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Proteins of the basic helix-loop-helix (bHLH) family
are transcription factors that bind DNA containing the
E box motif (CANNTG) found in the promoters of many
muscle-specific genes. ITF-2 is a bHLH protein with
widespread expression that is thought to form active
heterodimers with MyoD, a muscle-specific bHLH tran-
scription factor. We have isolated ¢cDNAs derived from
two alternatively spliced forms of mouse ITF-2, termed
MITF-2A and -2B. These proteins differ in their N ter-
mini. Neither MITF-2A nor -2B transactivated the car-
diac a-actin promoter, which contains an E box, when
transfected into nonmuscle cells. In fact, MITF-2B inhib-
ited MyoD activation of the cardiac a-actin promoter.
This inhibitory activity required the N-terminal 83
amino acids since MITF-2A showed no inhibitory activ-
ity, and a mutant MITF-2B with deletion of the N-termi-
nal 83 amino acids failed to inhibit MyoD-mediated tran-
scriptional activation. MyoD activity was also inhibited
by Id, a HLH protein, and this inhibition was reversed
by the addition of excess E12 or MITF-2A. However, the
inhibition of MyoD activity by MITF-2B was not re-
versed with E12 or MITF-2A. While Id is thought to in-
hibit MyoD by binding and sequestering potential
dimerization partners, MITF-2B appears to inhibit
MyoD activity by forming an inactive heterodimer with
MyoD. Thus, differentially spliced transcripts of mouse
ITF-2 encode different proteins that appear to dimerize
with MyoD and activate or repress transcription.

During skeletal muscle development, a family of transcrip-
tion factors of the bHLH! class plays a pivotal role in inducing
and maintaining the differentiated character of skeletal muscle
(Olson, 1990; Weintraub et al., 1991; Sassoon, 1993). These
transcription factors, MyoD, myf-5, myogenin, myf-6/MRF-4/
herculin (Davis et al., 1987; Braun et al., 1989; Edmondson and
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Olson, 1989; Olson, 1990; Rhodes and Konieczny, 1989; Wright
et al., 1989; Braun et al., 1990; Miner and Wold, 1990) activate
the transcription of many muscle-specific genes by binding to
DNA at E box sites (CANNTG) within their promoters (Lassar
et al., 1989).

The active forms of these transcription factors are thought to
be heterodimers comprised of a myogenic bHLH protein and a
ubiquitous E type bHLH protein (Lassar et al., 1991). The
latter proteins are derived from alternatively spliced tran-
scripts from two genes, one called E12 (also called E2A, E2-5,
or ITF1) (Murre et al., 1989a; Henthorn et al., 1990b; Nourse et
al., 1990) and the other called ITF-2 (also called E2-2, SEF2, or
TFE) (Henthorn et al., 1990a; Corneliussen et al., 1991; Javaux
et al., 1991). The basic region of these transcription factors is
responsible for binding to the E box sequence in DNA, while the
HLH domain mediates dimerization. Homodimers of E12 are
able to transactivate some E box-containing promoters, while
homodimers of ITF-2 cannot (Henthorn et al., 1990a). Although
homodimers of MyoD are inactive, heterodimers of MyoD and
E12 or MyoD and ITF-2 can activate promoters containing E
box sequences (Lassar et al., 1991). Thus, MyoD requires het-
erodimerization with ubiquitous E type proteins for activity.
All of the E type bHLH proteins contain a conserved motif,
designated the loop-helix (LH) motif, which is responsible for
most of the transcriptional activation activity of these proteins
(Quong et al., 1993).

Lineage-specific bHLH proteins exist in tissues other than
muscle. MASH1 and MASH2 are bHLH proteins that are re-
stricted to neuronal lineages (Johnson et al., 1990). They are
mammalian homologues of the Drosophila achaete-scute genes.
Tal-1, tal-2, and lyl-1 are bHLH proteins that are restricted to
hematopoietic tissues (Chen et al., 1990; Xia et al., 1991; Mel-
lentin et al., 1989). These three proteins have been implicated
in the development of human lymphoid malignancies. The neu-
rogenic and the hematopoietic bHLH proteins heterodimerize
with E12 protein (Murre et al., 1989b; Hsu et al., 1991;
Voronova and Lee, 1994).

The protein Id has an HLH motif, but it lacks the basic
domain. Id is believed to act as a negative regulator of other
bHLH proteins through the formation of heterodimeric com-
plexes that fail to bind DNA (Benezra et al., 1990). Id mRNA
levels decrease upon terminal differentiation of several cell
lines, including myoblasts, consistent with the idea that tran-
scription from E box containing promoters is regulated by both
activating and inhibitory transcription factors. Because no cor-
relation is evident between the order of expression of the myo-
genic bHLH proteins and the appearance of specific contractile
proteins (Ontell et al., 1993), it is possible that the presence of
E type bHLH and inhibitory HLH proteins may participate in
regulating myogenesis.

We have examined the effects of bHLH proteins on the ac-
tivity of the muscle-specific cardiac a-actin promoter. The first
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440 bp of the human cardiac a-actin promoter contains one E
box, which is essential for cardiac a-actin expression in skeletal
muscle (Skerjanc and McBurney, 1994). MyoD transactivates
the cardiac a-actin promoter in transient transfection experi-
ments (Pari et al., 1991; Sartorelli et al., 1990; Skerjanc and
McBurney, 1994). We cloned cDNAs derived from mRNAs of
two alternatively spliced forms of mouse ITF-2, termed
MITF-2A and -2B. Neither MITF-2A nor -2B transactivated the
cardiac a-actin promoter. However, MITF-2B inhibited the
transactivation of the cardiac a-actin promoter by MyoD while
MITF-2A did not.

MATERIALS AND METHODS

Polymerase Chain Reaction Amplification of ITF-2—The mouse
ITF-2 probe used to screen the library was prepared as described
previously (Skerjanc and McBurney, 1994). Briefly, PCR was performed
with the following degenerate oligonucleotides: 1) AAAGAATTCA(A/
C)(T/C)A(A/C)C(G/A)C/T)G/C)CG(G/C)GAGCG and 2) AAAGGATC-
CA(C/T)G/A)GC(C/G)T(G/T)(G/C)T/C)G(C/G)AGGAT. Oligonucleotide
1 represents a consensus for the basic domain of E12 (Murre et al.,
1989a), HEB (Hu et al., 1992), ITF-2 (Henthorn et al., 1990a), and MyoD
(Davis et al., 1987), and the boldface sequence is an EcoRI site. Oligo-
nucleotide 2 represents a consensus for helix 2, and the boldface se-
quence is a BamHI site. PCR was performed with 30 ng of cDNA,
prepared as described below and 2 ug of each oligonucleotide in 100 ul
with Taq polymerase (Life Technologies, Inc., BRL, Burlington, Can-
ada) under standard conditions with annealing at 55 °C.

Fragments of several bHLH ¢cDNAs were amplified, subcloned, and
sequenced, as described previously (Skerjanc and McBurney, 1994).
The amplified cDNA fragment encoding ITF-2 encompasses the con-
served bHLH domain and has the following sequence: AACACCGC-
CCGGGAGCGCCTGAGGGTCCGAGATATCAACGAGGCTTTCAAGG-
AGCTTGGCCGTATGGTGCAGCTCCACCTGAAGAGCGACAAGCCC-
CAGACCAAGCTCCTGATCCTCCACAACGCCGT.

The MITF-2 probes were prepared by replacing cold dCTP with 50
uCi of [a-**P]dCTP during a PCR amplification with 10 ng of the
amplified MITF-2 ¢cDNA fragment.

¢DNA Library Construction and Screening—Total RNA was isolated
(Auffray and Rougeon, 1980) from day 6 Me,SO-treated P19 cells,
which contained abundant cardiac muscle. Poly(A)* RNA was selected
by standard protocols (Sambrook et al., 1989). cDNA was primed with
an oligo(dT) Notl primer-adapter and was synthesized with the super-
script A system for ¢cDNA synthesis and cloning (Life Technologies,
Inc.). Sall adapters were ligated to the ends. The cDNA was subse-
quently digested with NotI and size fractionated by column chromatog-
raphy, yielding 300 ng of size-selected cDNA. Some of this cDNA (30 ng)
was used in a PCR reaction with the degenerate oligonucleotides to
generate the ITF-2 probe, as described above. Part of this cDNA (20 ng)
was ligated into Agt22A phage arms, which had been digested with No¢I
and Sall and packaged using the BRL A packaging system (Life Tech-
nologies, Inc., BRL, Burlington, Canada). A total of 2 X 10° plaques
were obtained.

Standard procedures (Sambrook et al., 1989) were used to plate
500,000 plaques onto 10 X 150-mm plates. Plaques were transferred to
Hybond-N and denatured by autoclaving for 2 min at 100 °C. DNA was
cross-linked by UV irradiation, and the filters were hybridized for 16 h
at 42 °C with the radiolabeled ITF-2 PCR product. Washing was per-
formed for 30 min at room temperature in 2 X SCC, 0.2% SDS and for
15 min at 65 °C in 0.2 X SCC, 0.2% SDS. Hybridization was visualized
by autoradiography. Ten positive plaques were identified from the
500,000 plaques screened, and six were isolated after three rounds of
plaque purification.

ITF-2 Sequence Analysis—Standard procedures (Sambrook et al.,
1989) were used to purify the phage DNA and ligate the cDNA inserts
into the Not1/Sall sites of pBluescript (KS orientation, Stratagene Clon-
ing Systems, La Jolla, CA). The ends of all clones were sequenced with
the T7 Sequencing kit from Pharmacia Biotech Inc. Rsal and Alul
fragments of three of the cDNAs were subcloned, and the miniprep
DNA was sequenced (Kraft et al., 1988). Gaps in the sequence were
completed by using synthetic oligonucleotides as internal primers. All
three cDNAs were completely sequenced on both strands.

DNA sequence alignment was performed using DNASTAR software
(DNASTAR Inc., Computer systems for molecular biology and genetics,
Madison, WI). The two DNA sequences were aligned (Wilbur and Lip-
man, 1983) with k-tuple size of 3, range of 20, and gap penalty of 3. The
similarity index is reported in Fig. 2.

Alternative Splicing of ITF-2

Plasmid Constructs—All of the eukaryotic expression constructs con-
tained the mouse pgk-1 promoter (Adra et al., 1987) driving the speci-
fied ¢cDNA. PGK-MITF-2B contains a 2.3-kb Sspl/Notl fragment of
clone 1 encompassing the entire open reading frame and 478-2763 bp of
the sequence. PGK-MITF-2A contains the entire open reading frame in
the 1.8-kb Sall/NotI fragment of clone 3. PGK-MITF-2BA is identical to
PGK-MITF-2B except that a 129-bp EcoRV fragment from 2143-2272
bp was exchanged from clone 3 into clone 1. This removed the RSRS
encoding sequence found from 2161 to 2172 bp in clone 1. Myc-MITF-2B
contains six tandem copies of the 11-amino acid human c-myc epitope
(Evan et al., 1985) fused in frame to the N terminus of MITF-2B, adding
a total of 89 amino acids upstream of MITF-2B. Myc-MITF-2BAN
contains the same c-myc tag fused to a Xholl site in codon 83 of
MITF-2B. Thus MITF-2BAN lacks the first 83 amino acids found in
MITF-2B. PGK-Id contains a 930-bp BamHI/Xhol fragment of Id cDNA
(Benezra et al., 1990). PGK-E12 contains a 1.4-kb EcoRI fragment of a
partial E12 ¢cDNA (Murre et al., 1989a). The partial E12 ¢cDNA was
previously subcloned downstream of and in frame with an initiator
methionine (Murre et al., 1989a) creating an expression construct miss-
ing the first 208 amino acids of the full-length E12. PGK-MyoD and
PGK-CAT contain the pgk-1 promoter sequences driving MyoD and
CAT cDNAs, respectively, and CA-LacZ contains 440 bp of the human
cardiac a-actin promoter driving the Escherichia coli lacZ gene (Pari et
al., 1991).

Cell Culture and Transfections—P19 embryonal carcinoma cells were
cultured as described previously (Rudnicki and McBurney, 1987). Cells
were transfected by the calcium phosphate method (Chen and
Okayama, 1987). For transient transfections, 10° cells in 5 ml of me-
dium in a 60-mm dish were exposed to a DNA precipitate for 6-8 h
containing 5 ug of CA-LacZ, 1 ug of PGK-CAT, with or without 1.5 ug
of PGK-MyoD and specified amounts of PGK-MITF-2B, PGK-MITF-2A,
PGK-MITF-2BA, PGK-E12, or PGK-Id. Each transfection contained a
total of 15 pug of DNA, completed by including sufficient quantities of
pGEM vector DNA (Pharmacia). Cells were harvested 24 h after
transfection.

B-Galactosidase and CAT assays were performed as described previ-
ously (Norton and Coffin, 1985; Sleigh, 1986). Each B-galactosidase
activity was normalized for transfection efficiency with the CAT activity
from that transfected culture.

The P19[MyoD] cell line stably expresses MyoD and has been de-
scribed previously (Skerjanc et al., 1994). Differentiation was induced
by plating 5 X 10° P19 or P19[MyoD] cells into 60-mm bacterial dishes
containing either 1 uM retinoic acid or 0.8% Me,SO. Cells were cultured
as aggregates for 5 days and then plated in tissue culture dishes and
harvested for RNA on day 6. Me,SO treatment under these conditions
induces cardiac muscle in P19 cells and skeletal muscle in P19[MyoD]
cells. Retinoic acid treatment induces neuroectoderm in P19 cells and a
mixture of neuroectoderm and skeletal muscle in P19[MyoD] cells
(Skerjanc et al., 1994).

RNase Protection—In order to produce the desired antisense RNA for
RNase protection, a 1206-bp Sall/Sst] fragment of MITF-2B (clone 1)
was subcloned into Bluescript vector (KS™ orientation, Stratagene
Cloning Systems, La Jolla, CA) and called MITF-2B(1,1206). MITF-
2B(1,1206) was linearized with Sspl at 478 bp so that the resulting
riboprobe was complimentary to nucleotides 478-1206 of MITF-2B and
carried some vector sequences. Antisense RNA was synthesized from
MITF-2B(1,1206) linearized with Sspl and from pTRI-B-actin-mouse
plasmid DNA using T7 RNA polymerase, as described in the MAXI-
script in vitro transcription kit protocol (Ambion Inc, Austin, TX).
Incorporation of radioactivity was checked by trichloroacetic acid pre-
cipitation, and the RNA probes were purified from a 5% acrylamide-8 M
urea gel as described in RPA II, ribonuclease protection assay kit
(Ambion Inc). The MITF-2B and B-actin probes migrated on the acrylam-
ide/urea gel as single bands of 765 and 330 bp, respectively, and incorpo-
rated [a-*?P]CTP to a specific activity of about 5 X 10® cpm/ug RNA.

The RNase protection was performed as described in the RPA II kit
(Ambion Inc.) by hybridizing 2.2 fmol of riboprobe with 5 pg of total
sample RNA or 10 pg of torulla yeast RNA. Total RNA was isolated
(Auffray and Rougeon, 1980) from P19 and P19[MyoD] cells on day 0
and on day 6 after treatment with Me,SO and retinoic acid as well as
from mouse brain, liver, heart, and leg muscle. After RNase digestion of
the hybridized probe and sample RNAs, protected fragments were sep-
arated on a 5% polyacrylamide, 8 M urea gel and visualized by
autoradiography.

To estimate the size of the bands protected from RNase digestion, the
1-kb ladder was labeled with [y->?P]ATP using the exchange reaction
with bacteriophage T4 polynucleotide kinase, as described previously
(Sambrook et al., 1989). The labeled 1-kb ladder was subjected to
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electrophoresis alongside the RNase protection samples. A graph of log
molecular weight versus distance from the origin was used to determine
the sizes of the RNase-resistant fragments. The calculated molecular
weights agreed with the predicted molecular weights within an error of
10%.

RESULTS

Cloning Mouse ITF-2—We set out to determine the spectrum
of bHLH proteins present in differentiating cultures of P19
cells by using degenerate oligonucleotide primers from the
bHLH region to amplify bHLH ¢cDNAs from a library of cDNA
made from P19 cultures (Skerjanc and McBurney, 1994). No
c¢DNAs encoding novel bHLH proteins were found; only cDNAs
encoding E type bHLH proteins were identified. One class of
amplified ¢cDNA was derived from the mouse homologue of
ITF-2. This ITF-2 probe was used to screen a cDNA library in
bacteriophage A made from Me,SO-treated P19 cells. Three
c¢DNA clones were isolated, subcloned, and sequenced on both
strands. They derive from two alternatively spliced forms of
mouse ITF-2 mRNA, and the relationship of the three clones to
these alternatively spliced forms is summarized in Fig. 1A.

Clone 1 contains both upstream and downstream stop codons
along with an open reading frame predicting a 670-amino acid
protein. It has a truncated 3’-untranslated region, probably
because the oligo(dT) cDNA primer initiated reverse transcrip-
tion at an internal A-rich sequence. Clone 2 contains a partial
coding region and an extended 3’-untranslated region. The
nucleotide and amino acid sequence for clones 1 and 2 were
designated MITF-2B and are shown in Fig. 1B.

Clone 3 also contains both upstream and downstream stop
codons and an open reading frame identical to that of clone 1
except in two regions. The first 159 bp of clone 3 is different
from that of clone 1 and predicts a protein with a different N
terminus that we designated MITF-2A (Fig. 1C). In addition,
clone 1 contained 12 nucleotides inserted 50 bp upstream of the
bHLH domain that were absent from clones 2 and 3. These 12
nucleotides encode the four amino acids, RSRS, indicated in
Fig. 1, A and B. Clones 1 and 3 contain an LH motif, which is
the presumptive transcriptional activation domain (Quong et
al., 1993).

Comparison of MITF-2 with Other E Type bHLH
¢DNAs—cDNAs derived from the human and dog homologues
of MITF-2 have been cloned previously. A comparison of nucleic
acid sequence between these ITF-2 clones and MITF-2 is out-
lined in Fig. 2. The nucleotide similarity index for various
regions of the cDNAs has been calculated by the method of
Wilbur and Lipman (1983). MITF-2B appears to be the same
splice variant as SEF2-1B (Corneliussen et al., 1991), while
MITF-2A appears to be the same splice variant as SEF2-1A
(Corneliussen et al., 1991). However, MITF-2A contains 142 bp
of novel 5’ sequence, including the first 17 amino acids, an
initiator methionine, and an upstream stop codon. HUMITF-2
(Henthorn et al., 1990a) is a partial cDNA and appears to be
identical to MITF-2B and SEF2-1B but missing the first 49
amino acids. SEF2—-1D and TFE (Javaux et al., 1991) appear to
be different splice variants.

The RSRS sequence is found in three of the seven cDNAs
from the ITF-2 gene and appears to derive from a mini-exon
that may or may not be included.

The 3’-untranslated region of MITF-2A/B is about 1 kb long-
er than the sequences cloned previously. A remarkable se-
quence identity (93-95%) was found in the 3’-untranslated
regions of ITF-2 from the different species. The 5’ sequences
are the least conserved with only 39—45% homology for SEF2—
1A, B, and D with MITF-2B.

The extent of nucleic acid homology between the related but
distinct gene products, HEB (Hu et al., 1992) and E12 (Nourse
et al., 1990), with MITF-2B is also shown in Fig. 2. These
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c¢DNAs show less homology in the coding region (61-80%), with
the greatest similarity in the bHLH domain. The 5'- and 3'-
untranslated regions have very low homology (39-48%) with
MITF-2B. Neither cDNA contains the RSRS domain.

Activity of MITF-2—MITF-2A and -2B were examined for
their abilities to transactivate the cardiac a-actin promoter
when transfected into cells with or without MyoD. MyoD alone
transactivated the cardiac a-actin promoter 10-fold over back-
ground, while neither MITF-2A nor MITF-2B activated the
cardiac a-actin promoter significantly (Fig. 3A). Co-transfect-
ing MITF-2A with MyoD had no affect on MyoD-induced car-
diac a-actin promoter activity; however, co-transfection of
MITF-2B with MyoD resulted in less promoter activity than
that induced by MyoD alone. A similar inhibition of MyoD
activity was found by co-transfection of Id with MyoD (Fig. 3A).
Thus, despite their similarity, it seems that MITF-2A and -2B
do not have the same activity as transcription factors.

MITF-2A and -2B encode proteins identical but for two re-
gions. The N termini are different, and MITF-2B contains the
4 amino acids, RSRS, just upstream of the bHLH domain. In
order to determine which of these two regions is responsible for
the MITF-2B inhibition of MyoD activity, the 12 bp encoding
the RSRS sequence were removed from MITF-2B, in a con-
struct called MITF-2BA. MITF-2BA, like MITF-2B, inhibited
MyoD activity (Fig. 3A). Since MITF-2BA is identical to
MITF-2A in all regions except the first 182 amino acids, the
inhibitory activity of MITF-2B must require the amino-termi-
nal domain.

To further define the inhibitory domain, the first 83 amino
acids of MITF-2BA were deleted and replaced with six copies of
the 11-amino acid c-myc epitope (Evan et al., 1985) creating
Myc-MITF-2BAN. As a control, this c-myc tag was fused to the
N terminus of intact MITF-2B creating Myc-MITF-2B. The
MyoD activation of the cardiac a-actin promoter was reduced to
17% by MITF-2B but to only 78% by Myc-MITF-2BAN (Fig.
3B). This suggests that the inhibitory domain resides in the
first 83 amino acids of MITF-2B. The Myc-MITF-2B reduced
promoter expression by an intermediate amount (47%), sug-
gesting that the c-myc tag may interfere with the region near
the N terminus that mediates transcriptional inhibition.

Id is thought to inhibit MyoD activity by forming inactive
heterodimers with E type bHLH proteins, sequestering them
away from MyoD (Benezra et al., 1990). In agreement with this
model, an excess of E12 reversed the Id inhibition (Fig. 4). An
excess of MITF-2A also reversed Id inhibition (Fig. 4), suggest-
ing that E12 and MITF-2A can heterodimerize with Id and/or
MyoD. However, neither E12 nor MITF-2A was able to reverse
the inhibition created by MITF-2B (Fig. 4).

Distribution of MITF-2 Splice Products—Since MITF-2B ap-
pears to inhibit E box-mediated transactivation (Fig. 3) while
MITF-2A is an activator (Fig. 4), we set out to determine if the
expression of these forms was regulated in a tissue-specific
manner. RNase protection was performed by hybridizing vari-
ous RNA samples with an antisense riboprobe comprising nu-
cleotides 478-1206 of MITF-2B (Fig. 1A). The MITF-2A tran-
script is predicted to protect a 134-nucleotide fragment, while
the MITF-2B transcript is predicted to give a 728-nucleotide
protected fragment. When compared with [y-3?P]ATP-labeled
1-kb ladder standards, the calculated molecular sizes of the
protected bands obtained agreed with the predicted sizes.

We examined RNA from several cell types and tissues. We
found that MITF-2B transcripts, indicated as the labeled band
1, were present in all cell types examined, including P19 stem
cells (lane 1 and 2), P19-derived cardiac muscle (lane 3),
P19[MyoD]-derived skeletal muscle (lane 4), P19- (lane 5), and
P19[MyoD]- (lane 6) derived neuroectoderm, mouse brain (lane
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bHLH

LH
MITF-2B 7|

]
ATG RSRS TAA
Sal Sspi Ssti Y. Not1
clone #1 } } } Py 1 28 Kb
EcRVECRV
Not1
clone #2 —t { 1.6Kb
LH bHLH
MITF-2A
ATG TAA
Sal Ssti EcRVEcRV Noti
B clone #3 1.8 Kb
ttataageey cagtgccegg atgtgaatgg attacaatgt atctttcagg gaaacctatt 60 G H G D M H G I M G P s H N G A M 429
attatcaatg tgactcctcg ggggagtcaa tgatggtgtt ggggaggagg atgatgatga 120 gge cat ggg gac atg cat ggg atc atyg gga ccc tec cac aac gga gcg atg 1813
gacgectota aacttggaac aagtttagga ctttgaaaga gaagagaaaa aaaaaataca 180 G s L G s G ¥ G T s L L s A H 446
accaacaaga ccgaagaaca attataacta tccagtgttg attattttta taaacaatac 240 ggt ctg ggc tca ggg tac gga act agt ctt ctc tca gecc aac aga cac 1864
gaaaaagttg toggattttt ttttttaaty attacttttt ggggggaggg aattttgtta 300 G A H R D ¢ vV A L R 6 8 463
cagtttgaty atggaaaatg caaaaaccga gccaggtgca taatcttgta atctgtgget 360 tcg atg gtt ggg gce cac cgt gaa gat gge gty gct ctg aga gge agec 1915
aaccctggaa caggactgac ttctatttaa aatactcettt tgggggaaca ctcatgtgag 420 H P N v P 13 s 480
acactaagtt cttgcagaag atttttgtct ctctttttaa agtctctttc cttggaatat 480 cat ctc ctg cca iac ;ag gtt ccg gte gca gaa ctt ccg gte cag tet 13:3
M H H @ 4R D
tgtgageata tttgtggeca ttgaaggttt gtgtgatttt gctaaa atg cat cac caa 538 gca tece cct gac ttg aac cca ccc caa gac cct tac aga ggg atg cca 2017
Q R M A A ¢ T D K E L S D L L D 21 L @ 6 o s Vv 8 G s s E I 514
cag cga atg gct goc tta ggg acg gac aaa gag ctg agt gat tta ctg gat 589 cca ctc cag gge cag agc gtg tet tet ggt age tet gag atc aaa tcc 2068
F s A M F s P P v s 8 G K G P 38 D G b E L Q D T s s E D K 531
tte agt geog atg ttt tcg cct cct gta age agt ggg aaa aat gga cca act 640 gat gag ggc gat gag aac 2119
s A S G H F T G 8 V E D R 5 S s5 K b D D K KX 548
tet ttg geg agt gga cat ttc act ggc tca aat gta gaa gac aga agt agc 691 aaa gac aag aag 2170
8 s w G T G G H P s P Y G 72 D E D 565
teca ggg tee tgg gga act gga gge cat cca age ccg tece agg aac tat gga 742 2221
D P Y D H M T D L s H 89 s82
gat ggg act ccc tat gac cac atg act agc agg gat ctt ggy tca cat gac 793 2272
N L s P v s Q s T E 106 599
aat ctc tct cca cct ttt gtc aat tcc aga ata caa agt aaa aca gaa agg 844 2323
G ¥ 8 8§ Y G E H Q 123 616
gge tca tac tea tet tat ggg aga gaa aac gtt cag ggt tgc cac cag cag 895 2374
s L ¢ ¢ b M D M P ] 140 633
agt ctc cte gga ggg gac atg gat atg ggc aat cca teg cee 946 2 L 3 5 gaa agg aat ctg aac ccg aaa 2425
T K P s ¥ Q Y S 8 R 157 A c L K R R E E E K v 8 E 650
acc aaa cct gge tcc cag tac tat cag tat tca age cge cgg 997 gcc tgt ctg aaa aga agg gag gaa gag aag gtg tcc teca gag cct ccc cca 2476
R P L s A M E v Q T R 174 L s A G P H P G M G D A A N H M 667
agg cct ctt cac agt agt gec atg gag gta cag aca cga aaa 1048 ctc tcc ttg got ggc cca cac cct ggy atg gga gac gca gog aat cac atg 2527
v P P G L P S v Y A P T 191 G Q M €70
gtt cct ccg ggt ttg ceg tot teafjgte tac got cct act gee 1099 gga cag atg tgaa aaggtccaag ttgctacctt gettcattaa acaagagace 2580
D Y N D P G ¥ P s s 2 208 acttccttaa cagetgtatt accctaaacc cacataaaca ctgctcctta acccegtttt 2640
gac tac aac agg gac tcg cca ggc tat cet tee tce gce age 1150 tttttgtaat ataagacaag tctgagtagt tatgaatcgc agacgcaaga ggtttcagea 2700
T F P F Q D G H D 225 tteccaatta tcaaaaaaca gaaaaacaaa caaaaaaatg aatgaaagaa agaaagaaag 2760
act tte cct agc tce tte ttc atg caa gat gge cat gac cct 1201 aaaaaaatgc aacttgaggg acgacttctt taacatatca ctctgaatgt gcgacggtat 2820
W 8 s G M N Q G b4 L G 242 gtacaggctg agacacagce cagagactga atggcaatcc tccacactgt ggagcaatge 2880
tgg age tce tee age ggg atg aat cag cce gge tac ctg ggc 1252 atttgtgcct aaacttcttt tggaaaaaaa aaatataatt aatttgtaag tctgaaaaaa 2940
N S s H P [o) s s Y c P H 259 atatttaatt taaaaaaaat tgtaaacttg caataatgaa aaagtgtact tctgaagaaa 3000
aat tct tct cat ate ceca cag tec age age tac tgt ceca cac 1303 acgacatgaa cgtttttgtt ggtattcacg tcagctagtg tttctaatta ceggatattg 3060
E R L s Y P s H s A D 8 L 276 aataggggaa gcccggetge cctcgtaaca aaaccagcaa acgtectgat ggcaacgaag 3120
gaa cgt ttg agc tat cca tcec cac tec tecg geca gac agt ctt 1354 tgatgacatt agccattecct tagggtagga gggacagatg gatgttatag acctatgaca 3180
P M T F H R s T N T s 293 aatatatata taaatatata tataaatata tattaaaaat ttagtgacta tggtaagctt 3240
cct ccg atg tcc acg tte cat cgt agt ggc aca aac ace tct 1405 gtgatgtcag cttttctect gtaaaaatag tactgataac tttttaaaag aaagatttta 3300
s T A N G T D s T R G 310 ctgtaaatat ggattttttt tttgtctgat ttttgtcect tececccggtt tgttatcegta 3360
tec tge aca cecc oot goc aac gga aca gac agt ata aga gga 1456 acctgtagtg ccaactetge ttccggaggyg goagtgcagyg acgaaatgct gaccctgaag 3420
T A A G s Q T G D A A 327 ttgcttctca ttcacaaata gtaaaaagtt gtttctecag tettttggga acacaggact 3480
act ggg gca teg gac gct gcc 1507 taaaagtcac atcatgtygta ggaattacat gcagcattge ccgggegagyg aaaaaagegt 3540
344 ttgtctggct tgtggcgctg cocttgttac cctecccetgg gattttcaga ggtacacggt 3600
1558 tagaatgcta caatgttacc actgtgcctt ccaatgttta tatcatcgga aacataacat 3660
361 aatcaaagtyg gctgtgattt aacaaaaaaa acgattcaag tgttacctac ctgtgtagce 3720
1609 9aagtagtgt gcagtgaccy agacgtttca gaatacatgg tcagattttt tttggaaaaa 3780
378 atacaaaaat taaaaaaaaa aaaaaaa 3807
1660
395
1711
P 412
5 ccg tce aca get gtg cct 1762
(3 caactgaagg aattgttgtg aaaaaaggga cagcgagttt gaaataaaag ttgttagagt 60
M ¥ < A Y T I P 8
atyg tac tgc gca tac acc atc cecg 114

ggtactgagy agaaaaaaga atccgaggece
G M

o

c aac tct ttg atg tac tac tat aat ggg aaa go

Y N G

F1G. 1. Panel A, schematic outline of the relationship between the three cloned cDNAs and MITF-2A and MITF-2B. Untranslated regions are
indicated as gray boxes, the LH domain as a striped box, and the bHLH domain as a black box. The RSRS domain is shown as a ¢riangle in clone
1. The unique 5’ sequence of MITF-2A is shown as a wavy line in clone 3 and as a boldface box in MITF-2A. Restriction sites used in subcloning
are indicated. Panel B, the nucleotide and amino acid sequences of MITF-2B. The LH, RSRS, and bHLH domains are indicated by shaded areas
between nucleotides 1532 and1741, 2160 and 2172, and 2222 and 2401. The position at which MITF-2A becomes identical to MITF-2B is shaded
at nucleotide 1072. Amino acid residues are presented in capital letters using the single-letter code, and nucleotides are in small letters. Panel C,
the unique 5’ nucleotide and amino acid sequence of MITF-2A. The sequence of MITF-2A that is identical to MITF-2B is shaded, starting at

nucleotide 60.

7), mouse liver (lane 8), and mouse leg muscle and heart (data
not shown). Protection of a riboprobe prepared from B-actin
cDNA indicated that all of the samples contained equal
amounts of mRNA (Fig. 5B).

The level of MITF-2A mRNA was variable in the samples
analyzed. MITF-2A transcripts were present in all samples
containing neurons (Fig. 5A lanes 5-7, band 5). Barely detect-
able levels were found in liver (Fig. 5A, lane 8, band 5) and the

transcript was undetectable in P19 stem cells, P19-derived
cardiac muscle and P19-derived skeletal muscle (Fig. 5A, lanes
Ip4, band 5). Thus, MITF-2A seems to be expressed at high
levels only in cells of the neuroectoderm lineage.

Band 3 appears to derive from MITF-2 transcript spliced to
yield the D isoform represented by SEF2-1D (Fig. 2). This band
was detected in all cell types and was elevated about 7-fold in
brain tissue (lane 7).
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LH bHLH Source Isoform
MITF-2B VA i Mouse B
ATG RSRS TGA
Fic. 2. Summary of the homologies MITF-2A I@hoohool 100 hoqhoo! 100 ] Mouse A
between various E type bHLH ATG TGA
cDNAs. The ¢cDNAs are named in the SEF2-1B [ 45 | 94 190] 90 ]o1]94] 83 | Human B
left-hand column, while their sources are A'i'G Té A Cornelliussen et al., 1991
named in the right-hand column. Un-
translated regions are indicated as gray SEF2-1A [3al 93 Joo] 90 ||g1 |g4! 93 | Human A
boxes, the LH domain as a striped box, RSRS TGA Comelliussen et al., 1991
and the bHLH domain as a black box. SEF2-1D ET 93 Tool 90 Totfea] 53 ] Human D
Initiator methionine sequences and stop RSIRS TCli A Cornelliussen et al., 1991
codons are shown as ATG and TGA, re-
spectively. The nucleotide identity be- HUMITF2 IL_94 Joo] 90 |91 I94! 95] Human (B)
tween the clone and MITF-2B is indicated TGA Henthorn et al., 1990a
in percent by the series of numbers in the TFE 88 | 93 |89] 88 J92]91] 94 ] Dog (BY)
boxes. The top seven cDNAs derive from T T Javaux ot al.. 1991
the ITF-2 gene, while HEB and E12 are ~ _ _ _ _ _ _ A6 ___ TG ___ oEEE i
from different genes. HEB 2] 65 ]69] 61 177170} 46 ] Human
1 L]
ATG TGA Hu et al., 1992
E12 [39] 60__lea] 61  Jsoje67] 48 | Human
A‘i‘G TGA Nourse et al., 1990
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Fic. 3. MITF-2B inhibits MyoD activity. Panel A, MITF-2B, MITF-2BA, and Id inhibit MyoD activity, while MITF-2A does not. P19 cells were
transfected with 5 pg of the reporter construct CA-LacZ and 1 pg of the standardization reporter PGK-CAT, along with expression constructs
encoding bHLH proteins. MyoD indicates the presence or absence of 1.5 ug of PGK-MyoD. The expression constructs for MITF-2A, MITF-2B,
MITF-2BA, and Id were present at concentrations of 1.5, 3, and 6 pg/transfection. Panel B, the inhibition of MyoD activity requires the N-terminal
83 amino acids of MITF-2B. P19 cells were co-transfected as in panel A with CA-LacZ, PGK-CAT, and PGK-MyoD along with 6 pg of plasmid
containing the pgk-1 promoter driving the indicated construct. B-Galactosidase activities were assayed and normalized for transfection efficiency
against CAT activity and to the activity of the positive control (MyoD alone). Error bars represent standard error calculated from between three

and 10 different experiments.

Two additional bands, 2 and 4, were detected in all cells,
representing MITF-2 transcripts with 5’-ends derived from as
yet unidentified exons.

DISCUSSION

We cloned 3 ¢cDNAs containing sequences encoding the
bHLH region of the mouse ITF-2 protein. These cDNAs were
derived from two alternatively spliced transcripts called
MITF-2A and MITF-2B. Neither MITF-2A nor MITF-2B en-
coded a protein that by itself activated expression of the car-

diac a-actin promoter. In fact, the MITF-2B protein inhibited
MyoD-induced expression from the cardiac a-actin promoter,
while the MITF-2A protein did not. The inhibitory activity of
MITF-2B requires the first 83 amino acids at its amino termi-
nus. The MITF-2A protein is a transcription activator because
it activated cardiac a-actin promoter expression when co-ex-
pressed in cells along with MyoD and Id. Thus, the MITF-2A
and MITF-2B proteins arise from the same gene by differential
splicing or different promoter usage and encode transcription
factors that activate and repress expression, respectively.
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- - - B

+ - - |
- - E12

+ - E12

+ Id -

+ Id E12

+ Id MITF-2A

+  MITF28 -

+  MITF2B  E12

+  MITF-2B MITF-2A

0 20 40 60 80 100 120 140
Normalized B-galactosidase activity

FiG. 4. E12 and MITF-2A reverse the inhibition of MyoD activ-
ity by Id but not by MITF-2B. P19 cells were transfected as described
in the legend to Fig. 3 with and without 1.5 pug of PGK-MyoD, 1.5 ug of
PGK-Id or PGK-MITF-2B, and 6 pg of PGK-E12 or PGK-MITF-2A, as
indicated. Error bars represent standard error calculated from between
four and 10 different experiments.
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Fic. 5. RNase protection demonstrates that MITF-2B is widely
expressed. Radiolabeled antisense riboprobes for MITF-2B (panel A)
or B-actin (panel B) were hybridized to 5 ug of RNA from P19 stem cells
(lane 1), P19[MyoD] stem cells (lane 2), P19-derived cardiac muscle
(lane 3), P19[MyoD]-derived skeletal muscle (lane 4), P19-derived neu-
roectoderm (lane 5), P19[MyoD]-derived neuroectoderm and skeletal
muscle (lane 6), mouse brain (lane 7), mouse liver (lane 8), and torulla
yeast (lane 9). All samples were digested with RNase, except lane 10,
which is a control for riboprobe integrity. Samples were separated by
electrophoresis on an acrylamide/urea gel and visualized by autoradiog-
raphy. The sizes of the bands, determined by comparison with a radio-
labeled 1-kb ladder, are indicated on the right, and the corresponding
c¢DNAs are indicated on the left.

Both MITF-2B and Id inhibited MyoD activity, but they
appear to do so by different mechanisms. While the inhibitory
activity of Id was effectively lost in the presence of excess E12
or MITF-2A, these latter two proteins were unable to reverse

Alternative Splicing of ITF-2

the inhibition of MITF-2B. We interpret our results as suggest-
ing that Id inhibits primarily by sequestering the “active” E
type proteins from MyoD, while MITF-2B seems to inhibit by
forming stable heterodimers directly with MyoD.

Although we found that MITF-2B inhibited MyoD activation
of the cardiac a-actin promoter, human ITF-2 protein cooper-
ated with MyoD to activate promoters containing an E box in
COS cells (Lassar et al., 1991). The HITF-2 used in these
experiments was encoded by a cDNA that was not full-length
and contained a synthetic initiation codon resulting in a pro-
tein, which lacked 49 amino acids from the N terminus when
compared with MITF-2B. Since the inhibitory activity of
MITF-2B resides in the N-terminal 83 amino acids, the critical
inhibitory domain may be absent from the HITF-2 used in
these experiments. Alternatively, P19 stem cells may contain a
different complement of bHLH proteins to those in COS cells,
resulting in inhibition by ITF-2 in one system and activation in
the other. Evidence that the two cell types contain different
bHLH proteins derives from the finding that MyoD transfected
alone is not active in COS cells but is active in P19 cells (Lassar
et al., 1991; Pari et al., 1991; Skerjanc and McBurney, 1994).

Other transcription factors are alternatively spliced to create
one form that activates and another form that inhibits tran-
scription. However, the splicing usually involves the removal of
an activation domain, resulting in a shorter form, which is an
inhibitor, and a longer form, which is an activator. For exam-
ple, FosB undergoes alternative splicing to remove a C-termi-
nal transcriptional activation domain, creating AFosB, which is
a transcriptional repressor (for review, see Foulkes and Sas-
sone-Corsi (1992)). TFE3 is a bHLH leucine zipper transcrip-
tion factor that binds to the intronic enhancer of the immuno-
globulin heavy chain gene. Alternative splicing at the N
terminus removes the first 105 nucleotides and creates an
inhibitor of transcription (Roman et al., 1991). Finally, the
retinoic acid receptors yl and y2 undergo alternative splicing
in which different N-terminal amino acids produce transcrip-
tional repressors or activators (Husmann et al., 1991).

Apart from differences at their 5'-ends, cDNAs from mouse
and human ITF-2 may or may not contain a 12-bp sequence in
the coding region 50 bp upstream of the bHLH domain. These
12 bp encode the 4 amino acids RSRS, but the role, if any, of
this tetrapeptide in MITF-2 activity remains unclear.

The transcripts encoding MITF-2A and MITF-2B appear to
be present in most cell types and tissues investigated, making
it difficult to deduce the roles of these transcription factors in
regulating expression of E box containing genes. Given that
many transcription factors are regulated post-transcription-
ally, such as by phosphorylation or protein turnover, it seems
possible that the inhibitory and activation effects of MITF-2
isoforms might be subject to additional means of modulation.
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