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The retinoblastoma protein (Rb) regulates both the cell cycle and tissue-specific transcription, by modu-
lating the activity of factors that associate with its A-B and C pockets. In skeletal muscle, Rb has been reported
to regulate irreversible cell cycle exit and muscle-specific transcription. To identify factors interacting with Rb
in muscle cells, we utilized the yeast two-hybrid system, using the A-B and C pockets of Rb as bait. A novel
protein we have designated E1A-like inhibitor of differentiation 1 (EID-1), was the predominant Rb-binding
clone isolated. It is preferentially expressed in adult cardiac and skeletal muscle and encodes a 187-amino-acid
protein, with a classic Rb-binding motif (LXCXE) in its C terminus. Overexpression of EID-1 in skeletal
muscle inhibited tissue-specific transcription. Repression of skeletal muscle-restricted genes was mediated by
a block to transactivation by MyoD independent of G1 exit and, surprisingly, was potentiated by a mutation
that prevents EID-1 binding to Rb. Inhibition of MyoD may be explained by EID-1’s ability to bind and inhibit
p300’s histone acetylase activity, an essential MyoD coactivator. Thus, EID-1 binds both Rb and p300 and is
a novel repressor of MyoD function.

Terminal differentiation is a process whereby highly special-
ized cells undergo irreversible growth arrest and upregulate a
panel of cell type-specific genes that are required for normal
cellular function. The retinoblastoma gene product, Rb, has
been implicated in mediating both the permanent cell cycle
arrest and upregulation of tissue-specific genes associated with
terminal differentiation in a wide variety of tissues (36, 38, 67,
74). Studies in skeletal muscle have determined that MyoD
and other members of the basic helix-loop-helix family of myo-
genic transcription factors can induce both components of
terminal differentiation, namely, myogenic gene transcription
and cell cycle exit (44, 57). However, this ability appears to be
dependent on the presence of Rb. Rb-deficient myotubes de-
differentiate and reenter the cell cycle in response to mitogens,
despite the presence of the other pocket protein family mem-
bers, p107 and p130 (57). Moreover, MyoD-transfected Rb2/2

mouse embryonic fibroblasts fail to express late markers of
myogenic differentiation and accumulate in the S and G2
phases of the cell cycle, implying that full MyoD transcriptional
activity requires the coexpression of Rb (19, 44). The mecha-
nism underlying this selective requirement for Rb is contro-
versial; however, Rb dependence is also seen with C/EBP-
mediated gene transcription in adipose differentiation (9).
Interestingly, it has been proposed that Rb’s ability to confer
these two functions, namely, cell cycle arrest and differentia-
tion, are mediated by separate domains within the B pocket,
suggesting that Rb must interact with multiple cellular partners
for full activity (58). Developmental studies that have corre-
lated upregulation of Rb in myocardium in the neonatal period
with growth arrest in ventricular myocytes support the premise
that Rb may be the key to terminal differentiation in myocar-
dium as well (16, 67).

Adenovirus E1A protein has been used in both skeletal (69)
and cardiac (4, 32) myocytes to block pocket protein function
and determine their importance in irreversible cell cycle exit
and the control of muscle-specific gene expression (39). Cell
cycle reactivation and a block to tissue-specific transcription
were produced in both forms of striated muscle by E1A mu-
tants that selectively block pocket protein function without
binding the transcriptional coactivator, p300, a second pathway
for dedifferentiation that is also targeted by E1A (15, 32, 49).
The mechanism for dedifferentiation induced by E1A binding
to pocket proteins is unknown but theoretically could be sec-
ondary to disruption of pocket protein family members’ inter-
action with muscle-specific factors. Therefore, a requirement
for Rb seems to be a general property in the terminal differ-
entiation of multiple tissues, particularly striated muscle. To
begin to understand the mechanism of this dependence, we
sought to identify Rb-binding proteins in muscle tissue, utiliz-
ing the yeast two-hybrid system. Here, we describe the char-
acterization of one clone isolated from a human cardiac tissue
cDNA library, which we have called designated E1A-like in-
hibitor of differentiation 1 (EID-1). Like the adenoviral pro-
tein E1A, EID-1 binds the A-B pocket of Rb, impairs trans-
activation by the muscle determination protein, MyoD, and
binds to p300, inhibiting its histone acetyltransferase (HAT)
activity.

MATERIALS AND METHODS

Plasmids. The bait plasmid, pASDRb, was generated by ligating an EcoRI-
MunI fragment (amino acids [aa] 379 to 835) of Rb into the EcoRI site of pAS2
(Clontech). pASRb2, pAS(H209), GST-Rb constructs, GAL4-SRF (aa 266 to
502), GAL4-MEF2C (aa 175 to 465), EMSV-MyoD, 4RTk-Luc, SkA-Luc, CaA-
Luc, and CMV-LacZ constructs have been described previously (12, 40, 77).
MCK-Luc was created by subcloning the 1,800-bp BglII-HindIII fragment of the
MCK gene into pGL3 Basic (65). The p300 expression vectors and GST fusions
have been previously reported (14, 27). CMV–EID-1 and CMV–EID-1(C180G)
were constructed by cloning an EcoRI-AvaII fragment corresponding to the
full-length coding sequences into pCDNA3 (Invitrogen). FLAG fusion proteins
were constructed by ligating EID-1 (aa 3 to 187) or mutations in frame into
CMV-FLAG2 (IBI Kodak). The GAL4-binding domain (GAL4-BD)–EID-1
vectors were constructed by cloning the EcoRI-XbaI fragments from the corre-
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sponding FLAG fusion constructs into p424, the GAL4-BD mammalian expres-
sion vector (53).

The point and deletion mutations in EID-1 were performed using site-directed
mutagenesis as described by Deng and Nickoloff (11). Briefly, the Transformer
Site-Directed Elimination Mutagenesis kit (Clontech) was used according to the
manufacturer’s instructions, with a synthetic oligonucleotide corresponding
to the indicated mutation. The oligonucleotides used were as follows: EID-
1(C180G), 59-GAAGAACTCGGCGGTGATGAGATTATTG-39; EID-1dl53–
61, 59-GGGGCCCAACAGCTCGGCCCAGCCAATGGCG-39; and EID-1dl62–
91, 59-ATGGAGGAGGAGGAGGACTTCGAGAGCGAG-39. Mutation EID-
1dl92–115, kindly provided by W. Kaelin, is described in the accompanying
manuscript (42). Combinatorial mutations were constructed by fusing the indi-
cated fragments using convenient restriction sites. Rb–GAL4-BD fusion mutants
in pAS2 have been previously described (12). All mutations were confirmed by
DNA sequencing.

Interaction cloning. Saccharomyces cerevisiae strain Y190 was transformed to
Trp prototrophy with ASDRb using lithium acetate (17). A single colony was
grown in synthetic complete-Trp medium and transformed with human heart
libraries cloned into pGAD10 or pACT2 (Clontech). The transformation mix-
ture was then plated on media lacking tryptophan, leucine, and histidine but
including 25 mM 3-amino-1,2,4-triazole (Sigma) and incubated for 5 to 7 days at
30°C. HIS1 colonies were then screened for b-galactosidase (b-gal) activity using
the filter lift assay. Total DNA from true positive clones was isolated according
to the method of Hoffman and Winston (26) and used to transform KC8 cells
(Clontech) via electroporation with a Bio-Rad GenePulser according to the
manufacturer’s specifications. Transformants were plated on minimal media
lacking leucine and containing ampicillin. Clones were sequenced by automated
fluorescent dideoxy sequencing.

Quantification of LacZ activity in yeast. S. cerevisiae cultures of 2 ml each were
grown in the appropriate selective media to an optical density at 600 nm of ;1.0.
Yeast lysates were prepared according to the protocol of Guarente (20). Quan-
tification of b-gal activity was achieved either with chlorophenyl-red-b-D-galac-
topyranoside (CPRG) (Boehringer Mannheim) and determining the amount of
liberated chlorophenyl red at an optical density of 574 nm or with the lumines-
cent LacZ substrate from Clontech.

Transfection assays. The U2OS, C2C12, and CV-1 cell lines were obtained
from the American Tissue Culture Collection and propagated in Dulbecco’s
modified Eagle’s medium plus 10% fetal calf serum (Hyclone Laboratories). L17
cells were a gift from J. Massague. Human primary skeletal myocytes were
purchased from Clonetics and cultured according to the manufacturer’s specifi-
cations. All transfections were carried out using Lipofectamine (Life Technolo-
gies, Inc.) according to the manufacturer’s specifications. Forty-eight hours after
transfections, cell lysates were collected and analyzed for luciferase activity
normalized to that of an internal CMV-LacZ control as previously described
(40). For the experiments involving p300, luciferase activity was corrected for
total protein as previously described (47). All experiments were repeated at least
three times with two independent batches of plasmids. Results (mean 6 standard
error) were compared by analysis of variance and Fisher’s PLSD tests, using a
significance at a P value of ,0.05.

Construction of adenoviruses. Recombinant adenoviruses were constructed
and propagated, and the titers of the viruses were determined as previously
described by Graham and Prevec (18). Briefly, pJM17, constituting the adeno-
virus genome, was cotransfected with the pE1Asp1 shuttle vector containing the
full-length EID-1 cDNA into 293 cells with Lipofectamine (GIBCO/BRL).
Through homologous recombination, the EID-1 cDNA was integrated into the
adenovirus genome. Viruses were propagated on 293 cells and purified using
CsCl2 banding followed by dialysis against phosphate-buffered saline (PBS) and
10% glycerol. Titers were determined with 293 cells overlaid with Dulbecco’s
modified Eagle’s medium plus 5% equine serum and 0.5% agarose. The AdLacZ
virus was a gift from Frank Graham.

In vitro binding assays. Expression of FLAG and glutathione S-transferase
(GST) fusion proteins was induced in BL21 cells with 0.2 mM isopropylthio-b-
galactoside (IPTG). After 4 h, the cells were pelleted and resuspended in PBS
with 1 mM phenylmethylsulfonyl fluoride, 1 mg of leupeptin per ml, 1 mg of
aprotonin per ml, and 1 mg of antipain per ml. Cells were lysed by sonication and
protein solubilized with 1% Triton X-100 for 30 min at 4°C. Cellular debris was
removed by centrifugation. Proteins were purified from the supernatant with
glutathione-coated beads or a-FLAG–agarose.

The in vitro binding assays were performed by adding 5 to 10 ml of [35S]me-
thionine (Amersham) labeled, in vitro-transcribed and -translated EID-1 or
mutations (Promega) to 1 mg of GST or GST fusion proteins in lysis buffer (150
mM NaCl, 50 mM Tris-HCl, 1 mM EGTA, 1 mM NaF, 0.25% Na deoxycholate,
0.1% NP-40). Mixtures were incubated for 1 h at room temperature and washed
extensively with lysis buffer. Bound complexes were resolved on a sodium dode-
cyl sulfate–12% polyacrylamide gel (PAGE). The gels were dried, and autora-
diography was performed overnight.

Antibodies and protein identification. Immunoprecipitations were performed
on total protein extracts prepared from L17 or U2OS cells in LS buffer (PBS plus
0.1% NP-40) plus protease inhibitors. The appropriate antibody was added, and
the mixture was incubated for 11 h at 4°C. The bound proteins were collected for
an additional 2 h with protein A/G-agarose and then washed four times with lysis
buffer. The bound complexes were resolved by PAGE and immunoblotting was

performed as previously described (7). Rb, recombinant proteins, and markers of
muscle differentiation were detected with antibodies to Rb (Pharmingen), FLAG
peptide (Kodak IBI), sarcomeric actin (Sigma), b-tubulin (Sigma), MyoD,
Myf-5, myogenin, and p21 (Santa Cruz). Horseradish peroxidase-linked second-
ary antibodies were purchased from Amersham.

Rabbits were immunized subcutaneously with a synthetic peptide corre-
sponding to the 15 C-terminal amino acids of EID-1, RLTEELGCDEIIDRE,
since this was the most highly conserved domain across species, or ELYEES
SDLQMDVMPGEG, resulting in antibodies GN735 and GN431, respectively.
Immune serum was partially purified by affinity chromatography with the corre-
sponding peptide and used for Western blot analysis. Western blotting was
performed on total protein extracts from C2C12 cells differentiated for the
indicated time points, according to established protocols (1).

Northern blot analysis. A multiple-sample Northern blot prepared from hu-
man tissue (Clontech) was probed using a 32P-labeled 350-bp probe spanning the
N-terminal coding sequences of human EID-1, by standard procedures (54). For
Northern blots involving adenovirus, C2C12 cells were infected with 50 PFU of
virus per cell and allowed to differentiate for 72 h. Total RNA was isolated and
fractionated on a 1% denaturing agarose gel. The a-cardiac actin and a-skeletal
actin probes used to monitor muscle-specific gene expression and the glyceral-
dehyde-3-phosphate dehydrogenase probe used as a constitutive control have
been previously described (48).

Flow cytometry. EID-1 (20 mg) was transfected into CV-1 cells along with
CMV-CD20 (5 mg), a lymphocyte cell surface marker, at a ratio of 4:1 using
Lipofectamine. Forty-eight hours after transfection, cells were stained with a
fluorescein isothiocyanate (FITC)-labeled anti-CD20 antibody (Becton Dickin-
son) and analyzed by two-color flow cytometry. DNA content in the successfully
transfected cells was quantified with propidium iodide as previously described
(24). Parallel transfections were performed with CMV-E2F-1 and CMV-p21.

p300 HAT assays. p300 assays were performed according to established pro-
tocols (23). Briefly, p300 complexes were immunoprecipitated from U2OS ly-
sates harvested in lysate buffer plus 10 mM Na butyrate. p300 was incubated with
recombinant protein in the presence of purified histones and [14C]acetyl coen-
zyme A at 30°C for 30 min. Acetylated proteins were resolved on an SDS–15%
PAGE gel. Gels were fixed and incubated with Amplify (Amersham). Gels were
dried, and autoradiography was performed. In vivo p300 acetylation assays were
performed as described (23) using 3H-Na acetate on cardiac myocytes infected
with 50 PFU of the indicated virus per cell.

RESULTS

Interaction cloning of a novel, muscle-restricted, Rb-bind-
ing protein. pASDRb, a yeast expression plasmid encoding aa
379 to 835 of Rb spanning the A-B and C pockets fused in
frame to the GAL4 DNA-binding domain, was introduced into
Y190. A single transformant was isolated and cotransformed
with a library of cDNAs derived from human cardiac tissue and
fused to the GAL4 activation domain (GAL4-AD). Approxi-
mately six million transformants were screened, and DNA
from the initial HIS1 and LacZ-positive clones was purified for
further analysis. Reintroducing the isolated GAL4-AD chi-
meric proteins into yeast along with pASDRb or irrelevant
GAL4-BD fusions revealed that 22 clones reproducibly and
specifically interacted with Rb. These clones encoded nine
unique proteins. Thirteen of the 22 clones encoded four over-
lapping cDNAs for the same protein, called EID-1, which was
chosen for further study.

A consensus Kozak sequence was identified in frame with
the GAL4-AD, revealing an open reading frame predicted to
encode a novel 187-aa protein (Fig. 1A). Although the longest
cDNA cloned, which was 1.3 kb, was expected to contain the
complete open reading frame, analysis of mRNA suggested a
transcript of 1.7 kb. Therefore, we screened conventional
phage-based libraries and identified additional 39 untranslated
sequences but no further coding sequences, giving a complete
cDNA of 1,638 nucleotides, which correlates well with the
observed mRNA. A search of GenBank using BLAST did not
reveal homology to any known proteins, although multiple
homologous clones were identified from the GenBank library
of expressed sequence tags and used to confirm the sequence.
A search for potential functional motifs using the BLAST
Enhanced Alignment Utility identified no known structural
motifs. Analysis of the Human Gene Map maintained by the
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National Center for Biotechnology Information revealed the
corresponding human expressed sequence tag has been
mapped to chromosome 15q25.

Sequence analysis and homology searches did not reveal
significant similarity to any known proteins, as mentioned.
However, within the C terminus there was a consensus binding
site for Rb (EXnLXCXE), which also is found in the Rb-
binding domains of simian virus 40 (SV40) large T antigen
(Ag) (34), E1A (13), human papillomavirus (28), and many
cellular Rb-binding proteins, such as BRG1, hBRM, Elf-1, and
the histone deacetylase, HDAC1 (68). Shown in Fig. 1B is the
amino acid sequence of this motif compared with those of
other Rb-binding proteins. The LXCXE motif of EID-1 and its
surrounding sequences was 100% conserved across human,
mouse, and rat species (data not shown), suggesting that this
evolutionarily conserved domain is critical for normal function.
The exact LGCDE motif seen in EID-1 was previously isolated
from a library of random peptides as an Rb-binding peptide
(75). This synthetic peptide sequence represented one of only
seven peptides capable of interacting with Rb that were iso-
lated from over three million transformants screened and 400
possible LXCXE combinations. This corroborates the specific-
ity of the LXCXE-Rb interaction, in concurrence with the
observation that only a small subset of all known proteins with
LXCXE motifs has been demonstrated to interact with Rb (5).

EID-1 expression is enriched in muscle tissues. To investi-
gate the tissue distribution of EID-1, we probed a blot of
poly(A)1 RNA prepared from multiple samples of adult hu-
man tissue. A single transcript was observed with an apparent
size of 1.7 kb (Fig. 2A). As demonstrated, the highest levels of
EID-1 were found in cardiac tissue. Significant expression was
also seen in skeletal muscle and, to a lesser extent, in brain
tissue. Low levels of expression were observed in most tissues;
however, levels of expression in cardiac tissue are at least
10-fold higher than those seen in lung or liver. Preferential
expression of EID-1 in adult striated muscle and brain likewise
was seen in the mouse (not shown).

Since expression of EID-1 was highest in cardiac tissue, we
sought to determine the developmental expression and cham-
ber specificity of EID-1 message. We prepared total RNA from
murine ventricular tissue or from adult atrial tissue at the
indicated time points (Fig. 2B). EID-1 mRNA abundance de-
creased with development in ventricular tissue while it re-
mained highly expressed in adult atrial tissue, explaining the

high levels of expression seen in the Northern blots of human
tissue. To determine the expression of EID-1 during skeletal-
muscle differentiation, protein extracts were prepared from
primary cultures of human skeletal myocytes cultured under
differentiating conditions (Fig. 2C). Using our affinity-purified
polyclonal antibody generated against the highly conserved C
terminus of EID-1, a specific protein product of 35 kDa was
detected in differentiated human skeletal myocytes (Fig. 2C).
This is consistent with the size of EID-1 determined by in vitro
transcription and translation and overexpression of the cDNA
in cultured cells (Fig. 3B; see below). Levels of EID-1 protein
decreased during myogenic differentiation in contrast to that of
muscle-specific a-sarcomeric actin. Equal levels of protein
loading were confirmed by the uniform expression of a-tubu-
lin. Therefore, EID-1 encodes a novel, developmentally regu-
lated, muscle-enriched protein.

EID-1 interacts with Rb. To confirm and further character-
ize the domains in Rb necessary for interaction with EID-1,
more-extensive Rb deletional mutants were created. Deletion
mutations were created either by using convenient restriction
sites or by PCR-based mutagenesis. The respective constructs
were subcloned into the yeast GAL4-BD expression vector,
pAS2, for use in the modified yeast two-hybrid assay. Strength
of interaction with EID-1 was quantified by determining the
LacZ activity in liquid cultures of plasmid-transformed yeast
(Fig. 3A). Results are expressed relative to activity in the
GAL4-BD alone. Although EID-1 interacts very weakly with
the minimal A-B pocket, consistent with the observation that
this fragment of Rb mediates interactions with LXCXE-con-
taining peptides such as E1A and SV40 large T Ag, high-
affinity binding requires additional sequences within the C
pocket. In contrast, EID-1 did not interact either with the B
pocket alone or with full-length Rb containing a single amino
acid substitution at codon 706 (Cys to Phe) (ASH209) within
the B pocket, which is known to disrupt the binding of SV40
large T Ag (Fig. 3A). This corroborates the specificity of the
EID-1-Rb interaction and is consistent with the observation
that EID-1 demonstrated no interaction with any of the addi-
tional proteins tested (laminin C and p53). As an additional
test of the interaction between EID-1 and Rb, in vitro binding
assays were performed. In vitro-transcribed and -translated,
35S-labeled EID-1 was incubated with the indicated partially
purified bacterially expressed GST fusion proteins. Consistent
with the result of the two-hybrid assays, EID-1 bound to wild-
type GST-Rb but was unable to bind a GST fusion protein
containing the pocket protein mutant of Rb described above
(C706F) (Fig. 3B). To confirm that EID-1 interacts with Rb in
vivo, we infected U2OS osteosarcoma cells with adenovirus
overexpressing EID-1 or an irrelevant protein, LacZ (Fig. 3C).

FIG. 1. Sequence analysis of EID-1. (A) The predicted amino acid sequence
for EID-1. The LXCXE motif (shaded) and acidic domains (underlined) are
indicated. (B) Comparison of the aligned amino acid sequence of the putative
Rb-binding domain of EID-1 with the known Rb-binding sites of BRG1, Elf-1,
SV40 large T Ag, adenovirus E1A, and HPV-16 E7 protein is shown. The
conserved sequences in the consensus EnLXCXE motif are shaded.
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Extracts were immunoprecipitated with either preimmune or
anti-EID-1 antibody and blotted for Rb. As shown, only in cells
infected with EID-1 was endogenous Rb coprecipitated.

EID-1 associates with Rb via its LXCXE motif, in vitro and
in vivo. During the original library screening, one cDNA was
isolated that corresponded to an N-terminal deletion of EID-1
encoding only the most C-terminal 80 aa. This suggested that
the consensus LXCXE Rb-binding motif located in this C-
terminal fragment was a likely candidate to mediate the Rb–
EID-1 interaction. To confirm this, we created a single amino
acid substitution by site-directed mutagenesis of EID-1, EID-
1(C180G), which was predicted to disrupt Rb binding. This
conversion of LXCXE to LXGXE has been shown to render
E1A incapable of binding Rb (64).

In vitro binding assays were performed with in vitro-tran-

scribed and -translated wild-type EID-1 or EID-1(C180G).
[35S]methionine-labeled proteins were incubated with bacteri-
ally produced GST or GST-Rb, and complexes were resolved
on polyacrylamide gels. As shown in Fig. 4A, a single amino
acid substitution in the LXCXE motif abrogated the ability of
EID-1 to interact with Rb. To confirm the specificity for inter-
action between EID-1 and Rb in vivo, we tested the binding of
endogenous Rb to wild-type EID-1 versus the C180G mutation
in transfected mammalian cells. Figure 4B shows the results of
immunoprecipitation using anti-Rb antibody on total protein
extracts from transiently transfected L17 cells, expressing
FLAG fusion proteins of either EID-1 or EID-1(C180G). Im-
munoprecipitated complexes were resolved by PAGE, and im-
munoblots were probed with an anti-FLAG antibody. In a
separate set of cultures, total extracts were probed with anti-
FLAG antibody to confirm that the wild-type and mutant
EID-1 proteins were expressed at comparable levels. Similar to
the results seen in vitro, only wild-type EID-1 was able to
associate with Rb. These data confirm the interaction of EID-1
and Rb by independent, complementary methods, implicating
the LXCXE motif as the domain that mediates this association
as anticipated.

EID-1 inhibits muscle-specific gene expression. To deter-
mine the effects of EID-1 on endogenous skeletal muscle-
specific gene expression, we used an adenovirus vector that
overexpresses human EID-1 (AdEID-1) to uniformly infect
C2C12 cells, a murine skeletal muscle cell line. Undifferenti-
ated myoblasts were infected with AdEID-1 or an adenovirus
vector expressing an irrelevant protein, AdLacZ, and allowed
to differentiate in low-serum medium for 72 h. Northern blot
analysis was performed on total RNA with the indicated
probes, and RNA from undifferentiated C2C12 cells was in-
cluded for comparison. Relative to levels seen in mitogenic
serum (Fig. 4, lane 1), adenovirus delivery of exogenous human
EID-1 blocked the increase of skeletal a-actin mRNA com-
pletely and the increase of cardiac a-actin mRNA by 51% (Fig.
5A). In this myogenic cell line, cardiac a-actin is an earlier
marker of differentiation than skeletal a-actin (3), suggesting
that EID-1 was disproportionately inhibiting later markers of
differentiation. The human-specific EID-1 probe detected an
appropriate increase in expression of human EID-1 in AdEID-
1-infected cells. Levels of glyceraldehyde-3-phosphate dehy-
drogenase were similar in the three groups; thus, the effects of
EID-1 were selective to the differentiation-specific genes
tested.

Skeletal-muscle differentiation is a highly controlled process
involving the coordination of cell cycle exit and expression of
tissue-specific genes that is regulated by the hierarchical ex-
pression of MyoD family members. To determine the effects of
EID-1 on these muscle-determining factors, we infected skel-
etal myoblasts with differing amounts of EID-1 and character-
ized their expression (Fig. 5B). Levels of Myf-5, the function-
ally earliest member (52, 66), were unaffected by EID-1. MyoD
expression was minimally affected and only with the highest
doses of EID-1. In contrast, myogenin expression was inhibited
by even the lowest doses of EID-1. This data suggest that
although EID-1 inhibits skeletal muscle differentiation, the
myogenic phenotype itself is not completely reversed, since
both Myf-5 and MyoD remained expressed. Genetic studies
with mice have confirmed the critical role of myogenin in
skeletal muscle development, particularly late aspects of myo-
genesis (25, 71). Interestingly, levels of p21 were not affected
by EID-1, which supports the lack of an effect of EID-1 on cell
cycle progression (see Fig. 8).

EID-1 inhibits MyoD-dependent transcription. To confirm
that EID-1 was directly inhibiting muscle-specific transcrip-

FIG. 2. Expression analysis of EID-1. (A) Blots containing poly(A)1 RNA
from multiple samples of adult human tissue were hybridized with the radiola-
beled 350-bp human EID-1 cDNA. A single 1.7-kb transcript was detected.
High-level expression was detected in cardiac and skeletal muscle tissue. (B)
Total RNA obtained from murine ventricles at the indicated developmental time
points or adult murine atrial tissue was probed with a corresponding murine
EID-1 probe. (C) Protein extracts from primary human skeletal myotubes, dif-
ferentiated for the indicated times, were probed with polyclonal anti-EID-1
antibody (GN735) and antibodies to the indicated proteins.
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tion, we tested its effect on a panel of skeletal muscle-specific
promoters. As shown in Fig. 6A, with primary skeletal muscle
cells transfected with EID-1 plus appropriate luciferase re-
porter genes, EID-1 inhibits the transcription of both the skel-
etal a-actin and the cardiac a-actin promoter. Similar inhibi-

tion was seen with an 1,800-bp fragment of the muscle creatine
kinase (MCK) gene, including the MCK enhancer, which con-
tains a canonical MyoD binding site (Fig. 6A).

Since expression of skeletal muscle-specific genes is depen-
dent on the activity of MyoD or alternative MyoD family

FIG. 3. EID-1 interacts with Rb. (A) Yeast strain Y187 was transformed with the EID-1–AD fusion protein and either the GAL4-BD alone (pAS2) or indicated
GAL4-Rb mutations. CPRG quantification of b-Gal activity was performed on six independent clones for each transformation. (B) In vitro-transcribed and -translated
[35S]methionine-labeled EID-1 was incubated with 1 mg of either GST, GST-Rb, or GST-Rb(H209). Complexes were precipitated with glutathione-Sepharose beads
and resolved by SDS-PAGE. (C) U2OS cells were infected with the indicated virus and immunoprecipitated with either preimmune or anti-EID-1 antibody (GN431).
Immunoprecipitates were probed with anti-Rb antibody.

FIG. 4. EID-1 associates with Rb in mammalian cells. (A) In vitro-transcribed and -translated [35S]methionine-labeled EID-1 or EID-1(C180G) was incubated with
1 mg of either GST or GST-Rb. Complexes were precipitated with glutathione-Sepharose beads and resolved by SDS-PAGE. (B) L17 cells were transiently transfected
with FLAG epitope-tagged EID-1 or EID-1(C180G). Cell lysates were immunoprecipitated with anti-Rb antibody, immunoprecipitates were resolved by SDS-PAGE
and analyzed by immunoblotting with anti-FLAG antibody. Total cell lysates were immunoblotted with anti-FLAG antibody to ensure the equivalent expression of
proteins.

VOL. 20, 2000 A NOVEL REGULATOR OF MUSCLE DIFFERENTIATION 8907



members, we determined the effects of EID-1 on MyoD-de-
pendent transcription in a heterologous background (77).
MyoD, along with a luciferase reporter construct under the
control of multiple MyoD binding sites, was transfected into
U2OS cells, and the effect of increasing amounts of EID-1 was
determined. As shown, EID-1 caused a dose-dependent reduc-
tion in MyoD transcriptional activity (Fig. 6B). MyoD activity
has been reported to be dependent on the coexpression of Rb
(44). Therefore, if MyoD transcriptional activity requires a
direct interaction with Rb, one explanation for the observed
effects of EID-1 might be that overexpression of any Rb-bind-
ing protein could conceivably displace MyoD from the pocket,
resulting in reduced activity. To examine if EID-1’s inhibition
of MyoD-dependent transcription required an intact Rb-bind-
ing domain, EID-1(C180G) was likewise tested for its effect on
MyoD-dependent transcription (Fig. 6C). MyoD produced an
80-fold induction of the E-box reporter, which was inhibited
65% by EID-1 (P , 0.0001) and 79% by the Rb-binding mu-
tant of EID-1 (P , 0.0001). Surprisingly, the mutation that
abolished Rb binding was a more potent inhibitor of MyoD-
dependent transcription than EID-1 at all doses (P , 0.02).
This strongly argues against the possibility that EID-1 effects
on skeletal muscle-specific transcription are directly related to
its ability to compete for Rb pocket binding. Conversely, it
suggests that pocket proteins normally function to attenuate
EID-1’s inhibitory effects. These results raise the possibility
that EID-1 could exerts its effect on MyoD-dependent tran-
scription indirectly, by a mechanism distinct from interference
with Rb, perhaps by blocking the interaction of MyoD with
other factors that are critical for the full transcriptional activity
of MyoD.

EID-1 inhibits MyoD-dependent transcription through mul-
tiple domains. To determine the domain or domains within
EID-1 responsible for its inhibitory effects on MyoD-depen-
dent transcription, we created multiple-deletion mutations
spanning the coding sequence of EID-1 (Fig. 7). As demon-
strated, neither the C-terminal deletion (aa 122 to 187), the
N-terminal deletion (aa 1 to 67), or the internal deletions
singly or in combination (aa 53 to 61, 62 to 91, and 92 to 115)

were able to completely block inhibition by EID-1 (Fig. 7A and
B). However, deleting the acidic domains in concert with the C
terminus of EID-1 alleviated inhibition of MyoD function
(dl53dl92dl157; Fig. 7C and D) (42). In contrast, deleting the
acidic domains in combination with the point mutation in the
LXCXE motif was not sufficient to relieve this inhibitory effect.
This implies that the C terminus interacts with factors or me-
diates effects distinct from its association with Rb. Equal ex-
pression of all constructs was confirmed by Western blotting
(data not shown). These data suggest that multiple domains
within EID-1 contribute to its inhibitory effects and that a
block to MyoD function can be imposed by either of the two
regions alternatively.

Overexpression of EID-1 does not cause cell cycle reentry.
Many interventions that inhibit myogenic differentiation, such
as mitogens, E1A, and SV40 large T Ag, concomitantly pro-
voke cell cycle reentry. In skeletal muscle, substantial prece-
dent has been established for the pivotal role played in these
reciprocal events by developmentally regulated expression of
cyclins, Cdks, and Cdk inhibitors, especially G1 cyclins (21, 51,
63), although differing domains within Rb are now thought to
mediate growth control versus differentiation (58). Likewise,
exogenous E2F-1 impairs both growth arrest and differentia-
tion in skeletal and cardiac muscle cells (31, 72). Therefore,
repression of MyoD activity could conceivably occur if overex-
pression of EID-1 resulted in cell cycle progression with a
concomitant increase in G1 cyclin activity or with the release of
E2F from the pocket. Therefore, to determine the effects of
EID-1 on cell cycle progression, EID-1 was transfected along
with CMV-CD20, a lymphocyte cell surface marker, at a ratio
of 4:1 into CV-1 cells, a highly transfectable clonal cell line.
Successfully transfected cells were identified with a FITC-la-
beled anti-CD20 antibody by flow cytometry, and DNA con-
tent was quantified using propidium iodide (24). Parallel trans-
fections with E2F-1 and p21 were performed to demonstrate
the fidelity of this technique, where E2F-1 and p21 increase or
decrease the percentage of cells with DNA content greater
than G0/G1, respectively. As illustrated by a representative
experiment (Fig. 8), EID-1 had no effect on G1 exit whereas

FIG. 5. EID-1 inhibits muscle-specific gene expression. (A) To determine the effects of EID-1 on endogenous skeletal muscle-specific gene expression, we used an
adenovirus vector that overexpresses EID-1 (AdEID-1) to uniformly infect C2C12 cells, a murine skeletal muscle cell line. Cells were infected with 50 PFU of AdEID-1
or AdLacZ per cell and allowed to differentiate in low-serum medium (2% horse serum) for 72 h. Northern blot analysis was performed of total RNA with the indicated
probes. RNA from undifferentiated C2C12 cells (in 20% fetal bovine serum) was included for comparison. (B) To determine the effects of EID-1 on MyoD family
members, skeletal myoblasts were infected with 5 or 50 PFU of AdEID-1 or AdLacZ per cell and allowed to differentiate for 72 h. Protein extracts were probed with
polyclonal anti-EID-1 antibody (GN735) and antibodies to the indicated proteins.
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E2F-1 and p21 evoked the expected responses. Similar results
were seen in independent studies, using adenovirus to express
EID-1 in ventricular muscle cells (data not shown). Thus,
forced expression of EID-1 had no discernable effects on cell
cycle reentry in either cell background.

EID-1 preferentially inhibits p300-dependent transcription.
Muscle-specific transcription is dependent on the actions of
both ubiquitous and cell type-specific transcription factors.
Muscle-specific transcription factors such as MyoD (77) or
MEF2 (43) require interaction with p300 for full transcrip-
tional activity. Ubiquitously expressed factors, Sp-1 and YY1,
have been implicated in regulating skeletal and cardiac muscle-
specific transcription both positively (22) and negatively (37,
40), respectively. However, their transcriptional activity has
been suggested to be p300 independent (2, 23). Therefore,
selective inhibition of p300-dependent transcription would ac-
count for EID-1’s preferential effect on tissue-restricted genes.
To test EID-1’s effect on both p300-dependent tissue-re-
stricted factors such as MyoD or MEF2 or ubiquitously ex-
pressed p300-independent factors like Sp-1 or YY1, EID-1 was
cotransfected along with GAL4-BD fusion proteins of these
transcription factors into U2OS cells (Fig. 9A). EID-1 signifi-
cantly inhibited MyoD or MEF2 transcriptional activity while
activity of Sp-1 or YY1 was unaffected. To confirm that EID-
1’s inhibitory actions were p300 dependent, we cotransfected
increasing amounts of p300 along with EID-1. Overexpression
of p300 rescued EID-1’s inhibitory effects (Fig. 9B). These data
support the concept that EID-1’s inhibitory effects are attrib-
utable to disrupting p300 function.

EID-1 interacts with p300. To test the ability of EID-1 to
interact with p300 in vivo, we performed immunoprecipitations
with lysates prepared from U2OS cells using an anti-EID-1
antibody (Fig. 10A). As shown, EID-1 immunoprecipitates
specifically interacted with endogenous p300. To determine
the domains in p300 that mediated this association, we per-
formed in vitro binding assays utilizing [35S]methionine-la-
beled EID-1 and bacterially expressed GST fusion proteins
spanning the entire p300 coding sequence. As shown in Fig.
10B, EID-1 interacts with the C-terminal fragment of p300
corresponding to aa 1572 to 2370. This fragment contains the
C-H3 domain, which has previously been shown to mediate
p300’s interaction with E1A (14) and MyoD (15, 77). To con-
firm that EID-1 interacted with the C-H3 domain of p300 in
vivo, U2OS cells were transfected with GAL4-BD–EID-1
along with wild-type p300 or an internal deletion mutant,
p300dl30, removing residues 1738 to 1808, which are necessary
for E1A and MyoD binding to the C-H3 domain (Fig. 10C).
EID-1 was a weak transcriptional activator when fused to a
heterologous DNA-binding domain. Wild-type p300 further
potentiated EID-1-dependent transcription 7.6-fold. By con-
trast, the p300dl30 mutation, which retains full transcriptional
activity (77), does not potentiate transcription via the GAL4-
BD–EID-1 fusion protein, suggesting that the binding site for
E1A, MyoD, and EID-1 all map to this C-terminal domain of
p300. Adenovirus E1A, an inhibitor of muscle-specific gene
expression, also transactivates transcription when fused to a
heterologous DNA-binding domain, which is further potenti-
ated by p300 (70). Superficially, this may seem paradoxical,
since E1A is known to inhibit p300-dependent HAT activity
(6). However, p300 is known to activate transcription by mul-
tiple mechanisms (33), which might account for the positive
effect.

EID-1 inhibits p300 HAT activity. To address the theoretical
possibility that EID-1, as a p300-binding protein, might merely
interfere with MyoD by sequestering this essential cofactor
under conditions of forced expression, we analyzed EID-1’s

FIG. 6. EID-1 inhibits muscle-specific gene expression. (A) Primary cultures
of skeletal myoblasts were transfected with SkA-Luc, CaA-Luc, or MCK-Luc
along with 1 mg of vector or CMV–EID-1. The percent repression is compared
to that of control cultures without CMV–EID-1. (B) U2OS cells were transfected
with EMSV-MyoD, 4RTk-luc, CMV-LacZ, and increasing amounts of the
CMV–EID-1 expression vector. Results are shown relative to vector-transfected
cultures. (C) Cells were transfected as described along with 1 mg of vector,
CMV–EID-1, or EID-1(C180G). The fold induction is compared to control
cultures without EMSV-MyoD.
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effects on p300 function. Recently, several inhibitors of muscle-
specific transcription including E1A that interact with p300
have been shown to inhibit p300-dependent HAT activity (6,
23). Therefore, to determine if EID-1 also represses p300
HAT activity we performed in vitro p300-dependent HAT
assays in the presence of recombinant EID-1. As shown in Fig.
11A, GST–EID-1 was a potent inhibitor of p300-dependent
HAT activity while GST alone had no effect. To confirm EID-
1’s ability to inhibit p300-dependent HAT activity, we ascer-
tained its effect on p300’s ability to autoacetylate itself in vivo
with our recombinant adenovirus vectors. Cardiac myocytes
were infected with AdEID-1 or AdLacZ, and the extent of
p300-dependent autoacetylation was determined. As shown,
EID-1 was a potent inhibitor of endogenous p300 HAT activity
in vivo (Fig. 11B). To clarify the domains within EID-1 that
mediated this effect, we utilized recombinant Flag-tagged
EID-1 or indicated deletion mutants (Fig. 11C). Wild-type
EID-1 or deletion of the acidic domains (dl53dl92) or the
C-terminal deletion (dl157) retained the ability to inhibit p300
HAT activity. In contrast, the compound deletion mutation
(dl53dl92dl157) that was incapable of inhibiting MyoD-depen-
dent transcription had no effect on p300 HAT activity. These

data suggest that EID-1’s inhibitory properties are dependent
on its ability to inhibit p300 HAT activity.

DISCUSSION

In the present study, we have attempted to identify the
factors in striated muscle that interact with Rb. We have
cloned a novel protein, EID-1, expressed in cardiac and skel-
etal muscle that specifically interacts with Rb through a LX-
CXE motif located in its C terminus. Developmental expres-
sion patterns and overexpression studies of EID-1 suggested
that this molecule represented a novel inhibitor of differenti-
ation. While in vitro binding studies and two-hybrid assays
strongly support the notion that EID-1 interacts with Rb, we
have been unable to directly show an interaction of the endog-
enous proteins. This may be simply related to technical limi-
tations of our reagents or the low levels of expression of the
two factors. Despite this, our data suggest, at least indirectly,
that the interaction of EID-1 with Rb is functionally important.
The point mutation in EID-1 that abolishes Rb binding was a
more potent inhibitor of MyoD-dependent transcription.
Therefore, our data support an alternative model for the in-

FIG. 7. The C-terminal and acidic domains mediate inhibition of MyoD-dependent transcription by EID-1. To determine the domain or domains within EID-1
responsible for its inhibitory effects, we created multiple-deletion mutations spanning the coding sequences of EID-1. U2OS cells were transfected with 1 mg each of
MyoD and 4Rtk-Luc and indicated mutations as described below. Luciferase activity, corrected for that of LacZ, is shown relative to expression in cells receiving MyoD
in the absence of EID-1. Amount of EID-1 vectors, 1 mg (A and C) and 0.5, 1, or 2 mg (B and D).
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terplay of Rb and MyoD during skeletal muscle cell differen-
tiation that would be dependent on the expression of Rb but
does not require a direct Rb-MyoD physical association. In
support of this premise, data are presented in the accompany-
ing manuscript by Miyake et al. that not only can Rb rescue
EID-1’s inhibitory effects but that overexpression of EID-1 can
disrupt some aspects of Rb function (42). EID-1 joins a grow-
ing list of inhibitors of differentiation, including p202 and
HBP1, that have been shown to interact with Rb (10, 35). The
fact that several inhibitory factors have been identified which
interact with Rb suggests that this protein may represent a
differentiation checkpoint, linking factors regulating cell cycle
exit and tissue-specific gene expression (60).

Interestingly, Rb has also recently been shown to be critical
for MEF2-dependent transcriptional activity (45). This poten-
tiation of MEF2 activity was in part independent of Rb’s effects
on cell cycle progression, but the basis of this cell cycle-inde-
pendent effect was not determined. Since MEF2 transcrip-
tional activity (55), like that of MyoD, has been reported to be
p300 dependent, an indirect mechanism involving EID-1 might
explain both the defect in skeletal muscle gene expression in

the absence of pocket proteins (19, 44) and our and others’
inability to confirm a physical interaction between Rb and
MyoD in vivo (45). Additionally, it might explain the paradox-
ical observation that Rb can potentiate the transcriptional ac-
tivity of certain factors (8, 30, 62) despite its inherent transcrip-
tional repressor-like activity (59, 73). This link between Rb and
p300 provides a cogent hypothesis to explain these discordant
results.

The similarities between EID-1 and E1A are obvious; how-
ever, several differences are also apparent. The most obvious is
EID-1’s lack of effect on cell cycle progression. A priori, based
on results with classic LXCXE proteins, E1A and SV40 large
T Ag, one would have predicted cell cycle reentry as the de-
fault hypothesis; however, there are now multiple reports that
endogenous cellular proteins with LXCXE motifs can have
divergent effects on the cell cycle (29, 50). This may in part be
explained by the ability of pocket proteins to bind multiple
partners simultaneously (61). A model for this regulatory ac-
tivity has been proposed whereby Rb effects on cell cycle are
separable from its differentiation-promoting properties (58):
Rb-dependent growth arrest requires an intact E2F binding

FIG. 8. Overexpression of EID-1 does not cause cell cycle reentry. To determine the effects of EID-1 on cell cycle progression, vectors encoding EID-1, E2F-1, or
p21 were transfected along with CMV-CD20, a lymphocyte cell surface marker, at a ratio of 4:1 into CV-1 cells, a highly transfectable clonal cell line. Transfected cells
were identified with an FITC-labeled anti-CD20 antibody by flow cytometry, and DNA content was quantified with propidium iodide.
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site, while E2F binding was dispensable for Rb to promote
differentiation, suggesting that Rb was binding and modulating
a second, functionally distinct class of proteins.

HATs play a critical role in tissue-specific transcription by
relieving repressive effects of chromatin condensation. p300 is
a structural and functional homologue of CREB-binding pro-
tein, a transcriptional coactivator that not only has intrinsic
HAT activity (46) but is capable of recruiting additional HAT
factors to the transcriptional complex (76). p300, which was
originally cloned as an E1A-binding protein, was subsequently
shown to be critical for normal skeletal muscle differentiation,
since disruption of its function by neutralizing antibodies or
dominant-negative mutations blocks both differentiation and
cell cycle arrest (49, 55). E1A mutations that selectively block
p300 function are capable of inhibiting skeletal and cardiac
muscle differentiation (32, 41). Until recently, it was presumed
that competitive binding was the basis for the ability of E1A to
inhibit tissue-restricted expression in skeletal muscle, since
E1A interacts with the same region of p300 as MyoD (C-H3

domain). However, E1A has now been shown to directly in-
hibit the HAT domain of p300 or of the p300- and/or CBP-
associated factor, PCAF (6, 23). We have provisionally sug-
gested an analogous mechanism for EID-1, whose interaction
with p300 in two-hybrid assays was specifically contingent on
the C-H3 domain (Fig. 10C) and could inhibit p300 HAT
activity (Fig. 11). Whether this inhibition of HAT activity is a
general model for differentiation inhibitors will need to be
determined; however, Twist, a skeletal muscle inhibitor, has
already been shown to interact with p300 and inhibit its HAT
activity (23).

In summary, our data suggest a novel mechanism for the
interplay of Rb and MyoD and for the dependence of skeletal
muscle cell differentiation on p300 and/or CBP. Further stud-
ies of EID-1 are in progress to delineate whether EID-1 also
directly effects MyoD, possibly by inhibiting PCAF-dependent
acetylation which has recently been shown to be important for
MyoD DNA binding and transcriptional activity (56). Al-
though EID-1 appears to be highly expressed in striated muscle

FIG. 9. EID-1 preferentially inhibits p300-dependent transcription. (A) U2OS cells were transiently transfected with 1 mg of GAL4-BD fusions of the indicated
transcription factors with or without CMV–EID-1. After 48 h, cell lysates were harvested and luciferase activity was assayed and normalized to total protein. Results
are shown, relative to the levels of GAL4-BD fusion alone. (B) To determine if overexpression of p300 could rescue EID-1’s inhibitory effects, U2OS cells were
transiently transfected with EMSV-MyoD, 4RTk-luc, CMV-LacZ, and CMV–EID-1, along with increasing doses of CMV-p300. After 48 h, cell lysates were harvested
and luciferase activity was assayed and normalized to LacZ activity.
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and brain tissue, its expression in adult tissues is widespread,
albeit at lower levels. Since Rb has been postulated to play a
role in the differentiation of a wide variety of tissues, EID-1
and the model proposed may represent a more generalized
mechanism of differentiation regulation. The extent of this role
will await studies detailing its developmental expression and
the creation of a mouse model deficient in this protein.
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