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This paper focuses on the mechanism of action of the protein Id. Id was
first identified as a molecule capable of antagonizing the activity of MyoD, a
gene whose forced expression in C3H10T1/2 fibroblasts converts them into
cells of the muscle lineage. Although the inhibitory activity of Id appears
not to be confined to muscle cells (see below), this lineage has been used as
the primary model experimental system. As such, a brief review of what is
known about the molecular basis of muscle differentiation will serve to place
this paper in the appropriate context.

1. MyoD and the Helix-Loop-Helix Family of DNA Binding Proteins
The development of a novel tissue culture model system has facilitated

the identification of important regulatory molecules in the muscle
differentiation program. It was recognized in 1978 that cultured C3H10T1/2
fibroblasts treated briefly with the pyrimidine analogue 5-azacytidine would
give rise to individual colonies that had properties of the muscle cell lineage
(1,2). These cells could proliferate at low density in the presence of serum
in an undifferentiated myoblast-like state but upon reaching confluence and
depletion of mitogens would express muscle-specific genes such as the
acetylcholine receptor and myosin ATPase. After prolonged exposure to
mitogen depleted media, these cells were observed to form mutinucleate
syncitia characteristic of mature myotubes (ibid). Since the only known
mechanism of action of 5-azacytidine is to cause demethylation of cytosine
residues and since hypomethylation has been associated with gene
activation, Davis et al. assumed that there were mRNAs present in
5-azacytidine derived myoblasts that were absent in the C3H10T1/2
fibroblast parent that could confer commitment to the muscle cell lineage
(3). Using standard subtractive hybridization techniques, these authors
identified a cDNA clone encoding an mRNA that was expressed in
aza-myoblasts and the C2C12 muscle cell line but not in fibroblasts or other
non-muscle cell types (ibid). Most importantly, it was observed that
constitutive overexpression of this cDNA from the Moloney sarcoma virus
LTR could activate the entire muscle differentiation program in C3H10T1/2
fibroblasts and a number of other non-muscle cell types (3,4). Expression of
this gene product, called MyoD (for Myogenic Determination gene),
appeared to be sufficient (either directly or indirectly) for the transactivation
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of many of the muscle-specific structural genes required for the formation of
a mature myotube (5). In addition, it was observed that overexpression of
the exogenous MyoD gene resulted in the activation of the endogenous gene
in C3H10T1/2 cells (34).

The predicted amino acid sequence of MyoD derived from the cloned
cDNA revealed a 60 amino acid region which was ~70% homologous with
the c-myc protooncogene (3). This homology region was also shown to be
present in the four genes of the Achaete-scute complex of Drosophila
melanogaster, a locus implicated genetically in neuroblast determination (6
and references therein). In addition, gene products of the ubiquitously
expressed E2A and E2-2 genes (referred to here collectively as E proteins)
which were identified by their ability to bind E-box motif within the
immunoglobulin light chain enhancer, were also shown to contain the myc
homology domain (7). Within the last 5 years, over 70 proteins have been
identified that contain this motif. The list now includes many genes known
to be involved in cell type determination and transcription in organisms
ranging from yeast to humans.

The myc homology region has been divided into four conceptual
subdomains referred to as the basic-helix-loop-helix domain (bHLH) (8). The
HLH domain is comprised of two proline free regions capable of forming
amphipathic alpha helices separated by a variable length linker or loop.
Six residues within the first helix are conserved throughout the family
and eight residues within the second helix (7, 9). It has also been observed
that the loop region is partially conserved within certain subclasses of the
HLH family, e.g., the loops of the myogenic HLH proteins are more closely
related to one another than to the loops of the neurogenic HLH proteins of
the achaete-scute complex, etc. (9). The basic region consists of a cluster of
16-20 amino acids rich in lysine and arginine residues which lies just
amino terminal to the first amphpathic helix.

Overexpression of the bHLH domain of MyoD has been shown to be
sufficient to activate the muscle differentiation program in 10T1/2
fibroblasts, directly demonstrating the biological importance of this motif (5).
Alterations in this region have also been shown to block the transforming
activity of c-myc (10). As a result of these and other studies, attention was
quickly focused on the function of the bHLH domain. As discussed below,
the bHLH domain has been shown to mediate two separable functions of this
protein family: DNA binding (via the basic region) and dimerization (via the
HLH domain).
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MyoD and the E proteins have been shown to be DNA binding proteins
that specifically recognize a DNA sequence (CANNTG) found within the
muscle-specific creatine kinase (MCK) enhancer and the control regions of
a number of other genes activated during muscle differentiation (8,11). This
site is also present in the immunoglobulin light and heavy chain enhancers
and is presumably the target sequence for the E proteins (11). Deletion or
point mutations within the basic region of MyoD (12) or E47 (13) abolish the
capacity of these proteins to bind DNA but have no effect on their capacity
to form dimers. Although the basic domains of members of the HLH family
are homologous, they appear not be functionally equivalent. For example,
substitution of the E12 or the achaete-scute basic region for the basic region
of MyoD results in molecules which can bind DNA but which fail to activate

the muscle differentiation program (12). These observations have led to the
identification of a sub-sequence within the basic region required for
muscle-specific gene activation (ibid), presumably through
post-translational modification and/or the association of other proteins.

Site directed mutagenesis studies have shown that it is the HLH domain
that mediates dimerization. Disruption of either amphipathic helix
disrupts the capacity of MyoD or E47 to form dimers (12,13 ). These
mutations also indirectly block DNA binding since DNA binding requires
dimer formation (ibid, 14). The rules governing which HLH proteins will
interact with one another have not yet been defined but some guidelines are
emerging. The ubiquitously expressed E proteins appear to interact strongly
with many of the cell-type specific HLH proteins such as MyoD, myogenin,
and Achaete-scute, which interact poorly with one another (8,12,15). The
only pairing partner of c-myc identified as yet is max (16), both of which
contain a second dimerization domain called the leucine zipper (17).
Preliminary experiments have indicated that the particular sequence of a
leucine zipper on bHLH-zip proteins may affect the pairing partners of these
proteins (T. Kadesch, personal communication).

Defining which bHLH and bHLH-zip interactions take place in the cell
will be important since different dimeric complexes bind to DNA with
altered affinities and sequence specificities. It was first demonstated that
MyoD and T3 (of the Achaete-scute complex) could heterodimerize with the
E proteins and these heterodimers bound DNA much more avidly than their
homodimeric counterparts (8). It has also been demonstrated that MyoD
homodimers and MyoD/E12 heterodimers have different preferred binding
sites (17). Thus, the rules of pairing will govern how the array of HLH
proteins bound to DNA will change if the availability or concentration of
various HLH proteins is altered.

Several lines of evidence indicate that HLH interactions are important in
vivo. In Drosophila, the negative HLH proteins extramachrochaete (emc)
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and hairy appear to titrate the effects of two other HLH proteins involved in
neuroblast determination, scute and achaete, respectively in a dose
dependent fashion (17,18,19,20). C3H10T1/2 cells which underexpress E
proteins as a result of antisense E12 expression are resistant to conversion to
muscle by MyoD overexpression, suggesting the cooperation of these two HLH
proteins in the cell (21). Finally, whole cell extracts prepared from
myotubes have been shown to contain MyoD/E protein complexes (21) and
myogenin (15) capable of binding the core consensus sequence of the MCK
enhancer.

In addition to its ability to stimulate differentiation, it has recently been
determined that MyoD also has the capacity to inhibit cell proliferation.
Introduction of MyoD expressing plasmids into a number of different cell
lines by either microinjection or transfection results in an inhibition of DNA
synthesis with 18 hours as measured by bromodeoxyuridine incorporation
(22,23). Importantly, this effect is observed in CV1 monkey kidney cells (23)
which are resistant to conversion into muscle cells by MyoD overexpression
(4) suggesting that the ability of MyoD to inhibit cell proliferation is
independent of its ability to induce differentiation. This conclusion is strongly
supported by an analysis of MyoD mutants. Deletion or disruption of the HLH
dimerization motif blocks the ability of MyoD to induce differentiation and
inhibit cell proliferation; however, disruption or deletion of the basic region of
MyoD (which prevents its binding to DNA) inhibits the ability of MyoD to
induce muscle differentiation but does not significantly affect its ability to
inhibit proliferation (22). As stated above, these mutations do not affect the
ability of MyoD to heterodimerize with other members of the HLH family.
Thus, it seems likely that ability of MyoD to inhibit DNA synthesis and cell
proliferation results from its interaction with other members of the HLH
family and is independent of its DNA binding or transactivation potential. It
must be emphasized, however, that in all of these studies, MyoD may be
present in the cell at much higher concentrations than it is normally found.
Whether the growth suppressive property of MyoD reflects a normal
physiological role for the protein has not yet been established.

2. Id as a Negative Regulator of bHLH Proteins
In a screen for HLH cDNAs using a conserved nucleotide sequence

within amphipathic helix 2, a clone was identified that encoded a novel HLH
protein, subsequently named Id (for Inhibitor of differentiation) (9). The 15
kilodalton protein encoded by the Id cDNA contains the conserved
helix-loop-helix domain but is missing the adjacent basic region found in
other members of the family. Three members of the Id family have now been
identified in the mouse: Idl, Id2 (24) and HLH462.3 (25), also referred to as Id3
(see figure 1). All three members have a high degree of conservation in the
HLH domain and have been shown to inhibit E proteins or MyoD/E complexes
from binding DNA in vitro. The Drosophila homologue of Id, called
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extramachrochate (emc), which antagonizes the activity of T4 (scute)
genetically, contains striking homology to the murine genes in the HLH
domain (19) and has been shown recently to inhibit Drosophila bHLH proteins
from binding DNA in vitro ( 26). Some preliminary rules governing the
association of Id and other bHLH proteins have been reported. For example,
the affinity of murine Idl and Id2 for the E proteins is higher than their
affinity for MyoD (9,24). Furthermore, TFE3, a bHLH protein that also
contains a leucine zipper (bHLH-zip) is completely resistant to Idl (24,27) and
Id2 inhibition although the zipper is not necessary for this resistance (24). A
similar resistance to Id inhibition has been reported for the bHLH-zip proteins
c-myc, USF and AP4 (24).

Thus far, the in vivo inhibitory activity of Id has been inferred from
changes in Id mRNA expression and transient transfection data. Idl steady
state mRNA levels have been shown to be down regulated during muscle
differentiation (9) and both Idl and Id2 mRNAs are down regulated during B
cell development (24,27), erythroid differentiation and F9 embryonal
carcinoma cell differentiation (9,24). In addition, both Idl and Id3 are
down-regulated in serum deprived fibroblasts (9,25) and Id3 has been shown
to be a member of the early serum response genes (25). Transient transfection
data is available only for Idl. In several different cell lines, Idl expression
from a viral LTR has been shown to antagonize the ability of positively acting
bHLH proteins to activate transcription (9,28,29). Furthermore, when an E
protein is forced to bind DNA by fusing it to the Gal4 DNA binding domain,
transactivation of a UAS containing reporter gene by this molecule is
insensitive to Id expression (27). These data support a model in which Id
inhibits differentiation by preventing E proteins alone or as heterodimimeric
complexes from binding DNA and transactivating target genes.

Evidence for the interaction of various HLH proteins in vivo has come
from genetic analysis and cell culture experiments. For example, in
Drosophila, the negative HLH proteins extramachrochaete (emc) and hairy
appear to titrate the effects of two other HLH proteins involved in neuroblast
determination, scute and achaete, respectively (17,18,19,20). Scute and
daughterless (a Drosophila homologue of the E proteins) interact genetically
during peripheral neurogenesis (30). Also, daughterlesss and ectopically
expressed hairy have been shown to compete genetically for limiting amounts
of scute (31). In cell culture transfection experiments, it has been observed
that all mutations in MyoD which prevent its association with E proteins in
vitro also inhibit its ability to transactivate muscle-specific genes, suggesting
the cooperation of these two HLH proteins in the cell (12). Furthermore,
C3H10T1/2 cells which underexpress E proteins as a result of antisense E12
expression are resistant to conversion to muscle by MyoD overexpression (21).
One cannot rule out the possibility however that these effects are due to
indirect interactions.

Direct biochemical measurements of bHLH protein interactions have
been reported recently: i.e., E proteins complexed to MyoD and myogenin
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have been observed in muscle cell extracts (21). We wanted to determine
whether direct protein-protein interactions between Id and the E proteins play
a role in muscle diffFerentiation. In a recent report, we demonstrated that Id
and E proteins cofractionate and coimmunoprecipitate in extracts
from proliferating myoblasts (32). We also correlated the loss of Id protein
in differentiated myotubes with the appearance of heterooligomeric complexes
between E proteins and MyoD in whole cell extracts. These complexes do not
form when purified Id protein is added back to the lysates. In addition, we
showed that stable overexpression of Id mRNA delays the onset of
differentiation in the C2C12 muscle cell line. Myotubes which do eventually
form in these cells continue to express Id mRNA but have lost Id protein
assayed by indirect immunoflourescence and immunoprecipitation with an
anti-Id antibody, implying post-transcriptional regulation of Id protein levels.
Our data favor a model in which Id inhibits muscle differentiation in cultured
cells by preventing the association of the E proteins with the muscle
determination gene products (see figure 2).

Figure 2.

Myoblasts proliferating in high serum are imagined to have
enough levels of Id protein to titrate the available pool of E12/E47
protein and prevent the formation of E12/E47-MyoD heterodimers.
The MyoD gene, under these conditions, could be activiated by
either a MyoD homodimer or a heterodimer of MyoD with an un-
known protein (indicated with the question mark). When the
cells are deprived of serum factors, Id protein levels are imagined
to decrease and some E12/E47 protein is now available to hetero-
dimerize with MyoD. This heterodimer would activate the MCK
gene, the MyoD gene, and perhaps other muscle structural genes
required for mature myotube formation.
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We are also currently investigating the role Id may play in cell cycle
progression. During the differentiation response in several cell lines
examined (MEL, muscle and F9 EC cells), Id mRNA levels fall prior to
withdrawal from the cell cycle (9). Also, Id mRNA levels fall when fibroblasts
deprived of serum enter a GO state, without the comcommitent expression of
any known differentiation markers. Down regulation of Id may be necessary
for withdrawal from the cell cycle since muscle cells and myeloid cells
constitutively expressing Id from a viral LTR fail to enter a quiescent state
after the withdrawal of mitogens (32,33); the cells die. The nature of this cell
death phenomenon is currently being investigated using inducible versions of
the Id gene.
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Figure 3.

Spatial localization of Id mRNA in 12.5 d.p.c. mouse embryos.
Photomicrographs of adjacent, parasagittal sections through a
12 5 d.p.c. mouse embryo hyridized to the antisense (a) or
sense (b) strand of Id mRNA or stained immunohistochemically
for BUudr (c) incorporation as an index for ongoing DNA synthesis.
In the central nervous system, Id mRNA is localized to mitotic
neuroepithelium ( arrowheads, 2c) of the hindbrain (myl,
met) and midbrain (mes), but is absent from the forebrain (di,tel).
Abbreviations: cp, choroid plexus; di, diencephalon; mes,
mesencephalon; met, metencephalon; myl, mylencephalon; tel,
telencephalon; Md, mandible; MX, maxilla; H, heart; L. liver;
G, gut.
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Embryologic data supports the notion that down-regulation of Id may be
necessary for withdrawal from the cell cycle. 13.5 day mouse embryos were
labelled with bromodeoxyuridine and serial sections stained with an
anti-BrdU antibody and antisense Id RNA (see figure 3). Many regions of the
embryo are positive with both stains (e.g. the mitotic neuroepithelium
indicated with arrows). We can detect no regions of the embryo, however, that
are BrdU- and Id+ consistent with the notion that expression of Id is
incompatible with cell cycle withdrawal. Note that expression of Id is clearly
not required for cell cycle progression as there are many regions of the
embryo that are Brdll+ and Id-. This is consistent with our observation that
many cultured cell lines (pre-B cells, melanoma cells) do not express
detectable Id mRNA while proliferating (9). We are currently trying to
identify bHLH proteins that can associate with Id that may be involved in cell
cycle kinetics.
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Discussion - Id AS A GENERAL NEGATIVE REGULATOR OF THE HELIX-LOOP-

HELIX FAMILY OF DNA-BINDING PROTEINS

H.P. Koeffler

When you overexpress Id in 32D cells or in your myeloblasts, do you get a

marked decrease in homogenicity or cell growth? Do you think that has any

physiologic relevance and, a corollary to that, do you think that overexpression of Id

is related to tumorigenesis?

R. Benezra

We don't really know if there's any physiological correlate to overexpression.

As I showed, in the mouse embryo we see cell death in regions where there are high

levels of Id expression. The other observation, which doesn't relate to cell death but

we think might be important, is that high levels of Id might serve to turn off the

myogenic factors themselves. That is, when Id is present at high levels, you might be

able to overcome the relatively weak interaction between Id and MyoD and thereby

break the autoregulatory loop.

Concerning a possible correlation between Id overexpression and

tumorigenesis, we are studying myeloid leukemias and we are trying to correlate the

levels of Id mRNA in an acute versus chronic phase. Higher levels of Id are

expressed in the acute phase, not unexpectedly. Others are studying colon

carcinomas and there are extremely high levels of Id mRNA expressed in those cells.

Whether or not that correlates with the state of differentiation of various tumors is not

yet clear.

J. Massague

Does Id activity or levels oscillate in a cell cycle-dependent manner?

R. Benezra

Yes, we actually did that experiment and let me just briefly describe how we

did it. We harvested about 100 million myoblasts in a proliferating state, fixed them
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in ethanol and then sorted them according to DNA content, so we can obtain a G1(

early S, late S and G2 fraction in the absence of any drug. RNA was prepared and

tested by Northern blot analysis. We have found that Id peaks in late S and is very

low in G2.

J. Baguna

Is anything known about the input of Id regulation? I am asking this because

the emc gene in Drosophila is very highly regulated in different regions.

R. Benezra

emc and Scute are expressed in a mutually exclusive pattern in the developing

Drosophila embryo, not unlike the Id MyoD story, but to answer your question, we do

not know yet what the controlling elements of Id gene are. We are obviously

interested in that question, it took us a very long time to get the promotor, but we now

have 10kb upstream and 10kb downstream and we will be looking for important

regulatory elements.

K. Nasmyth

In the mouse you see Id expression in cells which do not express any of the

myogenic factors. How does that relate to the model you had at the beginning where

Id was taking out E12 and MyoD was there?

R. Benezra

The first thing I should re-emphasize is that the Id-E interaction is much tighter

than the Id-MyoD interaction. So we imagine that one cannot get an Id-MyoD

association until one goes to very high levels of Id expression, which may be present

in the mouse embryo. There the Id-MyoD association might be breaking the MyoD

auto regulatory loop. When you go to a lower level of Id, that may have been selected

for in the cell lines, you can free up MyoD, allow it to auto activate, but prevent the

MyoD-E association. In a sense, we may have selected for that cell in culture

because very high levels of Id we now know are cytotoxic in culture and very low

levels of Id allow terminal differentiation.
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K. Nasmyth

In your model the down-regulation of Id is the crucial thing, whether MyoD is

there or not. Then, what is the significance of the MyoD autoreguiation in that

differentiation process?

R, Benezra

I could just speculate and say that if Id is playing a role you can imagine that

slight fluctuations in Id level might allow a transient MyoD-MyoD interaction, which

needs to be amplified. The MyoD homodimer by turning on its own promotor would

amplify this signal. It needs not be Id, it could be other factors as well, obviously. Id

is probably only one player in controlling MyoD regulation.

K. Nasmyth

But my understanding of what you were saying is that the MyoD-MyoD

homodimer does not elicit the differentiation program, it's the MyoD E12.

R. Benezra

No, but it makes a cell committed to the muscle lineage, that is it can't go any

other place if it has MyoD, assuming no other gross changes take place in the cell.

So this overt differentiation does not take place until a second signal is received,

which is down-regulation of Id, and perhaps of mvc and fos and other factors, and

perhaps modification of MyoD.

G.E. Francis

Could I ask you to enlarge upon your statements about the overexpression of

Id in non myoblasts, i.e. in other cells?
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R, Benezra

If you deprive a myeloid cell, 32D in fact, of IL3 and add GCSF the ceils

differentiate over a period of 10 to 12 days. On the other hand, if you repeat the

experiment on a 32D cell constitutively expressing high levels of Id the cells die. We

do not know what the nature of that cell death is. It sounds very reminiscent of the

programmed cell death that people see with overexpression of mvc. but we have not

tested that yet.

J. Bagufia

I would like to make a further comment about achaete-scute and emc in

Drosophila because I think there is a very clear overlapping between achaete-scute

expression and emc expressions, so there is no black and white in the sense of being

completely complementary. It appears that bristle cells are just differentiating in the

regions where emc and achaete-scute are expressed in concentration gradients of

opposite directions.

R. Benezra

Yes, but it is also true that weak hypomorfic emc alleles give rise to ectopic

achaete-scute expression in regions that do not normally express it, and this is

consistent with the idea that emc may be playing a role in the expression of those

genes.

S.H. Friend

Can you take us just through, down from U5, in terms of what you think are

homologues and what you think are uncovering classes of proteins that have similar

activity and what you are doing in terms of trying to find now the CBF homologue.

R. Benezra

We are obviously not there yet, this is very preliminary data, but what we think

we have defined is an Id-like activity, capable of antagonizing a bona fide

helix-loop-helix protein from binding DNA in cerevisiae. It turns out that that binding
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protein is involved in centromere stability. How we might relate that to cell cycle

progression is not clear. Perhaps a mammalian cell can sense the inappropriate

positioning or binding of CBF to DNA in the cell cycle. If CBF is bound at the wrong

point, let us say at the beginning of S, it sends a signal to the cell which says - do not

divide. That is clearly a speculative hypothesis. I do not need to invoke specifically

CBF, there could be other molecules that are regulated by Id that could also be

controlling that step. The hope, obviously, is that CBF might be one of those players.




