
COMMENTARY

The role of DNA-binding proteins in differentiation and transformation

E. WHITELAW

Sir William Dunn School of Pathology, University of Oxford, South Parks Rd, Oxford 0X1 3RE, UK

Introduction

Ten years ago we were unsure how closely the transcrip-
tional regulation in eukaryotes mimicked that found in
prokaryotes. Today it seems that the mechanisms are
reassuringly similar. This may not be a very great
surprise but it is certainly a great delight. Ptashne and
others, working with the bacteriophage A have shown in
simple molecular terms how two DNA-binding proteins
- the A repressor and cro - could determine its mode of
growth (for review, see Ptashne et al. 1980). These two
proteins compete for binding at an operator. If the A
repressor is successful, transcription of lytic functions is
repressed and lysogenic functions simultaneously acti-
vated, more repressor is produced and the phage enters
stable lysogeny. If however the cro protein reaches the
operator first, the balance swings the other way. Tran-
scription of the A repressor is prevented and free ex-
pression of the lytic proteins is allowed. So changes in the
concentrations of these proteins have a far-reaching
impact on A's lifestyle. A variety of prokaryotic gene
systems have been studied and clear patterns are emerg-
ing. The binding sites tend to be palindromes, recog-
nized by transcription factors that bind as dinners.
Transcription or repression can depend upon a very fine
balance of concentrations and protein-protein interac-
tions that favour an 'opening' or 'closing' of the promoter
region.

Over the last few years a great deal of information has
become available that emphasizes the importance of
DNA-binding proteins in the differentiation of higher
organisms through their actions on specific sets of genes.
Furthermore, it is now becoming clear that protein-pro-
tein interactions, i.e. interactions between DNA-binding
proteins, are also important. In this review, I will attempt
to outline the types of experiments that have brought this
to light and to discuss in detail a few examples from
different systems that suggest that this will turn out to be
a general mechanism.

Homeobox proteins are transcription factors

First, let us consider the homeobox proteins. This family
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of proteins is known to play a vital role in the develop-
ment of multicellular organisms (for review see Scott and
Carroll, 1987; Dressier, 1989; Wright et al. 1989). They
are characterized by a highly conserved 'homeodomain'
about 60 amino acids in length. Homeodomains, first
recognized in Drosophila, have now been found in a wide
variety of eukaryotic organisms ranging from yeast to
human, and more than 80 such proteins have been
identified. Originally the homeobox proteins were
thought of as the key to segmentation in flies and
vertebrates. However, more recently, they have assumed
a much broader role in cell commitment in the early
embryo. Almost every one of the homeobox genes in
Dmsophila is expressed in a characteristic subset of
embryonic cells, and evidence from in situ hybridization
suggests that each cell type may contain a unique
combination of homeobox gene products. It is thought
that these permutations of gene expression play a crucial
part in establishing diverse pathways of morphogenesis.

The possibility that homeodomains might be se-
quence-specific DNA-binding proteins that directly in-
fluence transcription came from the realization that they
shared considerable sequence similarity with the yeast
mating type proteins al and a2 (Shepard et al. 1984).
These yeast proteins were already known to be similar to
various prokaryotic repressors that interact with DNA
(Laughon and Scott, 1984). Furthermore, the recent
discovery that three mammalian transcription factors that
are known to be DNA-binding proteins contain homeo-
box sequences provides another clue as to how homeobox
proteins control gene expression. The genes encoding
these three factors, Oct-1, Oct-2 and Pit- l /GHF, are
closely related and represent a new subfamily of homeo-
box genes (Herr et al. 1988).

Oct-1 is a ubiquitous protein that binds a conserved
eight-nucleotide sequence called the octamer: ATTTG-
CAT. Oct-2 is a lymphoid-specific protein that binds the
same sequence. This sequence is associated with pro-
moter and enhancer elements of many genes and has been
shown to play an important role in the transcriptional
activation of these genes. Direct proof that these proteins
are sequence-specific transcription factors has been ob-
tained by adding purified proteins to in vitro transcrip-
tion reactions (Scheidereit et al. 1987).

Pit-1 (or GHF-1) is a transcription factor involved in
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the pituitary-specific expression of two related hormones,
growth hormone (GH) and prolactin (PRL). It provides
a stunning example of how a transcription factor, con-
fined to a single tissue, can activate specified genes, in
that tissue alone. In this case the GH and PRL genes are
marked out since they contain the 9 base pair consensus
TT

TATNCAT. Pit-1 recognizes this sequence and these
genes are expressed (Nelson et al. 1988). The GH and
PRL promoters can be transcriptionally activated in vitro
by adding purified Pit-1 protein to HeLa nuclear extract
(Nelson et al. 1988). The recent isolation of the cDNAs
that encode Pit-1 and GHF-1 has led to the discovery that
they both encode the same 291 amino acid protein and
that their expression is restricted to the two cell types of
the anterior pituitary that express the GH and PRL
genes. Expression of Pit-1 in heterologous cells results in
the activation of cotransfected growth hormone and
prolactin promoters (Ingraham et al. 1988). The protein
contains a homeodomain with 35 % amino acid identity to
the Drosophila prd homeobox and 57 % and 55 % identity
to Oct-1 and Oct-2, respectively (Herr et al. 1988).

The homeodomain proteins have long been thought of
as factors that directly activate or repress the transcrip-
tion of batteries of other genes and it is now becoming
clear that the control is mediated directly by DNA-
binding in promoter regions. For example, we know that
the Drosophila Even-skipped (Eve), Engrailed (En) and
Antennapedia (Antp) homeodomains bind DNA in a
sequence-specific manner (Hoey and Levine, 1988; Des-
plan et al. 1988; Muller et al. 1988). Indeed, the
homeobox proteins Eve and Fushi tarazu (Ftz) bind with
high affinity to specific sites within the promoter of the
segmentation gene engrailed (En). Eve and Ftz are
known to participate in the activation of the engrailed
gene. However, there is as yet little information about
how the binding of these proteins at their recognition
sequences activates or represses gene expression.

All homeodomains appear to contain a helix-turn-helix
motif similar to regions previously shown in prokaryotic
repressors (e.g. A repressor) to interact with DNA
(Ottinge/ al. 1988). In prokaryotic repressors it is known
that the sequence specificity is afforded by the second of
these two helices (close to the carboxy terminus). It is
this part of the homeodomain that is most conserved
between different proteins. This suggests that many
different homeoproteins are capable of binding to similar
DNA target sequences. In fact, the recent experiments
show that a number of different homeobox proteins can
bind the same binding sites at the 5' end of the En and
Eve genes, lending support to the idea that regulatory
interactions among homeobox genes involve competition
of different proteins for the same cis-regulatory se-
quences (Hoey and Levine, 1988). In this model, differ-
ent proteins, some perhaps activators and others repres-
sors, 'compete' for binding to a specific site and the
'on/off state of the target gene depends on which protein
has the highest affinity and also on the intracellular
concentration of the various proteins. This type of
mechanism is analogous to the regulatory interactions of
A repressor and cro proteins discussed above.

Some oncogenes are transcriptional activators

Until recently, transcriptional regulators had not been
shown to harbour oncogenic potential. The first defini-
tive example of a transcription factor gene inducing
cancer is the oncogene jun. Over the past year it has
become evident that Jun is an important cellular control
element that interacts with other proteins and with DNA,
to affect transcription and induce oncogenic transform-
ation.

The replication-defective retrovirus avian sarcoma vi-
rus 17 (ASV17), isolated from a chicken sarcoma (Maki
et al. 1987), causes fibrosarcomas in chickens and onco-
genic transformation in avian embryonic fibroblasts in
culture. The oncogenic potential of ASV17 is due to the
presence of the jun gene (Ball et al. 1989). The first clue
as to the mechanism by which Jun triggered oncogenesis
began with the realization that it shared 44 % homology
with the well-characterized yeast transcriptional activator
GCN4 (Vogt et al. 1987). The homology is restricted to
the carboxy-terminal 70 amino acids, which corresponds
to the DNA binding domain of both proteins. Further-
more, the Jun protein itself can function as GCN4 in
yeast, despite the lack of homology in the amino-terminal
two-thirds of the molecules (Struhl, 1988). This meant
that there was both a structural and a functional hom-
ology between a yeast transcription factor and a ver-
tebrate oncogene.

The consensus binding site of GCN4 and Jun,
ATGA(C/G)TCAT, is closely related to that of the
previously characterized mammalian transcription factor,
AP-1. AP-1 (activator protein-1) was described initially
as a DNA-binding activity in HeLa cell extracts that
specifically recognizes the enhancer elements of simian
virus 40 (SV40) (Lee et al. 1987). AP-1 binding sites also
occur in the control regions of viral and cellular genes that
are stimulated by treatment of cells with phorbol ester.
Are AP-1 and Jun related? Antisera generated against
peptides of the Jun sequence react with a 40X 103 Afr AP-1
protein and the tryptic peptides from this protein that
react with Jun antibodies have amino acid sequences that
match perfectly that of Jun (Bohmann et al. 1987). This
suggests that Jun and AP-1 are identical. However, it
turns out that AP-1 preparations contain several proteins
and Jun is only one of the proteins that contribute to AP-1
activity. In fact, at present it is unclear how many cellular
proteins regulate transcription via AP-1 sequence el-
ements.

One such protein is Fos. The Fos oncogene (v-fos)
causes osteogenic sarcomas via the FBJ murine sarcoma
virus (Curran and Teich, 1982). Its normal cellular
homologue, c-fos, encodes a nuclear protein (Fos), which
participates in protein complexes with a 39xlO3Mr

protein (p39). In fact Jun-specific antibodies enable
workers to identify p39 as Jun (Rauscher et al. 1988).
The expression of Fos is induced by a variety of
extracellular stimuli, and so it was proposed that Fos is
involved in gene regulation. A combination of studies
revealed that Fos binds to the AP-1 consensus recog-
nition sequence (Franzae* al. 1988). However, it was not
clear whether Fos and Fos-related proteins bind to the
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AP-1 site directly or indirectly through binding to p39 (or
Jun) (now called P397""). It turns out that they do both.

The AP-1 consensus sequence TGACTCA has dyad
symmetry, suggesting that proteins interacting with this
sequence bind as dimers. The fos-p39JU" complex is a
heterodimer (Rauscher et al. 1988). Jun, like GCN4, can
form homodimers that bind to DNA. However, hetero-
dimers between Fos and Jun show increased affinity for
the AP-1 binding site. The dimerization occurs by a novel
protein-protein interaction called a 'leucine zipper'
(Landshulze/a/. 1988). Leucine zippers are amphipathic
or-helices that contain four or five leucines at seven-
residue intervals. Adjacent to the amino termini of the
zipper domain are regions of basic residues that appear to
constitute the DNA-contact points. Potential leucine
zippers have also been found in other DNA-binding
proteins, e.g. GCN4, Myc, C/EBP protein. Because
there are several different Jun- and Fos-related proteins
(JunB, JunD and Fra proteins) that associate as hetero-
dimers, there is a possibility for achieving diverse combi-
national specificities in their interaction on promoters.
(For anyone particularly interested in the transcription
factors that are associated with oncogenic transformation,
there are two excellent reviews: Curran and Franza,
1988; Vogt and Bos, 1989).

Is MyoDI a sequence-specific DNA binding
protein?

Many proteins involved in transcriptional regulation have
been discovered as a result of experiments in which DNA
sequences responsible for tissue-specific expression have
been identified by transfection of mutant or chimeric
genes into cultured cells followed by the purification of
proteins that bind to these sequences. While this bio-
chemical approach remains unparalleled as a means of
identifying DNA-binding factors that directly modulate
transcription, obviously it will not be useful in finding
regulators that act indirectly to control the expression of
tissue-specific genes. An alternative approach, used pre-
viously to isolate oncogenes, has recently been success-
fully applied to the identification of genes that regulate
mammalian development. This method can potentially
help isolate regulatory genes irrespective of whether or
not they act directly on the DNA. In this approach, DNA
from a donor cell is transfected into cultured cells; the
recipient cells are then assayed for the heritable ex-
pression of novel gene products.

This method has recently been used to identify two
genes that regulate muscle cell development. All these
experiments are based on the fact that a short exposure to
5-azacytidine converts a mouse embryonic fibroblast cell
line, lOTi cells, into myoblasts (Taylor and Jones, 1979).
Hypomethylation of specific sequences was found to be
involved in the myogenic conversion (Jones and Taylor,
1980; Konieczny et al. 1986). These studies suggested a
simple model of myogenic conversion in which one or a
few myogenic determination genes became activated by
hypomethylation. That a single gene could convert 10Ti
cells into myoblasts was demonstrated first by transfec-

tion of a short fragment of genomic DNA from mouse
myoblast into these non-muscle cells (Lassar et al. 1986)
and later by transfection of a mouse cDNA designated
MyoDI (Davis et al. 1987). This cDNA was isolated
using a technique called subtraction hybridization.
MyoDI has subsequently been shown to be a nuclear
phosphoprotein that is expressed in skeletal muscle in
vivo and in certain muscle cell lines in vitro.

A second regulatory locus in the same pathway has now
been reported by Pinney et al. (1988). They found that
transfection into 10Ti cells of a human genomic fragment
(called Myd) resulted in the accumulation of muscle
proteins and of MyoDI mRNA, suggesting that the
expression of Myd precedes that of MyoDI. Thus, DNA
transfection has led to the identification of two regulator}'
loci that are sequentially expressed during myogenesis.

While myoDI and myd clearly play important roles in
establishing the myogenic lineage, there is considerable
evidence for the involvement of additional regulatory
genes in myogenic determination and differentiation.
Exposure of 10T£ cells to 5-azacytidine gives rise to
myoblasts at high frequency, whereas other fibroblast
lines are converted at low frequency, suggesting that
10Ti cells may already express one or more genes that are
involved in conversion to the myogenic lineage (Taylor
and Jones, 1979). Similarly, cells of mesodermal origin
are more efficiently converted to myoblasts by MyoDI
than are nonmesodermally derived cells (Davis et al.
1987). These observations suggest that MyoDI may
normally cooperate with additional genes to confer myo-
genic phenotype and it is reasonable to predict that
expression of a differentiated muscle phenotype may
involve interactions between multiple regulatory genes.
In fact a third gene, myogenin, with homology to both
myoDI and c-myc has been found recently that is
expressed during myogenesis and is sufficient to activate
the muscle differentiation programme (Edmondsen and
Olson, 1989). However, it is still not clear what the
function is of the 22 amino acid domain that is conserved
among myogenin, MyoDI and c-Myc. The exact mech-
anism of action of these proteins remains unclear
although there is some evidence that MyoDI acts as a
sequence-specific DNA-binding protein (Tapscott et al.
1988). It will indeed be ironic if these proteins should
turn out to be conventional DNA-binding proteins, when
the assay used to find them was specifically chosen to
permit the discovery of proteins acting indirectly.

Autoregulation

The results from both the work on myogenic differen-
tiation and that on homeoboxes in development suggest
that a complex network of regulatory circuitry is involved
in the development of higher organisms and it seems
likely that this circuitry exists in the form of a hierarchy
in which the protein from one gene binds to and activates
or represses the promoter of other genes and the proteins
from these genes bind to and regulate the expression of
yet more genes. An interesting recent discovery in the
study of eukaryotic transcription factors is that of auto-
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regulation. Numerous homeobox-containing genes in
Drosophila control their own expression by positive
autogenous regulation. One example is the fushi tarazu
(ftz) gene where the Ftz product recognizes the sequence
TCAATTAAAT located within its own enhancer and
autoregulates its own expression (for review, see Serfling,
1989). Similarly the mammalian factor Oct-2, which
controls the expression of immunoglobulin (Ig) genes,
positively regulates its own expression (Thali et al. 1988).
The proto-oncogene c-jun, is also positively autoregu-
lated by its own gene product (Angel et al. 1988). fos on
the other hand can act as both an activator and a repressor
of gene activity and generally represses its own transcrip-
tion (Sassone-Corsi et al. 1988). Why autoregulate? In
response to external stimuli such as growth factors or
other 'morphogens', cells initiate biochemical cascades
that end with the reprogramming of gene expression.
This involves signal transduction from the outside of the
cell via receptors to the nucleus. The existence of
regulatory networks between genes coding for factors that
control the transcription of structural genes associated
with terminal differentiation and autoregulation of such
genes enables short-term external signals to become
permanent decisions in cellular commitment.

So, work over the last few years has shown us some
ways of approaching the problem of discovering how a
particular group of genes is turned on, in a particular
tissue at a particular time of development. One can use
the biochemical approach, by studying the DNA se-
quences in and around your gene of interest, looking for
sequences involved in transcriptional regulation and then
looking for proteins that will bind these sequences in
vitro. Alternatively, one can use the 'transfection' ap-
proach, by transfecting undifferentiated cells with DNA
fragments from a differentiated cell type and then assay-
ing for those cells that have acquired specific DNA
sequence that switches on the gene of interest. In this
article I have picked just a few examples where these
methods have been used to great effect. I am sure that the
particular instances that I have discussed will turn out to
be the tip of a very large iceberg.
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