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ABSTRACT

Members of the basic helix—loop—helix (bHLH) family
of transcription factors regulate a wide array of
developmental processes in many cell types,
including cell fate specification, differentiation and
morphogenesis. Our studies describe the cloning of
a gene from the nematode Caenorhabditis elegans
that is closely related to the vertebrate-activated
B-cell factor (ABF) gene. The nematode gene product
CeABF-1 was detected by northern blot analysis
from RNA isolated from pooled nematodes repre-
senting different developmental stages. The develop-
mental expression profile of CeABF-1 was shown by
RT-PCR analysis to be predominantly expressed in
the larval stages L3 and L4, with lower levels
observed in the L2 larval stage and adult. We also
show that CeABF-1 is capable of forming
heterodimers with E2A proteins and binding E-box
target sites. Mammalian cells transfected with
CeABF-1 expression plasmids were capable of
blocking E2A-mediated gene transcription, but full
repression activity required the presence of two
conserved amino acid residues found within the first
helix of the CeABF-1 bHLH domain. These results
suggest a conserved mechanism of gene repression
between certain class Il bHLH and class | bHLH
proteins found in vertebrates and invertebrates.

INTRODUCTION

The helix—loop-helix (HLH) family of transcription regulatory
proteins are key regulators in a wide number of developmental
processes. To date, over 240 HLH proteins have been identified in
organisms ranging from yeast Saccharomyces cerevisiae to
humans (1). Analyses in Xenopus laevis, Drosophila
melanogaster and Mus musculis have provided insight into the
participation of HLH proteins in developmental events such as
cellular differentiation, lineage commitment and sex determi-
nation. In particular, in multicellular organisms, HLH factors
are required for a variety of critical developmental processes,

including myogenesis, neurogenesis, hematopoiesis and
pancreatic, heart and spleen development (2-5).

HLH proteins are classified upon tissue distribution, dimeri-
zation properties and DNA-binding specificities (6). Class I
HLH proteins, also referred to as E proteins, include E12, E47,
HEB, E2-2 and Daughterless. These genes are expressed in
many tissues and their products are capable of forming homo-
or heterodimers. Class II HLH proteins, which include family
members MyoD, MYOGENIN, NeuroD/BETA2 and SCL/TAL1
display more tissue-restricted patterns of expression. In
general, they are unable to form homodimers and preferentially
heterodimerize with the E proteins. Recently, a novel class II
HLH protein dubbed activated B-cell factor 1 (ABF-1) was
identified in human B-lymphocyte cell lines transformed with
Epstein—Barr virus (EBV) (7). ABF-1 has been shown to form
heterodimers with E47, a product of the human E2A gene. E2A
gene products are important regulators of B-cell formation and
T-cell development (2,8). In vivo ABF-1-E2A heterodimers
have been detected in nuclear lysates prepared from EBV-
infected B lymphocytes and their role as important regulators
of B-cell proliferation following antigenic stimulation has been
proposed. Recently, the mouse homolog of ABF-1, musculin/
MyoR, has been cloned and displays a slightly different expres-
sion profile, being detected in developing skeletal muscle as
well as the spleen (9). A role for MyoR as a lineage-restricted
basic (b)HLH transcriptional repressor of the muscle differen-
tiation program has been reported (10). The amino acid
sequence of human ABF-1 also shares homology to the bHLH
protein CAPSULIN and the Drosophila bHLH factor
bHLHS54F. Capsulin is expressed in smooth muscle cell
precursors during mouse embryogenesis whereas the
Drosophila bHLH factor bHLHS54F is detected in visceral and
skeletal muscle cell precursors (11).

In order to search for the ABF-1 homolog in Caenorhabditis
elegans, we used the predicted human ABF-1 polypeptide
sequence to search the C.elegans genome database for a related
gene product. Recent analysis of the open reading frames
present in the C.elegans genome database has revealed 24
potential HLH proteins (12). A number of these genes have
been identified previously in genetic screens. The gene lin-32
encodes a bHLH protein that is required for proper formation
of the male tail rays; these are important peripheral sense
organs critical for mating (13). Also, the bHLH protein
encoded by [in-22 is important for proper nervous system
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patterning (14). Despite the characterization of a few bHLH
genes in C.elegans, the majority of the computer-predicted
bHLH genes remain to be verified as bona fide gene products.
Following our computer search of the C.elegans database, our
results yielded one potential candidate gene with high
homology to the human ABF-1 gene.

In this study we report the cloning of a C.elegans gene that
encodes a bHLH protein related to human ABF-1. We have
named this protein C.elegans ABF-1 or CeABF-1. Relative to
human ABF-1, CeABF-1 shares 72% amino acid similarities
within the bHLH domain and is capable of forming
heterodimers with E47, the mammalian homolog of the
C.elegans protein CeE. The CeABF-1 transcript was detected
by northern blot analysis from RNA collected from pooled
nematodes representative of different developmental stages,
including embryo, larval and adult. Developmentally, CeABF-1
expression was detected in the larval stages L2 through L4 as
well as in the adult, with the highest levels observed in the L3
and L4 stages. Similarly to the transcriptional properties of
human ABF-1, we demonstrate that CeABF-1 can function as
a strong transcription repressor capable of blocking E47-mediated
gene transcription at an E-box binding site in HeLa cells. We
also provide evidence for the importance of two conserved
amino acid residues, serine-lysine (SK), found within the first
helix of the bHLH domain of CeABF-1 that participate in the
inhibition of E2A gene activation. These findings suggest that
CeABF-1 may have a conserved function as a negative regu-
lator of gene transcription for developmental programs ranging
from nematodes to humans.

MATERIALS AND METHODS

RT-PCR analysis and DNA sequencing

To isolate the CeABF-1 cDNA, total cytoplasmic RNA was
isolated from the nematodes according to the manufacturer’s
instructions (Qiagen Inc., Valencia, CA). Approximately 1 g
of total RNA was heated with an oligo(dT) primer to 65°C for
10 min in a total volume of 10 pul and then incubated with
1x first-strand buffer, 10 mM dithiothreitol, 0.5 mM each
deoxynucleotide triphosphate, 20 U of RNasin (Promega,
Madison, WI) and 20 U of MMLV reverse transcriptase (New
England Biolabs, Beverly, MA) in a total volume of 20 ul at
42°C for 1 h. After reverse transcription (RT), one-quarter of
the RT reaction was then mixed with 0.5 uM of each primer,
0.5 mM dNTPs, 5% dimethyl sulfoxide (DMSO) and 2 U Pfu
DNA polymerase in a 50 ul reaction volume and amplified by
a conventional three-step PCR protocol for 30 cycles. The
CeABF-1 forward and reverse primers contain the nucleotide
sequence 5’-ccg aat tca tgc aag tga tgg aat cat gtg g-3” and
5’-ccg teg act tac ttt cgt aac gtt ttt gca cat tce-3’, respectively.
The parameters for the three-step PCR protocol were as
follows: heat denaturation at 92°C for 45 s, annealing at 65°C
for 45 s and extension at 72°C for 90 s. Following PCR, the
cDNA was gel purified and inserted into the pCRTopoll
cloning vector (Invitrogen, Carlsbad, CA). The CeABF-1
cDNA was sequenced using an oligonucleotide primer corres-
ponding to the polylinker of the pCRTopoll-cloning vector
essentially as described previously (15). The DNA sequence
for CeABF-1 has been deposited in GenBank.

For the developmental studies, total RNA was isolated from
the different larval stages as well as the adult according to the
manufacturer’s instructions (Qiagen Inc.). First-strand cDNA
was generated essentially as described above except 300 ng of
total RNA was reverse transcribed using Sensiscript™ reverse
transcriptase (Qiagen Inc.), followed by PCR using the
HotStarTaqg DNA polymerase (Qiagen Inc.). Southern blot
analysis and probe labeling was performed as described
previously (15). To create the CeE probe, two primers, desig-
nated CeE-F1 and CeE-R1, were synthesized and used for
conventional RT-PCR analysis as described above. The amplified
CeE cDNA was gel purified and subcloned into pBluescript
KS (Stratagene, La Jolla, CA) and the gene sequence verified
by DNA sequencing. The CeE-F1 and CeE-R1 primers had the
nucleotide sequence 5’-cca agc tta tgg cgg atc caa ata gcc aac
tta-3” and 5’-cca gat ctt taa aac cgt gga tgt cca aac tge-3,
respectively.

Collection of staged animals

Animals of genotype him-5(el490) were grown on Nematode
Growth Media plates under standard conditions (16). Animals
were rinsed off the plates using M9 buffer, precipitated in a
clinical centrifuge, and placed on a 10 W nitex filter for 10—15 min.
At the end of this time, the animals that had passed through the
filter were examined in a dissecting scope and confirmed to be
L1 larvae. These larvae were placed onto plates and allowed to
develop until the majority of animals had reached a given
stage, at which time they were once again collected from the
plates in M9 buffer and quick frozen until needed for RNA
isolation for RT—-PCR analysis.

Northern blot analysis

Total cellular RNA was prepared using the RNeasy Mini Kit
according to the manufacturer’s instructions (Qiagen Inc.). Ten
micrograms of total cellular RNA were resolved by electro-
phoresis on a 1.5% agarose gel supplemented with formalde-
hyde and the RNA fragments transferred to a GeneScreen
nylon membrane according to the manufacturer’s protocol
(New England Nuclear Research Products, Boston, MA).
Following the transfer of RNA to the membrane, the RNA
fragments were covalently cross-linked to the membrane using
the UV Stratalinker 1800 (autolink-setting). Then, the RNA
was hybridized with 5.0 x 10° c.p.m. 32P-radiolabeled probe.
The blotting, hybridization and washing were carried out as
recommended by the manufacturer’s directions. RNA tran-
scripts of known size were used as markers to confirm the size
of the hybridized species.

Cell culture

HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% (v/v) fetal bovine serum
supplemented with 100 pg/ml penicillin and 100 pg/ml strep-
tomycin. For transient transfections, ~4.0 x 10° cells were
seeded onto 6-cm diameter plates 1 day before transfection. All
cells were transfected with purified plasmid DNA mixed with
Superfect (Qiagen Inc.). Forty-eight hours after transfection,
cells were harvested and equivalent volumes assayed for luci-
ferase activity as previously described (15). The amount of
luciferase activity was normalized to the [-galactosidase
activity for each sample tested.



Plasmid constructions

The CeABF-1 cDNA was amplified from total RNA using
RT-PCR. Following RT-PCR, the cDNA was blunt-end
ligated into the cloning vector pCRTopoll (Invitrogen). After
the insertion of the cDNA into pCRTopoll, the CeABF-1
cDNA was excised from the plasmid by cutting the DNA with
the restriction enzymes EcoRI and Sall. The full-length
CeABF-1 cDNA was inserted into the eukaryotic expression
vector pPCMV-TAG2B (Stratagene) to create pPCMV-CeABF-FL.
For the construction of the N- and C-terminal CeABF-1
proteins, the following strategy was used. To create the
N-terminal portion of CeABF-1, pPCMV-CeABF-FL was line-
arized with Xmnl and the DNA ends filled using the Klenow
fragment. A 219 bp insert, which encodes the N-terminal 73
amino acids, was released by an EcoRI digestion, gel purified
and inserted into the eukaryotic expression vector pCMV-
TAGA4B (Stratagene) and dubbed pCMV-CeABF-N,;. For the
creation of the C-terminal portion of CeABF-1, the pCMV-
CeABF-FL vector was digested with EcoRYV followed by Sall
digestion. The 291 bp cDNA fragment was inserted into
pCMV-TAG2B to create pCMV-CeABF-C,,. This piece of
DNA encodes the C-terminal 97 amino acids; this region
contains the bHLH domain. For the construction of the
CeABF-1 SK to asparagine-glutamic acid (NE) mutant, site-
directed mutagenesis was performed using overlapping PCR as
previously described (17). The two internal primers used for
the introduction of the mutation were designated CeABF-F2
SK-NE and CeABF-R2 SK-NE and contained the nucleic acid
sequences 5’-ctt aac gaa atg ttt gat caa ttg aga gtc tge-3” and
5’-tct caa ttg atc aaa cat ttc gtt aag ttg ttg aac tct att-3’, respec-
tively. Following the introduction of the mutation, the cDNA
was inserted into pPCMV-TAG2B to create pPCMV-CeABF
SK-NE.

Gel-shift assays

For gel-shift assays, 2 pl of rabbit reticulocyte lysate
programmed with RNA was incubated on ice for 15 min in
binding buffer consisting of 10 mM Tris pH 7.5, 75 mM NaCl,
1-5 pg poly[d(I-C)], 6% (v/v) glycerol and 10 pug bovine
serum albumen (fraction V) before addition of the radiolabeled
probe (100 000 c.p.m./reaction; ~2 ng). Binding reactions were
carried out in a final volume of 15 pl for 15 min and electro-
phoresed at room temperature on 6% non-denaturing polyacr-
ylamide gels containing 0.25x Tris—borate-EDTA (TBE) pH
8.5, at 13 V/cm for 1.5 h. For antibody-binding experiments,
1 ul of an anti-E2A polyclonal antiserum or 1 pl of anti-FLAG
monoclonal antibody (0.36 mg/ml; Sigma, St Louis, MO) was
used. Sense and antisense oligonucleotides were annealed and
used as blunt-ended, double-stranded DNA molecules. The
sequence of the probe used in electrophoretic mobility shift
assay (EMSA) is listed as follows: LE5 element, 5-GGCCA-
GAACACCTGCAGACG-3'.

In vitro transcription and translation

pCMV-CeABF-FL, pAR5/2 (E47), pCMV-ABF-FL and
pCMV-CeABF SK-NE were added separately or in different
combinations to the coupled TNT rabbit reticulocyte lysate
system and transcribed with either T3 or T7 RNA polymerase
followed by translation (Promega).
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RESULTS
Cloning the CeABF-1 gene

In order to identify gene products showing similarities to verte-
brate ABF-1, we searched the C.elegans genome database.
After computer analysis, one candidate showed strong
homology to vertebrate ABF-1 within the bHLH domain as
well as a portion of the N-terminus. To determine whether the
identified DNA segment represented a bona fide gene in
C.elegans, we performed RT-PCR analysis. Total RNA was
isolated from C.elegans and used to generate first-strand
cDNA. Using the putative gene sequence found in the
C.elegans genome database, we designed two primers corre-
sponding to pieces of the hypothetical gene and performed
RT-PCR analysis. Following RT-PCR analysis, a single
amplified DNA product corresponding to ~500 bp was
observed by agarose gel electrophoresis. The PCR product was
subsequently cloned and sequenced, revealing substantial
homology within the bHLH domain of human ABF-1 and its
mouse homolog MUSCULIN (Fig. 1B). Based upon the struc-
tural similarities, we have named the protein product CeABF-
1. Across the bHLH domain, CeABF-1 has a stretch of 23 out
of 44 matches, or 52% identities, to human ABF-1. Outside the
bHLH domain, there is also a second region sharing homology
with the vertebrate ABF-1. In the N-terminus, there is a stretch
of 6 out of 14 identities, or 43% similarity (Fig. 2). The func-
tional significance of this region remains to be elucidated.
Conceptual translation of the open reading frame of the
apparent full-length cDNA results in a 170 amino acid protein
of M, 19 584 and pl = 5.62. There are a few other notable
protein sequence domains within CeABF-1. One is a glutamic-
and lysine-rich region in the C-terminus, whereas a second is a
glutamine-rich region in the N-terminus. Analysis of the
protein sequence using the computer program ScanProsite
revealed potential phosphorylation sites for serine/threonine
protein kinases cAMP, PKC and CK2.

CeABF-1 gene structure and transcript size

The CeABF-1 gene maps to the cosmid ZK682, which is
located between the cloned genes mod-1 and her-1 on chromo-
some 5. A number of genes have been mapped to this region
(Fig. 1A). A comparison of the C.elegans genome database
with the CeABF-1 cDNA reveals an ~1250 bp transcription unit
composed of three conventional exons and two introns (Fig. 3).
The intron splice donor and acceptor sites conformed to the
typical C.elegans consensus sequences (18). In addition, there
is a potential trans-splicing acceptor site located at position
373 (-25 relative to the initiator methionine) (19). The intron/
exon structure of CeABF-1 shows little similarity to the human
ABF-1 gene sequenced previously (15). Upstream of the puta-
tive initiator methionine of CeABF-1 there is a potential TATA
box beginning at nucleotide position 19 (=372 relative to the
initiator methionine). At the 3’-end of the gene there is a poten-
tial polyadenylation signal sequence (TATAAA) located
downstream of the translational termination codon (Fig. 3).
We have used the CeABF-1 cDNA to make a probe to
examine the expression by northern blot analysis. Total RNA
was isolated from nematodes representing all stages of develop-
ment, including embryos, larvae and adults. In northern analysis
the probe hybridized weakly to an ~1200 base, poly(A)*
message (Fig. 4). This size is consistent with the cDNA length
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Figure 1. The CeABF-1 gene. (A) Genomic map position of the CeABF-1 gene. (B) A comparison of the bHLH domains of the ABF-1 regulatory genes shows
conservation within the dimerization motif. The bHLH domain of C.elegans ABF-1 is compared with the human and mouse homologs. The human ABF-1 has
been used as the canonical sequence. A colon indicates amino acid identities whereas the dash indicates the introduction of a gap into the sequence to maximize
amino acid alignment; differences are indicated. Sources for protein sequences are as follows: for human ABF-1 (7) and for mouse MUSCULIN/MyoR (9,10).
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Figure 2. For comparison, the human ABF-1 protein has been aligned with the C.elegans homolog, CeABF-1. The asterisk indicates identical amino acids; the
colon symbol represents amino acids with similar side-chain properties; the single dot represents weaker side-chain similiarities relative to amino acids with a colon
symbol. The dashes indicate the introduction of gaps into the sequence to maximize amino acid alignment.

plus a poly(A) tail, assuming the putative promoter and poten-
tial polyadenylation signal sequence are utilized and no trans-
splicing occurs (Fig. 3).

Developmental expression profile of CeABF-1

To determine the expression pattern of CeABF-1 in C.elegans
during development, we performed RT-PCR analysis. Total
RNA was isolated from the four stages (commonly referred to
as larval stages) L1-L4 as well as from the adult nematodes
(includes hermaphrodites and males). Equivalent amounts of
total RNA were reverse transcribed from each stage to generate
first-strand cDNA followed by the amplification of the cDNA
encoding CeABF-1 by PCR. Following RT-PCR, the amplified
products were analyzed and confirmed by Southern blot
analysis using a CeABF-1-specific probe. The CeABF-1
expression profile was found to be the strongest in the larval
stages L3 and L4 (Fig. 5). In addition, relative to the L3 and L4
stages, the L2 larval stage and adult showed moderately lower
levels of CeABF-1 expression. Essentially no CeABF-1 was
detected in the L1 larval stage (Fig. 5). To control for the

quality of the RT reaction, the CeE gene, which represents the
C.elegans homolog of the mammalian gene E2A, was
amplified with CeE gene-specific primers using the same RT
reaction as CeABF-1. Following RT-PCR analysis, the CeE
cDNA products were verified by Southern blot analysis using
a CeE radiolabeled probe. All developmental stages showed
similar levels of amplified CeE (Fig. 5). The detection of CeE
at all developmental stages has been reported previously (20).
Taken together, the data suggest CeABF-1 is most highly
expressed in the L3 and L4 larval stages.

CeABF-1 has the ability to bind as a heterodimer to DNA

To investigate the capability for heterodimerization by
CeABF-1 and E47, we assayed protein interactions by gel-shift
assays using a canonical E-box binding site (CAGGTG). The
cDNAs encoding CeABF-1, human ABF-1 and E47 were tran-
scribed and translated in vitro and analyzed by SDS-poly-
acrylamide gel electrophoresis (PAGE). Each of the gene
products was translated efficiently (data not shown).
Subsequently, the in vitro-translated proteins were incubated
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1 CTCCCTGCAACGTTTGAATATTAATATGTGAAACATAAGTAGACCATAAAATTCAAAGGT 60
61 AAACATTTTTAATAGACGACTTCGAGAAAAGTGGCAAAAACTGGGTAATAAACACTTTTT 120
121 GACTGTAAATAAAAAGTTATCAAAAAAATAATGAAAAGATTCACTACGACATTCTATCAT 180
181 TTTGTCATAATGTAATTGTGTTTCAACAATTTCTCCACTGTCGCTACTCCTTTTGAATTC 240
241 TAAATCTTTAATATTGATGATGTGCTTCTGAAAACAAAAAAACCAAAAAAAGACGTTTAA 300
301 AAAGAAAACTGCTAGACAAAAAAAAGATGTAGATGTCAAACCATGAAATAAGATACCAAC 360
361 TCCTTTTTTTAGAGAACTGTCCGATGAGCAGCAGATCATGCAAGTGATGGAATCATGTGG 420
M Q V M E S C G
421 CATGTTTTTACAACAGAACCTTTTTGCTTGGTTTCTTCAGTCCATGCTTGAAGCATCTGC 480
M F L Q Q N L F A W F L Q S M L E A S A
481 ATCTCAACCTCAATTAACACAAGATGAGCCACCAGAAAATGATACAAAGGAAAATGACCT 540
S Q¢ P Q L T Q DE&PUPZENTDTIEKEND L
541 CGTTAAGCAAAACAAATCAGAAGTTAATGACGAAAATGAGTCTACTCCAAGTCCAACTCA 600
V K Q N K §$ E VvV N D E N E S T P S P T Q
601 AAATAGCAGGCGAAGAACTTCCACTGGGAAGATTGATAGAAGAATGGTCGGAAAAATGTG 660
N S RRRT S TG XK I DRURMMV G K MC
661 TACGAGAAGgtgagttcataaaatttataaaatttgagacaattttccattgttttaaac 720
T R R
721 agtttcagATATGAAGCCAATGCAAGAGAAAGAAATAGAGTTCAACAACTTTCAAAAATG 780
Y E A N A R E R NUR YV Q Q L S K M
781 TTTGATCAATTGAGAGTCTGCCTTCCAATAGAGGATGACGCAAAAATATCAAAGTTGGCT 840
F D Q L R VvV ¢C L P I E D D A K I S K L A
841 ACGTTGAAGGTatactgaaagttttaagaaaaatactttcatggtcaattaaaatttgtc 900
T L K V
901 ttcgatttgtaaaaaaaaaagattgagacaaaagccaaaaaacgggaaggtgggaaacca 960
961 cagaaatatttgtaaaacgcataattttcccttctaaaaattgcatttttaggtTGCAAG 1020
A S
1021 TTCTTACATTGGATATCTCGGAGCTATTTTACAAGAAAACTCAAACGACGAAGAAGAATT 1080
s ¥y I 6 ¥ L G A I L Q E N S N D E E E F
1081 TAAAAAACAACTTCAAGTCGAATTGGAATGTGCAAAAACGTTACGAAAGTAAAAGTACAC 1140
K K Q L Q V E L E C A K T L R K *
1141 AATACTCTGTTGAATATTTCCAACCCTGTTCTCATTCTACTTGATCTCTGTGATTAACAA 1200
1201 AAACCGTATTGTTGTTTCCAGCTTTTCGGTTTATAATTGTTTGATGTCATCGTTTTACCA 1260
1261 TTTCCGATGAACTTTTTTTTTATTATAAATTCTTGTTATTGAATTTAAATAAAAATTGAA 1320

Figure 3. The DNA sequence and flanking regions of the CeABF-1 gene. The genomic sequence is shown with the amino acid sequence of the encoded protein
printed below the line using the one-letter code notation. The column of numbers to the left and right of each line sequence indicates the nucleotide positions. The
putative initiator methionine begins at nucleotide position 399 and the termination codon begins at nucleotide position 1130. Lower case lettering and boldface type
indicate the 3" acceptor sites as well as the 5” donor sites. A potential TATA box is underlined at the 5’-end of the gene (bold line) with boldface type, as well as the
potential polyadenylation signal sequence at the 3’-end of the gene. The longest open reading frame encodes a protein 170 amino acids in length. The conceptual
translation product predicts a 19.6 kDa protein with an estimated pI = 5.62. In addition to the bHLH motif (boldface single letter notation) there is a putative nuclear
localization signal (dashed underline) and potential trans-splicing acceptor site (underlined AG at position —25 relative to translational initiation site).

with a 3?P-labeled WPE5-containing oligonucleotide probe
derived from the IgH intronic enhancer and analyzed by
EMSA. The UES site is closely related to the NdE boxes found
within the egl-15 promoter, a gene product that encodes a
member of the Fibroblast Growth Factor receptor family that is
required for the proper migration of the sex myoblasts in the
nematode (21). As expected, E47 was capable of binding to the
UES site as a homodimer (Fig. 6). In addition, when E47 and
human ABF-1 were cotranslated, E47 was capable of forming
heterodimers with human ABF-1 as reported previously (7).
This complex was eliminated by the addition of both anti-
FLAG or anti-E47 antibodies, confirming the shifted complex
contained both human ABF-1 and E47 molecules (Fig. 6). To
examine whether CeABF-1 could bind DNA as a homodimer,
in vitro produced CeABF-1 was combined with the probe. The
CeABF-1 homodimer failed to bind the target site, whereas
when CeABF-1 and E47 were cotranslated heterodimer

formation was observed (Fig. 6). The inability of CeABF-1 to
bind the E-box sequence as a homodimer is consistent with
the binding properties of human ABF-1 to the UES box (7).
Interestingly, relative to the human ABF-1-E47 heterodimer,
the CeABF-1-E47 heterodimer displayed a different migration
profile, perhaps reflecting the slight difference in size between
human ABF-1 and CeABF-1 or a different heterodimeric
protein-complex conformation. These results suggest that the
nematode bHLH protein CeABF-1 retains similar dimerization
properties as human ABF-1 and is capable of binding target
sites containing the consensus E-box sequence.

CeABF-1 is a transcriptional repressor

Previous experiments have demonstrated that human ABF-1
and E47 form heterodimers in vivo. This heterodimer functions
as a transcriptional repressor, presumably by blocking E2A
homodimer formation or blocking the binding of the E2A
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Figure 4. Northern blot analysis detects CeABF-1 expression. The expression
pattern of CeABF-1 in nematodes was analyzed from pooled organisms found
at the embryo, larval and adult stages. Ten micrograms of total RNA was iso-
lated and analyzed by northern blot analysis. As a control for size markers,
HeLa cells were transfected with an inducible cloning vector carrying full-
length human ABF-1. HeLa cells were either induced with tetracycline (+) or
not induced (-). Total RNA was prepared from the HeLa cells and examined by
northern blot analysis on the same gel. Following hybridization with either the
human ABF-1 probe or CeABF-1 probe, the membranes were aligned and the
human transcript used as size markers. The asterisk designates the detected
CeABF-1 transcript.
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Figure 5. CeABF-1 is expressed during different stages of C.elegans develop-
ment. The expression pattern of CeABF-1 in nematodes was analyzed from lar-
val stages L1-L4, adult and a mixed population (includes all stages) of
nematodes. 300 ng of total RNA was reversed transcribed using Sensiscript™
reverse transcriptase to generate first-strand cDNA. Following first-strand
cDNA production, gene-specific primers corresponding to either CeABF-1 or
CeE were used to amplify expressed gene products. After PCR, the amplified
products were verified using Southern blot analysis with radiolabeled probes
specific for the CeABF-1 or CeE cDNAs.

homodimer to target sites (7). To determine whether CeABF-1
could also function as a transcriptional repressor, we tran-
siently cotransfected Hela cells with expression vectors
capable of producing CeABF-1 and E47, the equivalent of the
nematode homolog CeE, along with a reporter vector carrying
the firefly luciferase gene driven by a multimerized E-box
binding site with a minimal promoter. As a control, HeLa cells
were transfected with the eukaryotic expression vector
encoding E47 along with the reporter vector. Expression of
E47 readily activated the reporter gene (Fig. 7). Consistent
with previous reports, when human ABF-1 was expressed in the
presence of E47, it repressed E2A-mediated gene activation of
the E-box-driven promoter (7,22). In addition, when CeABF-1
was expressed in the presence of E47, similar to human ABF-1,
E2A-mediated gene activation was reduced, demonstrating
that the nematode homolog also functions as a transcriptional
repressor (Fig. 7). In all experiments performed, CeABF-1 was

EA7 + ABF-1 + aFLAG

) E47cE47
rabbit retic, + nE47

E47 + ABF-1 (co)

CeABF-1

’ EAT + aFAT

E47
E47 + ABF-1
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] E47 + CeABF-1 + uE47
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E4T-ABF —
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Figure 6. CeABF-1 binds as a heterodimer to an E-box in vitro. EMSA analysis of
human ABF-1 and CeABF-1 heterodimeric complexes formed on the UES
probe. Lines indicate the position of E47-ABF-1 and E47-CeABF-1
heterodimers. The symbol (co) indicates the proteins E2A and ABF-1 or
CeABF-1 were cotranslated. Addition of an antibody specific to E47 or the
FLAG-tagged ABF-1 is indicated by the labeling 0E47 and oFLAG, respec-
tively.

not capable of activating the reporter gene alone, suggesting
that alone CeABF-1 lacks transcriptional activation potential.
Because the gel-shift data failed to detect either human ABF-1
or CeABF-1 bound to the E-box site as a homodimer, these
data are consistent with conventional class II bHLH proteins
and their general inability to homodimerize and active gene
transcription.

To address the issue of how CeABF-1 might inhibit E47-
mediated transcriptional activation, we created two different
truncations of CeABF-1. The C-terminal deletion of CeABF-1
(CeABF-1 N-73), which lacks the bHLH domain, surprisingly
repressed the activity of the reporter gene by blocking the
activity of E47. This result is consistent with a weak repression
domain mapping to the N-terminus of human ABF-1 (22). In
addition, the N-terminal deletion of CeABEF-1 (CeABF-1 C-97),
which contained the bHLH domain, also repressed the activity
of the reporter gene by attenuating E47 transactivation. These
repression activities were specific and required the presence of
E47 proteins (data not shown). In the absence of E47, the
CeABF-1 deletion mutants failed to activate the reporter gene
alone (Fig. 7). Previous studies with the human ABF-1 protein
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Figure 7. CeABF-1 functions as a transcriptional repressor in mammalian
cells similar to human ABF-1. HeLa S3 cells were transiently transfected with
1 ug of (LES-UE3-uE2),-Luc reporter plasmid and different combinations of
either the E47 expression vector (0.5 pug) with expression vector FLAG-human
ABF-1, FLAG-CeABF-1, CeABF-1 N-73 or CeABF-1 C-97 (0.25 pg).
Twenty-five microliters of Superfect reagent was used for each transfection.
Equal amounts of protein extract were assayed for firefly luciferase activity.
Experiments were performed in triplicates and run at least three independent
times. Luciferase activity was normalized to B-galactosidase levels as a control
for transfection efficiency.

have shown that the C-terminus, which contains the bHLH
domain, is capable of repressing E47 activity. The ability of the
C-terminus of CeABF-1 to inhibit E2A transcription is
consistent with the human ABF-1 protein and its reported tran-
scriptional properties.

Conserved amino acid pair within the HLH domain of
CeABF-1 contributes to the repression of E47-mediated
gene transcription

Because a large portion of the repressing activity of the
CeABF-1 polypeptide maps to the region corresponding to the
C-terminal bHLH domain, and a similar repressing activity has
been observed in the bHLH domain of mouse MyoR/MUSCULIN
and human homolog ABF-1 (7,10,22), we analyzed the bHLH
domain of the human ABF-1, mouse MyoR and nematode
CeABF-1 polypeptides for sequence similarities responsible
for the repressing activity. Interestingly, following the comparison
of the amino acid sequences, we identified two conserved
amino acids, SK, within helix one of the bHLH domain (Fig. 8).
Because these two conserved amino acids are absent in nearly
all other bHLH family members, we investigated the biological
relevance of the SK residues and their participation in
repressing E2A-mediated gene activation. To address the
biological function of the SK residues, we performed site-
directed mutagenesis to change the residues from SK to NE.
The mutation of the SK residues to NE was selected because
many other class II bHLH family members often contain NE at
this position and are not transcriptional repressors, e.g. MyoD.
Following the introduction of the mutation within the CeABF-1
cDNA by overlapping PCR, the gene segment was inserted
into the mammalian expression vector pPCMV-TAG2B. After
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confirmation of the mutation by DNA sequencing, transient
transfection assays were performed. The expression vector
encoding the mutant form of CeABF-1, designated CeABF-1
SK-NE, was transfected into HeLa cells along with the reporter
vector carrying the firefly luciferase gene driven by four copies
of the HWES-UE3-puE2 E-box elements derived from the IgH
gene enhancer. The expression vector encoding the mutant
CeABF-1 SK-NE, in the absence of the plasmid encoding E47,
failed to transactivate the LUC reporter gene (Fig. 9). Similar
results were obtained when the expression vector encoding the
wild-type CeABF-1 was introduced (Fig. 9). As expected, when
the E47 expression vector was transfected into HeLa cells
along with the reporter gene construct, strong transactivation
of the reporter vector resulted (Fig. 9). When the wild-type
CeABF-1 and E47 expression plasmids were cotransfected
along with the LUC reporter plasmid, a dramatic inhibition of
E47-mediated transactivation was observed, reaffirming the
function of CeABF-1 as a transcriptional repressor (Fig. 9). To
address the functional significance of the SK amino acids
within helix 1 of CeABF-1, the expression plasmids encoding
CeABF-1 SK-NE and E47 were cotransfected along with the
LUC reporter vector, and the transcriptional activity measured.
The mutant CeABF-1 SK-NE was still capable of repressing
E47-mediated gene activation; however, when compared with
the wild-type CeABF-1, the mutant repressed E2A somewhat
less efficiently (Fig. 9). These results indicate the SK residues
found within helix 1 of the wild-type CeABF-1 may contribute to
the inhibition of E47 transactivation, although other residues
contribute significantly to repression of E2A activity as well.

To assess whether the mutant CeABF-1 SK-NE could still
dimerize with E47 and bind DNA, we performed an EMSA
using the WES-box site as a probe. Each of the gene products
was translated efficiently (data not shown). Subsequently, the
in vitro-translated proteins were incubated with a 32P-labeled
UES-containing an oligonucleotide probe from the IgH intronic
enhancer and analyzed by EMSA. As expected, E47 was
capable of binding to the UES site as a homodimer (Fig. 10,
lane 1). When CeABF-1 and the mutant CeABF-1 SK-NE
were incubated individually with the E-box-containing binding
site, no DNA binding was observed (Fig. 10, lanes 2 and 3).
When CeABF-1 was cotranslated with E47, a complex of
intermediate mobility was formed (Fig. 10, lane 4). This
complex represents the heterodimer composed of CeABF-1
and E47. To test whether the introduction of the SK to NE
mutation affected DNA-binding activity, CeABF-1 SK-NE
was cotranslated with E47 and incubated with the radiolabeled
UES probe. CeABF-1 SK-NE dimerized with E47 and bound
DNA as a heterodimer (Fig. 10, lane 5). Interestingly, a subtle
difference in the migration profile of the CeABF-1 SK-NE-
E47 heterodimer was observed relative to the wild-type Ce ABF-
1-EA7 heterodimer. This may represent a different conforma-
tion of the CeABF-1 SK-NE-E47 dimer as compared with the
CeABF-1-E47 heterodimer. Taken together, the data suggest
the mutant CeABF-1 SK-NE can still dimerize with E47 and
bind DNA.

DISCUSSION

Recent analysis of open reading frames present in the
C.elegans genome has revealed 24 putative HLH proteins.
Although 24 putative HLH proteins have been predicted, only



4430 Nucleic Acids Research, 2001, Vol. 29, No. 21

BASIC

HELIX 1 HELIX 2

iy

CeABF-1
ABF-1

myoR
capsulin
Hand?2
Thingl
twist-frog
paraxis

Tal-1
Lyl-1
NeuroD
myoD-mouse

SR RO P DTQHRO 0T W

consensus R A NARER R

N AF IP

* %

—————— RYEANARERNRVQQLSKMFDQL-RVCLPIEDDA-KISKLATLKVASSYIGY
————— QRNAANARERARMRVLSKAFSRL-KTSLPWVPPDTKLSKLDTLRLASSYIAH
77777 QRNAANARERARMRVLSKAFSRL-KTSLPWVPPDTKLSKLDTLRLASSYIAH
————— ORNAANARERARMRVLSKAFSRL-KTTLPWVPPDTKLSKLDTLRLASSYTAH
77777 RRGTANRKERRRTQSINSAFAEL-RECIPNVPADTKLSKIKTLRLATSYIAY
77777 RKGSGPKKERRRTESINSAFAEL-RECIPNVPADTKLSKIKTLRLATSYIAY
————— QRVMANVRERQRTQSLNEAFSSL-RKITPTLPSD-KLSKIQTLKLASRYIDF
————— QROAANARERDRTQSVNTAFTAL-RTLIPTEPVDRKLSKIETLRLASSYIAH
P48 EAELQOLRQAANVRERRRMOSINDAFEGL-RSHIPTLPYEKRLSKVDTLRLAIGY INF
DGPHTKVVRRIFTNSRERWRQONVNGAFAEL-RKLIPTHPPDKKLSKNETILRLAMKY INF
GHQPOKVARRVFTNSRERWRQQHVNGAFAEL-RKLLPTHPPDRKLSKNEVLRLAMKY IGF
—----LRRMKANARERNRMHGLNAALDNL-RKVVPCYSKTQKLSKIETLRLAKNYIWA
————— RRKAATMRERRRLSKVNEAFETL-KRCTSSNPNQ-RLPKVEILRNAIRYIEG

P D KLSK ETLRLA YI

Figure 8. Sequence alignment of bHLH domain of CeABF-1 with the class II family of bHLH proteins. Multiple sequence alignment of the bHLH region of
nematode ABF-1 (a.) with the most related class Il bHLH proteins as determined by the Clustal algorithm. Interestingly, CeABF-1, human ABF-1 (7), MyoR (10)
and CAPSULIN (11), all contain the two conserved amino acids, SK, near the more N-terminal side (see asterisks).
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Figure 9. SK residues found within the first helix of the bHLH domain of
CeABF-1 help mediate repression of E47 activity. HeLa S3 cells were
transiently transfected with 1 pg of (WE5-UE3-uE2),-Luc reporter vector and
different combinations of the E47 expression vector (0.5 ng), FLAG-CeABF-1,
and FLAG-CeABF-1 SK-NE expression plasmids (0.25 pg). Twenty-five
microliters of Superfect reagent was used for each transfection and equal
amounts of protein extract were assayed for firefly luciferase activity. Experi-
ments were performed in triplicate and represent the means of two independent
assays. Luciferase activity was normalized to [-galactosidase levels as a
control for transfection efficiency. The mean of the firefly luciferase value for
E47 + CeABF-1 was 60 248 light units and E47 + CeABF-1 SK-NE was
198 818 light units.

about five different bHLH gene products have been investi-
gated thoroughly, including the homologs for MyoD (HLH-1/
CeMyoD), NeuroD/BETA-2 (END-1), E2A (HLH-2/CeE
protein), MYC and TWIST (HLH-8/CeTwist). Many of the 24
putative HLH proteins have yet to be confirmed as bona fide
gene products. To determine whether C.elegans contained a
gene closely related to the human ABF-1 gene, we searched the
C.elegans genome database for potential candidates containing
similarities to human ABF-1. The search identified several

bHLH gene products, including LIN-32, achaete-scute (HLH-3)
and CeTwist (HLH-8) that showed homology to human ABF-1
within the bHLH domain. In particular, the highest degree of
homology was observed for a predicted gene encoding a
polypeptide containing 52% identities within the bHLH
domain. Closer analysis of the entire predicted product
revealed 51% (87/170) similarity over the entire length of the
protein relative to human ABF-1.

In these studies, we have cloned a novel gene from the
nematode C.elegans. Because this gene product is closely
related to the vertebrate ABF-1 gene product and has similar
transcriptional properties and dimerization partners, we have
dubbed the gene CeABF-1. The CeABF-1 gene contains three
exons and two introns. The splice junctions follow normal GT/AG
5’ donor and 3’ acceptor rules (Fig. 3). In vitro transcription
and translation of CeABF-I produced two different protein
products similar in size, presumably reflecting alternative
translational initiation (unpublished results). The predicted
size of the CeABF-1 polypeptide correlates closely to the
reported sizes of human and mouse ABF-1, which contain 218
and 201 amino acids, respectively (7,9). The conservation
between vertebrate and invertebrate ABF-1 is observed within
the C-terminal bHLH domain and a second region residing in
the N-terminus. The bHLH domain contains 23 out of 44 iden-
tities, or 52% identities whereas the N-terminal region shows
six out of 14 identities, or 43% conservation between the
nematode and human (Fig. 2). Compared with all other vertebrate
gene products, CeABF-1 shows the highest number of identi-
ties to human ABF-1. Interestingly, one other vertebrate gene
product that shows relatively strong homology to CeABF-1 is
CAPSULIN/POD-1/EPICARDIN; however, this homology is
exclusively restricted to the bHLH domain and has no obvious
similarities outside this region (23,24). Mice homozygous for
the capsulin null mutation fail to form a spleen, demonstrating
the importance of this bHLH factor as a key regulator of spleen
organogenesis (25). Functionally, CAPSULIN appears to have
different transcriptional properties relative to CeABF-1.
CAPSULIN has been reported to bind E-box binding sites and
activate a reporter gene driven by minimal promoter (24).
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Figure 10. CeABF-1 SK-NE binds DNA as a heterodimer with E47. EMSA
analysis of E47-CeABF-1 and E47-CeABF-1 SK-NE heterodimeric
complexes formed on the UES radiolabeled probe. Lines indicate the position
of E47—CeABF1 and E47-CeABF1 SK-NE heterodimers. Addition of an anti-
body specific to E47 is indicated by the labeling 0lE47.

These results seem to indicate that CAPSULIN can function as
a transcriptional activator.

Studies of nematode or fly bHLH proteins in vertebrates
have provided significant functional data. The evolutionary
conservation of the bHLH domain in CeMyoD has been
reported to be sufficient to drive myogenesis in mouse embryonic
cells transfected with viral constructs capable of producing
invertebrate MyoD, whereas NAUTILUS, the Drosophila
homolog of MyoD, is unable to initiate myogenesis in mouse
cells (26). These studies have been important for revealing
conserved pathways in biological systems used by nematodes
and humans. Aside from these studies, limited information has
been reported regarding regulatory domains of invertebrate
HLH proteins and their relationship to vertebrate homologs. In
these studies, we have shown that CeABF-1 can function as a
transcriptional repressor, similar to human ABF-1 and the
mouse ortholog MUSCULIN/MyoR. Our gel-shift studies
suggest at least two possible mechanisms whereby CeABF-1
can block E-box-mediated gene expression which include (i)
the formation of CeABF-1/E protein heterodimers that bind
target sites but fail to activate gene transcription, and (ii) the
formation of non-DNA-binding heterodimeric complexes
between CeABF-1 and E proteins.
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The relationship between the CeABF-1-E47 heterodimeric
species detected by gel-shift assays and the strong repression
of E2A activity observed in the transient transfection assays is
intriguing. If DNA binding of the CeABF-1-E47 heterodimer
is solely responsible for decreasing E2A-mediated gene
activation, one might expect to detect more shifted CeABF-1-E47
heterodimer on EMSA. However, our gel-retardation studies
show only a minimal amount of shifted heterodimeric species
bound to the E-box. Perhaps one explanation for the weak
binding could be that our gel-shift conditions are not optimal
for binding the CeABF-1-E47 heterodimer and/or the proteins
require some type of post-translational modification for
optimal binding. Alternatively, perhaps CeABF-1 functions as
a potent transcriptional repressor of E47 via the formation non-
DNA-binding heterodimers. Only a few class Il bHLH proteins
have been reported to function as negative regulators of E47
activity. These class II bHLH factors include human ABF-1,
mouse MUSCULIN, and now, the nematode protein CeABF-1.
Interestingly, all these factors require the presence of the
bHLH domain for optimal repressing activity. Following the
inspection of the bHLH region of these factors, we discovered
the presence of two conserved amino acids, SK, within helix
one of the bHLH domain (Fig. 8). In order to investigate the
role of these residues on repressing E2A activity, we used site-
directed mutagenesis to alter the SK residues to NE and tested
their function by transient transfections. Our experiments
suggest that these two residues within helix 1 of CeABF-1
contribute, in part, to CeABF-1’s ability to repress the activity of
E47. However, the significant repressing activity that remains in
the presence of the SK to NE mutation suggests that other
regions within the bHLH domain are also critical for transcriptional
repression. As assayed by gel-shift analysis, the CeABF-1
mutant could still efficiently dimerize with E47, resulting in a
diminished E47 homodimer formation relative to the DNA-
binding activity observed with E47 alone (Fig. 10, compare
lanes 1 and 5). In addition, the CeABF-1 SK-NE mutant was
still observed to bind DNA as a heterodimer with E47 (Fig. 10,
lane 5). The slight difference in the migration profile between
the CeABF-1-E47 and CeABF-1 SK-NE-E47 heterodimers as
observed by EMSA most likely reflects a different conforma-
tional state of the heterodimers bound to DNA—as gel-shift
assays are capable of detecting subtle differences in protein
conformation (Fig. 10, compare lanes 4 and 5). The difference
in the ability of the mutant CeABF-1 to function as efficiently
as a repressor of E47 activity relative to the wild-type CeABF-1
could possibly be explained by one or both of the following:
(i) the SK residues function to allow optimal dimerization of
CeABF-1 with E47 or (ii) the SK residues help contribute to
the neutralization of the transactivation domain of E47
following dimerization. Our gel-shift assay data are consistent
with both of these models as possibilities. The question arises
whether there are other examples of critical amino acid resi-
dues within the bHLH domain that are functionally important
in regulating gene transcription. Interestingly, for class II
bHLH proteins that serve as transcriptional activators, the
importance of two conserved amino acids within the bHLH
domain, alanine-threonine, has already been clearly demon-
strated for the myogenic bHLH proteins and muscle-specific
gene activation (27).

The reported expression patterns for human and mouse
musculin have provided some insight to gene function. Human
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ABF-1 has been detected in tumor B-cell lines, primary
lymphoid tissue and the aorta (7). In mice, mouse musculin has
been detected in embryonic skeletal muscle and the spleen (9).
To date, disruption of the musculin gene in mice has not been
reported. The lack of a characterized immune system in the
nematode would seem to suggest human ABF-1 has evolved,
perhaps, multiple biological roles in vertebrates. The most
likely interacting partner in C.elegans for CeABF-1 is CeE
(HLH-2), the worm ortholog of the human E2A gene products,
E12 and E47. Although no null mutations have been identified
in hlh-2, the expression pattern has been localized to neurons
and non-striated muscle (20). Presumably, CeE proteins
heterodimerize with a variety of different bHLH proteins
during development, which include the C.elegans ACHAETE-
SCUTE-like factors HLH-3, -4, -6 and -8 (12,20,28). Our data
supports a developmental expression profile of CeABF-1 in the
L3 and L4 larval stages. The expression profile of CeABF-1 in
the late larval stages L3 and L4 may be suggestive of a role in
sexual maturation, a process that occurs late in development.
Future studies involving the formation of transgenic animals
for expression studies should provide important clues
regarding the function of the CeABF-1 gene in C.elegans and
better define its functional relationship to human ABF-1.
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