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Summary

USF is a family of ubiquitous transcription factors that are structurally related to the Myc oncoproteins and also
share with Myc a common DNA-binding specificity. While the structure and DNA-binding properties of the USF
transcription factors are well characterized, their biological function is only beginning to emerge. Experiments in
cultured cells suggest that USF can antagonize the activity of Myc in cellular proliferation and transformation. The
phenotype of USF-deficient mice indicates an additional and essential role of USF in embryonic development as well
as pleiotropic functions in adult animals.

1. Introduction

Although USF was one of the first gene-specific I1. The USF family of transcription
transcription factors to be identified in eukaryotes, its factors
biological function has, until recently, remained quite
elusive. For this type of transcription factor, biological
function can be revealed by the relationships linking their
various target genes. However, many other transcription

The USF proteins were first identified through in vitro
transcription studies as an activity that stimulated
expression of the adenovirus major late promoter

factors, including all the members of the TFE3 and Myc (S?wadogo and Roeder, 1985; .C.arth.ew et al., 1985,
families, recognize the same DNA-binding sites as USF M1yam0to. et al, 1985). Purification of U S,F to
(Beckmann ef al., 1990; Fisher et al., 1991: Blackwood homogeneity from HeLa cell nuclear extracts indicated

and Eisenman, 1991; Ayer et al., 1993). This redundancy that this transcription .factor was composed of two
greatly complicates the identification of genes that are different polypeptides with molecular masses of 43- and

regulated by USF. Consequently, and despite the 44-kDa (Sawadogo et al.z 1988). Cloning of the
development of dominant negative mutants of USF (Meier corresponding genes, respegtlvely called UsfI and Usf? >
et al., 1996; Krylov et al., 1997), few cellular genes can be revgaled that t.he USF protf:ms belong to tl.1e same basic-
unambiguously classified as bona fide USF targets. hehx-lqop-hehx-leucme zipper  (PHLH-zip) group of
Nevertheless, recent studies, summarized here, are transcriptional regulators as the Myc oncoproteins (Murre
beginning to shed light on the biological function of this et al., 1989; Gregor et al., 1990; Sirito er al., 1992).
important family of transcriptional regulators and its

essential role in embryonic development and growth

control.
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Figure 1 General structure of the USF proteins. Locations of the USF-specific region (USR), basic-helix-loop-helix (bHLH)
domain and leucine zipper (LZ) are shown. The role and evolutionary conservation of the different USF domains are also indicated.

USF c¢DNA clones have now been isolated from
several other species, including mouse, Xenopus, and sea
urchin (Kozlowski et al., 1991; Kaulen et al., 1991, Sirito
et al., 1994). Amino acid comparisons have revealed a
strong evolutionary conservation of the bHLH domain
needed for dimerization and DNA binding (Figure 1).

The C-terminal leucine zipper is also conserved in
vertebrate USFs, where it plays an important role in
dimerization specificity. Also extremely conserved in all
USF family members is a small domain, located just
upstream of the basic region, that has no homologies in
other bHLH transcription factors (Figure 1). This USF-
specific region or USR is necessary and sufficient for
transcriptional activation by USF of promoters containing
both a TATA box and an initiator element. The USR also
contains an atypical nuclear localization signal that can
function independently of a second nuclear localization
signal present in the basic region (Luo and Sawadogo,
1996Db).

Outside of the USR and bHLH-zip domains, the
sequences of USF1 and USF2 diverge considerably,
suggesting that the two proteins can establish different
interactions with other transcription factors and thus
regulate different sets of genes. Interestingly, the regions
of the Usfl and Usf2 genes that are highly homologous in
human and mouse extend outside of the coding region to
also include the 5' and 3' untranslated regions of the
mRNAs (Sirito et al., 1994; Henrion et al., 1996). This
unusual feature indicates that the expression of the Usf
genes is controlled by posttranscriptional mechanisms
(e.g., translational regulation or message stability) that are
conserved between species and involve untranslated
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regions of the mRNAs (Duret et al., 1993). The genomic
structure of both Usf genes is characterized by multiple
exons, many of which correspond precisely to discrete
functional domains of the transcription factors (Lin et al.,
1994, Henrion et al., 1996).

The USFl and USF2 polypeptides are both
ubiquitously expressed and the USF1'USF2 heterodimers
represent the major USF species in most tissues and cell
types. USF1 homodimers are expressed at lower
concentration, while the USF2 homodimers are usually
scarce, except in B cell lines (Sirito et al., 1994; Viollet et
al., 1996). The existence of differentially spliced USF
messages has been reported for both the Usfl and Usf2
genes, but the contribution of minor isoforms to the
biological function of USF remains unclear (Gregor et al.,
1990; Sirito et al., 1994; Viollet et al., 1996).

I11. Dimerization and DNA binding
properties of USF

The USF proteins exist in solution and also bind DNA
as dimers. Efficient dimerization requires both the bHLH
domain and the adjacent leucine zipper (Beckmann and
Kadesh, 1991; Sirito et al., 1992). By stabilizing the
interaction between subunits, the leucine zipper of USF
controls the specificity of dimerization and prevents
dimerization with other bHLH proteins. Consequently, the
USF proteins are excluded from the class of bHLH
transcription factors whose activity can be regulated by
formation of DNA binding-deficient dimers with members
of the Id family of proteins (Sun et al., 1991).
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Figure 2: USF and Myc have very similar DNA-binding specificities. Shown are the complete consensus sequences determined
for the two transcription factors, with the most important residues in capital letters and the common core motif boxed. Also shown is
the sequence of the adenovirus major late E box that is known to bind both transcription factors in vitro as well as in vivo (Li et al.,

1994).

The structure of the dimeric bHLH domain of USF1 in
a cocrystal with DNA has been solved. Like that of Max,
the DNA-binding partner of Myc, the USF bHLH is
characterized by a parallel, left-handed four-helix bundle,
with the basic regions contacting the DNA in the major
groove (Ferré-D'Amaré et al., 1994). However, the
structure of USF may be quite different in solution.
Indeed, there are strong indications that major
conformational changes are required for a stable
interaction of USF with the DNA. For example, the basic
region undergoes a random coil to alpha-helix folding
transition upon specific DNA recognition (Fisher et al.,
1993; Ferré-D'Amaré et al., 1994). The presence of the
leucine zipper greatly stabilizes the conformation of USF
dimers (Bresnick and Felsenfeld, 1994; Lu and Sawadogo,
1994). Therefore, protein-protein interactions that would
either favor or hinder essential conformational changes in
the USF proteins may well contribute to the regulation of
USF function. The formation of tetrameric USF species
have also been implicated in the ability of the transcription
factor to simultaneously interact with two DNA-binding
sites (Sawadogo, 1988; Sha et al., 1995).

USF1 and USF2 display identical dimerization and
DNA binding specificities. Like the Myc and TFE3 family
members, all USF dimers recognize palindromic E boxes
characterized by a central CACGTG or CACATG
sequence (Blackwell et al., 1990; Kerkhoff et al., 1991;
Halazonetis and Kandil, 1991; Bendall and Molloy, 1994).
Outside the core sequence, there are differences in the
USF and Myc consensus binding sites (Figure 2). Most
notably, T and A residues on each side of the CACGTG
core sequence are essential for high USF binding affinity
(M. N. Szentirmay, unpublished observation), while Myc
prefers G and C residues at these locations. Nevertheless,
a number of sequences, including the E boxes present in
the adenovirus major late and p53 promoters, can bind
either USF or Myc (Li et al., 1994; Reisman and Rotter,

1993; Roy et al., 1994). Together, these observations
suggest that the two families of transcription factors may
have both specific and common target genes.

IV. Antagonism between USF and Myc
in cellular transformation

The important role of the Myc proteins, and in
particular the ubiquitous c-Myc, in promoting cellular
proliferation and preventing differentiation is well
documented. Furthermore, overexpression of c-Myc,
whether due to gene amplification or translocation or to
increased message stability, is an important parameter in
cancer progression (reviewed in Marcu et al., 1992;
Koskinen and Alitalo, 1993). The transforming ability of
c-Myc is best exemplified by its ability to elicit the
complete transformation of primary cells when
cotransfected with a second oncoprotein such as activated
Ras (Land et al., 1983). The effect of the USF proteins on
cellular transformation was also investigated by focus
formation assay in primary embryonic fibroblasts and is
summarized in Table 1.

Cotransfected expression Cellular transformation
vectors
Ras alone No
Ras + c-Myc Yes
Ras + USF No
Ras + c-Myc + USF No

Table 1: Effect of USF and c-Myc on cellular transfor-
mation as monitored by focus formation assay in primary
embryo fibroblasts.

Deleted gene USF1 expression

USF2 expression

Total USF level Phenotype

Usfl1 None

Increased

Unchanged Mild
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Decreased None

Usf2

Decreased Growth defect

Usfl + USF2 None None

(None) Embryonic lethal

Table 2. Phenotype of USF-deficient mice.

Cotransfection of either USF1 or USF2 with Ras did
not result in the appearance of foci of morphologically
transformed cells, demonstrating that the function of USF
in transformation was clearly different from that of c-Myc.
Instead, cotransfection of USF was found to abolish
cellular transformation mediated by c-Myc and activated
Ras (Luo and Sawadogo, 1996a). This inhibition of
cellular transformation by USF requires not only its DNA-
binding domain but also domains involved in
transcriptional activation, indicating that the effect is not a
simple DNA-binding competition with Myc. Rather, it
seems that the activity of USF can antagonize the
transforming ability of Myc. The inhibitory activity of
USF1 in the focus formation assay was specific to the Myc
pathway since USF1 overexpression had no effect on the
cellular transformation of embryonic fibroblasts mediated
by EIA and Ras. In contrast, USF2 overexpression
inhibited focus formation mediated by a variety of
oncogenes. However, it is unclear whether this strong
antiproliferative effect of USF2 affects in all cases
transformation per se, or whether it simply prevents the
subsequent proliferation of the transformed cells (Luo and
Sawadogo, 1996a).

V. Involvement of USF in the control of
cellular proliferation

Many independent observations are consistent with a
role of USF in the control of cellular proliferation. First,
the expression levels and the transcriptional activities of
the USF proteins are both tightly regulated during the cell
cycle (T. Lu and M. Sawadogo, unpublished observation)
and the activity of USF is induced in response to mitogens
(Zhang et al., 1998; Berger et al., 1998). Second, ectopic
expression of USF in general, and USF2 in particular,
causes strong growth inhibition in certain transformed cell
lines (Luo and Sawadogo, 1996a; Aperlo et al., 1996).
Third, a number of cancer cell lines contain USF proteins
that are active in DNA binding but completely inactive in
transcription activation (Y. Qyang, X. Luo, P.M. Ismail, T.
Lu and M. Sawadogo, unpublished observations). This
loss of USF function, just like Myc overexpression, may
well play an important role in triggering the rapid and
uncontrolled proliferation of cancer cells.
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Direct interactions between USF proteins and other
cell cycle regulators of the basic-leucine zipper family
have also been reported (Blanar and Rutter, 1992;
Pognonec et al., 1997). Such interactions are likely to
contribute to the regulation of USF function. Finally, it is
interesting to note that many of the suspected targets of
USF, including the genes encoding p53, cyclin Bl, and
transforming growth factor-f32, are themselves involved in
proliferation or cell cycle control (Reisman and Rotter,
1993; Cogswell et al., 1995; Scholtz et al., 1996)

VI. Early lessons from the USF
knockout mice

Mutant mice lacking either USF1 or USF2 have been
constructed by individually targeting the Usfl and Usf2
genes by homologous recombination in embryonic stem
cells. These experiments have yielded essential
information regarding the role of the USF proteins in both
embryos and adult animals (Vallet et al., 1997; Sirito et
al., 1998; Vallet et al., 1998).

When analyzing the phenotype of the USF-deficient
mice, it is important to remember that the major USF
species normally present in most tissues and cell types is
the USF1'USF2 heterodimer. Thus, phenotypic traits
common to the USF1 and USF2 mutants may be caused
by the absence of the heterodimers. Similarly, specific
phenotypic traits in the single mutants could result either
from the absence of the corresponding homodimer or the
resulting increase in the other homodimer. Finally, genes
that seem unaffected by either mutation may still be
controlled by USF if there is a significant overlap between
the functions of USF1 and USF2.

Major findings reported so far with the single and
double USF1/USF2 mutants are summarized in Table 2.
A very interesting result was the nature of the crosstalk
between the Usfl and Usf2 genes. Analysis in embryonic
fibroblasts demonstrated the existence in USF1-null cells
of a compensatory increase in USF2 expression. In sharp
contrast, USF2-null fibroblasts exhibited strongly
decreased USF1 expression (Sirito et al., 1998). This
asymmetrical cross-regulation indicates that one of the
roles of USF1 may be to prevent overexpression of the
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Figure 3: Abundance of the various USF dimers in wild-type cells. Asymmetrical cross-regulation between the two Usf genes
explains the relatively low level of USF2 homodimers observed in most cell types

more potent USF2 protein. Note that this feedback
mechanism accounts perfectly for the low concentration of
USF2 homodimers present in wild-type cells (Figure 3).

The fact that the USF1-null mice appear normal is
perfectly understandable if the increased USF2 expression
can, for the most part, compensate for the absence of the
heterodimers and USF1 homodimers. These animals were
found to be both viable and fertile and display only mild
behavioral abnormalities (Sirito et al., 1998). In contrast,
the USF2-null mice, where the total USF activity is greatly
diminished, display a much stronger phenotype, including
an obvious growth defect during embryonic development.
At birth, these animals are 20-40% smaller than their wild-
type or heterozygous littermates and many of them die in
the first few hours. Those that survive subsequently
develop in an apparently normal fashion, but remain
proportional dwarfs. They also demonstrate other
abnormalities, including metabolic defects and male
infertility (Vallet et al., 1997; Sirito et al., 1998). The
double USF1/USF2 mutants, as well as the mutants
containing a single Usfl allele, are embryonic lethal
(Sirito et al., 1998; Vallet et al., 1998). Taken together,
these results demonstrate an overlapping and essential role
of the USF proteins in embryonic development and
pleiotropic functions in adult animals.

One common feature observed in USF-deficient mice
of various genotypes is their propensity to spontaneous
epileptic seizures (Sirito et al., 1998 and unpublished
observations). In mice, overexpression of c-Myc in
oligodendrocytes causes severe neurological disturbances
(Jensen et al., 1998). It is therefore tempting to link these
related observations in whole animals to the antagonism
demonstrated by USF and Myc functions in cultured cells.

VII. Conclusion

Analysis of the biological role of the USF proteins is
complicated by the existence of two genes with partially
overlapping functions. However, these ubiquitous
transcription factors are clearly essential and their
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involvement in growth control has now been demonstrated
both at the cellular and whole organism levels. A more
complete understanding of the downstream targets of USF
will be necessary to further delineate the importance of the
different USF species in various developmental and
regulatory pathways. Hopefully, the availability of the
different USF-deficient mice will soon allow unambiguous
determination of genes that are specific targets of either
USF1, USF2, or both. By providing tissues and cell lines
with different levels of USF1 and USF2 expression, these
animals should also prove useful in defining the role of
USF in cellular proliferation and differentiation.

The antagonism between the cellular functions of the
USF transcription factors and of the c-Myc oncoprotein
may lead to a better understanding of cancer progression.
In particular, the loss of USF transcriptional activity in
several cancer cell lines suggests the existence of a
cofactor that regulates both USF1 and USF2. Thus,
complete loss of USF function can be brought about by the
inactivation of a single gene and this event may play a
similar role as the overexpression of c-Myc in triggering
uncontrolled cellular proliferation.

Acknowledgments

Work in our laboratory is supported by Grants G-1195
from the Robert A. Welch foundation, CA79578 from the
National Institutes of Health, and DMAD17-96-1-6221
from the Department of the Army. T.L. was supported by
a postdoctoral fellowship from the National Cancer
Institute Training Grant CA09299.

References

Aperlo, C., K.E. Boulukos & P. Pognonec (1996) The basic
region/helix-loop-helix/leucine repeat transcription factor
USF interferes with Ras transformation. Eur. J. Biochem.
241,249-253.

Ayer, D.EE, L. Kretzner & R.N Eisenman (1993) Mad: a



Sawadogo et al: The USF family of transcription factors

heterodimeric partner for Max that antagonizes
transcriptional activity. Cell 72,211-222.

Beckmann, H. & T. Kadesch (1991) The leucine zipper of TFE3
dictates helix-loop-helix dimerization specificity. Genes
Dev. 5, 1057-1066.

Beckmann, H., LK. Su & T. Kadesch (1990) TFE3, a helix-
loop-helix protein that activates transcription through the
immunoglobulin enhancer muE3 motif. Genes Dev. 4, 167-
179.

Bendall, A.S. & P.L. Molloy (1994) Base preference for DNA
binding by the bHLH-Zip protein USF: effects of MgCl2 on
specificity and comparison with binding of Myc family
members. Nucleic Acids Res. 22, 2801-2810.

Berger, A., C.M. Cultaro, S. Segal & S. Spiegel (1998) The
potent lipid mitogen sphingosylphosphocholine activates the
DNA binding activity of upstream stimulating factor (USF),
a basic helix-loop-helix-zipper protein. Biochim. Biophys.
Acta 1390, 225-236.

Blackwell, T K., L. Kretzner, EIM. Blackwood, H. Weintraub &
R.N. Eisenman (1990) Sequence-specific DNA binding by
the c-Myc protein. Science 250, 1149-1151.

Blackwood, EM. & R.N. Eisenman (1991) Max: a helix-loop-
helix zipper protein that forms a sequence-specific DNA-
binding complex with Myc. Science 251, 1211-1217.

Blanar, M.A. & WJ. Rutter (1992) Interaction cloning:
identification of a helix-loop-helix zipper protein that
interacts with c-Fos. Science 256, 1014-1018.

Bresnick,E.H. & G. Felsenfeld (1994) The leucine zipper is
necessary for stabilizing a dimer of the helix-loop-helix
transcription factor USF but not for maintenance of an
elongated conformation. J. Biol Chem. 269,21110-21116.

Carthew, R.W, L.A. Chodosh & P.A Sharp (1985) An RNA
polymerase II transcription factor binds to an upstream
element in the adenovirus major late promoter. Cell 43, 439-
448.

Cogswell, J.P., M.M. Godlevski, M. Bonham, J. Bisi & L. Babiss
(1995) Upstream stimulatory factor regulates expression of
the cell cycle-dependent cyclin B1 gene promoter. Mol. Cell.
Biol. 15, 2782-2790.

Duret, L., F. Dorkeld & C. Gautier (1993) Strong conservation of
non-coding sequences during vertebrates evolution: potential
involvement in post-transcriptional regulation of gene
expression. Nucleic Acids Res. 21,2314-2322.

Ferré-D'Amaré, AR, P. Pognonec, R.G. Roeder & S.K.Burley
(1994) Structure and function of the b/HLH/Z domain of
USF.EMBO J. 13, 180-189.

Fisher, D.E., C.S. Carr, L.A. Parent & P.A. Sharp (1991) TFEB
has DNA-binding and oligomerization properties of a unique
helix-loop-helix/leucine-zipper family. Genes Dev. 5, 2342-
2352.

Fisher, D.E., L.A. Parent & P.A. Sharp (1993) High affinity
DNA-binding Myc analogs: recognition by an helix. Cell 72,
467-476.

Gregor, P.D., M. Sawadogo & R.G. Roeder (1990) The
adenovirus major late transcription factor USF is a member
of the helix-loop-helix group of regulatory proteins and binds
to DNA as a dimer. Genes Dev. 4, 1730-1740.

Myc

452

Halazonetis, T. & A.N. Kandil (1991) Determination of the c-
Myc DNA-binding site. Proc. Natl. Acad. Sci. USA 88,
6162-6166.

Henrion, A.A., S. Vaulont, M. Raymondjean & A. Kahn (1996)
Mouse USF1 gene cloning: comparative organization within
the c-myc gene family. Mamm. Genome 7, 803-809.

Jensen, N.A., KM. Pedersen, J.E. Celis & M.J. West (1998)
Failure of central nervous system myelination in MBP/c-myc
transgenic mice: evidence for c-myc toxicity. Oncogene 16,
2123-2129.

Kaulen, H.P, P. Pognonec, P.D. Gregor & R.G. Roeder (1991)
The Xenopus B1 factor is closely related to the mammalian
activator USF and is implicated in the developmental
regulation of TFIIIA gene expression. Mol. Cell. Biol. 11,
412-424.

Kerkhoff, E., K. Bister & K.H. Klempnauer (1991) Sequence-
specific DNA binding by Myc proteins. Proc. Natl. Acad.
Sci. USA 88, 4323-4327.

Koskinen, P.J. & K. Alitalo (1993) Role of myc amplification
and overexpression in cell growth, differentiation and death.
Semin. Cancer Biol. 4, 3-12.

Kozlowski, M.T., L. Gan, J.M. Venuti, M. Sawadogo & W.H.
Klein (1991) Sea urchin USF: a helix-loop-helix protein
active in embryonic ectoderm cells. Dev. Biol. 148, 625-630.

Krylov, D., K. Kasai, D.R. Echlin, EJ. Taparowsky, H.
Arnheiter & C. Vinson (1997) A general method to design
dominant negatives to B-HLHZip proteins that abolish DNA
binding. Proc. Natl. Acad. Sci. USA 94, 12274-12279.

Land, H., L.F. Parada & R.A. Weinberg (1983) Tumorigenic
conversion of primary fibroblasts requires at least two
cooperating oncogenes. Nature 304, 596-602.

Li, LH., C. Nerlov, G. Prendergast, D. MacGregor & E.B. Ziff
(1994) c-Myc represses transcription in vivo by a novel

mechanism dependent on the initiator element and Myc box
III. EMBO J. 13, 4070-4079.

Lin, Q., X. Luo & M. Sawadogo (1994) Archaic structure of the
gene encoding transcription factor USF. J. Biol. Chem. 269,
23894-23903.

Lu, T. & M. Sawadogo (1994) Role of the leucine zipper in the
kinetics of DNA binding by transcription factor USF. J. Biol.
Chem. 269, 30694-30700.

Luo, X. & M. Sawadogo (1996a) Antiproliferative properties of
the USF family of helix-loop-helix transcription factors.
Proc. Natl. Acad. Sci. USA 93, 1308-1313.

Luo, X. & M. Sawadogo (1996b) Functional domains of the
transcription factor USF2: atypical nuclear localization
signals and context-dependent transcriptional activation
domains. Mol. Cell. Biol. 16, 1367-1375.

Marcu, K.B., S.A. Bossone & A.J. Patel (1992) Myc function
and regulation. Annu. Rev. Biochem. 61, 809-860.

Meier, J.L., X. Luo, M. Sawadogo & S.E. Straus (1994) The
cellular transcription factor USF cooperates with varicella-
zoster virus immediate-early protein 62 to symmetrically
activate a bidirectional viral promoter. Mol. Cell. Biol. 14,
6896-6906.

Miyamoto, N.G., V. Moncollin, J.M. Egly & P. Chambon (1985)
Specific interaction between a transcription factor and the



Gene Therapy and Molecular Biology Vol 3, page 453

upstream element of the adenovirus-2 major late promoter.
EMBO J. 4, 3563-3570.

Murre, C., P.S. McCaw & D. Baltimore (1989) A new DNA
binding and dimerization motif in immunoglobulin enhancer
binding, daughterless, MyoD and myc proteins. Cell 56, 777-
783.

Pognonec, P., K.E. Boulukos, C. Aperlo, M. Fujimoto, H, Ariga,
A. Nomoto & H. Kato (1997) Cross-family interaction
between the bHLHZip USF and bZip Fral proteins results in
down-regulation of AP1 activity. Oncogene 14,2091-2098.

Reisman, D. and V. Rotter (1993) The helix-loop-helix
containing transcription factor USF binds to and
transactivates the promoter of the p53 tumor suppressor
gene. Nucleic Acids Res. 21, 345-350.

Roy, B., J. Beamon, E. Balint & D. Reisman (1994)
Transactivation of the human p53 tumor suppressor gene by
c-Myc/Max contributes to elevated mutant pS3 expression in
some tumors. Mol. Cell. Biol. 14, 7805-7815.

Sawadogo, M. & R.G. Roeder (1985) Interaction of a gene-
specific transcription factor with the adenovirus major late
promoter upstream of the TATA box region. Cell 43, 165-
175.

Sawadogo, M. (1988) Multiple forms of the human gene-specific
transcription factor USF. II. DNA binding properties and
transcriptional activity of the purified Hela USF. J. Biol.
Chem. 263, 11994-12001.

Sawadogo, M., M.W. Van Dyke, P.D. Gregor & R.G. Roeder
(1988) Multiple forms of the human gene-specific
transcription factor USF. 1. Complete purification and
identification of USF from HeLa cell nuclei. J. Biol. Chem.
263, 11985-11993.

Scholtz, B., M. Kingsley-Kallesen & A. Rizzino (1996)
Transcription of the transforming growth factor-b2 gene is
dependent on an E-box located between an essential cAMP
response element/Activation transcription factor motif and
the TATA box of the gene. J. Biol. Chem. 271, 32375-
32380.

453

Sha, M., AR. Ferré-D'Amaré, S K. Burley & D.J. Goss (1995)
Anti-cooperative  biphasic  equilibrium  binding  of
transcription factor upstream stimulatory factor to its cognate

DNA monitored by protein fluorescence changes. J. Biol.
Chem. 270, 19325-19329.

Sirito, M., Q. Lin, J.M. Deng, R.R. Behringer & M. Sawadogo
(1998) Overlapping roles and asymmetrical cross-regulation
of the USF proteins in mice. Proc. Natl. Acad. Sci. USA 95,
3758-3763.

Sirito, M., Q. Lin, T. Maity & M. Sawadogo (1994) Ubiquitous
expression of the 43- and 44kDa forms of transcription factor
USF in mammalian cells. Nucleic Acids Res. 22, 427-433.

Sirito, M., S. Walker, Q. Lin, M.T. Kozlowski, W.H. Klein & M.
Sawadogo (1992) Gene Expr. 2, 231-240.

Sun, X. H., N.G. Copeland, N.A. Jenkins & D. Baltimore (1991)
Id proteins Id1 and Id2 selectively inhibit DNA binding by
one class of helix-loop-helix proteins. Mol. Cell. Biol. 11,
5603-5611.

Vallet, V.S., A.A. Henrion, D. Bucchini, M. Casado, M.
Raymondjean, A. Kahn & S. Vaulont (1997) Glucose-
dependent liver gene expression in upstream stimulatory
factor 2 -/- mice. J. Biol. Chem. 272, 21944-21949.

Vallet, V.S., M. Casado, A.A. Henrion, D. Bucchini, M.
Raymondjean, A. Kahn & S. Vaulont (1998) Differential
roles of upstream stimulatory factors 1 and 2 in the

transcriptional response of liver genes to glucose. J. Biol.
Chem. 273,20175-20179.

Viollet, B., A.M. Lefrancois-Martinez, A. Henrion, A. Kahn, M.
Raymondjean & A. Martinez. 1996. Immunochemical
characterization and transacting properties of upstream
stimulatory factor isoforms. J. Biol. Chem. 271, 1405-1415.

Zhang, Z.C., H. Nechushtan, J. Jacob-Hisch, D. Avni, O.
Meyuhas & E. Razin (1998) Growth-dependent and PKC-
mediated translational regulation of the upstream stimulating
factor-2 (USF2) mRNA in hematopoietic cells. Oncogene
16, 763-769.



