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MINIREVIEW

The EBF/OIlf/Collier Family of Transcription Factors: Regulators of
Differentiation in Cells Originating from All Three
Embryonal Germ Layers

David Liberg,! Mikael Sigvardsson,'* and Peter Akerblad?

Department for Stem Cell Biology, Lund University, SE-221 84 Lund," and Department of Molecular Biology,
AstraZeneca R&D Molndal, SE-431 83 Molndal,*> Sweden

One major mechanism for achieving cell-type-specific func-
tions in somatic cells is the differential usage of stage- and
tissue-specific genes. This is in large part regulated by tran-
scription factors that interact directly with DNA elements con-
trolling transcription of these genes. Several groups of tran-
scription factors with key roles in cellular differentiation and
function have been characterized, and the list of transactivat-
ing proteins with crucial functions in vivo is continuously
growing. One group of evolutionarily conserved proteins with
defined roles in a large variety of species are the basic helix-
loop-helix (bHLH) proteins (42, 44). These factors are in-
volved in a large number of differentiation processes, including
such diverse events as sex determination in Drosophila mela-
nogaster and B-lymphopoiesis in mice (9, 15, 38, 42, 48). In
1993, two independent reports presented a novel type of HLH
protein with a dimerization domain containing two helices with
homology to the second helix of the classical bHLH protein
dimerization domain, but with a different type of DNA binding
domain (DBD). This factor was cloned both in a Saccharomy-
ces cerevisiae one-hybrid experiment designed to identify fac-
tors interacting with the olfactory-restricted olfactory marker
protein-1 (OMP-1) promoter (69), and by biochemical purifi-
cation of a factor interacting with the B-lymphocyte-restricted
mb-1 promoter (27). It was accordingly named Olf-1, or early
B-cell factor (EBF), which in turn led to the designation of the
factor as O/E-1. Later reports showed that mice expressed at
least three more members of this family, EBF2 (mMot1/O/E-
3), EBF3 (O/E-2) (23, 40, 71), and O/E-4 (70), with a high
degree of similarity in the DNA-binding and dimerization do-
mains. Isolation of the O/E homologue Collier from D. mela-
nogaster (12) provided a proof of principle for the existence of
a new family of evolutionarily conserved proteins, and family
members have now been cloned in several species (7, 17, 24,
27, 46, 52, 69) (Table 1). The biological roles of this protein
family are beginning to be unraveled, and here we are compil-
ing some of the available information about the roles of Col-
lier/O/EBF (COE) proteins to give an overview of the known
functions of this protein family in specific model systems and in
different model species.

* Corresponding author. Mailing address: Department for Stem Cell
Biology, Lund University, BMC B12, SE-221 84 Lund, Sweden. Phone:
46 46 222 38 29. Fax: 46 46 222 36 00. E-mail: mikael.sigvardsson
@stemcell.lu.se.
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BIOCHEMICAL FEATURES AND GENE ORGANIZATION
OF COE PROTEINS

The COE protein family contains several conserved regions
and the homology in the DBD between the evolutionarily most
distally related proteins still remains above 80%. This is a
strong indication that the specific structure is of crucial impor-
tance for the function of the protein and that the COE proteins
are presenting a novel and unique DBD. COE factors bind
DNA through a cysteine- and histidine-rich domain of about
250 amino acids located in the amino-terminal part of the
proteins (Fig. 1A). Binding of EBF-1 requires Zn*" and, even
though no sequence homology to known Zn finger domains
can be found, three of the cysteines together with one of the
histidine residues can be represented as a small Zn**-stabi-
lized loop with the sequence H-X;-C-X,-C-Xs-C (28). The
finding that mutations of either of these cysteines or the his-
tidine eliminate DNA binding and the requirement of Zn ions
for binding (28) strongly suggests that the COE DBD contains
an atypical Zn finger motif obligatory for DNA binding. The
Zn coordinating motif is highly conserved in all O/E proteins
and has for that reason been referred to as the COE motif.
Downstream of the DBD is a second conserved region with
apparent similarity to an IPT/TIG (immunoglobulin-like, plex-
ins, transcription factors/transcription factor immunoglobulin)
domain (4, 8) (Fig. 1B), present in the DNA binding region of
transcription factors such as NFAT and NF-«kB (4). Crystalli-
zations of these proteins show that the IPT domain forms an
immunoglobulin-like fold of B-sheets connected by loops that
both contact DNA and participate in protein-protein interac-
tions (4, 8). The role of this region in COE proteins is unclear,
although it has been suggested to be involved in the interaction
with Rat O/E-1-associated Zn finger (ROAZ) (66) (see be-
low). Another interesting possibility comes from the findings
that the IPT domain-containing plexin proteins are involved in
axonal guidance (5, 60), a process suggested to involve also
COE proteins (52). The IPT domain could then be a part of a
mechanism that integrates external signals like those from
semaphorins (60, 73) and activation of genes in the migrating
neuron.

The mouse EBF/O/E-1, -2, -3, and -4 bind DNA as homo- or
heterodimers, and dimerization is primarily dependent on a
region downstream of the DBD containing an atypical HLH
motif (Fig. 1A). The typical HLH motif, present in, for in-
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TABLE 1. COE proteins identified to date®
Vertebrate protein(s) Invertebrate proteins

Protein

Human Mouse Rat X. laevis Zebra fish Chicken Skate D. melanogaster C. elegans

COEl1 EBF,O/E-1 EBF, O/E-1 Olf-1 EBF EBF1

COE2 EBF2, O/E-3, Mmotl xCOE2 zCOE2

COE3 EBF3, O/E-2 xCOE3, xEBF3

COE4 O/E-4

COE Collier, Knot unc-3, CeO/E

“ Sequences for chicken EBF and skate EBF1 are published in the EBI database (http://www.ebi.ac.uk). All proteins are referred to in the text and figures with the
prefixes h (human), m (mouse), r (rat), z (zebra fish), g (chicken), s (skate), d (Drosophila), or ¢ (C. elegans) COE, COE1, COE2, COE3, and COE4.

stance, bHLH proteins (33), contains two dissimilar amphi-
pathic helices, helix 1 and helix 2, connected by a loop. EBF-1
was first reported not to contain any sequence corresponding
to helix 1, but rather a duplication of helix 2 resulting in a
domain capable of mediating dimerization when coupled to a
heterologous protein (28). The helix 2 duplication is only
present in vertebrate COEs and not in D. melanogaster Collier
(12) or Caenorhabditis elegans unc-3 (52), and dimerization of
these proteins is suggested to be mediated by a putative helix
1 present in all the COE proteins (12). However, this region

ing (CA296-367 [27]), and no extensive biochemical analysis of
either Collier or unc-3 has been reported, leaving the exact
consequences of this discrepancy unclear. Some insight to this
issue comes from the identification of a short splice form of
O/E-4, which lacks helix 2’ (70). This protein can still bind
DNA on its own and cooccupy a perfect COE binding site with
a longer O/E-4 splice variant containing helix 2" (70). The
dimeric nature of EBF-1 is also reflected in the palindromic
sequence of the DNA binding site (65). O/E-1, -2, and -3 bind
variants of the EBF-1 consensus sequence 5'-ATTCCCNNG

can be deleted without a dramatic effect on EBF-1 DNA bind- GGAAT-3' (65) either as hetero- or homodimers (27, 71).

A
DNA binding/Transactivation | Transactivation I|
Dimerization
SRIEE "
c 2
X /2 L H1 H2 H2
L Zn K
E. N S
H C
| e ——_ - ————— i DT w i « o ]
Zn-finger IPT/TIG
B _—
variation | variation Il
zCOE [ o P e—— i 1
(S[OI .. ——.... | o s : * 1
cCOE  IEE———1— T—— |

FIG. 1. COE proteins contain several domains highly conserved in evolution. (A) Schematic structure of mouse COE1. The DBD is colored
green and the amino acids and suggested structure of the Zn coordination motif are indicated. The IPT/TIG domain is indicated in orange, putative
helix 1 is shown in red, and helix 2 motifs are shown in blue. The carboxy-terminal transactivation domain is colored yellow. (B) Comparison
between COE proteins of different species. The color codes are the same as in panel A. All mouse (mCOE), human (hCOE), and Xenopus (xCOE)
proteins are homologous throughout the protein. Two sites of variation are indicated where alternative splicing leads to different forms of COE1
and COE3. The (0) forms of murine COE1 and COE3 lack an 8- or 9-amino-acid region (indicated by variation I), which is present in COE1 (8)
and COE3 (9). The S form of COE3 lacks the region indicated by variation II, which is present in COE3 L. Mouse COE4 has a more complex
splicing pattern and, as COE1 (0) and COE3 (0), lacks the region indicated as variation I. Zebra fish COE (zCOE) is homologous to the other
vertebrate proteins in all parts except for an unrelated sequence between the DBD and IPT/TIG domains (shaded in darker grey). Drosophila COE
(dCOE) exists in two isoforms of 575 (isoform 1) or 557 (isoform 2) amino acids. They are identical until amino acid 528 (indicated in figure) but
differ in their C-terminal sequence.
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FIG. 2. The genomic organization of the human EBF-1 and Drosophila Collier is partially conserved, as shown in this comparison between the
exon structure of Drosophila (JCOE) and human (hCOEL1) genes. Only the coding parts of the genes are shown. Exons are indicated with numbers,
and splice junctions are indicated with lines. The dotted line represents an alternative splice site for joining the human exon 6 to exon 7, creating

the 0 form of hCOEL.

However, EBF-1 with a disrupted HLH domain can still inter-
act with one perfect consensus half-site, although with a dra-
matically reduced affinity (27, 28).

EBF-1 contains two defined transactivation domains, one
context-dependent domain located within the DBD (TS I) and
one in the C-terminal part of the protein (TS II) (28). The
C-terminal TS II is rich in serine/threonine/proline residues,
and this region can activate transcription when coupled to a
GAL-4 DBD (28), while TS I was defined based on the ability
of an EBF-1 with carboxy-terminal deletions to activate tran-
scription (28). The carboxy-terminal part of the protein is
rather poorly conserved among the family members (approxi-
mately 50% between mouse O/E-1, -2, and -3), but all these
proteins have been shown able to stimulate transcription from
a reporter gene controlled by O/E sites (27, 70, 71), although
O/E-4 seems to be a poor activator compared to the other
proteins (71). Serine-rich carboxy-terminal domains are also
present in Collier and unc-3, indicating an evolutionarily con-
servation of a carboxy-terminal transactivation domain even
though the primary amino acid sequence appears to be divergent.

BLAST search of the human genome database for O/E
encoding genes suggests the existence of four different genes,
situated on chromosomes 5 (ebf-1 related [43]), 8 (ebf-2 relat-
ed), 10 (ebf-3 related), and 20 (O/E-4 related) (XMO038441,
XMO034639, AL354950, and AL035460, respectively). The
structure of the human gene coding for EBF-1 suggests that

the protein is encoded by 14 exons which can be compared to
the D. melanogaster gene for Collier (13, 14) constructed from
12 exons (Fig. 2). In both genes, exon junctions border the
DBD, the IPT domain, and the first two helices of the dimer-
ization region. The DBD is also further subdivided into several
exons in both genes. The originally cloned rat Olf-1 and mouse
EBF differs in an 8-amino-acid insertion present in EBF (27,
69). This insertion does not seem to be due to species variation
but rather to alternative splicing of O/E-1, leading to the in-
clusion or exclusion of a 24-bp sequence [O/E-1 (8) or O/E-1
(0), respectively]. This is probably explained by a potential
splice site in hEBF-1 (dotted line in Fig. 2) that could be
alternated with the following site for joining exon 6 to exon 7.
In a similar manner, O/E-2 can contain or lack a 9-amino-acid
insertion at the same position. O/E-2 has in addition a second
alternative splice site 40 amino acids from the C terminus.
Alternative splicing gives rise to short (S) or long (L) forms of
O/E-2, differing by 36 amino acids. All in all, this gives rise to
four different O/E-2 variants, designated O/E-2(0S), -2(0L),
-2(9S), and -2(9L) (Fig. 1B), all expressed in embryonic tissue
(71). O/E-4 exists in four variants created by alternative splic-
ing at four different sites 3’ of helix 2 (70). Thus, several of the
O/E proteins are present in a number of splice forms but the
functional consequence of this variation and the expression
pattern of the different isoforms remain to be elucidated.
Taken together, the COE family of proteins share several
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FIG. 3. Phylogenetic tree of the COE family, revealing the genetic relations between the different COE proteins. Sequences were retrieved
from the EBI database, and the tree was constructed using the ClustalW method (61). The proteins are referred to in the figure with the prefixes
h (human), m (mouse), r (rat), z (zebra fish), g (chicken), s (skate), d (Drosophila), x (Xenopus), or c (C. elegans).

features due to conservation of essential protein structures
among the family members. Overall phylogenetic analysis in-
dicates that this family is present in only the animal kingdom,
as no related sequence could be found in sequence databases
for bacteria, archaebacteria, yeasts, or plants. Furthermore,
the O/E-3 proteins and the novel O/E-4 proteins are closest
related to the invertebrate Collier and unc-3 (Fig. 3), suggest-
ing that these are the most ancient of the vertebrate family
members and that the other proteins have arisen from gene
duplications of either of these ancestor genes. This has created
a set of COE proteins with restricted expression patterns and
in some cases unique roles, which are the focus of the following
sections in this review.

COE PROTEINS IN EMBRYOGENESIS

Some of the most striking examples of differential gene
regulation and cellular development occur at the early stages
of life in the developing embryo. COE proteins are suggested
to play key roles in several different model systems for embry-
onic development (18). One example of this is the finding that
antisense Collier RNA results in abnormal head development
in the D. melanogaster embryo (12). This defect, later con-
firmed by mutant analysis, reflects the Collier requirement for
integrating inputs from both the head and trunk segmentation
systems at the blastoderm stage and formation of parasegment
0 (13). Collier also appears to be involved in the formation of
a specific embryonic somatic muscle (14). The development of
muscle-specific properties, such as position and shape, is de-
pendent on a special type of myoblasts, called founder cells,
that each fuse with and instruct a defined number of neigh-
boring “naive myoblasts” to form a specific muscle precursor
(21). Collier is expressed in one founder myoblast, responsible
for formation of the muscle dorsal-achete-3 (DA3). In col
mutant embryos, the DA3 founder cell appears unable to re-
cruit neighboring cells, resulting in a lack of DA3 muscle (14).
Each founder cell derives from asymmetric division of a pro-
genitor cell, which is itself selected from a cluster of competent
cells by the process of lateral inhibition involving Notch/Delta
signaling (21). Notch signaling is also required for asymmetric

cell division of the progenitors (21). Collier is expressed in the
promuscular cluster, giving rise to the progenitor of the DA3
and D05 founder cells (14). Lack of Notch signaling during
either specification of the DA3/D05 progenitor or its division
results in aberrant expression of Collier and adoption of a DA3
fate by all Col-expressing promuscular cells and specific loss of
DOS5 muscle development, respectively (14). Collier does not
however, appear to be able by itself to induce DA3 fate in the
proneural cluster cells, suggesting the necessity of a collabora-
tion with other determining factors in this process (14). COE
proteins are also closely linked to Notch signaling events and
lateral inhibition in the developing nervous system in Xenopus
laevis. Notch signals suppress neuronal differentiation in part
by down regulation of the proneural bHLH protein X-neuro-
genin-1, and Xcoe2 appears to act downstream of this protein
in the neural plate of the developing frog embryo, but up-
stream of the neurogenic bHLH protein XneuroD (17). This
positions Xcoe2 as an intermediate factor possibly involved in
the maintenance of higher neural potential of the precursor
cell at the same time as it has the ability to stimulate commit-
ment into neuronal development by activation of XneuroD
(17). Xcoe3 is on the other hand acting downstream of
XneuroD, where it appears to stimulate the development of
specific neuronal subtypes such as cranial sensory ganglia cells
and Rohon Beard cells (51). Involvement of COE proteins in
neurogenesis is also apparent in the developing C. elegans
embryo, where impaired function of the unc-3 protein results
in abnormal development of a specific group of motor neurons
formed in the ventral nerve cord (52). In the newly hatched
larva, this results in defects in cholinergic DA and DB neurons,
which in turn lead to a worm with an abnormal moving behav-
ior. This phenotype correlates with defects in motor neuron
axonal path finding and indicates that unc-3 may be involved in
fasciculation or growth cone pioneering. A defect is also seen
in the axonal projections of D-class motor neurons that nor-
mally do not express unc-3, indicating that normal develop-
ment of these are dependent on signals from adjacent unc-3-
expressing cells. The dramatic effect on motor neurons is
contrasted by the lack of obvious defects in the outgrowth of
ASI chemosensory neurons even though they express unc-3
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throughout development (52). The neurons in unc-3-deficient
worms also expressed a reporter gene consisting of a fusion of
the ASI-specific marker srd-1 and green fluorescent protein,
confirming their identity as differentiated ASI neurons (52).
The function of these neurons, however, appears to be dis-
turbed, since unc-3-deficient larvae enter the dormant Dauer
pathway under inappropriate conditions (1, 52). This process is
regulated by pheromones and nutritional and thermal cues and
is a biological response to suboptimal growth conditions (1).
Defects in Dauer formation connect with the dysfunction of
ASI neurons (1, 52), suggesting that even though the chemo
sensory neurons are apparently normal, they display a defect in
functional performance. This suggests that unc-3 may play
roles both in the establishment of neuronal networks and in the
physiological functions of neurons in C. elegans.

O/E proteins are also expressed in the developing nerve
tissues in mice but much of the specific roles for these proteins
may be masked in the EBF-1-deficient animals due to comple-
mentary expression of other family members. One cell type
with specific expression of EBF-1 is the subventricular zone
and mantle cells in the lateral ganglionic eminence (22). Post-
mitotic cells from this region normally leave the subventricular
zone to migrate into the mantle zone. In EBF-1-deficient mice,
these cells fail to down regulate genes such as ephrin A-4 and
Oct6 and to activate expression of mantle-specific genes such
as cellular retinoic acid protein 1 and cadherin 8 (22). They
also undergo abnormal apoptotic behavior resulting in a dra-
matic size reduction of the postnatal striatum (22). This also
affects the navigation and fasciculation of thalamocortical fi-
bers migrating through the striatum (22), possibly by a mech-
anism resembling the non-cell autonomous effects observed in
neuronal guidance observed in unc-3-deficient C. elegans (52).
Defective differentiation is observed among facial branchiomo-
tor neurons that normally undergo a complex migration event
in the hindbrain since these cells are unable to down regulate
expression of early markers in EBF-1-deficient mice (22).

A role for O/E proteins also in later stages of development
has been proposed, based on analysis of D. melanogaster col
mutants rescued from embryonic or early larval lethality by
transformation with a specifically engineered col transgene.
These flies are weak and sterile and display a specific wing
patterning phenotype, the lack of central structures (68). A
similar phenotype had previously been reported for flies car-
rying a mutation denoted knot (45), and analysis of col/knot
trans-heterozygous flies indicated that Collier and knot corre-
spond to the same gene (68). Antero-posterior patterning of
the Drosophila wing involves signaling from the morphogen
hedgehog, and experiments using heat-sensitive mutants
showed that expression of Collier is dependent on high doses
of hedgehog signaling (68). The same signaling systems are
involved in the formation of vertebrate limbs and an involve-
ment of O/E proteins in this process might become evident
from extended analysis of these signaling pathways.

The role of COE proteins in fetal development of higher
animals is largely unknown, but gene bank searches as well as
experimental evidence indicate abundant expression of COE
proteins at several stages and in several sites of the developing
mouse embryo (23, 71). The O/E interacting protein ROAZ
(66) (OAZ) is also involved in bone morphogenic protein
(BMP) signaling in the developing Xenopus embryo, where it
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acts together with Smad proteins to stimulate transcription of
the gene encoding the homeo-box protein Xvent-2 (31). This
functional synergy involves direct protein interactions between
ROAZ and Smadl, and even though this interaction involves
domains distinct from those essential for the interaction with
O/E proteins, it appears as if Smads and O/E protein compete
for exiting ROAZ (31). Ectopic expression of O/E protein
impaired the ability of ROAZ to stimulate transcription from
the Xvent-2 promoter in response to BMP-2 signaling (31),
indicating that O/E proteins may be involved in modulation of
BMP signaling in the developing embryo. EBF-1-deficient
mice were originally reported to develop apparently normally
even though they appear to be growth retarded (39). This
could indicate that EBF-1 is nonessential for fetal develop-
ment, but this could also be explained by redundant functions
for O/E-2 and -3 (71). Future studies of the COE proteins in
fetal development might well provide information about new
networks of transcription factors and signaling pathways, in-
creasing the understanding of embryonic development also in
humans.

COE PROTEINS IN THE ADULT NERVOUS SYSTEM

In addition to acting in embryonic neural development,
COE proteins are also expressed in the adult nervous system in
several species. In the mouse, O/E-1 and -3 expression has
been detected in the Purkinje cells of the adult cerebellum, and
all four O/E proteins are expressed at high levels in olfactory
epithelium (71). In situ hybridizations showed that O/E pro-
teins are expressed not only in mature olfactory receptor neu-
rons in the neuronal layer but also in immature cells in the
basal layer of olfactory epithelium (71). O/E-1, -2, and -3 but
not O/E-4 are also expressed in the vomeronasal organ (70).
The expression of O/E proteins in the mature cells correlates
with the presence of mRNAs encoding components of the odor
detection and signaling cascades in these cells. O/E proteins
are also shown to directly interact with promoters regulating
the expression of some of these genes, such as the olfactory
cyclic nucleotide-gated channel (OcNC), type III adenylyl cy-
clase (ACIII), and the olfactory enriched G-protein a-subunit
(Golf) (36, 69, 71). The lack of expression of these genes in
immature cells in the basal layer could be explained by the
presence of the O/E interacting protein ROAZ in these but not
in the neuronal layer cells (66). This protein contains 29 C2H2
Zn fingers of TFIIA type and appears to have the ability to
impair the capacity of O/E proteins to activate target promot-
ers (66), which could thus explain the lack of mature marker
gene expression in the immature cells. The role of O/E pro-
teins in the nervous system could be more complex than ini-
tially thought since a transgenic mouse carrying a reporter
gene controlled by an OMP promoter with a mutated O/E
binding site expressed high levels of the transgene marker in
olfactory neurons (37). The major phenotype was instead ap-
parently aberrant expression of the reporter in neurons outside
of the olfactory system (37). This could indicate a role for the
O/E site as a repressor element, ensuring tissue-specific ex-
pression of the OMP gene either via an interaction with COE
proteins or via other factors. The investigation of the roles of
COE proteins in the nervous system is likely to become clearer
when mice carrying targeted disruptions of several of the fac-
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FIG. 4. EBF/O/E-1 is a central transcriptional regulator in the developing B lymphocyte. The figure displays the suggested functional
relationships between the transcription factors E2A, O/E-1, and Pax-5. Suggested target genes are located under the transcription factors and
common target genes are indicated by arrows. The flow and stage of B-cell development are indicated in the right part of the figure by a broad

shaded arrow.

tors to circumvent potential compensatory mechanisms be-
come available.

O/E PROTEINS AND B-LYMPHOCYTE DEVELOPMENT

One obvious phenotype of EBF-1-deficient mice is the lack
of mature B lymphocytes (39). The pronounced phenotype is
likely to be due to the fact that, in contrast to several other cell
types, early B cells only express EBF-1. B-cell development in
the bone marrow of these mice appears to be arrested at an
early stage with the presence of cells expressing B220 and high
levels of CDA43, defining the pro-B-cell stage (30), but no cells
of subsequent differentiation stages (39). The number of cells
expressing pro-B-cell markers appeared to be rather normal
(39), indicating a differentiation rather then an expansion
block of the type observed in, for instance, Sox-4-deficient mice
(56). The rather well-defined B-cell phenotype of these mice
has allowed for a theoretical positioning of EBF-1 in the func-
tional hierarchy of transcription factors in B-lymphoid devel-
opment (Fig. 4). The number of cells expressing CD43 is re-
duced in mice lacking a functional E2A gene (6, 74), indicating
that E-box binding proteins precede EBF-1 in the functional
hierarchy of the developing B lymphocyte. This idea is further
supported by the finding that ectopic expression of the E2A
protein, E12, results in activation of the endogenous EBF-1
gene (32) and that these E-proteins also can interact with and
activate an EBF-1 promoter region (59). The functional rela-
tionship between O/E-1 and E47 is even more extensive be-
cause EBF-1 and E2A proteins also appear to act in synergy at
the late pro-B-cell stage. This has been shown in mice trans-
heterozygous for mutations in one allele of EBF-1 and one allele
of E2A, because they display a more dramatic B-cell pheno-
type than the single-heterozygote mice do (49). EBF-1 has also
been suggested to act in direct synergy with E-proteins in the
activation of target promoters controlling the expression of the
surrogate light chains VpreB and \5 (57, 58). The absence of
DJ rearrangement and lack of Pax-5 expression in EBF-1-

deficient mice (39) suggests that EBF-1 acts upstream of Pax-5
(67). This is further supported by the finding that O/E-1 can
interact with the Pax-5 promoter region and has the ability to
activate this control element in nonlymphoid cells (49). EBF-1
is also able to bind a functionally important site in its own
promoter, suggesting the protein to be involved in an autoreg-
ulatory loop (59). This indicates that EBF-1 is a key factor for
the specification and progression of the late pro-B-cell stage
after entry of the cell into the B-lymphoid pathway but before
final commitment of the cell due to expression of Pax-5 (47).
The exact explanation for the B-cell phenotype observed in
EBF-1-deficient mice is still unclear even though the protein
has been suggested to be directly involved in the transcription
regulation of several genes encoding components of the pre-B-
and B-cell receptor. These include the surrogate light-chain
genes (41, 50, 53, 57, 58) and the B-cell receptor signal trans-
ducing molecules B29 (2), mb-1 (27, 29) and BIk (3). The
ability of EBF-1 to activate promoters controlling expression of
the surrogate light chains appears to be conserved also in
humans even though the primary DNA sequence of the pro-
moters appears poorly preserved (24, 25). This indicates that
the collaboration between EBF-1 and E-proteins is important
also in human B-cell development and that the genetic net-
work is conserved between mice and humans. EBF-1 is also
involved in induction of germ line transcription from and re-
arrangement of immunoglobulin genes. This is because ectopic
expression of EBF-1 acts in concert with RAG1 and RAG2 to
promote (Ig) lambda light-chain and Ig heavy-chain DJ rear-
rangement in an embryonic kidney cell line (54). EBF-1 is also
able to induce germ line transcription believed to precede
rearrangement from certain but not all Ig V genes (26). These
collected findings suggests that EBF-1 is a pleiotrophic activa-
tor of genes defining the pro- and pre-B-cell stage, and the
identification of additional target genes for this protein may
shed light on the coordinated expression of genes that allows
for the progenitor cell to become a committed B-lymphoid
precursor.
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COE IN ADIPOCYTE DEVELOPMENT

Investigations of the expression pattern of EBF-1 in adult
mouse tissue indicated that this protein is expressed at high
levels in adipocytes (27). EBF-1 has also been implied to be
involved in the regulation of the glucose transporter gene
Glut4 (16), suggesting that O/E proteins could participate in
the regulation of adipocyte-specific genes. Adipocytes origi-
nate from mesodermal stem cells, and it has become increas-
ingly clear that they play important roles not only as a storage
for energy but also as an endocrine and paracrine organ se-
creting a large number of biologically active substances. The
molecular mechanisms controlling the development of adipo-
cytes have been studied extensively through the use of immor-
talized murine fibroblasts and preadipocyte cell lines, and also
through various knockout mice (11, 55). By using fibroblasts
and preadipocytes as model systems for adipocyte develop-
ment, it has been possible to dissect this process into distinct
stages with coordinated expression of specific genes (11, 55).
Several of these temporally expressed genes are transcription
factors such as CCAAT/enhancer-binding proteins (C/EBPs)
(10, 72), peroxisome proliferator activated receptor vy
(PPARY) (62, 63), and sterol regulatory binding protein 1
(SREBP1/ADD1) (34, 64) (Fig. 5A). C/EBP and -3 are con-
sidered to function early in adipogenesis to activate the master
regulators of adipogenesis, PPAR+y and C/EBPa (11, 55) (Fig.

5B). These factors then appear to be involved in a regulatory
loop where CEBPa and SREBP1 induce further expression
and activity of PPARy (19, 20, 35), thus sustaining and pro-
moting the development of the preadipocyte into a mature cell
(Fig. 5B).

All three known mouse EBF/O/E genes are expressed in
mouse adipose tissue, and analysis of 3T3 L1 preadipocytes
suggests that they are present already in the undifferentiated
cells but that the expression levels are increased during termi-
nal adipocyte differentiation (3a). Ectopic expression of EBF-1
is also able to enhance terminal adipocyte differentiation of
preadipocytes and to induce adipogenesis in fibroblastic mul-
tipotent NIH 3T3 cells. In addition, a dominant negative form
of EBF-1 had the ability to suppress differentiation of 3T3-L1
cells, indicating that target genes for EBF proteins are impor-
tant for terminal adipocyte differentiation (3a). Most of the
transcription factors expressed during adipocyte differentiation
show a temporal expression pattern which enables them to turn
on their target genes at specific time points (55). The finding
that the O/E genes are expressed throughout adipogenesis
implies that these transcription factors have roles early as well
as late in adipocyte development. Temporal activation of tar-
get genes may be a result of dosage effects or collaborations
with other proteins with more restricted expression patterns
(Fig. 5B). The exact mechanisms by which EBF-1 stimulates
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adipogenesis are under investigation, and even though analysis
of mRNA levels of various markers for adipocyte differentia-
tion indicated that preadipocytes infected with retroviruses
carrying the EBF-1 gene expressed higher levels of the adipo-
cyte-specific genes PPARY2, adipocyte fatty acid binding-pro-
tein (aFABP), and glycerol phosphate dehydrogenase after
hormonal induction, no dramatic differences could be detected
between the control and EBF-1 infected cells before the in-
duction of differentiation (3a). This indicates that EBF-1 is not
directly controlling any of the examined marker genes and that
their increased expression levels rather reflect an enhanced
adipogenesis in EBF-1 infected cells. The finding that EBF-1 is
capable of initiating adipocyte differentiation of uncommitted
NIH 3T3 fibroblasts points towards the notion that EBF-1 can
participate in the initiation of the adipogenic program. This
effect of EBF-1 was dramatically enhanced by the addition of
PPARY ligands (3a), indicating that at least part of the adipo-
genic potential of EBF-1 is mediated through PPARvy (Fig.
5B). The role of O/E proteins in adipocyte development in vivo
is still unclear, but EBF-1"/" mice are reported to be smaller
than wild-type littermates (39), indicating disturbances in the
metabolism of these animals. Information from the global gene
analysis of EBF-1 infected cells and EBF-deficient mice is
likely to identify direct target genes for the O/E proteins that
can explain the molecular mechanism behind their role in
adipogenesis.

CONCLUDING REMARKS

The available information suggests that the COE proteins
belong to a group of ancient proteins that has been evolution-
arily conserved from a time before the divergence of insects
and mammals, estimated to have occurred about 500 million
years ago. We have not been able to find any COE-related
proteins in yeasts or plants, indicating that this protein family
has arisen in the earliest common animal ancestors and thus is
involved in evolutionarily conserved and crucial functions in
the animal kingdom. Gene duplications and modifications have
then allowed for the creation of a family of genes with re-
stricted expression patterns and functions. In mammals, O/E
proteins appear to be involved in the differentiation of cells
originating from all three embryonic germ layers. Even though
the identification of direct in vivo targets for a transcription
factor often is complicated, it appears as if many of the genes
controlled by O/E proteins in cell culture systems are lineage
and stage specific rather than direct modulators of general
features like cell cycle control. A major task lies in revealing
the processes allowing these transcription factors to activate
target genes selectively within certain cells and tissues. The
resolution of this will help us understand complex events such
as epigenetic alterations and lineage commitment steps at a
molecular level. Much work remains to elucidate the exact
roles for COE proteins in normal developmental processes and
also the potential role of COE proteins in pathological condi-
tions since disturbance of differentiation is a key mark in hu-
man cancer.
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