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ABSTRACT

Molecular interaction between transcription factors
containing an basic-helix-loop-helix (bHLH) domain is
known to regulate differentiation in several cellular
systems including myogenesis, neurogenesis and
haematopoiesis. DNA-binding activity of the bHLH
proteins is mediated via the basic region and is
dependent upon formation of homo- and/or hetero-
dimers of these transcription factors. Dominant nega-
tive (dn) HLH proteins (Id1, Id2, Id3 and emc) also
contain the HLH-dimerization domain but lack the DNA-
binding basic region. Formation of heterodimers
between dnHLH and bHLH proteins abolishes the DNA-
binding activity of the latter. Concordantly, it was
shown that the dnHLH protein /d7 inhibits different-
iation of muscle and myeloid cells in vitro. Therefore,
it was postulated that dnHLH proteins serve as general
antagonists of cell differentiation. We have isolated and
characterized a novel mouse dnHLH gene, designated
Id4. The Id4 protein contains a HLH domain highly
conserved among the dnHLH proteins from mouse and
drosophila. Outside of the HLH domain, three additional
short regions of the dnHLH proteins show some degree
of homology. DNA-binding of E47 homo- as well as
E47/MyoD heterodimers is inhibited by /d4. Transcript-
ion of the /d4 gene results in three RNA molecules of
3.7, 2.0 and 1.7 kb which are presumably a resuit of
differential splicing and/or alternatively used poly-
adenylation sites within the 3’ untranslated region.
During embryogenesis, Id4 expression is up-regulated
between day 9.5 and 13.5 of gestation. The highest
expression in adult tissues was detected in testis, brain
and kidney. Comparison of the expression patterns of
the four mouse dnHLH genes revealed that /d4 expres-
sion differs from the more restricted expression of /d2
as well as from the widespread expression of Id1
and /d3.

INTRODUCTION

The helix-loop-helix (HLH) domain, was initially identified as
a structural motif by comparing the amino acid sequences of the
drosophila neurogenic proteins encoded by the achaete —scute

(ac—sc) complex (1), daughterless (2) and the mammalian c-
myc (3) and MyoD (4, 5) proteins. Murre et al. (6) proposed
that amino acids conserved within the region of homology
between the various proteins adopted a common secondary
structure: two amphipathic a-helices separated by an intervening
loop. They and others demonstrated that the HLH domain
mediates protein dimerization (6) and that dimeric proteins bind
DNA via a group of positively charged amino acids [the basic
(b) region] directly adjacent to the HLH domain (7, 8). The DNA
sequences that these bHLH proteins bind are the so called E-
boxes which are represented by the core sequence CANNTG (9,
10). bHLH proteins are transcription factors which have been
implicated in oncogenesis and/or cell determination and
differentiation in several cellular systems including myogenesis
[MyoD (3), myf-5 (11), MRF4 (13— 14) and myogenin (15—17)],
neurogenesis [ac—sc (1), MASHI (18)] and haematopoiesis
[SCL/TCL-5/tal-1 (19—23) and lyl-1 (24—26)]. It was shown
(4, 25) that these cell-type-restricted bHLH proteins form
heterodimers with the ubiquitously expressed bHLH proteins
which are encoded by the E2A4 gene [E12, E47 (6) and E2-5/ITF1
(26)] and the E2-2 gene [ITF2 (26)] in mouse and by the
daughterless gene (2) in drosophila. Furthermore, formation of
heterodimers is essential for DNA-binding in vivo (27).
Transcriptional activity of E-box containing promoters and/or
enhancers might therefore exclusively be dependent upon the
concentration of different bHLH proteins within the cells.
However, subgroups of HLH proteins were described which
antagonize the function of the above bHLH proteins. The
drosophila hairy (28) and Enhancer of split (29) gene products
and the rat protein, HES-1 (30), are distinct from the bHLH
proteins in that their basic regions contain a proline residue
altering their DNA-binding capacity. Proteins of this subgroup
do not bind the E-box efficiently but they do bind the so called
N-box motif [CACNAG (29—31)]. Another subgroup of HLH
proteins was described [emc (32, 33), Id] (34), HLH 462 (35),
and Id2 (36)] which lack the basic domain. These proteins still
dimerize but they cannot bind DNA. Moreover, dimerization with
bHLH proteins block DNA-binding of the resulting heterodimers
(32—34). Therefore, these proteins are referred to as dominant
negative (dn) HLH proteins (37). It was shown in drosophila for
example, that emc represses proneural gene expression of the
ac—sc complex by sequestering the latter proteins in complexes
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unable to interact with DNA (38, 39). In controlling the spatial
pattern of ac —sc transcription, emc is involved in the regulation
of pattern formation of functional proneural clusters and the
subsequent bristle formation in the wing imaginal disc (38). For
the mammalian dnHLH gene products, /d! and/or Id2, it was
demonstrated that their expression is inversely correlated with
cell differentiation in myogenesis (42) and neurogenesis (58) as
well as myelopoiesis (43) and lymphopoiesis (36, 40, 44).
Concordantly, overexpression of the Idl protein inhibits
differentiation of muscle cells (42) as well as myeloid cells (43).
In addition, ectopic expression of the Idl protein in B cells
represses the activity of the immunoglobulin intron enhancers
of heavy and x-light chains (40) as well as the 3’ » enhancer
(44). Hence, a model was proposed in which the Id] protein
serves as a general antagonist of cell differentiation by inhibiting
bHLH proteins specifically required for developmental programs
(34, 37, 45). Although not yet shown directly, it is likely that
in analogy to Id1, mouse (36) and human (46) Id2 as well as
mouse [HLH462 (35)] and human [HLH1R21/Heir-1 (47, 48)]
Id3 are important regulators of differentiation in various cellular
systems.

Here we report the isolation, functional characterization and
expression pattern of a novel mouse dnHLH protein, designated
Id4. The Id4 protein contains a HLH motif which is highly
conserved among the dnHLH proteins. Three additional regions
of the Id4 protein are also similar to the other members of the
dnHLH protein family, but conservation is less pronounced. /d4,
which lacks a basic region, forms heterodimers with E47 and
inhibits DNA-binding of E47 homodimers as well as E47/MyoD
heterodimers in vitro. Expression of Id4 is up-regulated during
embryonic development and is highest in testis, brain and kidney
of adult mice. This expression pattern of Id4 differs from the
more restricted expression of Id2 as well as from the widespread
expression of Id] and Id3.

MATERIALS AND METHODS
Isolation and sequence analysis of Id4 cDNA clones

A degenerate oligonucleotide (5'CTGMAGGTCSMIG-
ATGTARTCKATKACRYGCTGSAKGATYTCC3') corre-
sponding to the reverse complementary sequence of the second
helix of IdI (34), human and mouse Id2 (36, 46), HLH462 (35)
and emc (32, 33) was used to screen a Agtl1 cDNA library made
from mouse bone marrow cells (Clontech). The filters were
hybridized for 43 hr at 44°C with the 43-mer, which had been
radiolabeled by T4 polynucleotide kinase (Boehringer) in the
presence of y-32P-ATP (Amersham) in 1% bovine serum
albumin/l mM EDTA/0.5 M NaHPO, (pH 7.2)/7 % SDS.
Washing was performed two times with 1 mM EDTA/40 mM
NaHPO, (pH 7.2)/5 % SDS and eight times with 1 mM
EDTA/40 mM NaHPO, (pH 7.2)/1 % SDS at RT for 5 min
each (49). Two cDNA clones (VR4, VR18) were subcloned in
pGEM 7 (Promega) and sequenced (sequenase kit; United States
Biochemical). In order to obtain full length cDNA clones, VR4
was used to screen a Agtl0 cDNA library from RNA of 12.5
days old mouse embryos (generously supplied by Drs M.Hanks
and A.Joyner, Toronto). Three overlapping clones (B, F and I;
see Fig. 1) were isolated, subcloned in pGEM 7 and sequenced.
Sequence analysis of GC rich regions of the Id4 cDNA were
performed in parallel reactions using dITP instead of dGTP.

In vitro transcription and translation

In vitro transcription of Id4 (clone I linearized with Xbal which
cuts in the 3’ untranslated region), MyoD [plasmid pEMCIIs (4)
generously provided by Dr H.Weintraub, Seattle] and E47
[plasmid pBS-ATG-E47S (6) generously provided by Dr
C.Murre, La Jolla] was performed under standard conditions
using 100 u of SP6 or T3 polymerases (Boehringer) in a total
volume of 100 ul. RNA was purified, ethanol precipitated and
stored at —70 °C in diethylpyrocarbonate treated destilled water.
In vitro translation of the RNAs was performed in 50 ul rabbit
reticulocyte lysate (Promega) using 5—45 % of the synthesized
RNA as a substrate. To generate radioactively labeled proteins,
parallel reactions were performed, using [33S] methionine and
the resulting proteins were analyzed on a 12 % discontinuous
SDS-PAGE gel (data not shown).

Electrophoretic mobility shift assay

A 25 bp double stranded oligonucleotide (34) containing the E47
and/or E47/MyoD binding site from the MCK enhancer (5) was
labeled as described (34). 20 ul of in vitro translation reaction
was heated to 37 °C for 20 min. DNA-binding reactions with
20 pl DNA-binding cocktail including 0.1 ng double stranded
oligonucleotide probe and analysis on a 5 % PAGE were
performed as described (34).

Expression of Id4

polyA+ RNA was isolated from various mouse tissues and cell
lines using the Fast Track kit (Invitrogen). Northern blot analysis
were done under standard conditions (50). Probe a corresponds
to VR4 and probe b corresponds to F2 (Fig. 1).

First strand cDNA was synthesized using oligo(dT),g and M-
MLV Reverse Transcriptase for 60 min at 37 °C in a total volume
of 50 ul (according to the protocol of GIBCO BRL).

First strand cDNA was amplified by PCR (51) using the
primers depicted below:

Idl: sense:  5'-GGTGGATCCACCATGAAGGTCGCCAGTG-3'
antisense: 5'-GGTGGATCCGTCCATCTGGTCCCTCAGTGC-3’
nucleotide position 84 —560 (34) resulting in the amplification
of a 476 bp cDNA fragment
Id2: sense:  5'-GGTGGATCCACCATGGCAATTCAGGGATGC-3'
antisense: 5'-GGCGGATCCTTATTTAGCCACAGAGTAC-3'
nucleotide position 39—603 (36) resulting in the amplification
of a 564 bp cDNA fragment
Id3: sense:  5'-AAGGCGCTGAGCCCGGTGC-3’
antisense: 5'-TCGGGAGGTGCCAGGACG-3'
nucleotide position 61 —441 (35) resulting in the amplification
of a 380 bp cDNA fragment
Id4: sense:  5'-GCGATATGAACGACTGCTAC-3'
antisense: 5'-TCACCCTGCTTGTTCACGGC-3'
nucleotide position 268 —538 of Id4 sequence resulting in the
amplification of a 270 bp cDNA fragment
B-actin: sense:  5'-TGGAATCCTGTGGCATCCATGAAAC-3’
antisense: 5-TAAAACGCAGCTCAGTAACAGTCCG-3’
nucleotide position 728 — 1076 (52) resulting in the amplification
of a 348 bp cDNA fragment

Amplification of first strand ¢cDNAs was performed as
described (53) using 1.5 mM MgCl, and 3 u of Taq polymerase
(GIBCO BRL). In the cases of Id1, Id3 and Id4 9 % DMSO
was added. The amount of input cDNA was adjusted using the
B-actin amplification for standardization. To assure linear



amplification the optimal number of cycles was determined for
each prime pair (33 cycles IdI, 36 cycles Id2, 23 cycles 1d3,
29 cycles Id4 and 19 cycles S-actin). All PCR amplifications were
carried out using the following conditions for denaturation (92°C
for 85 s), annealing (59°C for 85 s) and polymerization (72°C
for 150 s). Whenever possible (Id1, Id2 and 3-actin) primers were
designed to amplify sequences including introns to be able to
discriminate between genomic and cDNA.

Southern blots of the amplified PCR products were hybridized
(50) with probes specific for IdI, Id2 [subclones of amplified
genomic DNA (I.van Criichten and F.Sablitzky, unpublished)],
Id3 [a 0.8 kb EcoRI-cDNA fragment (V.Riechmann and
F.Sablitzky, unpublished)] and /d4 (probe a in Fig. 1).

Nucleotide sequence accession number
X75018

RESULTS
Isolation and sequence analysis of 1d4 cDNA

Sequence comparison of the dnHLH genes IdI (34), human (46)
and mouse Id2 (36), HLH 462 [(35); hereafter called mouse /d3]
and drosophila extramacrochaetae [emc (32, 33)] revealed a
strong homology within the HLH region of these genes (see Fig.
2). Helix 2 is especially strongly conserved among dnHLH genes
but distinct from all members of the DNA-binding bHLH gene
family (6). In order to clone novel members of the dnHLH gene
family, a degenerate oligonucleotide complementary to the helix
2 region of the dnHLH genes was designed (see Materials and
Methods) and used to screen a cDNA library made from mouse
bone marrow cells. Twenty out of 22 clones initially obtained
were identified by hybridization as either Id] or Id3, respectively.
The two remaining clones (VR4 and VRI8) which did not
hybridize to any of the dnHLH genes turned out to be identical.
Sequence analysis revealed that these two cDNA clones encode
for a novel member of the dnHLH gene family (Fig. 1). To obtain
full length cDNA, VR4 was used to screen a cDNA library
prepared from 12.5 days old mouse embryos. The sequence
analysis of three overlapping clones (B, F and I) is summarized
in Fig. 1. Clone F contained two EcoRI fragments (1.5 and 0.7
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Figure 1. Structure of the partial /d4 cDNA. A restriction map of the /d4 cDNA
is shown at the top (S: Sacl; P: Pstl; SII: Sacll; X: Xbal; H: HindIll; C: Clal;
E: EcoRlI). The open box represents the putative /d4 coding region. The dnHLH
region is shown as a black box. Solid lines indicate the four cDNA clones isolated.
Arrows depict the sequence strategy used.
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kb) the larger one hybridizing to the helix 2 specific

" oligonucleotide and VR4 (data not shown). However, the 0.7 kb

fragment hybridizes with two of three IJd4 mRNAs ( see below
and Fig. 3) indicating that it is most likely part of the 3’
untranslated regions of two Id4 mRNA species. The 5' end of
clone B started with 51 A residues. Most likely, a short, unrelated
cDNA containing a polyA tail was ligated to the 5’ end of the
Id4 cDNA reflecting a cloning artifact (data not shown).
Therefore the composite nucleotide sequence of VR4, B, FI and
I starts at the 5’ end of clone I. The sequenced 1.659 kb Id4
cDNA fragment contains an open reading frame (nucleotide
position 6 to 554) with a putative AUG start codon at nucleotide
position 72, predicting an Id4 protein of 161 amino acids (data
not shown).

Id4 is a member of the dnHLH protein family

Comparison of the amino acid sequences of Id4 with Id] (34),
human (46) and mouse (36) Id2, human [Heir-1/HLH 1R21 (47,
48)] and mouse (35) Id3 and drosophila emc (32, 33) indicated
that /d4 is a new member of the dnHLH protein family (Fig.
2). The members share a highly conserved HLH motif (box 3
in Fig. 2) with the highest degree of identity in helix 2 [11/16
amino acids are identical including a valine which substitutes for
an alanine residue conserved among bHLH proteins (6)]. The
length of the loop (10 amino acids) and proline residues at two
positions within the loop are conserved. Id4, like the other

Mus Id4 *IAGGDPELALPLVAVLSRRKRA.
Mus Id CTTFLQLLVLFPHSVLSLLRSPPPVLRI.
Mus Id2 WTGALPPMAIQGCPIERPGRVHIKDAPPGSRFILNRAWCRAVSSAPCGGSLPVSPPTSS.
Hum 1d2 ASGQPAPPGLAFLAVS.
Mus HLH462 ESAAAGVRALFAALGVSFPPSLSLLSN.
Hum Heirl RQF SAGRSRKDKMDPAPREPHSTSLLLVFFLEGAPLDSLPS.
Dro emc TSQVIRYDRVTTAKILLKERKAIISR.

Mus
Mus
Mus
Hum
Mus
Hum
Dro

Helix 2

Mus
Mus
Mus
Hum
Mus
Hum
Dro

Mus
Mus
Mus
Hum
Mus
Hum “ee
Dro EDSDMEDADAEAEAEVDPDLAQRLNAJlOPAKVSHPAARLPLT
box 4

L

Dro emc DRQTPNTLVAPAHPQQHQQQQQLOLQQQQLQSQQQLSNSLATPONAEKDSRQS*

Figure 2. Comparison of the deduced amino acid sequences of mouse (/d4, Id1,
Id2, HLH462), human (/d2, Heir-1/HLHIR2I) and drosophila (emc) dnHLH
encoding genes, respectively. Sequences were aligned to maximize homology.
Identical amino acids found in at least two different /d genes are shown as white
letters on black background. Four regions of homology are underlined and marked
as box 1 to 4. Deduced amino acid sequences 5’ of the putative N-terminal ends
of the Id proteins are shown at the top. * indicates stop codons. References are
as indicated in the text.
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Figure 3. Inhibition of binding of E47 homodimers (A) and E47/MyoD
heterodimers (B) to the E-box of the MCK enhancer by Id4. Electrophoretic
mobility shift assay were performed using unlabeled in virro translated proteins
mixed with a double stranded, 32P labeled MCK enhancer oligonucleotide. The
numbers at the top indicate the relative amounts of RNAs added to translation
reactions. Reticulocyte lysate alone did not give rise to a band shift (lanes 6 and 7).

members of the dnHLH family, does not contain a basic amino
acid region upstream of the HLH motif which is conserved in
DNA-binding bHLH proteins (6). Outside of the HLH motif the
dnHLH proteins are distinct except for three regions which show
some degree of homology (boxes 1, 2 and 4 in Fig. 2). Box 1
comprises the first 8 amino acids of the dnHLH proteins.
Upstream of the putative AUG start codons the amino acid
sequences are diverged. This is also true for the otherwise highly
conserved homologs of human and mouse /d2 and Id3,
respectively. We therefore predict that Id4, which has a stop
codon 22 residues upstream of the putative AUG codon, shares
a conserved N-terminus with the other dnHLH proteins. It has
been outlined before (36) that the stretches of homology in the
N-terminal (box 2) and C-terminal region (box 4) are rich in
serine and threonine which could be targets for phosphorylation.
In addition, the N-terminus of /d4 is rich in alanine and the C-
terminus is rich in proline residues. The latter feature is shared
by the human and mouse Id3 proteins.

Id4 inhibits DNA-binding of E47 homodimers and E47/MyoD
heterodimers

To test whether Id4 is also functionally related to the dnHLH
proteins we asked whether Id4 can inhibit binding of E47
homodimers or E47/MyoD heterodimers to the E-box in the MCK
(muscle creatine kinase) enhancer oligonucleotide (34). In vitro
transcripts of Id4, E47 (6) and MyoD (4) expression vectors were
cotranslated as described (34, 35) and DNA-binding of the
resulting protein complexes were determined in an electrophoretic
mobility shift assay (Fig. 3). DNA-binding of £47 homodimers
(Fig. 3A) as well as E47/MyoD heterodimers (Fig. 3B) was
inhibited by the /d4 protein and this inhibition was dependent
upon the amount of Id4 RNA added to the in vitro translation
reactions (Fig. 3 lanes 2—4 and 9—12). As expected, Id4 itself
did not generate a band shift indicating that it does not bind the
MCK enhancer oligonucleotide (Fig. 3 lanes 5 and 8). In parallel
reactions, appropriate in vitro translation of radiolabeled HLH
proteins was monitored by SDS-PAGE analysis (data not shown).

)
é )
« (3]
LEZSEEEZE 3
$2523388 & @
28s —
18s
1.
probe a
28s —
18s <
probe b
GAPDH

Figure 4. Tissue distribution of Id4 mRNA. Northern blot analysis of polyA*
RNA isolated from adult and fetal organs as indicated. (A) Probe a (corresponding
to VR4; see Figure 1) hybridizes with three mRNAs of 3.7, 2.0 and 1.7 kb,
respectively. (B) Probe b (corresponding to F2; see Figure 1) hybridizes only
with the two large mRNAs. (C) To control the amount of polyA* RNA in each
lane, the same filter was hybridized with a GAPDH probe (55).

Id4 is differentially expressed in adult organs and is up-
regulated during embryogenesis

Northern blot analysis, shown in Fig. 4, demonstrates that
expression of /d4 in adult organs of the mouse is highest in brain,
testis and kidney and moderate in thymus. Using probe a which
contains most of the Id4 coding region (see Fig. 1), three
transcripts (3.7, 2.0 and 1.7 kb, respectively) are present (Fig.
4A). Probe b, however, hybridizes only with the two larger
transcripts (Fig. 4B). We therefore believe that probe b
corresponds to the 3’ untranslated region of the two larger Id4
mRNAs and that the three Id4 transcripts differ in their 3’ ends
due to alternatively used polyadenylation sites and/or alternatively
spliced untranslated exons. In brain and kidney the three
transcripts seemed to be equally abundant contrasting the situation
in testis and thymus where much more of the 1.7 kb transcript
is present. These differences in the abundance of the three
transcripts among the organs suggest a tissue specific regulation
of Id4 expression.

Although not obvious from the Northern blot analysis,
amplification of cDNA by RT-PCR revealed, that Id4 is
expressed in bone marrow and spleen, albeit much lower than
in testis, brain, and kidney (Fig. 5; lanes 8 to 13). Id4 RNA is
hardly detectable in liver and absent in an endothelial cell line
[sEnd.1 (54)].

During embryogenesis Id4 expression is rather low at day 9.5
of gestation. A dramatic increase of Id4 expression occurs within
the following 4 days of development to reach a plateau at day
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Figure 5. Expression patterns of the mouse dnHLH genes Id!, Id2, Id3 and Id4.
cDNA from various stages of embryogenesis (whole embryos from day 9.5, 11,
13.5 and 15.5 of gestation), fetal liver (day 12.5 13.5 and 16.5 of gestation),
adult tissues as indicated [bone marrow (b. m.)] and cell lines [endothelial (end.)
cell line sEnd.1 (54), embryonic stem cell line D3 (56) and carcinoma cell line
F9 (57)] were amplified using primers specific for the dnHLH genes Id!, Id2,
1d3 and Id4. The PCR products were blotted and hybridized with appropriate
probes. Amplification of 3-actin was performed to control the amount of input
cDNA (for details see Material and Methods).

13.5 (Fig. 5; lanes 1 to 4). This up-regulation of Id4 is not a
consequence of the rapidly growing fetal liver during this time
of development since expression of Id4 in the fetal liver is
moderate and rather decreases between day 12.5 and 16.5 of
gestation (Fig. 5; lanes 5 to 6).

The expression pattern of Id4 differs from the restricted
expression of Id2 as well as from the widespread expression
of Id1 and Id3

The RT-PCR analysis shown in Fig. 5 revealed that the four
dnHLH genes are differentially expressed during mouse
development. The widespread expression pattern of /d3 and Id1
is in contrast to the restricted expression pattern of Id4 and Id2.
In addition, the relative abundance of the transcripts for each
dnHLH gene varies in the analyzed tissues and cell lines.
During embryogenesis (day 9.5 to 15.5 of gestation) the level
of Id3 expression is high and stays constant. /d/ expression seems
to increase slightly whereas the expression of Id4 is dramatically
up-regulated. In contrast, /d2 transcripts could only be detected
at day 11 of gestation (Fig. 5; lanes 1 to 4). In embryonic stem
cells (D3) or carcinoma cells (F9) expression of Id] and Id4 is
abundant, of /d3 is moderate and of /d2 is not detectable (Fig.
5; lanes 15 and 16). In the developing fetal liver (day 12.5 to
16 of gestation) Id1 and Id3 are constantly expressed. In contrast,
Id2 is up-regulated and Id4 is down-regulated suggesting a specific
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regulatory role of these dnHLH proteins in the development of
the fetal liver (Fig. 5; lanes 5—6).

We also determined the expression pattern of the dnHLH genes
in adult organs (Fig. 5; lanes 8—13). In brain, testis and bone
marrow all four dnHLH genes are expressed. In kidney
expression of Id2 is weak compared to the one of Id!, Id3 or
Id4. In liver and spleen, however, only Id3 expression is high.
IdI expression is moderate in liver and barely detectable in spleen
whereas Id4 shows the opposite expression pattern in these two
organs. Id2 transcripts are neither detectable in liver nor in spleen.
In the endothelial cell line sEnd. 1 (Fig. 5; lane 14) expression
of Idl and Id3 is high, of Id2 low and of Id4 undetectable.

DISCUSSION

We have isolated and functionally characterized a fourth member
(Id4) of the mammalian dnHLH gene family and compared its
expression pattern with the ones of the other mouse dnHLH
genes. Structurally, the dnHLH proteins are highly conserved
within the HLH domain resulting in their ability to form
heterodimers in vitro with ubiquitously expressed bHLH proteins
(like E47) sequestering the cell-type restricted bHLH proteins
(like MyoD) and, subsequently, to block DNA-binding. Outside
of the HLH domain the dnHLH proteins are less conserved.
Three short regions (boxes 1, 2 and 4 in Fig. 2) however, show
some degree of homology. Box 2 and 4 are rich in serines and
threonines suggesting a common post-translational regulation via
phosphorylation (36).

Expression of the Id4 gene results in three transcripts (3.7,
2.0 and 1.7kb) which are presumably a result of differential
splicing or alternatively used polyadenylation sites within the 3’
untranslated region. This transcriptional modification seemed to
be regulated in a tissue specific manner since the abundance of
each transcript varies between the organs. Such complex
regulation of expression has not been described so far for the
other members of the dnHLH gene family. Idl, Id2 and Id3
seemed to be expressed as single transcripts of 1.3 kb (58), 1.6
kb (36) and about 1.0 kb (35), respectively. During mouse
development the Id4 gene expression is also differentially
regulated. In undifferentiated embryonic stem cells (D3) and
carcinoma cells (F9) Id4 is highly expressed. In the course of
embryogenesis, however, Id4 expression is low at day 9.5 and
increases dramatically within the next 4 days of development.
During the same time of embryonic development, expression of
Idl is slightly increasing, Id3 is constantly expressed whereas
Id2 transcripts were only detectable by PCR at day 11 of
gestation.

The latter result is somewhat surprising since /d2 transcripts
are detectable during embryonic development by Northern Blot
analysis (I.v.Criichten and F.Sablitzky; unpublished). One
possible explanation for this discrepancy could be that the Id2
gene is differentially spliced in the 5’ region with the consequence
that the sequence complementary to the Id2-sense-primer is
missing in those transcripts in the embryos detected by Northern
Blot analysis. Alternatively spliced mRNA could also explain the
presence of additional PCR products for /d2 seen in fetal liver
and bone marrow (Fig. 5; lanes 6 and 8) and for Id4 seen in
some tissues including embryo, bone marrow, testis, kidney and
brain (Fig. 5; lanes 3,4 and 8—11).

In situ hybridization indicated that Id! is highly expressed in
almost all regions of the mouse embryo upon gastrulation (59).
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Between day 9.5 and 16.5 of gestation Idl was specifically
expressed by undifferentiated neuronal precursors of the
ventricular zone, but /d! transcripts could not be detected in their
differentiated derivatives (58). We are currently analyzing the
expression pattern of Id4 during embryogenesis by in situ
hybridization to determine whether Id4 expression is similarly
restricted to undifferentiated cells.

In adult organs I/d4 is highly expressed in testis, brain and
kidney and moderately in thymus, bone marrow and spleen. This
expression pattern of /d4 is again different from the other dnHLH
genes. All organs tested contain similar amounts of Id3
transcripts. This is in agreement with previous data (35) except
that we detected Id3 transcripts also in testis. As was shown
before (58), Id1 is also expressed in all tissues, but Id! transcripts
are less abundant in liver and in spleen. /d2 transcripts on the
other hand, could be amplified in bone marrow, testis and brain
and to a much lesser extent in kidney.

As mentioned before, all four mammalian dnHLH proteins
form heterodimers with bHLH transcription factors irn vitro and
block their DNA-binding capacity. Our comparative expression
data indicate that in many tissues two or more dnHLH genes are
expressed. So far, it is unknown whether such overlap of
expression is true at the single cell level. In addition, we note
that the presence of RNA is not necessarily indicative of the
presence of functional protein. However, assuming that some
differentiated cells express functional dnHLH proteins the model
outlined above that dnHLH proteins serve as general antagonists
of cell differentiation should be extended. It could be that in
particular differentiation pathways bHLH transcription factors
are required only transiently. It could also be that mature cells
which maintain a particular differentiated state independent of
the ubiquitous bHLH transcription factors express dnHLH
proteins to inhibit their function. Finally, dnHLH and bHLH
proteins could be co-expressed resulting in a balanced network
of positive and negative regulators. Hence, dnHLH proteins might
also be involved in the manifestation of a differentiated cell.
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