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The Id subfamily of helix-loop-helix (HLH) proteins plays a fundamental role in the regulation of cellular
proliferation and differentiation. The major mechanism by which Id proteins are thought to inhibit differen-
tiation is through interaction with other HLH proteins and inhibition of their DNA-binding activity. However,
Id proteins have also been shown to interact with other proteins involved in regulating cellular proliferation
and differentiation, suggesting a more widespread regulatory function. In this study we demonstrate functional
interactions between Id proteins and members of the Pax-2/-5/-8 subfamily of paired-domain transcription
factors. Members of the Pax transcription factor family have key functions in regulating several developmental
processes exemplified by B lymphopoiesis, in which Pax-5 plays an essential role. Id proteins bind to Pax
proteins in vitro and in vivo. Binding occurs through the paired DNA-binding domain of the Pax proteins and
results in the disruption of DNA-bound complexes containing Pax-2, Pax-5, and Pax-8. In vivo, Id proteins
modulate the transcriptional activity mediated by Pax-5 complexes on the B-cell-specific mb-1 promoter. Our
results therefore demonstrate a novel facet of Id function in regulating cellular differentiation by functionally

antagonizing the action of members of the Pax transcription factor family.

Members of the Id subfamily of helix-loop-helix (HLH) pro-
teins play important roles in promoting cell cycle entry, en-
hancing apoptosis, stimulating proliferation, and blocking cel-
lular differentiation (reviewed in references 21, 28, and 30).
The founding member of this subfamily, Idl, was originally
identified as a protein that inhibits the DNA-binding activity of
basic HLH (bHLH) proteins (4). Subsequently, three further
genes that encode the related proteins 1d2 (5, 41), Id3 (8, 11),
and Id4 (35) were identified. Like Id1, the other Id proteins
(Id2, Id3, and Id4) also inhibit DNA binding by bHLH proteins
(reviewed in references 21, 28, and 30). Mechanistically, the Id
proteins are thought to inhibit bHLH proteins by sequestering
them in inactive heterodimers which are incapable of DNA
binding due to the absence of the basic region in the Id pro-
teins (4, 41; reviewed in references 21, 28, and 30). In addition
to their association with bHLH transcription factors, Id pro-
teins have also been shown to interact with several non-HLH
proteins, including the retinoblastoma protein (pRB) and re-
lated pocket proteins (19, 22, 23), MIDAL1 (20, 38), and, more
recently, members of the TCF subfamily of ETS-domain tran-
scription factors (48). Id proteins inhibit DNA binding by the
TCEF proteins through interaction with their ETS DNA-bind-
ing domains. This interaction also leads to the dissociation of
TCFs from ternary TCF-SRF-SRE complexes and hence to the
inhibition of c-fos promoter activity (48).
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A subset of ETS-domain transcription factors, including
Elk-1, can also form ternary complexes with the paired-domain
transcription factor Pax-5 and the B-cell-specific mb-1 pro-
moter (15). In this case, Pax-5, rather than SRF, serves to
recruit the ETS-domain proteins to the promoter. Pax-5 is a
member of a subfamily of Pax proteins which also contains
Pax-2 and Pax-8 (reviewed in references 25 and 40). This sub-
family is characterized by the presence of an octapeptide motif
and a partial homeodomain in addition to the N-terminal
paired DNA-binding domain. Pax-5 plays an important role in
regulating B-cell development (reviewed in references 7 and
27). Several target genes have been identified, which are either
up-regulated (mb-1, N-myc, and LEF-I1) or down-regulated
(PD-1) in keeping with the observation that Pax-5 can function
as both a transcriptional activator and repressor. In the case of
the mb-1 and LEF-1 genes, the paired domain of Pax-5 is
sufficient to up-regulate their expression (31).

As Id proteins are also expressed during B-cell development
and function as negative regulators of B lymphopoiesis (9, 41,
42, 44), we tested whether Id proteins could affect the activity
of ETS-domain protein complexes that form on the mb-1 pro-
moter. By analogy with the ternary complex that forms on the
c-fos SRE, it was expected that Id-mediated dissociation of the
ETS-domain protein component might be observed. However,
DNA binding by Pax-5, in addition to that by Elk-1, is inhibited
upon addition of Id proteins to ternary Pax-5-Elk-1-mb-1
complexes. Id proteins bind directly to Pax-5 in vitro and in
vivo, and this leads to down-regulation of the activity of Pax-
5-Elk-1-mb-1 complexes in vivo. Other members of the Pax-
2/-5/-8 subfamily are also targets of the Id proteins. Collec-
tively, our data reveal a novel facet of Id function in regulating
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the activity of an additional class of transcription factors, the
Pax proteins.

MATERIALS AND METHODS

Plasmid constructs. The following plasmids were used for expressing gluta-
thione S-transferase (GST) fusion and C-terminal six-histidine-tagged proteins in
Escherichia coli. pAS413 encodes full-length Elk-1 (amino acids 1 to 428) (24).
pGEX-1d2 encodes GST-1d2 (Id2 amino acids 1 to 134 fused to GST) (12).
pAS801 [encoding GST-Pax-5(1-149)] was constructed by PCR amplification
from pREP4-BSAP (2; kindly provided by Ben Adams) using the oligonucleotide
pair ADS578-ADS579, followed by ligation as a Bg/II-EcoRI fragment into the
same sites of pGEX-2T (Pharmacia). pGEX-Id2AHLH was constructed by PCR
and comprises the N-terminal 43 amino acids and C-terminal 69 amino acids
from Id2 fused to GST.

The following plasmids were used in mammalian cell transfections. pmb-1-
CAT (pAS1101) contains two copies of part of the mb-1 promoter (—95 to —58)
upstream from the chloramphenicol acetyltransferase (CAT) gene and was con-
structed by ligating two copies of the annealed oligonucleotide pair ADS580 and
ADS581 (5'-TCGACGAGTAAGGGCCACTGGAGCCCATCTCCGGCACG
GC-3" and 5'-TCGAGCCGTGCCGGAGATGGGCTCCAGTGGCCCTTACT
CG-3', respectively) into the Sall-Xhol sites of pPBLCATS (pAS311) (6). pAS383
encodes full-length Flag epitope-tagged Elk-1 driven by a cytomegalovirus
(CMV) promoter (46). pRSV.EIk-1-VP16 (pAS348) encodes full-length Elk-1
fused to the VP16 transcriptional activation domain (34). pAS1111 encodes
full-length Pax-5 driven by a CMV promoter (26; kindly provided by Peter
Gruss). pAS1120 (encoding CMV-driven Flag epitope-tagged full-length Pax-5)
was constructed by ligating a HindIII fragment from pAS1106 into pcDNA3 cut
with the same enzymes. pAS1106 (encoding T3-promoter driven Flag epitope-
tagged full-length Pax-5) was constructed by lighting an Xbal-Xhol-cleaved PCR
fragment (primer pair ADS582-ADS583 on the template pPREP4-BSAP) into the
same sites in pAS798 (43).

The following plasmids were used for in vitro transcription and translation
and/or transfection purposes. pBluescript-NF-kB(p50) (encoding the p50 sub-
unit of NF-kB) was obtained through the AIDS Research and Reference Re-
agent Program, Division of AIDS, National Institute of Allergy and Infectious
Diseases, National Institutes of Health, from Gary Nabel and Neil Perkins.
pcDNA3Id1 (encoding full-length Id1; amino acids 1 to 148), pcDNA3Id2 (en-
coding full-length Id2; amino acids 1 to 134), pcDNA3Id3 (encoding full-length
1d3; amino acids 1 to 119) (26), pAS68 [encoding MEF2A(1-86)] (39), pAS522
(encoding full-length MEF2A) (47), and pT7.SAP-1 (encoding full-length
SAP-1; amino acids 1 to 431) (10) have been described previously.

pPAS803 (encoding full-length Pax-5; amino acids 1 to 391) was constructed by
ligating a HindIII-Xbal-cleaved PCR fragment (primers ADS448 and ADS449
and template pREP4-BSAP) into the same sites in pAS37 (36). pAS1106,
pAS1107, pAS1113, and pAS1114 (encoding full-length Pax-5 [amino acids 1 to
391], Pax-5 amino acids 1 to 175, Pax-2 amino acids 1 to 175, and Pax-8 amino
acids 1 to 175, respectively, fused to a C-terminal six-histidine tag and Flag tags)
were constructed by ligating Xbal-Xhol-cleaved PCR fragments (primers
ADS582-ADS583, ADS582-ADS584, ADS608-ADS609, and ADS610-ADS611
and templates pREP4-BSAP, pREP4-BSAP, pCMVPax2, and pCMVPax8, re-
spectively) into the same sites in pAS798 (43). Pax-5 constructs used in this study
were derived from human cDNAs, whereas Pax-2 and Pax-8 constructs were
derived from mouse cDNAs.

Protein expression. In vitro-translated proteins, GST fusion proteins, and
six-histidine-tagged proteins were purified, and their concentrations were deter-
mined as described previously (48). Pax-5(1-175) was generated by in vitro
transcription and translation using Nael-linearized pAS803 as a template. For
use in gel retardation assays, Pax-5(1-149) was cleaved from the GST moiety with
thrombin while still attached to the reduced glutathione agarose beads (1).

In vitro protein-protein interaction assays. Interactions between GST-Id2 and
in vitro-translated Pax-2/-5/-8 derivatives or control proteins were investigated
using pulldown assays as previously described (39).

Gel retardation assays. Gel retardation assays were performed with 32P-
labeled probes as described previously (37). The binding sites used include the
mb-1 site for Pax-containing complexes (ADS576-ADS577 top strand, 5'-CGC
GTGAGTAAGGGCCACTGGAGCCCATCTCCGGCACGG-3') and the N10
site for MEF2A (36). DNA-protein complexes were formed at room temperature
for 15 min using in vitro-translated or recombinant, bacterially expressed Pax-
2/-5/-8 derivatives, in vitro-translated MEF2A(1-86), and bacterially expressed
full-length EIlk-1. In vitro-translated Id proteins were usually added at the same
time as the Pax proteins or after the end of this incubation period in dissociation
experiments. Reaction mixtures were normalized for reticulocyte lysate content.
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Protein-DNA complexes were analyzed on nondenaturing 5% polyacrylamide
gels cast in 0.5X Tris-borate-EDTA buffer and visualized by autoradiography
and phosphorimaging.

Cell culture, transfection, and reporter gene assays. NIH 3T3 and Cos-7 cells
were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (Gibco BRL) and 25 mM glucose. Transfection exper-
iments were carried out using Superfect (Qiagen) as described previously (48) or
by electroporation (PD31 cells). For reporter gene assays, mb-1 promoter-driven
reporters were cotransfected alongside vectors encoding Pax-5, Elk-1-VP16, and
1d2. DNA concentrations were normalized with appropriate empty vectors.

Extracts were prepared from transfected cells, and CAT-luciferase assays were
carried out as previously described (24, 48). Results were normalized for equal
concentrations of total protein. Data from CAT assays were quantified by phos-
phorimager analysis, and the data were presented graphically using Microsoft
Excel software. Transfection efficiency was monitored by measuring the B-galac-
tosidase activity from cotransfected pCH110 plasmid (0.5 pg) (Pharmacia KB
Biotechnology Inc.), and B-galactosidase activities were determined as described
previously (48).

Immunoprecipitation. The antibody matrix was prepared by covalently cou-
pling an Id3-specific rabbit polyclonal antibody (Santa Cruz Biotechnology Inc.)
to protein A beads. Cos-7 cell extracts containing overexpressed Id3 and Flag-
tagged Pax-5 or Elk-1 proteins were prepared from two 35-mm-diameter dishes
in 400 pl of Triton lysis buffer (20 mM Tris [pH 7.4], 137 mM sodium chloride,
25 mM B-glycerophosphate, 50 mM sodium fluoride, 2 mM EDTA, 10% glyc-
erol, 1% Triton X-100, 2 mM sodium pyrophosphate, 10 mM MgCl,) containing
protease inhibitors (final concentrations: leupeptin, 2 pg/ml; pepstatin A, 1 pg/
ml; phenylmethylsulfonyl fluoride, 100 wg/ml; and aprotinin, 2 pwg/ml). A 25-pl
sample of antibody matrix was incubated with the cell extract with rotation for 4 h
at 4°C. Complexes were washed three times with Triton lysis buffer and subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by West-
ern blot analysis. Immunoprecipitated Flag epitope-tagged proteins and Id3 were
detected by immunoblot analysis with a mouse monoclonal anti-M2 Flag anti-
body (Kodak) and polyclonal 1d3 antibody (Santa Cruz) followed by enhanced
chemiluminescence (Amersham) as described previously (48). Endogenous Id3-
Pax-5 complexes were coimmunoprecipitated from approximately 10® Nalm-6
pre-B cells after lysis in 20 ml of Triton lysis buffer (above) supplemented with
0.4 M NaCl. Immunoprecipitates were prepared by incubating the lysate with 10
g of anti-Id3 antibody immobilized on protein A-Sepharose and then were
subjected to Western analysis with Pax-5 antibody (sc-1974; Santa Cruz)

Figure generation. Figures were generated electronically from scanned images
of autoradiographic images by using Picture Publisher (Micrografix) and Pow-
erpoint 7.0 (Microsoft) software. Results are representative of the original au-
toradiographic images.

RESULTS

Id3 inhibits the formation of binary and ternary DNA-
bound Pax-5 complexes. Id proteins have previously been dem-
onstrated to cause the dissociation of the TCF component of
the ternary TCF-SRF-SRE complex that forms on the c-fos
promoter (48). A subset of the TCFs, among other ETS-do-
main proteins, form ternary complexes with Pax-5 on the B-
cell-specific mb-1 promoter (15). We therefore investigated
whether the Id proteins could cause the dissociation of the
TCF Elk-1 from this ternary complex.

Elk-1 is unable to efficiently bind to the mb-1 site on its own
(Fig. 1A, lane 2) but can be recruited by a C-terminally trun-
cated derivative of Pax-5, Pax-5(1-175) (Fig. 1A, lane 3). Sim-
ilarly, the truncated Pax-5 derivative Pax-5(1-149) is also able
to recruit Elk-1 to the mb-1 site (Fig. 1A, lanes 4 to 6) (15).
Pax-5(1-149) contains just the paired domain and lacks addi-
tional C-terminal sequences (Fig. 1D). In the results presented
below, the experiments were subsequently carried out with in
vitro-translated Pax-5(1-175). However, virtually identical re-
sults were produced using recombinant Pax-5(1-149).

To investigate a possible role of Id3 in regulating complex
formation on the mb-1 site, increasing amounts of 1d3 were
added to DNA-binding reactions containing Elk-1 and Pax-
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FIG. 1. 1d3 inhibits Pax-5-mediated complex formation on the mb-1 promoter. Gel retardation analysis of complex formation by Pax-5 on the
mb-1 promoter in the presence of Elk-1 and/or Id3. The locations of binary Pax-5-DNA (2°) and ternary Pax-5-Elk-1-DNA (3°) complexes are
indicated. Asterisks indicate the position of a complex arising from the reticulocyte lysate. (A) Complex formation on the mb-1 site by in
vitro-translated Pax-5(1-175) (lanes 1 and 3), recombinant Pax-5(1-149) (lanes 4 and 6), and full-length recombinant Elk-1 (lanes 2, 3, 5, and 6).
(B) Ternary complex formation by Pax-5(1-175) and full-length Elk-1 and the mb-1 site in the presence of increasing amounts of in vitro-translated
1d3 (shown schematically over lanes 3 to 8; relative molar ratios, 0, 1, 2, 4, 8, and 16, respectively). (C) Binary complex formation by Pax-5(1-175)
in the presence of increasing amounts of in vitro-translated Id3 (shown schematically over lanes 1 to 7; relative molar ratios, 0, 1, 2, 4, 8, 12, and
16, respectively). (D) Diagrammatic representation of the Pax-5 derivatives used in this study. The location of the N-terminal paired-box DNA-

binding domain is indicated.

5(1-175) (Fig. 1B, lanes 3 to 8). As the concentration of I1d3
increased, the amount of the ternary Elk-1-Pax-5-mb-1 com-
plex decreased to below detectable levels. However, unexpect-
edly, the amount of binary Pax-5-mb-1 complex was also re-
duced to a comparable degree by increasing amounts of Id3.
This dose-dependent reduction in Pax-5 DNA binding by in-
creasing concentrations of Id3 was also observed in the ab-
sence of Elk-1 (Fig. 1C, lanes 1 to 7).

Together, these results indicate that I1d3 is able to inhibit the
formation of ternary Elk-1-Pax-5-mb-1 complexes, and a ma-
jor target for this inhibitory activity is the paired-box DNA-
binding domain of Pax-5.

Specificity of Id-mediated inhibition of nucleoprotein com-
plex formation by Pax-5. In addition to 1d3, the related pro-
teins Id1 and Id2 are also expressed in B cells (9) and might
therefore have a role in regulating Pax-5 binding to the mb-1
promoter. We therefore tested whether these additional Id
proteins inhibit DNA binding by binary Pax-5 and ternary
Elk-1-Pax-5-containing complexes. As observed with 1d3 (Fig.
1B and 2A, lane 6), both Id1 and Id2 inhibit the formation of
both binary and ternary complexes containing Pax-5 (Fig. 2A,
lanes 4 and 5, respectively). In order to compare the relative
abilities of Id1, Id2, and Id3 to inhibit DNA binding by Pax-5,
the amount of each Id protein added to the DNA-binding
reactions was varied (Fig. 2B). Of these proteins, Id1 was the
most potent (lanes 1 to 5), while Id3 (lanes 11 to 15) and Id2
(lanes 6 to 10) were both less efficient at inhibiting DNA
binding by Pax-5. Subsequently, to test whether the inhibitory

effect of the Id proteins was specific, we compared the ability of
the Id’s to inhibit DNA binding by Pax-5 and the MADS-box
transcription factor MEF2A. In contrast to the effect of the Id
proteins on DNA binding by Pax-5, no inhibition of DNA
binding by MEF2A was observed upon addition of 1d1, Id2, or
1d3 (Fig. 2C).

Collectively, these experiments demonstrate that Id1, 1d2,
and Id3 inhibit DNA binding by Pax-5 with relative efficiencies
of Id1 > Id2 > Id3 but do not affect the binding of a different
transcription factor, MEF2A.

The Id proteins inhibit DNA binding by all members of the
Pax-2/-5/-8 subfamily. Two other proteins, Pax-2 and Pax-8,
exhibit a high degree of sequence and functional similarity to
Pax-5, which is especially pronounced within the paired DNA-
binding domains (40). The ability of the Id proteins to inhibit
nucleoprotein complex formation by Pax-2 and Pax-8 was
therefore investigated. All three members of the Pax-2/-5/-8
subfamily can bind to the mb-1 site, albeit with reduced effi-
ciency in the case of Pax-8 (Fig. 3A, lanes 1, 5, and 9). Simi-
larly, all three Pax proteins can form ternary complexes with
Elk-1 on this element (Fig. 3A, lanes 3, 7, and 11). Further-
more, upon addition of Id2, a reduction in the efficiency of
binary and ternary complex formation involving each Pax pro-
tein could be observed (Fig. 3A, lanes 4, 8, and 12). Of the
proteins tested, the efficiency of inhibition by Id2 increased,
Pax-8 < Pax-2 < Pax-5, with Pax-8 complexes being inhibited
the least.

The ability of the different Id proteins Id1, 1d2, and Id3 to
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FIG. 2. 1d1, 1d2, and Id3 inhibit Pax-5-mediated complex formation on the mb-I1 promoter. Gel retardation analysis of complex formation by
Pax-5 on the mb-1 promoter in the presence of Elk-1 and/or 1d1, Id2, or Id3. The locations of binary Pax-5-DNA (2°) and ternary Pax-5-Elk-
1-DNA (3°) complexes are indicated. The asterisk indicates the position of a complex arising from the reticulocyte lysate. (A) Ternary complex
formation by in vitro-translated Pax-5(1-175) and full-length recombinant Elk-1 and the mb-1 site in the absence (lanes 3 and 7) or presence of
equimolar amounts (with respect to each Id protein) of each of the in vitro-translated Id proteins, Id1 (lane 4), Id2 (lane 5), and Id3 (lane 6). (B)
Binary complex formation by Pax-5(1-175) in the presence of increasing amounts of in vitro-translated Id1 (lanes 1 to 5), Id2 (lanes 6 to 10), and
1d3 (lanes 11 to 15). The relative molar ratios of Id’s added (0, 1, 2, 4, and 8, respectively) are shown schematically above each set of lanes. (C)
Id proteins do not inhibit DNA binding by MEF2A. Binary complex formation by equimolar amounts of in vitro-translated Pax-5(1-175) (lanes
1 to 4) and MEF2A(1-86) (lanes 5 to 8) and the mb-1 and N10 sites, respectively, in the absence (lanes 1 and 5) or presence of equimolar amounts
(with respect to each Id protein) of each of the in vitro-translated Id proteins, Id1 (lanes 2 and 6), Id2 (lanes 3 and 7), and 1d3 (lane 4 and 8). For
all reactions, the volumes of reticulocyte lysate added to each lane were equalized by adding appropriate volumes of unprogrammed lysate.

inhibit DNA binding by Pax-2, Pax-5, and Pax-8 was compared
directly (Fig. 3B). All three Id proteins inhibit DNA binding by
each Pax protein. However, differences in the efficiency of
inhibition are apparent, with Pax-8 being inhibited to a lesser
extent by each of the Id proteins. It is also noted that Idl
appears to have the greatest inhibitory effect and 1d3 the least
on all three Pax proteins. These results therefore demonstrate
that DNA binding by all members of the Pax-2/-5/-8 subfamily
is disrupted by the Id proteins and that all three Id proteins
possess this inhibitory activity.

Id2 causes rapid dissociation of Pax-5-DNA complexes.
DNA binding by Pax-5 is inhibited upon prior incubation with
Id proteins. To investigate whether Id proteins can dissociate
preformed DNA-bound Pax-5 complexes, a time course exper-
iment was performed in which Id proteins were added to bind-
ing reactions once they had reached equilibrium, and samples
were subsequently analyzed over a 10-min time period (Fig.
4A). Rapid dissociation of the Pax-5-DNA complex was ob-

served within 1 min of Id2 addition (Fig. 4B, lane 2), whereas
no change in the intensity of the Pax-5-DNA complex could be
observed in the absence of added Id2 over the same time
period (Fig. 4B, lanes 7 to 10). 1d2 is therefore capable of
causing rapid dissociation of Pax-5-DNA complexes.

Id proteins interact with Pax-5 in vitro and in vivo. As the Id
proteins inhibit DNA binding by Pax-5 and other members of
the Pax-2/-5/-8 subgroup, it is likely that the two classes of
protein interact directly. To test whether these proteins do
indeed interact, the binding of in vitro-translated Pax-5 to a
GST-Id2 fusion protein was investigated (Fig. 5A). Both full-
length Pax-5 (lane 5) and Pax-5(1-175) (lane 6) bind to GST-
1d2, indicating that the paired-box DNA-binding domain of
Pax-5 is sufficient for binding to Id2. This is consistent with the
DNA-binding studies, which demonstrate that the paired box
is the target for the inhibitory activity of the Id proteins. Sub-
sequently, the binding of Pax-2 and Pax-8 to GST-1d2 was
investigated (Fig. 5B). As observed with Pax-5 (lane 8), both
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FIG. 3. 1d proteins inhibit nucleoprotein complex formation by all members of the Pax-2/-5/-8 subfamily of Pax proteins. Shown is a gel
retardation analysis of complex formation by Pax-2, Pax-5, and Pax-8 on the mb-1 promoter in the presence of Elk-1 and/or 1d1, 1d2, or 1d3. The
locations of binary Pax-DNA (2°) and ternary Pax-Elk-1-DNA (3°) complexes and the position of a complex arising from the reticulocyte lysate
(asterisk) are indicated. (A) Complex formation by in vitro-translated Pax-2(1-175) (lanes 1 to 4), Pax-5(1-175) (lanes 5 to 8), and Pax-8(1-175)
(lanes 9 to 12) and full-length recombinant Elk-1 (lanes 2, 3, 4, 6, 7, 8, 10, 11, and 12) and the mb-1 site. Equal molar ratios of each Pax protein
were used. In vitro-translated 1d2 was added to the binding reaction mixtures in lanes 4, 8, and 12. (B) Binary complex formation by Pax-2(1-175)
(lanes 1 to 4), Pax-5(1-175) (lanes 5 to 8), and Pax-8(1-175) (lanes 9 to 12) in the presence of equimolar amounts (with respect to each Id protein)
of in vitro-translated Id1 (lanes 2, 6, and 10), Id2 (lanes 3, 7, and 11), and Id3 (lanes 4, 8, and 12). For all reactions the volumes of reticulocyte
lysate added to each lane were equalized by adding appropriate volumes of unprogrammed lysate.

Pax-2 (lane 7) and Pax-8 (lane 9) also bind to Id2. In order to
test whether the interaction of the Id proteins with Pax pro-
teins was specific, we compared the ability of 1d2 to bind to
Pax-5, SAP-1 (a known interaction partner) (48), and two
members of alternative transcription factor families, MEF2A
and NF-kB(p50) (Fig. 5C). Both Pax-5 and SAP-1 bind effi-
ciently to Id2 (lanes 5 and 8). However, in contrast, little
binding of MEF2A and NF-kB(p50) was observed (lanes 6 and
7), indicating that Id2 interacts specifically with members of
the Pax and ETS-domain transcription factor families. To fur-
ther demonstrate the specificity of Id binding and to map the
domain requirements, we tested the role of the HLH motif in
1d2 for Pax-5 binding. In contract to wild-type 1d2, no binding
of Pax-5 to Id2AHLH was observed (Fig. 5D). Thus, although
Id2AHLH retains part of its biological activity (16), this pro-
tein is unable to interact with Pax-5, thereby demonstrating a
requirement for the HLH motif.

To investigate the interaction of Pax-5 and Id proteins in
vivo, Cos-7 cells were cotransfected with Id3 and either Flag
epitope-tagged Pax-5 or Elk-1 as a positive control. Subse-
quently, protein complexes were isolated by immunoprecipita-
tion with anti-Flag antibody, followed by detection of the ex-
pressed Flag-tagged protein or coprecipitated protein by
Western blotting (Fig. 6A). When either Pax-5 or 1d3 was
transfected alone, very little 1d3 was precipitated with the anti-
Flag antibody (lanes 1 and 3). However, when Pax-5 and 1d3
were cotransfected, Id3 was coprecipitated (lane 2). Similarly,

upon cotransfection of Elk-1 and Id3, Id3 could be coprecipi-
tated by the anti-Flag antibody (lane 4) as observed previously
with Elk-1 and Id2 (48). However, Id proteins have previously
been shown to also interact with bHLH proteins (reviewed in
references 21, 28, and 30). We therefore investigated whether
the bHLH protein E47 could compete with Pax-5 for 1d3
binding. Upon coexpression of E47, the amount of Id3 com-
plexed with Pax-5 was significantly reduced (Fig. 6B; compare
lanes 2 and 3). Thus, bHLH proteins and Pax proteins directly
compete for Id protein binding (see Discussion). Finally, we
used the pre-B cell line, Nalm-6, which expresses high levels of
Id3 and Pax-5 proteins (T. Inoue and J. Norton, unpublished
observations), to investigate whether endogenous Id3-Pax-5
complexes could be detected in a physiological context. Pax-5
protein was detectable in immunoprecipitates of Nalm-6 cells
prepared using anti-Id3 antibody (Fig. 6C, lane 3). Cross-re-
activity of anti-Pax-5 antibody with lower-molecular-weight im-
munoglobulin present in immunoprecipitates (as seen in Fig.
6C) prevented the reciprocal detection of Id3 protein in im-
mune complexes prepared using anti-Pax-5 antibody (data not
shown).

Collectively, these results demonstrate that the Id proteins
interact specifically with members of the Pax-2/-5/-8 subfamily
of Pax proteins in vitro and in vivo. This interaction requires
the Id HLH motif and occurs via the paired-box DNA-binding
domain of the Pax proteins. The latter observation is consistent
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FIG. 4. 1d2 causes rapid disruption of Pax-5-DNA complexes. (A)
Schematic representation of the experimental protocol used. (B) Gel
retardation analysis of binary (2°) complex formation by Pax-5(1-175)
and the mb-1 promoter in the presence (lanes 1-5) or absence (lanes
6-10) of added Id2. Equal amounts of rabbit reticulocyte lysate were
added to each tube. The times at which samples were withdrawn
following Id2 addition to the binding reaction mixture are indicated
above each lane.

with the inhibitory effects of the Id proteins that also act on this
minimal domain of Pax-5 (Fig. 1).

Id3 inhibits Pax-5-mediated transcriptional activation in
vivo. The mb-1 promoter is regulated by a ternary complex that
is composed of the protein components Pax-5 and a subset of
ETS-domain transcription factors (15). In order to generate a
highly active ternary complex in vivo in the absence of addi-
tional regulatory cues, we used a fusion protein consisting of
the ETS-domain transcription factor Elk-1 and the potent
VP16 transcription activation domain. This has previously
been shown to be recruited to the c-fos SRE by binding to SRF
to allow high-level transcriptional activation in vivo (24, 34). In
order to demonstrate that Pax-5 could act in a similar manner
to recruit Elk-1-VP16 to the mb-1 site in vivo, cotransfection
experiments were carried out in NIH 3T3 cells with vectors
encoding Pax-5 and Elk-1-VP16 and a reporter vector contain-
ing two copies of the mb-1 site fused to a basal thymidine
kinase promoter and a CAT gene (Fig. 7A). When either Pax-5
or Elk-1-VP16 was expressed alone, low levels of mb-1-CAT
reporter gene induction were observed (twofold and fivefold,
respectively, relative to induction by the reporter alone; Fig.
7B). In contrast, coexpression of the two proteins caused syn-
ergistic transcriptional activation (74-fold; Fig. 7B), demon-
strating that Pax-5 does indeed recruit Elk-1-VP16 to the mb-1
promoter in vivo.

The ability of Id3 to inhibit the activity of the ternary Pax-
5-Elk-1-VP16-mb-1 complex in vivo was tested by coexpress-
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ing increasing amounts of Id3 with a constant amount of Pax-5
and Elk-1-VP16 in NIH 3T3 cells. A decrease in the activity of
the mb-1-driven reporter gene was observed upon coexpres-
sion of 1d3, which decreased back to basal levels at the highest
concentration of Id3 expression vector used (Fig. 7C). In order

A Input GST GST-ld2
| L] Ll 1
) © \e)
Pax-5: v \«"/\ QAN N
- —
- —
1 2 3 4 5 6
B Input  GST GST-Id2
I 1 1 1 !

P S VTS S
Q¥ e o PP P
- -

- -
1 23 4 56789

GST-Id2
11
S &
QA
o Fa¥n p &
& \\ée@t %‘;3 ¥ FE ox

C input
—

Q
-— -—

1 2 3 4 5 6 7 8

D p&si wnn[c] 102
[GsT| N[ c | 1d2aHLH

@’Q\
¥ &
N N
AW
KFF &
Pax-5- ««
1 2 3 4

FIG. 5. Pax-2/-5/-8 proteins interact directly with Id proteins in
vitro. (A) GST pulldown analysis of full-length (FL) Pax-5 and Pax-
5(1-175) with GST (lanes 3 and 4) and a GST-Id2 fusion protein (lanes
5 and 6); 20% of the input proteins are shown in lanes 1 and 2. (B)
GST pulldown analysis of Pax-2(1-175), Pax-5(1-175), and Pax-8(1-
175) with GST (lanes 4 to 6) and a GST-1d2 fusion protein (lanes 7 to
9); 10% of the input proteins are shown in lanes 1 to 3. (C) GST
pulldown analysis of full-length Pax-5, MEF2A, NF-kB(p50), and
SAP-1 with a GST-1d2 fusion protein (lanes 5 to 8); 10% of the input
proteins are shown in lanes 1 to 4. (D) GST pulldown analysis of
Pax-5(1-175) with the indicated GST-1d2 fusion proteins. The struc-
tures of these proteins are shown diagrammatically (above), and 10%
of the input proteins are shown in lane 1.
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FIG. 6. Pax-5 and 1d3 interact in vivo. (A) Coimmunoprecipitation
(IP) of 1d3 with Pax-5 from Cos-7 cells. Cells were transfected with
expression vectors encoding Flag-tagged Pax-5 alone (lane 1), Id3 and
Flag-tagged Pax-5 (lane 2), Id3 alone (lane 3), or Id3 and Flag-tagged
Elk-1 (lane 4). (B) bHLH proteins and Pax proteins compete for Id
binding. Coimmunoprecipitation of 1d3 with Flag-tagged Pax-5 in the
presence or absence of exogenous E47 (indicated above each lane).
Flag-tagged proteins were immunoprecipitated, followed by detection
of the Flag-tagged protein and interacting Id3 proteins by Western
blotting with the indicated antibodies. The asterisk indicates a band
that cross-reacts with the Flag epitope antibody. (C) Coimmunopre-
cipitation of endogenous Id3 and Pax-5 from Nalm-6 pre-B cells.
Samples of total cell extract (from 10° cells) and immunoprecipitates
of 1d3 complexes or of control serum (each from 10% cells) were
analyzed by Western blotting using Pax-5 antibody.

to demonstrate that the same phenomenon could be observed
in B cells, the experiment was repeated in PD31 cells. Again,
increasing levels of 1d3 led to inhibition of the mb-1-driven
reporter construct (Fig. 7D). Id proteins can also inhibit the
formation of binary Pax-5-DNA complexes in vitro (Fig. 1 to
4). Transfection of a vector encoding Pax-5 alone caused a
modest activation of the mb-1-driven reporter gene (Fig. 7E).
However, cotransfection of increasing amounts of an Id3 ex-
pression vector causes a decrease in the activity of the reporter
back to basal levels (Fig. 7E). In all cases, Western blotting
demonstrated a dose-dependent increase in Id3 expression
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upon transfection of higher amounts of expression vector (Fig.
7C to E, lower panels).

Collectively, these data demonstrate that Pax-5-mediated
activation of the mb-1 promoter is inhibited by the Id proteins
in vivo and is consistent with the direct interactions observed
between these proteins and the inhibitory action of the Id
proteins on DNA binding by Pax-5 in vitro.

DISCUSSION

The Id proteins act as key regulators of cell fate determina-
tion (reviewed in references 21, 28, and 30). Several molecular
targets for Id proteins have been identified. In this study we
demonstrate that Pax transcription factors represent novel tar-
gets for Id-mediated inhibition. Id proteins bind to the paired
DNA-binding domain of members of the Pax-2/-5/-8 subfamily
and disrupt their ability to bind DNA. Interaction of Id pro-
teins with Pax proteins results in the inhibition of promoters
regulated by Pax complexes in vivo. As Pax proteins themselves
are also involved in regulating cellular proliferation and dif-
ferentiation, this study provides novel insights into mechanisms
by which these processes might be controlled at the molecular
level.

Molecular targets of Id proteins. Until recently, it was
thought that Id proteins function by acting in a dominant-
negative manner to sequester bHLH proteins away from their
DNA targets (reviewed in references 21, 28, and 30). However,
while this clearly represents a major mechanism of their action,
recent studies have demonstrated that Id proteins can also
bind to and alter the activities of a diverse set of regulatory
proteins, including pRB and other pocket domain proteins (19,
22, 23), MIDAL1 (20, 38), and the TCF subfamily of ETS-
domain transcription factors (48). Pax-5 and the related pro-
teins Pax-2 and Pax-8 can now be added to this list. However,
the action of the Id proteins is not pleiotropic. Id proteins do
not affect DNA binding by the MADS-box transcription factors
SRF (48) or MEF2A (Fig. 2C). Furthermore, Id proteins do
not efficiently interact with MEF2A or NF-kB(p50) (Fig. 5C).
The latter case is substantiated by the observation that the
activity of NF-kB-regulated promoters is not inhibited by Id
proteins (44). However, it appears increasingly likely that ad-
ditional molecular targets for the Id proteins might exist.

Id proteins act to cause dissociation of both Pax and ETS-
domain proteins from DNA (Fig. 1 to 4) (48) and thus act in a
manner conceptually similar to that observed with bHLH pro-
teins. However, one key difference is that both Pax and ETS-
domain proteins bind DNA as monomers. Therefore, removal
of an obligatory dimerization partner, as occurs for inhibition
of class A-class B bHLH protein heterodimers, is not a uni-
versal mode of Id action. Instead, a more likely mode of action
in the antagonism of Pax and ETS-domain proteins would
involve an allosteric affect on DNA binding. Indeed, in support
of this hypothesis, Id proteins can cause the rapid dissociation
of preformed complexes with both ETS-domain and Pax pro-
teins (Fig. 4) (48), arguing that they are unlikely to act simply
by sterically hindering DNA binding. It is, however, possible
that in an equilibrium state, Id proteins block reassociation of
free Pax proteins with DNA rather than stripping the proteins
off the DNA. In this scenario, Id proteins might act either
sterically or allosterically. A further key question arises: how
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FIG. 7. 1d3 attenuates Pax-5-mediated activation of the mb-1 promoter. (A) Diagrammatic representation of the reporter system used, in which
two copies of the indicated region from the mb-1 promoter drive the expression of a CAT or luciferase (Luc) gene. Pax-5 recruits ETS-domain
proteins such as Elk-1 to this site (15). (B) Coexpression of Pax-5 and Elk-1-VP16 causes synergistic activation of the mb-I promoter-regulated
CAT reporter. NIH 3T3 cells were cotransfected with the mb-1-CAT reporter vector (1 pg) and with expression vectors encoding either Pax-5
(pAS1111; 0.25 wg) or Elk-1-VP16 (pAS348; 0.25 pg) alone or Pax-5 and Elk-1-VP16 together (0.25 pg each). (C) Id3 inhibits activation of the
mb-1 reporter construct by Pax-5-Elk-1-VP16 complexes. NIH 3T3 cells were cotransfected with the mb-1-CAT reporter vector (1 ng), and
expression vectors encoding either Pax-5 (pAS1111; 0.1 pg) or Elk-1-VP16 (pAS348; 0.1 ng) alone or Pax-5 and Elk-1-VP16 together (0.1 pg
each). Where indicated, increasing amounts of the Id3 expression vector (pcDNA3Id3; 0.5, 2, and 4 pg) were cotransfected. (D) Id3 inhibits
activation of the mb-1 reporter construct by Pax-5-Elk-1-VP16 complexes in B cells. PD31 cells were cotransfected with the mb-1-luc reporter
vector and with expression vectors encoding Pax-5 (pAS1111; 5 ng) and Elk-1-VP16 (pAS348; 5 ng). Where indicated, increasing amounts of the
1d3 expression vector (pcDNA3Id3; 5 and 20 pg) were cotransfected. (E) Id3 inhibits activation of the mb-1 reporter construct by Pax-5. NIH 3T3
cells were cotransfected with the mb-1-CAT reporter vector (1 pg), an expression vector encoding Pax-5 (pAS1111; 0.25 pg), and increasing
amounts (0.5 and 4 pg) of an Id3 expression vector (pcDNA3Id3). Data are presented relative to those of the reporter plasmid alone (taken as
1). All values and standard errors were calculated from averages of duplicate (B, D, and E) or triplicate (C) samples and are representative of two
or three independent experiments. In all cases, CAT-luciferase activity was measured 24 h after transfection. Gels (C to E) show Western blots
of 1d3 expression following transfection with increasing amounts of the Id3 expression vector.

do Id proteins interact with and regulate two apparently un-
related transcription factors? However, key features shared by
ETS-domain and Pax proteins are that they both bind DNA as
monomers and use helix-turn-helix (HTH) motifs to present
recognition helices to the DNA major groove. Furthermore,
these transcription factors have been shown to exhibit overlap-
ping DNA-binding specificities (33). Finally, Pax proteins have
been shown to form complexes with a subset of ETS-domain
proteins (15; this study) and recent molecular modelling indi-

cates that the ETS-domain can potentially interact with the
C-terminal HTH motif of the paired domain while binding to
an overlapping region of the DNA (45). Thus, Pax-ETS-do-
main protein complexes might be a common theme in the
developmental regulation of gene expression. In this regard, it
is interesting to note that in the case of the mb-I promoter,
both components of the ternary complex can be targeted by the
1d proteins, leading to potent inhibition.

All three Id proteins inhibit the activities of Pax proteins.
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However, of the Pax-2/-5/-8 subfamily, Pax-8 is inhibited the
least. A comparison of the different Id proteins reveals that Id1
is more potent than either Id2 or Id3 (Fig. 3). Interestingly, this
relative order of potency differs from the situation observed
with Elk-1, in which Id2 inhibits the most, followed by 1d3, with
Id1 being the weakest (48). Thus, by varying the composition
and abundance of different Id proteins, distinct outcomes
might be expected. It has also been shown that Pax-5 functions
in a dose-dependent manner and that this dosage is in part
controlled by a switch from monoallelic transcription in pro-
genitor and mature B cells to biallelic transcription in imma-
ture B cells (32). Thus, the relative stoichiometries of Id pro-
teins and Pax-5 in different B-cell populations are likely to play
a key role in determining the transcriptional outcome on Pax-
5-regulated genes.

Role of Id-Pax protein interactions in vivo. Pax-5 plays a
major role in regulating B-cell development (reviewed in ref-
erences 7 and 27), whereas Pax-2 and Pax-8 are thought to be
involved in kidney development (reviewed in reference 25).
Significantly, Id proteins are also expressed in the B-cell lin-
eage (9, 42, 44) and their expression levels vary during the
differentiation program. Furthermore, overexpression of Id1 in
transgenic mice impairs B-cell development (42). This effect
was attributed to direct Id-mediated antagonism of bHLH
proteins, although due to the abolition of Pax-5 expression in
these transgenic mice, possible effects of Id proteins on the
activity of Pax-5 during later stages of B-cell development
could not be inferred. Our results indicate that as the relative
stoichiometries of Pax-5 and Id proteins vary during B-cell
development, then the inhibitory effects of the Id proteins are
likely to also vary, thus providing a subtle mechanism for reg-
ulating the activity of Pax-5 in the B-cell differentiation pro-
gram. Furthermore, as Id proteins also interact with bHLH
proteins, pRb, and ETS-domain proteins (reviewed in refer-
ence 28), the relative abundance of each of these is likely to
play an important role in fine-tuning the response to Id pro-
teins. This may be particularly significant for cells expressing a
functional excess of Id protein in which cellular pools of bHLH
E proteins, with which Id proteins interact most avidly, exist in
an Id-bHLH heterodimeric state. Further complexities arise
due to fluctuating levels of Id proteins during the cell cycle (3,
8, 11). This is likely to manifest in differential effects of Id-
mediated inhibition of Pax protein activity at different points
during cell cycle progression. In addition, cell cycle-regulated
Cdk-2-dependent phosphorylation of Id proteins is known to
dramatically alter their affinities and specificities of interac-
tions with bHLH proteins (12, 19). It is currently unknown
whether the same applies to Id interactions with other classes
of transcription factors. However, taken together, the available
data are consistent with a dynamic situation in vivo, in which
regulated exchange of Id partner proteins might represent a
key regulatory step.

Similarly, the interaction of Id proteins with Pax-2 and Pax-8
in kidney cells is likely to affect their activity towards key target
genes such as WT-1 (13, 14, 17) and hence also kidney devel-
opment. Thus, Id-Pax protein interactions are likely to be of
critical importance in regulating gene expression and the de-
cision between proliferation and differentiation in several cell
lineages and developmental programs in which these genes
have been implicated (25, 28, 30).
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In summary, we have demonstrated physical and functional
interactions between Id proteins and Pax transcription factors.
Interactions with Id proteins leads to a loss of DNA binding by
Pax proteins and hence to down-regulation of their target
promoters. A novel role of Id proteins has therefore been
uncovered in regulating the activity of Pax transcription fac-
tors, which has implications for several important cellular pro-
cesses.
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