 

Figure 3. Expression of Id-2 and pRb in transfected SAOS-2 
cells. Cells were processed for double immunofluorescence 48 
hr after transfection with the following combinations of expres- 
sion constructs: (A,B), pCMVId-2+p~Actvector; (C,D), 
pCMVvector+pf~ActRB; (E,F), pCMVId-2+p~ActRB. Fixed 
cells were indirectly immunostained for Id-2 with rhodamine 
and for pRB with fluorescein. Photographs were taken from the 
same field using filters for rhodamine (left) and for fluorescein 
(right). 
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plates on day 0, and total viable cell numbers were determined at the indicated days (1-7). Each point represents the mean +- the 
standard deviations of triplicate samples. (B) Phosphorylation state of pRb in transfected SAOS-2 cells. Forty-eight hours after trans- 
fection with the same combinations of expression constructs shown in Table 1 (lane 1, p~Actvector+pCMVId-2AS; lane 2, 
pl3ActRB + pCMVId-2AS; lane 3, pf3Actvector + pCMVId-2; lane 4, p~ActRB + pCMVId-2), whole cell lysates were examined by West- 
ern blot with the rabbit polyclonal anti-pRB antibody C-15. Immune complexes were detected with ECL (Amersham). Lane 5 contains 
lysates from 1 x 106 logarithmically growing U2OS osteosarcoma cells. The migration of the unphosphorylated (pRb) and hyperphos- 
phorylated (ppRb) forms of pRb in 6% SDS-polyacrylamide is indicated. 

the presence or in the absence of phosphatase inhibitors 

and subsequently incubated with GST-Id-2. Lysates 

were also prepared from the cell line 293, which ex- 

presses the viral pRb-binding protein E1A, and immuno- 

precipitated with a monoclonal antibody against E1A 

(M73) or against pRb (C36). A Western blot evaluating 

the presence of pRb demonstrated that only the fastest 

migrating form of pRb from U2OS, which has been 

shown previously to be unphosphorylated (Buchkovich 

et al. 1989), bound to GST-Id-2 (Fig. 6A). This form of 

pRb was bound with higher efficiency when phosphatase 

inhibitors were omitted from the preparation of the cell 

lysates. The preparation of the lysates in the absence of 

phosphatase inhibitors resulted in greater amounts of 

unphosphorylated pRb being available for binding {data 

not shown). Furthermore, the 110-kD protein bound to 

GST-Id-2 reacted with the mAb G99-549 used to probe 

the blot shown in Figure 6B and comigrated with the 

unphosphorylated form of pRb interacting with E 1A (Fig. 

6B, lane 3). The antibody G99-549 specifically recognizes 

unphosphorylated pRb (PharMingen). Thus, GST-Id-2 

can bind selectively in vitro to the unphosphorylated 

form of pRB that has been shown to function in the sup- 

pression of cell proliferation (Qin et al. 1992). 

Table 2. Reversal of pRB-mediated cell cycle arrest by Id-2 

Transfected cells in S phase (%) 
SAOS-2 cells 
transfected with experiment 1 experiment 2 

p~Actvector + pCMVvector 
p~ActRB + pCMVvector 
p~Actvector + pCMVId-2 
p~ActRB + pCMVId-2 
p~Actvector + pCMVId-2- 

(AHLH) 
p~ActRB + pCMVId-2- 

(AHLH) 

40 26 
16 5 
41 28 
39 18 

30 

SAOS-2 cells were transfected with the plasmids indicated plus 
an expression vector for the cell-surface marker CD20. After 48 
hr they were incubated in medium containing BrdU for 2 hr. 
Double immunofluorescence was used to determine the per- 
centage of CD20-positive cells that were stained with anti-BrdU 
antibody. The values represent the results from counting -300 
CD20-positive cells for each sample. 

Id-2 does not interact with the bHLH region 

of E2F-1 and binds only pRb with an intact 

pocket domain 

The cellular transcription factor E2F-1 binds pRb, and its 

DNA-binding region includes a domain predicted to 

form an HLH motif (Kaelin et al. 1992). To test whether 

the interaction between Id-2 and pRb could also involve 

binding of Id-2 with E2F-1, we transcribed and translated 

in vitro E2F-1 cDNA and the synthesized polypeptides, 
labeled with [3SS]methionine, were incubated with dif- 

ferent GST fusion proteins (Fig. 7). As expected, the in 

vitro translation reaction gave rise to a doublet of 5 7- and 

60-kD polypeptides (Kaelin et al. 1992). These protein 

species bound very efficiently to a GST-Rb fusion pro- 

tein that included the entire pocket domain (amino acids 

379-928) of pRb. A point mutation in amino acid 706 of 

the pRb molecule (Cys ~ Phe) was sufficient to greatly 

reduce the binding affinity of GST-Rb to E2F-1. Neither 

GST-Id-2 or GST-MyoD showed any noteworthy bind- 
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Figure 5. Binding of GST-Id-2 to pRb from the human  osteosa- 

rcoma cell line U2OS. U2OS or SAOS-2 cell extracts were in- 
cubated with  GST-Id-2 or GST-Id-2 [AHLH]. GST fusion-bound 

proteins, as well as proteins immunoprecipi tated from U2OS by 

anti-pRb antibody C36, were separated by 8% SDS-PAGE, 
transferred to nitrocellulose, and probed with rabbit polyclonal 

(C-15) anti-pRb antibody. The migration of pRb is indicated. 

which contain an intact pocket domain and bind E1A 
(Fig. 8, M73), show preferential binding to GST-Id-2 

(Figs. 8 and 9). These data suggest that the binding of 
both E1A and Id-2 to pRb involves a similar region in 

pRb, which must retain an intact pocket domain. 

Specificity of the interaction of pRb with proteins 

containing an HLH domain 

A direct interaction has been described between pRb and 
the myogenic bHLH transcription factor MyoD. This 

A 
Cell l ine S U 293 

Phosphatase  
inhibi tors 

- + - + + + 

- 200 kD 

- 100 kD 

- 71 kD 

1 2 3 4 5 6  

B 
Cell l ine U 293 

Phosphatase  
inhibdors  " + " + 

ing to E2F-1 polypeptides. Thus, the specific binding of 

GST-Id-2 to unphosphorylated pRb does not involve a 
detectable interaction of GST-Id-2 with the pRb-binding 
factor E2F- 1. 

To study further the association between Id-2 and pRb, 
we prepared [3SS]methionine-labeled pRb in vitro by 

transcription and translation of a human RB cDNA 

clone. The potential role of accessory factors participat- 
ing in the binding of GST-Id-2 to pRb was tested by 
incubating in vitro-synthesized pRb with GST-Id-2 in 
the presence or in the absence of SAOS-2 lysate. GST- 
Id-2 bound efficiently to in vitro-translated wild-type 

pRb, regardless of the presence of the SAOS-2 extract 
(Fig. 8). The binding of GST-Id-2 to a mutated form of 

pRb [pRBA(303-404)] was greatly diminished, especially 
in the presence of the SAOS-2 extract. The RB cDNA 
encoded by RBA(303-404) contains a deletion in region A 
of the pocket domain of pRb known to be essential for 
the association of pRb with adenovirus EIA or SV40 
large T antigen (Hu et al. 1990). Furthermore, the trans- 
lation products of pRb with molecular mass >56 kD, 

- 100 kD 

!iil)!!!:i !ii?!i!ii: ~ : : ' /  
+i~ !~i ~ iii: ~iiii:i : i~i i~+ ill i: i:i ~ 

1 2  3 4  

Figure 6. GST-Id-2 specifically binds unphosphorylated pRb. 

(A) Lysates from SAOS-2 {lanes 1,2) and U2OS (lanes 3,4) were 
prepared in the absence {lanes 1,3) or in the presence (lanes 2,4) 
of phosphatase inhibitors and bound to GST-Id-2. Lysates from 
cell line 293 {lanes 5,6) were prepared in the presence of phos- 

phatase inhibitors and immunoprecipi tated with  M73 (anti- 
E1A, lane 5) or C36 (anti-pRb, lane 6) antibodies. Proteins were 

separated by 8% SDS-PAGE, and after transfer, the blot was 
probed with  the anti-pRb antibody C-15. (B) Lysates from U2OS 

{lanes 1,2) and 293 {lanes 3,4} were prepared in the absence 
{lanes 1,3) or in the presence {lanes 2,4) of phosphatase inhibi- 
tots. The lysates from U2OS were bound to GST-Id-2, and the 
lysates from 293 were precipitated with the antibody M73. Pro- 
teins were separated by 8% SDS-PAGE, and after transfer, the 
blot was probed with the antibody G99-549, which is specific 
for the unphosphorylated form of pRb. 
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the HLH domain is necessary and sufficient for binding 
of Id-2 to pRb. 

A complex between Id-2 and pRb exists 

in transfected SA OS-2 cells 

The results above suggest that the binding between Id-2 

and pRb in vitro occurred via the same domains of Id-2 

and pRb mediating other associations physiologically 
significant for these proteins (Benezra et al. 1990; Wein- 

berg 1991). We sought to determine whether the Id-2/ 
pRb interaction found in vitro could also be seen in vivo. 

The identification of specific cellular proteins that com- 

plex with pRb in vivo has been particularly challenging, 

possibly because pRb-containing complexes are unstable 

or because of the transient nature of these associations 

Figure 7. Lack of binding of in vitro-translated E2F-1 to fusion 
proteins containing the HLH domain. In vitro-translated 35S- 
labeled E2F-1 was incubated with the following GST fusion 
proteins bound to glutathione-Sepharose: (1) Wild-type GST- 
Rb, including amino acids 379-928 of pRb (GST-RBwt); (2) 
GST-Rb containing a point mutation at amino acid 706 
[{Cys--* Phe), GST-RB706(C:F)]; (3) GST-MyoD (amino acids 
3-318 of the MyoD protein, GST-MyoD); (4) full-length GST- 
Id-2 (GST-Id-2); and (5) GST alone (GST). The bound proteins 
were analyzed by SDS-PAGE and autoradiography. The migra- 
tion of E2F-1 polypeptides is indicated. 

binding seems to be necessary for the myogenic activity 

and the growth-inhibitory effect of MyoD (Gu et al. 
1993). To compare the efficiency of the binding of MyoD 

and Id-2 to pRb in our experimental system, we exam- 
ined the in vitro binding efficiency of several different 
protein combinations (Fig. 9). Purified GST-Id-2, GST- 

MyoD, or GST-Id-2[AHLH] fusion proteins were incu- 
bated with in vitro-translated wild-type pRb or the mu- 

tant pRb 706(Cys-o Phe) derived from a human tumor 

and containing a point mutation within the pocket that 
abolishes binding to the viral oncoproteins SV40 large T 

and E1A {Kaye et al. 1990; Kratzke et al. 1992) and to the 
cellular factors E2F-1 (Helin et al. 1992; Kaelin et al. 

1992} and cyclin D {Dowdy et al. 1993; Ewen et al. 1993). 
These experiments, shown in Figure 9, demonstrate 

comparable binding efficiency of GST-Id-2 and GST- 

MyoD to wild-type pRb. Conversely, no binding is seen 
between the point mutant  pRb 706(Cys-o Phe) and 

GST-Id-2 or GST-MyoD, thus confirming the require- 
ment for an intact and functional pocket domain in the 

binding of pRb to HLH proteins (Gu et al. 1993). Because 
earlier experiments showed that the GST-Id-2[AHLH] 

fusion protein was not able to bind any form of pRb (see 

above), we tested whether the HLH region of the Id-2 
protein was sufficient to bind to the pRb protein. As 
shown in Fig. 10, in vitro-translated wild-type pRb is 

able to bind GST-Id-2[HLH] containing only the HLH 
domain, amino acids 35-76, of the Id-2 protein. Thus, 

Translation: pRBA(303-404) wt pRB 
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Figure 8. In vitro-translated pRb binds GST-Id-2. In vitro- 
translated 35S-labeled wild-type pRb (wt pRb) or mutant pRb 
containing a deletion, including amino acids 303-404 
[pRBA{303-404)], was incubated with GST-Id-2 bound to gluta- 
thione-Sepharose in the absence (GST-ID2) or in the presence 
of SAOS-2 cell extracts (GST-ID2 + SAOS-2 Extract). M73 indi- 
cates the immunoprecipitation with the anti-E1A antibody 
M73 from a mixture of asS-labeled pRb translation products and 
an unlabeled cell extract from the cell line 293. The bound 
proteins were analyzed by SDS-PAGE and autoradiography. 
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Figure 9. Specificity of binding of HLH proteins to in vitro- 
translated pRb. In vitro-translated 3SS-labeled wild-type pRb 

(Wild Type pRb) or mutant pRb containing a point mutation at 

amino acid 706 [Cys --~ Phe, pRb (706 C:F)] was incubated with 

fusion proteins GST-Id-2 (GST-ID2), GST-MyoD (GST- 

MyoD), or GST-Id-2 lacking the HLH domain (GST-ID2AHLH) 

that were bound to glutathione-Sepharose, in the absence or in 

the presence of SAOS-2 cell extracts. The bound proteins were 

analyzed by SDS-PAGE and autoradiography. (MW) 14C-Labeled 

molecular mass markers (200, 97, 69, and 46 kD). 

(Helin et al. 1992; Ewen et al. 1993; Kato et al. 1993). In 
addition, the conditions used to extract pRb and its can- 
didate partner may not be optimal for both proteins. For 
instance, the efficient extraction of Id-2 from SAOS-2 
cells requires the use of a buffer containing low concen- 
trations of an ionic detergent such as SDS (e.g., RIPA 
buffer). These conditions are known to disrupt the hy- 
drophobic, noncovalent interactions commonly in- 
volved in nuclear protein-protein associations. 

To detect Id-2/pRb complexes in vivo, we attempted 
to coimmunoprecipitate these proteins with a recently 
developed in vivo cross-linking procedure using the re- 
versible lipophilic agent dithiobis(succinimidyl propion- 
ate) (DSP) in SAOS-2 transiently transfected with Id-2 

and RB (Maheswaran et al. 1993, 1994). As shown in 
Table 2, this is an experimental condition in which Id-2 
and pRb display a specific functional antagonism. Forty- 
eight hours after cotransfection with Id-2 and pRb ex- 
pression vectors, SAOS-2 cells were labeled with 
[3SS]methionine and [3SS]cysteine and treated with DSP 
before lysis in RIPA buffer. Lysates from cross-linked 
cells were immunoprecipitated with either anti-pRb or 
anti-Id-2 antibodies. Following incubation with dithio- 

threitol (DTT), an aliquot of these immunoprecipitates 
was separated by SDS-PAGE. Id-2 and pRb immunopre- 
cipitated from cross-linked extracts had the same size as 
those immunoprecipitated from SAOS-2 extracts in the 
absence of cross-linker (Fig. 11, lane 2; data not shown). 
In the presence of DSP, a band of 15 kD comigrating with 
Id-2 was seen in the pRb immunoprecipitates (Fig. 11, 
lane 1) but it was absent in an immunoprecipitation 
from normal rabbit immunoglobulins (NRIg, Fig. 11, 
lane 3). To confirm the identity of this band, the immu- 
nocomplexes were boiled in the presence of 2% SDS and 
the released proteins were reimmunoprecipitated with 
anti-Id-2 antibodies. A band comigrating with Id-2 was 
precipitated with anti-Id-2 antibodies from the immuno- 
complexes initially isolated with anti-pRb antibodies 
(Fig. 11, lane 5) but not from control immunocomplexes 
(Fig. 11, lane 4). We have also observed these complexes 
using the anti-pRb mouse mAb XZ77 (data not shown). 
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Figure 10. The HLH domain of Id-2 mediates interaction with 

pRb. In vitro-translated 3SS-labeled wild-type pRb (-~) was in- 

cubated with constructs of GST-Id-2 containing (1) the HLH 

domain of Id-2 (GST-HLHID2), (2) full-length GST-Id-2 (GST- 

ID2), or (3) GST-Id-2 lacking the HLH domain (GST-ID2AHLH) 
that were bound to glutathione-Sepharose, in the absence or in 

the presence of SAOS-2 cell extracts. Bound proteins were an- 
alyzed by SDS-PAGE and autoradiography. (MW) 14C-Labeled 

molecular mass markers (in kD). 
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Figure 11. In vivo association between Id-2 and pRb. SAOS-2 
cells transiently transfected with pRb and Id-2 expression vec- 
tors were metabolically labeled with [35S]methionine and 
[3SS]cysteine and treated with the cross-linking agent DSP be- 
fore lysis with RIPA buffer. The lysates were immunoprecipi- 
tated with antibodies against pRb (C15, lane 1), against Id-2 
(lane 2), or with normal rabbit immunoglobulins (NRIg, lane 3). 
The reduced complexes from the immunoprecipitations with 
NRIg and C15 were boiled in 2% SDS and diluted for reimmu- 
noprecipitation with anti-Id-2 antibodies (lane 4 and lane 5, re- 
spectively). Immunoprecipitates were boiled in the presence of 
0.2 M DTT and separated on a 12.5% SDS-polyacrylamide gel. 
Lanes 1-3 were noncontiguous to lanes 4-5 in a single gel on 
which these five samples were loaded. 

Discussion 

1(t-2 expression enhances proliferation 

Our data indicate that the constitutive expression of the 
HLH protein Id-2 enhances the growth of the human 

osteosarcoma cell line U2OS. Overexpressed Id-2 in the 
cell line U2OS functions to inhibit differentiation. When 
U2OS(Id-2) cells are treated with the differentiating 
agent 1,25-dihydroxyvitamin D3, the activity of the os- 
teogenic differentiation marker alkaline phosphatase is 

only 50% of that found in U2OS(pMEP4) (data not 
shown). Cells overexpressing Id-2 have a faster growth 

rate than normal controls and are characterized by a 
larger proportion of the population in the S phase of the 

cell cycle. They also show less dependence on serum for 

growth (Fig. 2). These changes indicate the acquisition of 
an enhanced growth potential conferred by Id-2 overex- 
pression in these cells. The hypothesis that Id proteins 
could have a role in cell proliferation and cell cycle reg- 

ulation was proposed initially for the protein expressed 
from the mouse gene HLH462, also known as Id-3 

(Christy et al. 1991). This gene is induced in mouse 3T3 
cells as part of the immediate early transcriptional re- 

sponse to growth factors (Christy et al. 1991). Similarly, 

its human homolog 1R21 is an early response gene in- 

ducible by phorbol esters (Deed et al. 1993). Our data 

identify growth regulation as a function of Id-2 and raise 
the likely possibility that other Id proteins will also 

function as positive growth regulators. 
It is now well established that suppression of Id gene 

activity is a prerequisite for the normal process of cell 
differentiation (Benezra et al. 1990). In several different 

cell types, the down-regulation of Id gene expression pre- 
ceding the onset of cell differentiation is associated with 

cells entering a quiescent state even in the presence of 
high levels of mitogens (Benezra et al. 1990; Sun et al. 

1991; Zentella and Massague 1992). These findings are 
consistent with the conclusion that a high level of Id 
expression can inhibit differentiation and, at the same 

time, maintain the proliferative state of cells. In this 
model, down-regulation of Id expression is required not 

only to allow cell type-specific transcription but also to 
mediate the cell cycle arrest that is typically associated 

with cell differentiation. 

Functional antagonism and specific binding of Id-2 

and pRb 

In mammalian cells, key regulators for cell cycle control 

are found late in G1 (Pardee 1989). One of these regula- 
tors, pRb, fluctuates during the cell cycle between an 

active, underphosphorylated form and an inactive, more 
heavily phosphorylated form (Buchkovich et al. 1989). 

Unphosphorylated pRb is present in the Go and early G1 
phases of the cell cycle and becomes hyperphosphory- 
lated in late G1. The phosphorylation of pRb by specific 
kinases is required for the progression of the cell into S 

phase (Goodrich et al. 1991; Lees et al. 1991). The exper- 

iments evaluating growth suppression and cell cycle ar- 
rest by pRb shown in Tables 1 and 2 demonstrate that 
Id-2 can specifically target the pRb-mediated arrest of 

cell proliferation rescuing SAOS-2 cells from the block of 

entry into S phase produced by pRb. We propose that this 

effect is mediated by the binding of Id-2 to the unphos- 

phorylated form of pRb seen in vitro and in vivo. A mu- 
tant of Id-2 lacking the HLH domain loses both its ability 
to bind pRb and to rescue pRb-mediated growth arrest. 
These findings are consistent with the close correlation 
between the ability of the viral oncoproteins to bind pRb 

and to enhance cellular proliferation (Dyson and Harlow 
1992). Id-2 does not appear to inactivate pRb function by 
causing its hyperphosphorylation. The physical occupa- 

tion of the pRb pocket by Id-2 is a more likely mecha- 
nism for this inactivation. Our data indicate a functional 

parallelism between the function of Id-2 and the role of 

cyclin D1 in promoting cell cycle progression. This cy- 
clin can regulate pRb function by binding to unphospho- 

rylated pRb, and like Id-2, it does not induce pRb phos- 
phorylation (Dowdy et al. 1993). 
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The domains mediating the interaction between Id-2 

and pRb (the HLH region of Id-2 and the pocket binding 
domain of pRb) are also the domains known to be in- 

volved in other protein-protein interactions important 
for the biologic functions of these molecules (Kaelin et 
al. 1991; Pesce and Benezra 1993). This is consistent 

with the behavior of the mutations that we have ana- 
lyzed in both the binding sites of Id-2 and pRb. Inactiva- 

tion of pRb by mutation, phosphorylation, or binding to 
either viral or cellular proteins would be predicted to 
prevent Id-2 binding and the functional consequences of 

this association. In view of the evidence identifying Id-2 

as a functional antagonist of pRb, our results strongly 

suggest that pRb-mediated growth suppression is a direct 
and specific target of Id-2. The binding of Id-2 to pRb 

described here may be a mechanism by which Id-2 me- 
diates the activation of cell proliferation in vivo. 

Id proteins in cell growth 

The initial model proposed for Id function (Benezra et al. 

1990) suggested that high levels of Id were necessary to 
inhibit the expression of the terminal differentiation pro- 

gram by titrating the available pool of ubiquitous bHLH 
factors, E12/E47. In the presence of an appropriate dif- 

ferentiating stimulus, Id down-regulation would allow 

the formation of active complexes between ubiquitous 
and tissue-specific bHLH transcription factors, thereby 

activating lineage-specific gene transcription and differ- 
entiation. However, this model does not explain the si- 
multaneous switch from the proliferative state to a non- 
proliferative state typically associated with differentia- 

tion. Our data suggest that when the level of Id-2 is high, 
not only is Id-2 complexed with ubiquitous bHLH pro- 

teins to inhibit differentiation, but it is also complexed 
with pRb to allow cellular proliferation. Conversely, the 
down-regulation of Id expression enables bHLH factors 
to dimerize and bind DNA, initiating differentiation. Si- 

multaneously, the interaction between Id and pRb is dis- 
rupted, allowing pRb to exert its growth-suppressive ac- 

tivity. This model proposes a molecular mechanism 
linking two biologically coordinated phenomena, expres- 
sion of the undifferentiated phenotype and proliferation, 
involving the binding of Id-2 to diverse cellular proteins. 

What is the mechanism by which Id-2 inhibits the 
growth-suppressive function of pRb? pRb does not seem 

to inhibit growth by directly binding DNA; however, it 

can negatively regulate cell cycle progression by binding 
a series of growth-promoting proteins, including the 
transcription factor E2F and D-type cyclins. This binding 
occurs via the pocket domain of pRb and is specific for 

the hypophosphorylated form of pRb. Similarly, an in- 
tact pocket in pRb is required for Id-2 binding, and the 
interaction between Id-2 and pRb is restricted to unphos- 

phorylated pRb. Such an association between Id-2 and 
pRb is compatible with two quite distinct but not mu- 
tually exclusive models. On one hand, this binding may 
indicate a viral oncoprotein-like role for Id-2 in which it 
binds most of the pRb in the cell, thereby inhibiting the 

ability of pRb to associate with and to inactivate growth- 

promoting cellular proteins like E2F and D-cyclins 

(Hinds et al. 1992; Zhu et al. 1993). On the other hand, 

this association may point to the control of Id-2 activity 
by pRb binding. When released from the association with 
pRb, Id-2 may be free to antagonize the action of an en- 
dogenous growth-suppressing bHLH transcription factor. 

This mechanism could operate at the G1/S interface fol- 
lowing pRb phosphorylation and the consequent release 

of bound Id-2. The failure of Id-2 to enhance cell prolif- 
eration in SAOS-2 (Fig. 4A), a cell line lacking functional 
pRb, seems to support the first model in which Id-2 

needs to bind pRb to stimulate growth. However, we 

cannot exclude the presence of additional defects in 

SAOS-2 beyond the well-known RB gene rearrangement 

that could impair directly or indirectly the ability of ex- 
ogenous Id-2 to function as a growth stimulator. What- 
ever the underlying mechanism, the ability of an Id pro- 

tein to bind with pRb allows the cell to regulate two 
typically coordinated processes, growth and differentia- 

tion, through the control of Id gene activity. This strat- 
egy is likely to be countered by the action of tissue- 

specific determination factors, the expression of which 

initiates the differentiation process, and simultaneously, 
suppresses cell proliferation (e.g., MyoD, Crescenzi et al. 

1990; Sorrentino et al. 1990). 

M a t e r i a l s  and  m e t h o d s  

Plasmids 

The complete coding sequence of human Id-2 was excised from 
plasmids (Biggs et al. 1992) and cloned into the HindIII and 
BamHI sites of the mammalian expression vector pMEP4 to 
prepare the construct pMEP4(Id-2). A PCR-amplified fragment 
containing the complete coding sequence of human Id-2 with 
artificial BamHI sites on both ends was subcloned into the 
unique BamHI site of the pCMV-Neo-Bam vector (Baker et al. 
1990). The orientation of Id-2 sequences in the resulting vectors, 
pCMVId-2 (with Id-2 in the sense orientation] and pCMVId-2AS 
(with Id-2 in the antisense orientation), was determined by re- 
striction digestion mapping and DNA sequencing. 

To prepare Id-2 fusion protein with GST, the full length 
BamHI-BamHI fragment of Id-2-coding sequence from pCM- 
VId-2 was cloned in-frame into the BamHI site of the expression 
vector pGEX-2T (Pharmacia) to give pGST-Id-2. The vector 
pGST-Id-2[AHLH], lacking the entire HLH domain (codons 35- 
76) of human Id-2, was derived from pGST-Id-2 by a sequential 
PCR scheme as described previously (Higuchi et al. 1988). 
In PCR reaction A, pGST-Id-2 was amplified using 5'-CTA- 
TGGCCATCATACGTTATATAG-3' as the upstream primer 
and 5'-GGATGCGAGTCCAGGGCGATGCTGATGGGGTC- 
GTCCACAG-3' as the downstream primer from which a 
598-bp amplified fragment was obtained. In PCR reaction B, 
pGST-Id-2 was amplified using 5'-CTGTGGACGACCCGAT- 
GAGCATCGCCCTGGACTCGCATCC-3' and 5'-GGGGGA- 
TCCTCAGCCACACAGTGCTTTGCT-3' as the upstream and 
downstream primers, respectively, to give a 205-bp fragment. 
Aliquots of each PCR product were purified following agarose 
gel electrophoresis and combined to serve as a template for a 
final PCR using the PCR A upstream primer and the PCR B 
downstream primer. The 783-bp PCR product from this reac- 
tion was digested with BamHI, and a BamHI-BamHI fragment 
of 279 bp was subcloned into the BamHI site of pGEX-2T and 
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into the BamHI site of the pCMV-Neo-Bam vector [pCMVId- 

2AHLH]. To generate the recombinant pGST-Id-2[HLH], the 

HLH domain of Id-2 was obtained by amplification of a frag- 

ment including codons 35-76 of human Id-2 and directionally 

subcloned in the BamHI and EcoRI sites of pGEX-2T. 

The plasmids Hu~Acpr-l-neo-PQ (herein referred as 

p[3Actvector) and its RB derivative (p~ActRB) were obtained 

from Y.-K. T. Fung [Childrens Hospital Los Angeles, CA (Fung 
et al. 1993)]. The plasmid pSP72-E2F1, expressing E2F-1 mRNA 

from a SP6 promoter, was obtained from W.G. Kaelin [Dana- 

Farber Cancer Institute, Boston, MA (Kaelin et al. 1992)]. The 

plasmids pGEM4-wtRB, pGEM4-H209RB, pGEXwtRB(379- 

928), and pGEX209RB(379-928), obtained from F.J. Kaye (Na- 

tional Cancer Institute, Bethesda, MD), have been described 

(Kratzke et al. 1992). The plasmid RBA(303-404) was obtained 
from Q. Hu [University of California at San Francisco (Hu et al. 

1990)]. The plasmid encoding GST-MyoD(3-318) was obtained 

from H. Weintraub [Fred Hutchinson Cancer Center, Seattle, 

WA {Lassar et al. 1989)]. The plasmid pCMVCD20 was obtained 

from E. Harlow [Massachusetts General Hospital, Boston, MA 

(Zhu et al. 1993)l. 

Cell culture, transfection, and Id-2 immunoprecipitation 

The human osteosarcoma cell lines U2OS and SAOS-2 were 

obtained from ATCC, and 293 cells, a human embryonic cell 

line transformed by a fragment of the adenovirus 5 genome, 
were obtained from W.G. Kaelin and D.M. Livingston (Dana- 

Farber Cancer Institute, Boston, MA). All cells were grown in 

Dulbecco's modified Eagle's medium (DMEM) with 10% FCS 

(GIBCO). Stable transformants from U2OS or SAOS-2 were pre- 

pared using a modified calcium phosphate precipitation tech- 
nique (Chen and Okayama 1987) with transfection of 30 ~g of 

input plasmid DNA per 100-ram dish and selection for 3 weeks 

in complete culture medium containing 200 ~g/ml of hygro- 

mycin B (Calbiochem) or 600 ~g/ml of G418 (Geneticin, 

GIBCO), respectively. All subsequent experiments involving 

the use of transfected cell lines were done in the presence of 
hygromycin B or G418. 

To immunoprecipitate Id-2 protein from U2OS transfectants, 
1 X 10 6 exponentially growing cells were metabolically labeled 

in 100-ram dishes for 4 hr at 37°C in 2 ml of DMEM lacking 
methionine and cysteine (GIBCO) containing 0.5 mCi of 3sS- 

EXPRESS Protein Labeling Mix (NEN-Du Pont). Labeled cells 
were lysed for 30 rain on ice in 1 ml of EBC buffer (50 mM 

Tris-HC1 at pH 8.0, 120 mM NaC1, 0.5% NP-40, 1 mM EDTA) 

containing 10 ~g/ml of aprotinin and leupeptin and 1 mM PMSF 

(Sigma). Lysates were clarified by centrifugation, and aliquots of 
the cleared supernatants (0.5 ml) were incubated for 1 hr at 4°C 

with antiserum against Id-2 or preimmune serum. After incu- 

bation for 1 hr at 4°C with protein A-Sepharose beads (Pharma- 

cia), immunoprecipitates were collected by centrifugation, 

washed five times with EBC buffer at 4°C, and denaturated in 
SDS loading buffer for electrophoresis. Samples were separated 

on 15% SDS-PAGE and visualized by autoradiography. Rabbit 

polyclonal antibodies to Id-2 were prepared by standard immu- 

nization procedure using GST-Id-2 fusion protein from prepar- 
ative SDS-PAGE as the immunogen (Harlow and Lane 1988). 

Growth rate, serum dependence, and cell cycle analysis 

in stable transfectants 

To determine the growth rate of stable transfectants from U2OS 
and SAOS-2, cells were seeded in six-well plates in complete 

medium. Medium was changed every three days. Triplicate cul- 

tures were counted at daily intervals by hemocytometer, and 

cell viability was determined by trypan blue exclusion. For the 

serum dependence experiments, U2OS{pMEP4) and U2OS(Id-2) 
cells were plated in six-well plates at a density of l0 s cells/well 

in complete medium and allowed to attach. Twelve hours after 

plating, the medium was removed, cells were washed twice 

with serum-free medium, and fresh medium containing various 

concentrations of serum (10%, 1%, or 0.1% FCS) was added. 
The medium was changed every 3 days. Cells were counted and 

cell viability was assessed by trypan blue exclusion. For flow 
cytometric analysis, U2OS(pMEP4) and U2OS(Id-2) cells in ex- 

ponential growth were labeled with 10 ~M BrdU (Sigma) for 2 hr, 

detached by trypsinization, diluted 1:1 in complete medium, 

and collected by centrifugation at room temperature. Cells were 
washed once with PBS, fixed for 2 hr at 4°C in 70% ethanol, and 

permeabilized at 4°C for 10 min in 0.1 M HC1 and 0.5% Triton 

X-100 (1 ml/106 cells). After two more washes with PBS, cells 

were incubated for 30 rain at room temperature with anti-BrdU 

antibodies conjugated to fluorescein {FITC, Boehringer Man- 

nheim, 1:20 dilution) in PBS. Cells were finally resuspended in 

PBS containing 50 ~g/ml of RNase (Sigma) and 5 ~g/ml of pro- 

pidium iodide (Boehringer Mannheim), and they were filtered 

through Nitex mesh (Tetco, Inc.) immediately before analysis 

by flow cytometry (Becton Dickinson FACScan and Lysis II soft- 

ware). 

Colony formation assay, S-phase analysis, and Western 

blot of pRb in transfected SAOS-2 cells 

Transfections for the colony suppression assay were performed 
using DNA precipitated with calcium phosphate as described 

previously (Qin et al. 1992). SAOS-2 cells at -70% confluence 

were transfected with 20 ~g of pf~Actvector or p~ActRB DNA 
plus 20 ~g of pCMVId-2AS or pCMVId-2 DNA. Forty-eight 

hours after transfection, cells were split 1:8 into medium con- 

taining 600 ~g/ml of G418, and 18 days later colonies were 

stained and counted under the microscope. To analyze the frac- 

tion of transfected cells in S phase, we used a double immuno- 

fluorescence technique to detect CD20 and BrdU, modified 

from a protocol described previously (Zhu et al. 1993). SAOS-2 
were transfected with 15 ~g of each plasmid indicated in Table 

2 plus 5 ~g of pCMVCD20. Twenty-four hours after the removal 

of DNA precipitates, cells were trypsinized and cultured for 24 
hr in tissue culture chamber slides (Nunc) at a density of 105 

cells/chamber. Cells were labeled with BrdU (10 ~M) for 2 hr, 
washed, and incubated on ice for 30 min in medium (200 ~1/ 

chamber) containing a 1:10 dilution of a phycoerytrin-conju- 

gated anti-CD20 antibody (Becton-Dickinson). After washing, 

cells were fixed overnight at room temperature in PBS contain- 

ing 1% paraformaldehyde and 0.01% Tween 20. The simulta- 
neous analysis of CD20 and BrdU was performed as described 

previously (Carayon and Bord 1992). Briefly, cells were incu- 

bated for 30 rain at 37°C in PBS with 250 Kunitz uni ts /ml  of 
pancreatic DNase I (Boehringer Mannheim). After washing, 

cells were exposed to PBS with 0.5% Tween-20 containing a 

1:20 dilution of anti-BrdU antibodies conjugated to fluorescein. 

After 45 min of incubation, slides were washed, mounted, and 

analyzed under a Zeiss fluorescence microscope. Approxi- 
mately 300 phycoerytrin-positive cells were counted, and the 

fraction of cells that were also positive for FITC was determined 

for each sample. For Western blot analysis, protein lysate was 

prepared from 1×106 SAOS-2 cells 48 hr after transfection, 

boiled in SDS loading buffer, and separated on 6% SDS-PAGE. 
Proteins were transferred to a nitrocellulose filter, the filter was 
blocked in 5% nonfat milk, and incubated with 1 ~g/ml of the 

anti-pRb antibody C-15 (Santa Cruz Biotech.) in PBS-T (PBS/ 
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0.1% Tween-20) for 1 hr. After three washes in PBS-T, the filter 

was incubated in a 1:10,000 dilution of IgG conjugated to horse- 

radish peroxidase (GIBCO) in PBS-T for 1 hr. The filter was 

washed, developed by chemiluminescence (ECL, Amersham), 
and exposed to film. 

Immunofluorescence staining of Id-2 and pRb 

in transfected SA OS-2 cells 

SAOS-2 cells were transfected as described above with different 

combinations of expression vectors, trypsinized, and cultured in 

tissue culture chamber slides. For double immunofluorescence 
of Id-2 and pRb, the cells were fixed in 4% paraformaldehyde in 

PBS for 10 min at room temperature and permeabilized with 

methanol/acetone (1:1) for 30 sec at room temperature. The 
nonspecific binding sites were blocked by incubating the cells 

in PBS-T containing 10% goat serum (Zymed) plus 3% bovine 

serum albumin. This solution was also used for the following 

incubations with various antibodies. The first incubation was 

with 20 ~g/ml of rabbit polyclonal anti-Id-2 antibodies (IgG 

purified by protein A), and the second incubation was with 10 

~g/ml of mouse monoclonal anti-pRb antibody pMG3-245 

(PharMingen). Each 1-hr incubation was carried out sequen- 

tially at room temperature. After washing in PBS-T, cells were 
incubated for 1 hr at room temperature with a solution contain- 

ing rhodamine-conjugated goat anti-rabbit IgG {Boehringer 

Mannheim, final dilution 1:500) and FITC-conjugated goat anti- 

mouse IgG (Boehringer Mannheim, final dilution 1:50). Cells 

were finally washed and mounted before the double-stained 
preparations were examined and photographed. 

In vitro binding assay 

Expression and purification of GST fusion proteins were per- 

formed as described previously (Kaelin et al. 1991). Lysates 
made from 1 x 10  6 SAOS-2 or U2OS cells were incubated with 

glutathione-Sepharose beads (Pharmacia) containing 2-3 ~g of 

GST fusion proteins in 0.5 ml of EBC buffer in the presence of 

protease inhibitors for 2 hr at 4°C. Where reported, 0.1 mM NaF 

and 0.2 m M  Na3VO 4 were included as phosphatase inhibitors in 
the preparation of the lysates. Beads were then washed five 

times with EBC and bound proteins were released by boiling in 

SDS loading buffer and separated on SDS-PAGE. Immunopre- 

cipitation with the anti-pRb antibody C36 (Oncogene Science) 
or the anti-E1A antibody M73 (Oncogene Science) was per- 

formed as described for the immunoprecipitation of Id-2, using 
unlabeled cells. Following fractionation by PAGE, immunopre- 
cipites were transferred to nitrocellulose for Western blot anal- 

ysis with anti-pRb antibody C-15 or G99-549 (PharMingen). 
3SS-labeled polypeptides were prepared from linearized plas- 

mid DNA by in vitro transcription and translation using 
[3SS]methionine (Amersham) and a rabbit reticulocyte transla- 

tion kit as recommended by the supplier (Promega). EBC buffer 

(0.5 ml) or cell lysates prepared in EBC from SAOS-2 or 293 (as 
source of E1A oncoprotein) was mixed with 15 ~1 of 3SS-labeled 

in vitro-translated polypeptides and incubated for 30 min at 4°C. 

Beads containing GST fusion proteins were then added and in- 

cubated for 2 hr. Alternatively, immunoprecipitation was per- 

formed with the anti-E1A antibody M73. After washing, pro- 

teins were boiled in SDS loading buffer, separated on SDS- 
PAGE, and visualized by autoradiography. 

SAOS-2 cross-linking and coimmunoprecipitations 

SAOS-2 cells were transfected with 20 ~g of pf~ActRB DNA plus 
20 ~g of pCMVId-2 DNA and cultured for 48 hr after removal of 

DNA precipitates. Cells were metabolically labeled with 3sS- 

EXPRESS Protein Labeling Mix as described above and incu- 

bated for 30 min at room temperature with the cross-linking 

agent DSP (Pierce; 100 mg/ml of stock in dimethylsulfoxide) at 
a final concentration of 3 mM in PBS. The cross-linking reaction 

was terminated by the addition of Tris-HC1 (pH 7.7) at a final 

concentration of 0.1 M, proteins were extracted at 4°C with 

RIPA buffer (50 mM Tris-HC1 at pH 7.7, 150 mM NaC1, 1% 
NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing pro- 

tease inhibitors. Immunoprecipitations were performed by in- 
cubating the cross-linked lysates for 1 hr at 4°C with 10 ~l of 

rabbit antiserum to Id-2 or with 1 ~g of either the rabbit poly- 
clonal antibody against pRb, C-15, or control NRIg. After incu- 

bation for 1 hr at 4°C with protein A-Sepharose beads, immu- 

noprecipitates were washed four times with RIPA buffer at 4°C, 
reduced with 0.2 M DTT, and boiled in SDS loading buffer for 

electrophoresis. An aliquot of the samples was loaded directly 

on a 12.5% SDS--polyacrylamide gel and visualized by autora- 

diography. The remaining immunocomplexes were reimmuno- 

precipitated as described (Helin et al. 1992). Briefly, immuno- 

precipitated proteins, which had been reduced by DTT and 

boiled in 2% SDS to dissociate complexes, were diluted 1:15 by 

the addition of RIPA buffer. Reimmunoprecipitations were per- 

formed as indicated by the addition of 10 ~1 of rabbit antiserum 

to Id-2. 
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