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We report the molecular characterization of two novel rat helix-loop-helix (HLH) proteins, designated HES-1 
and HES-3, that show structural homology to the Drosophila hairy and Enhancer of split [E(spl)] proteins, 
both of which are required for normal neurogenesis. HES-1 mRNA, expressed in various tissues of both 
embryos and adults, is present at a high level in the epithelial cells, including the embryonal neuroepithelial 
cells, as well as in the mesoderm-derived tissues such as the embryonal muscle. In contrast, HES-3 mRNA is 
produced exclusively in cerebellar Purkinje cells. HES-1 represses transcription by binding to the N box, 
which is a recognition sequence of E(spl) proteins. Interestingly, neither HES-I nor HES-3 alone interacts 
efficiently with the E box, but each protein decreases the transcription induced by E-box-binding HLH 
activators such as E47. Furthermore, HES-1 also inhibits the functions of MyoD and MASH1 and effectively 
diminishes the myogenic conversion of C3H10T1/2 cells induced by MyoD. These results suggest that HES-1 
may play an important role in mammalian development by negatively acting on the two different sequences 
while HES-3 acts as a repressor in a specific type of neurons. 
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Our understanding of the basic mechanisms of verte- 
brate cell differentiation has been greatly advanced by 
the findings of transcription factors such as helix-loop- 
helix (HLH), borneo box, and POU domain proteins (Ge- 
hring 1987; Tapscott et al. 1988; De Robertis et al. 1990; 
Rosenfeld 1991). However, our knowledge of factors in- 
volved in mammalian development is still limited com- 
pared with our knowledge of the Drosophila system, in 
which various genetic analyses are available. 

Recent studies suggest that Drosophila and mammals 
may share, at least in part, some similar mechanisms for 
tissue differentiation; thus, Drosophila studies give us 
useful clues to investigate the complex mechanisms of 
mammalian development. For example, new insights 
into the molecular nature of mammalian development 
have emerged from analyses of the Pax gene family, 
mouse genes related to Drosophila paired box genes (Kes- 
sel and Gruss 19901. Pax genes are expressed with a dis- 
tinct spatiotemporal pattern and are involved in several 
mouse and human genetic diseases (Gruss and Walther 
19921. undulated, a mutation affecting the development 
of the mouse skeleton, is caused by a single amino acid 
change in the paired box of Paxl IBalling et al. 1988}. 

SCorresponding author. 

Another striking example concems MASH1, a rat fac- 
tor homologous to the Drosophila achaete-scute com- 
plex (AS-C), that is specifically expressed in neuronal 
precursors {Johnson et al. 1990; Lo et al. 1991). In Droso- 
phila, AS-C is essential at the level of neuronal precursor 
formation [Jan and Jan 1990); thus, MASH1 is suggested 
to be involved in mammalian neural development. 

Here, to analyze novel HLH proteins responsible for 
mammalian development including neural differentia- 
tion, we attempted cDNA cloning of rat factors by the 
polymerase chain reaction (PCR) using primers corre- 
sponding to the conserved amino acid sequences in the 
HLH regions of the Drosophila hairy (h) and Enhancer of 
split [E(spl)] proteins. The Drosophila h gene, one of the 
pair-rule segmentation genes, is required at two differ- 
ent developmental stages: at the formation of alternate 
embryonic segments in early development and at normal 
neurogenesis in late development {Ingham et al. 1985; 

Rushlow et al. 1989; Jan and Jan 19901. It has been sug- 
gested that the late h function involves suppression of 
the achaete [ac)gene of the AS-C, thus controlling the 
number of sensory organs (Botas et al. 1982; Villares and 
Cabrera 1987; Skeath and Carroll 1991). The h protein 
has a basic HLH (B-HLH) domain (Rushlow et al. 1989), 
which is necessary for DNA binding and dimerization 
[Murre et al. 1989; Davis et al. 1990}. In the B-HLH do- 
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main, h shows a high homology to m5, m7, and m8 of 
E(spl), neurogenic genes (Kl~'nbt et al. 1989; Campos- 
Ortega and Knust 1990). 

In this study we show the molecular cloning and char- 

acterization of two novel rat HLH factors, designated 

HES-1 and HES-3. We describe their spatial and temporal 
expression patterns focusing on late embryonic and post- 
natal development, and characterize their transcrip- 
tional functions. Furthermore, we show that HES-1 in- 

hibits the myogenic conversion of C3H10T1/2 (10T1/2) 
cells induced by MyoD. 

R e s u l t s  

Isolation of novel HLH [actors by PCR 

To isolate novel HLH factors expressed in the mamma- 

lian nervous system, we amplified cDNAs from rat 

whole embryos and adult nervous tissues by PCR using 
degenerate oligonucleotide primers (Lee et al. 1988; Saiki 

et al. 1988). The primers were designed on the basis of 
the consensus sequence of the B-HLH domains of the 

Drosophila h and E(spl) proteins, as shown m Figure 1. 

We isolated four closely related but distinct clones and 
named the deduced amino acid sequences HES-1, HES-2, 
HES-3, and HES-4, according to their sequence homolo- 

gies to the h and E(spl) gene products. The HES-3 clone 
was obtained from adult brain eDNA, and the other 
clones were isolated from embryo eDNA. HES-1 had the 

highest homology to the Drosophila h protein through- 

out the amplified region, whereas the other three showed 

high homology only in the helix regions and much lower 
homology in the loop region (Fig. 1). All four clones 
showed higher sequence homology to h than to E(spl), 
with the overall homologies of HES- 1, HES-2, HES-3, and 
HES-4 to h in the amplified regions being 81%, 59%, 

51%, and 46%, respectively. We chose two factors, 
HES-1 and HES-3, for further analysis and obtained their 
full-length eDNA clones. 

Structural analyses of HES-1 and HES-3 

HES-1 cDNA encoded a protein of 281 amino acid resi- 

5 ' p r i m e r  3 ' p r  ~ e r  

E (spl) m8 RRARMNKCLDNLKTLVAELRGDDG ILRMDKAEMLE 

E (spl) m5 B.BARMNKCLDTLKTLVAEFQGDDA__ILRMDKAEMLW. % l d c n m y  

E (spl) m7 B-R.A.RINKCLDELKDLMAECVAQTG DAKFW.KAD ILE to ha,~,.) 

ha i ry RB.A~ INNC LN ELKTLI LD ATKKDP AR H SKLKKAD I LF,. 100 

IItIII I f[lilill Ill IIII','!I{i!! 
H E S - 1  ~ I N E S L S Q L K T L  I L D A L K K D S  S R H S K L E ~  I r . E  8 1  

HES-2 RRARINE SLSQLKGLVLP LLGAET S R y S KLEKAD I LE 59 

HES-3 RBARI NLSLEQLRSLL ERH Y S HQ I RKRKL%KAD I LE 51 

HES-4 R~.RTNSS ~KQt~Lr._EKE~QRHOP~SKLE~.D ~.E 4 6 

Figure 1. Strategy and results of PCR experiments. The de- 
duced amino acid sequences of four HES partial clones and com- 
parison of HES, h, and E(spl) proteins are shown. PCR was per- 
formed using degenerate primers indicated by arrows above the 
corresponding regions. Amino acid residues conserved among 
HES, h, and E(spl) proteins are depicted by bold letters, and the 
identical residues between HES-1 and h are connected by verti- 
cal bars. Percent (%} identity to h is shown at right. 

dues, and the calculated molecular mass was 29.6 kD 

{Fig. 2A). This protein showed 77% homology to the h 
gene product in the putative B-HLH domain (amino acid 

residues 33-92) and 43% homology in the downstream 

region (93--146) (boxed residues m Fig. 3A). Another fea- 
ture, the proline residue, present m the basic region of h 
and E(spl) was also conserved in the corresponding posi- 

tion of HES-1 (amino acid residue 40) (indicated by the 
asterisk in Fig. 3B). 

HES-3 cDNA encoded a protein of 175 amino acid res- 
idues, and the calculated molecular mass was 19.1 kD 

{Fig. 2B}. The HES-3 protein showed - 50% homology to 
the h gene product m the B-HLH domain. The first me- 
thionine codon was present at nucleotide 1; thus, this 

protein lacked the amino-terminal half of the basic re- 

gion (see also Fig. 3A). To avoid cloning artifacts, we 
investigated the sequences of three more independent 

cDNA clones of HES-3, but all had an m-frame stop 
codon 246 nucleotides upstream of this methionine (Fig. 

2B). Sequence examination of the region between the 
stop and methionine codons indicated that there was 
only one possible non-AUG initiation sequence, AUU, 

at 207 nucleotides upstream of the methionine codon. 
An AUU sequence was recently identified in TEF-1 

mRNA as a major initiation codon (Xiao et al. 1991). The 
in vitro translation analysis, however, indicated that pro- 
tein synthesis started from AUG and not from AUU 

(data not shown). This AUG was therefore assigned as an 
initiation codon, although the possibility that the trans- 

lation starts from AUU in vivo remains to be examined. 

The two HES proteins shared 56% homology with 
each other in the B-HLH domain. In addition, within the 

two putative helices of HES-1 and HES-3 many residues 
were conserved, including the ones believed to confer 

HLH domains (Fig. 3B; Benezra et al. 1990). We also 
found that the sequence WRPW, or a similar one, was 

conserved in the carboxy-terminal regions of HES-1, 
HES-3, h, E(spl), and runt, another Drosophila pair-rule 
gene product (Fig. 3C) (Kania et al. 1990). Between the 

B-HLH domain and the carboxy-terminal region, the two 
HES proteins had a proline-rich portion (amino acid res- 

idues 156-247 of HES-1 and 108-167 of HES-3), whereas 

the h protein had a glutamine-rich part (149-261) (Fig. 
3D). Proline-rich and glutamine-rich regions are often 

found in transcription factors such as CTF/NF1 and Spl 
(Courey and Tjian 1988; Mermod et al. 1989). Another 

feature involves a serine/threonine-rich region present 
in HES-1 (248-275) and h (262-298) but not in HES-3. 

Spatial and temporal distribution of HES-1 mRNA 

To analyze the tissue distribution and the ontogenetic 
expression pattem, we performed Northern blot experi- 

ments. As shown in Figure 4A, we detected a 1.7-kb 
HES-1 transcript in the embryos of days 13.5 and 17 

{E13.5 and E17; lanes 1, 2), as well as in such adult tis- 

sues as the brain (lanes 3--5) and the liver (lane 7). Nerve 
growth factor (NGF}-treated PC12 cells, which resemble 
sympathetic neurons (Greene and Tischler 1976), also 
produced HES-1 mRNA {lane 6). The HES-1 transcript 
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A G 

ACGGTATCGATCGAACCCCTTCGATAACAGCGGAATCCCCCGTCTACCTCTCTCCTTGGTCCTGGAATAGCGCTACCGATCACAAAGTAGCCCTAAGACATAATAAACCCTCAACTGCT 

CCGTAGTTTTTCTTATGAAAGCCAAGTAAAGGGGACGTAAGCAA~TATTTTTTTTTGCGTGAAGGATTCCAAAAATAAAATTCTCTGGGGATTGAGAAGAAAGAAAAAAAGGAAA 

Met Pro Ala Asp Ile Met Glu Lys Asn Ser Set Set Pro Val Ala Ala Thr Pro Ala S~r Val ASh Thr Thr Pro Asp Lys Pro Lys Thr 

ATG CCA GCT GAT ATA ATG GAG AAA AAT TCC TCG TCC CCG GTG GCT GCT ACC CCA GCC AGT GTC AAC ACG ACA CCG GAC AAA CCA AAG ACA 

Ala Set Glu His Arg Lys Set Set Lys Pro Ile Met Glu Lys Arg 
GCC TCT GAG CAC AGA AAG TCA TCA AAG CCT ATC ATG GAG AAG AGG 

Ile Leu Asp Ala Leu Lys Lys Asp Ser Ser Arg His Ser'"Lys Leu 
ATT TTG GAT GCA CTT AAG AAA GAT AGC TCC CGG CAT TCC AAG CTG 

Leu Gln Arg Ala Gln Met Thr Ala Ala Leu Ser Thr Asp Pro Ser 
CTG CAG CGG GCG CAG ATG ACC GCC GCT CTC AGC ACA GAC CCG AGC 

Val Thr Arg Phe Leu Ser Thr Cys Glu Gly Val Ash Thr Glu Val 
GTG ACC CGC TTC CTG TCC ACG TGT GAG GGC GTT AAC ACC GAG GTG 

Asn Ala Met Thr Tyr Pro Gly Gln Ala His Pro Ala Leu Gln Ala 

AAC GCC ATG ACC TAC CCC GGG CAG GCG CAC CCC GCC TTG CAG GCG 

Pro Phe Ala Pro Pro Pro Pro Leu Val Pro Ile Pro Gly Gly Ala 
CCA TTC GCG CCG CCG CCG CCG CTT GTG CCC ATC CCC GGG GGC GCG 

Gly Glu Ala Ala Lys Val Phe Gly Gly Phe Gln Val Val Pro Ala 
GGA GAG GCT GCC AAG GTT TTT GGC GGC TTC CAA GTG GTG CCG GCT 

Arg Arg Ala Arg Ile Asn Glu Set Leu Set Gin Leu Lys Thr Leu 
CGC CGG GCA AGA ATA AAT GAA AGT TTG AGC CAA CTG AAA ACA CTG 

Glu Lys Ala Asp Ile Leu Glu Met Thr Val Lys His Leu Arg Asn 
GAG AAG GCA GAC ATT CTG GAA ATG ACA GTG AAG CAC CTC CGG AAC 

Val Leu Gly Lys Tyr Arg Ala Gly Phe Set Glu Cys Met Ash Glu 
GTG TTG GGG AAG TAC CGC GCC GGC TTC AGC GAG TGC ATG AAC GAG 

Arg Thr Arg Leu Leu Gly His Leu Ala Asn Cys Met Thr Gin Ile 

CGC ACT CGG CTG CTG GGC CAC CTG GCC AAC TGC ATG ACC CAG ATC 

Pro Pro Pro Prc Pro Pro Set Gly Pro GIy Gly Pro Gln His Ala 

CCG CCG CCG CCG CCC CCG TCA GGA CCT GGC GGT CCC CAG CAC GCG 

Ala Pro Pro Pro Gly Ser Ala P r o  Cys Lys Leu Gly Set Gln Ala 
GCG CCC CCT CCC GGC AGC GCA CCC TGC AAG TTG GGC AGC CAG GCT 

Pro Asp Gly Gin Phe Ala Phe Leu Ile Pro ASh Gly Ala Phe Ala 
CCT GAC GGC CAA TTT GCT TTC CTC ATC CCC AAT GGG GCC TTC GCC 

His Set Gly Pro Val Ile Pro Val Tyr Thr Ser Asn Set Gly Thr Ser Val Gly Pro Asn Ala Val Set Pro Set Ser Gly Set Ser Leu 
c~c ~Gc GGC c~G GTC ATe CCG G~C T~C ACC ~C ~C A~C ~GG ACC TC~ G~G G~T C~ ~ GCA GTG ~CG COT ~CC ~C ~C T~C TC~ CTC 

Thr Ala Asp Ser Met T;p A;g P;o T;p Arg Asn 

~ GcG G~C Tee ~G ~G~ ~G ~CG ~GG CG~ ~C ~G~G~GGCT~AG~CCACTGC~CA~CT~CCT~GCCCaC~TC~CTC~CTGACGGACACT~TACG,~CT 

TG~T~GG~GA~T~a~GT~Gc~GG~A~G~TG~T~TT~GTTA~T~TTTGT~AGA~GT~T~G~Ga~GAccATG~G~A~G~T~ 

AATATCTTCCTTTGGGGAAGTTTATTTGAGAAAATAT_AA_T___A~GAGTGAAGGCTTTT 
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CACAGGCAGAAAATTG•TAcATTGTc•TGACATTAGGG•GACTAATT•AG•ATC•CAGCGTGGc•AGAG•GTGAAGGGAG•AGAAAAGCATCACTGG•CAGCAT••TCGCCTCAGCATC -120 

TTTATCAGGCCTCAGGACACCTAGCGCCCCA~TCATCATTTAGGATGGACCCCAGCTCACACAGCTCCCTGCCATAACGGAGGACCACCAGAAGAATGTTGGATCTCCAAGCCTCTG -i 

Met Glu Lys Lys Ar 9 Arg Ala Arg Ile Asn Leo Ser Leu Glu Gln Leu Arg Ser Leu Leu Glu ArgHis Tyr Set His Gln Ile Arg Lys 30 
ATG GAG AAG AAG CGT CGT GCC CGC ATC AAC CTG TCA CTG GAG CAG CTA AGG TCT CTT CTG GAG AGA CAC TAC TCC CAC CAG ATA CGG AAG 90 

Arg Lys Leu Glu Lys Ala Asp Ile Leu Glu Leu Ser Val Lys Tyr Val Arg Set LeuG--G~ Ash Set Leu Gln Gly Leu Trp Leu Val Pro 6D 
CGA AAG CTG GAG AAG GCC GAT ATC CTG GAG CTG AGC GTT AAG TAC GTG AGA AGC CTC CAG AAC TCA TTG CAA GGA CTT TGG CTA GTA CCC 180 

Ser Gly Val Asp Tyr Pro Ser Gly Phe Arg Gly Gly Leu Pro Gly Ser Ser Gin Arg Leu Arg Pro Gly Glu Asp Asp Ser GIy Leu Arg 90 
AGT GGG GTG GAC TAC CCG TCC GGA TTC CGA GGC GGC TTG CCG GGC TCC AGC CAG AGG CTT CGG CCC GGA GAG GAC GAC AGC GGC CTG CGC 270 

Cys Pro Leu Leu Leu Gln Arg Arg Ala Gly Set Thr Thr Asp Set Ala ASh Pro Gin Thr Ala Set Val Leu Set Pro Cys Leu Pro Ala 120 
TGC CCC CTG CTT CTC CAG CGC AGG GCA GGC AGC ACC ACG GAC AGC GCC AAC CCA CAG ACG GCC TCT GTT CTC AGC CCC TGC CTC CCG GCC 360 

Ile Trp Ala Pro Gly Pro Pro Ala Gly Gly Set Gln Set Pro Gln Set Pro Phe Pro Pro Leu Gly Gly Leu Leu Glu Set Set Thr Gly 150 
ATC TGG GCC CCT GGT CCC CCT GCA GGT GGC TCC CAA TCC CCG CAG TCC CCG TTC CCT CCC CTT GGA GGT CTC CTT GAG TCC TCC ACT GGC 450 

Ile Leu Ala Pro Pro Pro Ala Ser ASh Cys Gln Ala Glu Asn Pro Arg Pro Gly Phe Arg Val T~p A~g Pro* T~p 175 

ATT CTG GCA CCG CCA CCT GCA TCA AAC TGC CAG GCC GAG AAT CCG AGA CCC GGG TTT CGC GTG TGG CGG CCC TGG TGAGGCCTAGGCAAGAATT 544 

TAGATTCAAGCCCTAACCTCTGCCCTTATCACCTCGCCGTCTAGTTTGGGGGAAACTATTTGGGGACACCCATGGTGACTGCAGGGACTCTATCAATCGGTGGCCTGGTGGGGCTGCAG 663 

GGAAATACACGGAGCCATTTGCTGAA 689 

Figure 2. Primary structures of HES-1 and HES-3 clones. (A) The cDNA sequence for rat HES-1 and its deduced amino acid sequence. 
The deduced amino acid sequence is shown above the nucleotide sequence. The B-HLH region is indicated by a bar above the amino 
acid sequence. In-frame stop codons at the 5' flanking region are underlined. The conserved sequence at the carboxyl terminus is 
indicated with asterisk (*). The possible polyadenylation signal is underscored with a broken line. (B) The cDNA sequence for rat 
HES-3 and its deduced amino acid sequence. The deduced amino acid sequence is shown above the nucleotide sequence. The B-HLH 
region is indicated by a bar above the amino acid sequence. In-frame stop and ATT codons at the 5'-flanking region are underlined. The 
conserved sequence at the carboxyl terminus is indicated with asterisks. 5'-End points of four independent clones are shown by arrows. 

was also detected in P19 embryonal carcinoma cells and 
10T1/2 cells (data not shown), which have the potential 
to differentiate into various tridermic cells and mesoder- 
mal cells, respectively ITaylor and Jones 1979; Rudnicki 
and McBurney 1987), suggesting that HES-1 is also ex- 
pressed in such immature cells. To examine the mRNA 
distribution more precisely, we then conducted RNase 
protection assays (Fig. 4B). HES-1 mRNA was detected in 
all of the adult tissues (lanes 3-18) and El8 embryos 
(lanes 22-31) examined. A high level of HES-1 expression 
was observed in the lung (lanes 7,26) and gastrointestinal 
tract (lanes 8,27) of both adults and embryos. The heart, 
kidney, and muscle also produced the HES-1 transcript 
at a high level in the embryo {lanes 28-30} but at a low 
level in the adult (lanes 10,11; see also Fig. 10D, below). 
These results demonstrate that the HES-1 expression is 
widely detected in both adults and embryos but devel- 
opmentally controlled in a tissue-specific manner. 

To determine the cell types expressing HES-1 mRNA, 
we then carried out in situ hybridization experiments. 

Figure 5A shows a typical result with the parasagittal 
section of rat E14.5. Positive signals were detected in 
many peripheral epithelial tissues and mesoderm-de- 
rived tissues, including the bronchi, gut, nasopharynx, 
thymus, intervertebral discs, and tongue muscle. These 
peripheral tissues also gave positive signals in the em- 
bryo of day 18 (data not shown; see also Fig. 5E, G). In the 
central nervous system (CNS) of rat E14.5, a high level of 
HES-1 mRNA was detected in the cell layers facing the 
ventricles (arrowheads) and central canal (arrows). As 
shown in Figure 5B, strong signals were also detected in 
the cell layers (arrows)facing the ventricles of El8. Such 
abundant expression of the HES-1 transcript was ob- 
served in these layers throughout the CNS on E14.5 and 
El8. The higher magnification analysis demonstrated 
that those cells expressing a high amount of HES-1 
mRNA were present in the ependymal zone (ventricular 
zone), where neuroepithelial cells proliferate IFig. 5D; 
Fujita 1963; Gilbert 1991). These neuroepithelial cells 
are the progenitor cells of both neuroblasts and glioblasts 
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< basic >< helix i >< loop >< helix 2 > 

E H RK S S~]ME K~A/K I--N~ ~S QLK ~ l~I L D JKLKKD $ $ RH S'K LE--KAD I L - - ~  ~Q~RA 
/ I ~IEKI~IN~ rSLEQI~SLL_ERHYSHQIRKRKLEKAD ILELSVICfVRS~LQN$ 

!*:. I~ i '! !I il 
SDRRSNIKP ~IE I ~  INN CLN E~ TLI LDATKKDPARHE~KLEKAD I LEKTV~iLQ EI_Q~Q 

ELRKTI~KP~E~ K ~ I  N~CLNE~ SLI LEAMI<KD P MKH T~ LEKAD I L ~ Q  SV~RQ 

r JI / !  J i l  I ~ I [  7 I i, 
QYRKVMKP,LI~RK~I__MKCLDE~DL~CVAQTG D _~KKD ILEVT~HL~_ S 
H Y R ~ L ~ ~ C L D  ~ TI.V/LE F QGD D ~ I LRI~ MILEA/LLV~QVVK 

I YQKV~e~ER~ C~_D NK~ T LVAE LIRGD DG I LR~MILE $~Vrl FMR QQK Tp 

[ill Ii - ~;- I~ 
S ERRIKN HN I L~Q~CD LRS SF L ~  HVP E LVK N _E~AA~VV~LKKATE YVH ~QAE 

KERRQaNNa~E, ~X~R~! ,--~_ / RMCMrMLK _SD~ 0~Gr Lm~EY IRSUEKL 
AD R R K A A ~  S ~  E T/.~ RC T S SNP NQRLP~L,RNAI RY 1E GIL~L 

V~_____NE ~ LV~IL G F ATIdRE HVP NG ~ANI~M~31K T~S~ I IR~Q~ L 

I i:l ;j 
GR I QRHP THRGDGENAE~ KLKDi~rP FMP KNRK LT~I 5T~QHVl D y I C DG~T E 

RI,PALI, D E QQVNVL LYDI~{GC Y S IKI.K~/p TLP QNI~S~HV I D y I RDL_L~L E 

C hairy KQIKEEEQPWRPW. 
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Figure 3. Structural analysis of HES proteins. (A) 
Amino acid sequence comparison of HES-1 and HES- 
3. The conserved residues between the two are con- 
nected by vertical bars, and those between h and 
HES-1 or HES-3 are boxed. (B) Sequence comparison 
of HES and other HLH factors. The positions of the 
basic region, the putative amphipathic helices 1 and 
2, and the loop are shown above. The conserved 
amino acid residues are boxed. The conserved proline 
residue in the basic regions of HES-1, h, 44C, and 
E(spl) proteins are indicated by an asterisk (*). Sources 
for sequences are as follows: h (Rushlow et al. 1989}; 
44C (Vaessin et al. 1990); E(spl) m5, m7, and m8 
(KHimbt et al. 1989); N-myc (Kohl et al. 1986); da 
(Caudy et al. 1988); MyoD (Davis et al. 1987); mashl 
(Johnson et al. 1990); emc (Ellis et al. 1990; Garrell 

and Modolell 1990); and Id (Benezra et al. 1990). (C) Carboxy-terminal sequences are shown. The conserved sequences are indicated 
by bold letters. (D) Schematic structures of h, HES-1, and HES-3 are represented as follows: (Crosshatched boxes), basic regions (B); 
(vertically striped boxesJ, helix-loop-helix domains (HLH}; (hatched boxes}, glutamine (Q)- or proline {P)-rich domains; (open boxes), 
serine- and threonine-rich regions (ST); (solid boxes), conserved carboxy-terminal sequences shown in C. 

(Gilbert 1991). In contrast, only low and relatively ho- 
mogeneous expressions of HES-1 mRNA were detected 
in the other parts of the embryonal brain such as the 
mantle layer (Fig. 5D) and the adult brain and spinal cord 
{data not shown). We also detected high levels of HES-1 
mRNA in the epithelial cells of peripheral tissues such 
as the esophagus and the trachea (Fig. 5E, G). The expres- 
sion of HES-1 did not seem to correlate merely with cell 
proliferation. For example, the proliferating neuroblasts 
in the external granular layer of the neonatal cerebellum 
produced the transcript only at a background level (data 
not shown). 

In summary, HES-1 mRNA was detected in all tissues 
examined but was not homogeneous in detail. The ex- 
pression was enriched in epithelial cells and in such me- 
soderm-derived cells as embryonal muscle cells. Further- 
more, the expression was developmentally controlled in 
a tissue-specific manner. 

Spatial and temporal distribution of HES-3 mRNA 

In contrast to the wide distribution of HES-1 mRNA, a 
1.9-kb HES-3 transcript was detected only in the adult 
brain (Fig. 6A, lanes 3,4) but not in the embryos, NGF- 
treated PC12 cells, or the liver (lanes 1,2,6,7). In the 
brain, the cerebellum seemed to be the only place to 

express HES-3 mRNA; the other brain regions did not 
produce a detectable amount of the transcript (lanes 4,5). 
This specific expression was analyzed further by RNase 
protection assays (Fig. 6B). Consistent with the above 
findings, neither the peripheral tissues nor the spinal 
cord of adults (lanes 4--12) produced HES-3 mRNA. Fur- 
thermore, various brain regions failed to produce HES-3 
mRNA (lanes 14,16-18), whereas the cerebellum ex- 
pressed a significant level of the transcript (lane 15). 
These results strongly suggest that HES-3 expression oc- 
curs only in the cerebellum. None of the nervous or pe- 
ripheral tissues of embryos (El 8) produced HES-3 m R N A  
(data not shown). Ontogenetic analysis indicated that 
HES-3 mRNA was undetectable until postnatal day 6 
(lane 19). However, the transcript appeared at a low level 
on the fourteenth day and exhibited a significant in- 
crease at the seventh week (lanes 20,21), in marked con- 
trast with HES-1 mRNA, whose level was relatively un- 
changed during these periods (cf. Fig. 4B, lanes 19-21}. 

To determine the cell type expressing HES-3 mRNA, 
we performed in situ hybridization analyses. A high level 
of HES-3 transcript was detected specifically in the Purk- 
inje cell layer of the adult cerebellum (Fig. 7A). This 
layer contains Purkinje cells, large arborized neurons re- 
ceiving >100,000 synapses and providing the only 
known output from the cerebellum. The higher magni- 
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Figure 4. Temporal and spatial distribution of HES-1 mRNA. (A) Northern blot analysis. Five micrograms of poly(A) + RNAs was 
analyzed by using the EcoRI-HincII fragment (646 bp) of pHES-1A as a probe. The probe was hybridized at 42 ~ in 50% formamide, 
5 x SSC, 5 x Denhardt's reagent, 50 mM sodium phosphate buffer (pH 6.8), 0.1% SDS, and 100 ixg/ml of heat-denatured salmon sperm 
DNA. Under these conditions we observed a single band, and the probe did not cross-hybridize to other species such as HES-3 mRNA. 
Tissue names are indicated above each lane. (E), Embryonic day; (CNS), central nervous system; [cerebellum (-)  Brain], adult brain 
devoid of cerebellum; [PC12 (+)] NGF-treated PC12 cells. (B) RNase protection analysis. Total RNAs {30 ~.g) of rat adult (lanes 3-18, 
32), postnatal (lanes 19-21}, or embryonal tissues (lanes 22-31) were hybridized with the antisense cRNA of HES-1. The synthesized 
probe containing 113 nucleotides derived from the vector and 330 nucleotides of the cRNA (total 443 nucleotides} and the protected 
band (330 nucleotides) are labeled. Human RNA prepared from HeLa cells (lanes 1, 33} was used as a negative control. P6, P14, and 7w 
indicate 6 days, 14 days, and 7 weeks after birth, respectively. (GI tract), Gastrointestinal tract. 

fication analysis clearly demonstrated that HES-3 gene 

was predominant ly  transcribed in Purkinje cells (Fig. 

7C). No positive signals were detected in any other parts 

of the brain, the retina, or the embryo sections of E14.5 

and El8 (data not shown). Thus, HES-3 gave the striking 

observation of a neuron type-specific transcription factor 

in the m a m m a l i a n  CNS. Consistent  wi th  RNase protec- 

tion assays, no apparent signals were detected unti l  post- 

natal day 5, but significant signals were detected in mat- 

urating Purkinje cells on postnatal day 11 (data not 

shown), thus suggesting that the appearance of HES-3 

m R N A  coincides wi th  the terminal  differentiation of 

these cells (Ito 1984). 

DNA-binding analysis of HES-1 

To characterize the functions of the HES factors, we first 

assessed DNA-binding activity. The HES-1 protein was 

expressed in Escherichia coli and subjected to DNase I 

footprinting analysis. Although HLH factors such as 

MyoD have been shown to recognize the consensus se- 

quence C A N N T G  {called the E box; Blackwell and 

Weintraub 1990), the introduction of a proline into the 

basic region of MyoD results in the loss of DNA-binding 

activity {Davis et al. 1990}. However, a recent study 

shows that E(spl) proteins, each of which  contains a pro- 

line in its basic region (see Fig. 3B), bind to a different 

sequence, CACNAG {called the N box), present in a clus- 

ter in the 5' regulatory regions of E(spl) genes themselves  

(K1/imbt et al. 1989; Tietze et al. 1992; N. Oellers and E. 

Knust, pers. comm.). Therefore, we first tested whether  

HES-1, which also has a proline in the basic region, binds 

to the N-box sequence. As shown in Figure 8A, HES-1 

clearly bound to the N-box regions (lane 3). Both CA- 

CAAG and CACGAG sequences were well  protected by 

HES-1. The muta t ion  analysis showed that the sequence 

CAC(A/G)AG was recognized most efficiently by HES- 
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Figure 5. In situ hybridization analysis of HES-1 with em- 
bryonal (E14.S and E 18) sections. The HES-1 probe was 
hybridized to the parasagittal section of a rat embryo (A; 
E14.S), the coronal sections of the rat embryonal brain (B- 
D; E18), and the sections of the embryonal esophagus {E, F; 
E18) and trachea (G, H; El8). A (middle), C, F, and H show 
control experiments carried out with excess cold cRNA to 
evaluate specific signals in A (le[t), B, E, and G, respec- 
tively. Photos were taken in a dark field (A-C) or a bright 
field (D-H}. Bars, 2 mm (A), 1 mm {B, C) or 50 ~m {D-H). 
Counter stains were carried out with cresylviolet {D) or 
hematoxylin-eosin (E-H). (Aq) Aqueduct; {B) bronchi; (C) 
cartilage; (CC) central canal; {CPu) primordial caudate- 
putamen; (Cx) primordial cortex; (E); (panel D), ependymal 
zone; {E); (panels E and G), epithelial cells; (G) gut; {L) lu- 
men; {M) mantle zone; (N) nasopharynx; (Sp) spinal cord; 
(T) telencephalon; (Th) thymus; (Tn} tongue; (V) lateral 
ventricle; (Vt) vertebra; (III, IV) third and fourth ventricles, 
respectively. 

l(Fig. 8B, lane 1 ). The mutation in the first, second, third, 

or sixth nucleotide of the CACNAG sequence totally 

abolished HES-1 binding [lanes 2,3,4, and 8, respec- 

tively}. The fourth position preferred A and G to T and C 

for HES-1 binding {lanes 5, 6). When the fifth nucleotide, 

A, was changed to T {thus conforming to the E box), a 

weak band {approximately one-eighth of the wild type) 

was observed {lane 7). Consistent with this result, only 

when an excess amount of HES-1 protein was used in the 

DNase I footprinting analysis could a slight difference in 

intensities be observed in several bands of the E-box re- 

gions {Fig. 8C, lane 2). We also tested several other E 

boxes such as the one in the muscle creatine kinase 

(MCK) enhancer but failed to detect effective HES-1 

binding (see also Fig. 10B, lane 6, below). These results 
indicated that HES-1 bound more preferentially to the N 

box than to the E box. On the other hand, E47, an HLH 

factor without a proline in the basic region, bound effi- 

ciently to the E box, but not to the N box {Fig. 8B, lanes 

10,16). 

Because the mutant  MyoD containing a proline in the 

basic region inhibits the DNA-binding ability of other 

HLH factors, we then analyzed whether HES-1 attenu- 

ates the DNA-binding activity of other HLH factors. 

E47/E12 {Pan 1/Pan 21, two species produced from the 

E2A gene by alternative splicing, are well-characterized 

HLH factors. They are ubiquitously expressed in all cell 

types and bind to E-box sequences such as the KE2 site 

and the insulin enhancer (Murre et al. 1989; Nelson et al. 

1990). As shown in Figure 8C, E. coli-expressed E47 

clearly protected the KE2 sequence in the DNase I foot- 
printing analysis {lane 4). The addition of an equimolar 

amount of HES-1, however, resulted in complete inhibi- 

tion of the DNA-binding activity of E47. We then ana- 
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Figure 6. Temporal and spatial distribution of HES-3 mRNA. (A) Northern blot analysis. Five micrograms of poly(A} + RNAs was 
analyzed by using the EcoRI-SmaI fragment (713 bp) of pHES-3A as a probe. The hybridization conditions were the same as that in 
HES-1 experiment. Tissue names are indicated above each lane, as in Fig. 4. (B) RNase protection analysis. Total RNAs (30 ~g) of rat 
adult (lanes 3--18) or postnatal tissues (lanes 19-21) were hybridized with the antisense cRNA of HES-3. The synthesized probe 
containing 118 nucleotides derived from the vector and 312 nucleotides of the cRNA {total 430 nucleotides} and the protected band 
(312 nucleotides) are labeled. Human RNA prepared from HeLa cells (lane 2) was used as a negative control. 

lyzed whe the r  HES-1 affects the DNA-b ind ing  act ivi ty  of 

a different type of t ranscr ip t ion  factor. ATF-2, wh ich  has 

a leucine zipper mot i f  but  not  an HLH domain,  binds to 

the cAMP response e l emen t  (CRE) (lane 7). The addit ion 

of an equimolar  a m o u n t  of HES-1 did not  al ter  the  D N A -  

binding abil i ty of ATF-2 (lane 8). Fur thermore ,  even a 

10-fold mola r  excess of HES-1 caused no change in the 

ATF-2 ac t iv i ty  (lane 9). Therefore,  these data suggest 

tha t  HES-1 specifically inhibi ts  the  DNA-b ind ing  activ- 

i ty of cer ta in HLH factors.  

We also a t t emp ted  to examine  HES-3 expression in E. 

coli to character ize its act ivi ty.  However ,  for u n k n o w n  

reasons we failed to express HES-3 prote in  in E. coli. 

Transcriptional analyses of HES-1 and HES-3 

To character ize the t ranscr ipt ional  act ivi t ies  of the HES 

factors, we performed D N A - m e d i a t e d  gene t ransfer  ex- 

pe r iments  using NIH-3T3 cells. HES-1, HES-3, and E47 

c D N A s  were subcloned into the eukaryot ic  expression 

vector  conta ining the cy tomegalovi rus  (CMV) enhancer  

and promoter .  Reporter  p lasmids  were  comprised  of the  

A B C 

Figure 7. In situ hybridization analysis of HES-3 with adult brain. HES-3 probe was hybridized to the sagittal sections of rat adult 
brain (A, B) and cerebellum (C). {B) Control experiment carried out with excess cold cRNA to evaluate specific signals in A. Photos 
were taken in a dark field (A, B) or a bright field (C). Bar, 2 mm (A, B) or 50 ~m (C). Counter stain was carried out with cresylviolet 
(C). (M) Molecular layer; {P) Purkinje cells; {G) granular layer. 
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chloramphenicol acetyltransferase (CAT) gene under the 

control of the J3-actin promoter  l inked to either six re- 

peats of the N boxes (pN6-J3A-CAT) or seven repeats of 

the E boxes {pKE7-f~A-CAT). 

HES-1 significantly repressed CAT expression from 

the promoter  containing the N boxes, whereas HES-3 

and E47 did not affect CAT expression from the same 

promoter  {Fig. 9A, lanes 1-4). HES-1 did not repress ex- 

pression from the promoter  containing the mutated N 

boxes (CA TNAG) that  lost affinity for HES-1 (Fig. 9A, 

lanes 5,6). These results thus indicated that HES-1 acted 

as a transcriptional repressor by binding to the N box in 
this assay. 

E47, on the other hand, activated CAT expression 

from the promoter  containing the E boxes when com- 

pared wi th  the basal level exhibited by the CAT plasmid 

Figure 8. DNA-binding analysis of HES- 
1. (A) DNase I footprinting analysis was 
carried out using the N-box probe. (Lanes 
I-3) Reactions with no protein, 300 ng of 
E47, and 150 ng of HES-1, respectively. 
The regions protected by HES-1 are indi- 
cated at right. (B) Gel-shift assay using the 
wild-type (WT) or mutated N box as a 
probe. A mutation was introduced into 
each position as indicated above each lane. 
For example, 2A --~ C represents the mu- 
tated N box C__CCNAG. Each probe 
(5 x 104 cpm) was reacted with 50 ng of 
either HES-1 or E47 protein for 15 min on 
ice. An excess amount of the cold probe 
was used as a specific competitor (lanes 9, 
18). (C) DNase I footprinting analysis was 
carried out using the probes containing ei- 
ther the E boxes (KE2 sites)(lanes 1-5) or 
the CRE site (lanes 6-10). (Lanes 1, 3, 6) 
Control DNase digestion pattern with no 
protein added; (lanes 2, 4, 5) reaction with 
2 ~.g of HES-1, 100 ng of E47, and both 100 
ng of E47 and 200 ng of HES- 1 (equimolar), 
respectively; (lanes 7-10) reaction with 
250 ng of ATF2, both 250 ng of ATF2 and 
200 ng of HES-1 (equimolar), both 250 ng 
of ATF2 and 2 ~g of HES-1 (10-fold molar 
excess), and 2 ~.g of HES-1, respectively. 
The regions protected by E47 and ATF2 
axe bracketed at the right. 

alone (Fig. 9B lanes 1,2). However, when either HES-1 or 

HES-3 expression vector was cotransfected wi th  the E47 

plasmid, E47-induced CAT expression was totally abol- 

ished (E47 + HES-1 and E47 + HES-3). In the case of 

E47 + HES-1, CAT activity was even lower than the 

basal level, probably because HES-1 effectively antago- 

nized the endogenous E12/E47 or equivalent HLH acti- 

vators. HES-1, as well as HES-3 plasmids alone, also 

showed less CAT activity than the basal levels, probably 

for the same reason as noted above. These HLH factors 

had no effects on the control J3-actin promoter  (data not 

shown). The results thus demonstra te  that  both HES-1 

and HES-3 negatively regulate transcription. 

HES-1 represses the functions of MyoD and MASH1 

The above findings that HES genes encode transcription 
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Figure 9. Negative transcriptional regu- 

lation by HES factors. {AI Ten micrograms 
of the CAT reporter plasmid containing 

six repeats of wild-type N boxes (CAC- 

NAG} {1-41 or mutated N boxes {CAT- 

NAG} Ilanes 5, 6} was cotransfected into 
NIH-3T3 cells with 10 ~g of the control 

vector pSV-CMV alone (-}, the HES ex- 

pression plasmid {HES-1 and HES-3), or 

the E47 expression plasmid {E47}. (B} CAT 

analysis by cotransfection assays. Two mi- 

crograms of the CAT reporter plasmid 

containing seven KE2 sites {shown at left) 
was cotransfected into NIH-3T3 cells with 

16 ~tg of the control vector pSV-CMV 

alone {- }, 8 ~g of the HES plasmid (HES-1 

and HES-3J, 8 ~g of the E47 plasmid {E47), 

or 8 ~g each of the HES and E47 expression 

plasmid {E47 + HES-1 and E47 + HES-3), 
as depicted. Total amounts of DNA were 
adjusted with the control vector pSV- 

CMV. Cells were harvested 48 hr later, and CAT activities were measured. Each value of relative CAT activities is the average of and 

the standard deviation for at least four independent experiments that were done in duplicate. 

factors with developmentally controlled expression pat- 
terns prompted us to investigate their functions further 
in tissue differentiation. RNA distribution analyses sug- 
gested the coexistence of HES-1 with at least two other 
HLH factors involved in tissue differentiation, MyoD 
and MASH1. MyoD is expressed at a high level in em- 
bryonal muscle cells {Buckingham 1992), MASH1 is 
transcribed in subsets of neuroepithelial cells and neural 
crest-derived PC12 cells {Johnson et al. 19901 Lo et al. 
1991}, and HES-1 is also expressed in those cells {Figs. 4 
and 5}. Therefore, we examined the effects of HES-1 on 
these factors. 

As shown in Figure 10A, both MyoD and MASH 1 sig- 
nificantly activated transcription from the promoter 
containing the MCK enhancer Ilanes 4,81. Previous re- 
ports indicated that the MyoD/E47(E12) and MASH1/ 
E47(E12) complexes, rather than the MyoD and MASH1 
homo-oligomers, are responsible for these trans-activa- 
tions (Weintraub et al. 1991; Johnson et al. 1992). In 
agreement with these reports, the addition of exogenous 
E47 further enhanced the trans-activations by MyoD and 
MASH1 {lanes 6,10}. However, the coexpression of 
HES-1 with these oligomers resulted in complete inhibi- 
tion of transcriptional activation {lanes 5,7,9,11}. Nei- 
ther HES-1 nor E47 alone affected the basal level of tran- 
scription {lanes 2,3). These results clearly demonstrated 
that HES-1 acts as a negative regulator of MyoD and 
MASH1. 

Gel mobility-shift assays showed that MyoD/E47 and 
MASH1/E47 mixtures bound strongly to the MCK E-box 
sequence IFig. 10B, lanes 7,11}. However, the addition of 
HES-1 led to the inhibition of the DNA-binding activi- 
ties of the MyoD/E47 and MASH1/E47 complexes {lanes 
8,12). This negative regulation of HES- 1 is probably the 
result of the deprivation of E47 from the complexes be- 
cause HES-1 did not inhibit the DNA-binding activity of 
the MyoD homo-oligomer {lanes 2,3} but did inhibit that 
of E47 effectively (see Fig. 8C). A weak band remained 

when HES-1 was added to the MyoD/E47 complex {lane 
8}. This may be the result of either weak binding of the 
MyoD homo-oligomer or binding of the remnant MyoD/ 
E47 complex. MASH1 alone failed to bind to the MCK E 
box {lane 101, as reported previously {Johnson et al. 1992). 

We then examined the effect of HES-1 on the myo- 
genic conversion of 10T1/2 cells induced by MyoD. As 
shown in Figure 10C Itop}, MyoD effectively converted 
the cells into cells with muscle phenotypes [also see Ta- 
ble 1). Cotransfection of liES- 1 expression plasmid, how- 
ever, significantly decreased MyoD-induced myogenic 
conversion iFig. 10C, bottom~ Table 1), agreeing well 
with the above findings that HES-1 is a negative regula- 
tor of MyoD. Furthermore, the expression of HES-1 tran- 
script was regulated in the course of myogenesis. HES-1 
mRNA was expressed at a high level in the embryonal 
muscle while it was transcribed only at a low level in the 
adult muscle {Fig. 10D, lanes 1,2}. These results suggest 
that HES- 1 may act as a negative regulator of myogenesis 

in vivo. 

Discussion 

Structure and distribution of the HES family 

In this study we have described the molecular cloning 
and characterization of the lIES family, novel mamma- 
lian HLH factors. Both HES-1 and HES-3 have significant 
sequence homology in the B-HLH domain to Drosophila 
h and E(spl) proteins, as well as the conserved carboxy- 
terminal sequence WRPW. These results suggest that 
the mammalian HES and Drosophila h and E(spl) genes 
originated from the same or closely related ancestral 

genes. 
HES-1 and HES-3 genes show contrasting expression 

patterns: wide distribution in the former and Purkinje 
cell-specific expression in the latter. In the embryonal 
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Figure 10. Repression of the functions of MyoD and MASH1 
by HES-1. (A) CAT analysis. Two micrograms of the CAT 
reporter plasmid containing the MCK enhancer were cotrans- 
fected into 10T1/2 cells (9-cm plate) with either the control 
vector alone (lane 1), 12 ~tg of HES-1 expression plasmid (lane 
2), 4 ~tg of the E47 expression plasmid (lane 3), 4 ~g of the 
MyoD expression vector (lane 4), 4 ~g of the MASH1 expres- 
sion plasmid (lane 8), or a combination of these plasmids 
(lanes 5-7, 9-I 1 ). (B) Gel mobility-shift assays were performed 
with a2P-labeled synthetic oligonucleotide containing the 
E-box motif in the MCK enhancer (0.2 ng). The amounts of E. 
coil-expressed proteins used were as follows: MyoD, 20 ng in 
lanes 2--4 and 4 ng in lanes 7-9; E47, 2 ng; HES-1,200 ng in 
lane 3 and 40 ng in lanes 6, 8, and 12; and MASH1, 100 ng in 
lane 10; and 10 ng in lanes 11-13. Competition experiments 
were performed with 200 ng of cold oligonucleotide (lanes 4, 9, 
13). The apparent enhancement of MyoD binding by the ad- 
dition of HES-1 (lane 3) was not reproducible; thus, it seemed 
to reflect some experimental variation. {C) Myogenic conver- 
sion induced by MyoD and its inhibition by HES-1. (Top) 
10T1/2 cells converted by forced expression of MyoD were 
immunostained with anti-myoglobin antisera. The ABC per- 
oxidase method (Vectastain) was used. {Middle] A phase-con- 
trast photomicrograph of the same visual field as that in the 
top. (Bottom) 10T1/2 cells transfected transiently with the 
expression vectors of MyoD and HES-I {1:3; see Table 1) 

were immunostained with anti-myoglobin antisera. Positive cells were very rare. (D) Northern blot analysis with HES-1 probe. Total 
RNAs (20 ~g) from the rat muscle of E18 (lanes 1, 3) or adult (lanes 2, 4) were analyzed. Lanes 3 and 4 show the ethidium bromide 
staining of the agarose gel corresponding to lanes 1 and 2, respectively. 

CNS, HES-1 is expressed at a high level by the neural 

progenitor cells present in the ependymal zone, but it 

decreases rapidly as neural  differentiation proceeds. In 

the Drosophila eye, h is once expressed in undifferenti- 

ated cells as the morphogenetic furrow approaches, but it 

is lost before neural  differentiation is manifest  (Carroll 

and White 1989). Thus, the t ime course of HES-1 expres- 

sion regarding neural differentiation is somewhat  similar 

to that of h. However, while the Drosophila h gene is not 

expressed by commit ted  neural  precursor cells or neu- 

rons, HES-1 m R N A  is still present in those cells, al- 

though only at a low level. Thus, the expression pattern 

of HES-1 seems different from that of h in the differen- 

tiated nervous system. 

In peripheral tissues, HES-1 is preferentially tran- 

scribed in the epithelial cells of the respiratory and gas- 

trointestinal tracts and in embryonal  mesoderm-derived 

tissues such as the muscle. During late embryogenesis, 

Drosophila h is transiently expressed in various regions 

including the tracheal pit, some parts of the gut, and the 

mesoderm {Carroll et al. 1988; Carroll and Whyte  1989; 
Hooper et al. 1989). Thus, the expression pattern of 

HES-1 m the peripheral tissues seems, at least in part, 

similar to that of the Drosophila h gene, al though simple 
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T a b l e  1. Inhibition of MyoD-induced myogenic conversion by HES-1 

Myoglobin ( + )/ 
Plasmid a Myoglobin( + )b ~-gal( + )b ~-gal( + ) (%J 

1. Control 0 2658 0 
2. HES-1 0 2470 0 
3. MyoD 3636 2501 c 145 
4. MyoD + HES-1 (1 : 1) 528 2803 18 
5. MyoD + HES-1 (1 : 3) 92 2915 c 3 

al0T1/2 cells on 5-cm~b dishes were transfected with the MyoD expression vector (1 ~g in 3-5) and/or the HES-1 expression vector (3 
~g in 2 and 5; 1 ~g in 4). pCDM8-[3-gal (0.5 ~g) was cotransfected onto each plate to evaluate transfection efficiency. The amount of 
plasmid DNA was adjusted to 5 ~g with the control expression vector. 
bThe numbers of positive cells that were stained with anti-myoglobin immunoreactivity or ~-galactosidase activity were counted in 
5-cm6 dishes. In the case of ~-galactosidase staining, when J3-gal( + 1 cells were found in doublets owing to proliferation, they were 
counted as one transfected cell to avoid overestimation of transfection efficiency. 
CThe majority of 13-gal(+) cells transfected with the MyoD plasmid was longer and larger than background 10T1/2 cells and did not 
seem to proliferate. They often had multiple nuclei and overlay the background cells. These characteristics were the same as those 
found in myoglobin( + ) cells transfected with MyoD plasmid (Fig. 10C). In contrast, the [3-gal( + } cells transfected with MyoD + HES-1 
(1 : 3) or control plasmid were morphologically indistinguishable from background cells and many of them were proliferating. 

comparison is difficult because the anatomical  struc- 

tures and developmental  processes are so different be- 

tween invertebrates and vertebrates. 

In contrast to HES-1, HES-3 substantial ly diverges 

from h in its structure as well  as in its expression pat- 

tern. HES-3 is not expressed in any of the embryonal  

tissues tested but appears in cerebellar Purkinje cells be- 

tween postnatal days 6 and 11. In the rat, Purkinje cells 

originate between days El4  and El7  and then migrate 

and align in a monolayer  during the first 4 days after 

birth. The postnatal growth and synaptic maturat ion of 

Purkinje cells continue during the first mon th  (Ito 1984). 

Thus, the HES-3 expression pattern, with its lack of ex- 

pression in the embryo and its postnatal sharp increase, 

suggests that HES-3 may  be involved in the maturat ion 

and functional  maintenance  of Purkinje cells rather than 

their fate determination.  

Transcriptional repression by HES factors 

In transient cotransfection assays, we have shown that 

both HES-1 and HES-3 are negative regulators of tran- 

scription. HES-1 represses transcription by acting on two 

types of sequences, the E box and the N box, whereas 

HES-3 seems to act only on the E box. 

HES-3 has no effects by itself on either the N box or 

the E box, and this inabi l i ty  is probably the result of the 

deletion of the amino- terminal  half of the basic region. 

In this sense, HES-3 is s imilar  to Id and HLH462, both of 

which  lack the basic region. These two HLH negative 

regulators do not bind to the DNA template by them- 

selves but  inhibi t  other activators from binding by form- 

ing nonfunct ional  heterodimers (Benezra et al. 1990; 

Christy et al. 1991). Thus, because HES-3 has an intact 

HLH domain, transcriptional repression by HES-3 is 

probably mediated through formation of a nonfunctional  

heterodimer wi th  HLH activators. 

In contrast, because HES-1 binds directly to the N box, 

its repressor activity seems unique compared with that 

of Id, HLH462, and HES-3. The mechan i sm of how 

HES-1 represses transcription through the N box is an 

intriguing problem. Competi t ion for the N box between 

HES-1 and N box-binding activators is probably unl ike ly  

because N box-dependent transcriptional activation was 

not detected in NIH-3T3 cells (Fig. 9A, of. lanes 1 and 

5). Thus, HES-1 may negatively influence other factors 

that may be essential for transcription. In this regard, a 

region rich in prolines, a feature often observed in the 

domains involved in protein-protein interaction (Mer- 

mod et al. 1989), may be interesting. Further studies 

should be done to address how HES-1 binding to the N 

box leads to transcriptional repression and which  mam- 

mal ian  genes are regulated by HES-1 through the N box 

in vivo. 
The mechan i sm of how HES-1 represses transcription 

through the E box is also an interesting question. Al- 

though HES-1 does not bind to the E box wi th  a high 

affinity, it strongly antagonizes the function of HLH ac- 

tivators such as E47. Thus, like HES-3, Id, and HLH462, 

it is l ikely that nonfunct ional  heterodimer formation is 

responsible for negative regulation by HES-1, al though it 

is possible that weak but direct interaction of HES-1 

wi th  the E box may also contribute to this negative reg- 

ulation. These results indicate that HES-1 could repress 

transcription by two different mechanisms,  depending 

on the sequences: repression by direct interaction wi th  

the N box and inhibi t ion of other HLH activators from 

binding to the E box. 

HES-1 negatively regulates the functions of MyoD 

and MASH1 

HES-1 negatively regulates the functions of MyoD and 

MASH1 by inhibi t ing the MyoD/E47(E12) and MASH1/  

E47(E12) complexes from binding to their target se- 

quences. Our DNA-binding analysis shows that HES-1 

does not inhibi t  the DNA-binding activity of the MyoD 
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homodimer  but a lmost  completely inhibits that  of E47. 

Thus, this strong interaction of HES-1 with E47 may lead 

to deprivation of the latter from the MyoD/E47 and 

MASH1/E47 complexes, resulting in the repression of 

MyoD and MASH1. However, other possibilities should 

also be considered. For example, excess HES-1 could 

form more mul t imer ic  oligomers such as the MyoD/  

E47/HES-1 or MASH1/E47/HES-1 complexes. Weak in- 

teraction of HES-1 wi th  the E box (Fig. 8B) could also lead 

to interference of the D N A  binding of MyoD and 

MASH1. 

HES-1 expression is developmentally controlled dur- 

ing myogenesis: Expression is at a high level in the em- 

bryonal muscle but at a low level in the adult muscle 

(Figs. 5A and 10D). Furthermore, it represses the MyoD- 

induced myogenesis of 10T1/2 cells. Thus, it seems rea- 

sonable to hypothesize that  HES-1 negatively regulates 

muscle differentiation in vivo. In this regard, the func- 

tion of HES-1 is again similar to that  of Id. However, the 

quanti tat ive regulations of these two factors seem differ- 

ent in the course of muscle differentiation. When 

10T1/2 cells are treated with  serum-free medium (differ- 

entiation medium}, Id m R N A  decreases dramatically 

{Weintraub et al. 1991), whereas HES-1 m R N A  increases 

by severalfold (data not shown}. The latter then de- 

creases in late myogenesis (Fig. 10D). These results sug- 

gest that  HES-1 and Id could take part in the regulation 

of muscle differentiation at different stages. However, 

we cannot exclude the possibility that HES-1 is not di- 

rectly relevant to muscle  differentiation but is involved 

in other functions in the developing muscle. Thus, 

whether  the effects of HES-1 observed in the cell culture 

system reflect the in vivo situation should await  further 

studies. 

HES-1 also negatively regulates the function of 

MASH1, a m a m m a l i a n  homolog of Drosophila AS-C. In 

Drosophila, genetic analyses have shown that h has an- 

tagonizing activities against the proneural gene ac. Thus, 

our findings show interesting functional conservation 

between Drosophila h /ac  and mammal i an  HES-1/ 

MASH1. However, little is yet known about the in vivo 

function of MASH 1, including its target genes, although 

the temporal and spatial expression pattern suggests the 

possible involvement  of MASH1 in neural differentia- 

tion (Lo et al. 1991). Therefore, in vivo function of HES-1 

in relation to that  of MASH1 awaits further analyses. 

Our studies now provide the basis to investigate the 

intriguing questions discussed above, and further analy- 

sis of the HES genes will help in the understanding of the 

r o l e s  of HLH proteins in mammal i an  development. 

M a t e r i a l s  a n d  m e t h o d s  

RNA isolation 

Various tissues were obtained from 7-week-old Sprague-Daw- 
ley male rats and rat embryos of the indicated embryonic days. 
Poly(A) + RNA was prepared from total RNA by using oligo(dT) 
latex (Roche). The yield of poly(A) + RNA/total RNA was 3.2- 
5.7% depending on the type of tissues. 

PCR experiments 

After reverse transcription with oligo(dT) priming of poly(A) § 
RNA from whole embryo of day 17 or adult brain, the cDNA 
was submitted to 30-40 cycles of PCR under standard condi- 
tions (Lee et al. 1988; Saiki et al. 1988), except that the anneal- 
ing temperature was lowered to 45~ during the first five cycles. 
The fully degenerate primers corresponding to the following 
sequences were synthesized: RRAR(I/M)N and KAD(I/M)LE for 
the 5' and 3' primers, respectively. The third codon positions of 
fourfold degeneracy were substituted by inosine. BamHI and 

EcoRI sites were introduced at the 5' end of the 5' and 3' prim- 
ers, respectively (the resulting primers were 25-met and 24- 
mer). Approximately 120-bp fragments were amplified, purified 
by electrophoresis, digested by EcoRI and BamHI, and sub- 
cloned into pBluescript SK(-). One dozen clones were ran- 
domly picked up and sequenced. 

cDNA library screening 

The construction of cDNA libraries was performed as described 
previously (Kageyama et al. 1991). cDNAs were synthesized by 
oligo(dT) priming of poly(A) + RNAs of rat embryo {El7) and 
adult whole brain. Double-stranded cDNAs were then con- 
strutted, ligated to the EcoRI adaptor (New England Biolabs), 
and cloned into the EcoRI sites of the kgtl0 and kgtl 1 vectors. 
The SacI-KpnI fragment of the plasmid containing HES-1 or 
HES-3 PCR fragment was used as a probe. For HES-1, six posi- 
tive clones were obtained by screening 5 x l0 s plaques of a 
Kgtl0 cDNA library of rat embryo CNS (El7), and the longest 
insert was subcloned into pBluescript SK{-) at the EcoRI site 
(pHES-1A). For HES-3, four positive clones were obtained from 
1 X 10  6 plaques of an adult brain kgtl 1 cDNA library and were 
subcloned into the plasmid pHES-3A-pHES-3D. 

Northern blot analysis 

Five micrograms of poly(A) + RNA or 20 ~tg of total RNA was 
electrophoresed on a formamide/1.2% agarose gel and trans- 
ferred to a nylon membrane filter (Biodyne, Pall Biosupports). 
The EcoRI{adaptor~-HincII fragment {646 bp)of pHES-1A and 
the EcoRI(adaptor~SmaI fragment (713 bp) of pHES-3A were 
labeled with ~2p by the random primer labeling method and 
used as a probe for HES-1 and HES-3, respectively. The filters 
were hybridized with the probes overnight at 42~ in 50% form- 
amide, 5x SSC (20x SSC: 3M NaCI-O.3M sodium citrate), 5x 
Denhardt's reagent (Sx reagent: 0.1% Ficoll, 0.1% polyvi- 
nylpyrrolidone, 0.1% bovine serum albumin), 50 mM sodium 
phosphate buffer (pH 6.8), 0.1% SDS, and 100 ~g/ml of heat- 
denatured salmon sperm DNA. The filters were then washed in 
0.1 x SSC and 0.1% SDS at 65~ and exposed to X-ray films for 
30 hr. 

RNase protection assay 

RNase protection assays were performed as described previ- 
ously (Tsuchida et al. 1990). The HincII fragment (330 bp} of 
pHES-1A was subcloned into the EcoRV site of pBluescript 
SK{ - ), and a plasmid of the proper insert direction was selected. 
The EcoRI (adaptor)/EcoRV fragment (325 bp) of pHES-3A was 
subcloned into the EcoRI-EcoRV sites of the vector. The result- 
ing plasmids were digested with SacI, and the antisense cRNAs 
were synthesized in the presence of [~-a2p]CTP by T7 RNA 
polymerase. As the synthesized probes contained the multiple 
cloning site portion of the vector at their 5' and 3' ends, their 
lengths were 443 and 430 bases for HES-1 and HES-3, respec- 
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tively. Total RNA (30 ~g) was hybridized overnight at 45~ in 

80% formamide, 0.4 M NaC1, 40 rnM 1, 4-piperazinediethane- 

sulfonate buffer (pH 6.4), and 1 mM EDTA and digested with 

RNase A and RNase T1. The RNase-resistant products were 
electrophoresed on a 7 M urea/5% polyacrylamide gel. 

In situ hybridization 

In situ hybridization experiments were performed as described 

previously (Masu et al. 1991 ). ass-Labeled cRNAs corresponding 

to the EcoRI-SmaI fragment {723 bp) of pHES-1A and the 

EcoRI-PstI fragment {676 bp) of pHES-3A were synthesized in 

vitro. These probes were hybridized to 10-~m cryostat sections 
of various tissues. 

DNA-binding analysis 

The proteins were prepared as follows. The eDNA fragments of 
HES-1 [amino acid residues 3-2811, E47 (473-end), MyoD (53- 

end), MASH1 [75-end}, and ATF2 (77-3891 were subcloned into 
either pGEMEX-1 {Promega) or pMNT T7 expression plasmids. 

The eDNA fragments used here contained a DNA-binding do- 

main. pMNT was kindly provided by Dr. M. Nishizawa and 

Professor S. Nagata (Osaka Bioscience Institute, Osaka, Japan). 

JM109 (DE3) cells transformed by expression plasmids were 

grown and treated with 1 mM isopropyl-l-thio-B-D-galactopyra- 

noside for 2 hr. The cells were collected and suspended in 0.02 
volume of 30 mM Tris-HC1 (pH 7.51, 1 mM EDTA, and 20% 

[vol/vol) sucrose. The proteins were purified from the SDS- 

polyacrylamide gel, incubated in 6 M guanidine-HC1 for 20 min, 

and dialyzed against 0.1 M KC1/HM [20 mM HEPES at pH 7.9, 1 

mM MgC12, 2 mM dithiothreitol, and 17% (vol/vol) glycerol] at 
4~ for 8 hr. 

The probe DNAs were prepared as follows. For the N box and 

E box (KE2) probes, the double-stranded oligonucleotide frag- 
ment, containing either two N boxes [CGGCACAAGGC and 

GCCACGAGTG) present in the promoter region of the E{spl) 

m8 gene or two repeats of KE2 sites {AGGCAGGTGGCC), was 
cloned into the EcoRI site of pBluescript II SK( - )-(Stratagene), 

and the XhoI-SacII fragment labeled at the XhoI site was iso- 
lated. For the CRE probe, the HinfI-PmaCI fragment of the 

PPT-A gene promoter labeled at the HinfI site was isolated 
(Kageyama et al. 1991). 

The DNase I footprinting reactions were carried out in a total 

volume of 50 ~1 containing 5 ng of the probe, as described pre- 
viously (Dynan and Tjian 1983). 

The gel mobility-shift assay with the E(spl) N box or the MCK 

enhancer sequence was carried out as described previously (Ben- 
ezra et al. 1990; Johnson et al. 1992; Tietze et al. 1992). For N 

box binding, a double-stranded oligonucleotide (top strand, 5'- 

CTAGACGCCACGAGCCACAAGGATTG-3'; bottom strand, 

5'-CTAGCAATCCTTGTGGCTCGTGGCGT-3') was labeled 

at both ends by filling in with Klenow enzyme in the presence 

of [~-s2p]dCTP and used as a probe. The mutations were intro- 
duced into both the CACGAG and CACAAG sequences, as 
indicated in Figure 8A. 

CAT analysis and myogenic conversion assay 

For the CAT reporter plasmid, the double-stranded oligonucle- 

otide fragment containing either six repeats of the N boxes 

(three repeats of CCACGAGCCACAAGG for the wild type; 
three repeats of CCATGAGCCATAAGG for the mutated N 
box) or seven repeats of the E boxes (KE2 site) (AGGCAG- 

GTGGC) was cloned into the XhoI site ( -273 relative to the 
transcription initiation site) of the [3-actin CAT plasmid. 

For eukaryotic expression plasmids, full-length eDNA frag- 

ments of HES-1 and HES-3 were subcloned into the eukaryotic 

expression vector containing the CMV promoter pSV-CMV. 

Full-length E47 and MASH1 cDNAs were cloned from the hu- 
man brain eDNA library and rat embryonal CNS library, respec- 

tively, and inserted into pSV-CMV. The E47 expression vector 
was also kindly provided by Dr. D. Baltimore {The Rockefeller 

University, New York). No difference was observed between 

the two clones. The MyoD expression vector driven by the [3-ac- 

tin promoter and the CAT reporter plasmid containing the 

MCK enhancer and the thymidine kinase promoter were kindly 

provided by Drs. Y. Nabeshima and A. Fujisawa {Fujisawa-Se- 
hara et al. 1990). 

The CAT reporter {2 p.g) and the eukaryotic expression plas- 

mids 18 ~tg each) were cotransfected into NIH-3T3 ceils using 

the calcium phosphate coprecipitation method. Two micro- 

grams of pCDM8-B-gal, a [3-galactosidase gene expression vec- 

tor driven by the CMV promoter, was also cotransfected to eval- 

uate transfection efficiency. The total DNA amounts were 

adjusted to 22 p.g with pSV-CMV. CAT activities were deter- 
mined, as described previously {Gorman et al. 1982). We used 

1-deoxy [dichloroacetyl-l-14C] chloramphenicol {Amersham)as 
CAT substrate. 

The CAT assays with MyoD and MASH1 and the myogenic 

conversion assay using 10T1/2 cells were carried out as de- 

scribed previously (Wright et al. 1989; Benezra et al. 1990; 

Johnson et al. 1992}. 
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