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It has been proposed that the helix-loop-helix (HLH) protein Id serves as a general antagonist of cell
differentiation by inhibiting bHLH (HLH with an adjacent stretch of basic amino acids) proteins specifically
required for developmental programs (such as MyoD). We show here that ectopic expression of Id represses in
vivo activity of the bHLH protein E2-5 (encoded by the E2A gene) and of both the immunoglobulin heavy-chain
(IgH) and kappa-light-chain gene enhancers to which E2-5 binds. Id does not affect the activity of the bHLH-zip
protein, TFE3, which also binds these enhancers. We examined a large panel of B-cell lines that represent
different stages of lymphoid development and found only two that express Id mRNA. The cell lines Ba/F3 and
LyD9 have been categorized previously as early B-lymphoid-cell progenitors. Unlike their more mature
B-lymphoid-cell counterparts, Ba/F3 and LyD9 cells do not express IF sterile transcripts, which are indicative
of IgH enhancer activity. Moreover, Ba/F3-derived nuclear extracts lack E2-box-binding activity, indicating
the absence of free bHLH proteins, and transfected Ba/F3 cells fail to support the activity of the IgH enhancer.
Hence, expression of Id correlates inversely with bHLH protein activity and enhancer function in vivo. These
results suggest that Id may play a role early in B-lymphoid-cell development to regulate transcription of the IgH
locus.

The helix-loop-helix (HLH) motif is found in a variety of
proteins involved in transcriptional and/or developmental
regulation (4, 5, 9, 11, 29, 42, 43, 46, 52, 60, 62). It mediates
heteromeric interactions between many of these proteins
and, in conjunction with an adjacent stretch of basic amino
acids (bHLH), is essential for DNA binding (18, 43, 44, 61).
Recently, three developmentally regulated HLH proteins
that lack these basic amino acids have been described. These
proteins, Drosophila EMC (encoded by the extramacrocha-
etae gene) and mammalian Id and HLH462, repress activity
of other bHLH proteins (6, 13, 21, 23). Experiments with Id
indicate that it inhibits DNA binding of MyoD and of the
immunoglobulin enhancer-binding proteins E12 and E47 by
forming HLH-mediated heteromeric complexes. Ectopic
expression of Id has also been used as an indicator of bHLH
protein involvement in insulin (16) and kappa 3' (51) en-
hancer activity.
The immunoglobulin heavy-chain (IgH) and kappa-light-

chain (IgK) gene enhancers both bind at least two structurally
distinct HLH transcription factors. One of these is of the
bHLH class and is represented collectively by proteins
encoded by the E2A gene and produced through alternative
splicing: E2-5 (previously ITF-1), E47, and E12 (29, 33, 43,
47, 59). All three of these related proteins bind the ,uE5 and
KE2 motifs. The HLH regions of E2-5 and E47 are the same;
the proteins differ only in what may be a reflection of
alternate first-exon usage (30, 33). Another HLH transcrip-
tion factor, TFE3, is of the bHLH-zip class and binds the
,uE3 motif (4). Although E2A and TFE3 transcripts are
ubiquitously expressed, overexpression of both E2-5 and
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TFE3 is required to activate the IgH enhancer in nonlym-
phoid cells (53).

Little is known concerning how or when the IgH enhancer
is activated during B-lymphocyte development; this con-
trasts sharply with what is known about activation of the IgK
enhancer. IgK enhancer activity appears to be regulated
primarily through the activation of NF-KB at a point that
defines the boundary between pre-B cells and B cells (38,
56). IgH enhancer activity can be detected in pre-B, B, and
plasma cells (all of these cell types express rearranged IgH
genes) and in some T-cell lines (27). In addition to activating
transcription of rearranged genes, the IgH enhancer serves
as the promoter of I,u sterile transcripts (39, 58). Hence,
sterile transcription can also be used as an indicator of IgH
enhancer activity. Sterile transcripts have been observed in
a variety of pro-B cells, including some that actively carry
out heavy-chain gene rearrangement (pro-B cells are those
that have not yet undergone heavy-chain rearrangement and,
therefore, do not express a cytoplasmic heavy-chain
protein), and in some T-cell lines (including those that
support activity of a transfected enhancer-dependent tran-
scription unit) (27). The rare B-cell lines that have been
postulated to be more developmentally immature than I,u-
positive pro-B cells have not been characterized with respect
to enhancer activity and/or I,u transcription.

In this report, we examine the relationship of Id expres-
sion to IgH enhancer activity and to B-lymphoid-cell devel-
opment. Our results show that Id can inhibit the in vivo
activity of the E2A-encoded enhancer-binding protein E2-5
but not of TFE3, a bHLH-zip protein. When Id is trans-
fected into B cells, it can also inhibit activity of both IgH and
IgK gene enhancers. Id expression appears to be limited to
cells representing very early stages of lymphoid or myeloid
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development. We have shown that early progenitor cells
neither contain free bHLH proteins nor express the IgH
enhancer; these results are consistent with the fact that Id is
functional in these cells. Hence, the down-regulation of Id
may be necessary at an early stage for cells to activate the
IgH locus and to enter into a B-lymphoid-cell developmental
program.

MATERIALS AND METHODS

Plasmids and transfections. All in vivo expression plasmids
have been described previously as follows. pSV2PE2-5

1 2 3 4 5 6

[GAL4I1 EIB TATA-cat Reporter

FIG. 1. Effects of Id on in vivo and in vitro activities of E2A
proteins and of TFE3. (A) Effects of Id on transcriptional activation
by ITF-1 (E2-5) and TFE3. Mouse NIH 3T3 cells were transfected
with the reporter plasmids (2 ,ug) and protein expression plasmids
(ITF-1/E2-5, 1 ,ug; TFE3, 2 ,ug; Id and Id[rev], 10 ,ug each) indicated.
The ,B-galactosidase expression plasmid pCH110 (5 ,ug) was used to
normalize transfection efficiencies, and pUC DNA was included to
maintain a total of 20 ,ig of DNA per transfection. The percentages
of acetylated chloramphenicol in assays 1 through 8, respectively,
were 0.1, 65, 3.5, 74, 0.6, 15, 14, and 43. (B) Effect of Id on
transcriptional activation mediated by a GAL4:ITF-1 (E2-5) fusion
protein through a GAL4-binding site. The [GAL4]1-Elb TATA-CAT
reporter plasmid (1 ,ug) was transfected into NIH 3T3 cells along
with a plasmid (1 ,ug) expressing the GAL4 DNA-binding domain
alone (GAL41-147) or the GAL4 DNA-binding domain fused to
coding sequence of ITF-1/E2-5 (GAL4:ITF-1). Additional plasmids
expressing the indicated proteins were transfected as described
above. The percentages of acetylated chloramphenicol in assays 1
through 6 were 0.4, 0.6, 0.3, 18, 17, and 20, respectively. (C) Id does
not inhibit the in vitro DNA-binding activity of TFE3. TFE3, E47,
and Id proteins were synthesized in vitro and used in mobility shift
assays (at the ratios indicated) with 1 ng of IgH enhancer fragment
12 (lanes 1 through 6) (4) or 0.02 ng of a muscle creatine kinase
(MCK) enhancer oligonucleotide (lanes 7 and 8) (6) as probes. The
designations "wt DNA" and "mut DNA" refer to the addition of
unlabeled competitor DNA carrying a normal and a mutant jiE3 site,
respectively.

expresses E2-5(ITF-1) (29); E:Id(S) and E:Id(A) express
sense and antisense Id, respectively (6); pSV2AX3 expresses
TFE3 (4); and pGAL4:E2-5 expresses a GAL4:E2-5 fusion
protein (29). The following minimal promoter-chlorampheni-
col transferase (CAT) reporter plasmids have also been
described previously as follows: p[E5+E2]4TATA:CAT
(four E2-5-binding sites linked to the liver bone kidney
alkaline phosphatase TATA box [29]), p[E3]4TATA:CAT
(four TFE3-binding sites linked to the liver bone kidney
alkaline phosphatase TATA box [4]), and [GAL4]Elb
TATA:CAT (one GAL4-binding site linked to the adenovi-
rus Elb TATA box [40]). Reporter plasmids containing the
IgH enhancer (34) and IgK enhancer (3) have also been
described.
NIH 3T3 cells and P3-X63Ag8 cells were transfected by

the calcium phosphate coprecipitation technique of Graham
and van der Eb (25) as outlined in the works of Beckmann et
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al. (4) and Kiledjian et al. (34), respectively. Ba/F3 cells (the
gift of R. Palacios, Basel Institute of Immunology) and LyD9
cells (the gift of T. Kinashi, Harvard Medical School) were
both grown in RPMI 1640 supplemented with 10% fetal
bovine serum and 10% WEHI-3-conditioned medium (as a
source of interleukin-3) (49). Ba/F3 cells were transfected by
electroporation (500 V/cm, 1,080 ,uF) (14). Cells were har-
vested and assayed for CAT expression (24) 2 days after
transfection. Transfection efficiencies were normalized to
relative expression levels of either ,B-galactosidase or pla-
cental alkaline phosphatase by including plasmids pCH110
(28) or pSV2Apap (31), respectively.
RNA analyses. Northern (RNA) analyses were carried out

with 20 jig of total cellular RNA by standard procedures (2).
Nuclear extracts and mobility shift assays. Nuclear extracts

of Ba/F3, HAC6, BFO3, and 3T3 cells were prepared by
using the procedure of Schreiber et al. (55), modified to
include the following protease inhibitors in the nuclear
resuspension buffer: leupeptin (10 ,ug/ml), pepstatin A (1
,ug/ml), aprotinin (1 mg/ml), and PMSF (phenylmethylsulfo-
nyl fluoride) (1 mM). BJA-B nuclear extracts were prepared
by the method of Dignam et al. (19).

Mobility shift assays were carried out with oligonucleotide
probes, as previously described (53), carrying either a ,uE5
site (,uE5 + ,uE2mut oligo) or a ,uE3 site (,E3 oligo). Oligo-
nucleotides were radiolabeled by filling 3' overhangs with
DNA polymerase I (large fragment) plus dCTP, dTTP, [a-32P]
dATP, and [ox-32P]dGTP. Binding reactions (15 RI) contained
1 to 2 p,u of nuclear extract, 0.5 ng of labeled oligonucleotide
(plus 25 ng of wild-type or mutant competitor, if used), and
2 jig of poly(dI dC) in 12 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid)-NaOH (pH 7.9)-4
mM Tris-HCI (pH 7.9)-60 mM KCI-1 mM EDTA-1 mM
dithiothreitol-12% glycerol. Samples were resolved on 5%
acrylamide gels (29:1, acrylamide to bisacrylamide) at room
temperature with 0.5x TBE (45 mM Tris-borate, 1 mM
EDTA [pH 8]).

Mobility shift assays utilizing in vitro-translated TFE3
(expressed from pT7,-X3) (4), E47, and Id were carried out
essentially as described previously (6).

RESULTS

Id inhibits activity of E2A proteins in vivo. As shown in Fig.
1A, transfection of NIH 3T3 cells with a plasmid that
expresses E2-5 resulted in transcriptional activation of a
minimal promoter carrying ,uE5-binding sites (lanes 1 and 2).
However, in the presence of a plasmid that expresses Id, this
transcriptional stimulation was reduced 20-fold (lane 3).
Repression was not observed with a plasmid that carries the
Id cDNA in reverse orientation [Id(rev)] (lane 4). Transcrip-
tional activation of a minimal promoter that carries a GAL4-
binding site by a fusion protein consisting of the DNA-
binding domain of yeast GAL4 (amino acids 1 through 147)
and intact E2-5 was not repressed by Id (Fig. 1B). We
conclude that Id inhibits in vivo activity of E2-5 by forming
heteromeric complexes that are unable to bind DNA. When
these heteromeric complexes are allowed to bind through an
alternate DNA-binding motif (GAL4), transcriptional activa-
tion is not affected. Id had no effect on the ability of TFE3 to
stimulate transcription of a reporter gene through its cognate
,uE3 motif (Fig. 1A, lanes 5 through 8), nor was Id able to
inhibit DNA binding of in vitro-translated TFE3 (Fig. 1C).
Hence, Id does not inhibit the activity of all HLH proteins.

It is known that E2-5 (and TFE3) can stimulate activity of
the IgH enhancer in transfection assays (53). However, it is
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FIG. 2. Id inhibits activity of the IgH and IgK enhancer in B cells.
Plasmids (10 ,ug) carrying the IgH or IgK enhancer linked 3' to a
,B-globin-CAT transcription unit or a thymidine kinase-CAT tran-
scription unit, respectively, were transfected into P3-X63Ag8 cells.
In addition, cells were transfected with plasmids (80 ,ug) expressing
Id or antisense Id [Id(rev)] as indicated. The placental alkaline
phosphatase expression plasmid pSV2Apap (10 pLg) was included to
normalize transfection efficiencies, and pUC DNA was added to
maintain a total of 100 p.g of DNA per transfection. CAT values for
each reporter in the absence of Id or Id(rev) were set equal to 100,
and the effects of Id and Id(rev) for each reporter are indicated as the
numerical mean relative to that standardized value. Bars represent
standard errors.

not known whether bHLH proteins, in general, or E2A
proteins (E2-5, E12, and E47), in particular, contribute to the
enhancer activity normally observed in B cells. To address
this issue, we examined the effect of Id on IgH enhancer
activity in B cells. As shown in the histogram depicted in
Fig. 2, transfection of the plasma cell line P3-X63Ag8 with a
plasmid that expresses Id resulted in a roughly twofold
reduction in the activity of a transcription unit whose expres-
sion is entirely dependent on the IgH enhancer (columns 2
and 3); increasing the amount of Id in the transfections did
not give a further reduction in activity (data not shown). A
plasmid that expresses antisense Id had no inhibitory effect
[Id(rev)] (column 4). As expected from the binding speci-
ficity of E2-5 (it binds to p.E5 and to a lesser extent to ,uE2)
(53), an enhancer carrying a deletion that removes the ,uE1,
,uE2, and ,uE5 motifs was not inhibited by Id (data not
shown). We conclude that bHLH proteins, possibly those
encoded by the E2A gene, contribute to IgH enhancer
activity in mature B cells.
E2A proteins also bind the KE2 motif within the IgK

enhancer, and, as expected, this enhancer was also re-
pressed by Id (Fig. 2, columns 6 and 7). Id had a much more
deleterious effect on the IgK enhancer than it did on the IgH
enhancer and reduced IgK enhancer activity to undetectable
levels in our assays. Mutations of the KE2 motif have been
shown to depress IgK activity 10-fold (38). Hence, the
pronounced effect of Id could be explained simply by its
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FIG. 3. Expression of Id in B-lymphoid-cell lines correlates
inversely with endogenous IgH enhancer activity. Total RNA from
mature B cells (BFO3) and pro-B cells (Ba/F3, LyD9, HCR3, and
HAC6) were subjected to Northern analysis by using probes corre-
sponding to the Id cDNA (top panel) and the C,u constant region
(lower panel). BFO3 cells express IgA and have deleted sequences
corresponding to C,u. Quantitation of imput total RNA was deter-
mined spectrophotometrically and confirmed by ethidium bromide
staining of 18S and 28S RNAs. In addition to the cell types
indicated, Id mRNA was not detected in the following cell types: for
pro-B-cell lines, HAFTL-1-14.5, HAFTL-1-14.6, HS1C5, H58C1,
JP2, JP4, JP7, 2.1A3753, FE1NC3, FE2NC1, KFFTL-1, BAFTL-1,
BASC2/C6, 22D6.5, and 38B9.7; for pre-B-cell lines, PD31 and
70Z/3; for mature B-cell lines, 1-7, M12.14.5, A20/2J, and LK; for
plasma cell lines, SP2/0 and S194; and for T-lymphoid-cell lines,
CTLL, HT-2, EL4, R1.1, and 2B4.11. All of these latter cell types
are described in the work of Dymecki et al. (20).

abrogating the binding of bHLH proteins to the KE2 motif.
However, since the NF-KB-binding site is also known to be
crucial for IgK enhancer activity (38), we tested directly
whether Id can inhibit activity of a minimal promoter linked
to two NF-KB-binding motifs (58). Although this promoter
showed a high level of KB-dependent activity in B cells, it
was not inhibited by Id (data not shown).

Id expression is limited to early B lymphoid progenitor cells.
We next sought to determine whether Id is down-regulated
during B-lymphoid-cell development. It has been reported
previously that Id is expressed in a variety of cell types,
including pre-B (B18-8) and plasma (B16) cell lines (6).
However, levels of Id RNA vary widely from cell type to cell
type, and those reported for B-lineage cells were found to be
exceedingly low. On the basis of our present findings that Id
inhibits both the IgH and IgK enhancers, it is unlikely that
such low-level expression is functionally significant. We
therefore extended the analysis by looking at Id expression
in a large number of cell lines representing different stages of
lymphoid-cell development. In our study, Id mRNA was not
detected in a variety of plasma, mature B-, pre-B-, and T-cell
lines (data not shown; for a complete list of cell lines tested,
see Fig. 3 legend). It was, however, detected in 2 of the 19
pro-B-cell lines, designated Ba/F3 and LyD9, that we exam-
ined (Fig. 3). The level of Id mRNA in the Ba/F3 cell line, for
example, is equivalent to that in murine erythroleukemia
(MEL) cells (data not shown) and is, therefore, at least 20 to
50 times that reported previously for the B18-8- and B16-
lymphoid-cell lines (6).
The Id-positive Ba/F3 and LyD9 cell lines have been

reported to represent early lymphoid and/or early myeloid
progenitor cells. Ba/F3 was initially grouped with the Ba/Cl
cell line (49) as being interleukin-3 dependent and B-220
positive. However, unlike a variety of cell lines that were
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FIG. 4. Ba/F3 cells do not express BCF1 bHLH protein activity.
Mobility shift assays were carried out with the nuclear extracts
indicated and either a ,uE5 probe (top panel) or a ,uE3 probe
(detecting upstream stimulatory factor [USF]; bottom panel). Com-
petitions were carried out with a 50-fold molar excess of unlabeled
wild-type (WT) or mutant (Mut) oligonucleotide.

isolated in the same screen, Ba/F3 cells, like Ba/Cl cells,
were unable to undergo B-cell maturation when they were
introduced into irradiated mice (47a). We have noted that the
Ba/F3 cells in our hands no longer express the B-220 marker
(generally associated with B cells) (15), do express Mac-1
(generally associated with myeloid cells and certain B-cell
lymphomas) (17, 57), are still interleukin-3 dependent, and
are blastlike in appearance (data not shown). LyD9 cells
have been shown to undergo B-cell maturation when they
are introduced into irradiated mice (49) and when they are
cocultured in vitro with stromal cells (35).
Ba/F3 cells do not contain E2-box-binding (bHLH) activity

or support IgH enhancer activity. If Ba/F3 cells express
functional Id protein, then one would not expect free bHLH
dimers to exist in the cells. Specifically, one would not
expect to find ,uE5-binding activity. Accordingly, nuclear
extracts were made from Ba/F3 cells and from a variety of
other cell types representing more mature B-lineage cells
(HAC6, HCR3, and BFO3), T cells (Jurkat), and fibroblast
cells (3T3), and mobility shift assays were carried out with a
labeled ,uE5 oligonucleotide (Fig. 4, top panel). Extracts of
HAC6 cells (pro-B; lanes 5 through 7), HCR3 (pro-B; data
not shown), and BFO3 cells (mature B; lanes 8 through 10)
gave rise to a shifted complex, denoted here as BCF1. Two
closely-migrating complexes, designated previously as
BCF1 and BCF2, have been shown to be B-cell specific and
to contain E2A protein epitopes (45). As expected for BCF1,
the complex we detected was not observed in the presence
of excess by a homologous cold oligonucleotide (WT; lanes
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TABLE 1. IgH enhancer activity in reporter gene transfections of
P3-X63Ag8 and Ba/F3 cellsa

Activity (relative units)
Reporter in:

P3-X63Ag8 Ba/F3

pSV2ACAT (simian virus 40 enhancer) 100 100
pSVA,BGCAT-IVS1 (IgH enhancer) 470 ± 150b 9 ± 2
pSVAIGCAT (no enhancer) 8 ± 1 4 ± 2

a Transfections of P3-X63Ag8 and Ba/F3 cells were carried out by using 20
Fg of pSV2ACAT and 80 Fg each of pSVAiGCAT and pSVAPGCAT-IVS1.
Transfections were normalized to alkaline phosphatase levels obtained by
using 10 Fg of pSV2Apap, and total DNA per transfection was brought to 100
p.g with pUC19.

b Values represent the means and standard errors of the mean derived from
four separate transfections.

7 and 10) and not by a mutant oligonucleotide (Mut; lanes 6
and 9). Furthermore, the complex was not detected in
Ba/F3, Jurkat, or 3T3 cells (lanes 1 through 3, 1 through 13,
and 14 through 16, respectively). All extracts gave rise to
roughly equivalent levels of upstream stimulatory factor
activity (binding to a ,uE3 probe; lower panel). Previous
studies by Murre et al. (45) have also shown that LyD9 cells,
as well as Ba/F3 cells, lack BCF1- (and BCF2-) binding
activity.
Ba/F3 cells were assayed for IgH enhancer activity by

using reporter gene transfections and by measuring I,u sterile
transcription. When an IgH enhancer-dependent reporter
(pSVA,GCAT-IVS1) (34) was transfected into Ba/F3 cells,
no activity could be detected although these cells expressed
a simian virus 40 enhancer-responsive reporter (pSV2A
CAT) perfectly well (Table 1). These results contrast with
those obtained by using a plasma cell line (P3-X63Ag8) in
which the IgH enhancer-driven activity was approximately
four times that of the simian virus 40 control. Transfections
of LyD9 cells resulted in high levels of enhancer-indepen-
dent transcription from these reporters, and, hence, we were
unable to confirm these results in LyD9 cells.
Although I,u sterile transcripts could be detected in two of

the B-cell lines not expressing Id mRNA, none were found in
Ba/F3 and LyD9 cells (Fig. 3) (note that BF03 cells express
IgA and would not be expected to give rise to an RNA that
hybridizes with the ,u constant region probe used in this
experiment). Given that I,i transcription is a direct result of
IgH enhancer activity (58), we conclude that the endogenous
IgH enhancers in Ba/F3 cells and LyD9 cells are inactive.

DISCUSSION

On the basis of their physical properties, HLH proteins
can be subdivided into three groups, designated bHLH,
bHLH-zip, and dnHLH (dn stands for dominant negative).
The bHLH proteins bind DNA and are characterized by
their ability to form heterodimers promiscuously. Members
of this class include the E2A proteins, MyoD, myogenin,
daughterless proteins, and proteins encoded by the achaete-
scute complex of Drosophila (43, 44). Given that bHLH
heterodimers often bind DNA more avidly than their respec-
tive homodimers, it has been proposed that cell-type-specific
bHLH proteins (e.g. MyoD, myogenin, achaete-scute) must
form heterodimers with the more widely expressed bHLH
proteins (e.g., E2A and daughterless proteins) to bind DNA
and activate transcription in vivo. The bHLH-zip proteins
are characterized by the presence of a leucine zipper posi-

tioned adjacent to HLH helix 2. Members of this group
include TFE3, TFEB, USF, AP4, members of the Myc
family of proteins, and Max (4, 8, 10, 26, 32). These proteins
bind DNA but do not heterodimerize promiscuously. Al-
though Max forms heterodimers with c-Myc, L-Myc and
N-Myc, other members of this group-TFE3, USF, and
AP4-are thought to function only as homodimers. The
HLH-proximal leucine zipper has been shown to dictate the
restricted dimerization specificity in these proteins (4, 32).
The dnHLH proteins heterodimerize with bHLH proteins,
are unable to bind DNA and, as heterodimers, render bHLH
proteins unable to bind DNA. The results presented here
concerning Id and TFE3 confirm that they do not interact
with bHLH-zip proteins. The dnHLH proteins are repre-
sented thus far by Id, HLH462, and EMC (6, 13, 21, 23). On
the basis of the initial studies with Id, the genetics of emc,
and the profile of HLH462 expression during embryonic
development, it is possible that dnHLH proteins serve as
general antagonists of the differentiated state by inhibiting
development-specific bHLH proteins.
The results presented in this report demonstrate an in-

verse correlation between Id expression and IgH enhancer
activity. This was measured in several ways. First, transfec-
tion assays demonstrated that Id can inhibit in vivo activity
of E2-5, an E2A-encoded protein capable of stimulating the
IgH enhancer. This result was expected, given that Id has
already been shown to inhibit DNA binding of the related
E47 protein in vitro (6). Second, Id overexpression in mature
B cells was shown to inhibit activity of both IgH enhancer-
and IgK enhancer-dependent transcription. It is likely that
this was the direct consequence of Id inhibiting the activity
of endogenous E2A-containing homodimers and/or het-
erodimers which are required for enhancer activity in B
cells. Third, we only detected Id expression in the very early
hematopoietic progenitor cell lines, BaIF3 and LyD9. A
variety of other cell lines, representing more mature B cells
and including 17 other pro-B-cell lines, were found not to
express the normal Id message. Several of the pro-B cells
were shown to express I,u sterile transcripts and, thus,
indicated that their endogenous IgH enhancers were active.
Ba/F3 cells expressed neither exogenous nor endogenous
IgH enhancers. Furthermore, unlike the pro-B cells tested,
Ba/F3 cells did not contain detectable levels of BCF1, a
B-cell-specific E2-box-binding activity known to contain
E2A proteins (45).

In cotransfection experiments, we found that Id reduced
IgH enhancer activity by 50%; it is, therefore, unlikely that
the almost complete absence of enhancer activity in Ba/F3
cells is due to Id expression alone. We have previously
reported that in 3T3 cells, the ,uE5 site inhibits the ability of
TFE3 to activate transcription through the ,uE3 site, which is
situated 30 bp away (53). Presumably, 3T3 cells contain a
repressor that binds the ,uE5 site and is able to inhibit
activity mediated through other sites. Ba/F3 cells apparently
carry the same (or a related) repressor, because we could not
obtain transcriptional activation with TFE3 in the presence
of an intact ,uE5 site (61a). Hence, enhancer activity in
Ba/F3 cells may be inhibited both by Id and by a pleiotropic
repressor that binds to the ,uES site in place of the Id-
sequestered bHLH protein. Furthermore, levels of E2A
RNA in Ba/F3 and LYD9 cells are lower than those found in
the more mature cell lines (data not shown). This suggests
that activation of the enhancer may require concomitant Id
down-regulation and E2A up-regulation, a situation that
parallels that observed with Id and MyoD during myoblast
differentiation (6). Given that overexpression of E2-5 is able
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to activate an IgH enhancer-dependent reporter in Ba/F3
transfections, it is likely that Id does not exist in vast excess
(data not shown).
We propose that full activation of the IgH enhancer

requires Id down-regulation and that this represents a very
early event in B-lymphoid-cell differentiation. Ba/F3 and
LyD9 cells represent a developmental stage prior to Id
shutoff. The fact that our clone of Ba/F3 cells has lost B-220
expression (generally indicative of B cells) (15) and has
increased Mac-1 expression (generally associated with my-
eloid cells) (57) does not invalidate this conclusion. It is
known that LyD9 cells, which are B-220 positive and Mac-1
positive, can generate both mature B lymphoid (IgM-secret-
ing) and myeloid subclones (35, 36, 48). LyD9 cells have also
been reported to lack BCF1 and BCF2 activities (45),
possibly because they also express Id. The early distinctions
that separate myeloid precursors from lymphoid precursors
are likely to be quite fluid and not to be discriminated by Id
expression per se. In fact, we have recently shown that
differentiation of a myeloid cell line, 32D, is accompanied by
a transient decrease in Id expression and can be blocked by
the ectopic expression of Id (37). Hence, myeloid and
B-lymphoid cell developmental pathways may share a num-
ber ofcommon features, including an obligatory shutdown of
Id expression.
Although our data demonstrate an appropriate correlation,

they do not address whether E2A-containing complexes
(e.g., BCF1 and BCF2) are responsible for explicitly direct-
ing the early phases of lymphoid cell development. It is
almost certain that such proteins stimulate immunoglobulin
gene transcription in pre-B, B, and plasma cells. Given the
possible role that sterile transcription plays in immunoglob-
ulin gene rearrangement (1, 7, 22, 54), it is likely that these
proteins indirectly affect DNA recombination as well. Im-
munoglobulin gene rearrangement is central to the ultimate
function of a B cell, and, therefore, the E2A proteins in B
cells may indeed be loosely considered master regulatory
proteins. However, it is not known whether expression of
these proteins initiates a cascade of transcriptional regula-
tory events, similar to what occurs with the bHLH proteins
involved in myogenesis. Furthermore, it is not clear whether
the BCF complexes consist of E2A homodimers or of
heterodimers between E2A and B-cell-specific MyoD-like
proteins. Present information on the BCF complexes indi-
cates that they consist of E2A homo-oligomers (45). Support
for this stems from two observations. First, BCF1 and BCF2
together comprise a mobility shift pattern that is very similar
to that obtained with transfected or in vitro-translated E47
homodimers, and second, E2A antiserum is highly reactive
with the BCF complexes and with E47 homodimers but is
much less reactive toward MyoD:E47 heterodimers. Addi-
tional experiments are needed to confirm the composition of
the BCF complexes and to address their role in directing
B-cell development.
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