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We cloned two rat cDNAs of brain basic helix—loop—helix factor 1 (BHF1). These have an identical coding
region, contain 357 amino acids and exhibit 94.6% identity to MATH-2/NEX1 in the basic helix-loop—helix
region. BHFImRNAs are dominantly expressed in the brain, particularly in the cerebellum, in the adult bovine,
rat and mouse. Two shorter BHFIMRNASs (1.6 kb and 1.8 kb) were also detected in the mouse embryo, and thes
decreased in the developmental process. These results suggest that BHF1 may play important roles in cerebe
lum-specific functions and development of neurone 1996 Academic Press, Inc.

Basic helix—loop—helix (bHLH) proteins work as transcriptional factors to regulate myogene
and neurogenesis. In muscle development, a family of myogenic regulatory factors with the bt
domain, MyoD1, Myogenin, Myf-5, and MRF4 is involved both in myogenic determination and
myogenic differentiation. Each of these myogenic bHLH proteins is able to convert cells deri
from all three embryonic layers to the myogenic lineage, and some members directly activate
transcription of muscle-specific genes (1,2). In neurogenesis, bHLH factors play an essential
in the early stages of neural developmentDirosophila. The bHLH factors are encoded by the
proneural genesichaete-scuteomplex andlaughterless(3,4). In mammals, some homologues of
the bHLH factors oDrosophilawere isolated and were shown to play important roles in neuron
development (2,5). Mashl1, a homologue of Drosophila proneachhete-scuteomplex, was
shown to be essential for the early development of olfactory and autonomic neurons. Howevel
remaining central nervous system was intact in the Mashl knockout mouse and other unkr
bHLH factors are believed to play essential roles in neural development and neural functions

We report herein a rat brain basic helix-loop—helix factor 1 (BHF-1). This gene is dominar
expressed in the brain, particularly cerebellum in different species, from early development tc
adult stage.

MATERIALS AND METHODS

A bovine genomic library was screened under the low stringency condition (the final washing condition: at 60°C, 30
NaCl, 3 mM Nagcitrate) by hybridizationn situ with the 1,214-bp BamHI-EcoRI cDNA fragment of the bovine myosin |
heavy chain (MIHC) as described previously (7). The 207 bp Ddel-Xbal cDNA fragment covering the ATP binding site
MIHC (7) was used with further hybridization analysis.

A rat cerebellum cDNA library (8) was screened by hybridizafiositu with the 3.8 kb Hind Ill fragment of the bovine
A71 clone. The identified clones were subcloned in the pBluescript plasmid and sequenced by the dideoxy chain termil
method using Sequenase 2.0 (U.S. Biochemical Corp.) wifiig] pnd f3P] dCTP.

1 The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GeneBank nucleotide seq
database with the following accession numbers: D82074 (p16) and D82075 (p93).

2To whom correspondence should be addressed. Fax: +81-82-505-0490. E-mail: hkawakam@mcai.med.hiros
u.ac.jp

Abbreviations: bHLH, basic helix-loop-helix; BHF1, brain basic helix-loop—helix factor 1; MIHC, myosin | hea\
chain.
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Total RNA was extracted from cell lines and tissues of bovine, rat, and mouse by the method (9). /RiNAAyas
purified with oligo-dT column and oligo-dT Latex. RNA blotting analysis was performed according to the proced
described (9).

RESULTS AND DISCUSSION

We screened a bovine genomic library by hybridization to isolate gene families of MIHC. In t
process, we isolated one clonél. RNA blotting analysis with a 3.9 kbp Hind 1l fragment of the
A71 clone revealed the 2.4 kb and 3.9 kb specific bands and abundant expression in the cereb
and no signal of total RNA in other brain regions or the peripheral tissues. There was only a s
signal of ploy(A)’RNA in the amygdala (Figure 1). This characteristic expression of the gene |
to further analysis, although71 showed a weak hybridization signal, indicating a low possibilit
of belonging to MIHC gene families.

We screened fplaques of a rat cerebellum cDNA library with a 3.9 kbp Hind Ill fragment o
theA71 clone. Two types of cDNA clones, p16 and p93, were isolated and analyzed (Figure 2).
p16 clone had a long open reading frame, with the first ATG considered to be the translation
site. This open reading frame consists of 357 amino acids and its calculated molecular size wa:
kilodaltons. This was assigned as BHF1 (Brain basic helix—loop—helix factor 1), because o
basic helix—loop—helix (bHLH) region as shown later. BHF1 exhibited 94.6% identity to MAT}
2/NEX-1, a mammalian Atonal related factor, in the basic helix—loop—helix region (10,11). BH
showed similarities to other neuronal bHLH factors, MATH-1 (60.7%), Atonal (53.6%), at
MASH-1 (48.2%) in the bHLH region (Figure 3) (5,12,13). BHF1 showed poly-glutamic acid al
aspartic acid (in the region between amino acid residues 58 and 78) with a leucine interruptic
66. This acidic region may be involved in transcriptional activation. BHF1 also showed a bz
region (basic region 1) between the acidic region and the basic region of bHLH. The basic re
1 may interact with the acidic region of BHF1 and be related with the folding of the BHF1 prote
Half of the carboxyl-terminal of BHFL1 is rich in proline (24.7% between amino acid residues 1
and 276). These proline residues may be involved in protein-protein interaction (14). The p93 c
has a long 5untranslated region. This untranslated region starts at nucleotide position 17 of
p16 clone and a long non-coding region (1484bp) was inserted between nucleotides 86 and
the p16 clone. The long open reading frame andirfranslated region of p93 were identical to
those of p16, except for the polyadenylation site. Thei®ranslated region of p93 and p16 hac
four RNA destabilizational signals (ATTTA), and this may suggest BHF1 is regulated by a ra
process. According to these structural analyses, the p93 clone seems to be a read-through pi
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FIG. 1. RNA blotting analysis of bovine tissues. Each lane containsgl®tal RNA from bovine tissues, except for
amygdala, which containsu@) poly(A)"RNA.
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GCGGCACGAGCGCCCACGCAGAAGGCAARCGTGTCCCGAGGCTCCAGGGTT
51 ATGAGATCGTCACTATTCAGAACCTTTTAACAACAG [S TAATTACGATTCCTATTIT I TATTCTCCCGAGRATARAAGCAATAATTGANGA
141 GCTGTACCTIGGTACTTTGCATGTGCACATTCATGGAGTCAGTTGTCCC TATATTTGAGACTGGTGTCCCTCCTTGTAATTGCCCACAAG
231 TACTCGCACATAATGAGTCCCAGCACTCAAGTACCCCC’I’GCAGGCT’I‘TCTAI\’I'I‘I\CI\'I'I"I‘A]\'I'I'ITI‘I\I\TAGTI\TI\GA]\GC'{"{'I'I‘AGAI\T
321 GTTTGGGGAGGGGAGTAACTGTAATTATTIGIAAGCGGTTATTTGARAGTCCC CAAAGCABRACAACCACTTCAAG I TCTCACTIATTCCA
411 GAGAGGCAAAGAGGAAAAAAGCACCTGCTGCCCAGAGTTTTATTTGGTGTACAGATATTTAGAC GCACTGTGCATATGAGATGNITCCAG
501 GAGGATGGGGTACTCGCGTCCGGARAAACTGGCTGANCTCTGAGATG SGCTTAGCGGAAATCTAGAAAGNCGCCCGAGAAAAGGAAGATTTT
591 TCTGCTACCIGTTACTGCCCCAGAGGCAGCCANGTCCTCGGTAGCCTCTGCTGG 3GGCTAGACATTCAATTGTITTACTARAGGCTTTTTA
681 CAGTCCTTATTAGAAGCGGCACCTTCACCATTGCCAGTICGCTGAC! CATTGTAATTACTCCATCTTTTAAAGCGAGGTTTGAGGCGAACTT
771 TGAAAAGCTCCAATARAGAGCGGGCGGCCCTTICAATGGGCCTGTTTATTAGAGAGGAGCCTITTGCAC CTGATCCCCAGCGCGTGGGAGA
861 GCCT CGCCTCGGAGCCAGAGCTTTTGTACARGGTGGGAATTTAGCGGGGETGGEGCECEGGGEGETG AGACAAGGAAAGAAAGGCAAGGGA
951 GGGATGGAAGACGTATGCCCACTIC'IGTGGCCAAATG'I‘G'I‘CGT’I‘GG’I‘GGGGAM’I‘AA'I‘I‘CGGTG(SAA’IC’l‘l\C'l'I'I'TCC‘lCC'I‘CCG’I‘GCAC
1041 TGGCTC! ICCCITCTGTATAATC T IC PTAAARATCGGGGTCAGTIG " IAGIAAATTACGTAATGGCTT] TCACTITATITAAACCTCTAAGT
1131 AGTGGAAANGCCAGAACAGAGATGAGTTCAGAACGTTCCATTTCCAAACACAC CTTTTTTTTGTGAGTTGGGAGTGACTTGCGGACACATTC
1221 AGAAAMCG'IGCAC’ICTGCACTTA’I"I‘I‘CTACAGI\GGGTACC‘l‘GGCCAGACI\ATI‘GCCCAGAACACAGTTAI\GCTGATCACCAGGAAGACA
1311 CCCATAG(.‘CAC’ICACGI\CAGGCCCAGTGATG’I‘CCAGTACGCI\GCI\GCGAGGCACAGJ\CACGCCAGCATGI\AG(.TGCTGCG’L'T’I‘AI\CT’I’I‘M
1401 CTTTTCCTAGAGGCATCCATTTTIGCAAGGAACTCCTGTG TATTTCTATITGTGTGCATTTCTGTAGGATGACGGAGAGGGAGCTGARGAC
1491 TTATCCAGCTTTTAACTATAGCTGGTGGATATTTTCTTTCTTTCC TCT'I‘TCTGC’I'I‘GCC’I‘C‘]"I'ICCC’J.GT’I‘GAI\'I‘ACAG}GAAG’I‘GGAAAC
1581 ATGACCAAATCATACAGCGAGAGCGGGCTGATGGGCGAGCC! TCAGCCCCAAGGTCCCCCAAGCTGGACAGACGAGTGCCTCAGTTCTCAG

M T K S Y S E S GILMGUE P QP QGP P S WT D E C L S & Q 30
1671 GACGAGGAACACGAGGCAGACAAGAAGGAGGATGAGCTTGAAGCCATGAATGCAGAGGAG SGACTCTCTGAGARACGGGGGAGAGGAGGAG

D E E HE A D K K E D E L EAMNAEED s L. R ¥ G G E_E E 60
1761 GA‘I‘GAAGATGAGGATCTGGAAGAGGAGGAAGAGGAGGAGGAAGAGGAGGATGA'I‘CMAAGCCCAAGAGI\CGGGGCCCCAAAAAGAAAAAG

D E D E DL E E E E E E E E_E B D D Q X P K R R G P K K K KX 90
1851 ATGACCAAGGCGCGCCTAGAGCGTITTAAATTARGACGCATGAAGGCCAATGLCCGL GAGCGGAACCGCATCCACGGGCTGAATGCGGCG

M T K A R L FEF R F K L_R R M K A N A R FE R N R M H G L N A A 120
1941 CTGGACAACCTGAGAAAGGTGGTACCCTGCTACTCTAAGACACAGAAGC TGTCTAAGATAGAGACACTGCGCTTGGCCAAGARCTATATC

L D N LR K V V P C Y 5 K T @ K I, &6 X I E T L R L A K BN ¥ 1 150
2031 ’I‘GGGCTCTG'I‘CI\GAGATCCTGCGC’I‘CAGGCAJ\AAGCCCAGACCTCGTCTCCT’I'I‘G’I‘ACAGACAC’I‘CTGCAMGGmT‘CCCAGCCCACT

W A L S E I L R S G X S P DL VS FVQTTL C K G L s Q P T 180
2121 ACCAATTTGGTGGCTGGCTGCTTGCAGCTCAACCCCCCGACTTTCTTCC CTGAGCAGAATCCGGACATGCCCCCACACCTGCCAACCGCC

T N L V A G C L ¢ L N P R T F L P E O N P D M P P H L P T A 210
2211 AGCGC’I"I‘CC'I‘I‘CCCCG’I‘GCA’I‘CCC'I‘AC’I‘CCTAC(‘JxGTCCCC'I‘(‘,GAC'I‘(XIC(IAGCCCGC(JCTACGGCACCATGGA(‘J&GCTCCCATGTC’I'I‘C

s A S F P V H P Y S Y Q S P G L P & P P ¥ G T M D S S H V F 240

2301 CI\CG’I‘CAAGCCGCCGCCI\CACGCCT}\CAGCGCAGCCCTGGI\GCCCT’I‘CT’I'TGAAAGCCCCCTAAC’I‘GA’I'I‘GCI\CCAGCCC‘I"I‘CCT’I'I‘GA(?
HVI(PPPHAYSAALEPFFESPLTDCTSPSFD 270
2391 GGACCCCTCAGCCCGLC GCTCAGCATCAATGGCAACTTCTCTTTCAAACACGAACCATCCAC CGAGTTTGAAARAARATTATGCCTTTACC

G P L S P P L S I N GUNTF S F KHE P S T EF FE XK N Y A F T 300
2481 A’[’GCI\C"[‘ACCC‘I‘GCI\(;CG}\CCC'I‘(‘,(‘,CAGGGCC(ICAAAGCCACGGATCAA’ICT'I‘(I'I‘CC’I‘CGGGTGCCGC’I‘GCTCC'I‘CGCTGTGAGATCCCC

M H Y P.A AT L AG P QS H G S IF S S G AAA A P RCE TP 330
2571 ATAGACAATATTATGTCTTTCGAT. AGCCA'TTCGCATCATGAGCG]\GT‘(‘.A’I‘GAGTGCCCAGC'["I‘AA’I‘GCCA’I‘C‘I'["I‘CACGATTI\GAGGCAC

{ p NI MSF D S HS HHFERUVMSA Q . N A1 F B D * 357

2661 G rCAGTTTCACCATTCCCGGGAAACGAATCCACTGTGCTTACAGIGACTGTCCTUI I TACAGAAGLUALLLL LI IGA LRARUALIGCTGC

2751 AAAGTGCAAATACTCGAAGCTTCAAGGGATATA’IGT;\&'I"]‘T‘Z‘\TIG’I‘CG’I'I‘ACTGCCTT’T‘GGAAGAAACAGF SGGATCABAGTTCCTGTTCAC
284 C'I‘I‘A'ICTA'I"I‘GTI'I"ICTATAGC'IC’I"I‘CTA’I"I'I’I‘AAAAAATAATAGTACAGTAI\I\G‘I‘IsAI\AI\Z\GGAAAI\’lC'I‘GTACCACCAAT'I’TCGTGTA
2931 GCTGTA'I‘PCAGATCGTATI‘AA’I’I‘A’NTGA’I‘CGGGATAAAAAAAA'.LCAAGCMTM'l'l‘A(:'GA'I‘CTA'lC(.‘AA'l"I’I'I'I'AAAC’[‘AGTAA’I‘GCGC
3021 caAnTTARAGTATATATAAATATATATTTTTCAACCAGCAT I IACTACTIGTTACCTTICCC ATGCCGAATTATTITGTTGTGATTTIGT
3111 ACAGAATTTCTAATGACTTTTTATAACGTGGATTTCCTATI PTAAAACCATGCAGCITCATCARTITTTATACATATCAGAAAAGTAGAA

—

3201 ’Z‘I‘ATI\'I‘CTI\I\‘L'I'I‘ATACAAAAATAATITAACI‘AA’I'I'I‘AAACCI\GCAGAJ\AAG’I‘GC’I’PAGMAG‘ITA’l'I‘GCG’l'TGCC’I'l‘AGCAC TICTTTC
3251 ’I"I‘CTCTAATPGI‘AAAAMAAAAMATAGAAAAGAAAAGAGAAMACAACAAATTGCACI ATTTGAGCAATTCATCTCACTTTAAACTCTT
3381 TCCCTCTCCCTAAAGTAGAAACCAGACCCATARCACTCAAGAGGARARA AAADAR

FIG. 2. Nucleotide and predicted amino acid sequences of rat BHF1 cDNAs. Nucleotide residues are numbered
left column and the amino acid residues are numbered at the right column. The rat BHF1 p16 clone contains the sec
from nucleotide residue number 1 to 3435, except for the sequence from 87 to 1569, indicated by [ ]. The rat BHF1
clone contains a sequence from nucleotide residue number 17 indicateblégkeriangleto nucleotide residue number
3311 indicated by anpen triangle.The amino acid numbers start at the putative initiation methionine assigned to the fi
ATG codon of p16 and of a long open reading frame of p93. Polyglutamic acid and aspartic acidedined.The
heIix—Izop—heIix region iglouble underlinedmRNA destabilization signals in the 8ntranslated region are indicated by
upper dots.
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HELIX-1 LOOP HELIX-2
rBHF1 [CYSKTQKLS| [KIETLRLAKNYIWALSEIL
mMATH-2 CYSKTQKLS [KIETLRLAKNYIWALSEIL
mMMATH-1 l
dAtonal
rMASH-1

FIG. 3. Comparisons of basic helix-loop—helix regions of BHF1 and other bHLH factors. The positions of the bz
region, the putative amphipathic helix 1 and 2, and the loop are slatawe.The conserved residues between BHF1 anc
other bHLH factors aréoxed.

comparing the p16 clone and the mouse genome (Maruyama H, et al in preparation). RNA blo
analysis revealed a large amount of 2.2 kb bands and less of 3.8 kb bands in the rat cerebellur
no signal in the rat liver or cerebrum (Figure 4). The pl16 and p93 clones were though
correspond to these two bands, respectively.

More detailed analysis of tissue specific and developmental expression were performed in r
In adult mice, the RNA blotting analysis revealed the presence of a major BHF1 transcript of
kb and a minor transcript of 3.6 kb in only the brain. The bands were detectable strongly in
cerebellum. In other brain regions, long exposure showed a faint band in the olfactory bulb. T
were not detectable in other peripheral tissues examined (Figure 5a). In developmental analys
shorter bands were already present at day 8 of the mouse embryo. These bands were broad
main bands showed 1.6 kb and 1.8 kb. Two longer bands, 2.2 kb and 3.6 kb, also existed but
less in amount than the two shorter bands. In progress of development, the two she
BHF1mMRNA gradually disappeared and the 2.2 kb BHF1ImMRNA increased. In the adult brain,
2.2 kb BHFIMRNA was dominantly expressed and the two shorter BHF1IMRNAs showed |i
signal (Figure 5b). Furthermore, BHFIMRNAs were observed in a similar pattern to the e
developmental stage, in RNAs from mouse embryonal carcinoma cell lines, P19 and F9, and
the mouse neuroblastoma cell line, neuro2a (Figure 5b).

We cloned the BHF1 into the expression vector pcDNA3. When we transfected the Bt
expression vector with or without E47, we could detect no activation of transcription of t
promoter with seven repeats of E-box element (CAGGTG) (12) or NEX1 promoter (10) in eitl
P19 or PC12 cells. In addition, the BHF1 expression vector was introduced into the P19 cell
selected with G418. In our preliminary results, the colonies which appeared showed no mor

Cerebellum
Cerebrum

Liver

-28s

. -18s

FIG. 4. RNA blotting analysis of rat tissues. {9 total RNAs from the adult rat cerebellum, cerebrum, and liver were
analyzed.
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FIG. 5. RNA blotting analysis of BHF1 mRNA. (a) 1 of total RNAs from various in embryo (E14), postneonatal
(P7), and adult mice, andg of total RNA from the brain in the adult mice were analyzed. (b)d.©f total RNAs from
various cell lines (Neuro2a, P19, and F9), whole mouse embryos (E8, E9, E10, E11), the head (E10), the bodies (E:
E11), the brains of embryo (E11, 12, 13, 14, 16, 18), neonate (PO), 7-day-old (P7), adult micescaofl thtal and
poly(A)*RNA from the brains of adult mice were analyzed.

rogical change with or without bovine fetal serum in the medium, compared with untransfected
cells.

We cloned a rat basic helix—loop—helix factor 1 (BHF1). This clone is dominantly expressec
the cerebellum in the adult and the embryo. These RNA blotting analyses suggested that E
plays important roles in cerebellum-specific functions and the development of neurons. Par
larly, in the development process, the shorter RNAs were expressed in the early developm
stage, then gradually changed to the middle sized RNA, and in the adult the shorter RNAs
disappeared. These changes of BHF1 mRNAs suggest that the function of BHF1 in the embryo
be different from those in the adult. Further studies of the structural and functional analysis
lead to a better understanding of BHF1.

In additional note, while we were conducting functional analysis, reports on the hamster BE
2 (15) and mouse NeuroD (16) were published. Rat BHF1 corresponds to a homologue of
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