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Human cDNA clones for NSCL-1 and NSCL-2, two
basic domain helix-loop-helix (bHLH) genes expressed
predominantly in the developing nervous system, were
obtained from a fetal brain cDNA library. The fulllength transcripts and the genomic structures were
determined. The cDNAs for thetwo genes encode predicted proteins of similar size (133and 135amino acids
for NSCL- 1 and NSCL-2, respectively) and structure.
The carboxyl-terminal 75 amino acids of the two proteins contain the bHLH motif and differ from each
other by only three conservative amino acid changes,
while the amino-terminal portions are markedly divergent from each other. In addition to the similar
protein structure, the genes have a similar genomic
organization, suggesting a close evolutionary relationship. The 5’-regulatory regions of the two genes share
some features (Le. potential TATA,CCAAT,
and
GATA binding sites) but also differ significantly in
their G+C content. NSCL-1 is relatively G+C-rich
(63%) in the sequences upstream of transcription initiation and has multiple potential binding sites for
transcription factors that bind to G+C-rich sequences
(e.g. AP-2). NSCL-2 is relatively A+T-rich (63%) in
this region and has a potential binding site for AP1.
Studies of expression in normal tissues demonstrated
expression of NSCL-1 and NSCL-2 in the developing
central and peripheralnervous system, most likely in
developing neurons. Additional Northern analysis
studies in cell lines revealed expression of these genes
in some cell lines derived from tumors with neural or
neuroendocrine features such as neuroblastoma,
PNET, and small cell lung cancer. NSCL- 1 is expressed
in a largernumber of these cell lines. The differences
in expression may parallel differences in developmental regulation.

The helix-loop-helix (HLH)’ genes are a recently described
family of transcription factors (1)involved in a wide range of
developmental processes such as neurogenesis (2-4), myogenesis (5), hematopoeisis (6-7), and sex determination (8).The
proteins encoded by the HLH genes all share a conserved
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amino acid motif consisting of two amphipathic a helices
separated by a loop (1).This “HLH” domain is believed to
mediate protein dimerization via the conserved hydrophobic
amino acids in the helices. Proteins containing this HLH
motif cannot only interact with other HLH proteins but, as
recently shown, also with proteins containing other hydrophobic dimerization motifs (i.e. the leucine zipper) (9). In
most of the HLH proteins, the HLH motif is preceded by a
basic domain (bHLH) thatappears to mediate the binding of
these proteins to specific DNA sequences in the promoter
regions of target genes (10-12). The HLH proteins that lack
a basic DNA binding domain function as negative regulators
of transcription by dimerizing with other HLH proteins and
preventing DNA binding (13). The specificity of transcriptional activation may be determined by the interactions between various bHLH and HLHproteins (10-12). Some members of this family are expressed ubiquitously, while others
are restricted to specific tissues. It maybe the interaction
between a ubiquitous bHLH protein and a tissue-specific
bHLH protein that determines the specific developmental
program (5, 10-12, 14).
Several members of the HLH gene family are expressed in
the developing nervous system and are thoughtto be involved
in neural development. The Drosophila achaete scute genes
are bHLH genes that are positive regulators of development
of the central and peripheral nervous system (2, 3). Extramacrochaetae codes for a HLH protein that lacks a basic
domain and functions as an antagonist of the achaete scute
genes in neural development (15-16). The mammalian homologues of the achaete scute genes (MASH genes; Ref. 4) and
extramacrochaetae(Id-2; Ref. 17) have recently been described and areexpressed in the developing mammalian nervous system. Other Drosophila HLH genes involved in neurogenesis include daughterless (18),enhancer of split (19), and
hairy (20). In mammals the c-myc and n-myc genes are HLH
genes expressed in the developing nervous system (21, 22).
We recently identified two new bHLH genes, NSCL-1 and
NSCL-2, whose expression is restricted predominantlyto the
developing nervous system (23,24). These genes were discovered because of their high degree of nucleotide homology to
the bHLH domain of a Dreviouslv described hematoDoietic
transcription factor, S C L (6) (hence the names NSCL-1 and
NSCL-2)*
we report the
Of the human cDNAs
for NSCL-1 and NSCL-2, and we describe the full-length
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extended the analysis of the expression of the two genes and
have found active transcription in normal developing nervous
tissue and in cell lines derived from tumors with neural or
neuroendocrine features. The pattern of expression is overlapping but not identical, suggesting differences in function
and regulation of the two genes.
MATERIALS AND METHODS

Isolation and Analysis of DNA and RNA-Fetal human tissue was
obtained through the International Institute for the Advancement of
Medicine. Useof this material was approved by the Clinical Research
subpanel of the NIH Institutional Review Board. DNA and RNA
were extracted from cell lines and tissues as previously described (25,
26) and poly(A)+ RNA was isolated by oligo(dT)-cellulose chromatography (27). DNA samples (10 pg) were digested to completion by
restriction endonucleases as recommended by the supplier (Bethesda
Research Laboratories) and size-fractionated on 0.8% agarose gels
before transfer to nitrocellulose membranes (28). Samples of 10 pg of
total or 2 pg of poly(A)+RNA were size-fractionated on 1%agaroseformaldehyde gels and transferred to nitrocellulose membranes (29).
Hybridizations to 2-10 X lo‘ cpm of [a-32P]dCTP-labeledDNA
(specific activity, 100-800 cpm/pg) were performed in 6 X SSC and
40% formamide at 42 “C. Filters were washed in 0.1 X SSC-10%
sodium dodecyl sulfate at 52 “C for high stringency conditions and
45 “C for low stringency conditions.
Genomic and cDNA Library Screening-Human genomic libraries
constructed in X phage vectors were screened to obtain genomic phage
clones of NSCL-1 and NSCL-2. Relevant genomic restriction fragments were subcloned into pGEM 7zf (Promega) or pBluescript
(Stratagene) plasmid vectors. An oligo(dT) and random primed human fetal brain cDNA library made from 17-18-week fetalbrain
RNA and constructed in X ZAP I1 (Stratagene) was screened to obtain
cDNA phage clones of NSCL-1 and NSCL-2, and the inserts were
subcloned into the pBluescript plasmid vector by in uitro excision
(30).
DNA Sequencing and Sequence Analysis-DNA sequencing was
performed in on both strands by the dideoxy chain termination
method (31) using Sequenase polymerase version 2.0 (United States
Biochemical Corp.). Nucleotide sequences were analyzed using PCGene (Intelligenetics) and compared with those in the GenBank data
base. Predicted protein sequence comparisons were performed using
the MACAW Program (National Center of Biotechnology Information).
ChromosomalLocalization-Chromosomal localization was performed using two panels of somatic cell hybrid DNAs. One panel
(BIOSMAP PCRable DNAs, BIOS Corp.) was analyzed by a polymerase chain reaction assay using specific primers for each of the two
genes, and the other panel (NIGMS) was analyzed by hybridization
of specific DNA probes to EcoRI restriction endonuclease-digested
DNA. Both the polymerase chain reaction products and the restriction-digested DNA were size-fractionated on agarose gels and transferred to nitrocellulose membrane (28) and thenhybridized to specific
[a-32P]dCTP-labeledDNA probes. More precise localization was performed using fluorescent in situ hybridization (32).
Analysis of the 5‘-End of NSCL-1 and NSCL-2 cDNAs-A modification of the RACE (rapid amplification of cDNA ends) technique
(33) was used to obtain cDNA clones that began further 5’ than the
cDNA clones isolated from the phage library. First-strand cDNA
synthesis was carried out by first annealing 10 pgof total cellular
RNA from a human 6-week fetus to 10 ng of antisense oligonucleotide
or
primer from either NSCL-1 (5’-AGTCACTGAAGCCCGAC-3’)
exon I1 by heating the
NSCL-2 (5’-GAGAGCTTCTTGTCCGG-3’)
mixture to 65 “C for 5 min and then cooling on ice. The mixture was
incubated with 200 units of Moloney murine leukemia virus reverse
transcriptase (Bethesda Research Laboratories) at 42 “C for 30 min
and then at 37 “C for 30 min according to conditions recommended
by the supplier. First-strand cDNA was separated from the reaction
mixture by using a Sephacryl 300 spun column (Pharmacia LKB
Biotechnology Inc.) as recommended by the manufacturer. An
oligo(dA) tail was added to the 3’-end of the first-strand cDNA by
incubating 14 pl of the purified first-strand cDNA with 0.5 pl of 10
mM dATP,4 pl of 5 X tailing buffer, and 15 units of terminal
deoxynucleotidyl transferase (Bethesda Research Laboratories) for
15min at 37 “C and 5 min at 65 “C. The first-standcDNA wasdiluted
to 100 pl with HzO and 1-10 pl was amplified using an antisense
oligonucleotide primer from NSCL-1 (5”GTCGAATTCCATGGT-
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GTCTGAGTTGAGCA-3’) or NSCL-2 (5”AGAGCGCGGCTCGGCTG-3’) exon I1 and a universal 5’-oligonucleotide primer (5’GACTCGAGTCGACATCGAT17-3’) complementary the
to
oligo(dA) tail and containing the restrictions sites SalI, ClaI, and
XhoI. Amplification was performed with Taq polymerase (Cetus)
under standard conditions recommendedby the supplier. The mixture
underwent one long cycle (95 “C for 5 min, 45 “C for 2 min, 72 “C for
40 min) followed by 35 thermal cycles (95 “C for 45 s,45 “C for 30 s,
72 “C for 3 rnin). To enhance the product yield, 5 pl of the amplified
material was reamplified using nested antisense oligonucleotide
or NSCLprimers from NSCL-1 (5’-GTCTGCCACTGAGCTCT-3’)
2 (5’-CTCGGCCTCCTCCACCG-3’)
andthe universal 5’-primer.
One-fifth of each reaction was assessed by fractionation on an agarose
gel, transfer to a nitrocellulose membrane, and hybridization to [a32P]dCTP-labeledDNA probes. The polymerase chain reaction products were extracted with phenol-chloroform, ethanol-precipitated,
digested with restriction endonucleases (SstI and ClaI for NSCL-1;
BamHI and ClaI for NSCL-2), and cloned into the pBluescript
plasmid vector (Stratagene) for further analysis.
RNase protection experiments to analyze the 5’-end and to map
the transcription initiation site were performed by cloning the relevant cDNA and genomicDNA restriction fragments into plasmid
vectors, and synthesizing [a-3ZP]UTP-labeledantisense RNA by
using T7, SP6,or T3 RNA polymerase and Gemini riboprobe reagents
(Promega). The labeled antisense RNA probe (2 X lo6 cpm) was
hybridized to 30 pg of sample RNA for 16 h at 50 “C. The samples
were then digested with RNase and size-fractionated on a 6% acrylamide, 7 M urea denaturing gel (34).
RESULTS

Cloning of the Human NSCL-1 and NSCL-2 cDNAs-Using
a previously described murine genomic DNA fragment that
contained the NSCL-1 bHLH region (23) as a probe, a human
genomic placenta library was screened under reduced hybridization stringency. A human genomic phage clone was identified that by nucleotide sequence analysis shared 94% homology with the murine bHLH and coded for an identical
amino acid sequence. It was thus the human homologue of
NSCL-1. A fragmentderived from this NSCL-1 genomic clone
(see Fig. 3 below) that contained the bHLH region was used
to screen an amplified human fetal braincDNA library. Nine
independent cDNA clones were obtained from screening 1.5
X lo6 recombinant phage plaques. Eight of these clones represented overlapping NSCL-1 cDNAs. One cDNA clone represented arelatedbutdistinct
gene which by nucleotide
sequence analysis was the human equivalent of the previously
described NSCL-2 gene (24). Additional sequence of the 5’ends of the transcriptswas derived from RACE and confirmed
by RNase protection experiments(see below for more detailed
description of the RACE and RNase experiments).
The composite nucleotide sequences and predicted proteins
for NSCL-1 and NSCL-2 are shown in Fig. 1, a and b,
respectively. The cDNAs for both genes contained approximately 2500 bp of sequence up to the poly(A) tails. Both genes
encode relatively small bHLH proteins (133 and 135 amino
acids for NSCL-1 and NSCL-2, respectively) and have long
5”untranslated regions (UTRs) (445 and 535 bp for NSCL-1
and NSCL-2, respectively) compared to most genes (35). Such
long 5’-UTRs have been reported most commonly in genes
such as growth factors, nuclear transcription factors,and heat
shock proteins (35). The 3’-UTRs of the two genes are relatively rich in A+T and the sequence ATTTA is found approximately 10-12 timesin the 1600-1700-bp 3’-UTRs of
NSCL-1 andNSCL-2. This motif is found in the 3‘-UTR of
cytokines (36) and transcription factors (6) andis thought to
destabilize cytoplasmic mRNA (37). The composite cDNA for
NSCL-1 shows a consensus polyadenylation signal (38) followed by the poly(A) tail. The NSCL-2 cDNA clone did not
contain apoly(A) tail, but a polyadenylation signal was found
several bases from the 3’-end of the clone.

Structural Characterization of Human NSCL-1 and NSCL-2
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FIG.1. Composite nucleotide sequences and predicted proteins of
full length NSCL-1 ( A ) and NSCL2 ( B )cDNAs. Nucleotide 1 represents

the 5’-extent of the cDNAs as defined
by RACE cloning and RNase protection
(see “Results”). Splice junctions are indicated by brackets. The long open reading frame andpredicted proteinis shown
for each cDNA. The bHLHmotif is
underlined. The polyadenylation signal
is boxed. The repeatedATTTA motifs in
the 3’-UTRs, believed to destabilize
mRNA (36,37),are underlined.
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The nucleotide sequences of each gene show a high degree
of conservation between the human and murine homologues.
Human and murine NSCL-1 share 89% homology over the
open reading frame and 73% homology over the entirecDNA.
Human and murine NSCL-2 have 92% homology over the
open reading frame and 80% homology over the full-length
cDNA. NSCL-1 and NSCL-2 also show significant homology
to one another at thenucleotide level. There is 89% homology
between NSCL-1 and NSCL-2 within the bHLHregion, 75%
homology over the entire coding region, and 54% homology
over the entire cDNA. The bHLH regions of both NSCL-1
and NSCL-2 show 63% homology to the bHLH regions of
SCL (6) and LYL-1 (7), two previously described hematopoietic bHLH genes. NSCL-1 andNSCL-2 also share significant homology (40-50%) to the bHLH
regions of other members of the HLH gene family.

NSCL-1 and NSCL-2 Encode Closely Related bHLH Proteins-NSCL-1 encodes a protein of 133 amino acids beginning with an ATG codon at nucleotide 445 and ending with a
termination codon at nucleotide 847. NSCL-2 encodes a protein of 135 amino acids beginning with an ATG codon at
nucleotide 535 and ending with a termination codon at nucleotide 943. In each predicted protein the initiation codon is
the first ATG in-frame with the bHLHregion. There are stop
codons in all three reading frames 5’ of these codons. For
both genes these ATG codons are in a good context for
translation initiation ( A T C m A for NSCL-1 and
A A A A S A for NSCL-2) (39). The initiation ATG and stop
codons are conserved in the murine NSCL-1 and NSCL-2
cDNAs (23, 24) further supporting the definition of the open
reading frames. The predicted proteins contain a conserved
bHLH motif (1)that comprises essentially the lasthalf of the
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protein molecule in each and ends only six amino acids before
the termination codon.
Protein sequence comparisons of NSCL-1 and NSCL-2
revealed remarkable homology within the bHLH domains of
the two proteins (Fig. 2). The carboxyl-terminal 75 amino
acids of each protein, containing the bHLH domain, differ
from each other by only three conservative amino acid
changes. There are two other short regions of homology in
the amino-terminal portionof the proteins (Fig. 2) suggesting
that additional functional domainsmight lie in these regions.
There is also a high degree of conservation of these two
proteins between the human and murine homologues of each
(123 out of 133 amino acids for NSCL-1 and 131 out of 135
amino acids for NSCL-2), and all but one of the nonconserved
amino acids between species fall outside of the threedomains
which are conserved between NSCL-1 and NSCL-2. NSCL-1
and NSCL-2 also share approximately 55% amino acid homology with SCL and LYL-1 within the bHLH domain but
show no significant homology outside this region. Interestingly, the neuronal genes, NSCL-1 and-2, share considerable
homology in the region immediately upstream of the basic
domain (Fig. 2). SCL and LYL-1 also share homology upstream of the basic region, but this region of homology is
distinct from the region in NSCL-1 andNSCL-2.
Genomic Organization and Transcriptional Initiation Site of
NSCL-1 and NSCL-%“he genomic structures of the NSCL1 and NSCL-2 loci are shown in Fig. 3. These maps were
deduced by comparing overlapping genomic phage clones to
the respective cDNA clones of each gene. Both genes are
contained within 6-8 kb of genomic sequence and both genes
have a relatively simple exon-intron structure. In both, the
entire open reading frame and 3’-UTR is contained within
one large exon (exon 11). NSCL-1 contains only two exons,
while NSCL-2 has three exons. The exon-intron borders were
sequenced and all contain the GT splice donor or AG splice
acceptor dinucleotides (data not shown).
Additional 5’ sequence for each gene was determined by
generating clones that went further 5’ using the RACE technique (33). These clones added approximately 60-70 bp of
sequence to the 5‘-end of each gene. The putative transcript
initiation sites were protected in RNase protection experiments. Genomic fragments that spanned the 5’-most cDNA
sequences for each gene were isolated from a genomic phage
library, sequenced, and thenused as RNase protectionprobes
with an RNA from 10-week human fetal brain. Nucleotide 1
for each gene represents the predicted transcription initiation
site based on the genomic sequence and the results of the
RNase protection experiments (Fig. 4). Both transcription
initiationsites are in good agreement with the consensus
NSCL-11
c
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FIG.3. Restriction maps and genomic structures of NSCL-

1 (top)and NSCL-2 (bottom).Exons (boxes)are shown below the
restriction map. Protein coding regions are shown in black, and the
bHLH motif is indicated. The predominant form of NSCL-2 splices
exon Ia to Ib. Cross-hatched area 5’ of exon Ib in NSCL-2 represents
possible alternative transcript (see “Results”). The 1-kb SstIIBglII
fragment shown above the NSCL-1 map was the genomic fragment
initially isolated, sequenced, and used as a probe (see “Results”).
Restriction sites: B, BamHI; Bg, BglII, R, EcoRI; H,Hind111 (shown
only for NSCL-2); K, KpnI (shown only for NSCL-2); S, SstI (shown
only for NSCL-1).
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transcription initiation site YYC(A/G)YYYYY (40).
There was no evidence of alternative splicing patterns for
NSCL-1. NSCL-2 had one predominant form which spliced
exon Ia toIb. The isolated cDNA phage clone and 8/9 RACE
clones represented this mRNA species for NSCL-2. One
RACE clone utilized 5’ sequence contiguous with exon Ib
(cross-hatched area in Fig. 3). RNase protection experiments
detected this form of the NSCL-2 transcript,butit
was
present only as a minor species of mRNA. This form of NSCL2 mRNA most likely represents eitheran alternatively spliced
message or anunspliced mRNA.
5‘-Regulatory Region-Examination of the sequences 5’ of
the transcription initiation sites (Fig. 4) revealed potential
TATA and CCAAT boxesfor both genes (40,41). Inaddition
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mains (5,45,46). Theamino terminusof NSCL-1 has region
a
rich in prolines (6 of 22 residues between amino acids 32-53),
and theamino terminusof NSCL-2 has aregion rich in acidic
residues (9 of 28 residues between amino acids 21-48). Such
sequences are potential transcriptional activation domains
(47).
The overlapping pattern of expression of NSCL-1 and -2
in the developing nervous system suggests that they act in
some concerted fashion in neural development. Coordinated
expression of closely related HLH genes has been demonstrated in several developmental systems (e.g. the achaete
scute genes in neural development (2,3) andmyoD, myogenin,
and myf-5 in muscle development (5)).The regulatory regions
of NSCL-1 and NSCL-2 both share certainbinding sites that
could explain coordinate expression (Fig. 4). In addition to
potential TATA and CCAAT boxes,they both have potential
binding sites for the GATA transcription factors (42-43), a
family of transcription factors expressed in the developing
nervous system as well in early hematopoiesis. They bothalso
have E-box sequences (CANNTG) allowing for possible regulation by bHLH proteins, although the E-box sequences are
different in the two genes (Fig. 4). One possibility is that
these genes cross-regulate each other asseen with the achaete
scute genes (2, 3), however, the similar basic domains of the
NSCL-1 and -2 genes would suggest that they may bind to
the same DNA sequence. Interestingly, the regulatory seDISCUSSION
NSCL-1 and NSCL-2 are two bHLH genes expressed in quences for the two genes also differ incertainpotential
the developing mammalian nervous system. By analogy to binding sites. In NSCL-1, the more broadly expressed gene,
the potentialTATA box is ina good position to initiate
other tissue-specific bHLH genes such as myoD (5) and the
transcription, and there are multiple AP-2 sites. AP-2 sites
achaete scutegenes (2,3), which have been shown to regulate
are most abundant in theneural crest lineage (48). In NSCLdevelopmental programs in the tissuesin which they are
2, on the other hand, the potential GATA binding sequences
expressed, these genes are predicted to play a role in neuroare better candidates to initiate transcription, and there is a
genesis. Northern analysis of RNA from normal tissues and
site for AP-1 that is not present in NSCL-1. The interacting
cell lines support expression of these two genes in developing partners of NSCL-1 and NSCL-2 remain to be determined.
neurons at an earlystage of development. Tissue in situ They may interact with each other or with a common partner.
hybridization to mouse embryos demonstrated expression of SCL, the closely related HLH gene predominantly expressed
both genes in the central and
peripheral fetal nervous system in hematopoietic cells, can interact with the immunoglobulin
in regions that have in common developing neurons (44). enhancer binding protein E2A (14), although the physiologic
Their expression in some cell lines derived from neural or significance of this interaction remains to be determined.
neuroectodermal tumors (i.e. neuroblastoma, PNET,and
In summary, the NSCL-1 and NSCL-2 genes are two closely
small cell lung cancer) supports the neuronal specificity of related bHLH genes with a predicted role in neurogenesis.
these genes.We could determine no obvious relationship The structural characterization reported here can hopefully
between molecular features (e.g. N-myc amplification, myc provide the basis for a more detailed functional analysis.
gene expression) or clinical features of the different cell lines
and expression of these two genes. It is possible that the
Acknowledgment-Wethank Joseph E'edorko for oligonucleotide
expression pattern of these two genes in the tumor cell lines synthesis.
reflects different developmental subsets of the cells from
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